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KEY WORDS Abstract A novel strategy of not only stimulating the immune cycle but also modulating the immuno-
suppressive tumor microenvironment is of vital importance to efficient cancer immunotherapy. Here, a
new type of spatiotemporal biomimetic “Gemini nanoimmunoregulators” was engineered to activate
T robust systemic photoimmunotherapy by integrating the triple-punch of amplified immunogenic cell
Targeted photothermal death (ICD), tumor-associated macrophages (TAMs) phenotype reprogramming and programmed cell
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PR@RM-M2 were constructed by taking the biocompatible mesoporous polydopamine (mPDA) as nano-
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or M2 peptides. mPDA/Met@RM-T7 (abbreviated as PM@RM-T7) was constructed to elicit an ampli-
fied in situ ICD effect through the targeted PTT and effectively stimulated the anticancer immunity.
Meanwhile, PD-L1 on the remaining cancer cells was degraded by the burst metformin to prevent im-
mune evasion. Subsequently, mPDA/R848 @RM-M2 (abbreviated as PR@RM-M2) specifically recog-
nized TAMs and reset the phenotype from M2 to M1 state, thus disrupting the immunosuppressive
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microenvironment and further boosting the function of cytotoxic T lymphocytes. This pair of sister na-
noimmunoregulators cooperatively orchestrated the comprehensive anticancer activity, which remarkably
inhibited the growth of primary and distant 4T1 tumors and prevented malignant metastasis. This study
highlights the spatiotemporal cooperative modalities using multiple nanomedicines and provides a new
paradigm for efficient cancer immunotherapy against metastatic-prone tumors.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the recent decade, immunotherapy has overwhelmed the con-
ventional techniques in the area of cancer treatment due to its
great power to harness the patient’s immune system to eliminate
the local and disseminated metastatic cells'. Great advances
focused on immune checkpoint blockade®, chimeric antigen re-
ceptor T-cell immunotherapy®, and nanovaccines”° have benefited
much to cancer patients. Prominently, photoimmunotherapy,
which eliminates most cancer cells and induces immunogenic cell
death (ICD) through in situ release of tumor-associated antigens
and damaged-associated molecular patterns to invoke adaptive
immune responses, represents a novel modality of anticancer
immunotherapy, especially for the “immune cold” solid tumors’"*.
Much effort has been dedicated to further improving the dendritic
cells (DCs) maturation and the cytotoxic T lymphocytes (CTLs)
activation by the codelivery nanosystem of photosensitive agents
with immunoadjuvant based on the nanobiotechnology’. However,
the tumor develops complicated and heterogeneous mechanisms
to evade immune-mediated elimination'’. Besides low antigenic-
ity and immunogenicity, immunosuppressive tumor microenvi-
ronment (ITM) is the main culprit of the failure in the current
immunotherapy, including photoimmunotherapy. Massive im-
mune cells such as tumor-associated macrophages (TAMs), reg-
ulatory T cells (Tregs), and myeloid-derived suppressor cells in
ITM contribute much to the limited infiltration and function
exhaustion of CTLs, arousing the adaptive resistance''"'%. There-
fore, comprehensively modulating ITM from different aspects
could profoundly elevate the efficacy of CTLs-mediated anti-
cancer immunity and establish a long-term immune defense
against tumors.

As a well-known immune checkpoint, programmed cell death
ligand 1 (PD-L1)/programmed cell death 1 (PD-1) negative reg-
ulatory axile opens a new era of cancer immunotherapy, which
was awarded the 2018 Nobel Prize in Medicine and Physiology.
The overexpressed PD-L1 ligand on the surface of tumor cells
binds to the PD-1 receptor on CTLs and induces the dysfunction
and apoptosis of CTLs, thus protecting tumor cells from immune
surveillance®. Antibodies of PD-1 or PD-L1 (e.g., OPDIVO® and
KEYTRUDA®) block the interaction of PD-1/PD-L1 and reju-
venate exhausted CTLs. Their great success in several advanced
tumors (the objective response rate was 46% in PD-L1 highly
expressed tumors) brings exciting hope and opportunity for cancer
patients'”. However, the high costs of commercial anti-PD-1/PD-
L1 antibodies carry a heavy financial burden on patients'.
Moreover, systemic delivery of monoclonal antibodies is often
accompanied by low targeting specificity and severe side effects
(e.g., immune-mediated inflammation)’. Small molecule in-
hibitors provide an alternative avenue to solve the dilemma of

antibody-based immunotherapy. Among them, metformin (Met), a
small molecule drug prevalently used for type-II diabetes treat-
ment, has been revealed to own diverse functions of metabolism
regulation, tumor inhibition, and even immunomodulation'>'¢.
Typically, it effectively blocks the PD-1/PD-L1 axile by activating
the adenosine 5'-monophosphate-activated protein kinase to
phosphorylate PD-L1 (at S195) and thus inducing the abnormal
glycosylation and degradation of PD-L1'”. Repurposing of the old
drug Met as a new immunoadjuvant remarkably reversed the
immunosuppression and improved the anticancer immunity
together with photodynamic therapy or chemotherapy'®. Despite
the advantages of effectiveness, safety, and low price, precisely
and safely delivering the hydrophilic Met to the tumor site remains
a formidable challenge.

On the other hand, TAMs, as the essential component of ITM
(accounting for 30%—50% of the populations of innate immune
cells), are closely associated with tumor progression, angiogen-
esis, metastasis, and even poor prognoses'’. In oncology, TAMs
usually feature an activated protumoral M2 phenotype and exhibit
immunosuppressive effects by secreting many anti-inflammatory
factors like interleukin-10 (IL-10), which further boost Tregs
and directly inhibit T cell function®’. Conversely, the tumoricidal
M1 type macrophages not only own the ability to phagocytose
tumor cells but also could secrete inflammatory cytokines (e.g.,
TNF-a, IFN-v, and IL-6) to activate the antitumor immune
response and remodel ITM. Therefore, TAMs have become an
important target in cancer treatment, and reprogramming the
phenotype of TAMs from M2 to M1 state was the most popular
method to modulate anticancer activities of CTLs>"*. Resiqui-
mod (R848) is a very effective TLR7/8 agonist to repolarize
TAMs to produce the pro-inflammatory cytokines and ultimately
activate the innate and adaptive immune responses, which was
comparable to lipopolysaccharide (LPS)*. As an essential hy-
drophobic immune adjuvant, codelivery of R848 and photosensi-
tizers in a nano platform significantly amplified the anticancer
immunity after photoablation, thus improving the survival of
tumor-bearing mice®*. We propose that further combining R848
with PD-L1/PD-1 checkpoint inhibitors (e.g., Met) could funda-
mentally enhance CTLs-based immunotherapy. However, the all-
in-one multicomponent nanoplatforms usually require cumber-
some and multistep modifications®>*°. Even it seems too idealistic
to utilize a single system to deliver different drugs to different
targets, including cancer cells and various immune cells (e.g.,
TAMs and/or PD-L1 checkpoint). It is highly desirable to design a
multi-vector to spatiotemporally deliver different immune agents
to the specific cell subtype for achieving synergistic anticancer
immunity.

In light of the above considerations, we developed a new type
of biomimetic “Gemini nanoimmunoregulators” for enhanced
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photoimmunotherapy via spatiotemporally targeting the tumor
cells, PD-L1 checkpoint, and TAMs against the tumor growth and
metastasis. As shown in Scheme 1A, the “Gemini nano-
immunoregulators” were constructed respectively by loading PD-
L1 inhibitor Met and toll-like receptor 7/8 agonist R848 into the
highly biocompatible mesoporous polydopamine (mPDA), which
was an excellent photothermal nanoagent and efficient drug
loading framework in the family of nanoscale biomaterials’.
Coating mPDA/Met (abbreviated as PM) with T7 peptide-
engineered red blood cell membrane (RM) yielded mPDA/
Met@RM-T7 (abbreviated as PM@RM-T7) and rendered it
high stability and recognition of tumor cells via transferrin re-
ceptors™. The sister nanoimmunoregulator mPDA/R848 @RM-
M2 (abbreviated as PR@RM-M2) was yielded by camouflaging
mPDA/R848 (abbreviated as PR) with M2 peptide anchored RM,
which enables it to bind to M2 type TAMs other than leukocytes
selectively””. Through the cooperation of PM@RM-T7 and
PR@RM-M2, enhanced CTLs activation was achieved through
several paths (Scheme 1B): i) PM@RM-T7 precisely recognized
the tumors and induced obvious ICD post photothermal therapy
(PTT), increasing the immunogenicity of tumors and turning the
“cold” tumor to “hot” for easy CTLs filtration. ii) PR@RM-M2
precisely repolarized TAMs to M1 phenotype, enhancing the
phagocytosis of tumor cells and disarming immunosuppression of
ITM. iii) The released Met from PM@RM-T7 further depleted
PD-L1 of the remaining tumor cells and prevented immune
escape. Thus, the triple-pronged strategy triggered profound
anticancer immunity to control tumor proliferation and metastasis.
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Scheme 1

Therefore, the “Gemini nanoimmunoregulators” provide a new
paradigm of applying spatiotemporal nanomedicine to enhance
the anticancer immune cycle from different aspects.

