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Immune checkpoint inhibitors (ICIs) therapy targeting programmed cell death ligand 1 (PD-L1) and pro-
grammed death protein 1 (PD-1) had exhibited significant clinical benefits for cancer treatment such as
triple negative breast cancer (TNBC). However, the relatively low anti-tumor immune response rate and
ICIs drug resistance highlight the necessity of developing ICIs combination therapy strategies to improve
the anti-tumor effect of immunotherapy. Herein, the immunomodulator epigallocatechin gallate palmitate
(PEGCG) and the immunoadjuvant metformin (MET) self-assembled into tumor-targeted micelles via hy-
drogen bond and electrostatic interaction, which encapsulated the therapeutic agents doxorubicin (DOX)-
loaded PEGCG-MET micelles (PMD) and combined with ICIs (anti-PD-1 antibody) as therapeutic strategy
to reduce the endogenous expression of PD-L1 and improve the tumor immunosuppressive microenvi-
ronment. The results presented that PMD integrated chemotherapy and immunotherapy to enhance an-
titumor efficacy in vitro and in vivo, compared with DOX or anti-PD-1 antibody for the therapy of TNBC.
PMD micelles might be a potential candidate, which could remedy the shortcomings of antibody-based

ICIs and provide synergistic effect to enhance the antitumor effects of ICIs in tumor therapy.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Immunotherapy represented by immune checkpoint inhibitors
(ICIs) has become a significant therapy for tumors. However,
tumor-induced immunosuppression and low effective anti-tumor
immune response were the main challenges for ICIs immunother-
apy [1]. For example, antibody-based ICIs block programmed cell
death ligand 1 (PD-L1) and programmed death protein 1 (PD-1)
binding through structural blocking PD-L1 on cancer cell surface,
but the effect might be attenuated by the active redistribution of
intracellular PD-L1 to the cell membrane, causing impaired anti-
cancer effects [2,3]. In addition, the lack of tumor-infiltrating T
lymphocytes and the presence of immunosuppressive microenvi-

* Corresponding authors.
E-mail addresses: bszzhuhongda@yeah.net (H. Zhu), daizhu_1226@sina.com (Z.
Dai), sunyaogbasp@ccnu.edu.cn (Y. Sun).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2023.108536

ronment also impeded the treatment of tumors with ICls, such as
myeloid-derived suppressor cells (MDSCs) and regulatory T cells
(Tregs) could inhibit antibody-based ICIs-regenerated anti-tumor
toxic T lymphocyte responses [4]. Therefore, it was particularly im-
portant to develop the strategy of ICIs combination therapy to re-
duce the endogenous expression of PD-L1 and remodel the anti-
tumor effect of ICIs.

In recent years, some chemotherapeutics for instance doxoru-
bicin (DOX), mitoxantrone and cyclophosphamide had been found
to evoke immunogenic cells death (ICD), which could improve tu-
mor immune microenvironment, promote dendritic cell (DC) mat-
uration and enhance anti-tumor effects [5,6]. Epigallocatechin gal-
late palmitate (PEGCG) was an acylation product formed by the
chemical reaction between epigallocatechin gallate (EGCG) and
palmitoyl chloride, but it retained the original biological activity of
EGCG. In addition to its anti-inflammatory, antioxidant and anti-
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Scheme 1. Illustration of self-assembled micelles PMD to reduce PD-L1 expression
and enhance chemo-immunotherapy.

tumor effects, EGCG could further inhibit Tregs by inducing apop-
tosis of MDSCs, thereby remodeling the tumor immunosuppressive
microenvironment [7]. Besides, EGCG had a high affinity to laminin
receptors which were highly expressed in cancer cells such as
breast cancer cells [8]. Metformin (MET) as a prevalent drug for the
treatment of type 2 diabetes had been found many new functions
such as curbing tumor progression [9] and reducing the expression
of PD-L1 to promote the antitumor immunity [10]. Hence, MET as
an immunoadjuvant might provide a new approach to solve the
dilemma faced by immune checkpoint therapy [11].

TNBC was a troublesome subtype of breast cancer with a high
rate of metastasis and recurrence. Under a single-modality therapy,
its treatment was usually difficult to produce long-term and effec-
tive therapeutic effects [12]. ICIs had been largely explored in the
field of breast cancer, and might be a useful treatment strategy for
TNBC [13]. However, the cancer intracellular expression of PD-L1
and different tumor immune escape mechanisms might impair the
therapeutic benefits of ICIs [14].

