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Clinical investigations have shown that a nonimmunogenic “cold”
tumor is usually accompanied by few immunopositive cells and
more immunosuppressive cells in the tumor microenvironment
(TME), which is still the bottleneck of immune activation. Here, a
fluorine assembly nanocluster was explored to break the shackles
of immunosuppression, reawaken the immune system, and turn
the cold tumor “hot.” Once under laser irradiation, FS@PMPt pro-
duces sufficient reactive oxygen species (ROS) to fracture the ROS-
sensitive linker, thus releasing the cisplatin conjugated PMPt to
penetrate into the tumors and kill the regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs). Meanwhile, ROS
will induce potent immunogenic cell death (ICD) and further pro-
mote the accumulation of dendritic cells (DCs) and T cells, there-
fore not only increasing the infiltration of immunopositive cells
from the outside but also reducing the immunosuppressive cells
from the inside to break through the bottleneck of immune acti-
vation. The FS@PMPt nanocluster regulates the immune process in
TME from negative to positive, from shallow to deep, to turn the
cold tumor into a hot tumor and provoke a robust antitumor
immune response.

photodynamic immunotherapy | immunosuppressive tumor
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In recent years, with the development of tumor immunology
research, some scholars put forward the concept of “cold” and
“hot” tumors to lead the future of antitumor immune research.
In this concept, the number of tumor-infiltrating lymphocytes is
taken as the scoring standard, and the tumor with more T cells
and other positive immunoregulatory cells is called a hot tumor.
On the contrary, a tumor with fewer or no positive immuno-
regulatory cells and more immunosuppressive cells is called a
cold tumor (1-3). Cold tumors are usually unrecognized by the
immune system for various reasons and do not cause an effective
immune response. In general, antigen-presenting cells (APCs)
can no longer recognize such tumors, and T cells have been
excluded from the tumor microenvironment (TME), which
causes a huge obstacle for antitumor immunotherapy (4, 5).
Clinical investigations point out that most tumors are cold, and
regulating the immune process to turn a cold tumor into a hot
tumor has become an urgent task of antitumor immunotherapy.

Photodynamic therapy (PDT) could generate immunogenic
cell death (ICD), accompanied by the release of high-mobility
group box 1 protein (HMGB1) and adenosine triphosphate
(ATP) and the exposure of calreticulin (CRT), sending the “eat-
me” signal and promoting the antigen presentation and matu-
ration of dendritic cells (DCs) (6, 7). ICD could recruit the DCs
and antigen-specific cytotoxic T lymphocytes (CTLs) to the
TME, thus turning the cold tumor into a hot tumor and acti-
vating the antitumor immune response. Also, for the photody-
namic immunotherapy, most researchers focus on developing
more effective PDT strategies to provoke robust antitumor im-
mune responses. Encouragingly, they have made remarkable
progress in increasing the tumor infiltration of immunopositive
regulatory cells, such as DCs and CTLs (8-10). However, the
immunosuppressive TME of the cold tumor is known to impair
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the function of DCs and CTLs to greatly diminish the efficacy of
the photodynamic immunotherapy. Notably, regulatory T cells
(Tregs), supporting the establishment of an immunosuppressive
TME, suppress T cell immune responses and activities of APCs,
including DCs and macrophages, through several mechanisms.
Tregs inhibit the expression of CD80 and CD&86 via the cytotoxic
T lymphocyte associated protein 4 (CTLA-4), which will directly
compromise the ICD-induced APC maturation and activation.
More lethally, Tregs can promote the apoptosis of effector
T cells in the TME through cell to cell contact and interleukin-2
(IL-2) deprivation (11-13). In addition, Tregs could inhibit the
immunostimulatory functions of DCs and infiltration of effector
T cells by producing transforming growth factor-p (TGF-f) and
IL-10. Interestingly, TGF-p can further lead to the differentia-
tion of naive CD4™ T cells into Tregs and promote the Tregs
accumulation in tumors (14-17). Similarly, myeloid-derived
suppressor cells (MDSCs) can also recruit Tregs and promote
their proliferation by secreting IL-10 and TGF-p. MDSCs,
working hand in glove with Tregs, jointly maintain the immu-
nosuppression of TME, prevent cold tumors from becoming hot,
and greatly reduce the efficacy of photodynamic immunotherapy
(18, 19). It is therefore of the utmost importance that we break
the shackles of immunosuppression in the TME to turn a cold tumor
into a hot tumor from the perspective of immune regulation.
There is sufficient evidence to support that some chemother-
apeutic drugs with a certain dosage, such as paclitaxel and cis-
platin, are capable of decreasing the MDSCs and Tregs to
regulate the immunosuppressive TME (20-24). Here, as shown
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in Fig. 14, a fluorinated cisplatin drug carrier (F-S-PAMAM-Pt)
and a fluorinated photosensitizer chlorine e6 (Ce6) copolymer
(F-Ce6-PEG) were synthesized, and they can assemble with
perfluorocarbon (PFC) through fluorine—fluorine (F-F) inter-
action to form the nanocluster FS@PMPt. The nanocluster has
good stability because of the F-F interaction and PEG protec-
tion. Also, after pressing the Ce6 start key through laser irradi-
ation, oxygen contained in PFC can ensure the production of
enough reactive oxygen species (ROS), thus triggering a strong ICD-
induced immune response and increasing the infiltration of DCs and
CDS8™ T cells to make the cold tumor become hot. Meanwhile, the
ROS will break the ROS-sensitive bond and release the cisplatin
conjugated PMPt to penetrate into the tumor to kill the intratumoral
Tregs and MDSCs, which are the culprit of the cold tumor, thus
breaking the shackles of immunosuppression to further enhance the
photodynamic immunotherapy (Fig. 1B).