2. Materials and methods
2.1. Materials

Dopamine hydrochloride (98%) was purchased from Aladdin
(Shanghai, China). Metformin and chlorine 6 (Ce6) were pur-
chased from HEOWNS Biochemical Technology (Tianjin, China).
Pluronic F127 was purchased from Sigma—Aldrich (St. Louis,
MO, USA). Resiquimod (R848) was purchased from AdooQ
Bioscience (Irvine, CA, USA). DSPE-PEG-MAL was purchased
from Ruixi Biotechnology (Xi’an, China). SH-T7 peptide
(Sequence: HAIYPRHC) was purchased from Taigu Biotech-
nology (Nanjing, China). SH-M2 peptide (Sequence:
YEQDPWGVKWWYC) was purchased from Source peptide
biology (Nanjing, China). Mouse IL-10, mouse IL-6, mouse tumor
necrosis factor-« (TNF-«), and mouse interferon-y (IFN-v)
enzyme-linked immunosorbent assay (ELISA) kits were provided
by ABclonal Biotechnology (Wuhan, China). Nuclear dye 4’,6-
diamidino-2-phenylindole ~(DAPI), the cell counting kit
(CCK-8), and annexin V-fluorescein isothiocyanate (FITC)/pro-
pidium iodide (PI) staining kit, membrane dyes of 3,3'-dio-
ctadecyloxacarbocyanine perchlorate (DiO) and 1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine  perchlorate (Dil) were
purchased from Beyotime Biotechnology (Shanghai, China).
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Schematic illustration of (A) the construction of the biomimetic “Gemini nanoimmunoregulators” and (B) the synergistic

photoimmunotherapy via spatiotemporal targeted PTT, phenotype reversion of TAMs, and PD-L1 inhibition.
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2.2.  Preparation and characterization of PM@RM-T7 and
PR@RM-M2

PM@RM-T7 and PR@RM-M2 were constructed according to the
following procedure. mPDA was respectively loaded with Met and
R848 to obtain PM and PR. And the preparation details were given
in the supporting information. RM was obtained through the
method of hypotonic lysis of blood taken from the orbit of mice.
After sonication by a cell ultrasonic disruptor for 5 min, RM were
mixed with DSPE-PEG-T7 or DSPE-PEG-M2 at a ratio of 1/0.1
(m/m, RM/DSPE-PEG-T7, or RM/DSPE-PEG-M2), which was
obtained by conjugating DSPE-PEG-MAL with SH-T7 or SH-M2
peptide. After incubation at 4 °C under stirring for 24 h, the ob-
tained T7 and M2 peptide-embedded RM were bath-sonicated
(180 W, 40 KHz) with PM or PR water solution for 10 min at
the ratio of 1/1 (m/m, mPDA/RM) and then incubated overnight.
Finally, they were continuously extruded with 200 nm poly-
carbonate porous membranes using an Avanti mini extruder
(Avanti Polar and Lipids, Alabaster, USA). PM@RM-T7 or
PR@RM-M2 was obtained after centrifugation (13,000 rpm,
10 min, 5804R, Eppendorf, Hamburg, German) and stored at 4 °C.

To verify the successful membrane modification, the protein
concentrations of PM@RM-T7 and PR@RM-M2 were deter-
mined by bicinchoninic acid assay (BCA) and then treated with
12.5% sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at
20 pg/well and stained with coomassie brilliant blue. After rinsing
with the decolorizing solution three times, the gel was imaged by a
digital camera. Furthermore, fluorescent indicator FITC was
doped in mPDA to form PF@RM-T7 and then stained with
membrane dye Dil for observation under fluorescent microscopy.
Transmission electron microscope (TEM) images were acquired
on JEM 2100F (JEOL, Tokyo, Japan). The absorption spectra of
PM@RM-T7 and PR@RM-M2 were conducted on a UV—Visible
spectrometer (UV2910, Hitachi, Tokyo, Japan). The pore size and
specific surface area of mPDA were determined by the Brunauer-
Emmett-Teller (BET) analyzer (JW-BK200C, Beijing, China).
Zeta potential and dynamic light scattering (DLS) measurements
were conducted on a Zetasizer Nanoseries (Malvern Instruments,
Malvern, UK).

2.3.  Photothermal effect and pH-responsive drug release

The solutions of PM@RM-T7 and PM (5 mL, at the equivalent
concentration of mPDA = 1.0 mg/mL) containing 1.5 mg Met
were transferred to a dialysis bag (MWCO = 3500 Da) and then
stirred in 50 mL of phosphate buffer saline (PBS, pH 5.0 and 7.4)
at 37 °C under stirring (500 rpm) (Eppendorf). PM@RM-T7 and
PM solutions were laser irradiated (808 nm, 1.0 W/cm?, 10 min,
BWT, Beijing, China) at the scheduled time. Then, 1.0 mL of PBS
was collected, and an equal volume of fresh PBS was supple-
mented. The released Met was spectroscopically calculated by the
standard curve. Likewise, the release of R848 from PR and
PR@RM-M2 at different pH was measured with the same pro-
cedures as above.

2.4.  Site-specific delivery of PM@RM-T7 and PR@RM-M2

To investigate the cellular uptake of PM@RM-T7 into 4T1 cancer
cells, Met was replaced with the fluorescent molecule Ce6 to yield
PC@RM-T7 as a surrogate. 4T1 cells seeded on six-well micro-
plates (4 x 10* cells per well) were cultured overnight and then
incubated with PC@RM and PC@RM-M2 (at the equivalent

concentration of mPDA = 200 pg/mL) for 6 h. After being
washed with PBS, the cells were digested by trypsin and collected
for flow cytometry analysis (Agilent, Santa Clara, CA, USA).
Furthermore, a laser scanning confocal microscope (CLSM, Zeiss,
Oberkochen, German) was employed to evaluate the cellular up-
take of PC@QRM-T7 by 4T1 cells qualitatively.

To investigate the phagocytosis of PR@RM-M2 into M2 type
RAW264.7 cells. RAW264.7 cells were polarized into M2 type by
IL-4 (20 ng/mL) and then incubated with PC@RM, PC@RM-T7,
and PC@RM-M2 (at the equivalent concentration of
mPDA = 200 pg/mL) for 24 h. Flow cytometry (Agilent) and
CSLM (Zeiss) were utilized to quantitatively and qualitatively
analyze the cellular uptake.

2.5.  Immunofluorescence assay of ICD

4T1 cancer cells (1 x 10%) seeded in confocal petri dish were
incubated with PM, PM@RM and PM@RM-T7 (at the equivalent
mPDA = 200 pg/mL, Met = 60 ng/mL) for 6 h. Afterward, the
cells were laser irradiated (808 nm, 1.0 W/cm?, 5 min) or not. The
medium was changed to a fresh medium. After another incubation
for 24 h, 4T1 cells were washed with PBS (pH 7.4) and incubated
with 5% bovine serum albumin for 30 min to block unspecific
binding of antibodies. Then, the cells were respectively incubated
with anti-calreticulin (CRT) and anti-heat shock protein (HSP70)
antibodies (Cell Signaling Technology, Danvers, MA, USA)
overnight at 4 °C, followed by incubation with the corresponding
secondary antibodies for 2 h at 37 °C in the dark. Finally, the cells
were visualized under a CLSM (Zeiss) system. The procedures of
immunofluorescence (IF) staining of PD-L1 (Beyotime) were the
same as the above.

