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Abstract 

The immune system deploys a multitude of innate and adaptive mechanisms not only to ward off pathogens 

but also to prevent malignant transformation (“immune surveillance”). Hence, a clinically apparent tumor 

already reflects selection for those malignant cell clones capable of evading immune recognition (“immune 

evasion”). Metal drugs, besides their well-investigated cytotoxic anticancer effects, massively interact with 

the cancer-immune interface and can reverse important aspects of immune evasion. This topic has recently 

gained intense attention based on combination approaches with anticancer immunotherapy (e.g. immune 

checkpoint inhibitors), a strategy recently delivering first exciting results in clinical settings. This review 

summarizes the promising but still extremely fragmentary knowledge on the interplay of metal drugs with 

the fidelity of anticancer immune responses but also their role in adverse effects. It highlights that, at least 

in some cases, metal drugs can induce long-lasting anticancer immune responses. Important steps in this 

process comprise altered visibility and susceptibility of cancer cells towards innate and adaptive immunity, 

as well as direct impacts on immune cell populations and the tumor microenvironment. Based on the 

gathered information, we suggest initiating joint multidisciplinary programs to implement comprehensive 

immune analyses into strategies to develop novel and smart anticancer metal compounds.  
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1. Introduction 

1.1. Immunological effects contribute to the activity of anticancer metal drugs 
Evidence has accumulated recently that - besides direct immunotherapeutic approaches - also more or less 

all other forms of local and systemic cancer therapies including surgery and irradiation as well as 

chemotherapy (e.g. with anticancer metal drugs), antiangiogenic approaches and targeted drugs might exert 

massive and partly even opposing impacts on systemic and tumor-associated immunological parameters.3 

In earlier days, based on the well-known chemotherapy-induced myelosuppression and lymphocytopenia 

associated with a massive risk for infections, it was taken for granted that chemotherapy would primarily 

lead to immune suppression.4-8 Unexpectedly, several lines of evidence from cell biological, preclinical and 

clinical observations suggest that -when using appropriate combination schemes - cytotoxic chemotherapy 

and immunotherapy might even exert a highly synergistic anticancer activity.9 Hence, chemotherapy might 

reverse important aspects of “immune evasion” and “immune-subversion” (compare chapter 1.2) at the side 

of cancer cells, but also impact on several types of immune cells resulting in enhanced anticancer effects.8,10-

13 These potentially detrimental or beneficial interactions between cytotoxic chemotherapy and anticancer 

immune responses are multifaceted and might strongly depend on the nature of the used treatment scheme 

including not o.nly the applied compounds/combinations,14 but also dose and schedule as well as the 

interconnection with other treatment modalities.11,12,15 The latter is currently even more in the focus of 

interest when combining chemo- with immunotherapy approaches like the recent, highly successful 

application of immune checkpoint inhibitors.16 Moreover, it has to be considered that, during a therapeutic 

intervention e.g. by cytotoxic chemotherapy, not only the malignant cell compartment itself, but also the 

dynamic cancer microenvironment might be remodeled, creating attractive but at the same time often 

transient constellations for new therapeutic interventions.3,12,17 Consequently, a detailed know-how on the 

underlying molecular mechanisms at the side of the cancer cells and the diverse compartments of the 

microenvironment is essential to fully harness these fascinating but often also fragile novel therapeutic 

possibilities. 

One class of cytotoxic agents that might come into focus of novel combination strategies with 

immunotherapies are anticancer metal drugs. This anticipation is based especially on recent highly 

promising chemoimmunotherapy data for combination of platinum (Pt) drugs and programmed death-

1/programmed death-ligand 1 (PD-1/PD-L1) checkpoint inhibitor antibodies in non-small cell lung cancer 

(NSCLC) (compare chapter 8.3.1).9,18,19 Accordingly, several findings outlined in the following sections of 

this review implicate a complex interplay between classical metal drugs like cisplatin or oxaliplatin as well 

as novel anticancer metal complexes and the anticancer immune response, both directly impacting on 

immune effectors and on cancer cell immune recognition.20-22 From an eagle’s perspective, these findings 

demonstrate that the widely used categorization of systemic cancer therapy as cytotoxic chemotherapy, 
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targeted therapy, and immunotherapy is drastically oversimplified. Moreover, with respect to the 

development of novel anticancer metal complexes, this review uncovers that the current know-how 

regarding interaction with and activation of immune-related anticancer signals is rudimentary at best. Based 

on the gathered information and the fragmentary picture emerging, we suggest initiating joint 

multidisciplinary efforts to implement immune biomarkers and tests into strategies to develop novel and 

smart anticancer metal compounds. Thereby, the exceptional and powerful aspects of metal complexes, 

allowing the combined utilization of the unique characteristics of the metal core together with the (e.g. 

tumor-specific, controlled) release of bio- and probably immuno-active ligands, should be fully exploited.23-

27 These approaches can strongly support the (pre)clinical development of anticancer metal complexes, 

especially within combination settings with immunotherapeutic strategies, thus re-positioning anticancer 

metal complexes into the landscape of successful systemic cancer therapy development. 

Before the available data concerning anticancer metal drugs and their immune effects are outlined and 

discussed in chapters 2-8, an overview on the immunological background of malignant transformation and 

progression as well as of the major players of the immune system is given in the following chapter.  

 

1.2. The immune system and cancer - an overview  
1.2.1. Cancer immunoediting and general aspects of the (anticancer) immune response 

The body’s immune system disposes of an exquisite armamentarium of sensors dedicated to efficiently 

recognize and eliminate foreign pathogens as well as incipient cancer cells. This protection is the result of a 

fine-tuned education of the immune compartment, leading to the discrimination of “self” from “non-self” 

molecular features.28 As early as in the beginning of the 20th century, Paul Ehrlich postulated the immune 

system to recognize not only foreign invaders, but also aberrant structures arising as a result of malignant 

transformation.29,30 In the 1950s, Burnet and Thomas coined the concept of “immunosurveillance”, 

according to which aberrant cells are constantly warded off by the immune system based on antigenic traits 

recognized as “foreign”31-33 or - following a newer concept - as “dangerous”.34 During oncogenesis, cancer 

antigens are generated from genetic mutations and rearrangements, overexpression of otherwise normal 

genes, as well as altered post-transcriptional and post-translational modifications.35,36 Based on these 

concepts, it has become increasingly clear that outgrowth of a clinically apparent tumor is the result of a 

rigorous and persistent shaping and selection process of tumor cells by the immune system and vice versa, 

with a constant selection for those malignant cells that are capable of evading immune recognition.35,37-39 

Three major aspects describing this complex interplay have been formulated, summarized as 

“immunoediting”, that depict a dynamic flux of novel phenotypic traits on cancer cells resulting in a 

continuous evolutionary pressure towards loss of immune recognition.40-42 1) In the elimination phase, the 

immune system successfully kills newly generated (pre)transformed cells.2,16,43 2) In the equilibrium phase, 
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incipient, not fully eradicated cancer cells are held in check by the immune-mediated destruction of newly 

formed, antigenic clones.44 3) Finally, in the escape phase, cancer cells acquire traits that enable them to 

evade immune cell killing by flying below the immunological radar and finally to establish a clinically 

apparent tumor.37,45,46 

Accordingly, a multitude of tightly interconnected innate and adaptive mechanisms exists, which the 

immune system deploys to ward off cancer cells and preserve the integrity of a multicellular organism 

(summarized in Figure 1).2,47,48 The innate system, comprising the myeloid lineage-derived granulocytes 

(neutrophils, basophils, eosinophils), mast cells, monocytes, macrophages, and dendritic cells (DC), as well 

as the lymphoid-derived natural killer (NK) cells, mediating rapid clearance of pathogens, is working in an 

“unspecific” manner and with only limited development of immunological memory (memory NK cells49-

51). From vertebrates onwards, innate immunity is interconnected with an adaptive immune response, 

allowing further exuberant specification and persistent immunological memory. Like NK cells, all cells of 

the adaptive immune system derive from the lymphoid lineage of the hematopoietic system. The adaptive 

immune compartment disposes of an enormous capacity to detect “non-self” but also tumor-associated 

(neo)antigens.52 These functions are mainly executed by two lymphocytic cell types specialized for cellular 

and humoral adaptive immune protection, namely T and B lymphocytes, respectively.47,48 Each T and B 

lymphocyte expresses a unique surface receptor with specific antigen-binding properties, termed T cell 

receptor (TCR) and B cell receptor (BCR). The combination of mechanisms like gene rearrangements, 

splicing, polypeptide chain combination and, in case of B cells, somatic hypermutation generates an almost 

limitless repertoire of antigen receptors underlying potent T cell-mediated and antibody responses.47,48,53 

The interface between the innate and adaptive immune system is provided by several cell types subsumed 

as antigen-presenting cells (APC). In humans, APC comprise DC, which represent the most specialized and 

potent type of APC, macrophages, and B cells. Due to their special function as APC, DC are often depicted 

in an intermediate position between innate and adaptive arm or are even assigned to the latter one. Only 

APC are enabled to present a specific antigen to T lymphocytes, and to start an adaptive response. In the 

end, the specific pathogen clearance is exerted by cells of both adaptive and innate immune system.48 

Central to all these processes is expression of molecules of the major histocompatibility complex (MHC), 

in humans termed human leucocyte antigen (HLA) complex. Two classes exist: MHC class I molecules are 

expressed on all nucleated cells of the body, acting like an identity card by defining the cells’ “self” identity. 

MHC class II molecules are nearly exclusively expressed by APC (and also by some types of epithelial cells, 

e.g. in the gut) for presentation of peptides from extracellular sources.54 The genes coding for MHC class I 

and II molecules consist of several subclasses (polygenic) harboring an exceptionally high polymorphism 

(many variants/alleles per gene), so that MHC expression is specific for each individual. MHC class I 

molecules consist of two chains, one highly variable α chain (consisting of 3 subunits) and the noncovalently 

linked invariable β2 microglobulin. On the cell surface, two subunits of the α-chains (α1 and α2) provide 
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formation of a cleft or groove where short peptides (8 - 10 amino acids), derived from endogenous cellular 

proteins that have been processed by proteasomal cleavage, are presented to the cellular environment.48,55 

MHC class II molecules consist of two highly variable chains, the α- and the β-chain, each consisting of two 

subunits, with the peptide-binding groove being formed by the α1 and the β1 subunit. Peptide fragments 

presented via MHC class II are usually larger than those presented by MHC class I, ranging from 13 amino 

acids upwards.48,54 APC can take up extracellular particles (e.g. pathogens, cellular debris, dying cancer 

cells) by phagocytosis, and, upon protein processing in the lysosome, present these protein fragments to 

naïve (i.e. not yet activated) T cells. Only APC like DC can also present exogenously-derived peptides via 

MHC class I (instead of MHC class II) in order to activate a specific cytotoxic T cell response (see below), 

a process referred to as cross-presentation.55 

Activation of the adaptive immune response starts upon engulfment of extracellular pathogens or cell 

fragments of dying (cancer) cells by APC (primarily DC). These cells subsequently get activated, which 

leads - amongst other changes concerning morphology, surface receptor expression, and cytokine production 

- to an increased expression of MHC class I and II molecules and migration to the lymph node, where they 

wait for their respective T cell counterpart.48 T cells express an antigen-specific TCR together with either 

the CD4 or CD8 co-receptor, defining them as CD4+ T cells (T helper or TH cells) or CD8+ T cells (cytotoxic 

T cells or CTL), respectively. T cell activation is MHC-restricted. This means that for successful antigen 

recognition and T cell activation, TCR must recognize and bind the peptide presented by the APC, together 

with co-receptor binding to the according MHC molecule, i.e. CD4 to MHC class II and CD8 to MHC class 

I. Additionally to MHC-restricted antigen binding (“first” signal), T cell activation requires also adequate 

signals from several further co-receptor/ligand interactions as well as cytokine patterns (“second” and 

“third” signals, respectively). Full activation depends on the cooperative action of these three signaling arms, 

while inadequate activation or competing inhibitory signals (immune checkpoints) might lead to antigen-

specific immune-suppression (tolerance).48 Once fully activated, CTL can directly kill cells expressing the 

respective antigen (e.g. tumor cells expressing a tumor antigen), whereas TH cells mostly support CTL and 

B cells via cytokine production. B cells, upon binding of BCR-specific antigen, travel to secondary lymphoid 

organs (lymph nodes and spleen), where they present their specific antigen upon BCR internalization and 

antigen processing via MHC class II to specialized TH cells.48 In the rare case of a corresponding antigen 

encounter between B cell and TH cells (“linked recognition”), B cells get activated, proliferate, and 

differentiate into plasma cells that are able to secrete their (antigen-specific) Ig (antibody secretion).56 These 

antibodies can coat target cells expressing the respective antigen (antibody opsonization), resulting in 

elimination of antibody-coated cells by various immune cells via antibody-dependent cellular cytotoxicity 

(ADCC) and antibody-dependent cellular phagocytosis (ADCP).57 ADCC is primarily executed by NK cells 

but also by eosinophilic and neutrophilic granulocytes as well as DC and macrophages via their (activating) 

receptors for the fragment crystallizable region (Fc) of the Ig (Fcγ receptors).57 Additionally, B cell 
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activation can stimulate factors of the innate immune response like the complement system.58 Most 

importantly, activation of a full-blown immune attack leading to elimination of the respective “danger”, 

requires presence of negative/regulatory feedback loops that are launched following or simultaneously with 

the activating signals to prevent onset of autoimmunity and to enable tissue regeneration. In the course of 

this, the majority of effector lymphocytes is eliminated and only a small subset of T and B lymphocytes 

remains (memory T and B lymphocytes), providing long-term immunological memory and rapid re-

activation in case of re-challenge.48  

Cancer cells are masterful manipulators of the immune system, abusing multiple immune-regulatory 

mechanisms to escape immune-mediated destruction and to promote their own growth. In the following 

section, we will shortly describe how the innate and adaptive immune system can be activated to elicit a 

tumor-specific immune response, as well as outline several escape mechanisms employed by the tumor cells. 

 

1.2.2. Innate factors in cancer immune recognition and evasion 

Innate immune cells are usually the first to encounter (pre)malignant cells (Figure 1). Prominent among 

these are, besides cytotoxic NK cells, also phagocytic cells types such as macrophages, neutrophilic 

granulocytes (neutrophils) and DC that patrol through tissues.29,59 In frame of the organism’s comprehensive 

surveillance program against infection and malignant transformation, NK cells constitute a central unit in 

innate immunity.60,61 Binding of NK cells to MHC class I via various inhibitory members of e.g. the killer-

cell immunoglobulin (Ig)-like receptor (KIR) and the NKG2 receptor families signals NK cells to remain 

inactivated.60,62 Viral infections and malignant transformation often result in downregulation of MHC class 

I presentation to evade recognition and destruction by an  adaptive antitumor T cell response (see below).63,64 

However, in case a NK cell encounters lack of MHC class I on target cells it gets activated. On the one hand, 

activated NK cells proceed to kill target cells via death receptor-mediated apoptosis by FAS ligand (FASL) 

or tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) as well as via perforin-mediated 

plasma membrane perforation and injection of cytotoxic granzyme.65 On the other hand, diminished MHC 

class I binding renders NK cells more sensitive towards activation by an array of stimulatory receptors 

including natural cytotoxicity receptors (NKp46, NKp30, and NKp44), C-type lectin-like receptors 

(NKG2D, NKG2C), 2B4, DNAX-accessory molecule-1 (DNAM-1), NTB-A, NKp80, CD59, and CD16 

among others,60 that recognize stress signals displayed by target cells. For instance, the activating NK cell 

surface receptor NKG2D recognizes membrane-bound ligands belonging to the MHC class I-related chain 

A/B (MICA/MICB) family on the surface of transformed cells. As NK cell activity is based on a balance 

between activating and inhibitory signals, massive stress-induced activating signals may even overrule the 

presence of MHC class I molecules on the cancer cell surface, allowing MHC class I-independent cancer 

cell death induction.66 In turn, cancer cells may evade detection by innate immune cells by hiding or 

downregulating activating NK cell ligands, e.g. stress-induced MICA/MICB family proteins (Figure 2).67-69 
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This mechanism, together with release of diffusible forms of MICA/MICB into the extracellular matrix 

(ECM) to act as decoy ligands, inhibits proper NK cell activation.70 Furthermore, intratumoral NK levels 

can be decreased due to downregulated levels of respective chemo-attractants (e.g. CXCL2).65 

In addition to NK cells, phagocytic cell types of the innate immune system are involved in cancer immune-

surveillance. During their patrols, macrophages, neutrophils and DC may sense altered molecular patterns 

in the (pre)malignant tissue, summarized as damage-associated molecular patterns (DAMP) or alarmins.71,72 

DAMP sensors on immune cells, termed surface pattern recognition receptors (PRR), include Toll-like 

receptors (TLR), retinoid acid-inducible gene I (RIG-I)-like receptors (RLR), C-type lectins (CLR), 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLR), absent in melanoma 2 (AIM2)-

like receptors (ALR), and oligoadenylate synthase (OAS)-like receptors (OLR).73-75 PRR typically mediate 

recognition and, in turn, killing/phagocytosis of aberrant cells. In addition to PRR interaction, phagocytosis 

of (dying) cancer cells may be triggered via antibody and complement opsonization of the cell surface 

(compare below).58,76,77 Besides engulfment of aberrant cells, predominantly macrophages and neutrophils 

release pro-inflammatory cytokines (TNF-α, interferon-γ (IFN-γ), interleukins (e.g. IL-1α/β, IL-6), 

chemokines (e.g. chemokine ligands CCL1 and CCL2),2,78,79 reactive oxygen species (ROS) and matrix-

remodeling enzymes  into the microenvironment, creating a pro-inflammatory milieu and attracting further 

immune cells.80 This also mediates blood vessel dilation and expression of endothelial surface adhesion 

proteins for leukocyte adhesion and invasion.61,81 Additionally, IFN-γ stimulates cancer cells to display more 

MHC class I on their surface.69 A further aspect of DAMP-mediated immune activation is the so-called 

inflammasome initiation inside the phagocytes. Upon detection of DAMP, multiprotein complexes are 

formed including the involved PRR like NLR or ALR.82 These complexes serve as a scaffold for caspase 1 

that subsequently activates IL-1β and IL-18. Depending on the PRR involved, various forms of 

inflammasomes exist, e.g. the NLRP3 inflammasome.83 Disease, cell type, and the stimulus triggering 

inflammasome formation further determine the specific nature of the immune response.84 In cancer, the role 

of the inflammasome is not well established and both pro- and anti-tumorigenic effects have been 

reported.83,85 Application of different chemotherapeutics including metal drugs might influence and 

modulate inflammasome-mediated immune functions.82,84,85 Formation of the inflammasome is also of 

central importance in the recently described influence of the gut microbiome on the efficacy of anticancer 

therapy (compare chapter 5).86 The above described mechanisms may initially promote successful immune-

mediated eradication of malignant cells. However, in case of persistent inflammation and activation of 

immunosuppressive checkpoints, these pro-inflammatory mechanisms can distinctly promote malignant 

progression.71  

Among phagocytes, macrophages are characterized by a broad spectrum of tumor-promoting to -inhibitory 

activities based on phenotypic plasticity (a process called macrophage polarization).87 They can roughly be 

divided into two subtypes designated as M1 and M2. The M1 ‘classical’ subtype constitutes the pro- 



11 
 

inflammatory phenotype and is activated by PRR such as TLR together with pro-inflammatory cytokines 

including IFN-γ, TNF-α and IL-1β.59,88 PRR activation of M1 macrophages typically induces MyD88 and 

MyD88 adapter-like (Mal/Tirap)-dependent downstream effector cascades.89 IFN-γ is the main M1-

stimulating cytokine produced by other immune cells as well as by macrophages themselves.59 In contrast, 

M2 macrophages are generally associated with an immune-repressive, protumorigenic phenotype.59 

Physiologically, M2 macrophages are mainly involved in tissue homeostasis, remodeling and wound healing 

Figure 1. Most important anticancer immune surveillance mechanisms. Cancer immune surveillance is mediated by direct immune 
cell-mediated destruction as well as by the T cell-based anticancer immunity cycle. Direct immune cell-mediated destruction 
comprises phagocytosis (mainly by macrophages and neutrophils), as well as direct lysis by NK cells and several other specialized 
lymphocyte subpopulations (NKT, γδ T, killer B cells), both accompanied by immune-stimulatory inflammation. The T cell cancer-
immunity cycle is a self-propagating and self-amplifying process, leading to antigen-specific antitumor T cell responses. This 
process comprises tumor (neo)antigen engulfment by APC (majorily DC) in the (pre)neoplastic tissue, traveling of APC to lymph 
nodes, presentation of tumor antigens to naïve T lymphocytes, traveling of activated T lymphocytes via the bloodstream to the 
(pre)malignant tissue, followed by specific destruction of aberrant (pre)malignant cells expressing the respective (neo)antigen. For 
detailed description see text. APC, antigen-presenting cell; NK cell, natural killer cell; NKT, natural killer T cell; DC, dendritic cell; 
(adapted from Chen and Mellman, 20132). 
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by removing cellular debris created upon “tolerogenic” cell death (compare chapter 2.2.5). M2 polarization 

of macrophages is mediated primarily by IL-4 but also by other anti-inflammatory cytokines such as TGF-

β, IL-10, IL-13, and prostaglandin (PG) E2.29,87 These immunosuppressive mediators are also produced by 

M2 macrophages themselves, together with vascular endothelial growth factor (VEGF), and matrix-

degrading enzymes.59,90 Recently, besides these main subtypes, the existence of regulatory macrophages 

(Mreg) exerting primarily anti-inflammatory and T cell-inhibitory activities by secreting IL-10 has been 

described.88,91 

During tumor progression, cancer cells can deactivate phagocytic and immune-stimulatory programs and 

support, in cooperation with regulatory adaptive immune cells (see below), a tumor microenvironment 

(TME) which typically homes a heterogeneous population of mostly immunosuppressive myeloid cell types, 

including tumor-associated macrophages (TAM), tumor-associated neutrophils (TAN), and myeloid-

derived suppressor cells (MDSC) (Figure 2).92-96 Furthermore, cancer cells may upregulate “don’t eat me” 

signals such as CD47 on their surface to evade phagocytosis by macrophages (compare chapter 2.2.4).97 

TAM are attracted by CCL2 and can reach high tumor abundance.29,98,99 The chemokine/cytokine profile 

(e.g. IL-4, IL-10, IL-13, TGF-β) released by local regulatory immune cells favors macrophage polarization 

into a M2 phenotype.98,100,101 M2 TAM, in turn, are believed to tolerize DC and to blunt adaptive (T cell-

mediated) immune responses towards neoplastic cells. The unifying term MDSC describes another 

regulatory tumor-infiltrating innate immune cell subset, which comprises a heterogeneous collective of 

immature myeloid cell types (macrophages, neutrophils, and others). The most prominent suppressive 

functions exerted by MDSC involve release of immunosuppressive cytokines, expression of arginase-1 

(compare chapter 1.2.5) and nitric oxide (NO), as well as production of ROS and PGE2.102-105 

 

1.2.3. The anticancer immune cycle in cancer cell recognition and evasion 

An effective, adaptive anticancer immune response has been designated as the cancer immune cycle and 

interconnects both innate and adaptive arms of immunity in a highly complex fashion (Figure 1).2 According 

to this model, cancer cell-specific molecular patterns are recognized and elicit a potent and specific, 

predominantly T cell-mediated immune response.106 With regard to activation of a specific anticancer 

immune response as depicted in the immune cycle, professional APC, especially DC, play a central role.107 

DC roam tissues in search for DAMP released by (dying) cancer cells. Activated DC then migrate to tumor-

draining lymph nodes and present tumor antigens via MHC class I or MHC class II complexes to naïve 

CD8+ or CD4+ T lymphocytes, respectively (signal 1). MHC-restricted T cell activation leads to 

differentiation into effector T cells, namely CTL or TH cells.108,109 TH cells can be further categorized into 

several subgroups like TH1, TH2, and TH17 cells, as well as immunosuppressive regulatory T cells 

(CD4+/FOXP3+ Treg, see below), characterized by different cytokine profiles and targeting distinct groups of 

effector cells. As already described, differentiation into effector T cells additionally depends on activation 
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and quality of co-stimulatory signals (signal 2), comprising interaction of the B7-type CD80/86 receptor on 

DC with CD28 on naïve T lymphocytes,110 and the impact of cytokines (e.g. the activating cytokines IL-2 

and IL-12, signal 3).107,111 Co-stimulatory receptors like CD28 are competing with inhibitory receptors like 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) on the surface of T cells,112 providing an essential 

negative feedback loop to avoid immune hyperstimulation. Blocking of inhibitory receptors and ligands by 

so-called immune checkpoint inhibitors represents one of the most successful therapeutic strategies in 

Figure 2. Major cancer immune evasion mechanisms. Cancer cells evolve multiple mechanisms to elude detection and destruction 
by the innate and adaptive immune system. Malignant cells evade recognition by innate immune cells (e.g. macrophages, 
neutrophils) via upregulation of “don’t eat me” signals (e.g. CD47, CD73). Attraction of and recognition by NK cells is reduced via 
downregulation of chemokines (e.g. CXCL2) and stress ligands (activating NKG2 ligands such as MICA/MICB). Complement 
system-mediated cytotoxicity is counteracted by expression of neutralizing complement regulatory proteins (mCRP, predominantly 
CD46/55/59). Low cancer cell antigenicity (subclonal/non-immunogenic mutations) hampers the propensity for antitumor CTL 
priming. In addition, ECM- and tumor endothelium remodeling (e.g. by selectin/ICAM/VCAM downregulation) reduces immune 
cell infiltration into the TME. Cancer cell recognition by CTL is hampered by decreased antigen display (via e.g. MHC class I 
downregulation). CTL and NK cell killing potentials are diminished by cancer cell apoptosis resistance (via upregulation of IAP      
and/or downregulation of pro-apoptotic factors). Cancer cells attract regulatory immune cell types (Treg, MDSC) to the TME by 
production of immunosuppressive chemokines (including CCL2, CCL22). Furthermore, cancer cells polarize immune cells into 
immunosuppressive phenotypes, including M2 macrophages (by CSF-1), TH2 cells and Treg cells (by TGF-β, IL-10) or impair 
maturation/induce anergy of DC and CTL by immunosuppressive cytokines (including TGF-β, IL-10, M-CSF) or metabolic 
enzymes (IDO, arginase) and, in coorperation with regulatory immune cells, via expression of immune checkpoint molecules (e.g. 
PD-L1/2). In addition, cancer cells induce immune cell death (e.g. CTL, NK cells) by release of cell death receptor ligands (e.g. 
FasL counterattack). CXCL, C-X-C motif ligand; NK cell, natural killer cell; MICA/MICB, MHC class I-related chain A/B; mCRP, 
membrane-bound complement regulatory protein; CTL, cytotoxic T lymphocyte; ECM, extracellular matrix; ICAM, intercellular 
adhesion molecule; VCAM, vascular cell adhesion molecule; TME, tumor microenvironment; MHC, major histocompatibility 
complex; IAP, inhibitor of apoptosis; Treg, regulatory T cell; MDSC, myeloid-derived suppressor cell; CCL, chemokine ligand; 
CSF, colony stimulating factor; TGF-β, transforming growth factor-β; IL, interleukin; M-CSF, macrophage colony stimulating 
factor; IDO, indoleamine 2,3-dioxygenase; PD-L1/2, programmed death-ligand 1/2; FasL; Fas ligand; For details and references 
see text. 
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current anticancer immunotherapy so far  (compare chapter 8).113 Differentiation into effector CTL can be 

achieved by highly activated DC alone. However, it is in most cases supported by TH cells, together with 

primarily T cell-derived IL-2 production.28,114,115 Effector CTL then leave the lymph nodes and traffic to 

tumor sites,116,117 where they infiltrate into the tumor bed and recognize their respective antigen target on 

cancer cells. Analogous to the above-described NK cell-mediated cell killing, CTL directly induce target 

cell death in two ways, death receptor- as well as membrane perforation-mediated destruction. As an 

overarching mechanism of immune evasion, cancer cells are able to acquire general resistance to immune 

cell-induced apoptosis e.g. by truncating the death receptor cascade or by upregulating inhibitors of 

apoptosis (IAP) (Figure 2).118 This renders them unresponsive to the killing attempts of CTL and NK cells 

by death receptors as well as granzyme injection. In fact, cancer cells may turn the tables and induce e.g. 

FASL expression to activate apoptosis of attacking immune cells, a mechanism termed “FAS 

counterattack”.119 

In addition to those T cells described above (CTL, TH, Treg), which express a TCR composed of highly 

variable α and ß chain heterodimers, there exists another T cell subtype implicated in an antitumor immune 

response. These cells, named γδ T cells after their TCR consisting of invariant γ and δ chain heterodimers, 

play a central role in cancer immune surveillance.120,121 Unlike conventional αβ T cells that are activated by 

APC in a MHC-restricted manner, γδ T cells are able to recognize tumor antigens directly and MHC-

independently, and exert potent lytic activity against tumor cells.122 A further T cell variant are the so-called 

natural killer T (NKT) cells. These cells share properties of both T and NK cells and increase antitumor 

responses by efficient production of cytokines like IFN-γ.123 NKT cells also carry an invariant TCR, 

constituted of α and β chains with limited diversity, which recognizes glycolipid antigens presented by the 

MHC class I-like molecule CD1d on cancer cells.124 

Regarding escape from adaptive immune responses, it needs to be considered that oncogenic driver 

mutations and other genomic alterations like translocations are rarely immunogenic.125 This suggests 

efficient eradication of all (pre)malignant cells harboring immunogenic mutations in the process of 

immunosurveillance. Alternatively to non-immunogenic driver mutations, T cell detection can be avoided 

by downregulating antigen presentation on the cell surface.106 Underlying mechanisms include the 

transcriptional silencing of MHC class I expression, loss of the ß2 microglobulin chain blocking MHC class 

I translocation to the plasma membrane, or impaired MHC class I-antigen loading in the endoplasmic 

reticulum (ER) e.g. by downregulation of the transfer proteins TAP1/2.106,126,127 In addition, tumor cells may 

attract, together with the above-mentioned regulatory myeloid cell types, immunosuppressive Treg cells or 

release immunosuppressive mediators such as TGF-ß or IL-10, inducing effector TH cell transdifferentiation 

into so-called induced Treg (iTreg) cells and establishing tumor-promoting “safety” zones (Figure 2).128-132 

Moreover, tumor cells may secrete CCL22, which attracts circulating Treg via their chemokine receptor 4 

(CCR4).133 Treg cells further attenuate immune attack by deactivating CTL and shifting the TH cell balance 
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from TH1 to a more anti-inflammatory TH2 phenotype via soluble mediators including TGF-ß and IL-

10.52,134,135 TGF-ß can additionally repress MHC class II expression on phagocytes and induce apoptosis of 

APC or effector T cells.29,132 In human cancer, Treg form a considerable part of tumor-infiltrating 

lymphocytes (TIL) and may constitute 10% to 30% of a patient’s CD4+ T lymphocyte population.136 

Additionally, also CD8+ Treg cells have been described.137 In recent years, a subset of Treg cells, that are 

negative for the Treg-specific marker FOXP3, termed type 1 regulatory T (Tr1) cells, has received increasing 

attention.138 Tr1 cells might play an important role in the chemotherapy-associated anticancer immune 

response.139 As mentioned above, TAM are thought to tolerize not only DC, but also CTL towards tumor 

neoantigens, causing CTL anergy and Treg induction.140 In addition to the more systemic immune checkpoint 

function of CTLA-4, another crucial but more peripheral immune checkpoint is executed by the 

programmed-death/programmed-death ligand 1 (PD1/PD-L1) system, mainly acting directly within the 

tumor tissue.111 Binding of PD-L1 expressed on the surface of cancer cells as well as Treg and TAM to the 

inactivating receptor PD1 on CTL induces their deactivation and T cell anergy (Figure 2).141-144 Besides 

cancer cells, Treg, and TAM, also MDSC may express PD-L1 and exert a general inhibitory activity on 

various antitumor immune responses, including, but not restricted to, blockade of T cell functions and Treg 

induction.102,145  

 

1.2.4. Role of B cells in cancer progression 

Despite the focus especially of immunotherapeutic strategies on the T cell arm of adaptive immunity, also 

B cells should be mentioned as they are gaining enhanced attention in the field of onco-immunology.146 

However, with regard to the diverse states of conventional but also memory and regulatory B cells (Breg), a 

dichotomous picture emerges. Besides distinctly anti-tumorigenic activities, an important tumor-promoting 

role of this major lymphocytic branch of humoral adaptive immunity - partly even based on antibody 

secretion - becomes more and more evident.146,147 Commonly, however, upon antigen recognition via the 

BCR, B cells present the processed antigen via MHC class II to TH cells in secondary lymphoid organs.148 

Following linked recognition, B cells proliferate and, with the help of TH cells, generate a germinal center 

for class switching and V-region somatic hypermutation of the BCR to optimize antigen affinity.148 Full B 

cell activation for antibody production56 requires the co-stimulatory binding of CD40L of follicular TH (TFH) 

cells to the CD40 receptor on the B cell surface as well as IL-4 and IL-21 secretion.149,150 Coating of cancer 

cell surfaces by antibodies of the proper subclass (mainly IgG1 in humans) elicits multiple cell-killing 

mechanisms like ADCC and ADCP (compare chapter 1.2.1).57,151 Antibody-binding additionally attracts 

components of the complement system, further stimulating engulfment by phagocytes via complement 

receptors such as C3b receptor.58 Independently of a cellular response, late complement components 

introduce a pore-forming membrane attack complex (MAC), directly inducing (cancer) cell lysis. In frame 

of immune escape, complement activation on antibody-bound cancer cell surfaces may be counteracted by 
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overexpression of membrane-bound complement-regulatory proteins (mCRP), mainly CD46/55/59, 

neutralizing the classical complement pathway-mediated cell killing.152  

Interestingly, the production of antibodies is not the only way of peripheral B cells to exert their functions 

also in the context of malignancy.146,153 Several studies have dissected that B cells can be important for an 

optimal CTL response based on antigen presentation by B cells to T cells in the lymph node.153,154 

Accordingly, mice lacking B cells exert a defective antigen-induced T cell proliferation.155 Additionally, so-

called killer B cells (Figure 1) might be able to induce - analogous to CTL - cancer cell death via death 

receptor ligands like FASL or TRAIL but also directly via lytic molecules including TNF-α and 

granzyme.154,156 Also in case of B cells, multiple lines of evidence exist that these important mediators of 

humoral immune defense might not only support anticancer immunity, but, context-dependently, also 

strongly support malignant progression and cancer therapy resistance.147,157 Accordingly, several murine 

cancer models work less efficiently in mice lacking B cells.154 The underlying mechanisms might be Ig-

dependent or -independent.157 Regarding the first situation, it has been demonstrated that circulating 

antibody immune complexes (CIC), also involving conjugated complement C1q, are deposited into the 

tumor bed based on the well-known enhanced permeability and retention (EPR) effect of fenestrated blood 

vessels.158 Interaction of tumor-resident myeloid cells with CIC via their Fcγ or C5a receptors polarizes 

them towards immunosuppressive phenotypes like M2 in case of macrophages.159,160 This induces secretion 

of suppressive cytokines including IL-4 and IL-10 from the myeloid compartment, leading - together with 

suppressive cytokines derived from B cell subpopulations - to reprogramming of CD4+ T cells from TH1 

towards TH2 differentiation.147 As a final consequence, CTL are inactivated while tumor-promoting 

molecules like remodeling enzymes and pro-angiogenic factors are overexpressed.147 Additionally, smaller 

Breg subsets in malignant tissues are capable of exerting massive immunosuppressive effects even in the 

absence of an Ig response.146 This is based on the secretion of regulatory cytokines like IL-10, IL-4 and 

TGF-β and induction of immune checkpoint molecules like CTLA-4 or PD-L1 on other immune cells, 

further promoting anergy especially of CD4+ T cells.157  

 

1.2.5. Additional factors in cancer immune evasion 

In addition, several specific traits of the TME may promote cancer immune evasion (Figure 2). Hence, 

metabolic features of either cancer cells or regulatory immune cells might support an immunosuppressive 

cancer environment. One important example is overexpression of the enzyme indoleamine-2, 3-dioxygenase 

(IDO) by MDSC, TAM or cancer cells, degrading tryptophane to the immunosuppressive metabolite 

kynurenine, depriving T cells of an essential nutrient and in parallel inducing Treg expansion.118,161-163 

Additionally, overexpression of arginase-1 in MDSC and M2 macrophages mediates T and NK cell 

inactivation based on L-arginine depletion.164,165 Secretion of VEGF by cancer cells may, via the production 

of NO, diminish leucocyte homing into the tumor bed by downregulating adhesion molecules including p-
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selectin, intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM) on 

endothelial cells lining the tumor vasculature.81 Furthermore, cancer cells may generate immune-privileged 

sites characterized by a dense surrounding ECM, creating a physical barrier impeding immune cell 

infiltration.166,167  

In the following chapters, it will be outlined how anticancer metal drugs might interfere with the described 

mechanisms of cancer immune evasion.  