To validate the above hypothesis, we constructed a tumor-
targeted self-assembled micelle to enhance antitumor efficacy
through combining immunotherapy and chemotherapy. As dis-
played in Scheme 1, the immunomodulatory PEGCG and the
immunoadjuvant MET were self-assembled into micelles via hy-
drogen bond and electrostatic interaction, and were denoted as

Chinese Chemical Letters 35 (2024) 108536

PEGCG-MET micelles (PM) micelles. PM micelles were used to
encapsulate the therapeutic agents DOX, denoted as DOX-loaded
PM micelles (PMD) micelles. Different from traditional ICIs block-
ing PD-L1 on the cancer cell membrane, PMD micelles could
directly inhibit the endogenous expression of PD-L1. When PMD
micelles were combined with ICIs (such as anti-PD-1 antibody) as
therapeutic strategy, it displayed stronger anticancer effect both in
vitro and in vivo compared with DOX or anti-PD-1 antibody, which
could remedy the shortcomings of antibody-based ICIs and provide
synergistic effect to enhance the antitumor effects of ICIs in tumor
therapy.

In this work, PMD nanoparticles were facilely prepared by self-
assembled approach. In detail, PEGCG with negatively charged phe-
nolic hydroxyl group and MET with positively charged amino group
could self-assemble to form PM micelles based on hydrogen bonds
and electrostatic interaction. PM and PMD micelles could be well
dispersed with an average hydrated particle size of about 180 nm
and 200nm (Fig. 1A). Compared to PM, the increase in particle
size of PMD was related to DOX (a hydrophobic drug) loaded.
DOX could enter the hydrophobic core of the micelles through hy-
drophobic interaction, increasing the volume of the core and en-
hancing the structural stability of the micelles. Transmission elec-
tron microscope (TEM) images presented a regular circular shape
with an average particle size of 190 nm (Fig. 1B). Due to the pos-
itive charge of DOX, zeta potentials of PM and PMD were from
—29mV to —23 mV, respectively (Fig. 1C). Ultraviolet (UV) absorp-
tion peak of PM micelles showed a clear blue shift compared with
P/M (Fig. 1D), which might be ascribed to -7 stacking in PM mi-
celles, resulting in ;v orbital energy decreased and m* orbital en-
ergy increased, thereby shifting the UV absorption to shorter wave-
lengths. Fourier transform infrared spectroscopy was used to fur-
ther verify the self-assembly of PM micelles (Fig. S1 in Supporting
information). As detected by fluorescence spectrophotometer, the
encapsulation efficiency and loading capacity of PMD based on the
Standard curve of DOX were 74.8% and 15.7%, respectively. PMD
micelles showed obvious sustained release effect, compared with
free DOX, which greatly reduced the release rate of DOX, thereby
avoiding peak and valley phenomena in blood concentration, re-
ducing the toxic and side effects of DOX while prolonging its blood
circulation time (Fig. 1E). The particle size and polydispersity index
(PDI) of PMD micelles did not show significantly changes within 60
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Fig. 1. Characterization of self-assembled micelles. (A) Dynamic light scattering (DLS) measurement of PM and PMD micelles. (B) TEM image of PMD micelles, Scale bars:
500nm and 50 nm. (C) Zeta potential of PM and PMD micelles. (D) Ultraviolet-visible spectrophotometry (UV-vis) absorption spectra of PM, MET, PEGCG and PEGCG/MET
mixture (P/M). (E) In vitro release behavior of PMD micelles and DOX solution in PBS at 37 °C. (F) Changes in particle size and PDI of PMD micelles within 60 days. Data

were shown as mean + standard deviation (SD) (n=3).
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Fig. 2. Cellular targeting assay and ICD induced by PMD micelles in vitro. (A) Uptake of PMD micelles (upper line) and M/D (down line) by 4T1 cells and (B) L929 cells after
blocking agent treatment, Scale bar: 100 um. (C) Immunofluorescent staining examination of HMGB1 release in 4T1 cells and (D) CRT exposure on the surface of 4T1 cells
treated with different groups, Scale bar: 50pm. (E) Quantitation of DC maturation. (F) Quantitative examination of p-AMPK and (G) PD-L1 levels via flow cytometry. Data

were shown as mean + SD (n=3). ***P < 0.001, ****P < 0.0001. ns, not significant.

days (Fig. 1F), indicating that it had good stability and was suitable
as a carrier for drug delivery.