2.6.  Western blot analysis of PD-LI

4T1 cancer cells were treated the same as in Section 2.5. The total
protein of 4T1 cells was extracted to determine the protein con-
centration by BCA, and samples with equal protein amounts were
separated by 12.5% SDS-PAGE gels. After being transferred to a
0.22 pm polyvinylidene fluoride membrane, the membrane was
sealed with protein free rapid blocking buffer (Beyotime) at room
temperature for 20 min. Subsequently, the membranes were
respectively incubated with a rabbit anti-mouse PD-L1 antibody
(Beyotime) and anti-GAPDH Rabbit pAb (Servicebio, Wuhan,
China) at 4 °C overnight. Afterward, the membrane was incubated
with horseradish peroxidase-labeled Goat anti-Mouse/Rabbit 1gG
(H + L) (Epizyme, Shanghai, China) for 2 h at room temperature.
The protein expression was detected using a fully automatic
chemiluminescence image analysis system (Tanon, Beijing,
China) and quantified by Image J (NIH, MD, USA).

2.7.  Invitro repolarization of M2 type RAW264.7 cells

RAW264.7 cells (2 x 10° cells/well) were cultured in six-well
plates overnight before polarization. M1 type RAW264.7 cells
were obtained by LPS stimulation (100 ng/mL) for 24 h as control,
whereas M2 type RAW264.7 cells were obtained by IL-4 stimu-
lation (20 ng/mL) for 24 h. For the in vitro repolarization exper-
iments, M2 type RAW264.7 cells were treated with R848,
PR@RM, and PR@RM-M2 (at the equivalent concentration of
mPDA = 100 pg/mL, R848 = 3 ng/mL) for 24 h. Then, the cells
were stained with FITC-anti-F4/80, PE-anti-CD206, and APC-
anti-CD86 (BD, Franklin Lakes, NJ, USA) antibodies and were
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analyzed by flow cytometer (Agilent) to detect the expression of
surface markers. Meanwhile, IF staining of CD86 (Abclonal) and
CD206 (Proteintech, Wuhan, China) were performed, and phal-
loidin was used to label tubulin to observe the morphological
changes of RAW264.7 cells by CSLM (Zeiss). Secreted cytokines
(TNF-«, IL-6, IFN-v, and IL-10) were detected by ELISA
(Abclonal).

2.8.  Macrophage phagocytosis of tumor cells

M2 type RAW264.7 cells (2 x 10° cells/well) seeded in the
confocal petri dish were separately incubated with R848,
PR@RM, and PR@RM-M2 for 24 h. Then, they were collected
and labeled with DiO dye (Beyotime). In the meantime, 4T1
cancer cells were labeled with Hoechst and co-culture with the
above DiO labeled RAW264.7 cells at the number ratio of 1:1.
After 24 h, the phagocytosis of 4T1 cells by RAW264.7 cells was
observed by CLSM (Zeiss).

2.9.  Tumor model of mice

Female BALB/c mice aged 5 weeks were purchased from Sichuan
Province People’s Hospital (Chengdu, China). All the animal
research was approved by the Institutional Animal Care and Ethics
Committee of the University of Electronic Science and Technol-
ogy. To construct the unilateral 4T1 tumor-bearing model. 1 x 10°
4T1 cells were suspended in 100 pL of saline and then injected
into the right flank of each mouse. A bilateral 4T1 tumor-bearing
mouse model was established by subcutaneously injecting 1 x 10°
4T1 cells (in 100 pL saline) on the left flank of the BALB/c mice 5
days after the primary tumor inoculated subcutaneously on the
right side (1 x 10% 4T1 cells in 100 pL saline).

2.10.  In vivo evaluation of biodistribution

The unilateral 4T1 tumor-bearing model was constructed for the
evaluation of the targeted tumor accumulation and biodistribution.
Near-infrared  fluorescent dye Cy5.5-loaded PCy@RM,
PCy@RM-T7, and PCy@RM-M2 were intravenously injected
into the mice at the dose of 500 pg/kg Cy5.5. After 2, 4, 8, 24, and
48 h, the mice were imaged by Lumina Series III imaging
(PerkinElmer, Waltham, MA, USA). Then, the mice were
sacrificed, and their major organs and tumors were isolated for
ex vivo fluorescence imaging. Moreover, to observe the spatio-
temporal targeting ability of PCy @RM-T7 and PCy @RM-M2, the
tumor sections were stained with anti-CD206-FITC (Abclonal)
and DAPI (Beyotime) and then were observed by fluorescent
microscopy.

2.11.  Invivo synergistic photo-immune antitumor effects

A bilateral 4T1 tumor-bearing mouse model was established, and
these tumor-bearing mice were randomly divided into six groups,
with ten mice in each group. Gl1: saline + L (the control), G2:
P@RM-T7 + L, G3: PM@RM-T7, G4: PM@RM-T7 + L, and
G5:PR@RM-M2 were administrated via intravenous injection and
carried out every three days for three times (L was denoted as
laser). G6: The “Gemini nanoimmunoregulators” treated group
was i.v. injected with PM@RM-T7 on the first day, and then
continued treatment of PR@RM-M2 was performed on the second
day. The equivalent doses of mPDA, Met, and R848 were 10, 3,
and 3 mg/kg, respectively. Laser irradiation (808 nm, 1.0 W/cm?,

10 min) was performed at the tumor site at 8 h after the first
administration. The volumes of both primary and distal tumors
and mice’s body weights were monitored every three days during
the whole period.

On Day 14, the remaining mice were sacrificed, and the main
organs, primary and distal tumors were collected. Blood was
collected for liver and kidney function testing. And primary and
distal tumors were dissected and analyzed by hematoxylin and
eosin (HE), TdT-mediated dUTP nick end labeling (TUNEL), and
IF staining of Ki67, respectively.

2.12.  Immune cascade and TAMs repolarization assay

2.12.1.  Invivo ICD and PD-LI degradation assay

On Day 10, after the beginning of treatment, the peripheral blood
was collected for detection of TNF-«, IL-6, IFN-v, and IL-10
levels in plasma using ELISA kits (Abclonal). The primary tu-
mors were isolated from the treated mice and cut into sections for
further examination. These sections were separately processed
with primary antibodies against CRT, HSP 70, and PD-L1
(Beyotime) according to the manufacturer’s protocols and then
stained with secondary antibodies, followed by microscopic
observation.

2.12.2.  DCs maturation assay

To further detect DCs maturation, the tumor-draining lymph nodes
and inguinal lymph nodes were collected and ground in a 2 cm-
diameter dish by the rubber end of a syringe. The obtained cells
were stained with flow antibodies CD11c, CD80, and CD86 (BD,
NJ, USA) according to the procedure of the manufacturer. The
frequency of DCs maturation in the lymph nodes was then
investigated by flow cytometry (Agilent). All data analysis was
performed using Flow Jo software (Biochemicals FlowJo, OR,
USA).

2.12.3.  Lymphocytes analysis

On Day 14, the remaining mice were sacrificed, and the spleen and
primary tumors of the mice were processed into single-cell sus-
pensions. Briefly, the spleen was placed in 1x PBS and gently
minced with a syringe plunger. After that, the mixture was filtered
through a 70 pm cell filter. The erythrocytes in the single-cell
suspension were removed with 1x red blood cell lysis buffer. The
single-cell suspension was obtained by centrifugation at 1300 rpm
for 5 min (Eppendorf). The tumors were removed, cut into
3—4 mm pieces with scissors, and transferred to 15 mL centrifuge
tubes supplemented with 1640 medium with collagenase type IV,
hyaluronidase, and DNAase concentrations of 1.0 mg/mL,
respectively, and placed in a 37 °C incubator for 1 h of digestion
processing. The digested tissues were transferred to a sterile nylon
mesh in a flat dish containing RPMI 1640 medium and well-
ground with the tip of the inner plug of a 5 mL sterile syringe, and
the nylon mesh was rinsed by continuously aspirating medium
from the flat dish. The obtained cell liquid was filtered through
70 pum sterile nylon mesh collected in a centrifuge tube at
1300 rpm (Eppendorf) and centrifuged at 4 °C for 5 min. The
supernatant was discarded, and the cells on the wall of the tube
were retained and washed off three times with PBS. Then, the
cells were further stained with the following fluorochrome-
conjugated antibodies (BD) according to the manufacturer’s pro-
tocol and the ratio of cytotoxic T cells (anti-CD3e, anti-CD8a, and
anti-CD4) and Tregs (anti-Foxp3) was analyzed by flow cell
cytometry (Agilent). Further, IF staining was also performed to
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analyze T cells (CD4", CD8™, and Tregs) infiltration into the
primary and distal tumors.

