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the limitations of traditional immunotherapy due to patient variability and the complexity of the tumor
microenvironment, our research establishes KMnO,4 as a potent immunomodulator that enhances the ef-
ficacy of anti-programmed death-ligand 1 («PD-L1) antibodies. The in situ synthesized MnO, adjuvants

Keywords: in the tumor exhibit direct interactions with biological systems, leading to the reduction of MnO, to
Cancer immunotherapy Mn?+ within the tumor, and thereby improving the microenvironment for immune cell activity. Our in
Potassium permanganate vitro and in vivo models demonstrate KMnO,'s capability to induce concentration-dependent cytotoxic-
Manganese dioxide ity in tumor cells, triggering DNA damage and apoptosis. It also potentiates immunogenic cell death by
Nanoadjuvants upregulating calreticulin and high mobility group box 1 (HMGB1) on the cell surface. The combination

In situ synthesis of KMnO4 with aPD-L1 antibodies substantially inhibits tumor growth, promotes dendritic cell matura-

tion, and enhances CD8" T cell infiltration, resulting in a significant phenotypic shift in tumor-associated
macrophages towards a pro-inflammatory M1 profile. Our findings advocate for further research into the
long-term efficacy of KMnO, and its application in diverse tumor models, emphasizing its potential to

redefine immune checkpoint blockade therapy and offering a new vista in the fight against cancer.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

In the contemporary landscape of medical research and treat- immunotherapy aims to activate or enhance the patient’s immune
ment, tumor immunotherapy has emerged as one of the most system, particularly its ability to recognize and eliminate tumor
promising modalities against malignancies [1-3]. Distinct from con- cells [4-6]. However, its efficacy is often constrained by individ-
ventional approaches like surgery, radiotherapy, and chemotherapy, ual patient variability and the complexity of the tumor microen-

vironment [7]. To address these challenges and broaden the ap-

_ plicability of immunotherapy, researchers are exploring strategies
* Corresponding authors. that combine immunoadjuvants with immunotherapeutic drugs [8-
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immune reactions at tumor sites, thereby improving treatment
outcomes. Existing adjuvants such as inorganic nanoparticles [11-
13], liposomes [14,15], and polymers [16-20] operate via vari-
ous mechanisms to augment immune responses. Within this do-
main, manganese (Mn)-based adjuvants have attracted attention
due to their unique advantages and great potential for clinical ap-
plications [21,22]. Mn, an essential trace element, plays a criti-
cal role in the function of numerous enzymes within biological
systems. Mn-based adjuvants, by activating the stimulator of in-
terferon genes pathway (STING) agonists through Mn?*, not only
significantly enhance the activity of STING agonists but also self-
assemble into Mn-based nanomedicines, effectively delivering to
immune cells and significantly amplifying anti-tumor immune re-
sponses while reducing the required dosage [23]. In particular,
manganese chloride (MnCl,), a key player in immunotherapy, has
demonstrated substantial promise in phase I clinical trials with a
controllable safety profile [24]. Acting as a pivotal activator of the
cyclic GMP-AMP synthase (cGAS)-STING pathway, MnCl, is instru-
mental in amplifying the body’s defense against tumor progression
and metastasis by enhancing CD8* T cell infiltration and activ-
ity. Its synergistic use with immune checkpoint inhibitors marks
a significant leap in cancer therapeutics, indicating a potential
paradigm shift in the treatment of advanced metastatic solid tu-
mors.

While Mn-based adjuvants hold considerable promise in en-
hancing immunotherapy outcomes, the complexity of their syn-
thesis and the attendant high production costs present significant
challenges [25-27]. Therefore, the development of a more readily
accessible Mn-based adjuvant is of paramount importance. MnCl,,
despite its availability, is rapidly metabolized in vivo, leading to a
reduced duration of therapeutic action. Thus, devising a Mn-based
formulation that is both easy to obtain and exhibits prolonged ac-
tivity compared to Mn2* solutions remains a formidable challenge.

Potassium permanganate (KMnQy,), a well-known Mn-based ox-
idant, has drawn significant interest in the biomedical domain.
By undergoing reactions with biomacromolecules such as bovine
serum albumin (BSA), KMnO,4 has been instrumental in synthesiz-
ing MnO, adjuvants that exhibit the potential to enhance immune
therapeutic efficacy [28-30]. Remarkably, clinical observations have
suggested that KMnO,4 treatment leads to a considerable reduction
in tumor symptoms, opening new pathways for its direct applica-
tion in tumor immunotherapy enhancement [31]. Should KMnOg4
be developed as a Mn-based adjuvant, it would not only bene-
fit from the ease of acquisition and simplicity of preparation but
might also achieve a sustained release of Mn ions through in situ
reactions with biomolecules and solid-state biological tissues to
form micro and nano-sized MnO, particles. This could position
KMnO4 as a potent and promising agent in the arsenal of tumor
immunotherapy. However, to date, direct applications of KMnOg4 as
an immunotherapeutic enhancer in tumor treatments remain un-
reported and warrant further investigation.