Results

Preparation and Characterization of the Nanoclusters. To prepare
the FS@PMPt nanocluster, first, the ROS-sensitive F-S-PA-
MAM-Pt (SI Appendix, Figs. S1 and S4), non-ROS-sensitive F-
N-PAMAM-Pt (SI Appendix, Figs. S2 and S5), and F-Ce6-PEG
(SI Appendix, Figs. S3 and S6) were synthesized. Then the
F-S-PAMAM-Pt, PFC, and F-Ce6-PEG were assembled into
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FS@PMPt through F-F interaction, with the F-S-PAMAM-Pt
clustered on the surface of the PFC core. It was shown that the
ROS-sensitive FS@PMPt is spherical in shape (Fig. 24), with a
particle size of ~165 nm and a zeta potential of ~18 mv, similar
to those of the non-ROS-sensitive FN@PMPt (Fig. 2B). Due to
the strong force of F-F interaction and the protection of PEG,
both the FS@PMPt and the FN@PMPt showed good colloidal
stability (Fig. 2C). As shown in the drug release assay in Fig. 2D,
in the absence of laser irradiation, the release of cisplatin prodrugs in
the ROS-sensitive FS@PMPt is very slow. Once under laser irradi-
ation, the release of cisplatin prodrugs in the ROS sensitive
FS@PMPt becomes much faster than that of the non-ROS-sensitive
FN@PMPt. Also, we found that the FS@PMPt and FN@PMPt both
showed superior oxygen carrying and ROS generating abilities be-
cause of the excellent properties of PFC to dissolve oxygen (Fig. 2E
and SI Appendix, Fig. S7).

Antitumor Efficacy In Vitro. In order to detect the cell uptake of the
PMPt prodrugs in 4T1 cells, fluoresceine isothiocyanate (FITC)
was conjugated on the amino end of the PMPt, and the flow
cytometry assay was performed. As shown in Fig. 34, the fluo-
rescence intensity in the FS@PMPt + L group was stronger than
that of FN@PMPt + L and FS@PMPt groups, suggesting that
the PMPt prodrugs in the ROS-sensitive FS@PMPt nanocluster
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(A) Chemical structures of F-S-PAMAM-Pt and F-Ce6-PEG and preparation of the FS@PMPt nano-
ism of the nanocluster FS@PMPt on turning a cold tumor into a hot tumor.
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Fig. 2. Physicochemical characterization of the nanoclusters. (4) Transmission electron microscopy (TEM) images of FS@PMPt. (B) Hydrodynamic size and zeta
potential of FS@PMPt and FN@PMPt. (C) Colloidal stability of FS@PMPt and FN@PMPt in 10% fetal bovine serum (FBS) solution. (D) In vitro drug release of
FS@PMPt and FN@PMPt with or without the trigger of a laser (+L). Results are expressed as mean + SD (n = 3). (E) Time-dependent changes of dissolved
oxygen concentrations in deoxygenated pure water without or with addition of oxygen-loaded nanoclusters.