2.12.4. TAMs repolarization assay

The tumor sections were first stained with TAMs associated bio-
markers, including anti-CD86 and anti-CD206, before observation
by fluorescence microscope. For quantitative analysis, the tumor
suspensions were prepared by homogenization and stained with
anti-F4/80, anti-CD86, and anti-CD206 (BD), followed by flow
cytometry (Agilent) analysis.

2.13.  Inhibition of lung metastasis

A lung metastasis model was constructed, in which the primary
tumors were constructed by subcutaneously injecting 4T1
(1 x 10% cells on the right side, and 5 days later, 4T1 cells
(1 x 10%) were injected into mice through the tail vein. It had been
predicted that these tumor cells would enter the lung tissue of
mice through blood circulation to form lung metastases. One week
after inoculation, the mice were randomly divided into four groups
(n = 3): (Gl') Saline + L, (G2') PM@RM-T7 + L, (G3"
PR@RM-M2, (G4') PM@RM-T7 + L and PR@RM-M2 (L was
denoted as laser). Treatment was performed every three days and
repeated three times. After 14 days, lung organs were extracted
and counted for gross analysis of tumor nodules. The lung tissues
were then examined with HE, immunohistochemistry of Ki67, and
IF staining of CD4 and CDS8.

2.14.  Statistical analysis

The data in all experiments were expressed as mean + standard
deviation (SD). Statistical significance was analyzed by using
analysis of variance (ANOVA) in the GraphPad prism (San Diego,
CA, USA) for multiple group comparisons. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered
statistically significant.

3. Results and discussion

3.1.  Construction of biomimetic “Gemini nanoimmunoregulators”

The biomimetic “Gemini nanoimmunoregulators” PM@RM-T7
and PR@RM-M2 were fabricated by respectively encapsulating
Met and R848 into the inner cavity of mPDA and then camou-
flaging with RM inserted by T7 and M2 peptides for the specific
recognition of tumor cells and TAMs (Scheme 1A). The spherical
core of mPDA was about 100 nm with the typical mesoporous
structure as shown in the TEM image (Fig. 1A), and its pore size
was around 5 nm analyzed by BET (Supporting Information
Fig. S1A). Met and R848 could easily be loaded into mPDA via
the strong adhesive interaction, hydrogen interaction, and m—m
stacking?’. The representative absorption peak of the two drugs
was observed in the UV—Vis absorption spectra of PM and PR
(Fig. S1B). The maximum loading rate of Met and R848 on
mPDA were 300 and 500 pg/mg, respectively, together with the
high encapsulation efficiency (49.8% for Met and 85.9% for
R848) (Fig. S1C). The drug loading did not change the
morphology of mPDA (Fig. S1D and E). RM coating of the
“Gemini nanoimmunoregulators” PM@RM-T7 and PR@RM-M2
were clearly observed from TEM images (Fig. 1B and C), which
was prepared at the optimal ratio of 1/1 (m/m, mPDA/RM,

Fig. S1F). The high overlapping of fluorescence signals of FITC
(doped in mPDA) and Dil (embedded in RM) further verified the
successful membrane modification around mPDA (Fig. 1D).
Moreover, SDS-PAGE analysis of the “Gemini
immunoregulators” showed good retention of the characteristic
membrane protein (Fig. 1E). The successful anchoring of T7 and
M2 peptides on the nanosystem was spectroscopically demon-
strated and the conjugation rate could reach 10% and 5.6%,
respectively (Fig. S1G and H). The biomimetic modification made
the hydrodynamic size of PM@RM-T7 and PR@RM-M2 visibly
increase by about 20 nm, together with slightly reduced zeta po-
tentials in comparison with the naked counterparts (Fig. 1F and
Fig. S1I). Also, the cargoes of Met and R848 still remained in
mPDA, as proved by the UV—Vis absorption spectra (Fig. 1G).
The “Gemini nanoimmunoregulators” PM@RM-T7 and
PR@RM-M2 showed improved stability, and their hydrodynamic
diameter did not fluctuate much in saline (Fig. 1H) or serum
(Fig. S1J) during ten days. The hemolysis assay revealed that
PM@RM-T7 and PR@RM-M?2 showed excellent hemocompati-
bility with a shallow hemolysis rate of <3% (Fig. S1K and L).

Furthermore, the photothermal performance of our “Gemini
nanoimmunoregulators” was measured. PM, PM@RM, and
PM@RM-T7 possessed nearly the same photothermal heating
capacity as that of mPDA, and the temperature could rise to about
47 °C at the same concentration under laser irradiation (808 nm,
1.0 W/cm?, 10 min, Fig. 1I, and Supporting Information
Fig. S2A). Also, the photothermal effect was concentration- and
laser-power density-dependent (Fig. S2B and C). To note,
PM@RM-T7 exhibited little attenuation on the temperature dur-
ing four successive cycles of laser on/off (Fig. 1J), suggesting the
stable photothermal conversion. Moreover, PM@RM-T7 exhibi-
ted outstanding photothermal conversion efficiency of around
31.7%, which was near to that of mPDA (about 34.3%, Fig. S2D
and E). Therefore, PM@RM-T7 could be used as a promising
PTT agent for cancer ablation.

The photothermal effect is an exogenous stimulus to control
drug release, thus achieving an enhanced therapeutic efficacy.
Subsequently, the releasing behavior of Met from PM@RM-T7
was explored at different pH with and without laser irradiation.
The profiles showed that the release rate of Met from PM@RM-
T7 at both pH 7.4 (Fig. 1K) and pH 5.0 (Fig. 1L) was slower than
that from PM in the absence of irradiation, which was due to the
shielding of outer RM. It was easy to see that much more Met was
released from PM at pH 5.0 than at pH 7.4, e.g., a total of 55.2%
(at pH 5.0) vs. 17.9% (at pH 7.4) within 48 h. This phenome could
be attributed to Met, whose structure bears amino groups and is
easily protonated under acidic conditions®”. The acidity slightly
affected Met release from PM@RM-T7, only 31.0% (at pH 5.0)
vs. 13.0% (at pH 7.4) within 48 h, suggesting the relative stability
in the physics environment. Upon irradiation (808 nm, 1.0 W/cm?,
10 min), the release rate of Met from PM@RM-T7 was dramat-
ically enhanced, which was primarily due to the photothermal
effect that accelerated the molecular diffusion of Met. To note,
about 47.7% of Met burst from PM@RM-T7 after irradiation at
pH 5.0 within 12 h, and then little increased in the later 36 h
(Fig. 1L). PM@RM-T7 had a distinct on-demand drug release
behavior triggered by the photothermal effect as well as the
acidity,. PR@RM-M2 showed similar drug release ability
(Fig. S2F). The excellent photothermal effect and controlled drug
release of our “Gemini nanoimmunoregulators” will be highly
beneficial for the long circulation and intracellular rapid release
for cancer photoimmunotherapy.

nano-
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Characterization of biomimetic “Gemini nanoimmunoregulators”. TEM images of (A) mPDA, (B) PM@RM-T7, and

(C) PR@RM-M2 (scale bar = 100 nm). (D) Fluorescence microscopic images of PF@RM-T7, FITC was doped into mPDA, and Dil was used to
label RM (scale bar = 100 um). (E) SDS-PAGE analysis of mPDA, RM, PM@RM-T7, and PR@RM-M?2. (F) Z-average size and surface zeta
potential of mPDA, PM, PR, PM@RM-T7, and PR@RM-M2. (G) UV—Vis absorption spectra of different formulations. (H) Hydrodynamic size
of PM@RM-T7 and PR@RM-M2 in saline; (I) IR thermal images of mPDA and PM@RM-T7 (at the equivalent concentration of
mPDA = 200 pg/mL) under laser irradiation (808 nm, 1.0 W/em?, 10 min). (J) Photothermal curves of PM@RM-T7 in four cycles of laser on/off.
(K) Cumulative release of Met at pH 7.4 and (L) pH 5.0 from PM and PM@RM-T7 with or without laser irradiation.

