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Abstract

Background The combination of programmed cell death ligand-1 (PD-L1) immune checkpoint blockade (ICB)

and immunogenic cell death (ICD)-inducing chemotherapy has shown promise in cancer immunotherapy. However,
triple-negative breast cancer (TNBC) patients undergoing this treatment often face obstacles such as systemic toxicity
and low response rates, primarily attributed to the immunosuppressive tumor microenvironment (TME).

Methods and results In this study, PD-L1-targeted theranostic systems were developed utilizing anti-PD-L1 peptide
(APP) conjugated with a bio-orthogonal click chemistry group. Initially, TNBC was treated with azide-modified sugar
to introduce azide groups onto tumor cell surfaces through metabolic glycoengineering. A PD-L1-targeted probe
was developed to evaluate the PD-L1 status of TNBC using magnetic resonance/near-infrared fluorescence imaging.
Subsequently, an acidic pH-responsive prodrug was employed to enhance tumor accumulation via bio-orthogonal
click chemistry, which enhances PD-L1-targeted ICB, the pH-responsive DOX release and induction of pyroptosis-
mediated ICD of TNBC. Combined PD-L1-targeted chemo-immunotherapy effectively reversed the immune-tolerant
TME and elicited robust tumor-specific immune responses, resulting in significant inhibition of tumor progression.

Conclusions Our study has successfully engineered a bio-orthogonal multifunctional theranostic system, which

employs bio-orthogonal click chemistry in conjunction with a PD-L1 targeting strategy. This innovative approach

has been demonstrated to exhibit significant promise for both the targeted imaging and therapeutic intervention
of TNBC.
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Introduction

Triple-negative breast cancer (TNBC) demonstrates
the most aggressive subtype with poorest outcomes and
highest propensity for metastasis among all breast can-
cers [1]. Over the past few years, immune checkpoint
blockade (ICB) directed towards programmed cell death
protein 1 (PD-1)/programmed death-ligand 1 (PD-L1)
have exhibited prolonged survival outcomes in solid
tumors [2—6]. A greater prevalence of PD-L1 expression
has been observed in TNBC in comparison to other sub-
types of breast cancer, indicating that PD-L1 may repre-
sent a promising therapeutic target [7, 8]. Nevertheless,

the efficacy of ICB monotherapy in TNBC is constrained
by a poorly immunogenic tumor microenvironment
(TME) and limited tumor penetration [1, 9].

Hence, reversal of immunosuppressive tumor micro-
environment (ITM) is crucial to maximizing ICB efficacy
in TNBC. Numerous studies have demonstrated that
specific chemotherapeutic agents, including doxorubicin
(DOX) [10], paclitaxel [11], and oxaliplatin [12], not only
elicit antitumor cytotoxic effects but also facilitate immu-
nogenic cell death (ICD). This process involves the release
of immunostimulatory danger-associated molecular pat-
terns (DAMPs) such as calreticulin (CRT), high mobility



Wang et al. Journal of Nanobiotechnology ~ (2024) 22:461

group box 1 (HMGB1), and adenosine triphosphate
(ATP) [13]. DAMPs are essential in promoting dendritic
cell (DC) maturation and facilitating antigen presenta-
tion to T cells within lymph nodes, ultimately leading to
the activation of adaptive immunity [14]. Accumulating
evidence indicate that the combination of ICB targeting
the PD-1/PD-L1 signaling axis and ICD-inducing chemo-
therapy synergistically enhances the antitumor effects for
TNBC [15-19]. The underlying mechanism may involve
chemo-immunotherapy leading to the transformation of
immunologically ‘cold’ tumors into ‘hot’ lesions, which
are characterized by the infiltration of mature DCs and
the presence of cytotoxic T lymphocytes (CTLs).

In recent years, PD-1/PD-L1 peptide-based inhibi-
tors are gaining attention in cancer immunotherapy and
tumor-targeted delivery [20-26]. Compared to mono-
clonal antibodies, which are most used in cancer immu-
notherapy, peptides offer several advantages in ligand
targeting. For instance, peptides can penetrate tissues
more effectively, have a lower likelihood of inducing
immunogenicity, are more cost-effective to manufacture,
and are easier to quality control during synthesis [9, 20,
23]. Nonetheless, peptides exhibit limitations, includ-
ing low target affinity, rapid renal clearance, and sus-
ceptibility to degradation [27-29]. Thus, it is imperative
to enhance the efficacy of PD-L1 antagonist peptides in
blocking PD-1/PD-L1 interactions.

Azide/cyclooctyne-based bio-orthogonal chemistry
occurs in vivo, while maintaining the structural integ-
rity and biological activity [30-33]. Azides (-Nj), a
bio-orthogonal functional group, can be metabolically
incorporated into cell-surface glycoproteins [33, 34]. In
contrast to the transient binding typically observed in
physical interactions between ligands and endogenous
receptors, azides, acting as ‘chemical receptors, dem-
onstrate high specificity and effectiveness in binding
with cyclooctyne-labeled biomolecules with long-term
retention [33, 35]. Herein, making use of the recognition
by anti-PD-L1 peptides and cyclooctyne/azide-based
bio-orthogonal click chemistry, we propose anti-PD-L1
peptide-based biomolecules to achieve efficient and sus-
tained PD-L1 targeting to enhance the efficacy and sus-
tainability of ICB therapy.

In this study, we present PD-L1-targeted theranos-
tic systems modified with PD-L1 antagonist peptide
(CVRARTR; Cys-Val-Arg-Ala-Arg-Thr-Arg), DOTA,
and dibenzocyclooctyne (DBCO). We first designed
a gadolinium (Gd)-based probe APPS4-Cy7, which is
decorated with fluorescent sulfo-Cyanine7 (Cy7), aim-
ing for achieving targeted PD-L1 magnetic resonance/
near-infrared fluorescence (MR/NIRF) imaging in vivo
for TNBC. Then, we replaced the fluorescence imag-
ing module of Cy7 with the drug-loading module of
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DOX to generate prodrug APPS-DOX, with the goal
of synergistic chemo-immunotherapy for TNBC. As
illustrated in Scheme 1, TNBC cells (4T1) overexpress-
ing PD-L1 as natural receptors were pretreated with
tetraacetyl-N-azidoacetylmannosamine  (Ac,ManNAz)
to produce azides as ‘chemical receptors’ on cell surfaces.
APPS4-Cy7 can recognize PD-L1 expressed on 4T1 cells,
followed by conjugating with azide-labeled glycoproteins
on 4T1 cells via bio-orthogonal click chemistry, remark-
ably improving and extending MR/NIRF imaging. Fol-
lowing this, the prodrug APPS4-DOX accumulates in
the tumor via PD-L1 targeting and covalently bind to
the azide-rich tumor cell surfaces, significantly facilitat-
ing uptake and internalization of this prodrug in TNBC
cells. The utilization of PD-L1 antagonist peptide conju-
gated prodrug facilitates the inhibition of PD-L1, thereby
impeding tumor immune evasion and augmenting anti-
tumor immunity. Additionally, the APPS-DOX prodrug
enhances drug delivery efficiency by acidic pH-respon-
sive DOX release, evoking the ICD effect and DAMPs
release, further promoting DC maturation and activation
of CTLs. Consequently, the enhanced targeted delivery of
APPSLDOX prodrug demonstrated significant efficacy
in inhibiting tumor growth by inducing a potent immune
response against the tumor, ultimately resulting in the
restoration of immune tolerance in TNBC.