could enter the cells more effectively under the trigger of laser
irradiation (+L). Furthermore, we established a three-dimen-
sional (3D) tumor sphere model of 4T1 cells to verify the deep
penetration ability of the nanoclusters. According to the confocal
microscopic Z-stack imaging, FS@PMPt showed poor perme-
ability in vitro because of its larger particle size and PEG
package, while once triggered by a laser, the deep penetration
ability is significantly enhanced, and strong FITC fluorescence
can be detected even at a depth of 60 pm (Fig. 3B and SI Ap-
pendix, Fig. S8). Both drug intake and penetration are for the
purpose of achieving potent antitumor efficacy. The cell viability
of 4T1 cells treated with FS@PMPt was about 75%, while under
the trigger of laser irradiation, cell viability decreased to 17%),
significantly lower than that in the FN@PMPt + L group
(Fig. 3C). Consistent with the inhibition of cell proliferation,
FS@PMPt + L treatment induced more apoptosis of 4T1 cells
than the FN@PMPt + L and PMPt treatment (Fig. 3D). PFCs
have excellent biosafety and oxygen-carrying capacity and are
often used as an outstanding type of artificial blood substitute
(25, 26). In addition, sufficient oxygen-carrying capacity can
ensure enough ROS generation through photodynamic therapy,
thus promoting potent ICD-induced immune activation. There-
fore, the ROS production was tested by flow cytometry assay. As
shown in Fig. 3E, the FN@PMPt and FS@PMPt exhibited
powerful ROS generation ability under laser irradiation, almost
equivalent to the positive control. This ensures the ROS-sensi-
tive release of the PMPt prodrugs and further tumor penetration.
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Immune Activation In Vitro. The primary feature of ICD is the
increased expression of CRT, sending the eat-me signal to fur-
ther activate the APCs (27, 28). We used both confocal obser-
vation and flow cytometry assay to explore the CRT exposure in
4T1 cells after different treatments. As shown in Fig. 44, the
CRT expression in 4T1 cells of the phosphate buffer saline
(PBS) group was very low. In the PMPt or FS@PMPt group,
there was little increase of CRT expression according to the
confocal images. However, after the FN@PMPt + L or
FS@PMPt + L treatment, significantly more CRT exposure was
observed. Similarly, according to the results of flow cytometry
assay in Fig. 4 B and C, the CRT expression increased from 1.4 to
46.1% after the FS@PMPt + L treatment and 43.5% after the
FN@PMPt + L treatment. It was supposed that CRT exposure
is mainly caused by the generated ROS under laser irradiation.
Also, ATP and HMGBI1 secretion was detected, and we found
that the FS@PMPt treatment could moderately increase ATP
and HMGBI1 concentration in the 4T1 cell supernatant (Fig. 4 D
and E). Once under laser irradiation, the ATP level in
FS@PMPt + L group exhibited a 3.6-fold up-regulation, and the
HMGBI level increased about 3 times, indicating a significantly
enhanced ICD effect. Furthermore, the CD40 and CD86 ex-
pression on DCs was tested by flow cytometry assay. As shown in
Fig. 4F, there were only ~22.9% mature DCs in the PBS-treated
group. Meanwhile, a slight increase was observed in the PMPt
group (32.6%) and the FS@PMPt group (29.6%). Notably, after
the FS@PMPt + L treatment, the proportion of mature DCs
reached 53.4%, demonstrating an obvious activated ICD-in-
duced immune process. Taken together, the FS@PMPt + L
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Fig. 3. Antitumor efficacy in vitro. (A) Cell uptake analyzed by flow cytometry after different treatments with the nanoclusters. (B) Representative Z-stack
confocal images of the 3D 4T1 tumor spheroids after different treatments with the nanoclusters for 12 h. (C) Cell viability and (D) apoptosis assay of 4T1 cells
after different treatments with the nanoclusters. P values were calculated by Student’s t test, **P < 0.01, ***P < 0.001. (E) ROS generation detected by the

flow cytometry assay after different treatments of the nanoclusters.

treatment could increase the CRT expression and induce the
secretion of ATP and HMGBI to generate an ICD effect and
further promote the antigen presentation and maturation of DCs
to regulate the immune process.