The intracellular uptake and distribution of nanocarriers re-
flected their drug delivery capabilities [15]. Various tumor cells,
including breast cancer cells 4T1, highly expressed laminin recep-
tors, while PEGCG had a high affinity for laminin receptors in 4T1
cells and could actively target the tumor cells (Fig. 2A and Fig.
S2 in Supporting information) [16]. In the targeting assay, for 4T1
cells, the red fluorescence signal of PMD micelles was significantly
higher than that of M/D when the blocking agent was not used
(Fig. 2A and Fig. S3A in Supporting information). Pre-treatment of
cancer cells with PEGCG or laminin receptor antibody 67LR signif-
icantly reduced the cellular uptake of PMD micelles, resulting in
signal intensity similar to that of MET/DOX mixture (M/D) group.
Due to the low expression of laminin receptor in normal cells [17],
PMD micelles and M/D had the same red fluorescence signal for
1929 cells with or without blocking agent (Fig. 2B and Fig. S3B in
Supporting information). These results suggested that the PEGCG
endowed PMD micelles with targeting ability.

Some chemotherapeutic agents including DOX could induce ICD
in tumor cells and release damage-associated molecular patterns
(DAMPs) such as calreticulin (CRT), high mobility group protein B1
(HMGBT1) [18,19], which could activate monocytes/macrophages to
release pro-inflammatory factors, further regulate the function of
endothelial cells and cancer cells [20]. As shown in Fig. 2D, the
CRT exposure of DOX, M/D and PMD micelles were significantly
higher than that of the control group, MET and PM micelles, es-
pecially PMD micelles could induce more CRT exposure. When ICD
occurred in tumor cells, the intracellular HMGB1 was released to
the extracellular area and cleared through PBS washing. There-
fore, the green fluorescence signal of HMGB1 in PMD micelles was
the weakest compared with other groups (Fig. 2C), indicating that
more HMGB1 was released out of cells. When immature DCs trans-
formed into mature DCs through DAMPs stimulation, mature DCs
as antigen-presenting cells could present antigens to T lympho-
cytes [21]. As shown in Fig. 2E and Fig. S4 (Supporting informa-
tion), the proportion of mature DCs in MET and PM micelles was

significantly lower than that of the DOX, M/D and PMD micelles.
Due to the active targeting effect of PEGCG, PMD micelles could
allow more DOX to enter tumor cells to induce ICD and release
DAMPs, thereby stimulating more immature DCs to transform into
mature DCs.

MET could down-regulate the expression of PD-L1 through
activating adenosine 5’-monophosphate activated protein kinase
(AMPK), and phosphorylation of AMPK (p-AMPK) was an indicator
of AMPK activation [22]. The expression level of p-AMPK in 4T1
cells was as shown in Fig. S5 (Supporting information), MET, PM
micelles and PMD micelles could induce higher levels of p-AMPK.
The flow cytometry further quantitatively showed the similar ex-
perimental results with higher levels of p-AMPK in PMD micelles-
treated 4T1 cells (Fig. 2F and Fig. S6 in Supporting information).
Moreover, we evaluated whether PMD micelles could reduce the
expression of PD-L1 in TNBC cell line, 4T1 cells which overex-
presses PD-L1 [23-25]. As shown in Fig. S7 (Supporting informa-
tion), the expression of PD-L1 was attenuated after PMD micelles
or MET intervention. In addition, the changes in PD-L1 levels eval-
uated using flow cytometry showed that the expression of PD-L1
in 4T1 cells treated with PMD micelles, compared with the control
group, was significantly reduced (Fig. 2G and Fig. S8 in Supporting
information). In conclusion, the above results demonstrated that
PMD micelles could be efficiently down-regulate PD-L1 expression
through activating AMPK.

The results of cytotoxicity of DOX, MET and PMD micelles in
vitro showed that the viability of L929 cell and 4T1 cells exceeded
80% at 80ug/mL of PM micelles concentration, indicating that PM
micelles as nanocarrier was not toxic to normal cells and tumor
cells (Fig. S9A in Supporting information). MET has been shown
antitumor effects, albeit in a limited capacity [26]. As shown in
Fig. S9B (Supporting information), the viability of 4T1 cells in-
cubated with MET (32pug/mL) was less than 80%, which proved
that MET had an inhibitory effect on tumor cells, but had no ef-
fect on normal cells. As a commonly used chemotherapeutic drug,
DOX had obvious inhibitory effect on tumor cells even at lower
concentrations. As shown in Fig. S9C (Supporting information),
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Fig. 3. Anti-tumor effect of PMD micelles combined with anti-PD-1 antibody in vivo. (A) Schematic diagram of animal experimental design. (B) Tumors volumes of each
group during the treatment. (C) The final tumors inhibition rate and (D) tumors weight of each group during the treatment. (E) Photos of dissected tumors after the 20-day
treatment. (F) H&E and TUNEL staining of the corresponding tumor tissues obtained after different treatments. Scale bar: 200 um. (G) Fluorescence imaging of the major
organs and tumors. Data were shown as mean + SD (n=5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