3.2.  Targeted photothermal-immunol effect and downregulation
of PD-LI1 mediated by PM@RM-T7

The photoimmunol stimulation of PM@RM-T7 was evaluated
against 4T1 murine mammary cells. Initially, the T7 peptide-
mediated targeted cellular internalization of PM@RM-T7 was
studied by using Ce6 encapsulated mPDA surrogate PC@RM-T7.
Compared to the weak red fluorescence intensity in the groups
treated by PC@RM and PC@RM-M2, the fluorescence intensity
was significantly vital in the cytoplasm of 4T1 cells treated with
PC@RM-T7 (Fig. 2A). This demonstrated that T7 peptide indeed
aided more nanoimmunoregulators to be endocytosed by the cancer
cells. Flow cytometry analysis also showed the targeted cellular
uptake of PC@QRM-T7 (Supporting Information Fig. S3A). Next,
free Met and PM@RM-T7 (0—400 pg/mL) in the dark were found to
have negligible cytotoxicity (Fig. 2B and Fig. S3B). However, upon

irradiation (808 nm, 1.0 W/cm2, 10 min), PM@RM-T7 exhibited
much higher photothermal killing efficiency than PM@RM and PM
(Fig. 2C), confirming the targeted PTT effect. Consistently, the flow
cytometry analysis using Annexin-V FITC/PI probe revealed that
about 45.8% of 4T1 cells cultured with PM@RM-T7 + L went
apoptosis, which was 11.9% higher than that of the cells treated by
PM@RM + L (Fig. 2D and Fig. S3C). Clearly, PM@RM-T7 could
selectively recognize and photothermally kill the cancer cells under
the guidance of T7 peptide.

It has been reported that ICD usually occurs after photothermal
ablation, which could trigger systemic anticancer immunity’. One
characteristic marker of ICD is CRT, which acts as an “eat-me”
signal to arouse the immune system identification and phagocy-
tosis of cancer cells’. In our study, PM@RM-T7 maximally
upregulated the exposure levels of CRT in 4T1 cells under laser
irradiation compared with PM@RM and PM (Fig. 2E and F).
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relevant controls (scale bar
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Photoimmune activation and downregulation of PD-L1 by PM@RM-T7 in vitro. (A) Representative CLSM images of cellular uptake
of PC@RM-T7 and relevant controls by 4T1 cells after 6 h incubation. Relative cell viability of 4T1 cells treated with PM@RM-T7 and the

100 pm) (B) under dark and (C) laser irradiation. (D) Representative flow cytometry plots of 4T1 cells after

different treatments. (E) CRT exposure and (F) CLSM images of 4T1 cells with IF staining of CRT (scale bar = 50 pm). Expression of PD-L1 in
the 4T1 cells detected by (G) western blotting and (H) IF staining after treatment with PM@RM-T7 and relevant controls with or without laser
irradiation (scale bar = 50 um). Data are presented as mean + SD (n = 3). *P < 0.05, **P < 0.01 and ****P < 0.0001 vs. indicated.

Another marker of intracellular HSP70 also had the highest
expression after PM@RM-T7 treatment (Fig. S3D and E), sug-
gesting the amplified ICD effect induced by targeted PTT.
Moreover, to identify whether PM@RM-T7 could effectively
inhibit PD-L1 expression, western blot assay and IF staining were
performed. The level of PD-L1 in 4T1 cells treated with laser or
P@RM-T7 was almost identical to that of the control group.
However, P@RM-T7 + L treatment caused the up-expression of
PD-L1, which was probably due to the photothermal effect’’. As
expected, the amount of PD-L1 was significantly inhibited under
the action of PM@RM-T7 and PM@RM-T7 + L, even lower than
that of the control (Fig. 2G and Fig. S3F). The rationale behind
this was that the photothermal heating accelerates Met released
from PM@RM-T7 and thereby enhances the endogenous degra-
dation of PD-L1. IF images also showed similar results (Fig. 2H
and Fig. S3G). These data meant that PM@RM-T7 was potent in
reducing the binding of PD-L1/PD-1 and then preventing the
immune escape of tumors.

3.3.  Selective recognition and phenotype reset of M2 type
RAW264.7 cells by PR@RM-M?2

To investigate the targeted repolarization ability of PR@RM-M2
on M2 type macrophages, the murine macrophage cell line
RAW264.7 was polarized to M2 mode using IL-4. M1 type
RAW264.7 cells, stimulated by LPS for 24 h, were used as the
positive control (Supporting Information Fig. S4A). PR@RM-M2
showed negligible toxicity to M2 type RAW?264.7 cells by the
CCK-8 assay (Fig. S4B). The internalization of PR@RM-M2 by
M2 type RAW264.7 cells was also explored by replacing R848
with a Ce6 fluorescence probe and observed by CLSM. As shown
in Fig. 3A, the obvious red fluorescence intensity in CLSM images
showed that PC@RM-M2 was significantly accumulated in M2
type RAW?264.7 cells thanks to the active targeting of M2 peptide.
However, PC@RM and PC@RM-T7 treated groups showed very
dim red fluorescence signals in the cytoplasm under the same
conditions (Fig. 3A). The flow cytometry analysis also proved that
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Figure 3

Selective recognition and reprogramming ability of PR@RM-M2 on M2 type RAW264.7 cells. (A) Representative CLSM images of

M2 type RAW264.7 cells incubated with PC@RM, PC@RM-M2, or PC@QRM-T7 for 6 h (scale bar = 100 um). (B) Representative flow

cytometry plots of M1 type RAW264.7 cells (CD86™") and M2 type RAW264.7 cells (CD206"™) gating on F4/80™ after different treatments and
(C) the corresponding statistical analysis. (D) TNF-c«, IL-6, IFN-v, and IL-10 secretion by M2 type RAW264.7 cells after different treatments.
(E) CLSM images of IF staining of CD86 (green) and CD206 (red) on the surfaces of M2 type RAW?264.7 cells after various treatments (scale
bar = 50 pm; zoom in: scale bar = 20 pm). (F) Representative CLSM images of the phagocytosis of 4T1 cells (labeled by Hoechst) by M2 type
RAW264.7 cells (labeled by DiO) after treatment of R848, PR@RM, and PR@RM-M2 (scale bar = 100 pm; zoom in: scale bar = 20 pm). Data

are presented as mean £ SD (n = 3). *P < 0.05, **P < 0.01 and ****P < 0.0001 vs. indicated. n.s., not significant.

PC@RM-M2 was efficiently phagocytosed
RAW264.7 cells (Fig. S4C).

Furthermore, the reprogramming ability of PR@RM-M2 to-
wards M2 type RAW264.7 cells was investigated. As expected,
compared with the nontargeted PR@RM, PR@RM-M2 signifi-
cantly increased the expression of Ml-related costimulatory
molecules CD86 (51.6 + 3.2% for PR@RM-M2 vs. 42.6 + 3.9%
for PR@RM) (Fig. 3B and C) and decreased the expression of
CD206, typical markers for M2 type RAW264.7 cells
(19.0 £ 11.4% for PR@RM-M2 vs. 25.4 £ 13.2% for PR@RM).
Although this in vitro repolarization effect was weaker than that of
R848, PR@RM-M2 still acted as an effective repolarizing agent to
convert M2 type RAW264.7 cells to the M1 state. Cytokines
secreted by macrophages also reflect the phenotype. As shown in
Fig. 3D, R848, PR@RM, and PR@RM-M2 upregulated the

into M2 type

secretion of pro-inflammatory cytokines (i.e., TNF-«, IL-6, and
IFN-v) and decreased the secretion of anti-inflammatory cyto-
kines (i.e. IL-10) after incubated with M2 type RAW264.7 cells.
In particular, PR@RM-M2 respectively resulted in 13.4-, 28.2-
and 2.9-fold of TNF-«, IL-6, and IFN-vy (vs. control), which was
significantly higher than that of the nontargeted PR@RM group
(i.e. 9.7-, 22.5- and 2.1-fold of control). Furthermore, from the IF
images of costimulatory molecules on the surface of M2 type
RAW264.7 cells in Fig. 3E, the obvious green signals from anti-
CD86-FITC but low red fluorescence signals from anti-CD206-
Cy3 for PR@RM-M2 treated group proved the excellent repo-
larization capacity of PR@RM-M2 again. What’s more, the
changes in cell morphology have recently been identified as a
reliable indicator for macrophage polarization, i.e., elongated
projections for M2 type macrophages vs. the round and flattened
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morphology for M1 type counterparts’>. In our study, the M2 type
RAW264.7 cells stimulated by IL-4 as the control group showed
an elongated morphology. However, after treatment with
PR@RM-M2, the cell shape-shifted to a typical pancake-like
form, indicating the phenotype being reprogrammed to M1 mode.

