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a b s t r a c t

Traditional chemotherapeutic approaches lack selectivity and damage both cancerous and healthy cells. In

contrast, cancer immunotherapy harnesses the host’s immune system to selectively target and eradicate

tumor cells, offering tremendous potential for the long-term suppression of tumor growth and preventing

its recurrence. However, tumors often develop immune evasion by exploiting immune checkpoints, which

regulate the immune system. Among these checkpoints, programmed death protein 1 (PD-1) and its lig-

and (PD-L1) have garnered significant interest because they play a key role in protecting the tumor cells

from immune-mediated eradication. The approval of monoclonal antibodies (mAbs) that target PD-1/PD-

L1 by the Food and Drug Administration (FDA) is a milestone in immunotherapy. Although mAbs have

demonstrated remarkable success in treating skin melanomas, their efficacy against other solid tumors

remains limited. There is a clear need to explore new approaches to enhance the efficacy of mAbs and

find more effective checkpoint inhibitors. Metal-based drugs offer a new platform to address this chal-

lenge. This review highlights the recent progress in leveraging metal complexes as PD-1/PD-L1 inhibitors.

We discussed metal-based agents used either alone or in combination with mAbs to boost the immune

system. We also highlighted examples of metallodrugs encapsulated within the nanoparticles to augment

the efficacy of immune checkpoint therapy. While research on metal-based complexes targeting PD-1/PD-

L1 is still in its infancy, the examples presented here will serve as the basis for future discussions and

efforts in this emerging field. We anticipate that ongoing research in targeting immune checkpoint block-

ade with innovative metal-based therapeutics will enhance the scope of treatment across a wide range

of cancers.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Immunotherapy can revolutionize cancer treatment by harness-

ing the body’s own immune system to identify and eradicate can-

cer cells [1,2]. Recent advances in tumor biology have greatly en-

hanced our understanding of the immunotherapeutic mechanism.

Cancer immunotherapies utilize different approaches to augment

the immune responses (Fig. 1). These include adoptive cell therapy

(ACT), antibody-drug conjugates (ADC), tumor vaccines, oncolytic

viruses, immunogenic cell death (ICD) therapy, and immune check-

point blockade (ICB) therapy [3–5]. In ACT, immune effector cells,

typically T cells, are collected from a patient, adapted or expanded

ex vivo to boost their anticancer efficacy, and then infused back
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into the patient. This enhanced the body’s innate capacity to com-

bat cancer by fortifying or amplifying the immune system with a

substantial quantity of highly activated immune cells [6]. ACT ther-

apy is divided into non-specific and specific cell therapy. In non-

specific cell therapy, ex vivo primed immune cells such as tumor-

infiltrating lymphocytes (TILs), γ /δ T cells, and natural killer (NK)

cells are directly infused into the cancer. In contrast, in specific cell

therapy, chimeric antigen receptors are genetically engineered onto

T cells or NK cells to selectively identify antigens on cancer cells,

resulting in the elimination of tumors [7,8].

Similar to ACT, tumor vaccines were designed to provoke a spe-

cific immune response by targeting antigens present on tumor cells

[9]. Cellular and molecular vaccines are the main categories of tu-

mor vaccines. Cellular vaccines use dendritic cells (DCs) or tumor

cells that have been genetically engineered ex vivo with tumor-

specific antigens. These are then reintroduced into patients to ac-

tivate T lymphocytes that target and eliminate cancer cells with

https://doi.org/10.1016/j.cclet.2025.111013
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Fig. 1. The current treatment modalities of cancer immunotherapy and their asso-

ciated sub-classification.

the same antigen. In molecular vaccines, tumor-specific antigens

are administered as proteins, peptides, or nucleic acid to antigen-

presenting cells to elicit an immune response [10–12].

In contrast, ADC therapy adopts a distinct approach to stimulate

immune response by utilizing the particular binding site of mono-

clonal antibodies (mAbs) to conjugate cytotoxic drugs via a linker,

thus mitigating the adverse effects of tethered drugs. Mechanisti-

cally, the mAb specifically binds to an antigen on tumor cells, ini-

tiating endocytosis, which facilitates the internalization of the ADC

inside the tumor cell, followed by destruction or cleavage of the

linker and the release of the cytotoxic payload. The delivered cyto-

toxic drug then triggers apoptosis and eliminates adjacent cancer

cells via bystander effects. ADC therapy is often categorized based

on the selection of antibodies, cytotoxic drugs, and linker types

[13,14].

Oncolytic virus-based immunotherapy aligns with the afore-

mentioned approaches by directly targeting tumors and indi-

rectly stimulating the immune system. Oncolytic virus-based im-

munotherapy has been categorized into three primary types:

Natural, engineered, and chimeric recombinant oncolytic viruses

(CROVs) [15,16]. Generally, it employs replication-competent

viruses that generate more viral particles upon internalization

into tumor cells. This replication ultimately causes the lysis of

the tumor cells. The dying cells further discharge viruses that

can subsequently destroy adjacent tumor cells, along with tumor-

specific antigens and other danger signals that activate the im-

mune system [17,18]. Conversely, ICD-based therapy promotes re-

lease of danger-associated molecular patterns (DAMPs), tumor-

associated antigens, and immune-stimulating molecules from dy-

ing cancer cells, thereby initiating a robust antitumor immune re-

sponse [19,20]. Mechanistically, DAMPs such as calreticulin (CRT),

ATP, high mobility group protein B1 (HMGB1), and heat-shock pro-

teins (HSPs) are released from dying cancer cells, which are subse-

quently captured by antigen-presenting cells, which facilitates the

differentiation of immature T cells into effector T cells (often re-

ferred as cytotoxic T lymphocytes (CTLs)) [21]. These CTLs iden-

tify particular antigens displayed on the surface of cancer cells

and subsequently secrete granules (perforin and granzymes). These

proteins form pores in cancer cell membranes, causing apoptosis

and tumor cell death [22,23]. ICD is often classified into intrinsic

(type 1) and extrinsic (type 2) categories, depending on the path-

ways engaged and the manner in which the immune system is

triggered during the process of cell death [24–26]. Providing more

comprehensive details on all forms of immunotherapy exceeds the

scope of this article. Therefore, for an in-depth understanding of

Fig. 2. Small organic molecules as immune checkpoint inhibitors currently under

clinical trials.

the discussed forms of immunotherapy, we will direct our readers

to the aforementioned cited articles.