In response, this work systematically explores the bioactivity
of KMnO4 in enhanced cancer immunotherapy and its potential
mechanisms (Scheme 1). Our findings reveal that in situ injec-
tion of KMnO,4 into tumors effectively forms MnO, micro/nano-
adjuvants, improving the hypoxic tumor microenvironment. This
method, in conjunction with the anti-programmed death-ligand
1 («PD-L1) antibodies, significantly enhances the efficacy of tu-
mor immunotherapy. Firstly, the in vitro data reveals that KMnOg4
when interacting with tumor cells, biomacromolecules, and solid
biological tissues, facilitates in situ generation of MnO, and its
further conversion to Mn2*. KMnO, also displays concentration-
dependent cytotoxic effects on tumor cells, inducing DNA dam-
age and apoptosis, and augments immunomodulation by increas-
ing cell surface calreticulin (CRT) exposure and high mobility group
box 1 (HMGB1) release, implying its role in inducing immunogenic
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Scheme 1. Schematic illustration of the mechanism by which KMnO,4 enhances tu-
mor ICB immunotherapy efficacy.

cell death (ICD). Then, the in vivo studies show that the combined
use of KMnO4 with «PD-L1 antibodies significantly inhibits tumor
growth, enhances dendritic cell (DC) maturation, increases CD8"
T cell tumor infiltration, and induces a shift in tumor-associated
macrophages (TAMs) toward the M1 phenotype, exhibiting pro-
nounced anti-tumor effects. Additionally, the combination treat-
ment strategy significantly extends the survival of tumor-bearing
mice. Our work provides a new adjuvant option for tumor im-
munotherapy and lays the groundwork for future clinical applica-
tions of KMnOQg4. While the use of KMnO,4 as an immunoadjuvant in
tumor treatment is in its early stages of research, its unique mech-
anisms of action and therapeutic potential herald the possibility of
more effective and safe treatment strategies for cancer patients in
the future.

In an exploration of the interactions between KMnO4 and var-
ious biological samples, including cells, biomolecules, and solid-
state biological tissues, we systematically investigated the forma-
tion of manganese dioxide (MnO,) precipitates. Optical microscopy
images of 4T1 cells, before KMnO,4 treatment, presented a uniform
size and spherical morphology in phosphate-buffered saline (PBS)
solution post-enzymatic digestion, as shown in Fig. S1 (Support-
ing information). Enhanced optical microscopy images (Fig. 1a) re-
vealed a homogeneous distribution of surface materials under the
microscopic field, resembling the illustrated cell morphology de-
picted in Fig. 1a, without significant anisotropic distribution. Upon
treatment with KMnQy, a noticeable decrease in the transparency
of tumor cells to light was observed, along with an increase in
the contrast between the cells’ grayscale and the background, as
demonstrated in Fig. S2 (Supporting information). Despite main-
taining their uniform size and spherical morphology, a significant
quantity of granular particles exhibited an anisotropic distribu-
tion on the cellular membrane surface. High-magnification opti-
cal microscopy (Fig. 1b) clearly showed the cell membrane sur-
faces laden with dark brown particulate matter, distributed in an
island-like pattern. For a detailed characterization of the changes
in 4T1 cells post-KMnO,4 treatment and to identify the compo-
sition of the reaction products, high-resolution scanning electron
microscopy (SEM), energy-dispersive X-ray (EDX) elemental imag-
ing and spectroscopy, electron diffraction spectroscopy (EDS), and
X-ray photoelectron spectroscopy (XPS) are utilized. SEM images
(Figs. 1c and d) depicted a roughened cellular membrane surface
post-treatment, covered with micro and nano-sized particles re-
sembling a chocolate chip cookie as illustrated in Fig. 1c. This is
attributed to the redox reaction between KMnO,4 and components
like surface enzymes or unsaturated chemical bonds on the cell
membrane, facilitating the rapid reduction of Mn’* to Mn*+ and
the subsequent deposition of MnO, particles. The formation of



K. Chen, H. Lin, X. Peng et al.

Chinese Chemical Letters 36 (2025) 110045

KMnO4 IBSA mixture

230004 ¢ _
£ -
& =
< 2000 & 8
z 2
£ 1000 Na 2
] N MnK 2
0

02 04 06 08 1.0 6 7 8 9 10

Energy (keV)

g - owe
5 %
< vt
8 0. «

c £
4 3

2 L4

8 R
-] "

<

T T T
400 500 600 700 800
Wavelength (nm)

3
=]

660 655 650 645 640 635
Binding Energy (eV)

=
Before
dilution
After ‘
dilution

KMnO4BSA 5 min 20 min 60 wln
Mixed time

rll—.