Materials and methods

Agents

Lyso-Tracker, Mito-Tracker, and DiO green, DAPI solu-
tion, Hoechst 33,342 working solution (1 X), and CCK-8
assay kit were sourced from Beyotime Ltd. The Mil-
lipore filtration system was utilized to purify water.
Flow cytometry antibodies, including anti-CD3-APC,
anti-CD4-FITC, anti-CD8-PercpCy5.5, anti-IFN-y-PE/
Cy7, anti-CD25-PE/Cy7, anti-Foxp3-V450, anti-MHC
II-V450, anti-CCR7-PE, anti-CD80-FITC, and anti-
CD40-APC antibodies were provided by BioLegend,
Inc. Anti-PD-L1-antibody was sourced from Protein-
tech (Chicago, USA, 66248-1-1g). Anti-Calreticulin, anti-
HMGB], anti-Cleaved-Caspase-3, anti-Cleaved-GSDME,
and anti-GSDME antibodies were obtained from Abcam
(Cambridge, MA, ab92516, ab79823, ab52101, ab222470,
and ab215191). Doxorubicin hydrochloride (DOX) was
obtained from Bide Pharmatech Ltd. (Shanghai, China),
while Ac,ManNAz was procured from Sigma-Aldrich
(Saint Louis, USA, 900917).

Cell culture

The murine 4T1 and HC11 (mouse mammary epithe-
lial cells) cell lines were procured from the Cell Bank of
the Chinese Academy of Sciences in Shanghai, China.
These cell lines were cultured in RPMI-1640 medium
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L1-targeted imaging and pyroptosis-mediated chemo-immunotherapy

of TNBC. A Chemical structure of PD-L1-targeted probe APP®*-Cy7 and prodrug APP®®-DOX. B In vivo MR/NIRF imaging process involves
metabolism glycoengineering, and the PD-L1 targeting accumulation of APPS4-Cy7 in tumor tissue; In vivo synergistic chemo-immunotherapy
strategy includes metabolism glycoengineering, PD-L1 targeting, and pH-responsive drug release and pyroptosis-mediated regulation of antitumor

immunity

supplemented with 10% fetal bovine serum and 1% peni-
cillin—streptomycin solution at 37 °C in a 5% CO, humid-
ified environment.

Synthesis of APPS-Cy7, APPSY-Cy5, and APPSY-DOX

The peptide was produced on a rink amide resin (load-
ing: 0.81 mmol/g) with the assistance of a CEM Liberty
one microwave-assisted peptide synthesizer. Following
the attachment of all amino acids and DOTA, the result-
ant products were transferred to a glass peptide synthe-
sis vessel. Following deprotection of the Fmoc group,

the compounds were conjugated with N-succinimidyl
4-[(5-aza-3,4:7,8-dibenzocyclooct-1-yne)-5-yl]-4-oxobu-
tyrate (DBCO-NHS). After conjugation of DBCO, the
resultant product was dissociated from its solid support
through treatment using a cleavage cocktail composed of
trifluoroacetic acid-triisopropylsilane-H,0O (95:2.5:2.5).
Subsequently, the solution was eliminated, and the
resulting white solids were precipitated by adding dry
diethyl ether, followed by centrifugation at a speed of
~ 6500 rpm for ~ 15 min. The peptide was subsequently
purified and isolated using preparative high-performance
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liquid chromatography (HPLC) with a C-18 column.
The compounds APPY4-Cy7 and APPSY-Cy5 were syn-
thesized by coordinating gadolinium (Gd) ions with the
DOTA chelator on APP and then conjugating them with
fluorescent Cy7 or sulfo-cyanine 5 (Cy5) through a thiol-
maleimide reaction. Similarly, the prodrug APP-DOX
was prepared by labeling with Gd®>' ions and conjugating
with the 6-maleimidocaproylhydrazone derivative of dox-
orubicin (Mal-DOX) using a thiol-maleimide reaction.

Physical characterization and drug release profile

The 'H nuclear magnetic resonance (‘H-NMR) and atten-
uated total reflectance Fourier transform infrared (ATR
FT-IR) spectrum of APP, APPS4-Cy5, APPSLCy7 and
APPY.DOX were obtained at room temperature with
a Bruker ADVANCE NEO 600 MHz NMR spectrom-
eter and a Nicolet 6700 FTIR spectrometer, respectively.
The absorption and fluorescence spectra of APPS4-Cy7,
APPSL.Cy5 and APPSDOX were assessed at varying
concentrations (2.5-10 uM). The cumulative release of
DOX was evaluated through dialysis of the APPS-DOX
prodrug in phosphate-buffered saline (PBS) at varying
pH levels (7.4, 6.5, 6.0, and 5.0). Dialysis was conducted
using a dialysis tube with a molecular weight cutoff
(MWCO) of 1000 for a duration of 10 h. The release of
DOX was monitored by measuring absorbance values at
490 nm using a UV-visible spectrometer (Varian Cary
100 Conc).

Cellular uptake and colocalization analysis

4T1 cells were treated with APPS4-Cy5 (10 uM) follow-
ing a 3-day incubation with 50 pM Ac,ManNAz, and
subsequently stained with DAPI to visualize the cell
nucleus. To examine intracellular distribution, 4T1 cells
were exposed to APPSL-Cy5 (10 uM) for 4 h, followed
by staining with 5 uM DiO green, 50 nM Lyso-Tracker
green or 100 nM Mito-Tracker green for 30 min, and
Hoechst33342 working solution (1x) for an additional
15 min as per standard protocol. Following washes with
PBS twice, fluorescence imaging was conducted utilizing
a confocal laser scanning microscope (CLSM, Leica TCS
SP5, Germany). The cellular uptake of DOX was assessed
in 4T1 cells following treatment with DOX, APPSLDOX,
and Click-APPS4-DOX at a concentration of 2 uM.