Antitumor Efficacy In Vivo. The antitumor efficacy of the nano-
clusters was evaluated in a 4T1 orthotopic tumor model. When
the tumor volumes reached ~100 mm?, the mice were divided
into five groups: saline, PMPt, FS@PMPt, FN@PMPt + L, and
FS@PMPt + L, and the laser irradiation was conducted at 6 h
after intravenous (i.v.) injection. Also, the tumor volumes were
recorded every other day. As shown in Fig. 54, FS@PMPt
exhibited better antitumor efficacy than PMPt. This is partly due
to the good stability of FS@PMPt, which can ensure their
transportation in blood circulation and help the nanoclusters
reach the tumor focus (29). Notably, the FS@PMPt + L treat-
ment showed the best tumor growth inhibition, and the tumor
volumes were significantly reduced (Fig. 5B). As expected, the
mean tumor weight in the FS@PMPt + L group was lighter than
that in FN@PMPt + L, which was consistent with the tumors
volumes, indicating the importance of the ROS-sensitive linker
to release PMPt prodrugs for further penetration and immune
regulation of the TME (Fig. 5C). The survival time is the final
index to evaluate the antitumor effect. As shown in Fig. 5D,
PMPt treatment only prolonged the median survival from 31 to

Li et al.

36 d. However, encouragingly, FS@PMPt + L treatment pro-
longed the median survival to 58.5 d, significantly better than the
FN@PMPt + L (49 d) and FS@PMPt (40.5 d). From the he-
matoxylin-eosin (H&E) staining assay, the cell morphology of the
tumors in the FS@PMPt + L group changed, and more necrosis was
observed (Fig. 5E). In addition, the results of Ki67 immunohisto-
chemical staining showed that FS@PMPt + L treatment inhibited
the growth of tumor cells significantly better than FS@PMPt and
FN@PMPt + L, in accordance with the growth curve of the tumor
volumes. Furthermore, terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labeling (TUNEL) staining showed a marked
increase of green fluorescence in the FS@PMPt + L group, sug-
gesting that the apoptotic rate of tumors in the FS@PMPt + L group
was the highest (Fig. SE).

In addition, antimetastasis experiments using a metastatic tu-
mor model have been conducted to demonstrate the antitumor
efficacy of immunity in living mice. As shown in SI Appendix, Fig. S9,
the 4T1 metastatic breast cancer model in BALB/c mice was estab-
lished. After different treatments, on day 30, the lungs were harvested
for further analysis (SI Appendix, Fig. S9A4). The number of metastatic
nodules on the lung surface was significantly decreased after the
FS@PMPt + L treatment, demonstrating that the nanocluster
treatment can activate the immune systems to inhibit the lung me-
tastasis (SI Appendix, Fig. S9B). Also, according to the lung images
(ST Appendix, Fig. S9C) and H&E assay (SI Appendix, Fig. S9D), it
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cocultured with 4T1 cells with different treatments.

was clearly shown that the treatment of FS@PMPt + L for ortho-
topic breast tumors could activate the immunity of the whole body,
thereby exerting potent antimetastatic efficacy in the living mice.

Immune Activation In Vivo. DCs are the most important regulators
of ICD immune response (30, 31). The CD40 and CDS86 ex-
pression on CD11c* dendritic cells was detected by flow
cytometry assay (Fig. 6 A and B). It was shown that FN@PMPt +
L and FS@PMPt + L treatment could effectively up-regulate
the CD40 and CD86 expression and thus promote the antigen
presentation and maturation of DCs, which will further activate
the T cells and enhance the CD8" T cell infiltration in the tu-
mor. As shown in Fig. 6 C and D, after FS@PMPt + L treat-
ment, the CD8" T cell infiltration increased from 17.8% (saline)
to 40.9%, indicating the activated immune status in TME.
However, the Tregs and MDSCs are the most typical immu-
nosuppressive cells in the TME, which will greatly inhibit the
immune function of the APCs and T cells (32, 33). Massive
Treg infiltration was found in the saline group (40.9%), sug-
gesting that the TME was in a cold tumor state of immuno-
suppression. Remarkably, Tregs were reduced to 7.54% in
the FS@PMPt + L group (Fig. 6 E and F). Meanwhile,
MDSCs were down-regulated to 12.1% after the treatment of
FS@PMPt + L (Fig. 5 G and H). The decrease of Tregs and
MDSCs demonstrates that the cold immunosuppressive tumor
was turned to a hot immune activating status by the

32966 | www.pnas.org/cgi/doi/10.1073/pnas.2011297117

nanocluster. Also, compared with the cold tumor in the saline
group, after the treatment with FS@PMPt + L, the CD8™ to
Treg ratio increased by 10.8 times, and the CD4™ to Treg ratio
increased by 2.5 times (Fig. 6 I and J). The nanocluster regulates
the immune systems and helps the immune activated cells to take
the initiative and become the dominant party in the TME. In
addition, usually, the activation of an antitumor immune response
is accompanied by the production of interferon-y (IFN-y), and the
decrease of TGF-p expression often represents the attenuation of
immunosuppression (34-36). As shown in Fig. 6 K and L, compared
with the saline group, after the treatment with FS@PMPt + L, IFN-y
production showed a 4.4-fold increase, while TGF-f1 expression
decreased by ~53%, further demonstrating the transformation
from the immunosuppressive cold tumor to immune activated
hot tumor.