Intensity (a.u.) =

T T T T
660 655 650 645 640 635
Binding Energy (eV)

Omin 5 min L min
30 min m 120 min

Intensity (a. u.)

o Mn2p,,
a: | i osﬂ”\\m

; NP1z WL "“fw

@

<

2

i

660 6"55 6;0 6;5 SAO 635
Binding Energy (eV)

660 6;5 6;0 615 S:IQD 635
Binding Energy (eV)

Fig. 1. The exploration of the interactions between KMnO, and various biological samples, including cells, biomolecules, and solid-state biological tissues. (a) Enlarged optical
microscope photograph and 3D schematic of 4T1 cells. (b) Enlarged optical microscope photograph of 4T1 cells post-reaction with KMnO,. (¢) SEM image of 4T1 cells after
reaction with KMnOy. (d) SEM image of 4T1 cells following reaction with KMnO,4 and (e, f) their EDX spectroscopy elemental mapping images. Scale bar: 15um. (g) EDS of
4T1 cells after reaction with KMnO,. (h) XPS spectrum of 4T1 cells after reaction with KMnOQ,. (i) Images of solutions of KMnO,4, BSA, and KMnO, after different reaction
times with BSA. (j) UV-vis absorption spectra images of KMnO,4, BSA, and the solutions of KMnO, with BSA after various reaction times. (k) TEM images of nanoparticles
formed after the reaction of KMnO4 with BSA. (1) XPS spectrum of nanoparticles formed after the reaction of KMnO4 with BSA. (m) Photographic documentation of pork
tissue’s temporal reaction with KMnO, solution. (n) XPS spectra of pork tissue following the reaction with KMnOy,. (0) XPS spectra of the reaction products between KMnO,4

and 4T1 cells after treatment with GSH.

MnO, on the cell membrane post-KMnQ,4 treatment was corrob-
orated by EDX elemental quantitative analysis, EDS imaging, and
XPS valence state analysis, as shown in Figs. 1e-h. EDX imaging
revealed scattered Mn signals amidst predominant carbon (C), oxy-
gen (0), and nitrogen (N) signals. EDS imaging (Fig. 1g), particu-
larly the Mn characteristic X-ray Ko peak at 5.9keV, further con-
firmed the deposition of Mn on the cell surface. XPS spectra (Fig.
1h) displayed two characteristic peaks at 652.4 and 641.5 eV, corre-
sponding to the 2ps3, and 2pyj, spin-orbit coupling peaks of Mn*+
in MnO,, which is similar to previously reported work [32], indi-
cating a direct transformation of KMnO4 to MnO, on the cell sur-
face, vital for understanding the action mechanism of KMnO,4 at
the cellular level.

Furthermore, KMnO4 was shown to react with BSA, forming
MnO,-loaded nanoparticles. The reaction mixtures of KMnO,4 and
BSA displayed intense brown and golden-yellow colors at high and
low concentrations, respectively, as depicted in Fig. 1i. The UV-
visible (UV-vis) absorption spectra (Fig. 1j) demonstrated a gradual
blue shift in the absorption values of the mixture over a reaction
time of 5-120 min, stabilizing around 120 min. Transmission elec-
tron microscopy (TEM) images (Fig. 1k) revealed uniformly sized
nanoparticles (~20nm), and XPS analysis (Fig. 11) showed charac-
teristic peaks at 652.4 and 641.5eV, corresponding to the 2p;, and

2pyj, spin-orbit coupling peaks of Mn**t in MnO,, confirming the
successful loading of MnO, nanoparticles in the BSA-KMnO,4 reac-
tion product.