 

2. Anticancer metal drugs and the immune system: general aspects 

2.1 Metal drugs in experimental and clinical cancer therapy 
Metal drugs including gold (Au) and arsenic (As) compounds belong to the oldest remedies of humans and 

have been used from ancient Egyptians, Greeks and Chinese to modern societies to fight a broad array of 

diseases including cancer.168-170 Moreover, synthesis and evaluation of novel anticancer metal drugs is still 

one of the most active fields in inorganic medicinal chemistry.23-27,171 Surprisingly, only few metal drugs 

have been approved for clinical use in oncology (Figure 3) which, however, still represent central 

components of systemic therapeutic interventions for many cancer types.172,173 Hence, at the side of Pt, 

cisplatin (Figure 3A) and/or the less toxic and less active second generation Pt drug carboplatin19,174 (Figure 

3B) are approved worldwide for treatment of lung, bladder, cervical, ovarian and testicular cancer (in the 

latter often with curative outcome) as well as mesothelioma, but are also used in several rare diseases like 

osteosarcoma and childhood brain tumors, mostly within multidrug combination schemes.19,175,176 

Oxaliplatin (Figure 3C), the only third generation Pt drug approved for clinical use so far, forms a different 

and bulkier diaminocyclohexane adduct at the identical DNA site and is active against cisplatin-resistant 

models.173 The underlying mechanisms include differences in the recognition of the respective DNA adducts 

by mismatch repair (MMR) mechanisms, supporting only in case of cisplatin and carboplatin, but not 

oxaliplatin, cell death induction.177 Moreover, interaction with HMG proteins like HMGB1 differs between 

these Pt adducts, which might also underlie the clearly enhanced activity of oxaliplatin in notoriously 

HMGB1-overexpressing colorectal cancers.178 Oxaliplatin is nowadays used primarily within therapeutic 

regimens for colorectal and pancreatic cancer patients.179,180 Additional Pt(II) compounds with clinical 

approvals in selected countries are nedaplatin (Japan) (Figure 3D), lobaplatin (China) (Figure 3E) and  

heptaplatin (South Korea) (Figure 3F), while Pt(IV) compounds including satraplatin have not reached 

clinical approval so far.181 In addition to these Pt drugs, only the As compound As trioxide (ATO, Figure 

3G) is currently approved for clinical use against acute promyelocytic leukemia (APL).182 The approval in 

2000 was based on the finding that ATO allows selective APL cell differentiation based on direct targeting 

of the promyelocytic leukemia (PML) moiety of the respective fusion protein with the retinoic acid receptor-

alpha (PML/RARα) for sumoylation and consequent proteasomal degradation (see chapter 3.2).169 Thus, a 
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combination of ATO and all-trans retinoic acid (ATRA) induces cure in the majority of APL patients.183 

Furthermore, ATO has been tested against a variety of solid tumors with disparate results but has not reached 

approval in any other indication than APL so far.170  

In addition to these clinically approved drugs, several Pt, ruthenium (Ru), titanium (Ti), gallium (Ga) and 

Au compounds have entered the stage of clinical evaluation (see www.clinicaltrials.gov for current 

studies).184-187 For example the Ru complexes (compare chapter 3.3) imidazolium trans-

[tetrachlorido(dimethylsulfoxide)imidazoleruthenate(III)] (NAMI-A) and indazolium trans-

[tetrachloridobis(1H-indazole)ruthenate(III)] (KP1019) and its sodium analog KP1339 have been 

investigated in phase 1 or combined phase 1/2 clinical studies.188-192 Especially for KP1339 (clinically 

termed IT-139), interesting long-lasting responses in some heavily pretreated patients with solid tumors 

have been reported recently, warranting further evaluation in defined tumor types.188,193 In contrast, clinical 

evaluation of NAMI-A failed, based on a relatively limited activity combined with severe adverse effects at 

least in combination with gemcitabine.190 This again indicates the necessity for understanding the exact basis 

of metal drug anticancer activity and side effects to support clinical development and avoid failure during 

this process.  

So, what makes metal drugs especially interesting as therapeutic remedies in modern oncology? And, as the 

other side of the coin, why is - despite synthesis of multiple and highly diverse complexes - only a handful 

of them approved for clinical use? Metallodrugs are unique in that they contain both a central metal ion 

coordinated to frequently bioactive inorganic or organic ligands which, after release, might exhibit 

anticancer activities on their own. Metal ions undergo ligand exchange reactions to form covalent bonds 

with nucleophilic donor atoms readily available in important biomolecules as e.g. DNA or proteins. Many 

metallodrugs contain transition metal centers and, thus, are frequently able to undergo redox reactions.194 

This enables switches between two to up to several oxidation states characterized by differing redox 

potentials as well as altered reactivity. Moreover, redox reactions are prone to enhance the level of reactive 

oxygen species (ROS). This might specifically harm malignant tissues known to frequently harbor a 

disturbed redox homeostasis caused by enhanced metabolism, shortage of nutrients and oxygen (hypoxia), 

as well as lowered pH.194,195 Based on these various coordination states of the metal centers, metal complexes 

are by far more versatile as compared to pure organic molecules for adopting diverse geometries allowing 

also a greater variety of stereoisomeric conformations. This versatility allows fine-tuning of the metallodrug 

to optimize a broad range of biological interactions but also pharmacological characteristics like organ 

distribution and passage through the tumor cell membranes. These features open an array of strategies to 

interfere with molecular targets and driver mechanisms of malignant cells but also bear the risk of toxicity 

and massive adverse effects (compare chapter 6).19,196,197 

Also with regard to the cancerous tissue, the molecular targets of anticancer metal drugs might not only be 

present in the cancer cells themselves, but also within components of the TME, including e.g. endothelial 

http://www.clinicaltrial.gov/
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cells of the tumor vasculature,198 cancer-associated fibroblasts,199 as well as the diverse components of the 

immune network allowing cancer immune escape. Accordingly, for several families of metallodrugs, anti-

angiogenic200-204 and anti-metastatic204-207 mechanisms have been suggested as major modes of action partly 

by targeting primarily cells of the TME including immunocytes. However, as mentioned above, a systematic 

evaluation of the interaction of clinically approved and experimental anticancer metal compounds with the 

immune cell compartment and immunological mechanisms in the tumor tissue is widely missing. This is 

surprising considering the fact that already Barnett Rosenberg, shortly after reporting the anticancer activity 

of cisplatin as early as 1969,208 suggested that immunological effects might underlie the cancer-selective 

activities of cisplatin. At that time, he considered that cisplatin might change the immunogenicity of cancer 

cells by removing immunosuppressive molecules from the cancer cell surface.209,210 Even between the three 

clinically used Pt compounds, namely cisplatin, carboplatin and oxaliplatin, a fundamental difference 

regarding interactions with the immune system exists. Hence, we and others have shown that oxaliplatin is 

active against the identical murine colon cancer allograft model only in an immune-competent background 

but completely inactive in severe combined immunodeficient (SCID) or nude mice lacking T cells (Figure 

4).211,212 Methyl-substituted oxaliplatin derivatives were interestingly less affected with significant but still 

strongly reduced activity in the SCID background proving the delicate nature of the metal drug-immune 

interface in anticancer therapy response.211 Also cisplatin is active in both backgrounds, albeit at a distinctly 

reduced potency in the immunocompromised situation as demonstrated by several groups using different 

Figure 3. Chemical structures of clinically approved (A-F) Pt- and (G) arsenic-based metal anticancer complexes. (A) cisplatin, (B) 
carboplatin, (C) oxaliplatin, (D) nedaplatin, (E) lobaplatin, (F) heptaplatin, (G) arsenic trioxide (ATO). 
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transplantable and chemically-induced murine tumor cell models and mouse strains.213-215 This is surprising, 

considering that DNA damage is believed to represent the major mode of action for all of these drugs and 

direct immunological effects are still not mentioned in recent, comprehensive Pt drug reviews.27,216 

Obviously, the activity loss in mice lacking adaptive immunity suggests that an - in case of oxaliplatin even 

dominating - layer of immune responses is interacting with the primary cancer cell damage via DNA strand 

break induction. These interactions need to be dissected in detail, if successful novel generation anticancer 

metal drugs, especially for combination with immunotherapeutic strategies, should be developed. In that 

regard, it needs to be considered that preclinical evaluation of anticancer (metal) drugs is predominantly 

based on cytotoxicity tests in vitro or - if in animal models - mostly in an immunodeficient xenograft 

background. As an example, oxaliplatin was - in contrast to irinotecan - widely inactive against a large panel 

of patient-derived colorectal cancer xenografts,217 a situation certainly not reflecting the clinical situation.218 

At that basis, oxaliplatin would have presumably missed clinical approval in this cancer entity. Conversely, 

one might hypothesize that at least some of the numerous experimental anticancer metal drugs not further 

developed based on low efficacy in initial xenograft models, could exert high therapeutic potential in an 

immune-proficient situation. 

Additionally, it needs to be mentioned that many publications on the interaction of anticancer metal drugs 

(but also other therapeutic approaches) with the immune system are based on in vitro, i.e. cell culture data,  

or data of animal models. This should be considered when trying to predict the clinical situation in cancer 

patients. Moreover, several immune cell models, like e.g. murine RAW264.7 cells and human THP1 or 

U937 cells, both widely-used macrophage models, were established from a malignant background.219 This 

implicates that these cell lines, although very helpful and widely resembling the monocyte/macrophage 

compartment, might well harbor deregulated signaling modules not entirely representative for an in vivo 

macrophage response to cancer therapy. In addition, immune cell subtype models may contain immune cell 

mixtures not fully reflecting the real-life situation. As one example, so-called cytokine-induced killer cells 

(CIK) derived from peripheral blood mononuclear cells (PBMC) by sequential incubation with CD3 

monoclonal antibody and activating cytokines in vitro may harbor heterologous populations of CD3+ T cells, 

CD3+CD56+ NK cell-, and CD3+CD56- CTL-like sub-compartments, together exerting strong anticancer 

activity.220 Similarly, lymphokine-activated killer (LAK) cells (lymphocytes, which were stimulated with 

IL-2 in vitro221) or studies using macrophage populations isolated by peritoneal lavage of untreated mice 

(peritoneal macrophages222) usually consist not only of one cell type but a rather undefined cell mixture. 

Consequently, whether any comparable cell type mixtures occur in the TME of cancer patients and, hence, 

results derived from such models can be directly conferred to the clinical situation is unclear and speculative. 

However, this might change in frame of adoptive therapeutic approaches, as e.g. CIK cells represent 

innovative tools in cancer immunotherapy in both autologous and allogeneic settings especially in 

hematological malignancies.220 
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So, what are the main mechanistic aspects that need to be considered, as to how the immune system might 

contribute to the anticancer activity of metal drugs? Or, asked the other way around, how do metal drugs 

support immune-mediated cancer eradication and, thus, might be harnessed as ideal partners for 

immunotherapeutic approaches? The following chapters summarize how anticancer metal drugs might alter 

visibility for and sensitivity to attacks by the patient’s innate and adaptive immune system (Figure 5). 

 

2.2. Impact of anticancer metal drugs on cancer cells  
2.2.1. Metal drugs alter visibility of cancer cells to innate immunity 

As outlined in chapter 1.2, (pre)malignant cells are recognized by NK cells primarily by loss of MHC class 

I expression, leading to inactivation of inhibitory receptors of the KIR and NKG2 families and 

hypersensitivity towards stimulation of activating receptors like for example NKG2D and DNAM-1.29,60,61 

In order to get activated, these receptors need to detect their ligands on the cancer target cells, including 

stress surface markers (e.g. MICA/MICB family proteins) which are often lost on cancer cells to avoid NK 

cell attack despite MHC class I downregulation. So, how do metal drugs impact on tumor cell recognition 

by NK cells but also by circulating DC, macrophages and neutrophils? Data suggest that metal compounds 

can synergistically prepare tumor cells for full immune recognition not only via a DC/CD4+ TH cell/CTL 

immune cycle (like in frame of an immunogenic cell death (ICD) as described in chapter 2.2.6) but also via 

enhanced detection by NK cells and macrophages (Figure 5).67 Hence, numerous metal compounds have 

been demonstrated to massively upregulate diverse stress signals on the surface of cancer cells visible to the 

NK cell compartment like expression of NKG2D and DNAM-1 ligands including MICA/MICB members,223 

ULBP1224 or the NKp30 ligand B7-H6F.225 Besides NK cells, NKG2D may be also highly expressed by 

several T cell subsets, including NKT and γδT cells as well as activated CTL, and exert direct cytotoxic or 

Figure 4. Immune-dependency of oxaliplatin-mediated anticancer responses. Oxaliplatin completely loses its anticancer activity 
against the identical CT26 murine colon cancer allograft model in an immunodeficient SCID background lacking B and T cells 
when compared to the immuno-competent BALB/c strain. All experimental settings and the injected cancer cell population were 
identical. 
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co-stimulatory functions in a cell type-dependent manner.226 NKG2D and DNAM-1 ligands on cancer cells 

are generally upregulated by DNA damage response (DDR) signaling via the ATM/ATR pathways.227 These 

signal circuits are induced by most anticancer metal drugs either based on direct DNA damage or indirect 

processes like generation of redox products including ROS.228-231 Considering the broad expression of e.g. 

NKG2D, DDR activation would render metal drug-treated cancer cells generally more responsive to several 

cell compartments of both innate and adaptive immunity in an MHC-independent manner. Additionally, not 

only DC but also NK cells, neutrophils and macrophages are likely to sense certain alarmins/DAMP, 

including HMGB1 and heat shock proteins (HSP70, HSP90) on the cancer cell surface232 to cooperate in 

case of NK cells with NKG2 ligands to fully activate cytotoxicity.223 Metal drugs can support tumor cell 

recognition by NK cells due to upregulation of these DAMP on the cancer cell surface233-235 that interact 

with certain TLR and receptor for advanced glycation end products (RAGE) molecules on NK cells.223,236 

Such alarmin-mediated effects have been reported for multiple anticancer metal drugs235,237 and should - at 

least in case of HMGB1 - not only support NK cell activation but also contribute to initiation of ICD via 

DC activation and T cell priming (compare chapters 2.2.5 and 2.2.6).12,22,43 Additionally, metal drugs might 

downregulate immune checkpoint ligands like PD-L2 on cancer cells.238 This might have direct 

consequences on the activation state not only of neoantigen-specific CTL, but also of innate immune cells 

like NK cells as well as monocytes/macrophages expressing the respective PD-1 receptor.239,240 

 

2.2.2. Metal drugs alter susceptibility of cancer cells to immune cell-mediated cell death 

Full activation of NK cells finally leads to upregulation of cell death mediators including perforin/granzyme, 

expression of death ligands like FASL and TRAIL on the cell surface, and production of cytotoxic cytokines 

like IFN-γ and TNF-α.241 These mechanisms are shared by several cytotoxic lymphocytic cell types (CTL, 

NKT, γδT cells) involved in killing of target cells via perforin/granzyme-mediated cell death. Multiple data 

suggest that metal drug-induced alterations of cancer cells render them hypersensitive to immune-mediated 

killing processes. These alterations might affect several steps of the respective extrinsic cell death signaling 

axis from initiation to execution. One of the most important aspects is the upregulation of death receptor 

molecules on cancer cells, e.g. death receptor (DR)4, DR5, and FAS receptor/CD95, by   metal drugs for 

the respective ligands (TRAIL, FASL) generated by activated cytotoxic immune cells like CTL and NK 

cells.242,243 During ligand interaction, these death receptor molecules recruit at the cytosolic side of the 

plasma membrane a death-inducing signaling complex (DISC), activating primarily initiator caspase 8.244 

Several of these death receptors are DDR genes and activated by cellular stress factors like redox imbalance 

and ROS generation.245 Moreover, it has been hypothesized that especially Pt drugs might directly stabilize 

death receptors like FAS, DR5, and TNFR1 based on protein adduct formation at the cell membrane 

(compare chapter 3.1.3).246,247 Hence, it is not surprising that multiple anticancer metal compounds including 

also novel metal complexes enhance death receptor membrane expression, support downstream death 
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signals, and synergize with death ligands like FASL and TRAIL.225,248-252 Moreover, out of several 

chemotherapeutic combination approaches tested, metal-based schemes were of paramount efficacy to boost 

a long-peptide human papillomavirus (HPV) vaccination. Interestingly, this was less based on specific CTL-

mediated target cell killing by antigen recognition than on hypersensitivity towards CTL-secreted TNF-α.253 

In addition to death receptors and their downstream signaling cascades, metal drugs might also enhance 

cancer cell sensitivity towards perforin/granzyme-mediated cell lysis by CTL, as for example shown for 

cisplatin-treated murine cervical cancer within an adoptive HPV vaccination setting (compare chapter 

3.1.4).254 Accordingly, Ramakrishnan et al. attributed a comparably enhanced sensitivity of colon cancer 

cells to CTL-based immunotherapeutic strategies in combination with e.g. cisplatin to enhanced granzyme 

uptake by a mechanism involving the cation-independent mannose-6-phosphate (M6P) receptor, also known 

as insulin growth factor receptor II. Interestingly, this effect was independent of FAS or perforin and also 

allowed killing of adjacent tumor cells lacking the CTL-specific epitopes.255 

Figure 5. Key immune-stimulatory mechanisms of anticancer metal compounds implicated in the modulation of specific aspects of 
direct immune cell-based destruction and the T cell cancer-immunity cycle (compare Figure 1). An overview of specific mechanisms 
is given adjacent to each position. Selected references to research papers and review articles discussed in the text for corresponding 
mechanisms are given. For details see chapters 2 and 3. 
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However, not only upregulation of death receptor expression on the cancer cell membrane in response to 

subtoxic metal drug doses was underlying enhanced cancer cell killing by innate and adaptive immune cell 

compartments. Hence, Bergmann-Leiner et al. observed that enforced CTL killing in response to e.g. 

cisplatin (termed here “chemomodulation”) was based on both FAS-dependent and -independent 

mechanisms both involving caspase signaling paralleled by upregulation of the cell adhesion molecule 

ICAM-1.256 Additionally, low-dose metal drug pretreatment of head and neck cancer cells in combination 

with irradiation enhanced the propensity to undergo CTL-mediated apoptosis.257 This effect was based on 

marked reduction of the antiapoptotic proteins of the bcl-2 family, an effect also observed in NSCLC cell 

models treated with a mixture of cisplatin and vinorelbine (compare chapter 3.1.4).258 The respective 

mechanisms do not work exclusively but in many cases cooperatively. Hence, enhanced susceptibility of 

lung cancer cells, pretreated with sublethal cisplatin doses, to T cell-mediated killing was depending - 

besides enhanced MHC class I expression (compare chapter 2.2.4) - also on hypersensitivity against 

perforin-mediated apoptosis and enhanced expression of pro-apoptotic genes like BBC3 (coding for the p53 

downstream target PUMA), and was accompanied by reduced secretion of TGF-β and upregulation of pro-

inflammatory IL-8 and the chemokine ligand CXCL5.258 This is just one example demonstrating the layers 

of complexity on how metal drugs may change tumor cells for enhanced immune-mediated eradication.  

 

2.2.3. Metal drugs alter visibility of cancer cells to adaptive immunity 

Metal drugs might not only enhance the visibility of cancer cells to innate, but also to adaptive immune cells 

and promote successful re-establishment of a functional anticancer immune cycle at multiple stages (Figure 

5). In general, the alterations can be categorized into three major functions: 1) enhanced antigenicity, 

meaning that cancer cells expose more neoantigens in response to metal drugs; 2) enhanced adjuvanticity, 

meaning that chemotherapy helps the adaptive immune system to recognize cancer cells primarily by 

priming recognition by DC; 3) alterations in negative feedback inhibition by immuno-suppressive 

mechanisms like immune checkpoint molecules often overexpressed as a consequence of cancer-promoting 

chronic inflammation.3 The principles of these three major immune-regulatory functions of chemotherapy 

and the respective crosstalk between cancer cells and immunocytes are outlined in the next chapters. 

 

2.2.4. Metal drugs support cancer cell antigenicity 

In the classical model of immune defense (compare chapter 1.2), components of the innate and subsequently 

also the adaptive immunity are able to distinguish between “self” and “non-self” to allow eradication of 

foreign pathogens with “non-self” antigens, at the same time shielding the healthy tissues from auto-immune 

attacks.259 In case of T cells, this is elaborated by a sequence of autoreactivity checkpoints in primary and 

secondary lymphoid organs to eliminate or deactivate autoreactive T cells, mechanisms termed “central and 

peripheral tolerance”. Central tolerance refers to the eradication or anergy - the latter connected to FOXP3+ 
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Treg induction - of inappropriately self-antigen-reactive thymic T cells by a mechanism involving medullary 

thymic epithelial cells (mTEC) and DC.47,260 Self-recognition is achieved by autoimmune regulator (AIRE) 

protein-mediated thymic expression and extensive splicing of genes encoding tissue-specific antigens,261 a 

process known as “promiscuous gene expression”.262 However, central tolerance might not deplete all auto-

reactive T cell clones based on e.g. low TCR avidity or incomplete self-antigen representation in the 

thymus.263 Surprisingly, a certain level of autoreactivity is even central for proper function of peripheral 

immunity by supporting T cell survival.264 Consequently, several immunosuppressive mechanisms 

summarized as “peripheral tolerance” are essential to avoid excess auto-reactivity and induction of 

autoimmune diseases. This peripheral tolerance may be driven by cellular or humoral factors aiming to 

deactivate or kill autoreactive T cells or even convert active into regulatory immune cells like Treg, in turn 

mediating a broader immunosuppressive environment themselves. Main players in that context are 

immunosuppressive cytokines and those checkpoint mechanisms serving as central hubs in successful 

anticancer therapy including CTLA-4, PD-1/PD-L1, lymphocyte activation gene 3 (LAG-3), T cell 

immunoglobulin and mucin-3 (TIM-3), T cell immunoglobulin and ITIM domain (TIGIT), V-domain Ig-

containing suppressor of T cell activation (VISTA), as well as metabolic immunosuppressive enzymes like 

IDO and arginase.16,265-267 These are all mechanisms driving immune evasion during cancer development 

also supported by chronic inflammatory signals within the malignant tissues.3 

Considering that cancer is derived from “perverted” cell clones of our own organism, not only cancer therapy 

researchers, but also the body´s own immune defense is facing an enormous problem to unequivocally 

distinguish cancer from healthy cells. Hence, immune recognition to initiate an effective and, in the best 

case, long-lasting T cell response and tumor rejection is dependent on MHC class I presentation of either 

viral peptides (in virus-induced cancer) or of mutation-/fusion protein-derived immunogenic neo-antigens 

by the malignant cells.268 This is of strong relevance for anticancer metal drugs which are in many cases 

considered as mutagenic. For sure, an enhanced number of mutations and translocations would help the 

immune system to recognize a malignant cell clone as “non-self”.269 This fits well to the observation that 

cancer immunotherapy with checkpoint inhibitors is successfully used in tumors harboring a very high tumor 

mutation burden (TMB) including melanoma, NSCLC and urothelial carcinomas.125,164 However, it needs 

to be considered that classical driver mutations of cancer with an immunogenic potential are extremely rare, 

as impressively summarized for highly mutated malignant melanoma by Schumacher and Schreiber.125 

Instead, successful tumor eradication due to CTL activation e.g. by checkpoint blockade is mainly based on 

immune recognition of very few random bystander mutations as has been recently elucidated e.g. in 

NSCLC.38 In this setting, a strong mutational heterogeneity between tumor subclones (termed “subclonal” 

or “private” in contrast to “clonal” mutations found in the majority or all cancer cells) was associated with 

failure of immune therapy. With regard to oncogenic driver alterations, however, it needs to be considered 

that - despite their low antigenicity - the genetic make-up of tumors and especially the loss of tumor-



26 
 

suppressor genes seems to be a main factor in shaping a tumor’s immune landscape.270 This is based on the 

intricate crosstalk of cancer cell signaling and metabolic circuits with the tumor immune-environment. 

Consequently, the predictive power of defined genetic signatures (despite not representing neo-antigens) for 

cancer immunotherapy response is intensely investigated in the field of immunogenomics.269,270 

Unexpectedly, it has been suggested recently that - in contrast to a high TMB - presence of severe 

chromosomal instability (CIN) and multiple structural chromosomal aberrations is clearly associated with 

reduced activity of cancer immunotherapy,271 adding an additional layer of complexity to cancer immune-

recognition. Surprisingly, the group of Guido Kroemer demonstrated that tetraploidy (induced by transient 

nocodazole exposure) was facilitating cancer immune recognition.272 However, despite enhanced peptide 

MHC class I presentation of tetraploid cells, no enhanced antigenicity could be detected, suggesting rather 

enhanced adjuvanticity via DAMP release as underlying mechanism273 (compare chapter 2.2.5). As 

tetraploidization was accompanied by ER stress signals and calreticulin (CRT) exposure, the authors 

interpreted the above-mentioned immune-resistance of CIN-positive cells as selection against 

tetraploidization-mediated immune eradication.273 With regard to metal drugs, it needs to be kept in mind, 

that chromosomal aberrations might be induced especially during resistance development274-276 that could 

distinctly influence recognition by anticancer immune responses. In contrast to sensitization against immune 

eradication, tetraploidization was leading to distinct resistance against DNA damage-inducing therapeutics 

like oxaliplatin.277 Hence, combination with immunotherapy e.g. by checkpoint inhibitors might represent a 

feasible strategy to overcome polyploidy-induced metal drug resistance.  

In addition to hard-core “non-self” tumor neoantigens, the immune system is able to identify cancer cells 

based on the detection of “self” antigens with de-regulated expression including differentiation (e.g. gp100, 

MART-1) and germ cell (e.g. MAGE, CEA) antigens summarized under the term “tumor-associated 

antigens” (TAA).278 Expression of those TAA may be stimulated by metal drugs supporting enhanced 

antigenicity.252,257,279 These antigens were a long time considered as very attractive especially in vaccination 

and adoptive cell transfer strategies, as they are shared by larger patient subgroups as compared to the very 

specific mutational patterns concerning neo-antigens.280 

Observations regarding the narrow ridge of cancer antigenicity have direct implications on the use of 

frequently mutagenic (metal) drugs281 as tumor antigenicity promoters, especially as partners for 

immunotherapeutic settings. For alkylating agents like dacarbazine, such an effect has been worked out in 

detail and was summarized under the term “drug-induced xenogenization”.282 Indeed, metal drug therapy 

upregulated mutation frequency and changed mutational signatures (characterized by enriched C:G to A:T 

transversions) as well as clonal heterogeneity in some studies.38,283,284 In a recent whole-genome sequencing 

analysis, cisplatin induced by far the highest mutation rates within eight frequently used chemotherapeutic 

agents in a chicken lymphoblast cell line model.285 This enhanced mutation rate should - at least theoretically 

- strongly enhance abundance of neo-antigens and - based on deregulated gene expression control - probably 
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also TAA, together leading to enhanced antigenicity. Pre- or post-treatment mutational heterogeneity was 

often associated with Pt therapy-resistant recurrence and worse prognosis38,284 which would again argue for 

combination with immunotherapy probably benefiting from mutational load. Accordingly, the group of 

Robert S. Kerbel reported recently that murine models selected against cisplatin or cyclophosphamide 

displayed for both drugs an enhanced mutational load but improved response to immune checkpoint 

inhibition only in case of the metal compound.286 These observations would implicate a possible role of 

immunological factors in metal drug therapy response. However, the situation might also in this case be 

more complicated, and an enhanced induction of mutational load by metal drug therapy has not been 

demonstrated in all cases. Additionally, regarding mutational clonality, the results are contradictory and 

probably influenced by the genomic background and DNA repair capacity of the tumor type. In a melanoma 

cohort, chemotherapy-enhanced mutational load was accompanied by increased heterogeneity and 

mutational subclonality paralleled by resistance to CTLA-4 inhibitors.38 Concerning Pt-based combination 

regimens, enhanced TMB with frequent inactivation of DNA repair genes was found in post-treatment as 

compared to pre-treatment samples of ovarian cancers using next-generation sequencing technology.287 

However, in a subsequent analysis of this dataset using algorithms to detect antigenicity, only a minor 

contribution of specific Pt mutation signatures but more a selection process during recurrence were predicted 

to enhance neoantigen expression at relapsed disease.288 Accordingly, several recent reports did not even 

find reproducible altered mutation rates but more likely shifted mutational spectra following Pt-containing 

therapy.289,290 Liu et al. have investigated mutational patterns of clinical urothelial cancer samples before 

and after Pt-containing standard therapy.290 Pt chemotherapy did not upregulate the overall mutational load 

but induced a specific cisplatin mutation signature also supporting immune evasion by upregulation of PD-

L1 and PD-L2 as well as of the “don’t eat me” molecule CD47.291 Interestingly, despite no clear-cut 

alterations in TMB, in this study “clonal” mutations were demonstrated to be enriched in urothelial 

carcinoma patients following Pt-based chemotherapy resistance.292  

In addition to induction of novel mutations and, hence, neoantigens or deregulated expression of TAA, 

metal-based chemotherapy might enhance tumor antigenicity by supporting antigen presentation by tumor 

cells.20 Accordingly, several studies have indicated that metal-based therapies might enhance MHC class I 

expression in cancer cells.257,258,279,293-295 This is surprising considering the fact that cancer cells - during 

immune evasion - tend to shut down MHC class I presentation to avoid neo-antigen or TAA detection by 

tumor-specific CTL clones. The corresponding observations concern an upregulation of total MHC class I 

levels in diverse cancer models in vitro and in vivo, including monotherapy with low-dose Pt drugs but also 

combination regimens (compare chapter 3.1.4).258,279,293-296 Metal-containing chemo-radiation therapy was 

associated with enhanced susceptibility to MHC-restricted, antigen-specific T cell killing.257,294 In line with 

these preclinical data, enhanced MHC class I levels were recently detected in ovarian cancer progressing 

after Pt-containing chemotherapy.297 In addition to enhanced robustness of antigen presentation via 
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increased MHC class I, metal-based chemotherapy may also broaden the range and change the hierarchy of 

antigens recognized by a CTL response.298 

The question remains what underlies the massive upregulation of MHC class I presentation by anticancer 

metal drugs. The highly polymorphic, classical MHC class I molecules (HLA-A, -B, and -C) are primarily 

involved in detection of virus-infected and malignant cells, while the less polymorphic non-classical MHC 

class I molecules (HLA-E, -F, and -G) are mainly responsible for NK and even T cell inhibition.299 

Constitutive MHC class I gene transcription is controlled by a TATAA box, an Inr-like motif, and by the 

Sp1 transcription factor binding to a CA/GT-rich motif.299 Additionally, inducible elements in the MHC 

class I and β-2 microglobulin promoters comprise e.g. enhancer A, IFN-stimulated regulatory element 

(ISRE), and SXY modules mediating responsiveness e.g. to cytokine- and stress-induced signal pathways 

like NF-κB and IFN-regulatory factors IRF1 and IRF3.299,300 Accordingly, the MHC class I promoters are 

strongly responsive to pro-immunogenic cytokines like type I and type II IFN. Additionally, they should be 

activated by cell-internal stress signals as derived from viral nucleic acid species- as well as from DNA 

damage-mediated NF-κB pathway activation,301 e.g. in response to anticancer metal drugs.302,303 

Interestingly, several studies demonstrated that DNA-damaging anticancer drugs like metal compounds 

induce cell autonomous production of pro-inflammatory cytokines in cancer cells, including type I IFN293,304 

and respective IFN-induced expression signatures.305 The underlying mechanisms are not completely clear 

today but are believed to involve activation by DAMP via PRR, whose increasing importance in 

chemo/immunotherapy of cancer also with metal compounds is outlined in the following chapter. 

 

2.2.5. Metal drugs enhance adjuvanticity of cancer cells to initiate an anticancer immune cycle 

The classical model of adaptive immune activation solely based on detection of “non-self” patterns or 

antigens - already challenged by “self” TAA recognition in frame of an effective anticancer immune 

response - has recently been extended towards a more comprehensive model of “danger-recognition” with 

major implications for pharmacological cancer therapy. This model was first established by Polly Matzinger 

during the 1990s mainly to explain observations in transplantation and autoimmune biology.71,306 It 

implicates that immunity is not only driven by “non-self” recognition but also by discrimination of “safe” 

and “non-safe”, the latter meaning “dangerous” and often associated with “damage”.34 This model naturally 

requires a strong contribution of innate immunity. It is based on the assumption that dangerous molecules 

or structures, summarized as DAMP or alarmins, are - comparable to pathogen-associated molecular patters 

(PAMP) - recognized by PRR, leading to activation of primarily immune-stimulatory responses. Such, it is 

not surprising that there exists a strong overlap between danger recognition of drug-induced cancer damage 

via DAMP and pathogen- and virus-infected cells via PAMP.71 PRR can reside inside the damaged cell or 

are activated via released DAMP on adjacent cells like DC to simulate maturation and efficacy of antigen 

presentation.80 Just to mention one prominent example representatively: activation of cell-internal nucleic 
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acid-sensing PRR like TLR3/7/8/9 in endolysosomes or cyclic GMP-AMP synthase-stimulator of IFN genes 

(cGAS-STING), RIG-I, and AIM2 in the cytosol of phagocytes by single- or double-stranded DNA or RNA 

ligands may induce inflammasome activation and secretion of immune-stimulatory molecules like IFN and 

IL-1 family members.80 While this is considered an evolutionarily conserved mechanism for sensing of 

foreign genetic material by cells of the innate immune system, damage induced by anticancer drugs may 

enforce comparable mechanisms. As one example, necroptosis (a regulated form of necrosis) induction in 

cancer cells is enhanced by activation of STING based on release of mitochondrial DNA into the cytosol.307 

Considering the multiple impacts of approved and experimental metal drugs on nucleic acid and 

mitochondrial integrity,27,308-310 these sensor mechanisms are surprisingly unexplored. This is even more 

astonishing as e.g. agonists of TLR3 or TLR9 enhance chemotherapy efficacy of metal drugs when applied 

as single agents or within combination regimens in vitro and in vivo.311-313 

So, what are the implications of this “danger model” for immune-oncology in general and the use of 

anticancer metal drugs in particular? For sure, interactions of DAMP with respective PRR molecules are 

already enhanced in malignant tissues before any therapeutic intervention based on increased spontaneous 

cell death, hypoxia and deregulated metabolic conditions as well as necrosis in the inner part of a solid tumor 

mass.314 TLR might be activated in tumor cells but also cells of the microenvironment like immune cells, 

endothelial cells and cancer-associated fibroblasts.314-316 DAMP/TLR interactions are even suggested to 

dictate the fate of the tumor by regulating tissue architecture, cell trafficking, neovascularization and 

immune infiltration.316 Additionally, TLR-mediated signals are involved in metabolic reprogramming of the 

TME.317 Presence and release of DAMP are strongly bolstered by cell death induction by anticancer therapy 

including the one with metal complexes.22,71,318 However, also in case of cancer therapy, DAMP released 

from dying cancer cells may exert not only strong immune-stimulatory but also immune-inhibiting 

functions. The balance and composition of these factors seems to dictate whether a given drug exerts a 

mainly “tolerogenic”, “inflammatory”, or “immunogenic” cell death - the latter known as ICD.71 Originally, 

cancer cell death was for quite some time differentiated solely into active apoptosis or passive necrosis.319 

Apoptosis induction was considered as the desired impact of systemic cancer therapy320 to avoid 

inflammatory responses due to release of cytosolic content during necrosis (“inflammatory cell death”). 