Targeting immune checkpoints (commonly called gatekeepers of

immune responses) and regulatory pathways in the immune sys-

tem that maintain self-tolerance and modulate the duration and

amplitude of immune responses is a crucial component of im-

munotherapy [27,28]. The key checkpoints encompass cytotoxic

T-lymphocyte antigen 4 (CTLA-4), lymphocyte activation gene-3

(LAG-3), T-cell immunoglobulin and mucin domain 3 (TIM-3), and

programmed death protein 1 (PD-1) or its ligand PD-L1, which

tumors utilize to circumvent immune recognition and suppres-

sion [29,30]. PD-1/PD-L1 checkpoint interaction transpires periph-

erally compared to CTLA-4/B7 contact, which is mostly located in

the lymphoid organs [31]. Therefore, anti-PD-1/PD-L1 treatment

may cause elevated response rates and reduced immune-related

adverse events. Both PD-1 and its ligand PD-L1 are classified as

type I transmembrane proteins, characterized by their classical

immunoglobulin-like extracellular domains [32]. PD-1 protein is

overexpressed on the surface of T cells, B cells, NK cells, and

macrophages engaged in recognizing and eliminating cancer cells

and infected cells. Upon binding to its ligand, PD-L1, which is up-

regulated in various types of cancer cells and immune cells, PD-

1 transmits an inhibitory signal to the T-cell. In essence, this sig-

nal instructs the T-cell to dampen its activity, thereby causing a

"break" in the immunological response [33–35]. This immune eva-

sion mechanism is intricately connected to the advancement of tu-

mors since it enables uncontrolled tumor proliferation and spread

by compromising one of the body’s main defense mechanisms

against tumor growth.

Since 2014, immune checkpoint inhibitors, including mAbs like

pembrolizumab (anti-PD-1), durvalumab (anti-PD-L1), as well as

small molecules, have shown significant potential in obstructing

the interaction between PD-1 and PD-L1 (Fig. 2) [36,37]. This

blockade enhances immune system functionality, allowing it to

recognize and eliminate cancer cells, hence extending the life of

cancer patients, with some attaining complete remission. It is

worth highlighting a recent clinical study of nivolumab, an im-

mune checkpoint (PD-1) inhibitor. In conjunction with chemother-

apy, nivolumab demonstrates progression-free survival in patients

with advanced classical Hodgkin lymphoma. Investigators saw a

response rate of 100% with the combination of nivolumab and

AVD (adriamycin/doxorubicin, vinblastine, and dacarbazine), and a

96% response rate with nivolumab monotherapy, indicating the po-

tential for future use of nivolumab alone [38]. However, subse-

quent healthcare records showed that not all patients were sen-

sitive to mAbs treatment. For example, in skin cancer therapy, PD-

1 antibodies demonstrate 50% effectiveness; however, the overall

efficacy in treating solid tumors was only about 15%–20% [39–
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Fig. 3. Examples of metal complexes that directly target PD-1/PD-L1 immune checkpoints for ICB therapy. Cisplatin, carboplatin, and oxaliplatin are the clinically approved

Pt-based drugs. Novel metal complex Pt-1 decreases PD-1 expression, whereas the Pt-2 complex, which comprises metformin, inhibited PD-L1 expression. Other examples

of metal-based compounds contain either anti-inflammatory drugs (complexes Pt-3 to Pt-5, Ir-1 to Ir-3, and Au-1) or biologically active ligands (complexes Pt-6 to Pt-13)

that function synergistically with the metal complex to suppress PD-L1 expression and consequently improve the therapeutic response.

41]. This is mainly caused by the impairment or lack of T cell

infiltration in the tumor tissue and microenvironment [42]. De-

spite their high specificity, mAbs frequently encounter challenges

with inadequate tumor penetration and elevated production costs,

hence restricting their availability [43]. Conversely, small organic

molecules lack the stability and functional versatility necessary to

tackle the intricacies of the tumor microenvironment (TME). Fur-

thermore, both modalities face challenges such as the development

of resistance mechanisms and the immunosuppressive characteris-

tics of the TME, which obstruct optimal immune activation [44,45].

These challenges have stimulated interest in alternate treatment

approaches, including the utilization of metal complexes for tumor

immune modulation.

Metal-based drugs such as cisplatin, oxaliplatin, and carboplatin

continue to be the mainstay of treatment for various cancers (Fig.

3) [46,47]. In contrast to mAbs, metal-based drugs provide notable

benefits like the potential for oral administration, enhanced sta-

bility, and membrane permeability. Combining metal-based drugs

with immune checkpoint inhibitors can boost their efficacy and

mitigate adverse effects [48]. Recent clinical trial data showed

that several studies are ongoing, concentrating on expanding the

use of PD-L1 inhibitors while discovering beneficial combination

therapies and mitigating the side effects of metallodrugs (Table

1). For example, a study is underway examining the efficacy of

mAbs (adebrelimab) in conjunction with chemotherapeutic agents

capecitabine and oxaliplatin for the treatment of resectable ade-

nocarcinoma of the esophagogastric junction (NCT06482788). In

another study, immunotherapeutic (PD-L1/CTLA-4 bispecific anti-

body) was coupled with FLORINOX (fluorouracil, irinotecan, oxali-

platin) for the treatment of locally advanced and metastatic pan-

creatic cancer (NCT04324307). Apart from this, preclinical findings

indicate that the combination strategies involving PD-1/PD-L1 in-
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5 hibitors with metal-based drugs result in superior tumor shrink-

age, prolonged resistance delay, and increased patient outcomes

relative to monotherapy [49,50]. Fournel et al. examined the clin-

icopathological features of non-small-cell lung cancer (NSCLC) pa-

tients and found that cisplatin therapy elevated PD-L1 expression.

These findings are expected to establish a robust foundation for

future investigations and support multiple clinical studies involv-

ing metal-based drugs like cisplatin [51]. Considering the limita-

tions of mAbs, including exorbitant costs and challenges in stor-

age and transportation, there is a clear need for developing new

metal-based compounds that not only impede cancer cell prolifera-

tion but also target immune checkpoints, thereby reducing the risk

of tumor relapse and metastasis [52,53]. Because of their unique

modes of action, these metal-based agents offer considerable po-

tential to enhance the efficacy of immunotherapy when used either

alone or in combination with other agents.