In vitro cytotoxicity assay

To assess the cytotoxicity of Ac,ManNAz, 4T1 and HC11
cells were cultured in 96-well plates and incubated with
varying concentrations of Ac;ManNAz (0-50 uM) for a
duration of three days. Subsequently, cell viability was
subsequently assessed using a CCK-8 assay. Following
this, the same cells were cultured with either 0 or 50 uM
Ac,ManNAz for three days in 96-well plates, and then
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treated with DOX and APPSY-DOX at different concen-
trations (0—10 uM) for a period of 24 h. Cell viability was
evaluated again using the CCK-8 assay.

Western blot analysis of cells

4T1 cells were exposed to either 0 or 50 uM Ac,ManNAz
for a duration of 3 days, subsequently treated with differ-
ent agents (DOX, APP, and APPS-DOX) at a uniform
concentration of 2 uM for a period of 24 h. A protease
inhibitor-supplemented RIPA buffer was used to lyse
the cells following treatments. The expression levels of
PD-L1, CRT, HMGB1, GSDME-FL, GSDME-N, and
Cleaved Caspase-3 were then evaluated through western
blot analysis.

RNA sequencing

4T1 cells were collected following treatment with or
without APPS-DOX, and total RNA was extracted for
RNA sequencing. The resulting transcriptomic sequenc-
ing data was analyzed and visualized utilizing an online
platform available at https://www.bioinformatics.com.
cn. All genes with an adjusted p-value<0.05 and fold
change > 1.5 were considered significant.

Animal experiment

Female BALB/c mice, 5-6 weeks old, were sourced from
the Shanghai Experimental Animal Center and kept
in a pathogen-free facility. All animal experiments fol-
lowed approved guidelines from the Ethics Committee
of Xinhua Hospital, affiliated with Shanghai Jiao Tong
University School of Medicine (XHEC-F-2023-014). Sub-
cutaneous injections of 1.0x10° 4T1 cells suspended
in 100 puL PBS were administered to each mouse on the
flanks.

In vivo and ex vivo fluorescence (FL) imaging

Mice were divided into three groups (n=3 per group):
PEG-Cy7, APPY-Cy7, and Click-APPS-Cy7. Prior to
this, mice with 4T1 tumors received intraperitoneal
injections of either 40 mg/kg Ac,ManNAz once daily
for 3 days or were injected with PBS. Subsequently, the
cohorts were intravenously injected with 1 mg/kg PEG-
Cy7 or 1 mg/kg APPSI-Cy7. Under isoflurane anesthesia,
in vivo fluorescence imaging of the 4T1 tumor-bearing
mice was carried out using the IVIS spectrum system
(PerkinElmer), with excitation at 710 nm and emission
collected at 760+20 nm. Imaging and analysis of the
mice were conducted at specific time points.

In vivo MR imaging

Following the formation of the subcutaneous tumor,
Ac,ManNAz (40 mg/kg) was administered intraperito-
neally once daily for three days to the Click-APPS4-Cy7
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group (n=3). The Gd-DOTA and APPSLCy7 groups
(n=3 per group) received PBS injections as the con-
trol. Subsequently, mice with 4T1 tumors were intra-
venously injected with Gd-DOTA (150 pL, 1 mg/kg)
or APPSLCy7 (150 uL, 1 mg/kg). Magnetic resonance
images were obtained prior to the injection of Gd-
DOTA or APPGd-Cy7, as well as at 1-, 2-, 3-, and 4-h(s)
post-injection.

Antitumor activity

After reaching a subcutaneous tumor volume of approxi-
mately 150 mm?®, 4T1 tumor-bearing mice were ran-
domly assigned to five groups (n=>5 per group): (1) PBS,
(2) DOX, (3) APPY4-DOX, (4) Click-APP, and (5) Click-
APPS9-DOX. In the click groups, Ac,ManNAz (40 mg/
kg) was administered intraperitoneally once daily for
3 days, while other groups received PBS injections. Sub-
sequently, all groups were treated every seven days with
PBS, DOX, APP, or APPS-DOX (5 mg/kg). Body weights
and tumor volumes were measured every two days for
14 days. Tumor volume (V) was calculated according to
the formula: V (mm?®) =0.5x L (mm) x W? (mm?).

Histological examination

Fresh tumors and organs were fixed in 4% paraformal-
dehyde, embedded in paraffin, and sectioned for various
analyses, including H&E staining, immunohistochemical
staining, and immunofluorescence staining. For immuno-
fluorescence staining, primary antibodies against PD-L1,
CRT, HMGBI1, Caspase-3, CD4, and CD8 were utilized.
The process involved deparaffinization, heat-induced
antigen retrieval using a citrate solution, and blocking
with 5% BSA. The samples were subjected to overnight
incubation with primary antibodies at 4 °C, followed by a
1-h incubation with secondary antibodies at room tem-
perature. DAPI was utilized as a nuclear counterstain for
immunofluorescence staining.

Flow cytometry analysis, HMGB1 release, and cytokine
assay

Following various treatments, spleens, tumors, and
tumor-draining lymph nodes (TDLNs) from all experi-
mental groups (n=5 per group) were excised and
subsequently subjected to enzymatic digestion using col-
lagenase IV at 37 °C for a duration of 1 h. The digested
tissues were subsequently filtered through a 70 pm cell
strainer to obtain single-cell suspensions. These iso-
lated single cells were then suspended in a staining
buffer and labeled with fluorescent-conjugated antibod-
ies to identify specific cell populations, including CTLs
(CD3*CD47CD8"), CD4'T cells (CD3*CD4*CD8"),
mature DCs (CD40TCD80"MHC II*CCR 7%), and Tregs
(CD4*CD25 Foxp3*). Enzyme-linked immunosorbent
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assay (ELISA) kits were employed to quantify the levels
of HMGBI, IEN-y, TNF-a, and IL-12 in serum specimens
obtained from mice following different treatments.

Statistics

Quantitative values were presented as mean +stand-
ard deviation (SD), and statistical analyses were con-
ducted using a two-tailed Student’s t-test and one-way
ANOVA. A significance level of P<0.05 was employed to
determine statistical significance, denoting a distinction
between the groups under comparison.