To further investigate whether PR@RM-M2 could increase the
phagocytic capacity of macrophages, the Hoechst-labeled 4T1
tumor cells were co-incubated with DiO-labeled M2 type
RAW264.7 cells after different treatments for 24 h. According to
the colocalization of blue and green fluoresce signals in Fig. 3F,
most 4T1 cancer cells were phagocytosed by M2 type
RAW264.7 cells pretreated with PR@RM-M2, which was close to
the observation in the R848 treated group. As a control, M2 type
RAW264.7 cells pretreated with PBS were barely able to phago-
cytose 4T1 tumor cells. These phenomena were closely correlated
with the phenotype reset of TAMs and enhanced phagocytic ca-
pacity due to the changes in central carbon metabolism™. All in
all, these results demonstrated that PR@RM-M2 was a potent
targeted immunoregulator to transform the phenotype of TAMs
and remodel ITM.

PCYy@RM >

PCY@RM-T7 PCy@RM-M2
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3.4. Invivo spatiotemporal targeting behavior and
biodistribution

Furthermore, the in vivo spatiotemporal targeting behavior and
biodistribution of “Gemini nanoimmunoregulators” PM@RM-T7
and PR@RM-M2 were investigated by a whole animal fluores-
cence imaging system using Cy5.5 as a fluorescence probe. After
intravenous injection, the biodistribution of PCy@RM,
PCy@RM-T7, and PCy@RM-M2 in 4TIl-bearing mice was
examined at a series of predetermined time points. As shown in
Fig. 4A, the fluorescent signal in the tumor area of each group
gradually increased over 8 h but began to decrease after 24 h,
indicating that 8 h was the appropriate time point for irradiation.
During the whole process, the fluorescence signal of PCy@RM-
T7 was significantly more potent than that of the PCy@RM
treated group, which was owing to the guiding of T7 peptide.
To note, the fluorescence signal intensities at the tumor site of the
PCy@RM-M2 treated group were also relatively high but not the
same as that of PCy@RM-T7. It was because PCy@RM-M2
targeted the population of M2 type TAMs in solid tumors,

48 B

PCy@RM-T7 (I8 A -

== PCy@RM r
20 PCy@RM-M2

PCy@RM-T7

>~
N
Cd

FL intensity (x10%)
&

Gray value
o
<

[ ey ey
0 50 100
Distance (um)

004
501}
. Ll L

0 60 120 180
Distance (pm)

Gray value _

=]
L ¢

Gray value
o
i d

! L4

ol
50 100
Distance (um)

Figure 4  Spatiotemporal targeting behavior and biodistribution of “Gemini nanoimmunoregulators” in vivo. Biofluorescence images of (A)
4T1 tumor-bearing mice, (B) dissected tumors and organs, and (C) semiquantitative analysis of fluorescence signals after intravenous injection of
PCy@RM, PCy@RM-M2 and PCy@RM-T7. (D) IF staining results of tumor sections (scale bar = 50 um) and (E) quantitative analysis of the
coincidence of fluorescence signals (Cy5.5 and anti-CD206-FITC) by Image J for groups treated by PCy @RM, PCy @RM-M2 and PCy @RM-T7.
Data are presented as mean £ SD (n = 3). ¥*P < 0.05 and **P < 0.01 vs. indicated.
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whose fraction was less than that of tumor cells'’. Then, the
dissected tumor and major organs were monitored by bio-
fluorescence imaging at 48 h after injection (Fig. 4B and C). In
comparison, the tumor fluorescence intensity in order of
PCy@RM-T7 > PCy@RM-M2 > PCy@RM further confirmed
the targeted delivery and accumulation in tumors for our “Gemini
nanoimmunoregulators”.

To further analyze the site-specific delivery of “Gemini nano-
immunoregulators” in vivo, we performed IF analysis of tumor
sections. DAPI was used to stain the nucleus of all cells, and anti-
CD206-FITC was applied to label M2 type TAMs. As shown in
Fig. 4D, the red fluorescent signal from PCy @RM-T7 was mainly
accumulated in the DAPI-labeled tumor cells where the green signal
of anti-CD206-FITC was weak, demonstrating that it could effec-
tively enter tumor cells mediated by T7 peptide. However, the red
fluorescent signal from PCy @RM-M2 overlapped with the green
fluorescence of anti-CD206-FITC obviously, which indicated that
PCy @RM-M2 was effectively phagocytosed by TAMs owing to the
guiding of M2 peptide. In contrast, the PCy@RM treated group
showed the weakest red fluorescence signal in the tumor, which was
due to the absence of targeting peptides (Fig. 4E). The above results
confirmed that the biomimetically engineered “Gemini nano-
immunoregulators” PM@RM-T7 and PR@RM-M2 could realize
the site-specific delivery of their different cargoes to tumor cells and
TAMs in vivo.

3.5.  Invivo enhanced photo-immunol therapeutic effect

Inspired by the aforementioned results, the in vivo amplified
photo-immunol therapeutic efficiency was evaluated in a bilateral
4T1 tumor-bearing mouse model (Fig. 5A). P@RM-T7 and
PM@RM-T7 were also excellent photothermal agents, and the
temperature at the tumor site raised to around 50 °C in 6 min upon
laser irradiation (808 nm, 1.0 W/cm? 10 min) (Supporting
Information Fig. S5A and B). As displayed in Fig. 5B, the PTT
group mediated by P@RM-T7 + L suppressed the tumor growth
that was attributed to the photothermal ablation effect. However,
the single PD-L1 interference group mediated by PM@RM-T7 or
the single TAMs polarization group mediated by PR@RM-M2
moderately retarded the primary tumor growth in comparison
with the rapid tumor growth curve of the control group. Though
PTT combined with Met treatment (PM@RM-T7 + L group)
significantly inhibited the growth of tumor, the treatment of
“Gemini nanoimmunoregulators” PM@RM-T7 and PR@RM-M2
showed the most prominent tumor suppression effect during the
whole process and even the tumors of some mice disappeared at a
later stage, which may suggest the systemic anticancer immunity
being activated. The weight and tumor photos of each group
showed the same trend (Fig. 5C and D). Comparing the final
tumor inhibition rate calculated by the tumor weight, “Gemini
nanoimmunoregulators” PM@RM-T7 + L and PR@RM-M2
combined treatment achieved the highest final tumor inhibition
rate up to about 89.4% vs. 42.5% for P@QRM-T7 + L, 13.9% for
PM@RM-T7, 67.6% for PM@RM-T7 + L and 28.9% for
PR@RM-M2 (Fig. S5C). The results demonstrated that reprog-
ramming TAMs in ITM by PR@RM-M2 further amplified the
photothermal  immunotherapeutic ~ efficiency induced by
PM@RM-T7, suggesting the superiority of “Gemini nano-
immunoregulators”. The tumors were then stained with HE to
examine pathological changes (Fig. SE). Compared to PM@RM-
T7 + L and PR@RM-M2, “Gemini nanoimmunoregulators”
caused the most damage to tumor cells being fragmented and

lysed. Meanwhile, the TUNEL assay showed that most of tumor
cells in the “Gemini nanoimmunoregulators” treatment group
went apoptosis, which was significantly higher than that of the
PM@RM-T7 + L and PR@RM-M2 single treatment group
(Fig. SE). Therefore, the “Gemini nanoimmunoregulators” coop-
eratively exerted the highest antitumor efficiency against the
malignant primary tumor.