Additionally, solid-state biological tissues, exemplified by
porcine tissue treated with KMnOy in vitro, formed a dense brown
coating after 120 min of reaction, as seen in Fig. 1m. The coating’s
area and color intensity progressively increased with reaction time.
XPS analysis of the peeled-off, freeze-dried reaction product (Fig.
1n) revealed characteristic Mn** peaks at 652.4 and 641.5 eV, con-
sistent with results from cellular and biomolecular analyses, indi-
cating the formation and accumulation of MnO, within the solid
tissue matrix. Upon treating tumor microenvironment mimics of
high-reductive glutathione (GSH) solutions, with the KMnO4-BSA
reaction product, XPS analysis (Fig. 10) revealed not only the char-
acteristic peaks of MnO, at 652.4 and 641.5eV but also an inter-
mediate satellite peak indicative of MnO with Mn?*, demonstrat-
ing the reductive transformation of MnO, to Mn2*t in the pres-
ence of GSH. Similar data related to the intermediate satellite peak
indicative of MnO has also been reported in previously reported
work [33]. These findings underscore the efficacy of KMnOy in situ
formation of micro and nano-sized MnO, particles on tumor cells,
biomolecules, and solid biological tissues through redox reactions
with unsaturated bonds. Also, the generated MnO, particles are ca-
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a) Analysis of cell viability after co-incubation of different concentrations

viation (SD) (n=5). (b, c) The fluorescence image of 4T1 cells post-co-incubation
with KMnOy4 solution, stained with y-H2AX antibodies to visualize double-strand
DNA breaks. (d-f) The calcein AM/propidium iodide staining method was used for
live/dead cell staining of 4T1 cells after co-incubation of KMnO,4 solution with 4T1
cells. (g, h) Flow cytometry was utilized to assess apoptosis in 4T1 cells following
co-incubation with KMnO, solutions of varying concentrations or PBS as the con-
trol. (i-1) The fluorescence imaging of 4T1 cells following incubation with KMnO4
solution, labeled with HMGB1 and CRT antibodies, respectively. (m) Schematic dia-
gram of KMnOy4-induced ICD in 4T1 cells. Scale bar: 100 pm.

pable of being further reduced to Mn2*+ under GSH stimulus. The
formation of MnO, and its reductive conversion in biologically rel-
evant conditions highlight the versatility of KMnO4 in generating
functional micro/nano-structures for therapeutic purposes, estab-
lishing a foundational experimental basis for the advancement of
Mn-based therapeutic modalities in the next cancer treatment.

To assess the oxidative damage efficacy of KMnOy,, 4T1 cells
were co-incubated with varying concentrations of KMnO,4 for 24 h,
and subsequent cell viability was assessed using the cell count-
ing kit-8 (CCK8) assay. As depicted in Fig. 2a, KMnO, exhibited
a highly concentration-dependent cytotoxic effect on 4T1 cells. At
relatively low concentrations of KMnO,4 (2 png/mL), 4T1 cells main-
tained over 85% viability. However, as the concentration of KMnO4
increased, its toxicity to 4T1 cells significantly intensified. When
co-incubated with a concentration of 10 pg/mL KMnOQy, cell viabil-
ity dropped to less than 10%, indicating that the robust oxidative
activity of KMnO,4 resulted in the demise of the majority of tu-
mor cells. Additionally, the impact of KMnO,4 treatment on DNA
double-strand break damage in tumor cells was assessed through
the phosphorylated histone H2AX (y-H2AX) antibody labeling. y -
H2AX is a phosphorylated form of the histone variant H2AX, which
rapidly phosphorylates near the sites of DNA double-strand breaks
as part of the DNA damage response, making it a sensitive marker
for assessing DNA damage. The confocal microscopy images follow-
ing immunofluorescence staining are depicted in the Figs. 2b and c,
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where the fluorescence signal of y-H2AX is depicted in green, and
the cell nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI)
are represented in blue. In the KMnO,4 treatment group, a signifi-
cant enhancement in the green fluorescence signal of y-H2AX was
observed, indicating that KMnO4 treatment induced a consider-
able amount of DNA double-strand breaks. Conversely, in the con-
trol group, the signal of y-H2AX was relatively weaker, suggesting
fewer occurrences of DNA double-strand breaks under PBS treat-
ment conditions. The overlay of images illustrates the spatial cor-
relation between the y-H2AX signal and DAPI staining, providing
an intuitive view of DNA damage distribution. These findings vi-
sually demonstrate the damaging effect of KMnO4 on tumor cell
DNA, laying the experimental foundation for further research on
KMnO,4 as a potential anti-tumor agent.

Furthermore, we conducted live-dead cell staining on 4T1 cells
using the calcein acetoxymethyl ester/propidium iodide (AM/PI)
agent, and the experimental results are depicted in Figs. 2d-f. The
cell viability of 4T1 cells is notably influenced by exposure to dif-
ferent concentrations of KMnO,4 solutions. Specifically, from Fig. 2d
to Fig. 2f, the three sets of images represent the control group
(PBS treatment), low concentration KMnO,4 treatment (1 pg/mL),
and high concentration KMnO,4 treatment (10 pg/mL). In the con-
trol group, cells exhibit green fluorescence, indicating predomi-
nant cell viability. Upon treatment with low concentration KMnQOy,
most cells maintain viability, as evidenced by the green fluores-
cence. However, with high concentration KMnO, treatment, there
is a conspicuous rise in red fluorescence, suggesting a substantial
rise in cell death rate. These findings align with the results of the
cell viability assay depicted in Fig. 2a, further confirming the cyto-
toxic effect of KMnO4-induced oxidative damage on cells, which is
concentration-dependent.