Under physiological conditions, programmed removal of cells by apoptosis needs to be rather 

immunologically silent than inflammatory.321 This is mediated by the exposure or release of 

immunosuppressive DAMP and mediators by the apoptotic cells (“tolerogenic cell death”).71 Consequently, 

the question arose, if drug- or radiation-induced cancer cell apoptosis also is uniformly immunosuppressive 

and, further asked, what the consequences regarding an anticancer immune response are.322 During the last 

decades, it has been uncovered that cell death induced by anticancer drugs may result in profound and 

complex alterations of the immunological constitution of the TME.12,17,318,323,324 The balance between 

immune-activating and -suppressing signals emitted from the dying cancer cells including DAMP and 
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cytokines/chemokines drives attraction or exclusion of the respective immune cell types and seems to dictate 

frequently the extent of therapy success.12,71,325 In selected cases, the eradication of tumor tissue by 

chemotherapy or other treatment modalities is mediated by a cell death allowing activation of an entire 

anticancer immune cycle (compare Figure 1, Figure 5), leading even to a persistent immunological antitumor 

memory. This ideal form of cancer therapy-initiated cell death was termed ICD (Figure 6).1,326 Concerning 

the different forms of cell death, ICD is for sure a controlled, active mechanism fulfilling morphologically 

the hallmarks of apoptosis as “programmed cell death”.325 In case of ICD, however, apoptosis is, based on 

the altered DAMP dosages and release chronology, resulting in immune-stimulatory rather than 

immunosuppressive effects.71 Nevertheless, it should be mentioned, that not all forms of ICD exhibit the 

morphotype of apoptosis. For example, cells dying by necroptosis exhibit a strong immune-stimulating 

activity and allow establishment of an adaptive anticancer immune response.327 Necroptotic cell death is 

taking place frequently in stress conditions with impaired apoptosis, hence being central to the elimination 

of virus-infected cells.328 Necroptosis involves sequential activation of receptor-interacting serine/threonine 

kinase (RIPK)1 as well as RIPK3 and, in turn, mixed lineage kinase domain-like pseudokinase (MLKL).327 

This is triggered by several perturbations and stress situations via either ligand-mediated activation of death 

receptors like FAS and TNFR1, or DAMP-mediated activation of PRR like TLR3 (by dsRNA in endosomes) 

and TLR4 (by several DAMP at the cell surface).325 Release of those DAMP being key in ICD induction 

(compare below) is inhibited by loss of RIPK3 or MLKL, demonstrating the central importance of this signal 

module in ICD induction.329 Interestingly, necroptotic cancer cell death in response to several metals and 

anticancer metal drugs, including cadmium and cobalt (Co) salts330,331 as well as Au332,333 and Pt334 

compounds and metal-based nanoparticles (NP)335 has been observed. Summarizing, it can be postulated 

that the effect of dying tumor cells as immune adjuvants is for sure supporting in many cases the success of 

anticancer metal drugs, as impressively demonstrated for oxaliplatin336,337 but also others22,338 (compare 

chapter 3).  

 

2.2.6. Hallmarks of immunogenic cell death (ICD) 

What is unique to drugs inducing ICD allowing them to generate, besides a rather non-inflammatory form 

of cell death, even a specific, long-lasting immunological memory?1,339 Collectively, ICD enables revision 

of several important aspects of immune evasion (compare chapter 1.2 and Figure 2), allowing re-induction 

of immune recognition of cancer cells.340 ICD is a cooperative sequence of events comprising both innate 

and adaptive immune functions, combining cellular and humoral factors as well as both antigenicity and 

adjuvanticity aspects discussed above.324 The concept of ICD was first established in 2005 upon observation 

of tumor regression and even effective vaccination of mice injected with in vitro anthracycline-treated, dying 

tumor cells.326 Subsequently, ICD has been found to be activated in response to drugs and therapeutic 

interventions like oncolytic viruses, cardiac glycosides, photodynamic therapy and (structurally unrelated) 
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chemotherapeutic agents.341 ICD can also be induced by irradiation, where it might explain at least in part 

the rarely observed abscopal effect, i.e. a systemic anticancer effect following local tumor irradiation.342 

Consequently, the hallmarks of ICD and the repository of ICD-inducing drugs were progressively 

established during the following years and are still constantly increasing (Figure 6).343 The knowledge to 

which extent metal drugs induce either complete or partial ICD is - though surprisingly limited - currently 

starting to manifest, as reviewed by us recently.22 

In order to facilitate understanding of the complex sequence of events in ICD, the main molecular players 

will be described here before discussing the initiating events in the therapy-damaged cancer cells. Cells 

undergoing ICD expose or release specific DAMP for interaction with their particular PRR molecules 

primarily on immune cells of the microenvironment.344 The key DAMP for full ICD induction are the protein 

chaperones CRT345,346 and HSP70/90,347 the DNA damage sensitizer HMGB1,215,348 and the nucleotide 

ATP.349 However, multiple other danger signals might support the process of ICD at different stages 

Figure 6. Molecular hallmarks of ICD. Certain drugs, including selected metal compounds, induce a form of cell death which, 
based on ER-stress- and autophagy-mediated exposure or release of DAMP molecules like CRT, HSP70/90, ATP, and HMGB1, 
induce a tumor antigen-specific CTL response. DAMP activate respective receptors on the DC plasma membrane like TLR, CD91 
(LRP1), and the purinergic receptor P2X7. The process is additionally driven at multiple points by specific cytokines, e.g. IFN, IL, 
and chemokines (e.g. CXCL10) via interaction with their specific receptors as indicated. ICD, immunogenic cell death; DAMP, 
damage-associated molecular pattern; CRT, calreticulin; HSP70/90, heat-shock protein 70/90; ATP, adenosine triphosphate; 
HMGB1, high-mobility group box 1; CTL, cytotoxic T-lymphocyte; DC, dendritic cell; TLR, toll-like receptor; IFN, interferon; IL, 
interleukin; CXCL, C-X-C motif ligand. For detailed description see text. (Adapted from Kroemer et al., 20131) 
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including the release of dsDNA or RNA,17 as well as annexin A1 (ANXA1).344 Additionally, the process is 

driven by the induction of immune-stimulatory cytokines (e.g. IFN type I350,351 and type II,352 IL-1β,352 and 

IL-17353) and chemokines (e.g. CXCL8354 and CXCL10351) derived from several cell types including - 

besides dying cancer cells - also DC, CTL and γδ T cells (Figure 6).17,323,353 Functionally, ICD includes the 

exposure of “find-me” signals by the apoptotic cells for attracting cells of the innate immunity combined 

with “eat me” signals allowing efficient engulfment of the apoptotic bodies and antigen presentation. 

Massive inflammation or distinct immune-suppression would be both detrimental at that stage. 

Consequently, clearly both “find me” and “eat me” signals are optimized to allow strong attraction of DC 

but also - at least to some extent - rejection of e.g. proinflammatory neutrophils and monocytes/macrophages 

(the latter preferentially attracted by “tolerogenic” cell death).71 

As a first step in ICD induction, CRT is actively translocated from the ER to the surface of early apoptotic 

cells (termed ecto-CRT)355 via an exocytotic process (compare below) even before exposure of the 

immunosuppressive phosphatidylserine.345 Ecto-CRT functions as an “eat-me” signal primarily to DC via 

binding to its receptor CD91 (low-density lipoprotein receptor 1, LRP1) on APC.356 This induces - besides 

proper engulfment of dying cells to allow efficient neoantigen presentation on DC - also release of pro-

inflammatory cytokines like IL-6 and TNF-α, supporting a TH1 and TH17 cell polarization.71 Consequently, 

ecto-CRT counteracts the ubiquitous “don’t eat me” function of CD47 (integrin-associated protein) and 

binding to its receptor signal-regulatory protein α (SIRPα) on the APC surface.356 Hence, ecto-CRT serves 

as a central switch towards antigenicity of programmed cell death.97  

Ecto-CRT, however, is not sufficient to induce ICD but needs cooperation with at least extracellular ATP 

and HMGB1. Besides functioning as central cellular energy source, ATP and other nucleotides are known 

to exert multiple extracellular messenger functions (termed purinergic signaling system) also connected to 

mechanical or chemical stress and tissue damage.357 This highly sensitive and versatile signaling module is 

enabled by the steep decline of intracellular to extracellular concentrations of ATP (approximately 10 mM 

to 10 nM, respectively) in unstressed tissue. Under stress, like tissue damage and inflammation, extracellular 

ATP levels can increase rapidly and massively. There, it mediates concentration- and receptor-dependent 

messenger functions by interaction with a high number of nucleotide receptors on target cells including 

primarily immune cells.3,17,349 Several release mechanisms for nucleotides have been suggested including 

exocytotic, vesicle-driven processes as well as efflux by anion channels (ATP is negatively charged) and 

ABC transporters.358 During ICD induction, ATP is actively released from pre-apoptotic cells by an 

autophagic process349,359 (compare below) and functions as an efficient “find me” signal for several myeloid 

cell types including primarily DC but also macrophages and, in the nervous system, microglia.253 Attraction 

and activation of immune cells is elaborated by binding to a multitude of purinergic receptors,17,357 e.g. at 

the DC cell membrane.360 Persistent low ATP levels stimulate solely the high affinity metabotropic P2Y 

receptor family, leading to DC maturation favoring a TH2 immune response. At higher ATP concentrations 



33 
 

- like the ones functional in ICD induction - low-affinity P2X receptors including P2X7 are activated 

especially close to the dying cancer cells. This leads to a tumor-resident DC-mediated TH1 response.361 

Functionally, ATP binding to P2X7 activates the NLRP3 inflammasome (compare chapter 1.2.2) with 

caspase 1-mediated secretion of IL-1β, essential for priming an efficient CTL response during ICD.352 The 

antigen-specific CTL activity against cancer cells is based on massive IFN-γ production,352 thus closing the 

ICD-initiated anticancer immune cycle. This step is promoted by specific γδ T cells (termed γδ T17 cells) 

arriving after ICD induction in the tumor bed before the respective CTL and essentially supporting the 

chemotherapy-mediated CTL antitumor response by secreting primarily IL-17A353 (Figure 6). Interestingly, 

IL-17A is also contributing to cisplatin nephrotoxicity. However, in that case this cytokine is not produced 

by γδ T cells, but rather by innate effector cells based on TLR2 ligand production and activation of the 

apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC)-dependent 

inflammasome complex362 (compare chapter 6.2). Concerning anticancer therapy, diverse 

chemotherapeutics including metal compounds363,364 but also heavy metals ions themselves365 and metal-

containing NP9 have been shown to mediate ATP release and purinergic signaling. However, this issue has 

not been investigated systematically so far. 
The third key DAMP molecule essential for promotion of ICD induction is HMGB1, a widely expressed 

and incredibly multifunctional non-chromatin DNA chaperon stabilizing the nucleosome and supporting 

diverse DNA-involving mechanisms like replication, transcription, and repair.366 Surprisingly, HMGB1 in 

cancer cell nuclei was suggested to enhance Pt drug-induced DNA damage by shielding the DNA lesion 

from efficient nucleotide excision repair (compare chapter 3.1.6).367 Passive release of HMGB1 from 

necrotic cells is a main mediator of damage-induced inflammation but - e.g. in case of ICD - also active 

HMGB1 export mechanisms have been suggested, involving autophagy (see below) and probably also the 

NLRP3 inflammasome.368 Both release and extracellular functionality of HMGB1 seem to be tightly 

regulated by acetylation as well as - especially with regard to immune functions - oxidation state at three 

cysteine residues.318 While inactive in its fully oxidized form, HMGB1 mainly acts as immune cell attractor 

in its reduced form and induces pro-inflammatory cytokine release after forming disulfide bridges.369 This 

is of central interest with respect to anticancer metal drugs considering their massive impact on the 

intracellular and extracellular redox status of cancer cells and tissues.194 Extracellular HMGB1 acts as 

DAMP by binding to several receptors on innate immune cells. One of them is RAGE, a multifunctional 

immunoglobulin superfamily receptor, central in the pathophysiology of inflammatory and degenerative 

diseases, but also cancer.370 HMGB1 binding to RAGE induces cell migration and invasiveness based on 

NF-κB and MAPK signaling371 and cooperates with the CXCL12/CXCR4 chemokine axis in inflammatory 

cell recruitment.372 Additionally, and even more important for ICD, HMGB1 functions as ligand primarily 

for TLR4 (the classical TLR for lipopolysaccharide, LPS) on APC, mediating activation of the MyD88 

signaling pathway essential for proper tumor antigen presentation by DC.215 Accordingly, the vaccination 
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effect of cancer cells dying via ICD was lost in TLR4-knock-out mice and following downregulation of 

extracellular HMGB1 levels.215 Likewise, blockade of ICD-mediated vaccination due to loss of HMGB1 

release was recovered by application of TLR4 agonists.348 Together, this suggests that HMGB1 might be 

important for the anticancer activity of metal drugs by at least two independent mechanisms, i.e. 

intracellularly by blocking drug-mediated DNA damage repair367 and extracellularly by supporting the 

anticancer immune response by boosting neoantigen presentation by DC. However, the picture seems to be 

more complex. Generally, also tumor-promoting effects of HGMB1 have been described, especially in the 

context of persistent inflammation.373 Accordingly, RAGE-mediated inflammation was identified as a 

central player in tumor growth and metastasis374 and HMGB1 release from necrotic cells promoted 

aggressive recurrence after ICD-inducing chemotherapy.375 Additionally, in several studies enhanced 

HMGB1 levels in cancer cells were connected rather to resistance than sensitivity of cancer cells also against 

anticancer metal drugs in vitro and in vivo. This unwanted effect was based on the anti-apoptotic impacts of 

MyD88 activation in cooperation with Ras/ERK signaling.376 Hence, inhibition of HMGB1 and MyD88 was 

suggested as strategy for anticancer therapies especially of Ras-driven tumors.376,377 However, considering 

the central role in ICD induction such interventions and the combination with ICD-inducing chemotherapy 

need to be elaborated carefully.  

So how is the above-mentioned sequence of ICD induced and how are the critical DAMP released? The 

initiation of ICD - as a cooperative process between cancer cells and the microenvironment - is depending 

on several distinct molecular mechanisms in the dying cancer cells. The most important process, also 

involved in the release of the above-mentioned “eat-me” DAMP - like ecto-CRT and ecto-HSP70/90 - is 

ER stress, based on an unfolded protein response (UPR).378 Activation of protein kinase R-like ER kinase 

(PERK)-mediated axis of ER stress drives phosphorylation of the eukaryotic translation initiation factor 2α 

(eIF2α).379,380 This initiates, depending on the ICD inducer, a signal cascade involving activation of the 

apoptosis-promoting bcl-2 family members BAX/BAK, calcium signaling, and caspase 8-mediated cleavage 

of the ER protein BAP31.355 ICD involves mainly caspase 8 - and not caspase 3 - as initiator caspase, 

however, in case of e.g. hydrostatic pressure-induced ICD, also caspase 2.381 The final step is activation of 

the secretory pathway and translocation of CRT in association with the disulfide ER-resident isomerase 

ERp57 onto the surface of the dying cells, even before appearance of phosphatidylinositol as key 

immunosuppressive DAMP.355 In many if not all cases, ICD-related ER stress induction is linked to 

oxidative burst and the overproduction of ROS.324,382 ER calcium release might further promote ROS 

production and seems to be a prerequisite for ROS-connected ICD.323 Several of the DAMP driving ICD, 

like CRT and HSP70/90, function physiologically as chaperons for injured or misfolded proteins in the ER. 

The central role of ER stress in ICD induction has also massive implications for the activity of anticancer 

metal compounds. Although full ICD induction based on UPR has been reported mainly for oxaliplatin so 

far337, multiple other metal complexes are known to induce massive ER stress also via the PERK axis.  In 
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case of the promising Ru compound KP1339 such ER stress contributed together with caspase 8 to cell death 

induction in several cancer cell lines.383,384 This fits well with the chaperon and UPR regulator GRP78, 

residing upstream of PERK, in ER stress protection385 as one major target of this Ru(III) compound.188,386  

In addition to or in cooperation with ER stress, autophagy - a process capturing intracellular components in 

autophagosomes and delivering them to lysosomes387 - seems to be essential for ICD induction in cancer 

cells.349,388 Autophagy is a catabolic “self-eating” process of cell constituents and even whole organelles (in 

the latter case termed macro-autophagy) either as starvation rescue to generate metabolic precursors or to 

remove damaged components like misfolded proteins e.g. in response to chemotherapy.389 Accordingly, 

autophagy often functions context-dependently either as resistance mechanism against therapy-induced cell 

death or, in case of excessive activation, as inducer of so-called autophagic cell death. Consequently, 

autophagy induction and inhibition have both been suggested as therapeutic strategies against cancer.390 

Besides this cancer cell-autonomous effects, autophagy also regulates the TME by activating the immune 

system in response to therapeutic interventions like irradiation and drug treatment.391 Autophagic processes 

have been demonstrated to drive metal- and metal complex-induced cancer cell death but also to mediate 

adverse and carcinogenic effects.392,393 For multiple anticancer metal drugs, either protection from or 

induction of cell death by autophagy has been reported, primarily based on data derived from in vitro 

experiments.394 However, the contribution of metal drug-induced autophagy to immunogenic anticancer 

events in vivo is widely unexplored. 

In fact, several factors of anticancer immunity are supported by autophagic processes in cancer but also 

immune cells395 including - via lysosomal hydrolysis - efficient loading and presentation of intracellular 

tumor antigens by DC to TH cells via MHC class II.396 Additionally, autophagy regulates the repertoire of 

MHC class I epitopes also of cancer cells, probably based on the interaction with protein translation 

initiation, and - in addition - supports CTL survival.388 With regard to ICD induction, the main contribution 

of cancer cell autophagy seems to be the release of ATP to the extracellular space.349 This process involves, 

also in response to metal drugs, caspase-dependent plasma membrane translocation of lysosomal-associated 

protein 1 (LAMP1)349,359 and pannexin-1 as a non-selective, large-pore ATP release channel.397 However, 

not only ATP, but also HMGB1 release into the extracellular space is supported by autophagy, the latter - 

in a feedback fashion - further accelerating cellular autophagy.398 Interestingly, also ICD-inhibitory roles of 

autophagy have been suggested based on reduced CRT exposure following ATG5 knockdown in frame of 

ICD-inducing photodynamic therapy.382 In case of metal drug-induced cell death, however, autophagy was 

promoting CRT exposure during early but inhibiting during late stages, and only combination of ER stress 

with autophagy was leading to ecto-CRT exposure.399 Together, these data suggest essential and cooperative 

roles of ER stress/UPR and autophagy in ICD induction based on a delicate balance between different ICD-

promoting and -inhibiting activities. These factors also seem to be of central importance in anticancer 

immune responses initiated by metal drugs.399  
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The deeper knowledge on the central role of ROS-mediated ER stress and UPR in ICD induction led to the 

classification of bona fide ICD inducers into two categories.324,343,400 Type I inducers exert diverse cytotoxic 

mechanisms and trigger ER stress indirectly as a secondary mode of action. This category includes, besides 

irradiation, with respect to clinically approved anticancer agents e.g. the anthracyclines doxorubicin, 

idarubicin and epirubicin (antibiotics), the taxanes paclitaxel and docetraxel (microtubule poisons), the 

anthracendione mitroxantrone, the proteasome inhibitor bortezomib, the glycopeptide bleomycin and the 

alkylating agent cyclophosphamide (a nitrogen mustard).22,336 Type II ICD inducers mediate ROS-related 

ER-stress with CRT exposure directly as main mode of action and include some forms of photodynamic 

therapy and oncolytic viruses.400 With regard to metal drugs, oxaliplatin represents a classical type I ICD 

inducer337 but also the very rare category of type II ICD inducers have been identified or in other cases 

assumed in the world of preclinical metal compounds (compare chapter 3.1.5).338,401 Considering the 

multiple roles of ROS and protein damage to induce UPR and ER stress as mode of action for several metal 

drug families, the existence of by far more metal-containing type I and type II ICD inducers can be 

considered highly probable. However, also a critical view on this issue is necessary. For sure, induction of 

ICD by anticancer drugs is desirable, leading to a supposedly synergistic activity between the induced cancer 

cell damage (as DNA damage in case of many metal drugs) and profound activation of an anticancer immune 

response. Nevertheless, it needs to be mentioned that bona fide ICD inducers are rare. Based on library 

screening approaches, below 10% of clinically used and experimental anticancer compounds within FDA 

and NCI panels were found to elicit ICD-inducing activities.343 This implicates that in the clinical situation 

by far not all successfully used anticancer drugs are bona fide ICD inducers. Hence, also cisplatin, per 

definition postulated as “tolerogenic” cell death inducer71, is, as mentioned above, distinctly more active in 

an immuno-proficient background and was not replaced by the classical ICD inducer oxaliplatin in many 

cancer indications.173 Alternatively, the ICD inducer oxaliplatin triggers apoptosis characterized by massive 

exposure of phosphatidylserine at the cell surface, a well-known immunosuppressive DAMP.402 This 

indicates that the exact contribution of the immune system and the balance between immune-stimulatory 

and immunosuppressive mechanisms during systemic cancer therapy with metal drugs needs to be dissected 

in detail to allow optimization of the therapeutic outcome. 

 

2.3. Impact of anticancer metal drugs on immune cells 
2.3.1. Metal drugs may support proliferation and homing of innate and adaptive effector 

compartments 

The immune-potentiating effects of metal-containing cancer therapeutics described so far are predominantly 

initiated by the damage inflicted on cancer cells. Accordingly, primarily the release of the above described 

“find-me” signals by the drug-exposed tumor tissue leads to an enhanced recruitment of effector immune 
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cells into the cancer lesions, thus counteracting the immune-resistant milieu of the TME.17,71 This might 

even transfer immunologically “cold” tumors, keeping immunocytes, and especially CTL, out of the 

malignant tissue, into “hot” tumors, a concept currently heavily discussed to overcome intrinsic 

immunotherapy resistance.403 This adjuvant effect might also be strongly involved in metal drug response 

and prime the tumor for diverse immunotherapeutic interventions.404 Hence, it was for example shown that 

metal-based chemotherapy fully supplanted other adjuvants to convert the TME of HPV oncogene-driven 

T71 lung cancer and CT26 colon cancer models to a highly immune-permissive state for successful peptide-

based vaccination approaches.405 The observed immune stimulation was dependent on TLR4 and IFN type 

I signaling and based on enhanced DC and CTL infiltration into the tumor lesions. Interestingly, the applied 

peptide for vaccination needed to be injected intratumorally (and not subcutaneously) proving the central 

role of the TME in CTL stimulation. In frame of such observations, one might hypothesize that not only 

metal drug-mediated alterations in the cancer cells but also directly in immune cells could have an impact 

on the anticancer immune response. This seems likely, as several transition metals utilized in anticancer 

metal drugs are able (at least in their ionic form) to exert an innate immune response, including nickel (Ni) 

and Co via TLR4406-408 and Au via TLR3 activation on the DC surface409. Indeed, several in vitro studies 

have analyzed the effect of metal salts and metal complexes (primarily Pt drugs) on immune cells, like 

macrophages, DC or T cell subtypes, and found a broad and sometimes contradictory panel of effects 

including activating, de-activating and even cytotoxic activities (compare chapter 3). The latter observation 

led to the suggestion of metal drugs as anti-inflammatory remedies e.g. in rheumatoid and autoimmune 

diseases.410 The variable effects on immune cells in vitro might be a consequence of the metal drug type, 

dose, regimen and combination differences and again underlines the necessity for a precise elucidation of 

the diverse interactions of metal drug chemotherapy with immune functions to develop optimized cancer 

treatment regimens. Nevertheless, it has to be mentioned that the in vivo relevance of these in vitro findings 

is so far widely unclear. A surplus of immune-stimulatory processes of metal drugs and enhanced 

recruitment of effector cells into the malignant tissues have been reported both in mouse models and patient 

tissues. In that case, however, it is widely impossible to dissect the immune-stimulatory effects of damaged 

(cancer) cells from direct impacts on the immune cell compartments. The strong immune component of 

metal drug-induced adverse effects (compare chapter 6)197,411,412 argues against a dominant immune cell 

cytotoxicity, but rather supports direct or indirect immune-stimulation by diverse metal drugs both in healthy 

and malignant tissues. The contribution of immune reactions to the adverse effects especially of Pt drugs is 

currently reinvigorating efforts to develop prodrugs and tumor delivery strategies with selective and tumor-

specific release of the active metal compound19,27,413,414 to avoid systemic (immune) adverse effects. This is 

especially important considering combining metal-containing chemotherapy with immunotherapeutic 

approaches, a strategy even enforcing the risk for systemic immune hyper-activation. 
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With regard to the combination with immune checkpoint inhibitors another activity at least of Pt drugs needs 

to be considered. By combining in vitro and clinical observations, the study of Lesterhuis et al.238 delivered 

strong indication for a direct immune cell-activating function of metal-based chemotherapy. The authors 

suggested that pretreatment of DC with metal drugs enhanced their potential to stimulate T cell proliferation 

and activation to produce IFN-γ and IL-2. This was mainly based on downregulation of the immune 

checkpoint receptor ligand PD-L2 as a consequence of STAT6 blockade by the metal compounds. In a more 

recent work, the authors demonstrated - in agreement with other groups415 - that e.g. Pt drugs generally 

represent STAT inhibitors including supposedly pro-tumorigenic (STAT3, STAT5, STAT6) as well as anti-

tumorigenic (STAT1) members by directly binding to the Src homology 2 (SH2) domains of these 

proteins.416 This interaction is not restricted to cancer cells but for sure also happens in immune cells. 

Considering the central role of STAT signaling in immune cell biology, IFN responses, and immune 

checkpoint regulation,417 a massive - though yet not dissected - impact of metal drugs on this immune-

regulatory axis might be anticipated. Obviously, IFN-γ signaling via JAK/STAT is a major regulator of e.g. 

PD-L1 expression in both cancer and regulatory immune cells.418 The general STAT-inhibitory function 

would consequently ascribe an immune checkpoint-inhibitory activity to the metal drugs. Accordingly, 

combinations with several other drugs but not metal-containing regimens enhanced PD-L1 expression 

within a preclinical chemo-radiation setting.365 Additionally, PD-L1 expression was reduced in lung cancer 

patients following metal-based chemotherapy.370 In contrast, a cisplatin-containing induction chemotherapy 

in advanced head and neck squamous cell carcinoma (SCCHN) enhanced CTL infiltration was paralleled 

by increased PD-L1 expression on TME immune cells,419 probably reflecting a later stage following 

successful immune response activation. Additionally, DNA-damaging agents like metal drugs might 

enhance PD-L1 expression on cancer cells based on stress-mediated MAPK signaling.420 Hence , a 

competition of PD-L1 expression-activating (MAPK) and -inactivating (STAT3/5/6) signals can be assumed 

for metal drugs. This hypothesis in corroborated by observations in gastric cancer where both induction and 

loss of PD-L1 expression during Pt-based therapy was observed in patient subsets. Interstingly, down-

modulation was more frequent and correlated better responses and progression-free survival (PFS).421 In 

addition, STAT activation by cisplatin seems to play a central role in adverse effects like ototoxicity 

(compare chapter 6.4). Together these data might shed light on the profound activity of checkpoint inhibitor 

antibodies in combination with Pt drugs either preclinically422 or in clinical studies especially of NSCLC, 

an observation currently revolutionizing treatment of this highly aggressive disease (compare chapter 

8.3.1).9  

 

2.3.2. Anticancer metal drugs target regulatory immune cell populations 

However, though sounding paradoxical at first, not only activating but also direct cytotoxic effects of 

anticancer metal drugs on immunocytes might support immune-reactivation of the TME. So how can that 
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work? To recapitulate from the chapters above, cancer cell clones have - during immune escape - undergone 

several rounds of selection against immune-recognition (outlined in chapter 1.2) based on diverse “abused” 

functions of the immune system. These may include - in addition to the already discussed alterations of 

antigenicity and adjuvanticity - adaptation of an immune-privileged environment by a so called 

“homeostatic feedback inhibition”. In simple words, this inhibitory safeguard function is physiologically 

important to avoid immune-mediated tissue damage and allow resolution of inflammation during e.g. wound 

healing.3 This beneficiary and multifaceted feedback inhibition, mainly targeting T cell inactivation (causing 

T cell exhaustion, generating Tex cells)423 may be deregulated in pathological situations like persistent 

antigen exposure or chronic inflammation as e.g. in frame of cancer. Thereby, several mechanisms are 

evoked to block or reverse immune cell activity (with a focus on CTL, but also concerning NK cells and 

others), widely summarized as immune checkpoints. These immunosuppressive activities are - in the 

malignant situation - frequently accomplished by cancer cells but also by regulatory immune cells including 

Treg, MDSC, M2-type TAM and Breg (compare chapter 1.2.4).424 These cell types cooperate with the cancer 

cells to establish the immunosuppressive microenvironment by blocking a CTL-mediated anticancer 

immune response involving secretion of immunosuppressive cytokines, overexpression of immune 

checkpoint receptor ligands (e.g. PD-L1, PD-L2) either on the cell surface or via microvesicle shedding, 

and production of immunosuppressive metabolites.16  

So the question arises, how these regulatory immune cell compartments might be specifically targeted to 

reverse the immune-restrictive cancer microenvironment and re-establish immune surveillance. 

Surprisingly, solid evidence exists that regulatory immune cell compartments might be highly sensitive 

against cytotoxic chemotherapy especially with metal drugs including Pt but also As compounds425,426 

(compare chapter 3.1 and 3.2), while unfortunately for many promising metal drug families no data about 

this important aspect have been established so far. The mechanisms underlying this hypersensitivity against 

metal drugs are not completely understood and might be multifactorial. Observations published so far 

include a high vulnerability of Treg and MDSC to metal drug-induced proliferation arrest or apoptosis 

induction by deregulation of pro/antiapoptotic bcl-2 family members.425 Furthermore, enhanced 

vulnerability of regulatory immune cell compartments by ROS stress might be a key factor leading to 

hypersensitivity against the frequently redox-active metal drugs.194 Hence, a higher sensitivity of Treg against 

an ATO-induced oxidative and nitrosative burst was reported with superoxide anion and peroxynitrite as 

key radicals.427 Even central factors in the differentiation program towards regulatory immune cell subsets, 

like the FOXP3 transcription factor guiding Treg cell development,428 might be shut down by metal drugs 

leading to loss of their potential to release immunosuppressive cytokines and inhibit CTL functionality.429 

Nevertheless, the nature of the metal drugs seems to be crucial, as e.g. a binuclear (η6-p-cymene)Ru(II) 

complex containing a bridging bis(nicotinate)-polyethylene glycol ester ligand was enhancing 

differentiation of T cells towards a Treg phenotype (compare chapter 3.3).430 With regard to clinical data, 
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multiple studies have indicated that, although in some cases the absolute number of T cells was reduced, an 

enhanced ratio CTL/Treg
431

 and/or a reduced number of tumor-resident MDSC432 was observed (compare 

chapter 8.2). This strongly supports reduced CTL deactivation and induction of a permissive TME based on 

the preferential killing of regulatory immune cells by anticancer metal therapy also in the clinical situation. 

Summing up, metal drugs might influence the immune TME in multiple and also contradictory ways 

depending on the drugs used, their modes of action, the doses applied and the combination regimens. 

However, the picture is more and more emerging, that at lease Pt-based chemotherapy can be considered as 

being mainly permissive for re-establishment of cancer immune surveillance. This strongly implicates that, 

for sure, metal drugs should be big players in the search for the ideal combination partner for immunotherapy 

in cancer. This entails dawn of novel challenges for chemistry to synthesize smart and innovative metal 

complexes allowing selective release into the cancer tissues to optimize the therapeutic window and 

minimize adverse effects within such immune-stimulatory combination settings. The data available are 

elaborated in detail in the next chapters with regard to specific metals in anticancer drug development. 

 

3. Immunological effects of specific metal drugs 

3.1. Platinum (Pt) 
3.1.1. The immune perspective of Pt drugs 

Pt drugs are by far the most successful anticancer metal compounds with three representatives approved for 

clinical use worldwide and three further in selective countries (compare Figure 3). Hence, the by far largest 

body of literature concerning an interaction with an anticancer immune response exists for the clinically 

approved Pt drugs cisplatin and oxaliplatin, whereas surprisingly little information is available for 

carboplatin. From a clinical perspective, systemic immune supression in patients treated with 

chemotherapeutics such as Pt drugs is of major concern. For instance, a prominent dose-limiting side effect 

of carboplatin is myelotoxicity (compare chapter 6.1).433,434 This issue has even been exploited as 

cytoreductive therapy, an approach to mobilize peripheral-blood progenitor cells in hematological 

malignancies such as non-Hodgkin’s lymphoma.435 However, as outlined in chapter 2.1, as early as the 

discovery of cisplatin as anticancer agent by Rosenberg in the late 1960s,208 a discussion concerning the 

contribution of immunological effects was initiated and basically persists until today.20,21,210 Interestingly, 

stimulated by the remarkable success of Pt-containing chemotherapy with immune checkpoint inhibitors in 

highly aggressive solid tumors,9,18 the field is currently experiencing an unexpected and urging interest also 

from the side of pharmaceutical companies. The discussion on immune effects of Pt drugs evolved in parallel 

with major discoveries in the field of immunology like identification of various immune cell subtypes (e.g. 

T cell subsets during the 1960s), the MHC restriction (1974), or genes encoding BCR and TCR (1985 and 

1987, respectively). For summarizing data on Pt drug-immune interactions published in early studies, this 
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needs to be kept in mind, meaning that certain terminologies, functional descriptions and cell subtypes 

reflect the knowledge of that time rather than the current consensus on immunological functions and models. 

For instance, early work on e.g. cisplatin postulates an interaction with natural cytotoxicity (NC) cells as 

compared to NK cells, a concept not pursued further since the 2000s, where natural cytotoxicity was 

attributed to TNF-α produced by NK and NKT cell subsets.436 Consequently, we aim in the following section 

to give an overview on the data available for effects of Pt compounds on several aspects of innate and 

adaptive anticancer immunity and, if necessary, mention the background of publication date. 