Exploring metal-based complexes as immune checkpoint in-

hibitors is a relatively new research area. This concise review cov-

ers the most recent strategies and approaches in rationally de-

signed metallodrugs for ICB. We provide mechanistic insights into

metallodrugs and their nanoformulation, which not only exhibited

unique cytotoxic mechanisms but also obstructed PD-1/PD-L1 in-

teractions. We also discussed challenges and potential opportuni-

ties in the advancement of metallodrugs aimed at targeting the

PD-1/PD-L1 axis. The overall aim of this review is to highlight the

potential of metallodrugs in targeting immune checkpoints and fa-

cilitating the recruitment of immune cells to initiate a robust anti-

tumor response in cold tumors. We anticipate this short perspec-

tive will stimulate further discussions and research in this fledgling

research topic.

2. Metal complexes as direct inhibitors of PD-1/PD-L1

interactions

Beyond suppressing tumor cell proliferation, current advance-

ments in metallodrug design strengthen the immune response

by obstructing PD-1/PD-L1 interactions and minimizing immuno-

suppressive factors. This combined impact enhances the efficacy

of cancer treatment and underscores the possibility of integrat-

ing chemotherapy with ICB to attain more robust antitumor re-

sponses. Wang and his colleagues discovered the first PtII com-

plex, (bis(benzonitrile)dichloroplatinum(II)), which can bind to PD-

I but not to PD-L1, thereby inhibiting the interaction between them

(Pt-1, Fig. 3) [54]. The complex demonstrated the ability to sup-

press tumor growth in murine models by promoting the prolifer-

ation and activity of tumor-infiltrating T cells. Metformin, an an-

tidiabetic agent, is now well recognized for its anticancer effects

[55,56]. Cellular studies revealed that metformin promoted AMP-

activated protein kinase (AMPK), which could reduce PD-L1 expres-

sion in several cancer cell types, thereby amplifying antitumor im-

mune responses [57,58]. By taking into account, Liu et al. synthe-

sized metformin tethered cyclometalated PtII complex (Pt-2, Fig.

3) which demonstrated superior therapeutic efficacy compared to

cisplatin in suppressing tumor cell proliferation [59]. Experimen-

tal investigations reveal that Pt-2 mainly resides in lysosomes, in-

hibits PD-L1 expression as well as facilitates lysosomal-dependent

PD-L1 degradation through the AMPK-transcription factor EB path-

way. Moreover, the complex not only boosted antitumor efficacy

but also effectively stimulated antitumor immunity by improving

DCs maturation and increasing TILs, ultimately achieving highly ef-

fective immune-chemotherapy.

Apart from PtII complexes, numerous octahedral PtIV complexes

have been developed recently. These complexes, upon internaliza-

tion, release their axial ligand and cytotoxic PtII species, which

can synergistically act together to eliminate cancer cells effectively

[60]. A multitargeted PtIV complex (Pt-3, Fig. 3) has been devel-

4
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oped by tethering non-steroidal anti-inflammatory drug (NSAID)

naproxen at the axial positions of the PtIV precursor [61]. Pt-3

was synthesized by combining naproxen acid with oxoplatin in the

presence of a catalyst and a base to promote an efficient coupling

reaction. In vitro and in vivo investigations showed that Pt-3 in-

hibited the growth of breast cancer by downregulating the expres-

sion of cyclooxygenase 2 (COX-2) and PD-L1. This multispecific na-

ture of Pt-3 provides a unique advantage in breast cancer treat-

ment by integrating chemotherapy and immunotherapy into a sin-

gle molecule. Inspired by the antimetastatic and COX-2 inhibitory

properties of NSAID-PtIV conjugate, Li et al. designed and devel-

oped ketoprofen and loxoprofen tethered PtIV complexes [62]. The

lead complex (Pt-4, Fig. 3), was shown to exhibit significant an-

ticancer activity in both in vitro and in vivo models. Pt-4 causes

DNA damage, induces mitochondrial injury, regulates inflamma-

tion, and enhances the immune response in the TME by decreas-

ing the expression of PD-L1. The same group developed PtIV com-

plexes with flurbiprofen and zaltoprofen-based NSAIDs, incorporat-

ing cisplatin and oxaliplatin cores [63]. They discovered that PtIV

complexes containing cisplatin core exhibited potent anticancer ac-

tivity and superior ability to overcome cisplatin associated resis-

tance. Specifically, the disubstituted PtIV complex of flurbiprofen

(Pt-5, Fig. 3) worked better than the monosubstituted complexes.

Pt-5 induces DNA damage, fosters mitochondrial-mediated apop-

tosis, reduces inflammation, and suppresses PD-L1 expression by

enhancing T cell immunity. The strong immune modulation drasti-

cally affects tumor growth and metastasis.

Ligustrazine, a bioactive component of Chinese medicine, has

been extensively studied as an anticancer agent for many types

of tumors [64,65]. A PtIV complex (Pt-6, Fig. 3), has been pre-

pared by tethering ligustrazine at one of the axial positions of

the oxaliplatin-based PtIV precursor [66]. In vivo antitumor studies

demonstrated that Pt-6 suppressed tumor growth and exhibited

promising antimetastatic effectiveness in pulmonary metastasis

models. Pt-6 activates mitochondrial apoptotic pathways and re-

duces PD-L1 expression while simultaneously increasing the num-

ber of T cells. JQ-1, a nuclear protein inhibitor, plays an impor-

tant role in suppressing tumor growth and lowering interferon

gamma triggered PD-L1 expression. However, it underwent rapid

metabolism and was secreted from the body because of its short

half-life [67,68]. To overcome this drawback and to induce a syn-

ergistic effect, Fan et al. developed JQ-1 tethered PtIV complexes

[69]. A disubstituted PtIV complex (Pt-7, Fig. 3) that consists of a

cisplatin core was found to be the most potent one among the de-

veloped compounds. Pt-7 blocks PD-L1 synthesis and reverses the

immunosuppression microenvironment by increasing T cell infiltra-

tion. In addition, the complex inhibits DNA replication and halts

the proteins responsible for DNA repair damage, thus overcoming

resistance to cisplatin. Various biochemical analyses demonstrate

that tethering JQ-1 to the PtIV center improves the antitumoral ef-

ficacy by reshaping the TME.