Results and discussion

Preparation and characterization of APP®9-Cy5, APP®9-Cy7
and APPS4-DOX

The APP modified with 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) was synthesized via
conventional Fmoc-based solid-phase peptide (SPPS)
methodology, as illustrated in Fig. 1A. Characteriza-
tion of the isolated APP was conducted utilizing high-
performance liquid chromatography (HPLC) and mass
spectrometry (Figures S1 and S2). For MR/fluorescence
imaging purposes, the compounds APPS!-Cy5 and
APPS4-Cy7 were prepared by labeling the peptide with
gadolinium (Gd) ions through coordination with the
DOTA chelator, followed by conjugation with fluorescent
sulfo-cyanine 5 (Cy5) or sulfo-cyanine7 (Cy7) using a
thiol-maleimide reaction (Scheme 1A and Fig. 1B). Simi-
larly, the compound APPS-DOX prodrug was labeled
with Gd*" ions and the acid-labile hydrazone bond-linked
Mal-DOX using a thiol-maleimide reaction (Scheme 1A).
The chemical structures of APP, APPS4-Cy5, APPS4-Cy7
and APPSY-DOX were further characterized by "H-NMR
and ATR FT-IR spectrum (Figures S3-S10). Absorb-
ance and fluorescence spectra of the labeled compounds,
including APPS4-Cy5, APPYYCy7, and APPSL-DOX,
were analyzed in PBS (pH 7.4). The absorption and fluo-
rescence peaks of APPS4-Cy5 were observed at ~ 650 nm
and 670 nm, respectively (Fig. 1C, D). APPS4-Cy7 exhib-
ited absorbance at 750 nm and strong fluorescence inten-
sity at 780 nm, facilitating enhanced photon penetration
through tissues while minimizing the impact of tissue
autofluorescence (Fig. 1E, F). Moreover, the absorbance
of APPS4-DOX was noted at 480 nm, with a low fluores-
cence intensity detected at 610 nm (Fig. 1G, H).

Given that DOX was linked to APPS4-DOX through an
acid-labile hydrazone bond, it is expected to exhibit pH-
sensitive release within endo/lysosomal environments
(pH~5.0). To assess this, the pH-responsive degrada-
tion kinetics of APPS“-DOX were quantitatively ana-
lyzed using dialysis tubes with a molecular weight cutoff
of 1000 Da in PBS at varying pH levels (7.4, 6.5, 6.0, and
5.0). Analysis depicted in Fig. 11 revealed minimal DOX
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respectively
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release (~ 5%) from APPS-DOX over 600 min in PBS
at pH 7.4, suggesting the robust stability of the prodrug
in physiological condition. In contrast, the activation
of APPS4.DOX demonstrated rapid kinetics, leading
to the release of over 60% and 90% of DOX after 10 h
of incubation in PBS at pH levels of 6.5 and 6.0, respec-
tively. Conversely, near 100% of DOX was released from
APPSLDOX at pH 5.0 within the same time, highlight-
ing the sensitivity of APP-DOX to endo-/lysosomal
pH. This characteristic suggests that APPS4-DOX has the
potential to minimize premature drug release and reduce
adverse effects in healthy tissues, while facilitating tar-
geted intracellular drug delivery, thereby offering signifi-
cant advantages in cancer treatment.

In vitro cellular uptake and cytotoxicity evaluation

We first labeled 4T1 cells with azide groups by treat-
ing them with 50 pM Ac,ManNAz. Subsequently,
Ac,ManNAz-pretreated 4T1 cells were incubated with
10 uM APPS-Cy5. The uptake efficiency of APPS4-Cy5
reflected variations in the formation of azides. After
incubation with APPS4Cy5, Ac,ManNAz-pretreated
4T1 cells exhibited a 2.52+0.16-fold higher fluores-
cence intensity compared to non-pretreated 4T1 cells
(Fig. 2A, B). We also conducted azide group labeling on
HCI11 cells using Ac,ManNAz pretreatment. Following
incubation with APP9!-Cy5, Ac,ManNAz-pretreated
HC11 cells exhibited a weaker fluorescence inten-
sity compared to non-pretreated 4T1 cells (Fig. 2A,
B), indicating PD-L1 targeting for 4T1 cells. Overall, in
Ac,ManNAz-pretreated 4T1 cells, the click efficiency
of APPY4-Cy5 with azide groups significantly increased.
This enhanced click efficiency suggests promising poten-
tial for tumor-targeted drug delivery. We further inves-
tigated the subcellular organelle localization behavior of
APPSL-Cy5 in Ac;ManNAz-pretreated 4T1 cells, and the
results were quantified utilizing Image]. As illustrated in
Fig. 2E, F a substantial amount of APPS4-Cy5 was inter-
nalized into lysosomes. A notable degree of co-localiza-
tion between APPGd-CyS (red) and lysosomes (green)
was observed in Ac,ManNAz-pretreated 4T1 cells fol-
lowing a 4-h incubation period. Additionally, the fluores-
cence intensity of DOX showed a 3.42 + 0.28-fold increase
in Click-APPS4-DOX, and a 1.85+0.13-fold increase in
APPS4-DOX than in DOX (Fig. 2C, D). Substantial anti-
PD-L1 peptide was internalized into lysosomes. Recent
studies have highlighted that the controlled targeting of
PD-L1 for lysosomal degradation is pivotal in prevent-
ing the undesirable recycling of PD-L1 [36, 37]. Con-
sequently, the intracellular disposition of APPS4-DOX
has been shown to enhance the lysosomal degradation
of PD-L1, thereby potentially increasing its therapeutic
efficacy. Furthermore, APPS4-DOX specifically releases
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DOX and accumulated in 4T1 cells, amplifying the
enhanced cytotoxicity of DOX.

We further examined the cytotoxicity of Ac,ManNAz
and observed no significant harm to normal HC11 cells
and 4T1 cells at concentrations up to 50 uM (Fig. 2G).
Subsequently, we evaluated the cytotoxic effects of DOX,
APP%-DOX, and Click-APP4-DOX in HC11 and 4T1
cells. As shown in Fig. 2H, DOX displayed non-selective
cytotoxicity, with comparable levels of toxicity observed
in both cell types. As illustrated in Fig. 2I, APPS4-DOX
demonstrated an enhanced cytotoxic response against
4T1 cells at a concentration of 2 pM, compared to DOX
alone. This enhanced response is attributed to the PD-L1
targeting effect of APPS4-DOX, which allows for killing
4T1 cells at relatively low drug doses, thereby minimiz-
ing non-specific cytotoxicity. Furthermore, Click-APPS-
DOX exhibited more potent tumor cell-specific
cytotoxicity than APPS-DOX at the same concentration
of 2 uM, suggesting that the bio-orthogonal click chem-
istry strategy enhances PD-L1-targeted delivery efficacy.