As already outlined above, Pt drugs (like many other conventional chemotherapeutics) have traditionally 

been assumed to result in a generalized supression of immune responses.437,438 However, there is (and always 

was) strong evidence that, indeed, even the opposite might hold true. With regard to innate immune cells, 

cisplatin has been demonstrated as potent activator of isolated murine peritoneal macrophages,439,440 human 

monocytes,441,442 as well as NK cells.443,444 These observations will be outlined in the following sections. 

 

3.1.2. Impact of clinically approved Pt drugs on macrophages  

Several studies demonstrated increased amounts of intratumoral macrophages after cisplatin treatment in 

vivo (e.g. in mice bearing TC1 lung cancer445 or ID8 and RHM-1 ovarian carcinoma allografts213). With 

regard to the effects of Pt drugs on macrophages, a lot of early cell culture research has been performed 

using lavage-isolated peritoneal macrophages from untreated Balb/c mice.222 Such, already in the 1990s, 

two successive publications demonstrated increased release of cytolytic factors (e.g. IL-1α, TNF-α, ROS, 

lysozyme) from macrophages incubated with cisplatin or carboplatin in vitro to mediate cancer cell 

killing.446,447 Corroboratively, in 1998, Shishodia et al. found that murine cisplatin-treated macrophages 

acquire an enhanced capacity to lyse tumor cells as well as produce increased amounts of IL-1, TNF, ROS, 

reactive nitrogen intermediates, lysozyme and arginase.440 Macrophage activation by cisplatin was 

dependent on protein kinase C (PKC)- and tyrosine kinase-induced MAPK signaling as well as 

Ca2+/calmodulin signaling.439 Moreover, peritoneal macrophages rapidly activated lyn kinase (a Src kinase 

family member) upon cisplatin treatment.448 Accordingly, another report showed that murine peritoneal 

macrophages overexpress various TLR (TLR2-TLR9) upon contact with cisplatin in cell culture, leading to 

induction of downstream effectors (MyD88, IRAK1, TRAF6, MAPK, NF-κB), and - upon ligand binding 

(e.g. polyI:C, CpG DNA, LPS) - enhanced production of pro-inflammatory cytokines as well as inducible 

nitric oxide synthase (iNOS).449 Cisplatin induced rapid, Ca2+-dependent translocation of NF-κB into the 

nucleus.450 Furthermore, production of oncostatin M (a cytostatic gp130 cytokine451) by the treated 

macrophages was already detected 15 minutes after incubation with cisplatin.452 Cisplatin stimulation of 

macrophages resulted in contact-dependent tumoricidal activity mediated by leucocyte function-associated 

antigen 1 (LFA-1, i.e. an integrin heterodimer constituted of the α-chain CD11a and the β-chain CD18) 

binding to the well-known cell adhesion molecules ICAM1-3.453 Upregulation of LFA-1 by cisplatin was 
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Ca2+/calmodulin/calmodulin-dependent kinase (CamK)- and PKC-dependent and mediated binding of the 

macrophages to target cells.454,455 However, antibody-based blockade of LFA-1 did not reduce cisplatin-

induced overproduction of antitumor cytotoxic mediators like IL-1, TNF and NO. Additionally, treatment 

of peritoneal macrophages with cisplatin resulted in biphasic antigen presentation to keyhole limpet 

haemocyanin (KLH)-primed T cells, where the second peak was based on an autocrine feedback loop due 

to release of IL-1, TNF-α and NO, again in a PKC- and Ca2+/calmodulin-dependent manner.456  

However, as mentioned in chapter 2.1, it has to be considered that peritoneal macrophages are constituted 

by a heterogeneous mixture of immunocytes with different biological functions.222 This makes exact 

assessments regarding the roles of defined cell types with respect to immune-modulatory functions of Pt 

drugs difficult. Comparably to peritoneal macrophages, cisplatin treatment of M-CSF-stimulated bone 

marrow-derived macrophages (BMDM) also led to rapid excretion of oncostatin M.457 Moreover, cisplatin 

treatment resulted in release of reactive nitrogen intermediates (probably NO) in GM-CSF- and M-CSF-

stimulated macrophages (later used for in vitro polarization of macrophages into M1 and M2 phenotypes, 

respectively458) and enhanced their anti-P815 mastocytoma activity.440,459  

As already described in chapter 1.2.2, M1-type macrophages are considered as favorable subtype exerting 

antitumor activity, while M2 macrophages have been frequently associated with pro-tumorigenic functions 

based on their anti-inflammatory cytokine profile, which also leads to Treg proliferation.460 Consequently, it 

is of interest that M-CSF-induced M2 and M2-like macrophages were found to be more sensitive to cisplatin 

and carboplatin treatment than M1 macrophages and DC.461 However, in this study, treatment with these Pt 

drugs also resulted in the NF-κB-mediated release of PGE2 and IL-6 from some cancer cell types.461 This, 

in turn, could induce differentiation of tumor-promoting M2-like macrophages from monocytes461 and 

subsequently result in enhanced tumor growth. Also with regard to oxaliplatin, the role of macrophages 

seems to be complex. On the one hand, oxaliplatin treatment stimulated release of TNF-α, IL-10 and IL-8 

(but not IL-1β) in serum-differentiated human monocyte-derived macrophages and significantly enhanced 

their cytotoxic activity against CaCo-2 colon cancer cells.462 On the other hand, it was shown that TAM of 

the M2 type protect hepatoma cells from oxaliplatin-induced autophagy (and apoptosis) via IL-17 secretion 

by the tumor cells.463,464 With regard to carboplatin, however, addition of BMDM was not able to protect 

cancer cells from this drug, while being very efficient in case of taxol.465  

In conclusion, although there is distinct evidence that clinically approved Pt drugs can impact on the 

interplay between macrophages and tumor cells, the sensitive balance between different macrophage 

subtypes, which profoundly differ in their impact on tumor growth, is difficult to assess and urgently 

demands more in-depth investigation. Here, it is worth noting that also macrophages can express TLR (and 

this expression can be stimulated by cisplatin treatment).449,461 Consequently, it is likely that chemotherapy-

mediated release of e.g. HMGB1 or dsDNA may not only activate DC but also local tumor-promoting 

macrophages.461 
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3.1.3. Pt drugs and NK cell activity 

As described above, NK cells are an important part of the innate immune system’s attack against cancer. 

Meanwhile, besides several cell culture and in vivo animal studies,225,443,466,467 there is even clinical evidence 

that Pt drugs impact on cancer cell recognition by NK cells. For example, NK cells isolated from patients 

after treatment with a cisplatin-containing regimen showed enhanced activity against K562 cells in vitro.468 

Moreover, combination of cisplatin with gemcitabine and 5-FU in patients with advanced pancreatic 

carcinoma resulted, despite reduction of absolute lymphocyte counts in most patients, in increased levels of 

IL-12p70- (the active dimer of IL-12) and IFN-γ-producing NK cells.221 The cytolytic activity as well as 

number of NK cells (derived from PBMC) from patients with advanced cervix carcinoma significantly 

correlated with their response to a cisplatin-containing therapy regimen.469 Interestingly, these effects seem 

to be based more on enhanced recognition of Pt drug-exposed cancer cells than on a direct activation of NK 

cells, as in vitro treatment of NK cells with oxaliplatin or carboplatin did not enhance their lytic activity 

against K562 cells.470 

As mentioned above, NK cell-mediated cell lysis and apoptosis induction is a cell contact-dependent process 

based on interaction between activating NK cell receptors (such as NKG2D, DNAM-1 and NKp30) and 

target cell ligands, including for example MICA/MICB, ULBP 1-3, CD112, CD155 and B7-H6.471 

Noteworthy, among the strongest stimuli for the expression of NKG2D- and DNAM-1-activating ligands is 

activation of the DDR via ATM/ATR and CHK2.227,472,473 Consequently, it is not surprising that cisplatin-

induced DNA damage leads to upregulation of diverse NKG2D receptor-activating ligands (including 

MICB, Rae1 and MULT1) in an ATR-dependent manner.473-475 In addition, also B7-H6, the membrane-

bound NKp30 ligand, was upregulated by cisplatin476 which in turn sensitized cancer cells to lysis by NK 

cells.225 Also, oxaliplatin treatment resulted in higher expression of the NKG2D- and DNAM-1-activating 

ligands MICA/MICB, ULBP-3, and CD155, but not of B7-H6.471 Activation of NK cells by ligand binding 

subsequently results in upregulation of cell death mediators including perforin/granzyme, FASL and 

TRAIL.241 In addition to stimulation of NK cell-activating signaling, treatment with all clinically approved 

Pt drugs was shown to render cancer cells also hypersensitive to NK cell cytotoxicity based on upregulation 

of diverse death receptors like FAS477-481 and DR4/5.467,471,482 Interestingly - besides the probable 

involvement of drug-induced death receptor gene expression stimulation - also a direct stabilization of the 

proteins by Pt adducts probably to FAS and its cofactor ezrin at the plasma membrane was postulated.246 

This assumption was based on the fact that phosphaplatins, which are suggested not to form DNA adducts, 

readily upregulated these death receptors on cancer cell membranes.247 An overview of the impact of 

cisplatin on the recognition of cancer cells by NK cells is given in Figure 7.  

Besides MHC class I expression, also other “self”-signaling, inhibitory ligands for NK cell receptors exist 

including the Clr-b ligand for the NKR-P1B receptor. Fine et al. convincingly demonstrated that cisplatin 
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treatment resulted in down-regulation of Clr-b in several cancer cell lines.475 This again enables the 

recognition of “missing-self” signals by NK cells. Interestingly, in contrast to the NKG2D axis, Clr-b 

downregulation was independent from ATM/ATR signaling and seems to be regulated by changes in the 

proteosomal degradation of this molecule.475 Noteworthy, the importance of NK cells in the anticancer 

activity of cisplatin was also supported by the in vitro observation that cisplatin-resistant lung cancer cell 

lines were unresponsive to NK cell-mediated cytotoxicity based on upregulation of PD-L1 and down-

regulation of several NKG2D ligands (mainly via MEK-ERK signaling).483 This, in turn, resulted in 

enhanced expression of PD-1 together with reduced levels of NKG2D on primary NK cells. Accordingly, 

co-treatment with a PD-L1-blocking antibody was able to re-sensitize cells with acquired cisplatin resistance 

to NK cell lysis.483  

Given the potent cytotoxic activity of NK cells against cancer cells, there have been attempts to exploit their 

potential also in immunotherapy by using LAK cells. Investigation of LAK cells dates back until 1982 and 

is based on the finding that in vitro, lymphocytes can be stimulated by IL-2 to kill tumor cells otherwise 

insensitive to CTL or NK cell-mediated destruction. Meanwhile, LAK cells are considered mainly as 

mixture of NK cells as well as CTL expanded upon IL-2-stimulation.221 In the 1990s -2000, there has been 

intense research on the impact of cisplatin on the effectivity of LAK cell-based immunotherapy in cell 

culture484 but also in clinical trials.221,467,485,486 In line with the studies on NK cells, cisplatin also rendered 

cancer cells from different tissues more susceptible to LAK cells.477-480,484 Noteworthy, in most cases, this 

was primarily based on the induction of FAS expression by cisplatin, while the Ca2+-dependent, granzyme-

mediated pathway of cell lysis was not affected. In addition, cisplatin had also direct effects on LAK cells, 

as treatment increased LAK cell-mediated secretion of TNF and IL-1, resulting in TNF-mediated lysis of 

L929 lymphoma cells.487 Moreover, combination of cisplatin with gemcitabine and 5-FU in patients with 

advanced pancreas carcinoma resulted in increased LAK cell activity.221 

With regard to CIK cells, cisplatin treatment enhanced the sensitivity of murine mastocytoma cells to lysis 

by this mixture of CD3+ NK, CTL-like killer cells, and anti-CD3-activated killer-T cells in cell culture via 

the FASL but not the granzyme pathway.488 In line with this, synergistic activity of this combination was 

also seen against B16 melanoma in vitro, where treatment resulted in enhanced intratumoral T cell levels.489 

Similar results were observed in LL3-490 and CT26491-bearing mice. Within a clinical study on late stage 

gastric cancer, combination of CIK cells with the FOLFOX (5-FU, folic acid, oxaliplatin) scheme improved 

the short-term curative effect (16% increase in total remission rate).492 However, the benefit was only 

transient, as no difference in the 2-year overall survival was observed. 

 

3.1.4. Impact of Pt drugs on cancer cell recognition by CTL 

As already described regarding interactions with NK cells, treatment with cisplatin can result in the 

activation of several damage signals, which in turn attract immune cells including, besides NK cells, also 
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CTL.480 The importance of CTL in the anticancer activity of Pt drugs was nicely shown in two animal models 

(RHM-1213 and AE-17298 allograft-bearing mice), where co-treatment with a CD8-depleting antibody 

strongly diminished the anticancer activity of cisplatin against tumors in vivo, while antibodies against CD4 

and NK cells had no significant impact. Moreover, cisplatin treatment amplified CTL response to 

subdominant tumor antigens of murine mesothelioma cells in vivo and CTL isolated from these animals 

were characterized by proliferation to specific antigen stimulation and by IFN-γ secretion.298 Accordingly, 

higher numbers of CTL, secreting enhanced levels of IFN-γ and IL-2, were detected in the peritoneal cavity 

of cisplatin-treated ID8-bearing mice.213  

In addition to changes in cancer antigenicity by Pt treatment, also “stress signals” have been shown to 

contribute to cancer cell recognition and sensitivity towards killing by the immune system. Such, increased 

Figure 7. Effects of cisplatin on cancer cell visibility and killing propensity by NK cells. Cisplatin-induced DNA damage response 
(ATM/ATR) leads to the expression of NK cell-stimulating ligands such as MICB or B7-H6. Upon binding to the respective 
receptors NKG2D and NKp30, NK cells are triggered, on the one hand, to release cytotoxic proteins such as granzymes and perforins 
and, on the other hand, to express apoptosis-inducing signals such as TRAIL and FASL. These ligands, in turn, bind to DR4/5 and 
FAS on the cancer cell surface, which are upregulated upon cisplatin treatment. Together with the cisplatin-stimulated release of 
TNF-α and IL-1 by the NK cell, this subsequently leads to apoptosis of the cancer cell. NK, Natural killer cell; MICB, MHC class 
I polypeptide-related sequence B; NKG2D, natural killer group 2D; TRAIL, TNF-related apoptosis-inducing ligand; FASL, FAS 
ligand; DR4/5, death receptor 4/5; TNF-α, tumor necrosis factor α; IL-1, interleukin 1. For details and references see text. 
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FAS expression on prostate carcinoma cells after cisplatin treatment sensitized cancer cells to CTL- and IL-

mediated apoptosis.478 Similar results were observed in experiments with LLC lung493 as well as SCCHN 

cells494 in vitro and in vivo. However, no FAS upregulation by cisplatin was observed in murine thymoma 

and colon carcinoma cell lines EL4 and MC38, respectively.255 In contrast, drug treatment resulted here in 

substantial increase of intracellular granzyme levels.255  

As outlined in chapter 2.2.2, in addition to death receptor signaling, metal drugs might also enhance cancer 

cell sensitivity to granzyme/perforin-mediated cell lysis. Hence, synergism between an adoptive 

papillomavirus E7 antigen-specific CTL therapy and cisplatin was not dependent on FAS expression (or on 

the upregulation of MHC class I), but was reversed by blocking the perforin/granzyme pathway via ethylene 

glycol tetraacetic acid (EGTA).254 Interestingly, the Ca2+-dependent granzyme pathway of CTL-mediated 

activity was not affected in the above-mentioned study on prostate cancer cells,478 indicating that there might 

exist tissue-dependent differences in the stress response of cancer cells to cisplatin treatment. With regard 

to the underlying mechanisms, the authors suggested that this increase was probably mediated by perforin 

and the cation-independent M6P receptor (compare chapter 2.2.2). In line with this hypothesis, M6P receptor 

expression was stimulated by cisplatin treatment on the tumor cells tested in this study.255 Moreover, 

Gameiro et al.258 showed that treatment with cisplatin/vinorelbine (in addition to increased levels of FAS, 

MHC class I and ICAM-1) resulted in increased levels of carcinoembryonic antigen (CEA) expression in 

diverse human lung cancer cell lines (including A549). This, in turn, led to increased tumor cell lysis by 

HLA-A2-restricted CEA-specific CD8+ T cells. Besides cell death initiation, cisplatin seems to contribute 

to cancer cell sensitivity to immune cell killing by promoting partly FAS-independent activity of effector 

caspases256 and altering the balance of pro- and anti-apoptotic signaling molecules including bcl-2 family 

members.257,258  

As outlined in chapter 1.2.3, downregulation of MHC class I molecules is a frequently observed mechanism 

of cancer cells to avoid CTL recognition.21,495 Hence, the restoration of MHC class I molecule expression 

by anticancer therapy is important to redirect CTL against cancer cells. There are multiple reports that 

treatment with clinically approved Pt drugs effectively stimulated MHC class I expression in vitro (e.g. in 

human COLO201 and murine CT26 colon carcinoma,279 ID8 ovarian carcinoma,481 or EL-4 thymoma 

cells,496) as well as in vivo (e.g. murine colon CT26,279 lymphoblastic TC1,296 or myeloma MOPC-104E 

grafts295). Upregulation of MHC class I in turn led to induction of tumor-specific immunity after 

chemotherapy with cisplatin, e.g. in case of the MOPC-104E model, based on enhanced expression of the 

MHC class I antigens H-2Dd and H-2Kd (but not class II antigens I-Ad and I-Ed).295 Also in case of CTL 

isolated from mice after intratumoral treatment with a combination of cisplatin, 5-FU, and bone marrow-

derived (GM-CSF- and IL-4-stimulated) DC (BMDC), an anti-MHC class I antibody was similarly effective 

in inhibiting cytolytic activity as was T cell depletion by anti-CD8 antibodies.497 However, comparably to 

FAS expression, also responsiveness of MHC class I expression levels to Pt treatment seems to be cell type-



47 
 

dependent, as cisplatin had no impact on K562 lymphoma466 or DLD-1 colon cancer cells.279 Also in case 

of oxaliplatin, no impact on HLA-class I expression of diverse human cancer cells (HCT116, Caki2, PC3) 

in vitro and HCT116 cells in vivo was found.498 

Reflecting these controversial experimental data, also the clinical picture remains inconsistent. On the one 

hand, high expression of MHC class I was associated with prolonged overall survival in cisplatin-treated 

ovarian carcinoma patients.499,500 Especially upregulation of the non-classical HLA-G was described as 

independent predictor for improved survival upon Pt-based therapy, while loss of classical HLA-A was 

associated with shorter progression-free survival.501 On the other hand, in the study by Mariya et al. HLA 

class I expression did not correlate with resistance to Pt drugs in the same tumor type502 and even enhanced 

MHC class I levels were detected in tumors progressing after Pt-containing chemotherapy.297 This is in 

accordance with an immunoproteomics report on a cisplatin-resistant ovarian carcinoma cell line (SKOV3-

A2), which displayed higher levels of several MHC class I presented peptides and an altered resistance-

specific peptide repertoire. Selected resistance-associated epitopes were significantly better recognized by 

CTL in the cisplatin-resistant subline as compared to the sensitive parental ovarian carcinoma cell line 

(OVCAR3).503 Together, this might indicate that Pt treatment often results in higher MHC class I expression 

and even better CTL recognition,213,504 but eventually cancer cells develop resistance also against the 

attracted CTL and, consequently, disease progression occurs.297,502 

The ability of the adaptive immune system to fight cancer is also dependent on the capacity of various 

immune cell types (e.g. APC and CTL) to home to and infiltrate into the malignant tissue.21 For instance, 

Beyranvand Nejad and colleagues showed that cisplatin enhanced APC infiltration into HPV-associated 

tumor grafts (TC1 and C3).304 These APC, including DC, were characterized by high expression levels of T 

cell co-stimulatory ligands such as CD80 and CD86. Interestingly, the authors suggested a functional role 

of these ligands in drug-induced anticancer immune response, as mice deficient in CD80/86 on APC 

exhibited reduced cisplatin antitumor efficacy.  

Independently of MHC recognition by immune cells, clinical data have suggested that the expression levels 

of immune-modulatory factors (e.g. CCL5 and IDO) in cancer tissue are able to predict response to 

carboplatin treatment.504 Another study found an association of IL-2, IFN-γ and CTL levels with the 

response rate to carboplatin-containing chemotherapy of ovarian cancer.213 Furthermore, one clinical study 

revealed decreased levels of IL-10, VEGF, TGF-β and arginase-1 after treatment with carboplatin.505  

 

3.1.5. Pt drugs and the anticancer immune cycle: ICD and beyond 

As outlined in chapter 2.2.6, ICD induction reflects an optimal synergism between chemotherapy and the 

anticancer immune response. However, ICD inducers are rare and concern only a small subgroup of 

clinically approved anticancer agents.343 With regard to metal drugs, oxaliplatin is one of the best-

investigated model compounds.337,506 Oxaliplatin is considered to represent a typical ICD inducer type I 



48 
 

based on the major mode of action as DNA damaging agent.309,350 Consequently, various studies have 

described induction of virtually all ICD hallmarks following oxaliplatin treatment including vaccination of 

immunocompetent mice by dying cancer cells treated with lethal oxaliplatin concentrations.337,506 This 

vaccination potential, considered as gold standard to define ICD-inducing agents, is surprisingly weak to 

non-existent in case of cisplatin and carboplatin.337,507 However, this does not mean that these drugs lack 

any impact on the anticancer immune cycle and cannot support CTL activation. This is also shown for 

example in the study of Kim et al.,507 where cisplatin-treated murine ovarian surface epithelial cells 

(MOSEC) stimulated IL-6 and IL-10 expression in BMDC and enhanced the amount of IFN+/CD4+ 

splenocytes resulting in significant prolongation of overall survival of MOSEC-bearing mice. However, also 

in this study no memory effect was observed after injection of cisplatin-treated MOSEC cells.507 The 

differences observed seem to rely on the potency of the Pt drugs to induce an appropriate and complete 

DAMP panel essential for ICD induction (compare chapter 2.2.6). The following chapters 3.1.6 - 3.1.8 aim 

to summarize the available data regarding differences in the induction of ICD hallmarks by Pt drug treatment 

and its effects on tumor cell recognition by DC.  

 

3.1.6. Pt drug-mediated DAMP exposure and release 

With regard to DAMP, oxaliplatin induces the entire panel of essential ICD drivers resulting in DC 

differentiation and maturation via signaling to diverse receptors including TLR.21,355,508 Such, it was shown 

that supernatants from oxaliplatin-treated cancer cells induced DC differentiation and subsequently T cell 

proliferation and enhanced CTL cytotoxicity against cancer cells in vitro.498 Oxaliplatin treatment results in 

surface localization of ER proteins including most prominently CRT at the cancer cell membrane via the 

PERK/eIF2α axis (compare chapter 2.2.6).337,355,506,509 However, the situation is not so clear with cisplatin. 

On the one hand, there are several reports that no CRT exposure of (mainly murine) cancer cells exposed to 

cisplatin is found,337,355,509 which was subsequently attributed to insufficient ER stress induction.509 

Consequently, it was shown that combinations of cisplatin with recombinant CRT337 or ER stress inducers 

like thapsigargin and tunicamycin,509 as well as with genetic CRT release by reticulon-1c overexpression510 

resulted in more pronounced induction of CRT exposure in vitro and vaccination of mice against cancer 

cells in vivo. However, on the other hand, a recent study by Di Blasio et al. reported that in several human 

cancer cell models, CRT exposure after cisplatin treatment was similar to (or even stronger than) the one by 

oxaliplatin.363 In addition, both drugs induced similar levels of ecto-Hsp70, another important DAMP, in 

several cell lines of murine and human origin.363 Subsequently, this resulted in enhanced uptake of tumor-

derived particles, especially in CD1+ and CD16+ DC of myeloid origin via CD91 (while plasmacytoid DC - 

a type I INF-secreting, specialized DC subset predominantly functional in antiviral responses511 - were 

distinctly less efficient).363 In addition, upregulation of several co-stimulatory molecules (e.g. CD80 and 
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CD86) and a changed cytokine profile were found, which subsequently resulted in enhanced T cell 

proliferation.363 Also Wong et al. reported CRT exposure of CT26 cells after cisplatin treatment.338 

In contrast to CRT, there are consistent reports that both cis- and oxaliplatin induced efficiently and at 

comparable levels release of ATP and HMGB1.337,349,364 However, with regard to HMGB1, it is worth 

mentioning that the role of this protein in the activity of Pt drugs has been already intensely investigated in 

a completely different context. Indeed, HMGB1 is a multi-faceted protein with diverse biological functions, 

which also include, besides acting as an architectural protein in chromosomes, distinct DNA chaperone 

activities.512 Noteworthy, HMGB1 binds to DNA with structure-specificity (not sequence-specificity) and, 

consequently, plays an important role in regulating DNA-related processes based on recognition of altered 

DNA structure. HMGB family proteins (including HMGB1 and 2) are characterized by a DNA-binding 

domain which has an especially high affinity for a structural motif on DNA platinated by cisplatin but not 

by polynuclear Pt compounds.513-515 Especially 1,2-intrastrand cross-linking adducts are recognized, which 

account for ~80% of total Pt-induced DNA adducts. Initially, it was assumed that this binding of HMGB 

proteins results in increased recognition of DNA damage repair mechanisms. However, more recent work 

revealed even the opposite, as binding of HMGB proteins, on the one hand, increased the distortion of 

platinated DNA and, on the other hand, shielded these lesions from the repair machinery.516,517 Interestingly, 

HMG-domain family proteins have been also shown to bind more tightly to cisplatin than to oxaliplatin 

adducts.178 Pt drugs inducing DNA lesions, which were not shielded by HMGB proteins, were distinctly less 

effective against cancer cells.513,517 This points towards an important role of HMGB proteins in the mode of 

action at least of some anticancer Pt drugs. Accordingly, cisplatin adducts are especially well shielded by 

HMGB4, a recently discovered new member of the HMGB protein family.516,517 Interestingly, this protein 

is preferentially expressed in testis, and malignant outgrowth from this tissue is known to bear exceptional 

sensitivity to cisplatin treatment leading to cure in the majority of patients.518 The high efficacy of HMGB4 

to sensitize cells against cisplatin seems to be based on its lack of the long acidic C-terminal tail, which is 

found in all other HMGB family proteins.516,517 Consequently, while HMGB1 reduced nucleotide excision 

repair effectivity against 1,2-intrastrand cross-links by 45% compared to control, HMGB4 resulted in 90% 

inhibition at the same concentrations.516 However, overall, it is unknown whether the DNA damage 

shielding by HMGB family proteins has a physiological function. Also, it is completely unknown, whether 

HMGB1 released from Pt-killed cancer cells is still associated to (platinated) DNA fragments, as multiple 

ways of (active and passive) HMGB1 release have been described,512 and whether the differences in binding 

efficiency of HMGB1 to the Pt-DNA adducts of individual Pt drugs reflect differences in their respective 

ICD-inducing potentials.  

Considering the amount of data on oxaliplatin, cisplatin and carboplatin regarding ICD induction, it is rather 

surprising that the scientific literature on this topic in case of other Pt compounds is very sparse. Neither for 

the only regionally approved Pt(II) compounds nedaplatin, lobaplatin and heptaplatin, nor for the lead Pt(IV) 
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compounds like satraplatin (Figure 8A) any data regarding activation of ICD are available. Nevertheless, 

Wong et al. have compared in their landmark publication on ICD induction several Pt(II) compounds and 

Pt(IV) prodrugs (Figure 8A-J) together with cisplatin, oxaliplatin and carboplatin (compare Figure 3). Their 

analysis started with a screening approach employing cancer cell phagocytosis by the J774 murine 

macrophage cell line as model for APC activation during ICD.338 In their hands, Pt-NHC (Figure 8B), a 

cyclometalated complex supposed to target the ER, was most potent in inducing CT26 cancer cell 

phagocytosis by J774 cells. Interestingly, cisplatin, satraplatin, picoplatin (Figure 8C) and phenanthriplatin 

(Figure 8D) were scored positive concerning this parameter while oxaliplatin and carboplatin failed. The 

authors further showed that Pt-NHC-promoted phagocytosis was mediated by CRT exposure together with 

occurrence of several other ICD hallmarks such as ATP and HMGB1 release. As Pt-NHC represents a 

unique cyclometalated complex that selectively targets the ER and induces massive ER stress involving 

ROS production,519 this substance would fulfill all criteria of a type II ICD inducer.350 The contrasting results 

by Wong et al. with regard to oxaliplatin as compared to earlier reports337 are enigmatic and again emphasize 

the complexity of these immune-stimulating processes. 

Regarding Pt(IV), Arsenijevic et al. evaluated the cytotoxic activity of a series of [PtCl4(en)] (Figure 8K) 

and [Pt(1R,2R-DACH)Cl4] (Figure 8L) complexes in comparison to several Pt(II) complexes.520 The most 

active drug [PtCl4(en)] was further evaluated concerning the impact on the anticancer immune response 

against the orthotopically growing murine Lewis lung cancer LLC1 model. Treatment with [PtCl4(en)] 

increased the total number of F4/80+ macrophages, DC, NKT, as well as CD4+ T cells in the lungs of tumor-

bearing mice. Moreover, [PtCl4(en)] significantly attracted perforin-positive CTL into the tumors. 

Accordingly, splenocytes isolated from tumor-bearing, [PtCl4(en)]-treated animals showed enhanced 

cytotoxic activity against LLC1 cells in vitro, indicating that the strong anti-metastatic efficacy of 

[PtCl4(en)] could at least in part be based on an ICD-mediated, CTL response. 

 

3.1.7. Pt drugs and TLR 

DAMP release from dying cancer cells in response to Pt drugs activates PPR on the immune cell surface 

including several TLR. By far most data are available for activation of TLR4 by HMGB1 (compare chapter 

2.2.6). Interestingly, one of the most convincing proofs that ICD indeed contributes also to the clinical 

efficacy of oxaliplatin comes from the side of TLR4 and concerns a study analyzing 338 patients with 

colorectal cancer of a randomized phase 3 trial.337 Comparison of upfront oxaliplatin-based combination 

therapy vs. sequential chemotherapy revealed that patients with a loss-of-function mutation of TLR4 

displayed a distinctly shorter progression-free and overall survival under oxaliplatin-containing therapy.337 

Based on the finding that exogenous HMGB1 is recognized by TLR4 on DC, activating a MyD88-dependent 

signaling pathway, also the combination of oxaliplatin with a TLR4 agonist (Dendrophilin, a standardized, 

highly purified formulations of S- and R-LPS) was investigated. This combination was characterized by a 
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highly synergistic activity via MyD88 against murine EL4 thymoma cells.348 This is in good agreement with 

our own study using bacterial ghosts as potent adjuvant for oxaliplatin. Here, we could show that these 

immunogenic empty bacteria envelopes, produced by expression of the lysis gene E, were able to potently 

enhance ICD by oxaliplatin and subsequently increase the anticancer activity via stimulation of CD8+ T 

cells.521 The enhanced anticancer activity observed for oxaliplatin by stimulation of TLR4 signaling seems 

to be in contrast to a recent study with cisplatin by Kim and colleagues.139 Here, the authors uncovered that 

cisplatin treatment of LPS-stimulated CD11c+ BMDC significantly decreased the LPS-induced expression 

of CD80, CD86, and MHC class I and II in a dose-dependent manner.139 Stimulation of cisplatin-treated DC 

with agonists for TLR2, TLR3, TLR4, TLR7, or TLR9 led in all cases to high production of anti-

inflammatory IL-10, an effect also seen upon treatment with LPS. This IL-10 secretion was mediated via 

p38 MAPK and NF-κB signaling and induced development of a tolerogenic DC  phenotype that was able to 

reduce proliferation of both CD4+ and CD8+ T cells. Furthermore, cisplatin/LPS co-treated DC altered 

differentiation and polarization of T cells, promoting TH2 and FOXP3-negative Tr1 cells while reducing 

TH1, TH17 but also Treg cells as compared to LPS-only treated controls.139 In contrast, cisplatin treatment of 

murine peritoneal macrophages co-incubated with murine fibroblastic L929 cells induced a 

proinflammatory response, characterized by high expression of TLR2 and TLR4 and production of NO, 

TNF-α, IL-1β, IL-12, and IFN-γ.522  

Considering the DNA-targeting activity of many Pt compounds (compare chapter 2.2.5), it is surprising that 

activation of various other TLR by nucleic acids, released form dying cancer cells, is less well explored. 

Nevertheless, several studies investigate combination of clinically approved Pt drugs with nucleic acid-

responsive DNA/RNA-activated TLR agonists (e.g. for TLR3 and TLR9) and report strong synergistic 

activity in vitro and in vivo.311-313,523 Ding et al. showed that pre-treatment of oral squamous cell carcinoma 

cells with the TLR3 agonist polyinosine-polycytidylic acid distinctly enhanced low-dose cisplatin-induced 

cancer cell death and activated spleen immunocytes while at the same time dampening several 

immunosuppressive cell subsets (MDSC, TAM, and tumor-associated fibroblasts) as well as adverse drug 

effects.311 TLR9, a PRR that recognizes DNA with unmethylated CpG motifs, can be stimulated by synthetic 

oligodeoxynucleotides (ODN) expressing CpG motifs (CpG-ODN). Sommariva et al. showed that CpG-

ODN downregulated DNA repair genes in murine colon carcinoma, but conversely, upon combination with 

cisplatin, upregulated these genes in immune cells and prolonged survival of animals as compared to 

experimental groups receiving single treatment only. Accordingly, ovarian cancer patients with a higher 

expression of CpG-ODN-modulated DNA repair genes (assessed by comparison with gene expression data 

derived from murine CpG-ODN-treated MC38 colon carcinoma and human IGROV-1 ovarian carcinoma 

xenografts) showed enhanced overall survival.312 However, for another TLR9 agonist, the 

oligodeoxynucleotide PF-3512676, data are less convincing. Combination of PF-3512676 with cisplatin in 

a randomized clinical phase 2 trial reported promising results but also a higher frequency of hematologic 
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toxicity as compared to cisplatin alone,313 while a following phase 3 trial showed no improvement in 

progression-free or overall survival together with increased toxicity in the combination setting.524 With 

Figure 8. Chemical structures of lead preclinical anticancer Pt complexes and those with published immune-regulatory activities. 
(A) satraplatin, (B) Pt-NHC, (C) picoplatin, (D) phenanthriplatin, (E) cisplatin(IV)-(OAc)2, (F) cisplatin(IV)-(OAc)(Obz), (G) 
oxaliplatin(IV)-(OH2), (H) oxaliplatin(IV)-(OAc)2, (I) JM-118, (J) [Pt(1R,2R-DACH)Cl2], (K) [PtCl4(en)] (en = ethylenediamine), 
(L) [Pt(1R,2R-DACH)Cl4] (dach = (±)-trans-1,2-diaminocyclohexane). For details see text. 
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regard to TLR3 activation, Van et al. demonstrated direct induction of ovarian cancer cell death by dsRNA, 

an effect that was synergistically enhanced by carboplatin and mediated via TLR3, RIG-I, and melanoma 

differentiation-associated protein 5 (a RIG-I-like receptor family member).523 Moreover, it has to be 

considered that interaction with TLR- (especially TLR4-)mediated signaling also crucially contributes to 

adverse effects of Pt drug therapy including e.g. nephrotoxicity, peripheral neuropathy, and ototoxicity 

(compare chapter 6). 