Desloratadine is an antihistamine drug that has been approved

by the FDA. Recent studies have demonstrated its potential in re-

versing immunity and antitumor efficacy against various solid tu-

mors [70,71]. A PtIV complex (Pt-8, Fig. 3) with axially bound

two desloratadine molecules shows potent antimetastatic potential

by inhibiting epithelial−mesenchymal transition [72]. The complex

displays excellent antitumor efficacy, similar to cisplatin but su-

perior to oxaliplatin. The key cellular response to Pt-8 treatment

involves DNA damage, stimulation of the mitochondrial apoptotic

pathway, and activation of hypoxia-inducible factor (HIF), thus

overcoming the resistance associated with clinically approved Pt

drugs. Furthermore, Pt-8 provokes antitumor immunity by inhibit-

ing PD-L1 while concurrently inducing macrophages to transition

from M2 to M1. Autophagy is critical to cellular homeostasis be-

cause it promotes tumor cell survival and adaptability in a hostile

environment [73]. In clinics, chloroquine and its derivatives have

been investigated as possible treatment approaches to inhibit au-

tophagy and delay metastases [74]. Zhang, Li, and co-workers de-

veloped chloroquine tethered PtIV complex (Pt-9, Fig. 3) as a po-

tential prodeath autophagy inducer and immune activator [75]. Pt-

9 suppresses DNA synthesis, induces mitochondrial enlargement,

and stimulates autophagy. Furthermore, the complex suppresses

PD-L1 expression and consequently enhances CD3+ and CD8+ T

cell production, reversing the suppressed immune response. This

work highlights the significant therapeutic potential of PtIV com-

plexes against highly aggressive tumors. The same group developed

hydroxychloroquine-tethered PtIV complex (Pt-10, Fig. 3) bearing

oxaliplatin core [76]. Pt-10 displays superior antitumor efficacy and

less toxicity in comparison with oxaliplatin. Cellular studies reveal

that treatment with Pt-10 interferes with DNA synthesis, impairs

autophagy, and triggers mitochondrial mediated apoptosis. Further-

more, the complex attenuates hypoxia and counteracts the adverse

immune response in tumors by inhibiting the production of PD-

L1. In a similar effort ciclopirox, a versatile fungicide, has been

attached to the PtIV metal center in order to stimulate prodeath

autophagy and immunological response (Pt-11, Fig. 3) [77]. Pt-11

complex shows enhanced anticancer characteristics and success-

fully overcomes drug resistance compared to its parent complex,

cisplatin. Furthermore, Pt-11 suppresses the process of angiogene-

sis, obstructs DNA synthesis, and triggers mitochondrial mediated

apoptosis. In addition, treatment with Pt-11 stimulates the im-

mune response by suppressing PD-L1 expression, achieving a com-

parable rate of tumor growth suppression to cisplatin but with less

toxicity.

Canadine, also referred to as tetrahydroberberine, is an alka-

loid that showed significant promise as an antiproliferative and

antimetastatic agent. Molecular investigations demonstrate that

canadine suppresses inflammation and stimulates the immune

response [78,79]. Chen et al. developed a series of canadine-

tethered PtIV complexes [80]. One of the complex (Pt-12, Fig.

3) which contains a cisplatin core proved to be a promising

candidate due to its superior antiproliferative effects in both in

vitro and in vivo models. Mechanistically, Pt-12 damages nuclear

DNA, generates reactive oxygen species (ROS), and strongly in-

hibits epithelial−mesenchymal transition. Furthermore, the com-

plex boosts the immune response by inhibiting the expression of

PD-L1 and CD47, while also inducing TILs accumulation and ini-

tiating macrophage polarization. This study demonstrates that the

development of such hybrid systems warrants consideration when

treating metastatic malignancies in clinics. Ursodeoxycholic acid

(UDCA), the predominant secondary bile acid, is extensively used

in clinics for the treatment of liver diseases [81]. Recent studies in-

dicated that UDCA had significant promise as an anticancer agent

[82,83]. Chen et al. synthesized UDCA conjugated PtIV complex (Pt-

13, Fig. 3) that inhibited the Janus kinase (JAK)/STAT oncogenic sig-

naling pathways and exhibited potent anticancer activity in both

cells and murine models [84]. Pt-13 shows activity in hypoxic TME,

severely damages DNA, and downregulates COX-2 and HIF-1, lead-

ing to inhibition of tumor angiogenesis. Moreover, the complex re-

verses the tumor suppressive microenvironment by increasing TILs

density and inhibiting PD-L1 expression, thereby augmenting the

antitumor immune response.

Iridium-based compounds have garnered significant interest in

recent years owing to their broad range of therapeutic effects

and activation mechanisms [85,86]. Motivated by the findings re-

garding NSAID-PtIV conjugates, Xie, Lu, and colleagues synthesized

naproxen-linked IrIII complexes (Ir-1 to Ir-3, Fig. 3) [87]. These

complexes have a relatively similar cytotoxicity profile when evalu-

ated against various cancer cells. The complexes primarily localize

in the mitochondria, where they initiate mitochondrial-mediated

apoptosis. Furthermore, they induce ICD by releasing associated
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Fig. 4. (A) Crystal structure of Pd complex. (B) The interaction between Pd complex

and HSA was analyzed using a protein−ligand interaction profiler. (C) Structure of

Pd-HSA complex. (D) Western blot images of different proteins after treatment with

Pd complex and Pd-HSA. (E) PD-1 and PD-L1 protein expression in tumor tissues af-

ter treatment. Reproduced with permission [93]. Copyright 2023, American Chemi-

cal Society.

signaling molecules and downregulating the expression of COX-2

and PD-L1, hence facilitating a synergistic effect of chemotherapy

and immunotherapy.