the cytotoxicity of DOX and PMD micelles on 4T1 cells exhibited
a concentration-dependent manner. When the DOX concentration
reached 7.8 ug/mL, the cell viability dropped to 50%. However, the
half-maximal inhibitory concentration (ICsy) of PMD micelles was
significantly lower than that of free DOX (Fig. S9D in Support-
ing information). PMD micelles had higher cytotoxicity even at the
same DOX concentration due to the targeting effect of PEGCG on
laminin receptor of tumor cells and the synergistic antitumor ef-
fect of MET. The dead/living assay showed that PMD micelles could
induce more tumor cell death compared with free DOX (Fig. S9E in
Supporting information), followed by the M/D group. PM micelles
and MET hardly showed tumor cell death due to less cytotoxicity.
The apoptosis of each group was analyzed by flow cytometry (Figs.
S9F and S10 in Supporting information), the results confirmed the
enhanced anticancer activity of PMD micelles, and PMD micelles
had the highest proportion of apoptotic tumor cells.

Using the 4T1 orthotopic tumor bearing model, PMD micelles
combined with anti-PD-1 showed better anti-tumor effect in vivo.
All animal experiments were approved by the Animal Ethics Com-
mittee of Hubei University of Technology. Schematic diagram of
4T1 mice therapy was shown in Fig. 3A. Mice were subcutaneously
inoculated with 4T1 cells. 4T1 orthotopic tumor bearing mice were
randomly divided into 6 groups and gave treatments when the tu-
mor size reached to 100mm?3, then the mice were euthanized 20
days after treatment. As shown in Figs. 3B, D and E, compared
with the PBS group, the tumor growth rate of the mice treated
with anti-PD-1 or PMD micelles was only slowed to a certain ex-
tent, but the tumor volume of the mice in the combined PMD mi-
celles +anti-PD-1 group was significantly reduced, and its tumor
inhibition rate was 68.8%, which was significantly higher than that
of other treatment groups (Figs. 3C and D). From the results of
hematoxylin and eosin (H&E) staining, compared with other treat-
ment groups, tumor tissues treated with PMD micelles + anti-PD-1
revealed extensive tumor cell sparseness, deformation and nuclear

condensation (Fig. 3F). In addition, the degree of tumor cell apop-
tosis assessed by the transferase-mediated nick and labeling tech-
nique (TUNEL) staining was shown in Fig. 3F. PMD micelles and
anti-PD-1 group showed significantly more red fluorescence signal
than other treatment groups, indicating that the combined admin-
istration could inhibit tumor growth by inducing more tumor cell
apoptosis.

The biodistribution of PM micelles loaded with Rhodamine B
(PMR) in the 4T1 tumor bearing mice was shown in Fig. 3G and
Fig. S11A (Supporting information). The results presented that PM
micelles significantly prolonged the circulation time of Rhodamine
B, and enhanced tumor targeting through PEGCG mediated target-
ing and the enhanced permeability and retention (EPR) effects [7].
After 4h, the accumulation ratio of PMR micelles in tumor/liver
and liver/kidney was higher than that of free Rhodamine B (Fig.
S11B in Supporting information), indicating that Rhodamine B and
PMR micelles were metabolized by the liver and excreted by kid-
ney. At 8h, in addition to a significant increase in the accumula-
tion of PMR micelles in the kidney, stronger fluorescence signal
was observed in the liver and tumor, indicating that PMR micelles
was primarily captured by the liver and excreted by the kidney,
and was easy to accumulate in the tumor. In contrast, the fluo-
rescence of free Rhodamine B was weaker. At 8h, only the fluo-
rescence signal in the liver increased significantly compared with
that of at 4h, but the accumulation of Rhodamine B in the tumor
was not increased. These results suggested that PMR micelles could
enhance tumor targeting in vivo. In vivo safety of PMD micelles
was shown in Fig. S12 (Supporting information), the results of the
weight of the mice, the liver injury markers alkaline phosphatase
(ALT) and aspartate transaminase (AST) and H&E staining of major
organs (heart, liver, spleen, lung and kidney) all proved that PMD
micelles had good biocompatibility.