Biosafety Evaluation In Vivo. Briefly, the healthy BALB/c mice (n =
5) were treated with saline, PMPt, FN@PMPt, and FS@PMPt
by iv. injection three times. Twenty-four hours after the last
administration, the mice were euthanized, and the major organs
were harvested for H&E staining. The blood serum was col-
lected, and the levels of crucial hepatic and kidney function in-
dicators, including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and blood urine nitrogen (BUN), were
tested following the manufacturer’s instructions. As shown in S/
Appendix, Fig. S104, compared with the saline group, there was
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collected tumors with different treatments.

no significant physiological difference in the main tissues of the
mice, and the histological sections of the heart, liver, spleen,
lung, and kidney were normal after the treatment of the
FS@PMPt nanoclusters. In addition, the ALT (SI Appendix, Fig.
S10B), AST (SI Appendix, Fig. S10C), and BUN (SI Appendix,
Fig. S10D) analysis of the blood serum indicated that the
FS@PMPt treatment showed no obvious toxicity to the liver and
kidney and had good in vivo biosafety.

Discussion

Immunotherapy has recently shifted the paradigm of cancer
treatment; however, improvement of the response rate and re-
duction in cold tumors remains a tough challenge (37). For
cancer patients, the immune system can detect and attack hot
tumors, but it is indifferent to cold tumors. Cold tumors are
usually good at camouflage and hide their antigens, constructing an
immunosuppressvie TME, so that they are not recognized by APCs
and escape the attack of effector T cells (1, 5). Therefore, anticancer
immunotherapies that could convert immunosuppressive cold tumors
into immunoactivated hot tumors are being sought.

To drive the remission of immunologically cold tumors, the
first step is to help the immune system reestablish immune sur-
veillance. One effective strategy is to generate ICD to release
antigens inside the tumor and send the eat-me signal, which will

Li et al.

further recruit DCs to the TME. DCs play the role of recognition
in antitumor immune response and are responsible for present-
ing tumor antigens to T cells, thus enhancing the infiltration and
activation of T cells in the TME (38). However, cold tumors are
very stubborn, and the immunosuppression in the TME is deeply
rooted. The immunosuppressive cells, such as Tregs and
MDSCs, inactivate the positive immunoregulatory cells and
prevent their further infiltration (39). Therefore, it is necessary
to increase the proportion of positive regulatory immune cells
and, more importantly, to break the immunosuppression con-
structed by negative regulatory cells in the TME.

Based on the current clinical treatment status, besides the
immunosuppression of the cold tumors, another major challenge
for cancer immunotherapy is that immune-related adverse events
often occurred during the systemic administration. With precise
controllability, some activatable nanomedicines have been de-
veloped to improve the effectiveness and safety of clinical
transformation of cancer immunotherapy (40). For example, an or-
ganic pronanostimulant was explored to combine photoactivatable
immunostimulants with phototherapy and achieve synergistic pre-
cise immunoregulation with no obvious immune-related adverse
effects (41). Moreover, some in situ formed bioresponsive
nanomedicine could release the immunotherapeutic agents with
a programmed activatable manner in the TME, thus awakening

PNAS | December 29,2020 | vol. 117 | no.52 | 32967

CHEMISTRY

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011297117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011297117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011297117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011297117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011297117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on December 3, 2021

Saline FS@PMPt FN@PMPt + L FS@PMPt + L B

Mature DC (%)
_H
< H

o
& & \xg\ el
S
)
S &
C i D s
Saline PMPt FS@PMPt FN@PMPt + L FS@PMPt + L — ns
— P . r == X e ] R
“at | e. Q2 lwtal < Q2 w01 - Q2 (a1 oA 79 Q2 flat Q2 <
17.8 [T 3.00 21.8,_% 9325 282 :\‘@Q 360 | 341 7 444 Ja09 | [7 f ! @ “
10t o ' LAY 5\ wtl S &) 'y QT C/h/ w'l ] @ 30
| ¢ - ' ™ L ZUs ™ \ &
€ ) ] p \ | ﬁ_}j ) ' - 20
1.4l /Z:r R | ’35 10 m ﬂ ﬂ
8 gl e e S 4
: .20.9 \21.7 RS
= 3 T s 3 T s —sf 0 Q*g Q%g . i (W e
10 10 10 10 10 10 10 @ $ \‘\Q
€SS
S @