Gold complexes have attracted considerable attention due to

their usually reduced toxicity, ability to circumvent drug resis-

tance, and superior antitumor efficacy compared to traditional

chemotherapies [88,89]. Liu et al. developed a series of Au1 com-

plexes with NSAIDs or their equivalents and investigated their an-

tiproliferative potential against cisplatin-resistant ovarian cancer

cells [90]. Among them, Au-1 (Fig. 3) had superior potency relative

to other investigated compounds, with IC50 values in the low mi-

cromolar range. Cellular studies revealed that Au-1 complex caused

oxidative stress and inhibited thioredoxin reductase activity. The

complex triggered the release of DAMP-related signals, which are

vital for inducing the antitumor immune response. Moreover, Au-1

showed downregulation of the COX-2 and PD-L1 expression, acti-

vated DCs maturation, and elevated the expression of immunos-

timulatory cytokines.

Palladium (Pd) derivatives were preferentially selected for can-

cer therapy among non-platinum metal complexes owing to their

structural similarity to Pt(II) complexes [91,92]. Li et al. constructed

a multifunctional Pd complex (Fig. 4A), and its delivery was done

using human serum albumin (HSA) [93]. Structural analysis reveals

that Pd complex is bound to the big hydrophobic pocket of the

HSA IIA subdomain, where His-242 of HSA substitutes a chlorido

ligand coordinating to the Pd core (Figs. 4B and C). This prevents

direct exposure of Pd complex with the blood. In vivo studies re-

veal that the HSA-Pd complex effectively inhibits tumor develop-

ment and induces less toxicities compared to free Pd. Mechanistic

studies demonstrate that HSA-Pd complex triggers DNA damage,

inhibits angiogenesis, and reshapes the tumor immune microenvi-

ronment by raising the density of T cells and NK cells, which is

subsequently associated with a reduction in PD-L1 expression and

elevation in PD-1 expression (Figs. 4D and E). This dual ability of

Pd compound tackles critical issues, providing an innovative and

tailored strategy that may substantially enhance outcomes for pa-

tients with immune-resistant cancers.

3. Metal complexes that transform “cold” tumors

Patients who showed favorable responses to mAbs often pos-

sess a "hot" immunological profile, marked by the presence of TILs

and PD-L1 on tumor-associated immune cells. In contrast, non-

responsive solid tumors may have a "cold" phenotype, which dif-

fers from the characteristics of “hot” tumors [94,95]. Accurate clas-

sification of "cold" and "hot" cancers is essential for predicting tu-

mor response and treatment outcomes [96]. ICB is most efficacious

against "hot" tumors and less so against "cold" tumors, highlight-

ing the need for novel therapeutics that improve immune cell in-

filtration and transform "cold" tumors to immune responsive.

Photodynamic therapy (PDT) is a modern therapeutic technique

that employs light-activated photosensitizers to produce ROS that

eradicate cancer cells [97,98]. In addition to its cytotoxic prop-

erties, PDT functions as an in situ tumor vaccine by augment-

ing tumor immunogenicity and eliciting antitumor immune re-

sponses [99]. Zhou et al. develop light activated IrIII complex

with 2-phenylpyridine (C˄N) and N1-(1,10-phenanthrolin-5-yl)-N4-

phenethylsuccinamide (N˄N) ligands [100]. Upon light activation

(425nm), Ir-4 (Fig. 5A) demonstrated equivalent efficacy against

murine squamous sarcoma cells in both hypoxia and normoxic en-

vironments. Moreover, Ir-4 induced ICD and enhanced PD-L1 ex-

pression, establishing a foundation for synergistic therapy. Sub-

sequent mechanistic investigations demonstrate that the complex

induced endoplasmic reticulum stress, stimulated ROS generation,

and facilitated the maturation of DCs and T cells infiltration (Fig.

5B). The progression of oral cancer transpires sequentially, start-

ing with hyperplasia and moving to invasive malignancy, pre-

senting an imperative opportunity for the treatment [101,102].

In view of that, the authors establish the cell-derived xenograft

(CDX)+4-nitroquinoline 1-oxide (4NQO)-induced mouse tumor

model, which offers a complex and clinically relevant framework

for assessing the efficacy of Ir-4 against oral cancer. Upon admin-

istration with PD-L1 inhibitor, Ir-4 induces a synergistic impact, by

shifting immune-suppressive tumors into immune-responsive tu-

mors and significantly inhibiting the tumor development. An us-

nic acid-conjugated IrIII complex (Ir-5, Fig. 5A), has been engi-

neered to transform cold tumors into hot ones [103]. Ir-5 entered

into the cells through an energy-dependent pathway and mainly

resided into the mitochondria. Subsequent analysis revealed that

the complex substantially damaged mitochondria and disrupted

energy production pathways, leading to cell death. Furthermore, Ir-

5 treatment modulated the transcription factors of PD-L1 (nuclear

factor kappa-light-chain-enhancer of activated B cells (NF-kβ), ac-

tivating transcription factor 3 (ATF3)), thereby augmenting PD-L1

levels in both in vitro and in vivo models (Figs. 5C–E). Additionally,

the concurrent administration of Ir-5 with an anti-PD-L1 antibody

provoked a vigorous immune response and suppressed tumor de-

velopment without damaging the key organs or tissues in murine

models (Fig. 5F). In short, transforming cold tumors to hot tumors

with metal-based complexes signifies a crucial advancement in im-

munotherapy, therefore enhancing outcomes for a wider range of

cancer patients and facilitating the development of more tailored

and effective treatment approaches.

4. Combinational strategies involving metal complexes for

indirect PD-1/PD-L1 inhibition

Integrating metal complexes with ICB, particularly mAbs, offers

potential for enhanced and more resilient response compared to

monotherapy [104,105]. Oxaliplatin, a second-generation Pt metal-

based drug, turned out to be as efficient as cisplatin in the treat-

ment of gastric cancers with a better safety profile [106]. Recent

research showed that the enhanced therapeutic effect of oxaliplatin

depends at least in part on the induction of ICD, which in turn

triggers strong immune responses against tumors [107,108]. Pre-

clinical studies showed that oxaliplatin-treated tumors are sensi-

tive to PD-1 immune checkpoint inhibitors, while cisplatin does

not induce any such sensitizing effect. This finding appears to be
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Fig. 5. (A) Chemical structures of Ir-4 and Ir-5. (B) Mechanistic insights into the Ir-4 mediated PDT treatment which activates multiple cell death pathways and stimulate

the immune response. (C, D) Confocal laser scanning microscopy and Western blot images show alterations in PD-L1, NF-kβ , and ATF3 expressions after treatment with Ir-5

at designated concentrations. (E) Flow cytometry accompanied by statistical analysis of tumor tissues demonstrating changes in PD-L1 expression after Ir-5 treatment. (F)

Time-dependent tumor growth curves of tumor-bearing mice after treatment. Reproduced with permission [100]. Copyright 2023, Elsevier Ltd. Reproduced with permission

[103]. Copyright 2024, American Chemical Society.