Next, we elucidated the best effect of combined therapy group
to inhibit tumor growth through activating the antitumor im-
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mune effect and remodeling tumor immune-suppressive microen-
vironment. More importantly, unlike antibody-based ICIs that acted
through the conformation blocking membrane PD-L1, the intro-
duction of MET endowed PMD micelles with the ability to re-
duce PD-L1 expression in tumor cells, thereby effectively awak-
ening the host’s immune system, then restore the function of
T lymphocytes.

As main anti-tumor immune cells, CD8* T cells can secrete
interferon-y (IFN-y ), tumor necrosis factor (TNF-«¢) and granzyme
B (GzyB), thereby playing a role in killing tumor cells [27,28]. Nat-
ural killer (NK) cells, as important immune cells, are closely related
to immune regulation and anti-tumor effects in vivo [29]. Here,
the proportion of CD8" T cells and NK cells in the tumor tissue
of tumor-bearing mice treated with PMD micelles + anti-PD-1 was
significantly increased (Figs. 4A and B, Figs. S13 and S14 in Sup-
porting information), and the release of GzyB, TNF-o and IFN-y
and were promoted (Figs. S15 and S16 in Supporting information).
Meanwhile, PMD micelles + anti-PD-1 could significantly increase
the proportion of infiltrating CD4% T cells compared with phos-
phate buffer saline (PBS) group (Fig. 4C and Fig. S17 in Supporting
information). These results indicated that PMD micelles could in-
crease the antitumor effect by increasing the proportion of tumor-
infiltrating T cells and NK cells. DAMPs, such as CRT, were cap-
tured by immature DCs and induced transformation into mature
DCs, thereby promoting the proliferation of T and NK cells [30,31].
As shown in Figs. S18-S20 (Supporting information), the results in
vivo proved that they were consistent with the results in vitro. Im-
munosuppressive cells, including MDSCs and Tregs, existed in the
tumor, which could reduce the release of cytokines by inhibiting
the proliferation and activity of T cells and NK cells, enabling tu-
mor cells to achieve the purpose of immune escape [32]. Stud-
ies had shown that EGCG not only had anti-inflammatory and an-
tioxidant effects, but also inhibited the activity of Tregs through
inducing apoptosis of MDSCs, thereby improving the tumor im-
munosuppressive microenvironment [33]. The infiltration of MD-
SCs and Tregs in tumor tissues was shown in Figs. 4D and E, Figs.
S21 and S22 (Supporting information), PMD micelles and PMD mi-
celles + anti-PD-1 could significantly reduce the infiltration of MD-

SCs and Tregs due to the effect of PEGCG, which could restore the
activity of T cells and NK cells and enhanced anti-tumor effect.
Furthermore, the results of immunofluorescence staining in acti-
vating AMPK and reducing PD-L1 in vivo experiment were shown
in Figs. 4F and G, the p-AMPK green fluorescence signal in tu-
mor tissue of tumor-bearing mice treated with M/D + anti-PD-1
was significantly increased. Since PMD micelles + anti-PD-1 group
had higher AMPK phosphorylation, which could inhibit the expres-
sion of PD-L1, so the expression of PD-L1 showed the contrary
trend. Otherwise, EGCG also could inhibit the angiogenesis of tu-
mor tissue through reducing the expression of vascular endothelial
growth factors (VEGF) in tumor cells [34]. In this paper, the vas-
cular distribution of tumor tissue was shown in Fig. 4H, the tumor
vascular distribution of PMD micelles groups were significantly re-
duced due to the presence of PEGCG, indicating PMD had a good
anti-tumor angiogenesis effect.

In conclusion, PMD micelles based on the self-assembly of the
immune adjuvant MET and the actively targeted PEGCG could in-
tegrate chemotherapy and immunotherapy for enhancing therapy
effect of TNBC. PMD micelles could induce DCs maturation by in-
ducing ICD of DOX, promoting T cells and NK cells proliferation,
thus releasing large amount of cytokines. Meanwhile, PMD micelles
also restored the activity of T cells and NK cells by reducing the
infiltration of immunosuppressive cells such as MDSCs and Tregs
in the tumor microenvironment. More importantly, PMD micelles
could down-regulate the expression of PD-L1 by activating AMPK
in 4T1 cells, then restored the killing effect of T cells on tumors to
prevent immune escape. In view of these findings, when PMD was
combined with ICIs (such as anti-PD-1) as therapeutic strategy of
TNBC, PMD micelles could remedy the shortcomings of antibody-
based ICIs immunotherapy, provide synergistic effect and enhance
antitumor effects.
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