 

3.1.8. Impact of Pt drugs on DC maturation and T cell stimulation 

Besides changes on the cancer cell level, Pt drugs may directly affect DC maturation and T cell interaction 

and these effects might be strongly dependent on the particular DC subpopulations investigated. For 

example, Hu et al. have described that treatment with cisplatin exerts only a minor inhibitory impact on  the 

differentiation of human monocytes into CD14+ monocycte-derived DC (moDC) as compared to other 

chemotherapeutics.525 Such, cisplatin moderately delayed the downregulation of the human monocyte 

marker CD14, and slightly decreased the number of differentiated CD1a+ cells in vitro.525 Also, MHC class 

II expression was reduced, while no effects on CD86 and CD80 activation markers were observed. However, 

in subsequent assays with isolated CD14+ moDC as APC and CD4+ lymphocyte as responder cells 

unexpectedly cisplatin but not the other chemotherapeutics resulted in significantly enhanced staphylococcal 

enterotoxin B-induced T cell proliferation via the IFN-β pathway (while levels of IL-1β, TNF-α, IL-6 and 

IFN-α were unchanged).525 In accordance, Tel et al. reported that treatment with oxaliplatin resulted in 

enhanced maturation of moDC and subsequently higher stimulation of T cell proliferation.526 However, 

when analyzing blood-derived DC subsets in more detail, the opposite effects were observed with both 

TLR3- and TLR7/8-activated CD1c+ myeloid DC526 or TLR9-activated plasmacytoid DC, while no effects 

on TLR7/8-activated plasmacytoid DC were observed.526 This was in all cases associated with 

downregulation of secretion of IL-6, TNF-α, CCL5, and CXCL10, with the exception of TLR3-activated 

myeloid DC, where only reduction of CXCL10 was detected and the other markers remained unchanged.526 

Furthermore, treatment of TLR9-activated plasmacytoid DC with oxaliplatin resulted in increased exposure 

of PD-L1 (but not PD-L2), which could explain the observed reduction in T cell stimulation by this DC 

subset.526 This modulation led to increased IFN-α production, decreased inflammatory cytokine and 

chemokine secretion and a decrease of total STAT1 and STAT3 expression levels while total STAT2 and 

STAT6 as well as all phosphorylated STATs were unaffected.526 No impact of oxaliplatin on expression of 

MHC class I and II of these TLR-stimulated myeloid and plasmacytoid DC was seen in this study.526 

As mentioned in chapter 2.3.1, Pt-based therapy (cisplatin, carboplatin, oxaliplatin) downregulated PD-L2 

expression in DC in a STAT6-dependent manner, which in turn resulted in enhanced T cell activation and 

increased tumor cell recognition comparable to PD-L2-blocking antibodies.238 With regard to the underlying 

mechanism, DC exposed to the Pt drugs produced significantly higher levels of IFN-γ and IL-2. Moreover, 
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the T cell stimulatory capacity of matured DC via TLRs was enhanced. Interestingly, in contrast to the study 

by Hu et al., no significant difference in expression of MHC class I or II were observed, while in both studies 

expression levels of co-stimulatory molecules (CD80 and CD86) on DC remained unaffected upon Pt 

treatment.238,525 Surprisingly, none of the tested Pt drugs (cisplatin, carboplatin, oxaliplatin, and nedraplatin) 

showed any effect on DC maturation in a extended screening study using a murine DC line stable transfected 

with yellow fluorescence protein under the control of the IL-1β promoter as readout.527 These contradictory 

observations stress the importance of standardized cell models and drug screening conditions especially 

when testing interactions between cancer and immune cells.  

With regard to the in vivo situation, a combination of ICD-inducing oxaliplatin with IL-12, a DC 

differentiation marker, enhanced the anticancer activity of oxaliplatin against preformed liver metastases of 

MC38 colon cancer cells in mice.528 This treatment was associated with increased IFN-γ levels in the blood 

and an elevated ratio of cytotoxic CD8+ T versus CD25+/FOXP3+ Treg cells in the tumor tissue of the treated 

animals. In addition, monocytic MDSC (CD11b+/Ly6C+/Ly6G-) were diminished. This indicates that the 

combination of oxaliplatin with IL-12 might be able to revert the immunosuppressive environment of the 

tumor.528 Moreover, already first clinical trials on the combination of oxaliplatin/capecitabine with 

carcinoembryonic antigen (CEA)-peptide-loaded DC in colon cancer patients were performed. Indeed, good 

tolerability and a functional CEA-specific T cell response was observed in four out of seven patients.529 

However, also with regard to cisplatin, combination strategies with isolated, stimulated DC showed very 

promising effects. Thus, combination of systemically administered cisplatin with 5-FU and intratumorally 

applied BMDC that had been stimulated with GM-CSF- and IL-4 in vitro had strong synergistic activity 

against murine MC38 colorectal carcinoma tumors in vivo,497 and combination of a Pt-containing therapy 

with a DC/CIK cell mixture (1:5) resulted in significantly better clinical outcome in advanced NSCLC 

patients.530  

Taken together, these data provide evidence that combination of clinically approved Pt drugs with in vitro 

stimulated immune cells can have beneficial effects. However, the exact schemes and combination settings 

still warrant further evaluation. 

 
3.1.9. Impact of Pt drugs on T cell and immune-regulatory subsets 

Comparable to the DC compartment, several reports have addressed direct impacts of Pt drugs on isolated 

CTL in cell culture. Thus, in a study using both autologous EBV-specific and allogeneic CTL with 

lymphoblastoid cells as targets, distinct differences in the impact of the three clinically approved Pt drugs 

were found.531 Surprisingly, pretreatment with oxaliplatin inhibited CTL cytotoxic potency, while this 

parameter was strongly enhanced upon contact with cisplatin and carboplatin, suggesting drug selectivity of 

this effect.531 Additionally, Correale et al. showed that oxaliplatin treatment enhanced cytolytic activity of 

CEA peptide-specific CTL only when administered late (day 13) but not early (day 2) after starting in vitro 
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CTL stimulation with the respective antigen peptides. This suggests also a strong time-dependency of such 

immune-stimulatory effects.532 Noteworthy, the stimulatory effect was probably based on a significant 

decrease of a Treg cell subset, which continuously proliferates in lymphocyte cultures as a feedback response 

to the cyclic in vitro antigen stimulation.532 These data were complemented by an in vivo approach using 

humanized HLA-A(*)02.01+ transgenic (HHD) mice with thymidylate synthase-expressing autologous EL-

4/HHD lymphoma cells. Interestingly, combination of an oxaliplatin-containing poly-chemotherapy 

regimen and a thymidylate-specific peptide vaccination exerted the strongest anticancer effects when 

chemotherapy was started after but not during the vaccination procedure. This was again paralleled by 

depletion of the Treg cell subset in the tumor tissue, indicating that these cells are especially proliferative at 

that late timepoint of peptide-based vaccination.532 

Several reports found that treatment with clinically approved Pt drugs results in altered ratios of diverse T 

lymphocyte subsets in animal models as well as in humans (for the latter also compare chapter 8.2). 

Accordingly, in the study of Tsai et al.296 stimulation of primary murine lymph node cells with metronomic 

cisplatin resulted in IFN-γ production by CTL, which subsequently promoted differentiation of a TH1 

phenotype in CD4+ T cells. The distinct activity of metronomic cisplatin against HPV-transformed murine 

TC1 tumors was accompanied by enhanced percentages of TH cells (CD3+/CD4+) and Treg (CD25+/FOXP3+) 

cells in the splenocyte cell population of the treated animals.296 With regard to humans, administration of 

neoadjuvant 5-FU with cisplatin increased the number of CD4+ and CD8+ T cells as well as expression of 

HLA class I in patients with esophageal cancer, while the number of Treg  cells was unchanged.533 

Combination of cisplatin with gemcitabine and 5-FU in patients with advanced pancreas carcinoma resulted 

in a decline of absolute lymphocyte counts in most patients. Interestingly, the mean percentage of CD4+ 

lymphoctyes and IL-12p70 and IFN-γ-producing NK cells increased after therapy (compare chapter 

3.1.3).221 Here it is worth mentioning that the increased proportion of CD4+ T cells was not based on 

enhanced presence of the CD4+/CD25+/FOXP3+ Treg subset (which was actually decreased).221 Accordingly, 

in early studies with melanoma patients the occurrence of CD4+ TIL correlated with tumor regression and 

response to cisplatin (in combination with dacarbazine and IFN-α2b).534 Moreover, in regressing tumor 

areas, CD4+ cells were mainly negative for the activating co-stimulatory molecule CD28, while CD4+ 

lymphocytes in the vicinity of living tumors cells were mainly positive for this marker. A similar picture 

was seen with CD8+ cells.535 On the one hand, interaction of B7 and CD28 co-stimulatory molecules has 

been shown to be essential for the activation of effector function mediating spontaneous tumor regression. 

Thus, it could be speculated that low expression of CD28 on T cells indicates down-regulation of the 

immune response to the tumor. On the other hand, CD28-negative T cells may reflect currently activated 

lymphocytes within an ongoing immune response.536 In addition, resistance to CTL-mediated killing might 

be associated with expression of tumor-associated calcium signal transducer (TROP2/TACSTD2), a surface 

glycoprotein, which is highly expressed on various cancer cells.537 Recently, it was shown that cisplatin 
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treatment resulted in further stimulation of TROP2 (as pro-survival signal) in human lung cancer cells in 

vitro and that co-culture    of such cells with CD8+ T cells induced apoptosis of these lymphocytes in a 

TROP2-dependent manner.537  

During the last years, there is increasing evidence that chemotherapy may selectively down-modulate 

immunosuppressive components of the TME resulting in compromized cancer immune evasion (compare 

chapters 2.3.2 and 8.2).213,538-541 One explanation for these effects might be the differential dynamics of 

homeostatic proliferation of Treg compared to other (effector) T cell subsets in response to systemic 

chemotherapy, making this compartment more susceptible to cytotoxic drugs affecting DNA synthesis.538,539 

Such, it was shown that cisplatin treatment resulted in significant reduction of intratumoral and splenic Treg 

cells in CT26491 and RHM-1 cancer-bearing213 mice, respectively. Moreover, while treatment with the 

FOLFOX regimen did neither alter total lymphocyte counts, nor percentages of CD4+, CD8+ or CD3-/CD56+ 

(NK) cells in PBMC of colon carcinoma patients, the percentage of Treg (CD4+/FOXP3+) cells was reduced 

especially in patients with high Treg numbers before treatment.542 Using murine CT26 cells as lung and 

abdominal metastasis model, Gou et al. found that IL-7 (an IL-2-related immune-stimulatory cytokine) 

exerted anticancer activity only when combined with oxaliplatin based on enhanced CTL tumor recruitment 

and markedly reduced splenic Treg cell levels.543 Accordingly, Treg (CD4+/CD25+/FOXP3+) cell depletion by 

using a CD25 antibody inhibited regrowth of murine mesothelioma models between cyles of cisplatin-

containing chemotherapy.544 Likewise, eradication of a regulatory B cell subset, i.e. plasmocytes expressing 

IgA, IL-10, and PD-L1 in a TGF-β-dependent fashion, was essential for successful therapy of several murine 

prostate cancer models by oxaliplatin-induced ICD.545  

There are also several indications that Pt drugs affect not only Treg cells but also other immunosuppressive 

leukocyte compartments including - besides the already discussed M2 macrophages - also MDSC.294,489 

Chang and colleagues showed that especially dose-dense cisplatin-containing therapy massively reduced 

MDSC numbers in mice bearing ovarian tumors.213 In the MBT-2 murine allograft mouse model for bladder 

cancer, cisplatin treatment inhibited tumor progression by effectively decreasing the proportion of 

granulocytic MDSC. Comparable observations were also obtained with regard to PBMC from patients 

where the levels of granulocytic MDSC inversely correlated with CTL amounts.546 Cisplatin treatment 

selectively decreased the amounts of MDSC (Gr-1+/CD11b+) cells in the murine B16 melanoma model 

paralleled by loss of the MDSC marker Gr-1 and gain of the DC marker CD40 at the cell suface and loss of 

activity against CTL and CIK effector cells.540 Accordingly, the immune-inhibitory functions of MDSC 

were distinctly reduced by cisplatin in the A375 human melanoma xenograft nude mouse model, and 

proliferation of CTL, together with IFN-γ production were massively enhanced when co-cultured with 

cisplatin-pretreated MDSC.547 Accordingly, a combination of cisplatin with a thrombin inhibitor was highly 

active in reducing both MDSC and the levels of pro-tumorigenic cytokines while increasing CTL-derived 

IFN-γ in the ascites of ID8 ovarian cancer-bearing mice.548 With regard to colon cancer therapeutic regimens 
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used in the clinics, Kanterman et al. showed impressively that while FOLFIRI (5-FU, folic acid, irinotecan) 

induced severe immunosuppression, FOLFOX did the opposite. This difference was based on the promotion 

of MDSC survival by irinotecan but suppression by the 5-FU/oxaliplatin combination in a chemically-

induced colon cancer model.549 These effects were also confirmed in peripheral blood of treated stage IV 

colorectal cancer patients, proving the clinical relevance of these preclinical observations.   

 

3.1.10. Combination of Pt drugs with immune modulators 

As already described above, cancer cells are known to actively inhibit immune recognition through diverse 

mechanisms, including loss of the antigen-presenting machinery or expression of inhibitory molecules and 

enzymes that induce T cell anergy or apoptosis. One such enzyme is IDO, metabolically inducing T cell 

suppression (compare chapter 1.2.5).118,161,162 IDO expression has been described for several tumor types, 

and the interest in IDO inhibition is also reflected by the clinical development of diverse IDO inhibitors.163 

With regard to Pt drugs, there is strong evidence that the combination of cisplatin with IDO inhibition has 

highly synergistic activity, as inhibition of IDO by shRNA sensitized A549 and HeLa cells to cisplatin 

treatment.550 Furthermore, the clinically developed IDO inhibitor indoximod had synergistic activity with 

cisplatin against LN2299 glioma cells in vitro551 and against an autochthonous mammary gland tumor model 

in vivo.552 Also combination of oxaliplatin with an indoximod-containing nanovesicles exerted synergistic 

activity against murine pancreas carcinoma. This was associated with an increased number of DC 

(CD91+/CD11b+/CD11c+) as well as enhanced IFN-γ and decreased IL-10 levels in the tumors of treated 

animals.553 The promising activity of this approach is also reflected by the development of several new 

multi-targeted therapeutics combining Pt drugs with IDO inhibitors. Of special interest are here, besides 

several nanoformulations (e.g. a mesoporous silica NP containing both indoximod and oxaliplatin553 or a 

new nanoformulation loaded with cisplatin and new IDO inhibitor (compare chapter 4)554), novel Pt(IV) 

drugs which contain indoximod derivatives in the axial positions.555 

Other inhibitory cell-surface receptors, which are expressed on T cells and represent promising targets for 

checkpoint inhibitor-based immunotherapy are the above-mentioned CTLA-4 and PD-1 together with its 

ligand PD-L1. Several studies indicate a strongly synergistic activity of checkpoint inhibitors with Pt drugs 

both in mouse models but also in the clinical situation (for the latter compare chapter 8). For example, 

combination of oxaliplatin with MEDI4736, an antibody with high specificity against human PD-L1, was 

highly synergistic against murine CT26 tumors.556 Also, the combination of cisplatin with a CTLA-4-

blocking antibody resulted in efficient antitumor effects in the murine AB-12 mesothelioma model based 

on enhanced infiltration of perforin- and granzyme B-positive CTL.557 In contrast, no synergism of a 

comparable drug combination was found in mice bearing mesothelioma AB1-HA tumors.558 Such 

discrepancies might be explained at least in part by data considering that the optimal timing of the 
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combination of checkpoint inhibitors is challenging. Hence, the Pt drugs might activate or downmodulate 

PD-L1 and PD-L2 expression in conjuction with impacts on MAPK and STAT signaling pathways as 

outlined in chapter 2.3.1. Considering that both PD-1/PD-L1 blockade and the immunogenic metal drug 

chemotherapy activate the immune system, especially immune-related adverse effects need to be followed 

tightly, although side effects were so far widely controllable in clinical studies (compare chapter 8.3). 

Nevertheless, strategies are currently developed to deliver either the metal drug or the checkpoint inhibitor 

topically to the malignant tissue. At the side of the metal drugs, this concerns prodrug and tumor delivery 

strategies with tumor-specific activation or release of the active metal compound.19,27,413 In a very recent 

report, Song et al. suggested to apply oxaliplatin systemically as usual but to deliver PD-L1 inhibitors locally 

using a PD-L1 trap in form of the respective plasmid DNA via lipid-protamine-DNA NP. In orthotopic 

murine colon and breast cancer as well as melanoma models, this strategy resulted in massive synergism 

concerning the anticancer activity, however at the same time avoided splenic TH17 cell accumulation as a 

marker of adverse systemic inflammation.559  

Another strategy to enhance recognition of cancer cells by the immune system is the use of a CD40 agonist 

antibody (CP-870,893). CD40 is a cell surface member of the TNF superfamily, which is expressed in all 

APC subpopulations.560 In general, CD40 signaling activates APC and triggers tumor-specific T cell 

responses. Based on the strong immunogenic effects of Pt drugs, it was hypothesized that CP-870,893 should 

exert potent synergisms in a combination setting. Consequently, already two clinical phase 1 trials of this 

CD40 agonist with Pt drugs have been reported: combination of CP-870,893 with carboplatin (and 

paclitaxel) in patients with advanced solid tumors,560 and with cisplatin (and pemetrexed) against malignant 

pleural mesothelioma.561 In both studies, the proportion of memory B cells (together with the activation 

marker CD86) increased. Moreover, especially, in the mesothelioma study, although the objective response 

rates to the combination were similar to chemotherapy alone, three patients achieved long-term survival.561 

Another co-stimulatory approach is the combination of Pt drugs with an agonistic 4-1BB (CD137) antibody, 

a surface glycoprotein and member of the TNFR superfamily 9, which is expressed on activated T and NK 

cells.562 Indeed, cisplatin was found to be highly synergistic with an agonistic (crosslinking) 4-1BB antibody 

in B16- and CT26-bearing mice.541 In more detail, cisplatin increased the levels of 4-1BB on T cells and 

together with 4-1BB antibody enhanced the antitumor immune response, resulting in complete remission 

and CD8+ T cell-mediated vaccination in several of the treated mice.541 Interestingly, these effects were 

observed together with distinctly reduced cisplatin-mediated nephrotoxicity541 (compare chapter 6.2). In 

murine ID8 ovarian and TC1 lung carcinoma allografts, a combination of cisplatin with 4-1BB-activating 

and PD-1-blocking antibodies significantly prolonged animal survial and was suggested to be even curative 

in some cases.563 

Finally, in line with the above-described synergistic effects of Pt drugs with DAMP such as LPS348 or 

bacterial ghosts521 (compare chapters 3.1.6 and 3.1.7), Wong et al. recently designed the first asymmetric 
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Pt(IV) complexes containing formyl peptide receptor (FPR)1/2-targeting peptide ligands (such as annexin 

1).564 Interestingly, FPR1/2 are PRR not only expressed in abundance on myeloid cells, but also on various 

cancer cell types.565 Accordingly, these new compounds not only enhanced the cytotoxic activity of PBMC 

(together with secretion of TNF-α and IFN-γ), but also exerted significant anti-proliferative activity against 

FPR1/2-expressing cancer cell lines.564  

Together, these multifaceted and diverse examples of Pt drugs as promoters of an anticancer immune 

response indicate a yet underestimated mode of action of these metal-based compounds and support their 

use in conjuction with immunotherapeutic approaches. 

 

3.2. Arsenic (As) 
In contrast to most other metals discussed in this review, As is an element of the main groups directly below 

phosphorus. Consequently, compounds of As resemble in several respects those of phosphorus e.g. that it 

readily forms covalent bonds with most non-metals including carbon. The biologically common oxidation 

states are As(III) and As(V). The latter is significantly less toxic and its biological activity is mainly based 

on substitution for phosphate e.g. in ATP. Furthermore, As(V) is readily metabolized to As(III) species due 

to a sophisticated cascade of reductive and oxidative events reflecting the need for protection of eukaryotic 

cells against environmental arsenicals.194,566 The environmental form of As(III) is As trioxide (ATO; As2O3; 

compare Figure 3) which in water forms arsenous acid (As(OH)3) or the corresponding arsenite salts e.g. 

AsO2
-. 

Several comprehensive reviews published in recent years have dealt with the molecular mechanisms 

underlying the profound impact of As on the integrity of various organ systems of the body, including the 

integumentary, nervous, respiratory, cardiovascular, endocrine, hepatic, renal, and reproductive systems.567 

Importantly, the hematopoietic system is another compartment strongly affected by (environmental) 

arsenicals. Illustratively, this metal has been documented to affect manifold immunological processes, 

implicated in inflammation, ROS production, hypersensitivity reactions, lymphocyte activation/function as 

well as humoral immunity. Intriguingly, these effects are subject to marked dichotomy, being either 

stimulatory or inhibitory, depending on the experimental settings, cell types, or species studied (summarized 

comprehensively by Dangleben et al.568 and by Zhang et al.569).  

On the one hand, environmental exposure to As is a global public health concern, because it is widely 

distributed in drinking-water and dust from industrial processes and associated with increased risk for 

numerous diseases, including skin, lung and bladder cancer.570,571 On the other hand, ATO (the identical 

compound encountered as environmental toxin) is approved for the treatment of APL, targeting the 

PML/RARα fusion protein as well as the chimeric transcription factor AML1/MDS1/EVI1 with high rates 

of complete remission (compare chapter 2.1).572,573 In addition, the cytotoxic activity of ATO is strongly 
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associated with enhanced production of ROS, modulation of pro- and antiapoptotic factors, and cytoskeletal 

derangements.574-577 Such, also regarding clinical application of ATO, increased NADPH oxidase (NOX) 

activity and elevated basal oxidative stress have been suggested to contribute to the high ATO sensitivity of 

APL cells.578  

Besides ATO, other organic and inorganic arsenicals are currently being investigated in clinical trials for 

hematological malignancies. These include As sulfide and S-dimethylarsino-glutathione579 

(www.clinicaltrials.gov) (Figure 9A). Furthermore, several As-based compounds are in preclinical phase, 

including e.g. melarsoprol (originally applied for the ‘sleeping disease’ trypanosomiasis) (Figure 9B), S-

dimethylarsino-thiosuccinic acid (Figure 9C), dipropil-S-glycerol arsenic (Figure 9D), arsenicin A (Figure 

9E), dimethylarsinic acid (Figure 9F), 4-(N-(S-glutathionylacetyl)-amino)phenylarsonous acid (GSAO) 

(Figure 9G), and P-(N-(S-penicillaminylacetyl)amino)phenylarsonous acid (PEANO) (Figure 9H).579  

A considerable body of literature on As compound-mediated effects on the immune compartment is derived 

from environmental arsenite.568,580,581 Despite obvious differences between environmental arsenite and 

pharmaceutically administered ATO including dose, uptake route (ingestion, inhalation, transepithelial vs. 

intravenous injection, respectively), and exposure duration, the fact that the active metabolite is chemically 

identical in both cases (in water, ATO is converted into arsenite) makes data on immune interactions 

obtained from the environmentally-derived substance highly relevant for cancer therapy. For instance, 

Haque et al. recently reviewed the immune-modulatory role of environmental As exposure focusing on T 

cell function.582 The authors conclude that As effects on the immune system tend to disrupt immunological 

control and increase propensity for autoimmune diseases, infection, and cancer, at least partially due to 

oxidative stress,  inflammation and imbalanced lymphocyte activation. For instance, in 2012, Morzadec et 

al. have shown inhibitory activity of As(III) on IL-17A expression of TH17 cells.583,584 In addition to the 

effect on T cells, environmental ATO was demonstrated to affect macrophage maturation by disruption of 

cytoskeletal and phagocytic processes as well as deranged surface marker and cytokine expression 

(downregulation of CD11b, upregulation of the TLR4 co-receptor CD14, as well as of TNF-α and IL-

8).585,586 Contradicting these data, a study on inhaled ATO performed in mice demonstrated no impact on 

innate immune cell status, however, impaired humoral responses.587 Furthermore, a DC-depleting effect of 

As has been described in a porcine in vitro model.588  

As stated above, data on the immune impact of arsenicals are controversial, depending - amongst others - 

on the scientific focus of the studies presented or on applied doses. With regard to the therapeutic 

development of As compounds, a number of studies aimed to develop As compounds as immunosuppressive 

agents for diseases that require a reduction of immune effects such as autoimmune reactions, transplant 

rejection and chronic inflammatory conditions (standing in contrast to the desired immune stimulation in 

anticancer therapy). For instance, immune-compromising effects of ATO are derived from transplantology 

research.589,590 Several years ago, Li and colleagues demonstrated in an elegant animal model that ATO 
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induced depletion of alloantigen-primed CD8+ memory T cells, leading to reduced heart allograft rejection, 

accompanied by reduced levels of IL-2 and IFN-γ, as well as increased levels of IL-10 and TGF-ß within 

the transplants.590 Furthermore, immune- suppressive effects of ATO have been emphasized in chronic 

inflammatory disorders such as asthma or psoriasis.591 Furthermore, Li and colleagues showed asthmatic 

airway hyper-responsiveness to be alleviated by ATO-mediated CD4+ T cell death.591 Together, these data 

suggest detrimental effects of ATO on immune compartments. This would at first sight argue against 

immune-mediated mechanisms contributing to the anticancer efficacy of this compound and question the 

feasibility of combining this compound with immunotherapeutic strategies.  

However, as outlined above, the deregulated immune and metabolic situation in the malignant tissue might 

not allow such straight-forward conclusions. Accordingly, data derived from As compounds tested as 

Figure 9. Chemical structures of lead anticancer arsenic-based compounds and those with published immune-regulatory activities. 
(A) S-dimethylarsino-glutathione (Darinaparsin, ZIO-101), (B) melarsoprol, (C) S-dimethylarsino-thiosuccinic acid (MER1), (D) 
dipropil-S-glycerol arsenic, (E) arsenicin A, (F) dimethylarsinic acid, (G) 4-(N-(S-glutathionylacetyl)amino) phenylarsonous acid 
(GSAO), (H) P-(N-(S-penicilllaminylacetyl)amino)phenyl-arsonous acid (PEANO). For details see text. 



62 
 

anticancer agents suggest otherwise. Several papers show the involvement of deranged cytokine (e.g. IL-

1ß, TNF-α) expression profiles and NF-κB signaling in cancer cell death induction by As compounds 

including ATO and phenylarsine oxide.592,593 Already in 2001, an immunologic mechanism behind the 

therapeutic effect of ATO was suggested by Deaglio and colleagues.594 The authors observed that exposure 

of human myeloma-like cell lines to low doses (0.5-1.0 µM) of ATO strongly increased the killing potential 

of LAK cells in vitro. This effect was accompanied by LAK cell-upregulation of CD31 and CD11a, the 

ligands for the myeloma cell surface markers CD38 and ICAM-1, respectively, suggesting increased cell-

cell adhesion to promote tumor cell killing. A follow-up study reported that already 0.5 µM ATO increased 

breast cancer cell lysis by LAK cells. Here, again increased cell-cell interactions via ICAM-1 and the 

lymphocyte-associated integrin family member LFA-1 appeared to play a key role in tumor cell lysis.595 In 

2012, it was reported that the anticancer efficacy of ATO - besides dependency on an immune-competent 

background - was increased based on selective Treg depletion, furthermore enhancing anticancer efficacy of 

adoptive splenocyte transfer in a colon cancer model in mice.427,596 The authors attributed Treg depletion to 

oxidative and nitrosative bursts specifically in this cell compartment. This specific effect may be attributed 

to an altered redox status, mediated by upregulation of pro-oxidative genes encoding iNOS, superoxide 

dismutase 1 (SOD1), copper chaperone for superoxide dismutase and NADPH oxidase organizer 1 

(NOXO1) exclusively in Treg, but not in other CD4+ cells, resulting in Treg-specific induction of ROS and 

reactive nitrogen species (RNS). Interestingly, in this study, immune-stimulatory effects were achieved at 

doses (0.5-1 µM) lower than would be required for cancer cell death induction in vitro (2 µM). Similar 

effects have also been demonstrated in independent reports.594,595 Corroboratively, Xu et al. showed impaired 

Treg function in peripheral blood of ATO-treated APL patients, although in this case, a potential involvement 

of altered redox stress was not investigated.426 Furthermore, reduced pulmonary metastasis of colon 

carcinoma cells by ATO was accompanied by reduced Treg infiltration in metastatic nodules.597 In a follow 

up study by the same group, this finding was harnessed for a combination approach of ATO with adoptive 

T cell transfer, yielding synergistic anti-metastatic effects in the same model of colon carcinoma 

colonization to the lungs.598 In addition, yet another publication by Wang et al. demonstrated that ATO 

altered the immune microenvironment in hepatocellular carcinoma allografts, also in this case illustrated by 

reduced Treg infiltration, but, in parallel, also by an overall increase in intratumoral (not further specified) T 

cells.599 This went hand in hand with decreased IL-10 and TGF-ß, as well as increased IFN-γ serum levels. 

The mechanism underlying selective Treg depletion by ATO might not only be based on hypersensitivity, 

but even on a direct inhibition of FOXP3 transcription factor expression in naïve T cells, blocking 

differentiation towards a Treg phenotype.429 A comprehensive review on the immune-modulatory role of As 

on Treg cells has been published recently.582 In addition to Treg depletion, As drugs may also exert their 

antitumor efficacy via inhibition of other immunosuppressive cell types. For instance, Gao and colleagues 

have recently shown that ATO induces MDSC differentiation, inhibits their proliferation and triggers 
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apoptosis induction.425 The in vivo antitumor efficacy was accompanied by reduction of splenic MDSC and 

attenuation of their CTL-inhibitory potential. The authors identified blockade of the JAK/STAT, PI3K/AKT 

and MAPK signaling pathways to play key roles in the downregulation of MDSC activity, which was further 

associated with decreased levels of TNF-α and IL-10 in the blood as well as of VEGF, iNOS, TGF-ß, ROS 

and arginase-1 expression in MDSC of treated animals.  

With regard to the influence of As drugs on the visibility of cancer cells for the innate immune compartment, 

ATO has been shown to increase transcription and surface display of NKG2D ligands (predominantly 

ULBP1) in chronic myeloid leukemia (CML), APL and breast cancer cell lines, leading to enhanced NK 

cell-mediated killing.600  

In a combination approach with the rationale to enhance antitumor CTL responses, ATO was co-

administered with an expression vector encoding B7-H3.601 B7-H3 - a B7 family member surface marker - 

is expressed in non-lymphoid tissues and implicated in effector lymphocyte regulation in peripheral 

tissues.602 This co-receptor exhibits a functional dualism, acting on the one hand as inhibitor of T cell 

activation, but has on the other hand also been shown to induce antitumor immunity by stimulating TH1 and 

CTL responses.602,603 In a study by Luo et al., in situ administration of a B7-H3 expression plasmid followed 

by (intratumoral) ATO injection led to strongly synergistic effects against a subcutaneous murine 

hepatocellular carcinoma model.601 This was associated with increased IFN-γ levels in the blood and with 

CTL- and NK cell-mediated antitumor immunity, leading to immunologic memory and rejection of cancer 

cells upon systemic re-challenge.  

Taken together, there is an ambiguous picture emerging concerning the impact of As compounds on the 

immune system. Importantly, for ATO, evidence for both immunosuppressive and -stimulatory activities on 

different immune compartments exists, especially when comparing environmental versus pharmacological 

exposures and, in the latter case, also under non-malignant versus neoplastic conditions. Nevertheless, 

enhanced visibility of cancer cells to immune cells by upregulation of surface stress markers and selective 

depletion of tumor-associated regulatory immune cell compartments in response to As remedies are 

encouraging and warrant clinical validation.  

 
3.3. Ruthenium (Ru) 
When Barnet Rosenberg first published the anticancer activity of some Pt compounds with cisplatin as most 

prominent member in 1969,208 he cited already two reports on the anticancer activities of other metal drugs, 

namely Ru and rhodium (Rh) compounds. The respective Ru observation dated back to a paper published 

by Collier and Kraus in 1931.604 This means that the idea of Ru as metal center for anticancer complexes is 

even distinctly older than the highly successful Pt. Several classes of Ru-based compounds with unique 

modes-of action have been studied since then in detail, ranging from purely inorganic to organometallic 



64 
 

compounds.605-611 Besides systemic cancer therapy, Ru complexes have also been developed for the use in 

photodynamic therapy.612 Ru compounds are believed to represent promising alternatives to anticancer Pt 

drugs based on several proposed advantages,606,610 including 1) lower toxicity and selective tumor uptake by 

protein binding, probably involving albumin and transferrin;613-616 2) different resistance mechanisms than 

Pt compounds;617,618 3) easily accessible oxidation states Ru(II) and Ru(III) in biological systems, allowing 

Ru(III) prodrug strategies based on activation by reduction in the cancer tissue;194 4) interaction with protein 

targets as predominant mode of action.609,619,620 The current developments in the field of anticancer Ru drugs 

have been reviewed extensively recently.184,610,616,621 So the question remains why to date only three Ru 

complexes, namely KP1019 (Figure 10A) and it sodium analog KP1339 (Figure 10B), as well as NAMI-A 

(Figure 10C) have entered clinical evaluation as systemic anticancer therapeutics, while a fourth one, TLD-

1433 (Figure 10D), is studied in frame of photodynamic therapy.188-191,622 And further asked: why has no Ru 

compound made it to clinical approval so far? One explanation might be that several of the key advantages 

of Ru drugs mentioned above might have been overestimated,192,614 leading to creation of “undemonstrated 

misconceptions or myths” as recently drastically stated by Enzo Alessio in a personal perspective on the 

field of Ru anticancer drugs.623 Another missing piece in the puzzle might be that - in contrast to the already 

extensively investigated role of the immune system in the anticancer activity of Pt compounds (compare 

chapter 3.1) - comparable investigations on immune components of Ru complexes are still relatively sparse. 

Nevertheless, this picture has recently started to change also due to the observation that DNA is, in contrast 

to the widely used Pt agents, not always the central target of anticancer Ru compounds.609,619,620,624,625 

Additionally, the durability of the responses observed in the recent phase 1 clinical study (NCT01415297) 

for KP1339 (IT-139) suggests contributions of long-lasting stromal effects like activation of immune 

memory functions.188  

As in case of other anticancer metal drugs, Ru compounds were a long time considered to be predominantly 

immunosuppressive. This assumption was mainly based on findings especially for ruthenium red (an 

inorganic dye; ammoniated Ru oxychloride, Figure 10E) inhibiting a multitude of ion channels including L-

type calcium current.626 Ruthenium red was demonstrated to inhibit T cell proliferation in response to several 

stimuli including TCR activation by viral antigens, alloantigens and also cytokines like IL-2 in vitro.627 

Moreover, ruthenium red blocked expansion of lymphocytes in draining lymph nodes and specific antibody 

production in mice immunized with cytochrome c combined with complete Freud’s adjuvant.627 Several 

complexes of a series of pyridine- and imidazole-substituted Ru complexes were even more active as 

compared to rapamycin in blocking TCR-mediated lymphocyte stimulation in the very low nanomolar 

range.628 A binuclear (η (6)-p-cymene)Ru(II) complex containing a bridging bis(nicotinate)-polyethylene 

glycol ester ligand inhibited proinflammatory TH1/TH17 cell differentiation and induced a Treg phenotype 

characterized by IL-4 and IL-10 production.430 Furthermore, the Ru(II) complex cis-[Ru(II)(η2-

O2CR)(dppm)2]PF6 (R = H or (CH2)4COOEt) (Figure 10F) was developed as anti-Leishmania agent based 
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on the iron (Fe)-mimetic properties of the Ru core and showed high anti-parasitic activity. This, however, 

went hand in hand with in vitro cytotoxic activity against human macrophages in the low- to submicromolar 

range.629 Furthermore, Ru is also used as central metal for the synthesis of carbon monoxide (CO)-releasing 

molecules (CORM). CO, released in small amounts, is implicated in various biological processes, for 

instance protecting against inflammation or acting as vasoactive molecule for blood pressure 

regulation.630,631 Endogenously, CO is generated by  heme oxygenase (HO)-1 and HO-2 in frame of haem 

catabolism.632 The anti-inflammatory effects of CO include, for instance, decreased production of TNF-α 

and NO in macrophages.633,634 Hence, CORM, predominantly synthesized as carbonyl complexes using e.g. 