Fig. 6. Structure of metal complexes used in combination therapy to target PD-

1/PD-L1 immune checkpoints.

supported by phase III clinical trials that specifically target unre-

sectable stomach and gastro-esophageal junction carcinomas [109].

Apart from oxaliplatin, another PtII complex (PT-112, Fig. 6), stimu-

lates ICD in metastatic solid tumors and exhibited therapeutic effi-

cacy. When combined with PD-1 or PD-L1 blockade, Pt-112 triggers

a robust immune response that has systemic outreach and limits

the growth of untreated, distant lesions [110]. Based on the clinical

and preclinical data, the European Medicines Agency and the FDA

approved using platinum-based drugs in combination with PD-I in-

hibitors [111].

Rong et al. developed an estrogen (ER)-targeted IrIII complex,

Ir-6 (Fig. 6), that markedly inhibits the growth of melanoma com-

pared to cisplatin [112]. Cellular studies demonstrate that Ir-6 in-

duces ROS production and initiates ICD by simultaneously enhanc-

ing the expression of phosphorylated eIF2α and CHOP proteins,

alongside the release of critical ICD markers, such as DAMPs, so fa-

cilitating enhanced cellular death. In vivo studies demonstrate that

administration of Ir-6 markedly inhibits tumor growth. Histologi-

cal analysis of Ir-6 treated tumors revealed substantial alterations

in tumor tissues, including nuclear fragmentation and cytoplas-

mic structural disintegration, indicative of tumor cell necrosis or

apoptosis. Moreover, the combination of Ir-6 with a PD-1 inhibitor

transformed the TME by converting a "cold" tumor into a "hot" one

by triggering the generation of proinflammatory cytokines such as

interferon gamma and tumor necrosis factor-alpha. An isoquino-

line and di(pyridin-2-yl)amine ligand-coordinated cyclometalated

IrIII complex (Ir-7, Fig. 6), has been synthesized and investigated

for its potential cytotoxic effects on triple-negative breast cancer

[113]. In vitro studies demonstrated that Ir-7 was more potent than

cisplatin and its potential cytotoxicity is associated with the gen-

eration of ROS. The complex triggers ER stress, induces ferropto-

sis, and inhibits the expression of indoleamine 2,3-dioxygenase, an

enzyme responsible for the immunosuppressive environment. The

complex markedly inhibited tumor development in murine models

compared to oxaliplatin and anti-PD1, whereas the combination of

Ir-7 and anti-PD1 synergistically enhanced the therapeutic impact.

Zinc phthalocyanines are promising candidates for PDT due to

their strong red light absorption, high 1O2 quantum yield, little

dark toxicity, and excellent efficacy in generating ROS [114,115].

Zhang, Li, and colleagues developed a cationic zinc phthalocyanine

photosensitizer (Zn-1, Fig. 6) that has remarkable anticancer effi-

cacy against both primary and metastatic cancers [116]. The pres-

ence of a positive charge on Zn-1 enhances the cooperative effec-

tiveness of photosensitizers. The complex elicited a vigorous anti-

tumor immune response when administered in conjunction with

the PD-L1 antibody, resulting in an 89% tumor inhibition rate.

A hybrid strategy has recently been used to develop PD-L1

nanobody−Ru conjugate (Ru-Pd-L1, Fig. 7A) via the thiol maleimide

reaction to enhance treatment efficacy while mitigating the ad-

verse immunologic effects of chemotherapeutics [117]. Upon ad-

ministration, Ru-Pd-L1 triggered the activation of spatially caged

doxorubicin prodrug (DPD) via a ruthenium-catalyzed uncaging re-

action. This in situ bioorthogonal reaction reduced the toxicity of

the established anticancer drug DOX to normal cells. Biochemical

analysis revealed that the combination of Ru-PD-L1 and DPD in-

duced a reduction in HMGB1 levels and an elevation in CRT levels,

confirming the ICD potential of combinational approach. Further-

more, this combination therapy obstructed the PD1/PDL1 interac-

tions and enhanced TILs in both in vitro and in vivo models (Fig.

7B). The administration of Ru-Pd-L1 and DPD in a mouse cancer

model resulted in a substantial reduction in tumor volume. This

approach showed promise as a flexible platform for designing pre-

cise combination medicines for ICB therapy.

5. Nanoformulations of metal-based complexes for PD-1/PD-L1

inhibition

In contrast to conventional chemotherapeutic agents, nanoscale

drug carriers such as nanoparticles (NPs) enhance therapeutic ef-
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Fig. 7. (A) Schematic structure of Ru-Pd-L1 nanoconjugate and the doxorubicin pro-

drug (DPD) for combinational therapy. (B) Mechanistic insights into the combina-

tional approach involving Ru-PD-L1 and DPD which alleviates the immunosuppres-

sive TME and induces ICD and PD-L1 inhibition, culminating in synergistic T-cell

activation and improved antitumor immunity. Reproduced with permission [117].

Copyright 2024, American Chemical Society.

fectiveness and mitigate general toxicity [118–120]. This is because

of their enhanced permeability and retention effects, high cellu-

lar uptake, and their ability to on-demand release of chemother-

apeutics at the target tumor site [121]. The effectiveness of im-

munotherapy is now well acknowledged to be enhanced by the

concurrent activation of ICD and suppression of PD-L1 [122,123].