In vitro PD-L1 binding

Western blotting was used to assess the expression level
of PD-L1 in vitro. 4T1 cells exhibited a higher PD-L1
level compared to murine mammary epithelial HC11
cells (Figure S3). Several pre-clinical and clinical studies
demonstrated PD-L1 as a potently promising target for
TNBC [8, 16, 38—40]. DOX treatment also induced an
elevation in PD-L1 expression of 4T1 cells [41, 42], result-
ing in exhaustion of T cells and immune tolerance, key
components of tumor immune escape [43-47]. In addi-
tion, several studies have revealed a significant upregula-
tion of PD-L1 protein levels in tumor specimens derived
from TNBC patients following DOX chemotherapy,
which is beneficial for enhancing the efficacy of PD-1/
PD-L1 blockade immunotherapy [38, 48]. The mecha-
nism of PD-L1 upregulation after DOX chemotherapy
may include inflammatory signaling [49], the DNA dam-
age response pathway [50], activation of NF-kB pathway
[51], and oxidative stress [52]. Nevertheless, the admin-
istration of APP9-DOX in Ac;ManNAz-pretreated 4T1
cells showed reduced PD-L1 expression levels compared
to the control group (Fig. 3E). CVRARTR, a peptide
antagonist of PD-L1, serves as a promising alternative to
monoclonal antibodies for ICB, which has been widely
studied in recent years [20, 37, 53, 54]. The internaliza-
tion-induced downregulation of PD-L1 by binding pep-
tides not only directly impedes the binding of PD-L1
but also indirectly augments their efficacy in inhibiting
the PD-1/PD-L1 interaction by reducing the cell sur-
face availability of PD-L1 [20, 37]. Therefore, we specu-
late that the binding of anti-PD-L1-Peptide (CVRARTR)
to PD-L1-overexpressing cells is specifically mediated



Wang et al. Journal of Nanobiotechnology ~ (2024) 22:461 Page 9 of 20

*k%
A Non-click-4T1 Click-HC11 Click-4T1 B 2
4T1 HC11 4T1 g
£
(]
= 2
o ©
< °
= = B (4
» APPS¢-DOX
o C
3 C
B £
7]
< 8
£ Click-APP%4-DOX
(]
2
w s
o &
w
=
DAPI/Doxorubicin
E Click-4T1 cells APP¢-Cy5 Hoechst33342 MERGE F Co-localization
S i 1007
> 801 APP%Cy5
‘D 604
9 § 401 _~...;Hw."v,,nf' b “\/ N
(=) £ ob N TTAW Wi
0

0 20 40 60 80
_ Distances (pm)

100

APP%Cy5

Intensity
o
S

0 20 40 60 80
1001 Distances (um)

ity
o ®
P

APPSCys5 |

katens
o

N

.

o

Lyso-Tracker Mito-Tracker

0 20 40 60 80
Distances (pm)

- 4T1 HC11 _ DOX APP%-DOX _ DOX APP%-DOX

GA120 AC4ManNAZ HA120 HC11 ce“s Click-APP%-DOX I A120 4T1 ce“s Click-APP%-DOX
= 100 X 100y = 100
2 801 2 80- 2 80
2 60 £ 604 2 604
> 40- > 404 > 404

° ° °

8 20 S 204 S 20-
0- 0-

0 25 5 10 25 50 0 1 2 4 8 10 o 1 2 4 8 10

Concentration (uM) Concentration (uM) Concentration (uM)

Fig.2 A CLSMimages ofAPPGd—CyS (10 pM) in 4T1 cells treated with either 0 or 50 uM Ac,ManNAZ (Non-click-4T1 or Click-4T1), and HC11

cells treated with 50 pM Ac,ManNAZ (Click-HC11). B Relative FL intensities of APPSI-Cy5 (10 uM) in 4T1 cells treated with either 0 or 50 uM
Ac,ManNAz and HC11 cells treated with 50 uM Ac,ManNAZ. (C) Relative FL intensities and (D) fluorescence images of DOX in 4T1 cells incubated
with DOX, APPS4-DOX, and Click-APPS?-DOX (2 uM). DOX. E CLSM images of 4T1 cells treated with 10 uM APPS-Cy5, co-stained with 5 uM DO,
or 100 nM Mito-Tracker or 50 nM Lyso-Tracker green. F Co-localization curves. Scale bars: 10 um. Cell viabilities of (G) HC11 and 4T1 cells treated
with Ac,ManNAz, (H) HC11 cells or (I) 4T1 cells treated with DOX, APPSY-DOX, and Click-APPSY-DOX



Wang et al. Journal of Nanobiotechnology

APP¢4-DOX v.s. Control

(2024) 22:461

Page 10 of 20

GO Biological Process Enrichment

* DOWN ° No-DEGs < UP Immune response - ]
60 =T T Inflammatory response - P
Immune system process - o -log, (pvalue)
™ 50 Innate immune response @ -
2 40 Cell adhesion] e o
S Positive regulation of gene expression P i 2'5
& 30 Signal transduction am -~
. i ) Gene number
gr 20 Protein phosphorylation] . 70
- Negative regulation of apoptotic process-{ @ e 90
10 . L @ 110
Cell differentiationm @ 130
0 R >
86420 24 6 8 15-5_ ) 2": &4
nrichment score
B log,(Fald Change) KEGG Enrichment
\ \ 00* D cGMP-PKG signaling pathway 1 -
co onte® P‘??G " cAMP signaling pathway 1 -
Phagosome - - -log,,(pvalue)
Casp1 Rap1 signaling pathway 1 = 3.0
Naip2 I Chemokine signaling pathway 1 - ::
118 Focal adhesion { - 20
Casp12 Transcriptional misregulation in cancer - - 1.5
R R Gene number
Irf1 MAPK signaling pathway - = * 30
Casp8 '1 S Pathways in cancer{ @» . pit
. PI3K-Akt signaling pathway 4= ® 60
Apip
Naip1 1.4 1.6 1.8
ap E H Enrichment score *
Naip5 < PDL1 lsgkoa £ 2.0 x X
= = -— -_—
Gsdma S =T - @ 2 CRT HMGB1 * |
IMa O GAPDH | o s s s e | 36 kD2~ @0 1.5
Gsdmd @ & oF R ot R o 95’_
7
Calcr - ® ® (oiad \o P :
5 AR g
Gsdmc T o v~ 2
Nirp3 o F o\‘° S 051
Casp4 S CRT [ @« @hew W @ 55 kDa © 0o
® a
Irf2 »n :
HMGB 1 [ s s s | 29 kDa R ot
Tir4 & St L P
Nod1 GAPDH | s s | 36 kD2 < Qq 0\\0 Qq
i > oF R R A
Naip6é 0(\\ 00 v? o+ Q 00"“ I 5 - \\0 ¥
Casp3 \\6“ Q"b s Cleaved-Caspase-3 *
Nod2 ,QQ X 2 ] csome-FL
] G o & 47 cspme-N
Nirp2 ,,- ™ E
Gsdme | Cleaved [ s s ] 17 kD2 X 3 7
Caspase-3 :
Dhx9 GSDME-FL [ s =S ——l55 kD2 £ 2 A
s
CRs GSDME-N [T~ W 3BkDa =
Hmgb1 &

Casp9

B-aCtin’ [ ————— 42 kDa

0
&
SR S o &
R o({" >
F o = & o
¥ v !

o

G\\o
Fig. 3 A Volcano plot of DEGs, (B) heatmap to visualize the expression of pyroptosis-related genes, (C) GO biological process analyses of DEGs,
and (D) KEGG analyses of DEGs in the control vs APPSY-DOX. E-I Western blot analysis of PD-L1, CRT, HMGB1, Cleaved-caspase-3, GSDME-FL,

and GSDME-N in 4T1 cells after treatments with Control, DOX, APP, APPS-DOX, Click-APP, and Click-APPS4-DOX, respectively. *P < 0.05, **P < 0.01,
and ***P<0.001 vs Control group

+ K o
0°*Q¢,,o°

<
S




Wang et al. Journal of Nanobiotechnology ~ (2024) 22:461

through PD-L1, and the downregulation of PD-L1 to the
inhibition of PD-L1 by PD-L1-binding peptides.