Ru as central transition metal, have been developed for treatment of inflammatory diseases635 such as 

arthritis, colitis or sepsis, as well as for ischemic conditions including myocardial infarction,636 peripheral 

vascular dysfunction,637 and acute renal failure.632,638 Recently, however, CORM complexes have also been 

analysed for their anticancer potential. These include, amongst others, tricarbonylchlorido(glycinato)Ru(II) 

(CORM-3) (Figure 10G) and complexes of fac-[Ru(II)(CO)3Cl2L] with L = N3-methylbenzimidazole (MBI) 

or 5,6-dimethylbenzimidazole (DMBI), the latter reducing in vivo tumor growth in an immunocompetent 

allograft model.639 For these complexes, however, it will be necessary to investigate, whether CO release 

may hamper anticancer activity by anti-inflammatory/immunosuppressive effects exerted directly on 

immune cells.634 Correspondingly, a role of CORM-3-released CO has been described in NLRP3 

inflammasome inactivation and decreased IL-1ß and IL-18 secretion in LPS- and ATP-stimulated 

macrophages.640 Similarly, suppressive effects of CORM-3 on NO and IL-1ß production have been 

documented in LPS-stimulated macrophages.641 In this case, inhibition of nuclear NF-κB translocation and 

STAT1 phosphorylation have been suggested to play a role in the anti-inflammatory effects of CORM-3. 

Recently, this compound was also found to induce M2 polarization of naïve rat alveolar macrophages as 

well as to suppress iNOS expression in M1 macrophages.642 However, immune-cell suppressive effects of 

CO-releasing molecules might not be the only obstacle to successfully introduce these compounds as 

anticancer agents. Importantly, in an in vitro model, CORM-3 even protected renal cancer cells (as well as 

normal kidney cells) from cisplatin cytotoxicity by reducing levels of TNF-α and cleaved-caspase 3.643 This, 

on the one hand, suggests CORM-3 as reno-protective agent in cisplatin anticancer therapy, but, on the other 

hand, undoubtedly questions a successful clinical application as single anticancer agent or within 

immunooncological combination schemes.  

However, several observations suggested that the interaction of Ru compounds with the immune system 

especially in frame of cancer might be complex. Hence, one study presented an ambiguous picture of 

immune-regulatory effects of Ru compounds. The compound cis-(dichloro) tetraammineruthenium(III) 

chloride exerted cytotoxic activity towards PBMC at high concentration, while at low doses inducing their 

proliferation and IL-2 production.644 Interestingly, already earlier research on the anticancer activities of 

NAMI-A and KP1019/KP1339 or their predecessors suggested substantial impacts of host factors including 
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Figure 10. Chemical structures of lead anticancer ruthenium complexes and those with published immune-regulatory activities. (A) 
KP1019, (B) KP1339, (C) NAMI-A, (D) TLD-1433, (E) Ruthenium red, (F) cis-[Ru(II)(η2-O2CR)(dppm)2]PF6 (R = H or 
(CH2)4COOEt), (G) CORM-3, (H) trans-[RuCl2(DMSO)4], (I) mer,cis-[RuCl3(DMSO)2NH3], (J) RAPTA-C, (K) UNICAM-1, (L) 
[Ru(bbp)(p-mpip)Cl]ClO4 (complex , bbp = 2,6-bis(benzimidazolyl)pyridine; p-mpip = 2-(4-methylphenyl)imidazo [4,5-f]-1,10-
phenanthroline). For details see text. 
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immune mechanisms.645 Kreuser et al. have reported enhanced activities of heterocyclic Ru complexes 

including KP1019 against colon cancer cells after pretreatment with immune-stimulatory cytokines like type 

I and II IFN.646 Agents such as trans-[RuCl2(DMSO)4] (Figure 10H) and mer,cis-[RuCl3(DMSO)2NH3) 

(Figure 10I) widely lost their anticancer activity when mice were pretreated with immunosuppressive 

agents.645 However, xenogenization experiments with transplantation of NAMI-A-treated MCa mammary 

carcinoma cells for up to 13 transplant generations did not show any signs of tumor rejection as an indicator 

for enhanced antigenicity, arguing against strong mutagenicity of these Ru(III) complexes.647 Together, 

these data suggest that Ru compounds might have an impact on the cancer-immune crosstalk without directly 

altering cancer cell antigenicity.  

Surprisingly, despite these early indications of an immunological contribution to Ru complex anticancer 

activities, this track was not systematically taken up and followed. For many newer and promising drug 

classes, like e.g. organometallic piano-stool 1,3,5-triaza-7-phosphaadamantane (RAPTA) complexes 

(Figure 10J), corresponding information is widely missing. The highest density of data has accumulated so 

far for the anti-metastatic Ru drug NAMI-A. For this compound, an inhibitory effect on TGF-β-induced Rho 

A activity has been described, leading to reduced tumor cell migration.648 Similarly, co-culture experiments 

of HCT116 colorectal cancer cells with untransformed hepatocytes, mimicking a liver metastatic 

microenvironment, have shown the potential of NAMI-A to reduce the migratory capacity of cancer cells 

induced by the hepatocyte-derived chemokines and growth factors monocyte chemotactic protein-1 (MCP-

1) and VEGF, respectively.649 Besides these, also hepatocyte-mediated shedding of the pro-inflammatory 

markers and growth factors (IL-8, IL-12 p70, IL-6, and GM-CSF) has been identified in co-culture 

conditions, though direct effects on cancer cell migration were not apparent for these mediators. 

Nevertheless, the findings of NAMI-A to interfere with these (also strongly immune response-associated) 

soluble factors warrant further investigation on the effects of this compound also on the cancer - immune 

cell interplay. This might shed light on whether the anti-metastatic properties of NAMI-A rely on its ability 

to interfere with immunocyte-derived pro-metastatic signals. In parallel, the apparent disruption of 

extracellular factors by this Ru compound might also modulate immune cell homeostasis in the TME. Direct 

support for an impact of NAMI-A on cancer-immune cell interactions comes from a publication by Bacac 

and colleagues.650 This work stated that NAMI-A in co-culture experiments induced splenocyte NO 

production and adhesion onto metastatic cancer cells, probably by upregulation of ICAM-1. This calls for 

careful evaluation of the balance between antitumorigenic/anti-metastatic and immune-regulatory effects of 

NAMI-A. In addition, there is evidence for an impact of NAMI-A on lymphocyte recruitment to the TME. 

Such, treatment of subcutaneous MCa mammary carcinoma grafts with this Ru compound elevated 

intratumoral numbers of CD3+ cells, especially CTL.651 In another study, NAMI-A treatment of mice 

resulted in an increase of the CD8+ subset of splenic lymphocytes.652 Furthermore, increased numbers of 

circulating and intratumoral (again in MCa mammary carcinoma grafts) CD8+ cells were observed upon 
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treatment with sodium trans-[RuCl4(DMSO)imidazole] (NAMI), the sodium analogue of NAMI-A.653 This 

implies that NAMI-A as well as related Ru compounds do not exert toxicity on TIL and might even synergize 

with immunotherapeutic interventions. Interestingly, a very recent report has shown the ability of KP1339 

to induce several hallmarks of ICD in a 3-dimensional in vitro model of colorectal carcinoma.401 In this 

setting, the authors demonstrated drug-induced ER stress PERK/peIF-2α-signaling in spheroid cultures, 

accompanied by ATP release, CRT translocation to the membrane as well as HMGB1 depletion. This fits 

well with the fact that the master chaperone GRP78 is considered as one target of KP1339,188,386 thus 

activating UPR by several downstream mechanisms (compare chapter 2.2.6).385 Accordingly, KP1339-

induced cell death was at least in part mediated by ROS-related ER stress induction, death receptor 

upregulation, and caspase 8 activation.383,384 The role of such immune-related functions of KP1339 in the 

long-term disease-stabilizing effects of this Ru compound in the clinical situation188,193 urgently needs to be 

dissected. ER-stress induction has also been demonstrated to underlie the cytotoxic effects of other Ru 

compounds in preclinical settings, like in case of the anticancer redox organoruthenium compound 

(RDC11).654  

In addition, besides these potentially immunogenic effects directly on cancer cells, there exists evidence for 

Ru compounds to modulate also immune cell infiltration in favor of more immune-stimulatory TME 

conditions. Illustratively, the preclinical organometallic Ru(II) compound [Ru(p-cymene)(bis(3,5 

dimethylpyrazol-1-yl)methane)Cl]Cl (UNICAM-1) (Figure 10K), tested for its potential against triple-

negative breast cancer, reduced Treg infiltration and increased DC and macrophage recruitment into the 

TME.655 In vitro testing of two other Ru(II) p-cymene complexes with a 2,2’-dipyridylamine moiety showed 

only moderate cytotoxicity towards isolated mouse splenocytes and did not affect cytokine production (IFN-

γ, IL-17, IL-10).656 In the light of the apparent inertness with respect to immune cell activation (at least in 

case of splenocytes), effects of this compound on anticancer immunity are of interest but remain to be 

determined.  

Contrary to the potential immune-stimulatory activity of Ru-based compounds such as NAMI-A or KP1339, 

also a negative impact of an unrelated Ru-based complex, Ru(III) polyaminocarboxylate (AMD6221), on 

tumor immune rejection has been documented.657 In this report, the authors suggested NO-mediated immune 

activation and cancer cell death based on cancer cell NOS expression induced by immune cell-secreted 

cytokines. Importantly, AMD6221 blunted this cancer immune rejection via its NO-scavenging capacity. It 

needs to be mentioned that in this particular study, AMD6221 was not investigated for its anticancer 

potential, but utilized for its NO-scavenging properties to study the role of NO in anticancer immune 

rejection per se. Nevertheless, concerning the development of novel, but also classical Ru compounds, 

comparable properties might unwantedly exert similar immunosuppressive effects, potentially counteracting 

anti-neoplastic activity via down-modulation of antitumor immune activation. Opposing these arguments, 

however, a recent study has demonstrated anti-angiogenic and anti-metastatic activities of 
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potassiumchlorido (ethylendiamminotetraacetate)ruthenate(III) (RuEDTA), KP1339, and NAMI-A to be, at 

least partially, based on scavenging of NO released by endothelial cells.658  

In addition, several other key observations with regard to defined Ru complexes are implicated in distinct 

interactions with important mechanisms of the anticancer immune cycle without explicitly stating so. Hence, 

several classical and novel Ru complexes were associated with antiangiogenic properties due to interaction 

with VEGF downstream signals. For example Ru(II) complexes containing a 2,6-

bis(benzimidazolyl)pyridine moiety and especially [Ru(bbp)(p-mpip)Cl]ClO4 (bbp = 2,6-

bis(benzimidazolyl)pyridine; p-mpip = 2-(4-methylphenyl)imidazo[4,5-f]-1,10-phenanthroline) (Figure 

10L) have been identified as highly potent VEGF/VEGF receptor (VEGFR) 2 inhibitors with distinctly 

stronger antiangiogenic potency as compared to NAMI-A both in vitro and in vivo.230 This should, besides 

blockade of cancer blood support, also impact on immune cell and especially CTL recruitment into the 

cancer tissues. Moreover, recent evidence suggests that VEGF is strongly supporting an immunosuppressive 

milieu and that VEGF inhibition is reprogramming the TME to an immune permissive state.659  

 

3.4. Gold (Au) 
The use of Au in medicine reaches back to ancient times and earliest documentations by the Egyptians and 

Chinese are dated ~2500 BC.660-662 Throughout history, widespread use of Au in medicine has been reported 

for treatment of multiple conditions like wounds and fistulas, warts, (rheumatic) fever, syphilis, tuberculosis, 

as well as several neurologic and psychiatric conditions like migraine, depression and epilepsy. 

Additionally, Au was believed to preserve youthfulness and prolong life. In 1890, Robert Koch discovered 

that Au cyanide was bacteriostatic against Mycobacterium tuberculosis cultures. This led to a short period 

of application of Au salts for treatment of tuberculosis around 1920 (and was then dismissed as it proved 

clinically ineffective) and in the 1930s stimulated introduction and development of new Au compounds for 

treatment of rheumatoid arthritis (RA), a chronic inflammatory autoimmune disease, as RA was thought to 

be caused by the tubercle bacillus. In the following time, several Au(I) compounds with reduced toxicity 

were developed, and the orally applicable Au(I) thiolate-triethylphosphine complex auranofin (Ridaura) was 

approved by the FDA for treatment of RA in 1985 (Figure 11A).660,661 Two other Au(I) compounds clinically 

used for the treatment of RA, namely aurothiomalate (Aurolate) (Figure 11B) and aurothioglucose 

(Solganal) (Figure 11C), were meanwhile withdrawn from the U.S. market.663 In RA patients, efficacy of 

auranofin is comparable to methotrexate but toxicity and adverse effects occur more frequently. However, 

this compound can provide an alternative for RA patients where methotrexate is contraindicated.664  

Au compounds can be regarded as prodrugs and require activation (achieved by ligand exchange reactions) 

before they can develop their full pharmacological potential. The main targets seem to be proteins rather 

than DNA, via interaction with specific thiol- and seleno-containing peptide moieties.169 Au(I) complexes 
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are thermodynamically more stable than Au(III), however an Au(I)/Au(III) redox model has been suggested, 

that is created under strongly oxidizing conditions like in the lysosomes of activated macrophages and 

granulocytes.665 There, enzymes like myeloperoxidase (a lysosomal enzyme of primarily neutrophils, that 

is located in the granules, produces hypohalous acids which is released into the extracellular space during 

degranulation), mediate oxidation of Au(I) to Au(III). Proteins and molecules containing thiol groups and 

thiolethers reduce Au(III) again to Au(I), creating an Au(I)/Au(III) redox system able to scavenge ROS and 

denature and inactivate lysosomal enzymes of activated phagocytes. During this process, also metabolites 

like e.g. Au(CN)2
- are generated that can inhibit the respiratory burst of neutrophils and monocytes as well 

as lymphocyte proliferation.660,666,667 Generally, Au(III) is more reactive than Au(I), and has been suggested 

to be responsible for high toxicity and induction of adverse effects like dermatitis.169,660,661 Additionally, 

reduction to Au(0) occurs, which might be more critical for the anti-inflammatory effects of Au(I) drugs.660  

At present, besides still being investigated as anti-inflammatory drugs, Au(I), but especially Au(III) 

complexes have become exciting candidates for anticancer therapy.185,194,663,665,668-671 Some of these showed 

promising antitumor activity combined with low toxicity, ready to enter clinical phase 1 trials,671 however, 

respective outcomes have not been reported. Interesting groups among Au(III) compounds comprise 

mononuclear Au(III) complexes (including Au(III) dithiocarbamate complexes), Au(III) porphyrins, 

organogold(III) compounds, and dinuclear Au(III) complexes.169 Additionally, development of new N-

heterocyclic carbene ligand complexes of Au(I) and Au(III) for anticancer treatment are in the focus of 

interest.670 However, although in many cases promising results and even higher cytotoxicity against cancer 

cells as compared to cisplatin are reported in vitro, convincing in vivo studies are still missing.672 Even more 

surprising, the connection between the anti-inflammatory actions of primarily Au(I) derivatives and the 

antineoplastic activity of Au(I) and Au(III) compounds has not been established experimentally so far. 

Especially immune-modulatory effects of Au(III) complexes are completely unexplored, however, this 

information is nowadays urgently requested for preclinical development of anticancer therapeutics.  

Hence, a role of immune effects in the anticancer activity of Au compounds can only be hypothesized.673 

The immune-modulating and anti-inflammatory effects of Au(I) complexes are extensively reviewed in the 

literature in the context of RA and also other immune-related diseases like HIV and malaria.660,661,673 Au 

drugs target proliferation and differentiation of both innate (monocytes/macrophages, granulocytes, DC) as 

well as adaptive immune cells. However, the exact modes of action are complex and in many cases still not 

completely clear. Effects observed involve modulation of inflammatory cytokine responses (TNF-α, IFN-

γ),660,673,674 induction of cytoprotective proteins like HO-1,675,676 and interference with multiple immune 

receptors (TLR, CD45),409,677 antigen processing,678 MHC molecules,679,680 and signaling pathways (NF-κB, 

PKC).681-685 Hence, aurothiomalate inhibited IFN-γ-mediated complement activation and, at high doses, 

MHC class II expression on monocytes.680 Moreover, this anti-inflammatory Au(I) compound reduced 

production of IFN-β and NO, thus inhibiting the release of HMGB1 into the extracellular space, in murine 



71 
 

and human macrophages (RAW 264.7 and THP-1, respectively) in vitro.686 Additionally, Au(I) compounds 

were shown to suppress TNF-α production by several immune cell types including macrophages674 and 

neutrophils.660,673 For example, both aurothiomalate and auranofin were able to impede TNF-α-mediated 

cytotoxic neutrophil effects against epithelial cells and enhanced leucocyte adhesion to endothelial cells, 

both important players in RA.660,673 Also in neuroinflammation, a process central to neurodegenerative 

diseases like Alzheimer and Parkinson, auranofin was shown to attenuate cytotoxic cytokine secretion by 

microglia and microglia-like THP-1 promonocytic cells and inhibit the respiratory burst and release of TNF-

α and NO by monocytic cells.687 Auranofin can induce cytoprotective transcription factor programs in 

monocytic cells based on NF-E2-related factor 2 (NRF2) protein stabilization and, in turn, activation of HO-

1.676 In peritoneal macrophages, auranofin and Au thiomalate induced HO-1 and peroxiredoxin 1, two 

antioxidants inhibiting macrophage maturation.675 With regard to TLR signaling, auranofin was shown to 

suppress LPS-induced homodimerization and downstream signaling of TLR4 in murine pre-B and 

monocytic cell lines.677 Rachmawati et al., analyzing the influence of various high molecular weight 

complexes on innate immune cells, demonstrated that the Au compound Na3Au(S2O3)2.2H2O was able to 

induce moderate DC maturation via TLR3 signaling.409 Also interference with several key transcription 

factors for immune cell signaling like activator protein-1 (AP-1) (by interaction with cysteines of fos and 

jun) and STAT3 has been reported.688,689 NF-κB and PKC signaling pathways are central mediators for 

activation, differentiation and maturation of both myeloid as well as lymphatic cells.683-685 Aurothioglucose 

and auranofin have both been described to inhibit NF-κB signaling by impeding binding of NF-κB to DNA 

and, in case of auranofin, blocking IKKβ subunit in COS-7 cells and LPS-stimulated macrophages.681,682,690 

In some cases, reduction of IL-1β and IL-6 release was underlying NF-κB inhibition by auranofin.689,691,692 

PKC activity has been modulated by auranofin and aurothiomalate in neutrophils and T cells.693,694 In B and 

T cells, auranofin, aurothioglucose, and aurothiomalate also inhibited adenylyl cyclase/cyclic adenosine 

monophosphate (cAMP) signaling.695 Aurothiomalate can hamper proper antigen presentation and CD4+ T 

cell activation by binding cysteine-containing peptides and inhibit various transcription factors.678,696 Wang 

et al. showed inhibition of CD45, a tyrosine phosphatase expressed on all hematopoietic cells that augments 

signaling via B and T cell antigen receptors, by aurothiomalate.697 With regard to B cells, Au(I) drugs 

effectively inhibited activation, proliferation and antibody production, already at much lower doses than 

required for T cell interference.698,699  

As mentioned above, the role of immunological and anti-inflammatory effects in the anticancer activity of 

Au compounds remains largely unexplored at the experimental level. Only one study by the group of 

Travnicek700 investigated in parallel both anticancer and anti-inflammatory effects of Au(I) complexes of 9-

deazahypoxanthine in vitro and in vivo, but also in that case not in cancer-bearing animals.700 This lack of 

data is especially surprising, as even in review articles inhibition of cancer-promoting inflammation has 

been postulated as important player in the anti-neoplastic activity of Au compounds like auranofin.673 
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However, the situation needs to be addressed more critically, as for several immune-based anticancer effects, 

pro-inflammatory signals might be essential, including immunocyte recruitment to the TME, NLRP3 

inflammasome activation, and TLR-mediated signaling e.g. in frame of ICD induction. In line with this, one 

study by Marmol et al. investigating alkynyl Au(I) complexes (Figure 11D) in colorectal carcinoma 

demonstrated cell death induction via ROS-mediated necroptosis, involving TNF-α production and NF-ĸB 

signaling. However, the role of immune-related components is not further discussed by the authors.332 

Hence, the interplay between the mode of action in inflammation and cancer by Au compounds is still 

unclear and - resembling the data described for arsenicals - may vary between different cell types and 

conditions.  

So, which of the above described observations might be relevant for anticancer effects of Au compounds 

established in vitro and in vivo?665,668-671 In cancer cells, Au compounds have been shown to primarily act 

via disturbance of redox balance (e.g. thioredoxin (Trx) reductase (TrxR)), inhibition of anti-apoptotic 

molecules (e.g. bcl-2), as well as targeting of proteolytic enzymes and the proteasome. In addition, Au drugs 

inhibit, like already described for immune cell compartments, important proliferation and viability pathways 

including p38 MAPK, STAT3, and NF-κB.692,700-702 Considering redox deregulation, Au compounds can 

induce apoptosis by targeting specifically the TrxR system in the mitochondria of cancer cells.663,665,703 The 

Trx - TrxR system protects cells against ROS, and is central for maintenance of the intracellular redox 

balance.704 Auranofin, although described to act as ROS scavenger in activated phagocytes via the 

Figure 11. Chemical structures of (A) auranofin (clinically approved as antirheumatic agent) and (B-E) other lead anticancer gold 
complexes and those with published immune-regulatory activities. (B) aurothiomalate, (C) aurothioglucose, (D) alkynyl(I) gold 
complex, (E) [AuCl3(1,7-phen-κN7)] complex. For details see text. 
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Au(I)/Au(III) redox system, can enhance ROS production and induce apoptosis in cancer cells,705 as well as 

inhibit selenium metabolism and selenoprotein synthesis via interference with TrxR.673,706 Several groups 

have shown high sensitivity of ovarian cancer cells to auranofin, via enhanced ROS production in a BRCA1-

deficient background,707 inhibition of the Trx-TrxR-system,708 as well as interference with PKC iota.709 The 

anticancer activity of auranofin was further investigated in several clinical trials and is currently tested 

against recurrent ovarian cancer (www.clinicaltrials.gov). Together, these data suggest that Au complexes 

selectively kill malignant cells based on enhanced ROS pressure but might at the same time protect 

phagocytic cells like DC in the TME. As outlined above, ICD induction by metal drugs is crucially involving 

ROS-mediated ER stress and UPR and subsequent engulfment of dying cancer cells by DC. This 

hypothetical ideal scenario for ICD induction by Au compounds should be urgently validated in appropriate 

models for anticancer immune response evaluation.  

Nevertheless, modulation of cytokine profiles and pathways by Au compounds implicated in immune 

regulation has also been described in cancer cells. Such, auranofin inhibited phosphorylation of JAK1 and 

STAT3 and blocked IL-6 signaling in human hepatoma cells (HepG2), and in human breast cancer cells.689 

Another study by the same authors showed downregulation of telomerase via inhibition of STAT3 

phosphorylation.701,702 As discussed above for Pt drugs, this is interesting for immunotherapeutic approaches 

considering that STAT signaling is key for activation of immune checkpoint molecules like PD-L1 on cancer 

cells.418 In glioblastoma, auranofin inhibited cathepsin B, a cysteine protease highly expressed in areas of 

invasion and neovascularization,710 which for sure would also interfere with immunocyte homing into the 

TME. A recent study ascribed the anticancer activity of auranofin in human ovarian cancer cells (SKOV3) 

to inhibition of the IκB/NF-κB signaling cascade711 as also observed in multiple immune cell compartments. 

However, this pathway might play an essential role in the HMGB1-mediated immunogenic effects of dying 

cancer cells (compare chapter 2.2.6).  

In addition to direct action on tumor and/or immune cells, Au(I) compounds can affect expression of cell 

adhesion molecules on endothelial cells.660,712,713 Auranofin was described to suppress angiogenesis and 

lymphangiogenesis by inhibiting VEGF and phosphorylation of VEGFR2,714 downregulation of 

VEGFR3,715 and by interfering with TLR3 signaling.673,716 Antiangiogenic effects via interference with 

VEGFR2, MMP-2, MMP-9, and TrxR were also recently published for a newly synthesized Au(III)-

phenanthroline complex (Figure 11E).201 However, with the exception of this study,201 no data about specific 

effects of Au(III) compounds on immune-related parameters are available.  

Concerning adverse effects of Au compounds, a heterogenous picture arises with regard to the immune 

system. On the one hand, several adverse effects can be connected to immunosuppression like impairment 

of macrophages, T and B cells, Ig deficiency, aplastic anemia717, as well as bone marrow suppression.718 On 

the other hand, also immune-stimulating reactions can occur. The most frequent adverse effects of Au(I) 

compounds involving immune stimulation comprise diverse types of skin reactions including dermatitis,662 

http://www.clinicaltrials.gov/
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but also cases of severe organ damage due to glomerulonephritis,662 enterocolitis,719 and hepatitis720 have 

been reported. Considering the allergic/autoimmune reactions observed in Au-treated patients, an unspecific 

TLR-, or even an adaptive T cell-mediated immune response to specific Au-modified peptides might be 

postulated.678,721,722 However, the relevance of such a hypothesis on cancer cell adjuvanticity and antigenicity 

during anticancer therapy with Au complexes is yet to be established. Apart from reactions occurring upon 

treatment with Au drugs, Au-induced contact dermatitis is another condition pointing toward immune-

stimulating properties of Au. Interestingly, patients with dermatitis have been reported to have a high 

frequency of Au allergy.661,678 Au-related contact dermatitis is probably induced by slow ionization of Au 

upon contact with the skin and subsequent absorption and haptenization (modification of otherwise non-

immunogenic cellular (protein) structures by antigenic compounds, such as metal ions, leading to an immune 

response).661 The issue of long-term toxicity and adverse effects is especially interesting with regards to 

application of Au NP used for anticancer therapy (compare chapter 4.3.1).  

In summary, although the direct impact of Au compounds on an anticancer immune response has not been 

comprehensively investigated so far, the massive immunosuppressive effects both in vitro and in vivo in 

frame of acute and chronic inflammation call for caution, especially when applying Au compounds in the 

context of immunotherapeutic approaches. However, it needs to be considered that in selected cases chronic 

inflammation might also act as a strong tumor promoter presumably based on the activity of regulatory 

immune cell compartments (e.g. tumor-infiltrating neutrophils, TAM, Treg, and MDSC). The sensitivity of 

inflammation-associated neutrophils in non-malignant, inflammatory diseases against Au compounds 

suggests that these drugs might exert similar effects on cancer-promoting neutrophils. Unfortunately, with 

regard to the regulatory immune cell compartments mentioned before, all important targets for clinically 

successful Pt and As compounds (compare above), have not been worked out so far in case of Au-

compounds. However, such information seems absolutely critical for development of anticancer Au 

compounds especially in frame of combination therapy approaches.   

 

3.5. Cobalt (Co) 
Co is usually present in two oxidation states, Co(II) and Co(III).194 In the human body, Co(III) plays an 

essential role as metal constituent of cobalamin (vitamin B12), which acts as coenzyme in multiple 

metabolic processes (in these enzymes also Co(I) is formed during the redox cycles).723 Systemic toxic 

effects of excessive Co levels are thought to be mainly mediated by free ionic Co2+ (reviewed by 

Paustenbach et al.724) and affect the function of multiple organs.725 At least in rodents, Co2+ has carcinogenic 

effects.726 This is based predominantly on genotoxicity by ROS-mediated oxidative DNA damage727 as well 

as by interference with the nucleotide excision repair machinery, the latter mechanism being based on 

substitution of Zn ions from zinc finger-containing DNA-binding proteins such as xeroderma pigmentosum 
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A (XPA).728 Co-induced systemic toxicity has been predominantly associated with metal-on-metal hip 

implants, an effect termed “arthroprosthetic cobaltism”, which is believed to be derived from elevated serum 

levels of free ionic Co2+ concentrations.729 In addition, in the wear process of hip implants, Co NP may result 

in osteolytic inflammatory fluid formation. It is not entirely clear, whether such immune responses are 

caused by a “metal-reactive” innate immune response mounted against metal debris, or whether the adaptive 

immune system plays a role in frame of a “metal allergy”, which is also typically associated with contact 

dermatitis.729,730 The nature of these local reactions is further complicated by the fact that Co-containing 

products are often mixed with other metals such as Ni.729,731 Hints for an involvement also of cells of the 

adaptive arm of the immune system are derived from a study showing that Co2+ ions stimulated migration 

of T cells, but not B cells, in vitro.732  

Concerning cancer therapy research, resistance to traditional Pt-based anticancer drugs has driven 

investigations on alternative transition metal-based compounds. Over the last decades, the anticancer 

potential of Co complexes as well as their modes of action have been extensively studied. The development 

of antiproliferative Co complexes has been reviewed in depth by Munteanu et al.733 These include primarily 

Co coordination complexes such as hexaamminecobalt(III) chloride (Figure 12A), Co(III)-acetylacetonate 

complexes (Figure 12B) Schiff base complexes (Figure 12C) and Co-carbonyl clusters (Figure 12D).194,733 

Furthermore, Co-containing cobalamin has been suggested as a cancer-specific delivery agent for cytotoxins 

including cisplatin.734 Some of these complexes have been designed as redox-active Co(III) prodrugs with 

bioactive ligand(s) attached.735 In a hypoxic microenvironment, these Co(III) compounds are activated by 

reduction with release of all (bioactive) ligands and formation of Co(I). 

The majority of reports regarding the impact of Co on the immune system is available only for Co(II) salts, 

which, however, are generated at least in case of hypoxia-activated prodrugs. In 2015, a study by Wang et 

al. reported Co chloride (CoCl2) to induce ROS and necroptosis in a human colon cancer cell model.331 

Accordingly, Co-induced necroptosis was accompanied by increased IL-1α and IL-6 expression, suggesting 

an immune-stimulatory component in the mode of action of CoCl2, potentially leading to an inflammatory 

response.331 Importantly, CoCl2 has also been identified as a hypoxia-mimetic based on stabilization of 

hypoxia-inducible factor-1α (HIF1α).736,737 This is reflected by the fact that increased Co exposure has 

marked effects on the hematological system.729 Such, a reversible increase in hematocrit and hemoglobin 

levels as well as erythrocyte count (polycythemia) has been documented,738 earning CoCl2 also a shady 

reputation as doping agent to stimulate erythropoiesis.739 The exact molecular mechanism by which CoCl2 

mediates HIF1α and HIF2α stabilization is not entirely resolved, but includes the prevention of HIF 

interaction with the von Hippel-Lindau protein (pVHL) by occupying the VHL-binding domain and thereby 

preventing HIF degradation.740 Additionally, and speculatively, in the in vivo situation, CoCl2 may interfere 

with hemoglobin synthesis/homeostasis by replacing Fe as coordination center of protoporphyrin IX 

component of hemoglobin (analogous to the synthetic molecule “coboglobin”). Importantly, Co 
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protoporphyrin IX - besides its hypothetic role in hypoxia induction - induces expression of cytoprotective 

HO-1 e.g. in MDSC (compare chapter 3.3), protecting tissues from oxidative stress upon reoxygenation 

under ischemic conditions.741-743 Given the down-modulatory effects of HO-1 on immune cells such  as 

macrophages,744,745 as well as the stimulatory effects on regulatory compartments such as MDSC, it will be 

interesting whether Co may decrease pro-inflammatory processes and, thus, reduce leukocyte activation in 

the context of anticancer immune responses. Corroboratively, protoporphyrin exerted immunosuppressive 

effects also by Treg induction in rat splenic lymphocytes and led to a decrease in IFN-γ and IL-2 secretion 

from TH1 cells as well as an increase in IL-10 and TGF-ß secretion from TH2 cells.746 In contrast, based on 

the observation that HIF1α may also enhance innate immune cell functions, one study performed in 2016 

demonstrated that HIF1α induction by CoCl2 induces a NKT cell response against primary human cancer 

cells.747 This effect was mediated by enhanced 5’-AMP-activated protein kinase (AMPK)-dependent, CD1d-

mediated NKT cell activation and the production of IL-2.747 This suggests that CoCl2, mimicking AMPK 

activation, might alter the DAMP repertoire of malignant cells presented to CD1d, serving as danger signal 

for NKT recognition.747 Furthermore, there is data suggesting enhanced responsiveness of immune cells to 

cancer-derived DAMP in response to hypoxia. Illustratively, CoCl2 induced expression of TLR4 in 

RAW264.7 macrophages in a HIF-dependent manner, leading to increased expression of cyclooxygenase 

(COX)-2, CCL5 and IL-6.408 Correspondingly, TLR4 neutralization abrogated Co ion-induced pro-

inflammatory cytokine and chemokine production by macrophages in vitro.748 However, Co ions abrogated 

IL-1ß production in titanium-exposed macrophages.749 Additionally, immunosuppressive cell compartments 

Figure 12. Chemical structures of lead anticancer cobalt-based compounds and those with published immune-regulatory activities. 
(A) [Hexaamminecobalt(III)] chloride, (B) Co(III)-acetylacetonate complex (C) Schiff base-derived Co(III) complex, R1, R2, R3 = 
H or CH3 or CF3, L = NH3 or imidazole or nicotinamide; (D) [{2-acetoxy(2-propynyl)benzoate}-hexacarbonyldicobalt] (Co-ASS). 
For details see text. 
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like Treg might be directly targeted by Co compounds. Hence, CoCl2 was demonstrated to block Treg 

differentiation by downregulating FOXP3 expression (as already known for As compounds, see above), 

even in a HIF-independent manner.750 Furthermore, CoCl2 induced the production of inflammatory 

cytokines (including TNF-α and IL-1ß) of macrophages in vitro, but reduced their MHC class II expression 

and capacity to activate CD4+ cells,751 and may also induce macrophage death at higher doses.752 

Little data is available on the interactions of anticancer organometallic Co complexes with immune 

mechanisms. Co alkyne complexes such as the acetylsalicylic acid-derivative [2-acetoxy-(2-

propynyl)benzoate]hexacarbonyldicobalt (Co-ASS) (Figure 12D) have been shown to exert anticancer 

activity via their non-steroidal anti-inflammatory drug (NSAID)-mimetic inhibitory activity on COX 

enzymes.753 For instance breast cancer cell lines have been shown to be strongly hypersensitive towards 

COX inhibition.753 Accordingly, a chlorinated derivative of Co-ASS showed no cytotoxicity towards non-

tumorigenic human bone marrow stromal cells,754 indicating a cancer-selective mode of action of this group 

of Co compounds. It has to be kept in mind, however, that experiments with these compounds have so far 

only been conducted in vitro. In the in vivo situation, COX inhibition - blocking the production of e.g. 

prostaglandins and eicosanoids - might clearly interfere with inflammatory responses in the TME. Thus, 

regarding anticancer immunity, it will be important to investigate, whether the COX-inhibiting activity of 

NSAID-mimetic Co complexes might impair immune homeostasis by downregulating pro-inflammatory 

signals and conditioning the TME towards a tolerogenic, immunosuppressive state. 