Growing research data demonstrate that encapsulating antibod-

ies and immune checkpoint inhibitors into NP-based delivery sys-

tems could boost immunotherapeutic responses while reducing

off-target effects [124]. By keeping this in view, Liu et al. synthe-

sized nanoscale coordination polymer NPs that concurrently en-

capsulate oxaliplatin and 2-bromopalmitic acid (2BP) to target both

cancer cells and DCs for chemo-immunotherapy [125]. Cellular

studies showed that oxaliplatin/BP encapsulated NPs markedly in-

duce ICD with enhanced production of all DAMPs. Moreover, oxali-

platin/BP NPs treatment not only facilitated the maturation of DCs,

but also suppressed PD-L1 expression and enhanced T cell priming

in cancer cells, therefore synergistically eliciting chemotherapeutic

and immunotherapeutic effects. Further experiments demonstrated

that oxaliplatin/BP NPs inhibited tumor progression and metastasis

in mice models with colorectal cancer by markedly reducing PD-L1

expression.

The inadequate anti-metastasis therapy and the restricted re-

sponse rate of immunotherapy in breast cancer make effective

treatment a critical concern [126]. Engineered macrophages loaded

with a nanomedicine comprising an oxaliplatin prodrug (Oxa(IV))

and a photosensitizer (Zn phthalocyanine (ZnPc)) have been de-

signed and developed to enhance synergistic effects in both pri-

mary and bone metastatic malignancies [127]. Following NIR treat-

ment, the engineering macrophage (Oxa(IV)@ZnPc@M) undergoes

a stimulated release of Oxa(IV) and ZnPc, which effectively erad-

icate primary tumors by a synergistic approach of chemotherapy

and PDT, while simultaneously triggering ICD. When combined

with anti-PD-L1, the engineered macrophages eliminate primary

and distinct tumors, stimulate a tumor-specific antitumor immune

response, and improve overall survival with little systemic toxicity.

Thus, this multifunctional macrophage serves as a therapeutic plat-

form for the successful treatment of primary and bone metastatic

cancers.

Iron oxide NPs are recognized as potent inducers of ferropto-

sis and function as adaptable carriers for the administration of

ICD [128,129]. Upon destruction in the cellular lysosomes or en-

dosomes, they enable the metabolized ferric/ferrous ions to partic-

ipate in the intracellular Fenton reaction, leading to an enhanced

antitumor immune response [130]. By keeping this in view, Chen

et al. developed targeted and non-targeted core-shell magnetic NPs

encapsulating the oxaliplatinIV prodrug (ETP-PtFe NPs) (Fig. 8A)

[131]. Extracellular release studies revealed that in the presence of

vitamin C (used to mimic in vivo reductive environment), around

80% of oxaliplatin is released from the NPs during the first 4 h,

whereas 25% of ferric ions were liberated after 48h. Upon cellular

accumulation, encapsulated oxaliplatinIV prodrug escapes and re-

duces to its parental PtII complex, which induces DNA lesions and

generates ROS. Simultaneously, liberated ferric ions elicit highly

toxic ROS species and trigger ER stress. When administrated in

murine models, ETP-PtFe NPs significantly altered TME by stimu-

lating DCs and releasing all DAMPs (Fig. 8B). Furthermore, ETP-PtFe

NPs, counteracted immunosuppression induced by PD-L2, thereby

provoking a robust antitumor immune response (Fig. 8C).

Shen et al. developed polymer NPs incorporating cisplatin

(CNPs) to enhance the antitumor efficacy of PD1/PD-L1 inhibitors

[132]. In comparison with cisplatin, CNPs generated prolonged

PD-L1 overexpression over a period of time, facilitating the shift

from low to high PD-L1 expression. The combination of CNPs with

PD1/PD-L1 inhibitors resulted in a markedly enhanced tumor in-

hibition. In addition, when mice received a single administration

of CNPs in conjunction with anti-PD-1, the resultant synergistic

antitumor impact was much more potent than that seen with a

single dosage of cisplatin combined with anti PD-1. The persistent

overexpression of tumor PD-L1 underscored the importance of the

PD-1/PD-L1 pathway in tumor cell proliferation and the attenu-

ation of CD8+ T cells, enhancing the potential of PD1/PD-L1 in-

hibitors to obstruct this pathway. This study discovered a prospec-

tive therapeutic therapy with CNPs in conjunction with PD1/PD-L1

inhibitors.

Recently, transferrin modified tumor-targeted NPs (Tf-

NPs@CPF2−Pt(IV)) encapsulating carprofen (CPF2) tethered PtIV

complex have been developed and investigated for their anti-

cancer and antimetastatic properties (Fig. 9A) [133]. The NPs

possess good stability in an aqueous medium and display pro-

longed release characteristics of CPF2−PtIV, which is favorably

associated with the robust anticancer efficacy of the nanodrug.

Tf-NPs@CPF2−Pt(IV) promotes apoptosis by concurrently impairing

mitochondrial function and causing DNA injury via the upreg-

ulation of γ -H2AX and P53 in tumor cells. In murine models,

the developed NPs enhance antitumor immunity by elevating

the T cell density and inhibiting PD-L1 expression (Figs. 9B and

C). Furthermore, compared with free drugs, Tf-NPs@CPF2−Pt(IV)

demonstrated strong antigrowth and antimetastatic efficacy while

exhibiting less toxicity, thus presenting considerable promise for

treating metastatic malignancies. Likewise, Yuan et al. developed

cisplatin-loaded polymeric micelles (CPMs), and assessed their

capacity to modify the TME in conjunction with anti PD-L1 [134].

In vivo antitumor assay demonstrated that when CPMs were

combined with a higher dose of anti PD-L1, 93.16% tumor growth

inhibition rate was achieved. This therapeutic approach enhances

the synergy between chemotherapy and immunotherapy, demon-

strating significant potential to improve safety and antitumor

effectiveness. Recently, a hierarchical pH/enzyme-responsive nan-

odrug has been developed by concurrently integrating Zn phthalo-

cyanine and PD-L1 antibody to induce an immune-photodynamic

synergistic effect [135]. The acidic TME disintegrated the polymer

corona, resulting in the release of Zn phthalocyanine and PD-L1.
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Fig. 8. (A) Schematic representation of the synthesis of ETP-PtFe NPs. (B) Illustrative graphs of flow cytometry analyses of DCs and T lymphocytes in treated tumors. (C)

Representative image of immunofluorescence labelling of the tumor sections demonstrating reduced PD-L2 expression after treatment. Reproduced with permission [131].

Copyright 2019, Wiley-VCH.