Evaluation of ICD and pyroptosis in vitro

RNA sequencing of 4T1 cells was conducted follow-
ing APPS4-DOX treatment. Comparative analysis with
the control group revealed 3781 differentially expressed
transcripts in the APPS4-DOX group, with 1439 down-
regulated and 2342 upregulated. These differentially
expressed genes (DEGs) are displayed on a standard vol-
cano plot (Fig. 3A). The Gene Ontology (GO) function
analysis histogram, presented in Figure S13, delineates
biological process, cellular ingredients, and molecular
functions. GO analysis within the biological processes
category (Fig. 3C) revealed enrichment in genes related
to immune response, immune system processes, and
innate immune responses. KEGG pathway analysis
(Fig. 3D) indicated enrichment in proteins associated
with pathways in cancer, cAMP signaling, MAPK sign-
aling, and PI3K-Akt signaling. The enrichment of genes
in these pathways indicates that pyroptosis plays a com-
plex role across a range of biological processes. Pyrop-
tosis aids in the removal of harmful pathogens and cells
that have been compromised, and it also has the capacity
to modulate inflammatory pathways, which could have
implications for the behavior of tumors.

The immunogenicity of ICD is predominantly facili-
tated by DAMPs, including exposed CRT on cell surfaces,
secreted ATP, and released HMGBI [55]. These DAMPs,
generated during ICD, can interact with pattern recogni-
tion receptors on the surface of DCs, initiating a cascade
of cellular responses. These responses ultimately lead to
the activation of immune responses, thereby augmenting
the effectiveness of immunotherapy. Several studies have
provided evidence that immune response against tumors
can be augmented by ICD in conjunction with ICB ther-
apy [14, 56, 57]. Moreover, the presence of CRT on cell
surfaces and the release of HMGB1 from the nucleus are
considered hallmarks signifying the induction of ICD. To
substantiate our hypothesis and probe the mechanisms
involved, we conducted western blot analysis in vitro to
assess the expression of CRT and HMGB], as indicators
of ICD. Figure 3F, H suggests that upon treatment with
Click-APPS4-DOX, there is a marked increase in CRT
exposure in 4T1 cells, along with a noticeable decrease
in intracellular HMGBLI secretion, potentially indicating
substantial release from the nucleus. This implies that the
combination of chemo-immunotherapy and biorthogonal
click chemistry strategies could achieve a potent syner-
gistic therapeutic effect, resulting in significant induction
of ICD and enhancing TNBC’s immunogenicity.

Furthermore, Pyroptosis, a newly identified form of
programmed cell death with unique morphological traits
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distinct from those of apoptosis and necrosis, is capable
of inducing the release of antigens and subsequently trig-
gering potent antigen-specific immune responses [58]. A
heatmap displaying DEGs related to pyroptosis in vitro
after APPSI-DOX was generated by transcriptomic
analysis (Fig. 3B). Western blot analysis was further con-
ducted to validate the occurrence of pyroptosis in vitro.
Given that Caspase-3 precisely cleaves the middle linker
of gasdermin E (GSDME) to generate the GSDME-N
domain, subsequently triggering pyroptosis through
the formation of membrane pores, Cleaved-Caspase-3
level and GSDME expression levels were assessed in
response to various in vitro treatments [59]. As displayed
in Fig. 3G, I, the Cleaved Caspase-3 showed a nota-
ble elevation in the Click-APPS-DOX group. Similarly,
GSDME-N was observed in Click-APPS-DOX treated
cells and exhibited the highest expression level. These
findings affirm the ability of Click-APPS4-DOX to trigger
Caspase-3-mediated GSDME-dependent pyroptosis in
tumor cells.

In vivo and ex vivo for FL imaging

To assess enhanced tumor retention and biodistribu-
tion, in vivo FL imaging of mice with 4T1 tumors was
conducted in three groups (n=3): (1) PEG-Cy7, (2)
APPY-Cy7, and (3) Click-APP4-Cy7. Upon reaching a
tumor volume approximately 150 mm?, the group receiv-
ing click-containing treatment were intraperitoneally
injected with Ac,ManNAz (40 mg/kg) daily for 3 days.
Subsequently, mice were intravenously administered 150
uL (1 mg/kg) of PEG-Cy7 and APPSL-Cy7 via the tail
vein. Using the IVIS spectrum, we recorded selected time
points from 1 h to 14 days post-injection, as depicted
in Fig. 4A. Compared to PEG-Cy7, mice injected with
APPY4-Cy7 and Click-APPS4-Cy7 displayed significantly
higher fluorescence signals during the imaging period,
demonstrating prolonged tumor retention and efficient
accumulation of PD-L1 targeting. Additionally, the fluo-
rescence signals in Click-APPS4-Cy7 were the highest
among the three groups, showing 4.00-15.81 times and
1.21-2.48 times higher signals compared to PEG-Cy7
and APPSI-Cy7 after injection, respectively (Fig. 4D).
These results confirm the effective bio-orthogonal click
reaction and PD-L1 targeting function to gain favorable
retention of the APPS-Cy7 in the tumor.

To compare organ distribution in 4T1 tumor-bearing
mice, tumors and major organs were excised on day 14,
and the fluorescence intensity from excised organs and
tumor tissues were measured using the IVIS spectrum.
As illustrated in Fig. 4B, E, tumor retention of Click-
APPSLCy7 group was the highest than the other two
groups. Furthermore, the fluorescence intensities of
tumors in Click-APPS4-Cy7 group were greatly higher
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compared to those in other tissues, such as the liver and
kidneys, suggesting excellent retention and distribution
efficiency within the tumor. Besides, the fluorescence
signals of Click-APPS4-Cy7 and APPS-Cy7 in liver and
lungs were only surpassed by those in the tumor. We
hypothesize that PD-L1 is highly expressed on cancer
cells and macrophages, while macrophages are predomi-
nantly found in organs such as the liver and lungs [46].