FS@PMPt FN@PMPt+L FS@PMPt +L

ms' 1II£'

Ve e

« ] 409  °! a2 | °! 199 | °! 24.7 7.54 e & &
9. TS
“l T Ii - ”l 7"”5 ‘“!” l"“”“'! ”H”‘i“ .“IB- "! = '! ‘l I! V! i .! ‘l V's ! W ".! ”'l ) '! %© Qé Qé
400 0 10 10 10° 00 o 10 10 10 B ) 10 10 10 a0 o 10 10 10 BT Y 10 10 10 {( © @
Foxp3 & E
H s
Saline oy o
Q1 ‘;40 Lid
O
w‘-; 2 20
=
0
; D & Q@ v v
“104 & Q.gS Q,gg o
e <& @‘} @Q
&
I dekdk J
% 10 _% 6 o _ 800 i
:.; 8 - = "g' 600 —Ir .
6 o =] 'y
& T - & % v 8 400 “F ’%
o 4 -] > o
— - 2 1
%’ \ i?i;\x +E1' <o z 200
O 9 ';' . . — Ol r . . x 01— . . . .
¢ & & v N ¢ & & v R v v
&\(\ q§ Qig o Q‘x e@\\i‘ Q@ Q* Q\x Q‘x %’b\\(‘ Q“Q\ Q& Q\x Q&x
Q‘,@ &S @@ @zé\ @2\3‘ Qe@ @cz‘” o

Fig. 6. Immune activation in vivo. (4) Flow cytometry assay and (B) quantitative analysis of DC maturation (CD11c*CD40*CD86") induced by different treatments
on day 15 in the lymph nodes. Data represent mean + SD (n = 4 biologically independent samples). (C) Flow cytometry assay and (D) quantitative analysis of CD8* T cell
infiltration after different treatments on day 15 in the tumor. Data represent mean + SD (n = 4 biologically independent samples). (E) Flow cytometry assay and (F)
quantitative analysis of Tregs after different treatments on day 15 in the tumor. Data represent mean + SD (n = 4 biologically independent samples). (G) Flow
cytometry assay and (H) quantitative analysis of MDSCs after different treatments on day 15 in the tumor. Ratios of the tumor-infiltrating CD8* T cells (/) and CD4*
T cells (J) to Tregs in the tumors upon different treatments. (K) IFN-y and (L) TGF-B1 detected by ELISA in the TME after different treatments on day 15. Data represent
mean + SD (n = 4 biologically independent samples). P values were calculated by Student's t test, *P < 0.05, **P < 0.01, ***P < 0.001, ns = no significant difference.

both the innate and adaptive immunity with good biosafety The FS@PMPt nanoclusters are also activatable nanomedicine
and controllability, showing great potential for clinical treat-  with precise controllability and efficient immune regulation ability.
ment of tumor recurrence postsurgery (42, 43). Notably, the procedure and nanomodality in this work mainly bring
32968 | www.pnas.org/cgi/doi/10.1073/pnas.2011297117 Li et al.
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two inspirations to the clinical treatment of cancer immunotherapy.
First, for the immunological cold tumors, drugs or treatments that
could generate ICD should be combined with Tregs or MDSCs in-
hibitors to achieve synergistic immunoregulation and reverse immu-
nosuppression. Second, precise activatable nanomedicines or
nanomodalities could be developed to incorporate clinical combina-
tion strategies in a unified manner with superior biosafety and
effectiveness.

Overall, in this study, we developed an immunomodulatory
nanocluster FS@PMPt to reverse the immunosuppressive TME
and turn a cold tumor into a hot tumor. FS@PMPt was assem-
bled through F-F interaction with good stability and oxygen-
carrying capacity to guarantee the production of sufficient ROS
for potent ICD induction. Hence, the ICD induced by the
nanocluster, accompanied by the exposure of CRT and release of
ATP and HMGBI, promotes the maturation and antigen presenta-
tion of DCs both in vitro and in vivo. Also, significantly increased
CD8" T cell infiltration was observed after the treatment of the
nanocluster to further heat up the cold tumor and light the flames of
the antitumor war. Meanwhile, the released PMPt prodrugs, working
synergistically with the ICD induction, penetrated into the tumor to
kill the Tregs and MDSCs, which are the main drivers of immuno-
suppression in a cold tumor. This immunomodulatory nanocluster
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