To explore the mechanism behind the “Gemini nano-
immunoregulators”’-mediated anticancer synergy, the ICD phe-
nomenon was first analyzed by IF examination of the markers
CRT and HSP 70 (Fig. 5F). Both CRT and HSP 70 were signifi-
cantly upregulated in tumors treated with the irradiated groups
including P@RM-T7 + L, PM@RM-T7 + L and “Gemini
nanoimmunoregulators” group (Fig. S5D and E), consistent with
the in vitro results. This PTT-induced ICD effect was expected to
stimulate the adaptive immune system. However, the single PTT
treatment mediated by P@RM-T7 + L dramatically boosted PD-
L1 expression, which was most probably due to the IFN-y
secretion’®. Fortunately, involvement of Met (for PM@RM-
T7 4 L and “Gemini nanoimmunoregulators” groups) remarkedly
decreased the intratumoral PD-L1 level (Fig. 5G and Fig. S5F)
resulting from the interference on PD-L1 biosynthesis. The PD-L1
expression of the PR@RM-M2 treated group was slightly
decreased, which might be attributed to the inhibition and
phagocytosis of tumor cells by TAMs after R848 repolarization.
Prominently, our “Gemini nanoimmunoregulators” could effec-
tively trigger ICD and blockade of PD-L1/PD-1 inhibitory axile
mn vivo.

3.6.  Antitumor immunol cascade and TAMs polarization in vivo

Furthermore, the in vivo immune cascade triggered by our “Gemini
nanoimmunoregulators” was evaluated. As the professional
antigen-presenting cell, DCs in the tumor-draining lymph nodes and
inguinal lymph nodes after treatment were initially detected to
check the promotion of the anticancer immune cycle (Fig. 6A). The
maturation rate of DCs in pure PTT group (mediated by
P@RM + L), PTT combined with Met group (mediated by
PM@RM-T7 + L) and the “Gemini nanoimmunoregulators” group
gradually increased, i.e. 21.5 +3.4%, 32.2 £ 2.8% and 48.6 £ 3.9%
respectively. These were approximately 2.7-,4.1- and 6.2-fold of the
control group (7.9 £ 2.5%) (Fig. 6B). Notably, our “Gemini nano-
immunoregulators” PM@RM-T7 and PR@RM-M2 tremendously
activated the anticancer response. PM@RM-T7 treatment alone
slightly caused the maturation of DCs (16.7 & 1.4%), which would
be owing to the multiple functions of Met to reduce the vascular
compression and enhance DCs infiltration®. For the PR@RM-M2
treated group, the maturation rate was relatively high
(42.3 = 1.9%). On one hand, TAMs repolarized by R848 could
secrete large amounts of pro-inflammatory cytokines, which in turn
further promoted the maturation of DCs>°. On the other hand, the
released R848 could also facilitate DCs maturation as an excellent
adjuvant®’. In short, the above results suggested the remarkable
induction of DCs maturation by “Gemini nanoimmunoregulators”
through the combination of ICD effects and ITM modulation.
Moreover, the effect of our “Gemini nanoimmunoregulators” on
the phenotype of TAMs was examined. The representative flow
cytometry plots (Fig. 6C) showed that PR@RM-M2 treatment
caused the phenotype reversion from M2 to M1 type obviously as
the percentage of CD86 positive TAMs increased from 21.8 + 0.6%
to 58.4 £+ 8.5% while the percentage of CD206 positive TAMs
decreased from46.3 £ 1.0% to 21.3 £ 2.7%. This was because of the
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significant.

repolarizing rule of R848 via the TLR7/8 pathway>’. Under the
action of pure PTT (mediated by P@MT + L) and PTT combined
with the Met group (mediated by PM@RM-T7 +- L), the phenotype
of TAMs was also mildly and similarly reversed from the M2 to M1
state. This was closely correlated with the photoablation effect, and
it has been reported that IFN-y induced by photothermal ablation
could partially repolarize TAMs to M1 type®>°. Besides, the
released Met could also repolarize TAMs (30.2 £ 3.6%), and this
was evidenced by the reported data®’. Excitedly, the “Gemini
nanoimmunoregulators” treated group exhibited the best polariza-
tion effect on TAMs among all groups with the highest proportion of
CD86 positive M1 type macrophages (62.8 £+ 6.5%, 2.9-fold of the
control group) and the lowest CD206 proportion of 13.0 £ 4.5% vs.

46.3 &+ 0.9% for control. To note, compared to PR@RM-M2 (2.7)
and PM@MT-T7 + L (1.6), the M1/M2 ratio of “Gemini nano-
immunoregulators” was dramatically increased to 4.9 (Fig. 6D).
The IF images of tumor tissue were also consistent with the above
results (Fig. 6E). Therefore, strong anticancer immunity would be
expected via “Gemini nanoimmunoregulators” to reprogram TAMs
in ITM maximally.

The activation of lymphocytes, including the helper T cells
(CD3" CD4") and CTLs (CD3" CD8™), is the critical event of
adaptive immunity. The helper T cells could regulate the immu-
noactivity, while CTLs directly attack tumor cells via the secretion
of cytotoxins such as perforin and granzymes*'. The flow cytometry
data (Fig. 6F and Supporting Information Fig. S6A) showed that the
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TAMs reprogramming and immune activation by “Gemini nanoimmunoregulators”. (A) Representative flow cytometry plots and

(B) corresponding percentages of matured DCs (gated by CD80" CD86" CD11c™) in lymph nodes. (C) Populations of the M1 type (gated by F4/
80" CD86™) and M2 type TAMs (gated by F4/80" CD206™") in tumors. (D) The ratio of M1/M2 macrophages in tumors. (E) IF staining of CD86
and CD206 markers in the primary tumor section (scale bar = 100 pm). (F) Representative flow cytometry plots of the intratumor infiltration of
CD4" and CD8™ T cells (gated on CD3™ T cells) in the primary tumor after treatments. (G) Levels of TNF-q, IL-6, IFN-v, and IL-10 in the serum
of mice from each group were measured by ELISA. (H) Representative flow cytometry plots of the intratumoral infiltration of Tregs cells (CD4*
Foxp3™") in the primary tumor after treatments. Data are presented as mean &= SD (n = 3). **P < 0.01, ***P < 001, and ****P < 0.0001 vs.

indicated. n.s., not significant.

proportion of CD8™ T cells in the primary tumors of the two groups
of P@RM-T7 + L (177 £ 2.5%) and PM@RM-T7 + L
(18.3 £ 7.3%) were much higher than that of control (7.5 £ 0.6%),
which was probably due to the photothermal stimulation of tumor
changes from immune "cold" to immune "hot." For the PR@RM-
M2 group, the amount of CD8" T cells increased to 26.9 & 5.5%,
which could be due to the fact that the reprogrammed TAMs could
engulf antigens and proteins from dying cancer cells, which then
transported to draining lymph nodes to activate CD8" T cells and
CD4™ T cells®™**. Also, the inflammatory cytokines (e.g., IL-6)
secreted by M1 type macrophages could enhance CTLs recruit-
ment*’. Excitingly, after “Gemini nanoimmunoregulators”

treatment, the rate of CD8™ T cells increased to 36.5 + 8.4% (4.9-
fold of the control group), which was due to the synergistic effect
of PM@RM-T7 and PR@RM-M2. Similarly, the percentage of
CD4* T cells in the primary tumors increased significantly after
“Gemini nanoimmunoregulators” treatment. Thus, our “Gemini
nanoimmunoregulators” maximized CTLs-based adaptive anti-
cancer immunity via the integration of ICD, TAMs repolarization,
and PD-L1 degradation. Besides, inflammatory cytokines are
essential indicators of systemic immune activation®*. As tested, the
“Gemini nanoimmunoregulators” treatment aroused higher secre-
tion of cytokines (i.e., TNF-a, IL-6, and IFN-vy) compared with
other groups (Fig. 6G) accompanied by the low level of anti-
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inflammatory factor (i.e., IL-10), further indicating that the immune
cascade was activated by “Gemini nanoimmunoregulators” in the
tumor-bearing mice.

To note, Tregs (CD4* Foxp3™) as the immunosuppressive subset
of CD4" T cells were only 2.7 £+ 0.8% for the “Gemini nano-
immunoregulators” treated group, which was the lowest among all
groups (Fig. 6H and Fig. S6B). The lymphocytes analyzed from
spleen tissue were also consistent with the above trend (Fig. S6C and
D), verifying that ITM was significantly modulated for tumor in-
hibition. Together, "Gemini nanoimmunoregulators" PM@RM-T7
and PR@RM-M2 ultimately evoked systemic anticancer immu-
nity through the cooperation of amplified ICD, PD-L1 degradation,
TAMs repolarization as well as Tregs inhibition.