In summary, the current data demonstrate that extensive research efforts will be necessary to understand the 

impact of Co complexes on inflammatory processes as well as on immune cells, and the implications this 

might have with respect to the anticancer immune responses. 

 

3.6. Nickel (Ni) 
Ni is the first transition metal element of the 10th group of the periodic table. The most common oxidation 

state is Ni(II).755 Several Ni complexes have been synthesized as anticancer agents and show promising anti-

proliferative activities. These include, amongst others, N-heterocyclic carbene complexes,756 Ni 

pyrithione,329 Ni diacetyl monoxime-2-pyridyl hydrazine,757 Ni thiosemicarbazones,758,759 Schiff base Ni 

chelates,760,761 a Ni-dithiocarbamate phenanthroline complex,762 and Ni diacetyl monoxime-2-pyridyl 

hydrazine.757 

Ni is the most frequent cause of metal allergy (reviewed by Saito et al.763 and Schmidt et al.764). Accordingly, 

the vast majority of data about Ni effects on the immune system is derived from reports concerned with Ni-

induced hypersensitivity reactions.406,765 Nevertheless, these studies may have implications also with respect 

to anticancer immune responses, as Ni salts and complexes interfere with multiple immunologic parameters 

such as DAMP responsiveness of phagocytes, inflammation, as well as T cell activation (see below). 
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Independently of its application as antineoplastic agent, Ni-containing NP utilized for instance in 

pharmaceuticals, clothes or cosmetics have been shown to exhibit inflammogenic properties.766 These 

hypersensitivity reactions are constituted by both innate and adaptive immune components and include 

binding of Ni to MHC-associated self-peptides at the surface of APC such as DC.764 Ni allergy was shown 

to be initiated by the release of pro-inflammatory mediators (including IL-1β and TNF-α) by epidermal 

keratinocytes.763 Also, exposure of human bronchial epithelial cells to Ni compounds led to pro-

inflammatory signaling activation predominantly via the MAPK pathway, involving nuclear factor of 

activated T cells (NFAT), NF-κB, and AP-1, in turn inducing expression of TNF-α.767 Furthermore, 

haptenization of originally non-immunogenic cellular structures by Ni engages innate immune receptors 

such as TLR4 via distinct histidine residues and induces NF-κB-dependent production of pro-inflammatory 

cytokines including TNF-α and IL-8.406,768 The resulting activation of DC leads to presentation of Ni-

modified epitopes and priming of T cells, which then migrate to areas of Ni exposure and - upon hapten 

encounter - cause pruritic lesions characteristic of contact dermatitis.769,770 In the context of cancer, this 

implies that Ni exposure might render also malignant cells more visible to innate immune recognition via 

PRR engagement. Furthermore, it can be hypothesized that Ni modification of endogenous peptide 

structures might alter the cancer cellular antigen repertoire, facilitating adaptive anticancer immune 

activation. It, thus, appears tempting to develop strategies for tumor-specific delivery of Ni compounds with 

the aim to achieve cancer cell-specific antigen haptenization in order to boost adaptive, T cell-mediated 

anticancer immunity.  

Furthermore, direct stimulatory effects on immune cells have been reported. A recent study by Bechara et 

al. reported Ni sulfate (NiSO4) to promote TH17 cell induction by TLR4-activated DC via p38 MAPK-, 

JAK/STAT- and NF-κB-induced secretion of IL-23.407 Moreover, Ni-stimulated CD8+ T effector cells were 

found to produce IFN-γ, and CD4+ T cell polarization into TH1 and TH17 phenotypes is implicated in Ni 

allergy.771 In human THP-1 monocytic cells, Ni exposure has been linked to activation of NF-κB and 

secretion of IL-8.772 Furthermore, a transcriptome-wide analysis of gene expression alterations induced by 

Ni2+ in primary human monocytes was conducted. Besides already known target genes (e.g. CCL20, 

CCL21), Ni induced deregulation of a multitude of transcripts, many of which corresponded to 

immunological and inflammatory processes related also to hypersensitivity and cancer.773 In contrast, a 

negative-regulatory effect in Ni hypersensitivity has been observed for TH2 cells via secretion of IL-4, IL-5 

and IL-10.774 Another study demonstrated that neutrophil-like-derived ectosomes in response to NiSO4 

reduced hypersensitivity reactions.775 This was mediated by down-modulation of DC maturation, 

characterized by decreased levels of, amongst others, IL- 1ß, IL-6 and TNF-α, followed by CD4+ 

polarization into a TH2, IL-13-expressing phenotype. Interestingly, it has been shown that Treg cells - induced 

by engineered microparticles releasing TGF-β, rapamycin, and IL-2 - were able to promote tolerance 

towards Ni contact dermatitis.776  
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Other studies suggest toxic effects of Ni on various immune cell types. A toxicological analysis investigated 

Ni2+-dependent biological responses of human monocytes by proteomic profiling, revealing functional 

annotation clusters such as metal ion binding, cytoskeletal remodeling and cell death.777 Consequently, the 

authors confirmed monocyte apoptosis induction upon exposure to Ni2+. Interestingly, for cancer 

immunosurveillance, T cell viability was not affected at equal concentrations. A recent study reported that 

cytotoxicity of Ni chloride (NiCl2) against human lymphocytes was associated with increased ROS 

formation, mitochondrial membrane potential collapse, glutathione depletion, lysosomal membrane 

damage, cellular proteolysis, and activation of caspase 3.778 Long-term pro-inflammatory allergic reactions 

towards Ni might even be directly linked to hematopoietic cancer development (compare also chapter 7).779 

This carcinogenic property of Ni has been linked to oxidative stress and ROS production.779 In a clinical 

case report, chronic allergic contact dermatitis upon Ni exposure has been connected with the occurrence of 

cutaneous T cell lymphoma.765  

Studies on the anticancer potential of the mentioned compounds were predominantly performed to dissect 

the respective modes of action with a focus on hematological malignancies.329,780,781 Accordingly, 

interactions of Ni-based anticancer compounds with cancer immunosurveillance - e.g. via the potential of 

Ni-modified tumor neoantigens or DAMP to boost antitumor immune responses by mimicking allergy 

reactions - are widely unknown. As mentioned earlier for Co (compare chapter 3.5), Ni has been reported 

to induce expression of HIF1.747,782 With regard to the TME, this might trigger pleiotropic effects, on the 

one hand, by jeopardizing the ability of immune cells to induce tumor cell cytotoxicity by down-modulation 

of inflammatory processes, and, on the other hand, by acting as metastasis-promoting factor via induction 

of angiogenesis. Regarding anticancer Ni complexes, Ni(II) 2,3-dihydroxybenzaldehyde thiosemicarbazone 

(Figure 13A) showed anti-inflammatory effects in murine leukemic macrophages as well as cervix 

carcinoma models by inhibiting nuclear NF-κB translocation.783 This resulted in downregulation of the pro-

inflammatory cytokines TNF-α, IFN-Iβ and IL-6. Conversely, a Ni(II)-dithiocarbamate phenanthroline 

complex (Figure 13B) was reported to induce necroptosis in breast cancer stem cells without causing ROS 

production and PARP activation.762 In addition, the complex Ni(II) diacetyl monoxime-2-pyridyl hydrazine 

was synthesized with the aim to generate a compound with a favorable toxicity profile as compared to 

cisplatin, including reduced bone marrow depression.757 This compound exerted antitumor activity against 

Ehrlich ascites carcinoma allografts comparable to cisplatin, and elevated the levels of anti-oxidative 

mediators (SOD, glutathione, catalase) while decreasing the amounts of the oxidative stress marker 

malondialdehyde. However, although erythrocyte counts were increased, total leukocyte numbers of tumor-

bearing mice decreased dose-dependently upon drug treatment to levels comparable to cisplatin-treated 

animals. It is currently unclear to which extent the anti-oxidative and (potentially) anti-inflammatory activity 

in combination with the leukocyte-depleting effects of this Ni complex contribute to or even counteract its 

anticancer efficacy. It might be suggested that decreased ROS levels in the TME suppress cancer cell DAMP 
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exposure and antigenicity, thus hampering antitumor immune responses. In addition, decreased leukocyte 

counts in treated animals implicate general immune suppression. Conversely, it might also be possible that 

regulatory immune cell compartments are selectively eradicated by this drug treatment. However, 

considering the higher susceptibility of certain regulatory immune compartments such as Treg to redox stress-

induced eradication (as described for ATO, compare chapter 3.2), it appears unlikely that the mentioned Ni 

complex exerts such effects due to is anti-oxidative activities. Regarding effects of anticancer Ni compounds 

on the fitness of immune cells per se, one in vitro study reported similar cytotoxic activity of a guanosine-

selective benzimidazole-derived di-Ni complex (Figure 13C) towards the transformed macrophage cell line 

RAW 264.7 as compared to a cervical cancer model.784 In this case, it will be important to investigate 

whether also healthy macrophage counterparts are affected in the in vivo situation, which would indicate 

unspecific myelotoxicity.  

Thus, the interaction between Ni-based anticancer compounds and the immune system is virtually 

unexplored and clearly calls for more comprehensive investigations of the effects of Ni compounds on 

cancer immunogenicity, the impact on the immune cells, and whether these compounds may serve as 

immunogenic adjuvants alone or in combination with immunotherapy. 

 

3.7. Vanadium (V) 
The transition metal V exists in several oxidation states, of which V(IV) and V(V) (and, to a lesser extent, 

V(II) and V(III)) are biologically most relevant.785 In aqueous solution V is either present in the oxidation 

state V(IV) as vanadyl (VO2+) or V(V) as vanadate (VO4
3- and VO3

-), whereas also different polymeric 

species can be formed depending on the pH and concentration. V compounds have been demonstrated to 

exhibit therapeutic potential for various disease types including diabetes type 2, tropical diseases such as 

trypanosomiasis, bacterial or viral infections but also malignant diseases (reviewed by Crans et al.786,787). In 

contrast, environmental and occupational V exposure has even been linked to lung cancer development.788 

Despite a broad array of V-based complexes designed as pharmacological agents, none of them have found 

their way into clinical application so far.789,790 Several V species exert inhibitory functions, targeting a 

variety of intracellular enzymes crucial in metabolic and signaling processes. These include glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), glucose-6-phosphate dehydrogenase, glycogen synthase, adenylate 

cyclase, cytochrome oxidase, as well as inhibition of protein tyrosine phosphatases.791,792 In contrast, V has 

been found to stimulate the catalytic function of the Na/K-ATPase, dynein, myosin ATPase or the adenylate 

kinase.787,793 Consequently, V compounds exert multiple pharmacological effects on physiological 

processes, including, e.g. insulin sensitivity or regulation of hypertension and hyperlipidemia.794 These 

interactions with intracellular proteins also suggested V compounds to be active against deregulated 

signaling and metabolic processes in cancer cells. Indeed, V compounds have been demonstrated to induce 
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cancer cell apoptosis as well as inhibit proliferation and metastasis,785 based, on the one hand, on disruption 

of oncogenic signaling circuitries795 and, on the other hand, on ROS-induced DNA damage.785,796,797 V 

compounds with promising anticancer potential in preclinical studies include e.g. ammonium 

metavanadate(V) (polymeric NH4VO3, Figure 13D), sodium orthovanadate(V) (Na3VO4, Figure 13E), 

V(III)-L-cysteine (Figure 13F), as well as organometallic vanadocenes and V coordination complexes.798 

Regarding the influence of V compounds on anticancer immune responses, available information is sparse. 

There is a considerable body of literature describing multifaceted interactions of V species with immune 

cells (reviewed by787). Both pro- and anti-inflammatory effects have been documented for V-containing 

compounds, however, these effects depend on the physicochemical characteristics of specific formulations 

such as nature of the ligands (peroxide, oxido, organic chelators), oxidation state, or the hydrophilicity of 

metal-ligand complexes.787,799 Furthermore, strong cell-, tissue-, dose- and time-dependent variations have 

been observed.787  

On the one hand, V has been implicated in immune suppression and downregulation of inflammation.798-800 

Illustratively, there are hints that V species negatively influence the function of T cells. For instance, 

NH4VO3 has been shown to reduce splenic T cell proliferation801 as well as peripheral blood T cells, together 

with diminished IL-2 and IL-6 serum levels.802 The molecular mechanisms underlying these effects are 

elusive, however, there is speculation about an interference of V with the selection process of developing 

CD4+ and CD8+ T cells in the thymus.787 This hypothesis is supported by a recently reported mouse model, 

in which V pentoxide (V2O5) inhalation resulted in altered thymic cytoarchitecture with decrease in DC and 

a distorted cortex-medulla distribution of thymic epithelial cells, potentially leading to impaired negative 

selection of autoreactive T lymphocytes.803 In addition, V2O5 inhalation decreased surface expression of 

CD11c and MHC class II on thymic DC.804 As thymic DC - besides mTEC - are critical for self-antigen 

presentation in frame of negative selection of self-reactive T cells (compare chapter 2.2.4),805 these 

observations point to a disruptive role of V in key thymocyte developmental processes. It would be important 

to investigate whether anticancer V compounds may exert similar MHC class II down-modulatory effects 

on DC as this might hamper T cell mediated adaptive anticancer immune responses. With respect to cellular 

signaling pathways, Na3VO4, was reported to alter TH cell activity by modulating cAMP-responsive 

element-binding protein (CREB), NF-κB and AP-1 as well as NFAT signaling, probably contributing to 

various immunosuppressive effects induced by V.806  

Furthermore, V affects immunocyte activation via dysregulation of the cytokine profile. Such, V2O5 as well 

as NH4VO3 were shown to prevent T cell activation807 by downregulating expression of proinflammatory 

cytokines including IL-2, IL-6, TNF-α and IFN-γ. In case of V2O5, similar inhibitory effects were observed 

for NK cell proliferation.808 This potentially explains innate immune suppression upon airborne V2O5 

inhalation. In addition, V-containing alloy as implant material was reported to decrease pro-inflammatory 

gene expression (including IL-1β, IL-6 and IL-8) in human mesenchymal stem cells. Interestingly, further 
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downregulated factors included TLR4 and CD40L.809 One might hypothesize that, in case similar effects 

also apply to V-exposed immunocytes, this may result in downregulation of several crucial innate and 

adaptive immune-physiological processes including DAMP-PRR-mediated APC activation as well as 

priming and activation of T and B cells. The presumed anti-inflammatory action of V has important 

implications with respect to the effects of other anticancer drugs on the immune system. Such, an important 

aspect of the therapeutic application of V compounds is illustrated by their chemo-preventive potential, 

based on antioxidant activity, induction of detoxifying enzymes, as well as reduction of carcinogen-derived 

toxic intermediates.796 For instance, an oxovanadium(IV)810 complex and V(III)-L-cysteine811 have been 

analyzed for their chemo-protective capacity in cisplatin-induced nephrotoxicity (compare chapter 6.2). 

V(III)-L-cysteine prevented cisplatin-induced ROS generation and lipid peroxidation and reverted the 

depletion of antioxidant enzymes such as SOD, catalase, or glutathione in renal tissue.811 This went hand in 

hand with decreased levels of pro-inflammatory mediators such as NF-κB, COX-2 and IL-6. With respect 

to the effects of V compounds as anticancer agents per se, it will be crucial to carefully evaluate whether 

these anti-inflammatory mechanisms might hamper efficient immune activation in the course of cancer cell 

death and DAMP release.  

In contrast, also immune-stimulatory effects of V compounds have been described.787 These include B and 

T cell activity, regulation of inflammation and cytokine expression, and NF-κB- and TLR-signaling.787 

V(IV) complex N,N’-bis(salicylidene)-o-phenylenediamine V(IV) oxide,812 bis(peroxide)V(V),813 as well 

as pervanadate(V)814 induced NF-κB activation in in vitro models. However, it has to be mentioned that 

these compounds were not primarily designed as anticancer compounds and that only the latter compound 

was tested in (transformed) T cells, while for the former two, NF-κB induction was determined in non-

immune cell types. Nevertheless, the fact that NF-κB is a central player in immune cells and the TME, these 

data suggest distinct regulatory functions of the mentioned V compounds within neoplastic tissues. A further 

study in human bronchial epithelial cells showed that V2O5 exposure induced COX-2 expression in a NFAT-

dependent manner, leading to anti-apoptotic signaling.788 Although in this context described to promote 

malignant transformation, this signaling might in turn activate immune cells for an antitumor attack. 

Furthermore, immune-stimulatory effects of sodium metavanadate(V) (NaVO3) have been demonstrated in 

B cells of γ-irradiated mouse splenocyte populations, which included B cell expansion, IFN-γ and antibody 

production.815 In macrophages, NaVO3 has been found to induce NF-κB signaling via IKK and JNK 

activation.816 In contrast, investigation of the immune-modulatory impact of anticancer oxovanadium(IV) 

complexes revealed no ROS induction in human phagocytes, but strong inhibitory activity on T cell 

proliferation in vitro.817 Regarding anticancer immune responses, a recent study demonstrated that V-based 

phosphatase inhibitors including, besides orthovanadate and metavanadate, also V(V) oxytriethoxide 

(Figure 13G), V(IV)oxide sulphate (Figure 13H) and bis-maltolato oxovanadium(IV) (Figure 13I) increased 
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the anticancer activity of oncolytic viruses in vitro and in vivo.791 This potentiation had direct implications 

with respect to anticancer immune responses, as it was characterized by a switch from an antiviral type I 

IFN response towards a pro-inflammatory type II IFN response, enhancing antitumor immune activity.  

Together, these data demonstrate a strong dependency of the coordination chemistry of V drugs on immune 

system modulation. It will therefore be crucial to integrate the currently ambiguous understanding and 

multifaceted modes of action of different V compounds on the immune system to generate anticancer V-

based drug formulation with modulatory effects eliciting favorable anticancer immune responses. 

 

3.8. Rhodium (Rh)  
Rh is widely applied as catalyzer in industrial and pharmaceutical processes.818 Regarding therapy of cancer, 

Rh complexes with the oxidation states Rh(I), Rh(II) and Rh(III) have been predominantly described. DNA 

binding, reminiscent of cisplatin, has often been proposed as important anti-proliferative mode of action.819 

Several Rh complexes have also been designed to specifically interfere with oncogenic signaling820 and 

cancer-promoting/epigenetic regulatory processes.821,822 For instance, cyclometalated Rh(III) complexes 

(Figure 13J) inhibited JAK2 phosphorylation820 as well as the oncogenic and pro-inflammatory autotaxin-

lysophosphatidic acid signaling axis.821,823 Also, another cyclometalated Rh(III) complex exerted anticancer 

activity in vitro via inhibition of lysine-specific histone demethylase 1.822 Rh(III)-based complexes have 

originally been considered poor candidates as metal cores of anticancer agents due to their kinetic inertness. 

In contrast to Ru(III) compounds, which become activated by conversion to a Ru(II) species (compare Ru, 

chapter 3.3), reduction of (even structurally related) Rh(III) compounds is considered improbable.819,824 

Thus, deregulation of the cellular redox balance has not been observed to contribute to the pharmacological 

activity of Rh(III) complexes in vivo.825 Nevertheless, several octahedral Rh(III) complexes containing 

polypyridyl and other aromatic chelates as ancillary ligands have been demonstrated to yield high 

cytotoxicity in cancer cells (reviewed in826-828). Furthermore, several Rh(I) and Rh(II) compounds have 

shown promising anticancer activity.829,830  

However, with regard to cancer immunosurveillance, the picture emerging from the literature is 

fragmentary. In addition, it needs to be stated that data on immune-related mechanisms have been published 

virtually exclusively for Rh compounds not primarily developed as anticancer agents. Only few reports on 

the (predominantly immunosuppressive) influence of Rh on the immune system exist. Hence, exposure of 

female Wistar rats to Rh(III) chloride (RhCl3) via drinking water revealed a generalized decrease of cytokine 

levels in the serum, with the exception of IL-1α and IL-2,831 suggesting an anti-inflammatory role of this Rh 

salt. Similar inhibitory effects on cytokine production (including IFN-γ, TNF-α and IL-5) have been 

observed in PBMC, using the complex ammonium hexachloridorhodate ((NH4)3[RhCl6]) or the salt 

RhCl3,832 again indicating these compounds to exert rather inhibitory effects on immune cells. In addition, 
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an early study dating back to the 1980s found abrogating effects of Rh(I) complexes on macrophage 

chemotactic behavior.833 Liu et al. reported on an anti-angiogenic cyclometalated Rh(III) complex (Figure 

13J), and suggested an immune-impeding role via inhibiting NO production in macrophages in response to 

LPS by attenuation of NF-κB signaling.834 Furthermore, in analogy to Ru-based CORM (see chapter 3.3), 

CO-releasing binuclear Rh complexes have been analyzed as anti-inflammatory agents by inhibition of NO 

generation in macrophages.835 Multiple Rh(III) complexes have been analyzed for their anti-Leishmania 

activities.836 Importantly, some of these agents exerted cytotoxicity towards J-774 macrophages, indicating 

that the anti-parasitic activity of these compounds observed in Wistar rats may be accompanied by 

myelosuppression.  

In contrast to these data indicating immune down-modulation, exposure to Rh compounds can also induce 

allergic reactions including asthma and contact dermatitis.837,838 Accordingly, pro-inflammatory effects of 

sodium hexachlororhodate(III) Na3[RhCl6] have been observed under in vitro conditions, mimicking allergic 

reactions. Such, exposure of DC to Na3[RhCl6] stimulated expression of IL-4, IL-5 as well as IFN-γ in co-

cultured T cells.839 However, ex vivo exposure of PBMC isolated from Ni- and palladium-allergic patients 

to Na3[RhCl6] resulted in upregulation of IL-10, while not affecting IFN-γ levels.840 This demonstrates that 

the effects of Rh compounds on the immune system are not straight forward, and that immune-inhibitory or 

-stimulatory activities are the result of the pleiotropic effects of these compounds on different immunocyte 

compartments.  

With regard to effects of Rh compounds on anticancer immune surveillance, the field is virtually unexplored 

so far, and the picture emerging from available data on Rh-immune interactions is rather vague. However, 

the apparently predominant anti-inflammatory activity of Rh salts and organometallic complexes, together 

with comparably low propensity for redox activity-mediated ROS induction, argue against the involvement 

of immunogenic mechanisms in the anticancer activity of Rh compounds.  

 

3.9. Zinc (Zn) 
Zn is after Fe the second most abundant transition metal in the human body and essential for manifold 

enzymes and transcription factors.841 Zn is exclusively present in the oxidation state +2 and is consequently 

(in contrast to e.g. Fe, copper and Co) not considered to be redox active and to induce formation of ROS. 

Important in the biological activity of Zn are its antioxidant and anti-inflammatory functions as well as its 

impact on immunity.842 Zn deficiency can lead to immune dysfunctions.843,844 For instance, Zn2+ is directly 

involved in TLR3/4 signaling, where it serves as negative regulator of Toll/IL-1R domain-containing 

adapter inducing IFN-β (TRIF) activity via inhibiting IFN regulatory factor (IRF) 3.845 This regulatory 

function was demonstrated to down-modulate TLR-dependent induction of IFN-β and iNOS. In general, 

data on Zn impacts on immune cell phenotypes reveal a not fully conclusive picture. For instance, in a recent 
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Figure 13. Chemical structures of lead anticancer nickel (A-C), vanadium (D-I), rhodium (J) and zinc (K-L) compounds with 
published immune-regulatory activities. (A) Ni(II) 2,3-dihydroxybenzaldehyde thiosemicarbazone, (B) Ni(II)-dithiocarbamate 
phenanthroline complex, (C) benzimidazole-derived di-Ni complex (di-Ni(II) ethylene glycol-bis(β-aminoethyl ether) N,N,N′,N′-
tetrakis(2-benzimidazoyl), (D) ammonium metavanadate, (E) sodium orthovanadate, (F) V(III)-L-cysteine, (G) V(V) 
oxytriethoxide, (H) V(IV)oxide sulphate, (I) bis-maltolato oxovanadium(IV), (J) cyclometalated Rh(III) complex (2-(2,4-
(difluorophenyl)pyridine) C^N), (K) Zn(II) phthalocyanine-containing octa-sulphonate, (L) 2-[(2-hydroxy-3-methoxy-
benzylidene)-amino]-3-mercapto-propionic acid Zn complex. For details see text. 
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study, effects of Zn homeostasis on macrophage polarization have been investigated.846 This study revealed 

that both Zn supplementation and deficiency cause M1 macrophage polarization. Consequently, further in-

depth analyses will be necessary to determine the dose- and time-dependency of Zn effects on immune cell 

phenotypes. Zn was demonstrated to induce a tolerogenic DC phenotype by diminishing MHC class II 

surface display, upregulating PD-L1, PD-L2, and IDO, and suppressing pro-inflammatory reactions in 

response to TLR ligand stimulation in models of antifungal immune responses. In addition, Zn shifted the 

ratio of Treg/TH17 in favor of the Treg subtype.847 Furthermore, FcεRI activation has been shown to trigger 

Zn release from the ER (“zinc wave”) of mast cells, serving as intracellular signaling mediator to enhance 

NF-κB DNA-binding activity in delayed-type allergy reactions.848 In addition, Zn-binding to metallothionein 

proteins was found to be essential for FcεRI-induced IL-4 production in basophils.849 L-carnosine Zn chelate 

(ZnC) is an anti-inflammatory compound used clinically against peptic ulcer of the upper gastrointestinal 

(GI) tract.850 Ooi et al. recently demonstrated that this complex induced elevated expression of HO-1 in 

RAW 264.7 macrophages. This resulted in attenuated induction of NF-κB, iNOS, as well as of NO 

production.850  

With regard to cancer, Zn deficiency in cancer patients was associated with impaired NK cell activity and 

IL-2 production, leading to (presumably) impaired TH1 function, enhanced oxidative stress and 

inflammation (assessed by an increase in IL-1β). Zn supplementation lowered oxidative stress-related 

parameters in healthy individuals with again a central role for attenuation of NF-κB signaling.843 Hence, Zn 

may directly exert anticancer activity by interfering with oncogenic NF-κB signaling to prevent the 

expression of antiapoptotic, pro-proliferative and angiogenic regulators.844 In the light of this, Zn should be 

discussed for its potential cancer-protective, immune-stimulatory role. Corroboratively, in glioblastoma 

models, Zn supplementation has been shown to enhance temozolomide cytotoxicity.851 However, the role 

of potential anticancer immune responses in this model was not investigated.  

Various Zn-containing compounds have been tested for their anticancer potential.852-855 The anticancer 

effects of Zn-containing complexes have been demonstrated to include amongst others apoptotic and 

oxidative stress-inducing mechanisms, as exemplified for instance by a binuclear Zn(II) complex with the 

angiotension II receptor blocker azilsartan in human lung cancer cells.856 However, the influence of these 

agents with respect to anticancer immune system activation is virtually unexplored. Scarce hints for 

beneficial effects on immune cells derive, for instance, from the study on a hierarchical Zn bud dressing γ-

AlOOH mesostrand covered with the model cancer antigen ovalbumin. This compound has been 

investigated as adjuvant for cancer immunotherapy.854 The formulation promoted intracellular uptake by 

macrophages and induced maturation and cytokine production of DC in vitro. In addition, the antigen-loaded 

particle enhanced CD4+ and CD8+ T cell populations as well as elevated IL-2 levels in the spleen, resulting 

in antitumor immunity in mice. In a study by Li et al., a Zn compound with affinity for macrophages was 
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designed with the rationale to induce intratumoral drug accumulation. This photoactive Zn(II) 

phthalocyanine-containing octa-sulphonate (Figure 13K) exhibited its affinity for macrophages via 

scavenger receptor-A binding.853 Furthermore, an anticancer Zn Schiff base complex (Figure 13L) was 

found to be active against human multidrug-resistant and sensitive ALL cancer cells without showing 

toxicity towards peripheral blood monocytes (PBMC).857  

Hence, also with regard to Zn compounds, the picture remains fragmentary. It is currently unclear in how 

far such drugs might contribute to anticancer therapy via influencing immune-regulatory functions both in 

cancer and immune cells.  

 

3.10. Iron (Fe) 
Fe is the most abundant transition metal in the human body with a total amount of ~ 5 g, of which about two 

thirds are used for the oxygen transport via hemoglobin. A crucial feature of the biological activity of Fe is 

the possibility to readily switch between Fe(II) and Fe(III), which is essential for enzymatic functions but 

can also result in formation of highly reactive hydroxyl radicals. Partly based on this redox activity, Fe plays 

vital roles as constituent of metalloproteins858 in multiple biological processes, including oxygen transport 

(hemoglobin), the respiratory chain for mitochondrial ATP synthesis (NADH dehydrogenase, cytochrome 

c reductase, and cytochrome c oxidase),859 metabolization of endogenous and exogenous chemicals 

(cytochrome P450),860 redox balance (catalase),861 or the production of deoxyribonucleotides 

(ribonucleotide reductase).862 Fe deficiency has, amongst others, immunosuppressive effects, for instance 

by impairing NF-κB activation863 and inducing HO-1 expression in response to oxidative stress (compare 

chapter 3.3).864 In addition, there is evidence for an involvement of low Fe levels in impairing anticancer 

immune surveillance (reviewed in865).  

Several Fe complexes have been tested for their anticancer potential. In fact, one of these, a ferrocene (bis-

cyclopentadienyl Fe) (Figure 14A), is an organo-metallic compound for which already early anti-

proliferative properties were demonstrated.866 Anticancer Fe complexes include, besides ferrocene itself, 

several derivatives thereof, like ferrocene nucleoside analogs, iminosugar conjugates and ferrocene-

tamoxifen (termed ferrocifens) as well as Fe carbonyl complexes (reviewed in detail by Gasser et al.867). 

Recently, chemical oxidation of ferrocifens868 has yielded a heterocyclic, tetrahydrofuran-substituted 

quinone methide derivative with promising anti-proliferative behavior.869 Data on the effects of Fe 

complexes with respect to anticancer immune responses are scarce. Such studies include those on ferrocenes, 

demonstrating their antitumor properties to be at least partially attributable to anticancer immune 

stimulation. This was elegantly exemplified in melanoma and lung carcinoma mouse models, where 

adoptive immune cell transfer of ferrocene-treated animals elicited antitumor responses in untreated 

animals.870 Ferrocene treatment was furthermore accompanied by splenocyte proliferation, increased LPS-
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induced production of TNF-α and NO as well as oxygen burst in macrophages, and enhanced NF-κB 

activation in PBMC. Challenging these data, different ferrocifenes (assessed in that case as glucose 

biosensor components) decreased the rate of lymphocyte proliferation, especially of B cells and NK cells in 

vitro.871 In another study by Zhang et al., the polyoxometalate Fe hepta-tungsten phosphate oxygen cluster 

complex Na12H[Fe(PW7O28)2]·44H2O (IHTPO) was investigated for its antineoplastic potential in several 

human cancer cell models.872 Despite low in vitro cytotoxicity, this compound showed significant tumor 

growth-inhibiting activity in a sarcoma allograft model. Furthermore, evaluation of a potential 

immunological involvement in this antitumor effect revealed that IHTPO promoted splenocyte proliferation, 

NK cell and CTL activation as well as antigen-specific IgG antibody responses. In addition, the authors 

found induction of TH1-produced cytokines IFN-γ and IL-2. These results suggest a critical involvement of 

T cell-mediated as well as humoral immune activation in the anticancer activity of IHTPO.  

Additionally, ferrocenyl complexes induced senescence in glioma and melanoma cell models.873 

Interestingly, this effect was accompanied by secretion of various cytokines, including IL-1α, IL-1β, IL-6, 

IL-8 as well as TNF-α, suggesting an immune-stimulatory role of these Fe compounds. Another study 

reported an anti-tumorigenic role of Fe-loaded TAM in hemorrhagic areas of the TME in patient samples of 

NSCLC. Mechanistic ex vivo as well as in vivo experiments performed by the group of da Silva and 

colleagues showed that exposure to hemolytic erythrocytes converted TAM into a pro-inflammatory 

phenotype, capable of direct tumor cell killing.874 This effect was accompanied by elevated expression of 

chemokines (CXCL1/2, M-CSF, GM-CSF) as well as of iNOS, IL-6, and TNF-α. This suggests delivery of 

Fe to TAM as adjuvant therapeutic strategy, repolarizing immune cells in the TME from immunosuppressive 

Figure 14. Chemical structures of lead anticancer iron (A), gallium (B-C), molybdenum (D) and samarium (E) compounds with 
published immune-regulatory activities. (A) Ferrocene (dicyclopentadienyliron), (B) KP46, (C) Ga maltolate, (D) 
tetrathiomolybdate, (E) samarium-153 ethylene diamine tetramethylene phosphonate (EDTMP). For details see text. 
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towards an immune-stimulatory anticancer phenotype. Together, these data are encouraging and warrant 

further investigation of the potential of Fe complexes to foster anticancer immunity.  

 

3.11. Gallium (Ga) 
Ga is a main-group element which exclusively occurs in the oxidation state +3. Ga(III) shares certain 

chemical characteristics with Fe(III), e.g. the octahedral and tetrahedral ionic radius and the ionization 

potential.875 However, in contrast to Fe, Ga is not redox active. Consequently, incorporation of Ga into Fe-

dependent proteins disrupts their proper function, including deoxyribonucleotide formation by 

ribonucleotide reductase, functioning of mitochondria (by e.g. ROS production), as well as the cellular Fe 

transport and storage.875 Ga exerts antimicrobial effects but also exhibits antineoplastic activity against 

tumor cells.187 In recent years, several reviews have comprehensively dealt with the modes of action and 

(pre)clinical development of first as well as later generation Ga-based pharmaceuticals as anticancer 

therapeutics.187,876 These include the simple Ga salts Ga nitrate and Ga chloride, as well as Ga complexes 

including tris(8-quinolinolato)Ga(III) (KP46) (Figure 14B) or Ga maltolate (Figure 14C), all of which are 

being or have been assessed for their anticancer potential in clinical trials for solid tumors (CNS tumors, 

neuroblastoma, urothelial carcinoma, lung cancer and others) and hematological malignancies (including 

non-Hodgkin’s lymphoma, multiple myeloma, diffuse large B cell lymphoma)877,878 

(www.clinicaltrials.gov). Furthermore, Ga compounds in preclinical testing include Ga-pyridines, -

phenolates and -thiosemicarbazones.187,879-881  

Several articles have been published on immune-modulatory effects of Ga compounds. On the one hand, 

over a decade ago, immunosuppressive effects of Ga nitrate in Cyprinus carpio (carp) were reported and 

comprised decreased blood leukocyte numbers, Ig production and phagocyte activity.882 Additional animal 

studies in mice revealed suppressive effects of Ga nitrate on inflammation-related diseases such as 

inflammatory arthritis and systemic lupus erythematodes.187,883,884 On the other hand, and with respect to 

therapy of cancer, Wu and coworkers found Ga maltolate to increase expression levels of immune-activating 

CXCL10, CXCL11 and IL-13, as well as a decrease in immunosuppressive IL-10 expression in human 

cutaneous T cell lymphoma xenograft models.885 However, it remains to be determined whether these effects 

may also apply to other, non-immune cell-related malignancies, and whether immune activation plays a role 

in the antitumor activity of Ga nitrate. To date, no information is available as to whether Ga salts or 

complexes may interfere with the immunogenicity of malignant cells. Given that several Ga-based drugs 

are being evaluated in clinical trials, elucidation of the impact of these compounds on anticancer immunity 

will be of special importance. Furthermore, the question remains whether the activity of Ga compounds in 

hematological malignancies might also interfere with the fitness of healthy immune cell compartments.  
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3.12. Molybdenum (Mo) 
Mo is the only essential trace element for humans of the second row transition metals. In enzymes, Mo is 

always bound to an organic co-factor (molybdopterin) and cycles between the oxidation states +4 and +6. 