In vivo MR-T1 mapping imaging

Subsequently, in vivo MR-T1 mapping imaging was per-
formed on 4T1-tumor-bearing mice, randomly divided
into 3 groups (n=3 per group): (1) Gd-DOTA, (2)
APPSL-Cy7, (3) Click-APPS4-Cy7, as depicted in Fig. 4C.
At 1- and 2-h post-injection, all three groups exhibited
enhanced tumor signals. By 3 h post-injection, signals
in the Gd-DOTA group had returned to baseline lev-
els, while signal enhancement continued in the Click-
APPSL-Cy7 and APPS-Cy7 groups. Furthermore, the
signal enhancement in the APP%Y-Cy7 reduced at 4-h
post-injection, whereas Click-APP4-Cy7 continued to
exhibit sustained enhancement. To quantitatively evalu-
ate the signal intensities of tumor retention, 1/T1 values
were measured and illustrated in Fig. 4F. The 1/T1 val-
ues in both the Click- and non-click-APP%4-Cy7 groups
consistently exceeded those in the Gd-DOTA group
post-injection, indicating the enhanced active PD-L1
targeting. Furthermore, the highest 1/T1 wvalues in
Click-APPS4-Cy7 at 4-h post-injection were 1.98-times
higher compared to the baseline scale, while the high-
est 1/T1 values in APP94-Cy7 at 3 h post-injection were
1.39-times higher compared to the baseline scale. These
results from in vivo MR-T1 mapping imaging and the
change in 1/T1 values demonstrate the reliable and pro-
longed tumor retention in the Click-APP%4-Cy7 group,
highlighting efficient click reactions and enhanced PD-L1
targeting.

Antitumor efficacy in vivo

Encouraged by the favorable in vitro antitumor activity
and improved in vivo tumor retention, we subsequently
evaluated the therapeutic efficacy of different treatments
in vivo. As illustrated in Fig. 5A, 4T1 tumor-bearing
mice were randomly assigned into five groups (n=>5 per
group): (1) i.v. PBS, (2) i.v. DOX, (3) i.v. APPS-DOX, (4)
i.p. Ac;qManNAz-treated (40 mg/kg)+i.v. APP, and (5)
Ac,ManNAz-treated (40 mg/kg)+iv. APPSLDOX, at
a dose of 5 mg/kg. Initially, all groups exhibited gradual
increases in body weights, except for the DOX group,
which experienced severe weight loss due to in vivo sys-
temic toxicity (Fig. 5D). Compared to the PBS group,
DOX exhibited a modest 50.00% decrease in tumor
growth, suggesting restricted therapeutic effectiveness
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with a single administration of chemotherapy (Fig. 5B).
In contrast, both APP9-DOX and Click-APP exhibited
significant delays in tumor growth, achieving reduc-
tions of 67.49% and 71.79%, respectively, after treatment.
Notably, Click-APP4-DOX demonstrated the most
profound antitumor effect, achieving an approximately
86.12% inhibition of tumor growth. This enhanced anti-
tumor efficacy of Click-APPS4-DOX can be attributed to
improved tumor accumulation facilitated by efficient bio-
orthogonal click chemistry and enhanced PD-L1 target-
ing, as well as synergistic chemo-immunotherapy.

Tumor weights and photos at the end of treatments
are displayed in Fig. 5C. The Click-APPS4-DOX group
decreased to 23.58% compared to the PBS control group
and 29.83% compared to the DOX-treated group, indi-
cating a substantial tumor inhibition rate of 76.42%. H&E
analysis revealed significant therapeutic effects, including
extensive cellular atrophy and nuclear condensation after
Click-APPS4-DOX therapy (Fig. 5E). The TUNEL assay
and Caspase-3 immunofluorescence staining confirmed
effective tumor eradication within the Click-APPS4-DOX
group (Fig. 5F, G, Figure S14A, B). Additionally, the Click-
APPSL-DOX markedly downregulated the PD-L1 expres-
sion in tumor cells (Fig. 5H and Figure S14C), indicating
effective PD-L1 blockade. Moreover, evaluation of treat-
ment-related toxicity through H&E analyses on major
organs showed substantial damage in the DOX group
compared to PBS-treated mice, while only negligible
structural abnormalities were observed in APPS4-DOX,
Click-APPY, and Click-APPS-DOX groups (Figure
S15). In summary, the enhanced tumor-targeted delivery
of APPS{-DOX using bio-orthogonal click chemistry and
PD-L1 targeting demonstrated synergistic chemo-immu-
notherapy, resulting in the inhibition of tumor progres-
sion. Moreover, Click-APP94-DOX mitigated off-target
toxicity associated with chemotherapeutic drugs.

In vivo ICD and immune response induced
by Click-APP®4~DOX
The in vivo ICD effect induced by Click-APPS4-DOX was
assessed through immunofluorescence staining and the
ELISA kit, as shown in Fig. 6A, Figure S14D, E and Fig-
ure S16. Consistent with the observed antitumor effect,
the Click-APPS-DOX group exhibited the highest lev-
els of CRT expression and the most substantial release of
HMGBI among all the treated groups. This result could
be explained by the heightened accumulation of DOX at
the tumor site, leading to enhanced DAMPs release and
presentation for DC recruitment, which is crucial for ini-
tiating immune responses [60, 61].

Mature DCs, functioning as a major subset of anti-
gen-presenting cells (APCs), aid in presenting tumor
associated antigens to T cells, thereby initiating T cell
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activation [62—65]. To evaluate the maturation of DCs
in vivo, cells obtained TDLNs were stained with fluores-
cently labeled antibodies targeting CD80, CD40, MHC
II, and CCR?7, followed by analyses using flow cytom-
etry. In comparison to the PBS group, the levels of co-
stimulatory molecules CD40 and CD80 were obviously
elevated in the APPS-DOX and Click-APP4-DOX
groups (Fig. 6B). CD40 and CD80 expression levels in
the Click-APPS-DOX groups were 1.85 and 2.59 times
higher, respectively, than in the PBS group (Fig. 6C, D).
Major histocompatibility complex class II (MHC II)
molecules are essential for capturing peptides in the
endocytic pathway to produce T cell receptor ligands,
facilitating the maturation of DCs [66, 67]. Click-
APPSLDOX groups induced 78.70+2.25% of MHC-II
expression in TDLNS, significantly higher than that of
APPSLDOX (66.38+1.41%), Click-APP (50.34+2.63%),
or DOX (45.04+1.85%) (Fig. 6E). C—C chemokine recep-
tor 7 (CCR7) guides mature DCs from the peripheral
tissues to lymph nodes, regulating T cell activation and
adaptative immunity [68, 69]. As shown in Fig. 6F, Click-
APPS4-DOX facilitated the highest level of CCR7 expres-
sion, demonstrating a 1.08-fold increase compared to
APPY.DOX, a 1.41-fold increase compared to Click-
APPD, and a 2.10-fold increase compared to DOX. These
findings underscore the potent capability of matured DC
migration. In summary, the above results collectively
demonstrate that the combination of the bio-orthogonal
click chemistry strategy and synergistic chemo-immuno-
therapy promotes the maturation and migration of DCs.