3.7. Prominent inhibition of distal tumors and metastasis

Inspired by the above results, we subsequently investigated
whether the established immune response primed by the “Gemini
nanoimmunoregulators” was sufficient to suppress an untreated
distal tumor. The photograph of the distal tumor after local
treatment (Fig. 7A) and the tumor volumes (Fig. 7B and
Supporting Information Fig. S7A) displayed that the “Gemini
nanoimmunoregulators” treatment significantly inhibited the
growth of the distal tumor. The tumor inhibition rate was as high
as 86.3% (calculated by tumor weight), which was most probably
a result of the abscopal effect of the induced systemic anticancer
immunity (Fig. S7B). At the same time, the treatment by single
nanoformulation PM@RM-T7 + L or PR@RM-M2 has limited
inhibition of the distal tumors, with respective average tumor
suppression rates of 28.2% and 55.2% for the two groups
(Fig. S7B). By comparison, weak antitumor effects were also
observed in the P@QRM-T7 + L groups with a tumor suppression
rate of about 25.1% which was due to the limited anticancer
immunity of pure PTT. The weight of the isolated distal tumor
also confirmed the results (Fig. S7C). Moreover, the IF observa-
tions of proliferation-associated antigen Ki67 in distal tumors
showed that the proliferation of tumor cells in the distal tumor was
inhibited to the maximum extent after “Gemini nano-
immunoregulators” treatment, compared with the single group
treated by PM@RM-T7 + L or PR@RM-M2 (Fig. 7C and D).
Therefore, the “Gemini nanoimmunoregulators” could stimulate
strong systemic anticancer immunity to effectively kill not only
the primary tumor but also the distal tumor. Furthermore, the
lymphocytes infiltrated into the distal tumor were assessed, and
both CD8" and CD4" T cells had a more pronounced infiltration
into the distal tumors after “Gemini nanoimmunoregulators”
treatment. Meanwhile, the characteristic marker Foxp3 of
immune-suppressive Tregs displayed the lowest expression in the
“Gemini nanoimmunoregulators” treated group. The “Gemini
nanoimmunoregulators” induced systemic anticancer immunity to
cope with distal tumorigenesis and progression.

Encouraged by the “Gemini nanoimmunoregulators” mediated
remarkable performance of inhibiting primary and distal tumors, we
evaluated the potential inhibition effect on the tumor metastasis in a
more aggressive model (Fig. 7E). After a period of 14 days, we
collected lung tissues from each group to investigate if there were
any metastatic cells. Interestingly, we did not observe any lung
metastatic foci in the group treated with “Gemini nano-
immunoregulators”, but we did observe lung metastasis in the
control group and in the groups that received single treatments of
PM@RM-T7 or PR@RM-M2, the lung tissues of each group were
obtained for metastatic investigation, except for the “Gemini

nanoimmunoregulators” treated group, lung metastatic foci were
observed in the groups of control and single treatment of PM@RM-
T7 or PR@RM-M2 (Fig. 7F and Fig. S7D). The pathological ob-
servations from HE and immunohistochemistry of Ki67 illustrated
that the “Gemini nanoimmunoregulators” displayed evident inhi-
bition on the proliferation of metastasized 4T1 cells (Fig. 7G).
Moreover, there was an abundance of CD8' and CD4" T cells
infiltrated into the lungs of the mice treated with “Gemini nano-
immunoregulators”, compared with the two groups of PM@RM-
T7 + L or PR@RM-M2 (Fig. 7G). There is no doubt that “Gemini
nanoimmunoregulators”-mediated photoimmunotherapy owned
distinguished antimetastatic potency.

At last, the biosafety of our “Gemini nanoimmunoregulators”
was assessed in vivo. A slight increase in the body weight of mice
was observed in all treatments during the whole period (Supporting
Information Fig. S8A). HE staining of the major organs (heart, liver,
spleen, lung, and kidney) showed no visible pathological changes
after treatment with “Gemini nanoimmunoregulators” (Fig. S§8B).
Meanwhile, the analysis of blood samples taken from the treated
mice showed that many indexes of alanine aminotransferase,
aspartate aminotransferase, creatinine, total protein, urine acid, and
lactate dehydrogenase were within a normal range (Fig. S8C). None
of the main hematological parameters were abnormal (Fig. S8D).
Therefore, our “Gemini nanoimmunoregulators” had favorable
biocompatibility in vivo. Taken all together, “Gemini nano-
immunoregulators” PM@RM-T7 and PR@RM-M2 cooperatively
induced the systemic immunotherapeutic effect not only against the
primary but also the distal and metastatic tumors, which could be
a promising and safe nanoplatforms for precise and efficient
oncotherapy.

3.8.  Discussion

Based on the mussel-inspired material polydopamine and RM, the
biomimetic “Gemini nanoimmunoregulators” could spatiotempo-
rally deliver the hydrophilic PD-L1 inhibitor Met and hydrophobic
TLR7/8 agonist R848 into the cancer cells and TAMs precisely,
achieving the amplified anticancer immunity in a three-pronged
manner to combat tumor growth and metastasis. The whole sys-
tem was biocompatible and safe. The endogenous RM camouflage
minimized the immunogenicity of the delivery system and alle-
viated the rapid clearance by the reticuloendothelial system, which
is clinically challenged for most synthetic delivery systems. The
T7 and M2 peptides anchoring conferred the respective targeting
ability to cancer cells and M2 type TAMs (Figs. 2 and 3), which
could also be changed to other ligands to target other immune
cells (e.g., DCs). Different from the other “Gemini-like” nano-
platforms reported*™*°, our system focused on not only the
different stages of the immune process, i.e., tumor cells immu-
nogenicity and CTLs dysfunction, but also the TAMs reprog-
ramming in ITM to boost the robust anticancer immunity. The
in vivo data demonstrated a dramatic increase in CD8" T cell
infiltration into the primary tumor of mice by approximately 4.9-
fold after treatment with the “Gemini nanoimmunoregulators”
(Fig. 6F). Also, the excellent inhibition on the abscopal tumor and
lung metastasis had been achieved (Fig. 7). It seems that the
photothermal effect may deplete TAMs since R848 was loaded in
the photosensitive mPDA cores. However, the repolarization
ability of TAMs had little been affected (Fig. 6C). The ratio of
M1/M2 in the tumor could be adjusted to 4.9 (Fig. 6D). In addi-
tion, as the excellent TLR7/8 agonist, R848 could also improve
DCs maturation”>. Met has multiple functions, including
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interfering the production of PD-L1 and repolarizing TAMs'>*°.

So, utilizing other appropriate immunomodulators with less
overlapping functions could be much better for avoiding the
possible redundant dosages and side effects in practical usage.
Finally, the construction procedures, as well as the storage and

transportation techniques of our “Gemini nanoimmunoregulators”,
should be optimized and standardized, which would guarantee
clinical applications. Nevertheless, this study provides a promising
spatiotemporal nanomedicine-based platform for precise and
efficient combined cancer photoimmunotherapy.
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4. Conclusions

In summary, a new type of spatiotemporal biomimetic “Gemini
nanoimmunoregulators” was launched for robust cancer photo-
immunotherapy through the combination of targeted PTT-induced
ICD, PD-L1/PD-1 blockade, and immunosuppressive TAMs
reeducation. PM@RM-T7 and PR@RM-M2 realized the on-
demand delivery of small molecule inhibitors (Met) and immune
adjuvant (R848) to tumor cells and TAMs. On the one hand,
PM@RM-T7 spontaneously recognized tumor cells and triggered
ICD to initiate immune activation. Simultaneously, the released
Met effectively degraded the inhibitory PD-L1 on the remaining
tumor cells and prevented its escape from CTLs. On the other
hand, PR@RM-M2 specifically reprogrammed tumor-promoting
M2 type TAMs toward M1 phenotype, thus shifting ITM to
tumoricidal orientation. The cooperation of PM@RM-T7 and
PR@RM-M2 finally primed potent anticancer immunity against
both the primary and distal tumor as well as the metastasis through
multidimensional regulating of the immune pathways. This study
showed light on the ITM reconstitution with multi-nanomedicines
to achieve the superior outcome of immunotherapy.
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