Next, flow cytometry (FCM) combined with fluorescence label-
ing was employed to evaluate the specific apoptotic response of
4T1 breast cancer cells following co-incubation with KMnO,4. The
results of flow cytometry in Figs. 2g and h illustrate the apoptosis
detection of 4T1 cells treated with PBS (control group) and differ-
ent concentrations of KMnOy. In the flow cytometry plots, the hor-
izontal axis represents Annexin V-fluorescein isothiocyanate (FITC)
signal, while the vertical axis represents PI signal. The four quad-
rants depict cells in different states: Q1 (Annexin V-negative/PI-
positive, dead cells), Q2 (Annexin V-positive/PI-positive, late apop-
totic or dead cells), Q3 (Annexin V-positive/PI-negative, early apop-
totic cells), and Q4 (Annexin V-negative/PI-negative, live cells). In
the control group, most cells remained viable in quadrant Q4.
However, with increasing KMnO,4 concentration from 1 pg/mL to 10
pg/mL, the proportion of early apoptotic cells (Q3) rose from 0.77%
to 21.2%, and late apoptotic or dead cells (Q2) increased from 3.00%
to 53.8%, indicating that the apoptosis rate of 4T1 cells is signifi-
cantly boosted with the administration of high concentrations of
KMnO,.

Moreover, we evaluated the potential of KMnO4 treatment to
induce ICD in 4T1 cells by fluorescence imaging of CRT and HMGB1
extracellular release. During the process of ICD, CRT typically
translocates from the endoplasmic reticulum to the outer surface
of the cell membrane, serving as an “eat me” signal exposed on
the cell surface. This translocation event constitutes an early phase
of ICD, facilitating the recruitment and activation of DCs. Addition-
ally, HMGB1, a non-histone nuclear protein, is conventionally asso-
ciated with chromatin and involved in maintaining DNA structure.
During ICD, HMGB1 is released from the cell nucleus to the ex-
tracellular milieu, representing a late-stage event. The extracellular
release of HMGB1 serves as a signaling cue for immune system ac-
tivation, as it can bind to receptors on the surface of DCs, such as
Toll-like receptor 4 (TLR4), promoting their maturation and acti-
vation, thereby enhancing the immune response of T cells against
tumors. Therefore, we initially performed fluorescence staining us-
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ing anti-HMGB1 antibodies on the 4T1 cells. The fluorescence im-
ages (Figs. 2i and j) illustrate that in 4T1 cells subjected to KMnOy4
treatment, there is a notable reduction in the fluorescence signal
of HMGB1, along with decreased co-localization with the cell nu-
cleus. This suggests an augmented release of HMGB1 from the cell
nucleus following KMnO,4 treatment. Additionally, fluorescence la-
beling of CRT was also performed on 4T1 cells after KMnO,4 treat-
ment. The fluorescence images revealed a significant enhancement
in CRT fluorescence signal in KMnOy4-treated cells compared to the
PBS control group, particularly near the cell membrane (Figs. 2k
and 1). The results suggest that KMnO,4 promotes the exposure of
CRT on the cell surface, which is another hallmark event of ICD.
In conclusion, these observations suggest that the stimulation of
4T1 cells by KMnO,4 induces oxidation damage and immunogenic
changes, potentially activating the immune system for the recogni-
tion and eradication of tumor cells in vivo, thereby enhancing tu-
mor immunotherapy (Fig. 2m).