The levels of circulating cytokines TNF-«, IFN-y, and
IL-12 were quantified using ELISA, as shown in Fig. 6L
Both the APPS-DOX and Click-APP94-DOX formu-
lations demonstrated significant elevations in TNF-a,
IFN-y, and IL-12 concentrations within TME, indicative
of heightened activity of TILs producing these cytokines.
Specifically, the relative levels of TNF-a, IFN-y, and IL-12
in the Click-APPS-DOX group were approximately
1.22-fold, 1.30-fold, and 1.49-fold higher than those in
the APPS-DOX group, respectively, suggesting a robust
antitumor immune response.

Subsequently, infiltration of T cells is investigated by
immunofluorescence staining, as depicted in Figure S17.
Fluorescence signals detected in the Click-APPS-DOX
group highlight a substantial infiltration of CD8* T cells
and a comparatively lower presence of regulatory T cells
(Tregs) in the tumor, underscoring the potential for acti-
vating antitumor immunity. To further explore the in vivo
immunoregulatory effects, we conducted flow cytometry
analyses CTLs, CD4" T cells, Tregs, and tumor-infiltrat-
ing T cells (TILs) (Figure S18). Mature DCs, assisting
in antigen presentation to naive T lymphocytes, effec-
tively initiate the activation of CTLs, ultimately leading
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to tumor rejection [70]. Figure 7A, E demonstrate a sta-
tistically notable increase in the proportion of CTLs in
the Click-APP%4-DOX-treated group (28.08+0.81%)
compared to the PBS control group (22.76+0.71%), in
accordance with the results obtained through immu-
nofluorescence staining. Moreover, the CD8T/CD4" T
cell ratio within the CD3" lymphocyte subset serves as
a crucial indicator of adaptive T cell immunity, with a
decrease in this ratio frequently associated with unfa-
vorable outcomes in immunotherapy. Compared to the
PBS group (0.32+0.02%), the Click-APPS-DOX-treated
group (0.43+0.02%) exhibited a noteworthy increase
in the CD8"/CD4* T cell ratio (Fig. 7F), indicating a
significant improvement. This enhancement is primar-
ily attributed to the infiltration of CTLs into TME.
The percentage of intratumoral CTL infiltration nota-
bly increased from 0.819+0.02% in the PBS group to
3.274+0.05% in the Click-APPS4-DOX group, indicating
a substantial improvement facilitated by Click-APPS4-
DOX in intratumoral CTL infiltration (Figure S19 and
Fig. 7G). Consequently, the combination of bio-orthog-
onal click chemistry and chemo-immunotherapy effec-
tively increases CTL infiltration and demonstrates robust
systemic immune activation.

Tregs constitute a critical component of the TME,
exerting immunosuppressive effects on antitumor immu-
nity [71, 72]. As displayed in Fig. 7B, H, the proportion
of splenic Tregs in the group treated with APPS4-DOX
(11.00£0.94%) was markedly reduced compared to
both the PBS group (21.28 +0.88%) and the DOX group
(14.98 £1.14%). Moreover, the Tregs percentage in the
group treated with Click-APPC4-DOX (7.47 +0.66%)
was significantly lower compared to both the groups
treated with APPSI-DOX (11.00+0.94%) and Click-
APP (11.78+0.93%). Furthermore, the presence of
CD3*CD8"CD25"Foxp®" Treg (T8regs) cells was also
examined. As depicted in Figure S20, Click-APPGd-
DOX demonstrated a 3.41% reduction in CD8" Tregs in
comparison to the control group treated with PBS. This
observation suggest that Click-APPS-DOX depletes
CD8* Treg cells effectively. In addition to enhancing the
proliferation of CTLs, the treatment with Click-APPGd-
DOX exhibited the potential to suppress immunosup-
pressive Tregs.

CD28, a crucial costimulatory molecule expressed on
CD8* T cells, exerts a significant influence on the activ-
ity of effector T cells [73]. As depicted in Figure S21
and Fig. 71, the Click-APPS4-DOX group (7.78 +0.09%)
exhibited a notable increase in the proportion of CD28*
cells among the CD3*CD8* T cell subset compared to
the PBS group (4.31+0.16%). This enhancement con-
tributes to the improved function of effector T cells
and bolster immune responses. IFN-yt CTLs facilitate
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Fig. 7 T cellimmune responses were assessed in vivo following treatment with (1) PBS, (2) DOX, (3) APP®9-DOX, (4) Click-APP, and (5)
Click-APP®Y-DOX. Representative flow cytometry analyses of (A) CD4* and CD8* splenic T cells, B splenic Tregs, (C) splenic IFN-y*CD8* T cells,
and (D) splenic IFN-y* CD4" T cells. E Percentage of CTLs in splenic CD3* T cells. F The ratio of CD8*/CD4™ T cells. G Percentages of intratumoral
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the differentiation of CD8* T cells into antigen-specific
CTLs, while IFN-yt CD4+T cells support the differen-
tiation of CD4" T cells into Th1 cells [74]. Flow cytom-
etry analyses were conducted to assess these phenomena,
as shown in Fig. 7C, D. In comparison to the PBS group
(0.10+£0.01%), the percentage of IFN-ytCD3*CD8" T
cells in the Click-APPS4-DOX (2.07+0.12%) demon-
strated a statistically significant increase (Fig. 7J). Fur-
thermore, Click-APPS-DOX displayed the highest
proportion of IFN-y*CD37CD4* T cells, exhibiting a
3.95-, 3.31-, and 12.45-fold increase when compared to
APPSLDOX, Click-APP, or DOX, respectively (Fig. 7K).

Conclusion

In summary, we have developed the bio-orthogonal
muti-functional theranostic system using bio-orthogonal
click chemistry and PD-L1 targeting strategy. Following
the administration of Ac,ManNAz, tumor cells efficiently
introduced azide groups on their cell surfaces, subse-
quently engaging bio-orthogonal click reactions with
DBCO-modified theranostic system. APPS-Cy7 achieve
enhanced and prolonged MR/NIRF imaging in vivo for
PD-L1 targeting of TNBC. Furthermore, the APPS4-DOX
prodrug with PD-L1 targeting performs pH-respon-
sive DOX release, inducing ICD and DAMPs release in
tumor cells, thereby initiating robust antitumor immune
responses, and attracting various immune cells to the
TME. The combination of ICB with the ICD-inducing
chemotherapy could mitigate the suppressive influence
of tumor cells on the antitumor immune response, lead-
ing to a significant reduction in tumor growth. Overall,
our study presents a promising approach utilizing bio-
orthogonal click chemistry, PD-L1 targeting, and pH-
responsive drug release for combined MR/NIRF imaging
and synergistic chemo-immunotherapy in TNBC.
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