Fig. 9. (A) Chemical structure of CPF2−PtIV complex. (B, C) Immunohistochemical

analysis shows alteration in PD-L1 and TILs in tumor tissue after treatment with

mentioned formulations. Reproduced with permission [133]. Copyright 2024, Amer-

ican Chemical Society.

Upon cellular internalization, the NPs strongly generate ROS and

induce both apoptotic and necrotic mode of cell death. Intra-

venous administration in murine models with NIR light treatment

promotes ICD and increases T cell density, therefore successfully

inhibiting tumor development and demonstrating a synergistic

effect.

6. Conclusion

Cancer immunotherapy harnesses the host’s immune system

to selectively eradicate malignant cells. Central to cancer im-

munotherapy is modulating the immune checkpoints such as PD-1

and its ligand PD-L1, which tumor cells exploit to evade immune

surveillance. While mAbs inhibited the interaction between PD-1

and PD-L1 and showed remarkable effectiveness in treating cer-

tain cancers, but they have limited efficacy against other solid tu-

mors such as glioblastoma likely because of immunosuppressive

tumor microenvironment [136–138]. This necessitates developing

alternative modalities that disrupt the interaction between PD-1

and PD-L1 and improve treatment outcomes for diverse patient

populations. Metal-based compounds offer a significant therapeu-

tic potential of combination therapy using metallodrugs with anti-

PD-1/PD-L1 mAbs [139]. This also prompts considerable interest

in the synthesis of metallodrugs with immune checkpoint target-

ing abilities. Specifically, PtIV and IrIII metal-based compounds have

been significantly structurally modified to integrate various func-

tionalities, including tethering or incorporation of biologically ac-

tive ligands as well as their site-specific activation. In this regard,

the most prevalent drugs tethered with metal centers are NSAIDs,

which facilitate the inhibition of COX-2. COX-2 inhibition decreases

the synthesis of prostaglandin E2, a crucial mediator that activates

multiple oncogenic signaling pathways, which are involved in the

elevation of PD-L1 expression. Furthermore, COX-2 inhibition can

alter the tumor immune microenvironment by decreasing the pres-

ence of immunosuppressive cells, including regulatory T cells and

myeloid-derived suppressor cells, thereby further diminishing PD-

L1 expression. It is intriguing to note that such immunotherapeu-

tic effects of NSAIDs were restricted when administered alone or

used as a mixture with metal-based compounds, hence affirming

the significance and benefit of linking with metal centers that im-

prove the delivery and targeting of these bioactive compounds to

the tumor site.

Additionally, newly developed IrIII complexes efficiently stimu-

lated immune cell infiltration and PD-L1 expression, transforming

cold tumors into hot ones, thus overcoming the resistance and en-

hancing the efficacy of mAbs. This strategy can potentially improve

the effectiveness of cancer therapies across a broader range of pa-

tients. Besides, engineered NPs by incorporating metallodrugs with

mAbs provided a robust and multipurpose drug delivery platform,

improving the therapeutic effectiveness against primary and dis-

tinct tumors.

While the initial findings of metal-based PD-1/PD-L1 inhibitors

are encouraging, however the field is in its infancy. Several un-

solved challenges exist for improving ICB treatment in clinics. For

instance, the inherent toxicity of metal complexes may result in

off-target effects, damage to healthy tissues, and organ malfunc-

tion. Moreover, adjusting dosing regimens is challenging due to

the intricate pharmacokinetics of metal complexes, necessitating

a meticulous balance to attain therapeutic efficacy while avoid-

ing side effects. Secondly, tumor heterogeneity hinders the efficacy

of metal-based compounds in precisely targeting immune check-

points due to the varied genetic and phenotypic attributes within

the tumor. This is associated with the variations in immune cell

infiltration and PD-1/PD-L1 expression which can lead to differing

responses to treatment, with some tumor subpopulations remain-

ing resistant to immune modulation. This variability reduces the
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consistency of outcomes and makes it challenging to develop novel

compounds that can effectively target immune checkpoints across

all cancer types and stages. Another major challenge is that the

contact interfaces between PD-1 and PD-L1 proteins are notably

flat and hydrophobic, leading to limited binding sites for metal-

based compounds [140,141]. Therefore, comprehensive structural

optimizations and an extensive library of metal-based compounds

are necessary to overcome these challenges and to establish a

structure-activity relationship.

Despite the limitation in structural analysis of metallothera-

peutics that target PD-1/PD-L1, examining the structures of or-

ganic drugs currently in clinical trials can yield significant insights

and establish a basis for the development of novel ligands that,

once bound with metal centers, enhance the overall efficacy and

safety of the metal complex. Additionally, a computationally driven

methodology for designing these compounds may provide signif-

icant insights and improve the effectiveness of metal complexes.

This is also coupled with the need for comprehensive research on

preclinical animal models that adequately represent human physi-

ology.

Moreover, the benefits of NPs-based delivery systems for ICB

therapy are undoubtedly obvious; for example, Kim et al. recently

engineered ferritin nanocages encapsulated with PD-L1 blocking

peptide, which facilitates efficient tumor targeting and blood-brain

barrier penetration [142]. Mechanistic investigations demonstrated

that these nanocages efficiently interrupted PD-1/PD-L1 interac-

tions and reinstated T-cell activation. This study underscores the

significance of nanomaterials in ICB therapy, illustrating their ca-

pacity to improve delivery and circumvent immune evasion. How-

ever, further research is required on the biomarkers and intrinsic

biology of tumors to optimize the targeted administration of these

NPs. Moreover, the consistent and reproducible fabrication tech-

niques for NPs are essential for scaling up production and ensur-

ing batch consistency, which remains a significant barrier to their

clinical translation [143]. In addition, rigorous preclinical and clin-

ical studies are required to understand the safety profiles of these

metallodrugs and their nanoformulations.

In summary, the studies reviewed here suggest that metal-

based complexes have the potential to complement and even sur-

pass existing antibody therapies for ICB. The versatility of metal-

based agents, their unique cytotoxic mechanisms, and their ability

to modulate immune responses through ICD or checkpoint block-

ade opens up new avenues for cancer treatment. This review aims

to inspire future investigations and development of novel strategies

that integrate metallodrugs for ICB in cancer treatment.
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