Therefore, we systematically investigated the synergistic effects
of KMnO,4 combined with PD-L1 antibody in tumor immunother-
apy and elucidated the underlying mechanisms. All experiments
involving mice were approved by the animal research center of
Shenzhen People’s Hospital, strictly following all applicable regu-
lations. Four experimental groups were designed for in vivo treat-
ment and exploration of immune mechanisms: (I) PBS (control
group); (II) intraperitoneal injection of free PD-L1 antibody; (III)
intratumoral administration of KMnOy; (IV) combined treatment
with intraperitoneal injection of free «PD-L1 antibody and intra-
tumoral administration of KMnO4. The individual volume statis-
tics of tumor growth under the four different treatment strate-
gies are illustrated in Fig. S3 (Supporting information). The anal-
ysis of final tumor volume data indicated an average volume of
1261.91 mm3 in the PBS group, 746.88mm?> in the oPD-L1 anti-
body group, 875.80mm? in the KMnO, intratumoral administra-
tion group, and a significant reduction to 88.97 mm? in the com-
bined intraperitoneal oPD-L1 antibody and intratumoral KMnOg4
treatment group. These findings demonstrate the remarkable ef-
ficacy of the combination therapy in inhibiting tumor growth,
surpassing single-treatment modalities. The summary line graphs
depicted in Fig. 3a illustrate the tumor volumes across various
experimental groups of mice, offering a clearer visualization of
treatment outcomes. In the control (PBS) group, tumor volumes
exhibited a steady increase over time, whereas tumor growth
showed some inhibition in groups treated either with sole in-
traperitoneal injections of «PD-L1 antibody or intratumoral admin-
istration of KMnOy,. Notably, the combined treatment group exhib-
ited the most pronounced effect, with significantly impeded tu-
mor growth and the lowest increase in volume among all treat-
ment groups. These results underscore the potential synergistic ef-
ficacy of co-administering KMnO4 and «PD-L1 antibodies in tu-
mor immunotherapy. The synergistic efficacy of co-administering
KMnO4 and «PD-L1 antibodies was also confirmed by the tumor
xenograft images retrieved from mice in different treatment groups
at the end of the treatment period (Fig. 3b). Significantly, in the
group subjected to combined intraperitoneal injections of «PD-L1
antibody and intratumoral administration of KMnO4 (Group IV),
an obvious reduction in tumor volume was observed, with two
tumors nearly undetectable visually (highlighted with red dashed
lines). This strongly suggests a synergistic effect of combined oPD-
L1 antibody and KMnO, intratumoral administration in anti-tumor
therapy, significantly inhibiting tumor growth. The ex vivo tumor
weight statistics of mice across various treatment groups are dis-
played in Fig. S4 (Supporting information). The quantitative anal-
ysis of the average tumor weight in different treatment groups
revealed that the control group (Group I) was 1019.66 mg; the
group receiving intraperitoneal injections of free «PD-L1 antibody
(Group II) was 836.82 mg; the group receiving intratumoral admin-
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istration of KMnO4 (Group III) was 732.26 mg; and the combined
treatment group (Group IV) was only 76 mg. Comparative analy-
sis showed that the tumor inhibition rate in the group receiving
intraperitoneal injections of free «PD-L1 antibody was approxi-
mately 17.93%, which increased to 28.19% in the KMnO,4 intratu-
moral administration group, while the combined treatment group
exhibited the most significant inhibition rate, reaching an astonish-
ing 92.55%. These results collectively indicate that tumor growth is
significantly inhibited under the treatment strategy involving the
combination of «PD-L1 antibody and KMnOQy, thus clearly illustrat-
ing the potential of the combined therapy with KMnO4 and oPD-
L1 antibody in controlling and reducing tumor growth.

Furthermore, to comprehensively assess the efficacy of different
treatment modalities on tumor-bearing mice, we defined tumor
growth to 1500 mm?3 as an indicator for euthanasia and ethical ter-
mination of mice to obtain a simulated statistical survival curve of
mice across the experimental groups, adhering to a humane end-
point criterion. As illustrated in Fig. 3c, the survival curve during
the treatment period delineates distinct trends among the experi-
mental cohorts. The PBS control group displayed a precipitous de-
cline in survival rate, with a median survival time of 23 days, in-
dicative of shorter survival in untreated mice. The group receiving
intraperitoneal injections of free o«PD-L1 antibody (Group II) ex-
hibited a marginally prolonged median survival time of 24 days
compared to the control, albeit not as significant as the KMnOy4 in-
tratumoral administration group. Notably, the KMnO,4 intratumoral
administration group (Group III) demonstrated a median survival
time of 30 days, suggesting an extension in the survival of mice.
Most strikingly, the survival rate in the combined intraperitoneal
aPD-L1 antibody and intratumoral KMnO,4 treated group (Group
IV) declined at the slowest rate among all groups, with a median
survival time exceeding 40 days. This outcome vividly underscores
the pronounced advantage of KMnO,4 combined with immunother-
apy in significantly extending mouse survival.

Additionally, during the treatment process, as shown in Fig. S5
(Supporting information), monitoring of the body weight of mice
from different experimental groups revealed no abnormal fluctu-
ations throughout the treatment period, with an overall trend of
gradual increase over time. This stable growth pattern suggests
that under our experimental conditions, none of the treatment reg-
imens had a significant negative impact on the mice, indicating the
safety of the various treatment modalities.

In summary, the analysis of volume statistics and observations
of ex vivo tumor images indicate that the combination therapy in-
volving KMnO4 and «PD-L1 antibody significantly enhances tumor
immunotherapy efficacy. This provides robust experimental sup-
port for its application in cancer treatment. Particularly notewor-
thy is the remarkable effectiveness of the combination treatment
group, highlighting the potential of this strategy to achieve more
effective tumor immunotherapy.

To assess the impact of KMnOg4 application on the intratumoral
hypoxic microenvironment, the in vitro H,O, catalytic activity of
the KMnOy4-derived BSA-MnO, product was confirmed by mea-
suring dissolved O, (Fig. S6 in Supporting information), and mice
were injected intratumorally with KMnO,4 solution, and immuno-
histochemical staining using hypoxia-inducible factor 1-alpha (HIF-
1a) antibody was performed on tumor tissues (Fig. 3d). The dis-
tribution of HIF-1ee within tumor tissues was visualized in Fig.
3e. The PBS control group exhibited stronger fluorescence signals
for HIF-1¢, suggesting higher levels of hypoxia in untreated tumor
tissues. In contrast, HIF-1« distribution within tumor tissues re-
vealed decreased expression (green signal) in tumors treated with
KMnOQy, signifying a notable improvement in the intratumoral hy-
poxic state.

Then, to unravel and deepen the comprehension of the crucial
role of KMnO,4 in enhancing immune checkpoint blockade therapy
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Fig. 3. (a) Consolidated line graph illustrating the tumor volume progression across different experimental mouse groups. (b) Ex vivo photographs of tumors harvested from
mice at the end of the treatment cycle. (c) Survival curve graph for the different experimental groups of mice. (d) Illustrative diagram of the immunohistochemical assay
to assess the mitigation of hypoxic conditions in tumor tissue following intratumoral administration of KMnO,. (e) Fluorescence micrograph of mouse tumor tissue post
intratumoral injection with KMnO,, stained with anti-HIF-1«x antibody to visualize the localization and expression of HIF-1cr. Scale bar: 100 um. (f, g) Flow cytometric
analysis of DCs within the tumor microenvironment and percentage content of mature DCs in tumor-draining lymph nodes in a 4T1 breast cancer treatment model post-
administration of various therapeutic strategies. (h, i) Flow cytometric analysis of intratumoral CD8* T cells (a) and their percentage content (b) following treatment in a
4T1 breast cancer model. (j) Flow cytometric analysis of TAMs within the tumor milieu post-treatment in the 4T1 breast cancer model and proportion of M1-type (k) and
M2-type (1) macrophages in the tumor microenvironment. (m, n) Quantification of immune cytokines TNF- and IL-6 within the tumor tissue was determined using the
enzyme-linked immunosorbent assay (ELISA) kits post-therapy. (o, p) Western blot analysis revealing the expression and secretion of key proteins IRF3, STING, and TBK1
within the tumor tissues under different treatment regimens in a breast cancer model. The experimental groups are as follows: (I) PBS (control group); (II) intraperitoneal
injection of free «PD-L1 antibody; (III) intratumoral KMnO,4 administration; (IV) combined intraperitoneal «PD-L1 antibody and intratumoral KMnO, treatment. Data are
presented as mean £ SD (n=3).

(ICB), the impact of intratumoral KMnO,4 administration on the tu-
mor hypoxic microenvironment was investigated in vivo. Addition-
ally, the quantities of CD8* T cells, macrophages, and the propor-
tion of mature DCs within tumor tissues among different treat-
ment groups were analyzed and compared. Furthermore, to ana-
lyze the significant impact of KMnO4 application on cGAS-STING
activation in mice during tumor treatment, Western blot experi-

ments were conducted on tumor tissues from various experimental
groups.

For a more profound understanding of KMnO,'s crucial role in
augmenting ICB, this study further conducted meticulous immuno-
cyte analyses on organs and tissues from mice in different exper-
imental groups following treatment. Through flow cytometry, DCs
extracted from tumor-draining lymph nodes were assessed for the
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expression of CD80" and CD86™ to evaluate DC maturation. As il-
lustrated in Figs. 3f and g, the average expression level of CD86
on the surface of DCs in the combination treatment group was
16.63%. This demonstrated a significant enhancement of at least 4.5
times compared to the sole «PD-L1 antibody treatment group (av-
erage 2.74%) and the intratumoral KMnO,4 treatment group (aver-
age 3.83%), highlighting the pronounced advantage of combination
therapy in promoting DC maturation.

Furthermore, quantitative analysis was conducted on the in-
filtration level of CD8* T cells and the number of macrophages
within tumor tissues. Preliminary findings suggest that the in-
crease in the proportion of CD8* T cells was more pronounced in
the combined treatment group, with an average of 24.63%, com-
pared to 10.24% in the sole «PD-L1 antibody group and 9.09% in
the KMnO, intratumoral administration group (Figs. 3h and i). The
combined treatment group exhibited an increase of nearly 2.4-fold,
highlighting the significant efficacy of the combined therapy in ac-
tivating immune responses. These results indicate that KMnO4 may
not only directly improve the tumor microenvironment but also
potentially exert anti-tumor effects by enhancing T cell-mediated
immune responses.

Moreover, concerning the alterations in TAMs, the proportion of
M1-type macrophages in the combined treatment group (average
71.4%) far exceeded that in the sole «PD-L1 antibody group (aver-
age 44%) and the KMnO,4 intratumoral administration group (aver-
age 49.23%), while the average proportion of M2-type macrophages
in the combined treatment group decreased to 3.26%, significantly
lower than the other two single treatment groups (Figs. 3g-I).
This underscores the unique role of combined therapy in induc-
ing a shift in the tumor immune microenvironment towards a pro-
inflammatory phenotype.

Meanwhile, in the comparison of cytokine secretion levels, the
average content of the tumor necrosis factor alpha (TNF-¢) in
the combined treatment group was 1169.01 pg/mL (Fig. 3m), sig-
nificantly higher than that in the sole «PD-L1 antibody group
(1068.24 pg/mL) and the KMnO, intratumoral administration group
(959.36 pg/mL). For interleukin 6 (IL-6), the average content in
the combined treatment group was 168.27 pg/mL, also higher than
in the single treatment groups (Fig. 3n). Finally, in the semi-
quantitative analysis of Western blot bands, the phosphorylation
levels of the interferon regulatory factor 3 (IRF3), STING, and TANK-
binding kinase 1 (TBK1) were significantly higher in the com-
bined treatment group compared to either the sole «PD-L1 anti-
body or the KMnO intratumoral administration group, indicating a
pronounced activation of the cGAS-STING pathway under the com-
bined treatment condition (Figs. 30 and p).

Also, blood routine and biochemical parameters were evaluated
in mice at the end of each treatment cycle to assess the biological
safety of the aforementioned various treatment strategies in vivo
(Fig. S7 in Supporting information). The data presented include
liver function indicators such as aspartate aminotransferase (AST)
and alkaline phosphatase (ALP), kidney function indicators such as
urea and creatinine (CREA), as well as blood routine indicators in-
cluding red blood cells (RBC), white blood cells (WBC), hemoglobin
(HGB), and platelets (PLT). All parameters in each group fall within
the normal range, indicating that the different treatment meth-
ods employed in the experiment have good biological safety and
did not cause significant organ dysfunction (Figs. S7a-h in Sup-
porting information). Additionally, tissue histopathological evalua-
tion of major organs in mice was conducted using hematoxylin and
eosin (H&E) staining at the end of each treatment cycle. This ex-
periment aimed to assess the biological safety of different treat-
ment regimens from a tissue structural perspective. The experi-
mental groups were the same as mentioned above, including the
heart, liver, spleen, lungs, and kidneys, among other major organs.
As seen in the images, the organ tissue structures remained in-

Chinese Chemical Letters 36 (2025) 110045

tact in all treatment groups, with no evident pathological changes,
further confirming the safety of the various treatment methods.
These results indicate that neither the sole use of «PD-L1 anti-
body, KMnQy, nor their combined therapy adversely affected the
vital organs of mice, providing crucial safety data support for the
subsequent clinical application of treatment regimens.

In this study, we systematically explored the bioactivity of
KMnO4 and its potential to augment cancer immunotherapy. A
series of in vitro models indicates that KMnO, can promote the
in situ generation of MnO, within tumor cells, biomolecules, and
solid-state biological tissues, which further undergo reductive con-
version to Mn2* in reductive tumor-simulated microenvironments.
This interaction provides a basis for biomedical applications of
KMnO4 in enhancing tumor immunotherapies. The in vitro data
suggest that the stimulation of 4T1 cells by KMnO,4 induces oxida-
tion damage and immunogenic changes. In combination with oPD-
L1 antibodies, KMnO,4 significantly inhibited tumor growth, in-
creased survival in tumor-bearing mice, and improved immune re-
sponse via the activation of the cGAS-STING pathway without sig-
nificant adverse effects. This research supports KMnOg4 as a promis-
ing anticancer agent and immunotherapy adjuvant, suggesting fur-
ther investigation into its clinical applicability and long-term effec-
tiveness.
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