An extensive overview of Mo compounds has been given recently by Jurowska and colleagues.886 As for 

Co, knowledge of Mo interactions with the immune system majorily arises form prosthetics. Wear debris of 

Mo-based alloy material for hip replacement has been investigated for its effects on T cell phenotype and 

cytokine profile induction in human blood samples.887 In this analysis, results were inconclusive, with only 

a subset of samples showing pro-inflammatory responses (induction of IL-17 and IFN-γ). Furthermore, the 

investigators found gender- and age-dependent effects, i.e. an increase in IL-10-producing T cells in females 

and a tendency towards decreased IL-6 expression in blood from older donors.  

Mo has been assessed for its anticancer potential mainly in the form of tetrathiomolybdate (Figure 14D), a 

copper chelator.888 This compound is currently extensively tested in preclinical phase but is also registered 

in several clinical trials.889,890  

Knowledge on the interplay of therapeutic Mo compounds with the immune compartment is fragmentary. 

In an in vivo mouse study concerned with vascular inflammation, oral gavage of tetrathiomolybdate 

prevented LPS-induced inflammatory responses, illustrated by reduced serum levels of soluble ICAM-1, 

MCP-1, and TNF-α.891 Furthermore, this compound inhibited NLRP3 inflammasome activation via copper 

chelation in a SOD1-dependent manner.892 In accordance with these observations, tetrathiomolybdate 

decreased SOD1 activity, increasing intracellular oxidant levels in B cell leukemia cells.893 Furthermore, 

tetrathiomolybdate inhibited vascular inflammation and development of atherosclerotic lesions in 

apolipoprotein E-deficient mice by downregulating VCAM-1, ICAM-1, MCP-1 as well as pro-inflammatory 

cytokines.894 In a co-culture study investigating the role of infiltrating M2 macrophages in breast cancer 

angiogenesis, tetrathiomolybdate decreased the angiogenic potential of the conditioned supernatant on chick 

chorioallantoic membranes.895 It needs to be mentioned that the Mo compound did not modify the M2 

phenotype or cytokine secretion profile. Thus, one might hypothesize that tetrathiomolybdate might 

primarily downmodulate cytokine-induced endothelial cell signaling. Accordingly, this compound reduced 

endothelial cell proliferation and ICAM expression in a mesothelioma model.896 Interestingly, this was 

accompanied by CD4+ T cell infiltration. In conclusion, the available data point rather to an anti-

inflammatory role of tetrathiomolybdate especially in the vasculature. Further investigations will be 

necessary to determine to which extent the potential anti-angiogenic activities of this compound might be 

harnessed for improved anticancer responses, especially in combination schemes.  

 

3.13. Other metals 
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In addition to the above described metal complexes and free metal ions, for which at least rudimentary data 

on the impact on anticancer immunity are available, there are numerous further compounds containing other 

metal cores for which effects on immunological mechanisms in frame of anticancer therapy are not 

described. This is in many cases due to their early stage of preclinical development. Such, osmium (Os) 

compounds exhibit diverse cancer cell-killing modes of action, depending on the choice of ancillary ligand, 

including redox activity, DNA targeting, or protein kinase inhibition.897 Os complexes as anticancer agents 

have been reviewed in detail by Hanif et al.897 These compounds have shown comparable or even superior 

activity as compared to clinically tested Pt and Ru drugs. Concerning effects on immune compartments, one 

study showed anti-inflammatory activity of the two half-sandwich Os compounds [Os(η6-p-cymene)(1,2-

dicarba-closo-dodecarborane-1,2-dithiolato) and [Os(η6-p-cymene)(benzene-1,2-dithiolato)] in RAW 264.7 

macrophages.898 This was illustrated by decreased NO production of LPS-stimulated, Os complex-treated 

cells. However, these compounds were developed as non-cytotoxic, anti-inflammatory drug candidates. No 

data on immune interactions of Os-based anticancer compounds are currently available.  

There are few reports on the lanthanide gadolinium (Gd) as metal-component of anticancer agents. Evidence 

for the potential of Gd as anticancer metal agent arises for instance from a report on Gd(III) complexes of 

coumarin-3-carboxylic acid, which have been tested for their antiproliferative activity in CML cells in 

vitro.899,900 Information on immunological aspects of compounds containing Gd are lacking, owing to the 

yet limited existence of in vivo experiments or appropriate ex vivo co-cultures aimed at characterizing 

cancer-immune cell interactions.  

Another aspect of metal-containing remedies are radiopharamceuticals of which some are even clinically 

approved. For this reason, it is surprising that very little data exist on immune interactions for these 

therapeutic agents, especially as for some compounds, strong indications for an involvement of the immune 

system as one component of their modes of action have been reported.901,902 One illustrative example is a 

radionuclide of radium (Ra), namely 223Ra, a calcium-mimetic, that was the first α-particle-emitting 

radiopharmaceutical prolonging overall survival, ameliorating symptomatic skeletal events and improving 

quality of life in bone metastatic castration-resistant prostate cancer.903 Several years ago, 223Ra has been 

approved by US and European regulatory agencies for the treatment of this cancer type.903-905 Mechanistic 

data on potential immune-stimulatory effects of this radionuclide are so far fragmentary. One study, 

investigating the survival benefit 223Ra dichloride in mice bearing breast cancer bone metastasis, observed 

the presence of macrophages in necrotic metastasis foci.901 Here, the authors additionally showed DNA 

double-strand break induction in neoplastic areas, which they attributed to the α-particle emission properties 

as compared to β- and γ-emitting radionuclides. These observations suggest immune-stimulatory properties 

of 223Ra by tumor necrosis-associated DAMP release and activation of innate immune cells such as 

macrophages. It would be worth investigating whether such effects might also enhance DC-mediated 

priming of specific anticancer T cell responses. Corroboratively, encouraging reports have been published 
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for the radioactive isotope of the lanthanide samarium (Sm), 153Sm as radiopharmaceutical.906 Chakraborty 

and colleagues showed that the radionuclide 153Sm (a β-particle emitter) in complex with ethylene diamine 

tetramethylene phosphonate (EDTMP, Sm lexidronam) (Figure 14E) alters the immunogenicity of tumor 

cells, rendering them more susceptible to T cell-mediated killing.902 This laid the basis for investigation of 

this compound in combination with immune-stimulatory agents. This approach included a phase 2 clinical 

trial with the prostate-specific antigen (PSA) vaccine rilimogene galvacirepvec/rilimogene glafolivec (PSA-

TRICOM) for the treatment of bone-metastatic, castration-resistant prostate cancer.907 Although only 

moderate response rates were observed, this might encourage the combination of radionuclides with 

immunotherapy. Since prostate cancer is considered inherently immunogenic,908 the potential of a number 

of immunotherapeutic strategies including, besides checkpoint inhibition, for instance DC- or cancer cell 

lysate-based vaccination is being assessed.909 This suggests combined treatment regimens of immune-

stimulating therapeutics not only with 153Sm , but also with 223Ra. 

This should encourage more in depth evaluation of the immune-stimulatory potential of these agents, for 

instance in combination settings with immunotherapeutic approaches. 

 

 

4. Nanoparticles (NP) of metal drugs and the immune response 

4.1. General considerations  
As stated above, metal complexes occupy a special place in the fight against cancer, with the three central 

Pt drugs - cisplatin, carboplatin, and oxaliplatin - remaining the backbone of oncologic treatment.27 

Nevertheless, their clinical effectiveness is hindered by several factors, most importantly by their poor tumor 

specificity. In order to overcome this issue, in the last 15 years researchers all around the world employed 

NP-based platforms to encapsulate these and other anticancer drugs and selectively deliver them into 

tumors.414,910 NP display indeed unique properties for potential clinical application in the treatment of 

cancer: 1) they preferentially accumulate in tumor tissues due to the EPR effect; 2) their surface can be 

easily modified with active moieties (antibodies, peptides), which allows selective release of the cargo into 

the tumor tissue; 3) their specific physical-chemical properties protect the drugs from degradation processes 

in a physiological environment.911-914  

Despite first successful applications of several drug nanoformulations (liposome-based, albumin NP, and 

polymeric micelles) in the clinic,915 low delivery efficiency still represents a limiting factor. Furthermore, 

NP are known to interact with both the innate and adaptive immune system and can lead to hypersensitivity, 

immunogenicity and autoimmunity.913 One very prominent example is the interaction of liposomes with the 

mononuclear phagocyte system (MPS) and its macrophage uptake. This main disadvantage is usually 

reduced by PEGylation of the NP, avoiding opsonisation and recognition by the MPS.916 The future potential 
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of nanomedicine in oncology is undebatable. Indeed, the generated immune response, long considered as 

drawback, could even be the key to the discovery of new ways of fighting cancer cells.917 In the last years 

there is an increasing interest in NP as immune adjuvants to create vaccines and/or to augment the anticancer 

effects of conventional chemotherapeutics.918  

Concerning metals, we can distinguish between (organic and inorganic) NP that contain metal-based drugs 

(e.g. nanoformulations of cisplatin) and nanomaterials consisting of a metal core (e.g. Au NP). The revision 

of all strategies concerning anticancer metal drug nanoformulations is out of the scope of this review. 

Similarly, in this chapter we will omit the effects of non-cancer-related nanomaterials on the immune 

system. A number of respective reviews can be found elsewhere.910,913,914,917,919,920 Here, we will focus 

specifically on immune-related data concerning either nanoformulations of metal-containing anticancer 

drugs or NP consisting of metals related to anticancer strategies.  

 

4.2. Nanoformulations of metal-based anticancer drugs 
Considering that, together with ATO, Pt chemotherapeutics are the only metal-based drugs used in the clinic 

for cancer treatment, it is not unexpected to find a high number of studies reporting on nanoformulations to 

improve pharmacokinetics and selectivity of these anticancer therapeutics. First data about immune 

implications of such delivery systems is relatively recent, dating back to 2009.921 Eriksson et al. reported the 

ability of the nanosized protein α-helical right-handed coiled coil (RHCC) to carry cisplatin to cancer cells 

without interfering with its cytotoxic potential. With regard to immunogenicity, intravenous injection of the 

cisplatin-loaded protein construct in Balb/c mice induced only marginal activation of specific CD8+ T cells 

in splenocytes. This was accompanied by only weak maturation of BMDC, characterized by a slight 

induction of CD40 expression and IL-12 production, whereas no increase of CD80, CD86 and MHC class 

II expression was observed as compared to unstimulated controls. Further developments of this delivery 

system have been hampered by its short half-life. In 2014, Li et al. used multi-walled carbon nanotubes 

(CNT) to encapsulate cisplatin and a Pt(IV) prodrug and intravenously injected them into mice to investigate 

their biodistribution.922 While the localization of cisplatin was unaffected by CNT, Pt(IV)-coupled CNT was 

found increased in the lungs and, at the same time, reduced in kidneys and liver. The authors suggested, as 

a consequence, potential application in lung cancer therapy. Moreover, the effect of CNT on 

proinflammatory cytokine production (IL-1β, IL-6, and TNF-α levels in the serum) was evaluated. 4 hours 

post-injection measurements revealed a distinct enhancement of IL-1β levels when compared to control or 

the metal-based compounds alone. Nevertheless, IL-1β decreased to control levels after 24 hours. 

Additionally, no significant changes were observed in the production of IL-6 and TNF-α, indicating that 

these drug delivery systems did not induce any significant immune response or inflammation.922   
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A more comprehensive study on the immunological impact of nanomedicine including Pt drugs was 

conducted by Nie’s group in 2016.923,924 The authors encapsulated oxaliplatin into monomethoxy-

poly(ethylene glycol)-poly(D,L-lactide-co-glycolide) (mPEG-PLGA) polymeric NP with the purpose to 

evaluate the effect of NP on ICD induction provoked by oxaliplatin (compare chapters 2.2.6 and 3.1.5). This 

is, indeed, the first study on the contribution of nanomedicine to ICD. Two nanoformulations were prepared, 

containing oxaliplatin or gemcitabine (a non-ICD inducer). Firstly, the induction of apoptosis by the 

different drug formulations on Panc-1 (human pancreatic carcinoma cells) and Pan02 (mouse pancreatic 

carcinoma cells) was evaluated. Both NP with oxaliplatin and gemcitabine induced significantly more 

apoptosis than the corresponding free compounds, while the naked NP had virtually no impact on cell 

viability. Next, the release of DAMP required for ICD induction (compare chapters 2.2.5 and 2.2.6) after 

treatment with different drug formulations was measured. NP with oxaliplatin resulted in a dramatic 

enhancement of HMGB1 release and ATP secretion and even a two-fold increase in CRT exposure as 

compared to the free drug, while the gemcitabine system had only a weak effect looking at the same 

parameters. Moreover, the nanoformulation induced a stronger immune response than oxaliplatin alone. 

Furthermore, oxaliplatin NP significantly induced DC maturation with expression of CD80 and CD83 in 

human primary immature DC and a DC cell line derived from C57BL/6 mice. In addition, IFN-γ secretion 

was significantly enhanced in human primary DC co-culture systems with autologous CD3+ T lymphocytes. 

Finally, in a vaccination experiment, dead or dying Pan02 cells treated either with the oxaliplatin NP system 

or the free drug were subcutaneously injected into C57BL/6 mice, and after seven days, mice were re-

challenged with untreated Pan02 cells. The protective effect against tumor formation was much more 

pronounced with oxaliplatin NP than with the free drug. Accordingly, oxaliplatin nanoformulation induced 

an increase of CTL in the tumor tissue, together with enhanced expression of IFN-γ. As expected, no such 

effects were seen in case of gemcitabine encapsulation. These results overall demonstrate the ability of the 

nanocarriers to further improve the ICD-inducing potential of Pt drugs.923  

One year later, in 2017, Ishida’s group reported on the immune-modulatory properties of oxaliplatin 

encapsulated in PEGylated liposomes,212 for which enhanced antitumor efficacy had been previously 

demonstrated in C26 colorectal carcinoma-bearing Balb/c mice.925,926 Strikingly, the authors found 

significant growth suppression of tumors implanted in immunocompetent mice, but not in their 

immunodeficient counterparts. This therapeutic effect decreased when the authors depleted CD8+ T cells, 

confirming that the contribution of the host immune system was crucial. When immunosuppressive cell 

components were investigated in tumor tissue, the liposomal preparation induced reduction of Treg, MDSC 

and TAM, the levels of last one being unaffected by free oxaliplatin. Furthermore, when looking at CD8+ T 

cell populations in the spleen and tumor tissue, free oxaliplatin reduced the amount of splenic and tumor-

infiltrating CD8+ T cells, whereas the liposomal oxaliplatin preserved the levels of both cell populations. 

Corroboratingly, CD8+ T cell activation, assessed  by IFN-γ expression, followed the same pattern. MHC 
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class I expression was increased by both free and liposomal oxaliplatin, with the liposomal formulation 

showing slightly minor effects as compared to the free drug.212 

Quite recently, the group of Wang investigated the possibility to combine chemotherapeutics with immune-

modulating agents within the same nanocarrier.927 In particular, they developed TME-sensitive cluster NP 

(SCN) loaded with BLZ-945, a highly selective inhibitor of colony stimulating factor 1 receptor (CSF-1R) 

and a Pt(IV) prodrug. CSF1, also termed M-CSF, and its receptor are known to be the primary signaling 

pathway for the function TAM (compare chapter 3.1.2).928,929 The difficulty of this strategy is that two areas 

have to be targeted: BLZ-945 should target TAM which are enriched in perivascular regions, while the Pt 

drug should reach the tumor cells spread throughout the bulk tumor mass. To solve this dilemma, the authors 

prepared a bi-loaded nanosystem called BLZ‐945SCNs/Pt, where BLZ-945 was encapsulated in the 

hydrophobic domain, while the Pt prodrug was covalently conjugated to the particle. Since it was 

demonstrated that SCN have pH-sensitive hydrophobic−hydrophilic transitions leading to cluster 

disassembly, BLZ-945 is released once the system is deposited at the acidic tumor site,930 while the small 

particles with the attached Pt-prodrug can further penetrate into deeper layers of tumor tissue and release 

active Pt drugs intracellularly (Figure 15). Shen et al. demonstrated a promising in vitro activity and then 

proceeded with in vivo experiments using  a 4T1 murine breast cancer model. Here, they tested the activity 

of BLZ‐945SCNs/Pt as compared to the formulation without the Pt prodrug (BLZ‐945SCNs), without BLZ‐945 

(SCNs/Pt), as well as to PBS and cisplatin as controls. Both BLZ‐945SCNs and SCNs/Pt only moderately 

inhibited tumor growth, while BLZ‐945SCNs/Pt showed 88.7% tumor suppression under the same conditions, 

demonstrating a clear synergistic antitumor effect of Pt combined with CSF-1R inhibition. When compared 

with cisplatin alone, BLZ-945SCNs/Pt exhibited a comparable tumor suppression but with fairly reduced side 

effects (no weight loss). Finally, the effect of these nanoconstructs on the immune system was evaluated. 

SCNs/Pt treatment slightly increased while BLZ‐945SCNs distinctly reduced the TAM proportion in the tumor 

tissue. Surprisingly, treatment with the BLZ‐945SCNs/Pt system further reduced TAM numbers even below 

the level observed for BLZ‐945SCNs. In addition, tumors receiving BLZ‐945SCNs/Pt treatment showed a 

pronounced increase of CD8+ and CD4+ T cells as well as a reduced fraction of CD4+ Treg cells.927 

A similar strategy was adopted by Lu et al., who described a nanocarrier which simultaneously incorporates 

the IDO inhibitor indoximod (compare chapter 1.2.5 and 3.1.10) and the ICD inducer oxaliplatin.553 First, 

synergistic activity of an indoximod-containing nanovesicle with oxaliplatin was demonstrated in pancreatic 

carcinoma animal models.553 This was accompanied by an increase of CD91+/CD11b+/CD11c+ cells 

(corresponding to DC) in the tumors, release of IFN-γ and decrease of IL-10 levels. Eventually, a 

mesoporous silica NP containing both indoximod and oxaliplatin was designed, which significantly 

prolonged overall survival upon orthotopical administration of KPC cells (derived from pancreatic ductal 

adenocarcinoma (PDAC) developed in a transgenic KrasLSL-G12D/+/Trp53LSL-R172H/+/Pdx-1-Cre (KPC) 
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mouse).553 Subsequent analysis proved upregulation of S6K phosphorylation and reduced IL-6 levels 

together with a significant increase of CTL in the tumor tissue after treatment with the nanoformulation. In 

line with this data, co-treatment with CD8- or TLR4-inhibitory antibodies significantly suppressed the in 

vivo activity of the new nanoformulation.553  

Interestingly, a recently reported new nanoformulation loaded with a cisplatin prodrug and an IDO inhibitor 

exerted even stronger anticancer activity when compared to the one described by Lu et al., both in vitro and 

in vivo (Figure 16).554 In detail, Wang and colleagues employed layered double hydroxide biocompatible 

NP to co-load the IDO inhibitor 4-[[2-(4-bromophenyl)hydrazinyl]sulfonyl]benzoic acid with the Pt(IV) 

prodrug c,c,t-[Pt- (NH3)2Cl2(OC(=O)CH2CH2COOH)2] (disuccinatocisplatin, DSCP). The idea behind this 

strategy was to build a nanohybrid which enters cells and releases the Pt(IV) prodrug. Subsequently, the 

prodrug is reduced to cisplatin and induces apoptosis. Simultaneously, the IDO inhibitor is released, 

boosting the immune system in the TME. The results suggested that this system enhanced T cell 

proliferation, cell cycle arrest in S phase and induced T cell-mediated apoptosis.554  

 

4.3. Metal-based NP and cancer 

Figure 15. Schematic illustration showing drug delivery by a nanoconstruct loaded with the CSF-1R inhibitor BLZ-945 and a 
Pt(IV) prodrug, targeting TAM and cancer cells, respectively. BLZ‑945SCNs/Pt is transported via the blood vessels to the tumor 
tissue, where both components are released upon nanoconstruct collapse. While BLZ-945 blocks CSF-1R on TAM in the 
perivascular region, the Pt(IV) prodrug penetrates deeper into the tumor tissue, where it gets activated by acidic tumor pH and 
subsequently induces cancer cell death. TAM, tumor-associated macrophage. CSF-1R, colony stimulating factor-1 receptor. For 
details see text.  
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The development of nanomaterials which involve metals for use in cancer treatment concerns not only 

delivery systems of metal-based drugs, but also inorganic NP that have been tailored as therapeutic or 

imaging agents. Inorganic NP include nano-semiconductors (quantum dots), carbon nanotubes, oxides (Fe 

oxides) and those derived from metals. Regardless of their composition, inorganic and organic NP (e.g. 

liposomes, micelles, polymers, dendrimers, nucleic acids, lipids, viruses) interactions with biological 

relevant entities mostly depend on size, shape and post-synthetical modifications. The impact and 

implications of these aspects on the therapeutic applications of NP has been extensively reviewed 

elsewhere.911-914 Metal-based NP can be constructed to activate the immune system. This effect can be 

dependent on the intrinsic particle characteristics but also on the immune-modulatory cargo (e.g. 

cytokines).931 This chapter will include various examples of metal-based NP which have significance in the 

field of cancer therapy and at the same time report immune system interactions. 

 

4.3.1. Gold (Au) 

Among metal-based NP in cancer therapy, those made of Au (GNP) are certainly the most thoroughly 

investigated. GNP have indeed been employed in multiple applications including drug carriers, 

photothermal agents, contrast agents and radiosensitizers.932,933 In addition, the effects of GNP on the 

immune system have been well characterized.934 Constructing GNP for cancer treatment taking advantage 

of immune-related strategies has hence attracted strong interest in the last years. Cruz et al. developed 13 

nm GNP conjugated to prostate cancer-associated antigen peptides for cancer immunotherapy.935 By various 

techniques they demonstrated that antigen-conjugated GNP were internalized in DC and produced a 

significant immune response that was not observed for the native antigen alone. The authors suggested that 

this approach could pave the way for further  development of antitumor vaccines. In 2016, Saha and co-

workers investigated whether unmodified 20 nm GNP could be employed to disrupt the crosstalk between 

pancreatic cancer cells (PCC) and pancreatic cancer-associated fibroblasts, also known as pancreatic stellate 

cells (PSC), which alters the TME in PDAC in favor of malignant progression.936 Various cytokines like 

TGF-β, fibroblast growth factor 2, connective tissue growth factor, IL-1β, and VEGF play major roles in 

this crosstalk and the activation of PSC. The authors demonstrated that their GNP disrupted the bidirectional 

communication between PCC and PSC via alteration of the cell secretome, and proposed ER-stress as 

probable mechanism causing growth inhibition in cancer cells. Importantly, cytokines like IL-8 and GM-

CSF, which are important in immuno-suppressive processes, were downregulated by GNP, suggesting a 

possible improvement of therapeutic outcome at least in this type of cancer.936 

Webb et al. developed GNP combining diagnostic and therapeutic properties by taking advantage of an 

antibody targeting PD-L1. In particular, they studied multi-branched Au nanoantennas (MGN), 

demonstrating that coupling of these MGN to PD-L1-targeting antibodies can be exploited - on the one hand 
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- to track this immunomarker with spatiotemporal control using surface-enhanced Raman scattering (SERS)  

(visualizing membrane surface binding and receptor-mediated endocytosis), and - on the other hand - to 

provide a light-triggered therapeutic approach via the photothermal activity of this compound.937 Chen et al. 

described GNP coupled to synthetic unmethylated cytosine-guanine (CpG) ODN, known for their immune-

stimulatory activity via TLR9 (compare chapter 3.1.7.) and widely used as a therapeutic tool for cancer and 

other diseases. The authors demonstrated induction of immune responses in a TLR9-dependent manner in 

vitro, characterized by secretion of TNF-α, IL-6, and IL-12 of RAW264.7 cells. Furthermore, the same NP 

were administered to ICR mice. Elevated levels of IL-12 and MCP-1 were measured in the serum 3 hours 

after injection, implicating a potential for therapeutic application of these nanomaterials.938 In a recent paper, 

Jeon and Lim described promising radionuclide-embedded GNP that provoked DC maturation and 

antitumor immunity to levels comparable or even higher to DC pulsed with tumor lysates. The authors 

prepared GNP modified with oligotyrosine able to incorporate radioisotopes with imaging capability. These 

NP were internalized by DC without inducing apoptosis. GNP treatment of immature DC induced a 

significant increase in proinflammatory cytokine production. Furthermore, up-regulation of CD80 and 

CD86 as well as production of TNF-α and IL-6 was even more pronounced as compared to TC-1 tumor 

lysate-pulsed DC. Also in vivo, these radiolabeled GNP produced strong antitumor immunization in cervical 

carcinoma-bearing mice. In addition, GNP-treated DC increased the amount of CD8+ CTL precursors in 

Figure 16. Pt prodrug nanopreparation with immune-related activities. Nanoformulation of cisplatin combined with the IDO 
inhibitor 4-[[2-(4-bromophenyl)hydrazinyl]sulfonyl]benzoic acid exerts anticancer activity via direct cytotoxicity as well as T cell-
mediated cell death induction. Trp, tryptophane; IDO, indoleamine-2, 3-dioxygenase; Kyn, kynurenine. For details see text. 
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total splenocyte populations and exhibited enhanced killing potential as compared to animals treated with 

unpulsed or with tumor lysate-pulsed DC. This effect was accompanied by elevated IL-6 and TNF-α levels 

in the spleen and draining lymph nodes.939 

 

4.3.2. Cobalt (Co) 

Several years ago, the group of Chattopadhyay investigated a Co-based tumor vaccination approach.940,941 

Co oxide (CoO)-based NP were created as carriers of tumor antigens for delivery to macrophages. N-

phosphonomethyl iminodiacetic acid (PMIDA) was used to modify CoO to overcome toxicity and to provide 

anchorage sites via COOH groups for tumor antigens. In this study, human oral carcinoma cell lysates were 

used as antigen source. The killing potential of primed macrophages on oral carcinoma cells was tested in 

co-culture experiments. CoO NP-mediated antigen exposure to macrophages elicited immune-stimulatory 

responses characterized by upregulation of IFN-γ and TNF-α. Co-incubation of primed macrophages also 

led to an increase of the CD4+ T cell population and induced differentiation into immune-stimulatory TH1 

cells.941 In parallel, besides the immune-stimulatory role of Co NP-tethered tumor antigens, Co ions 

themselves were found to interfere with immune-modulatory signaling. A follow-up study by the same 

group describing PMIDA‑conjugated CoO NP reported liberation of Co2+ ions to induce stress-associated 

TNF‑α/p38 MAPK/caspase 8/caspase 3 signaling in human leukemia in vitro (Jurkat, K562 and KG1A 

cells) as well as in vivo.942 The authors attributed these responses to ROS generation by increased 

concentration of free Co2+ ions in the TME. As mentioned above, free, ionic Co2+ is believed to contribute 

most to Co’s cytotoxic activity (compare 3.5). In vitro, at physiological pH, these CoO NP were expected 

to liberate only little amounts of Co2+ ions into the media, thereby exerting lower toxicity to normal cells. 

CoO NP caused DNA damage in leukemic cell lines, which was reflected by an increase in apoptosis of 

Jurkat, KG-1A and K562 cells as well as increased production of pro-inflammatory cytokines, primarily 

TNF-α. A follow-up study investigated the immune-stimulatory potential of the combination of the CoO-

based NP with cancer antigens in the in vivo situation in Dalton’s lymphoma ascites cells.943 In this setting, 

peritoneal macrophages were isolated from mice, incubated with cancer cell lysate antigen-conjugated Co 

NP or, as a control, cancer cell lysate alone ex vivo and injected back into the animals. The cancer cell lysate 

antigen-conjugated NP activated macrophages as determined by increased serum IFN-γ and TNF-α levels. 

Immunization of mice with the NP further induced anticancer IgG responses together with increased ADCC 

response as compared to the control group. Furthermore, an enhanced anticancer CD4+ T cell response was 

reported. The authors suggested that this NP-mediated antigen delivery may improve the anticancer immune 

response by enhanced macrophage activation, probably based on the combined pro-inflammatory activities 

of both the delivered cancer antigen as well as the liberated Co2+ ions. Hence, a possible antitumor response 

might be achieved by macrophage-mediated T cell activation via IFN-γ and TNF-α.943 
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4.3.3. Zinc (Zn) 

A proteomic approach revealed toxic mechanisms of Zn oxide NP in macrophages.852 Phagocytosis of these 

particles triggered responses in mitochondrial proteins, enhanced levels of MyD88 and impaired glucose 

catabolism by GAPDH inhibition. This led to elevated levels of the cytotoxic metabolite methylglyoxal, 

and, as a consequence, to methylglyoxal-mediated DNA base modification. Besides representing potentially 

cancer cell-selective modes of action, these effects may also negatively affect the systemic phagocyte status 

and impair anticancer immune responses. A study by Yun and colleagues tested the immune response of 

C57BL/6 mice to Fe oxide-Zn oxide core-shell NP for tumor-specific antigen delivery to DC. Upon 

subcutaneous injection, NP formed macroscopic depositions leading to granulomatous inflammation and 

macrophage infiltration at the injection site.855 

 

4.3.4. Iron (Fe) 

The potential of Fe oxide NP with magnetite (Fe3O4) cores for therapeutic application has been widely 

discussed and reviewed.944,945 Such NP exhibiting a diameter of less than 20 nm are termed 

superparamagnetic Fe oxide NP and can be used as contrast agents in magnetic resonance imaging (MRI). 

Furthermore, they can be coated for conjugation with tumor-targeting moieties.946 

In 2016, Zanganeh and co-workers discussed the therapeutic effect of the FDA-approved Fe oxide NP 

ferumoxytol (used for Fe deficiency treatments) on cancer, demonstrating that these NP inhibited cancer 

growth by inducing a pro-inflammatory immune response with M1 macrophage polarization.947 The authors 

first tested ferumoxytol on MMTV PyMT-derived mammary carcinoma cells, proving no direct cytotoxic 

effects at clinically relevant doses. Interestingly, increased cancer cell cytotoxicity in co-cultures of cancer 

cells with macrophages was observed, demonstrating that - based on interaction with the macrophages - 

ferumoxytol induced hydrogen peroxide which then provoked cancer cell death. Next, the impact of 

ferumoxytol exposure on tumor growth was determined in vivo, implanting MMTV-PyMT-derived cancer 

cells into the bilateral mammary fat pads of female FVB/N mice. Interestingly, increased quantities of pro-

inflammatory M1 macrophages were detected in cancers co-injected with ferumoxytol at day 7 after 

implantation. After further 7 days, tumors treated with ferumoxytol showed a higher quantity of monocytes 

and TAM as compared to the control group. The authors suggest that these results might have major 

implications for therapeutic applications of Fe oxide NP.947 In 2016, Perica and collaborators developed 

biocompatible Fe-dextran paramagnetic particles (50-100 nm in diameter) with covalently attached dimeric 

MHC-Ig with an appropriate peptide and chimeric B7.1-Ig fusion protein (or anti-CD28 as alternative) as 

artificial antigen presenting cells (aAPC). It could be demonstrated that these platforms induced antigen-

specific T cell proliferation and functional responses in vitro and in vivo in a mouse melanoma model. 

Moreover, these systems were able to induce T cell expansion from TCR transgenic mouse splenocytes with 
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CTL generation and inhibition of tumor growth in vivo.948 In addition, Zhu et al. demonstrated that Fe-based 

NP induced the generation of exosomes in the alveolar region of BALB/c mice. These exosomes and their 

membrane-bound antigen induced APC maturation (DC and macrophages), characterized by elevated 

expression of MHC class I and II, CD80, as well as the production of the TH1 cytokines IL-12 and TNF-

α.949 

 

4.3.5. Gadolinium (Gd) 

Recently, Gd endohedral hydroxylated metallofullerene NP (Gd@C82(OH)22) have been associated with 

antineoplastic activity.950,951 Interestingly, these NP - rather than via direct cytotoxicity - seem to exert their 

antitumor activity by targeting the microenvironment and promoting immune-activating and anti-angiogenic 

mechanisms.952,953 As mentioned in earlier sections (chapter 1.2.2), inflammatory immune responses also 

act in favour of tumor proliferation and metastasis. In several in vitro and in vivo experiments, 

Gd@C82(OH)22 NP were demonstrated to trigger immune responses by activating lymphocytes and 

macrophages.954,955 Gd@C82(OH)22 NP were shown to enhance immunity by induction of lymphopoiesis 

(new generation of lymphocytes), lymphocyte proliferation, and neutrophil infiltration into tumor tissues. 

Moreover, in NP-treated animals, lymphoid follicles (folliculus lymphaticus) were observed around 

implanted tumors. In addition, the authors reported immune-modulatory effects of Gd@C82(OH)22 NP on T 

cells and macrophages.955 Gd NP were found to induce IL-6 production in human monocyte-derived DC, 

suggesting a DC maturation-inducing effect. This was confirmed by the observation that the identical NP 

induced increased production of IL-1β, IL-8, IL-10, IL-12p70, and TNF-α, as well as an enhanced 

expression of CD83, CD80, CD86, and HLA-class I (HLA-A,B,C) and II (HLA-DR) molecules. When 

ovalbumin-immunized mice were treated with [Gd@C82(OH)22]n, an enhanced ovalbumin-specific TH1-

polarized immune response was detected. In particular, the Gd NP induced an increased production of IFN-

γ, IL-1β, and IL-2.956 These results demonstrate the immune-activating potential of Gd compounds and 

encourage in-depth characterization of the (so far elusive) molecular mechanisms of immune cell activation 

mediated by these compounds. 

 

5. The gut microbiome and the response to anticancer metal drugs 
The GI tract comprises various highly specialized biological cell systems that work together in a complex 

and tightly interconnected manner.957 In the last years, the role of the gut microbiota (also called 

microbiome) has come into the focus of attention, demanding reconsideration of various concepts in several 

fields like pharmacology, immunology, neurology, and cancer biology, including metal drug-based 

treatment regimens.86,958-962 The microbiome consists of myriad microorganism species (bacteria, fungi, 

archaea, protozoa as well as viruses) living on the intestinal epithelial barriers of the host. The intestinal 
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commensal flora in humans has vital implications with respect to health and survival. These implications 

include maintenance of barrier homeostasis, symbiotic metabolism, supplying the host with essential 

nutrients such as vitamins, and regulation of inflammation and immunity.86,963,964 The microbiota are layered 

on top of the gut epithelium, which consists of various cell types with unique functions (reviewed in957). 

Cells of the gut epithelium are tighly interconnected with the mucosal immune system, a specialized part of 

the immune system that has evolved to tolerate presence of luminal microbiota. This immune cell 

compartment at the same time protects the body against harmful substances and stimuli.48,957 Both the gut 

epithelium and the mucosal immune system interact with the enteric nervous system (ENS), the intrinsic 

nervous system of the gut often referred to as “the second brain”.965 Moreover, the ENS and the mucosal 

immune system interact with each other both directly and via cytokines and neuropeptides, and both cell 

types can produce inflammatory cytokines as well as neuropeptides.197 From an oncological perspective, a 

major focus of research on the microbiome has been to elucidate the role of gut microorganisms in cancer 

risk and etiology.966 This is because the gut microbiota take on central positions in a number of interplays 

imperative for immunosurveillance that include pro-/antineoplastic metabolism and immune-regulatory and 

inflammatory mechanisms both on local and systemic levels.967 However, growing evidence suggests the 

microbiome to also modulate response to targeted cancer- and immune checkpoint therapies as well as to 

chemotherapy, affecting key pharmacological aspects: enhancement/abrogation of drug efficacy and 

modulation of toxicity.960,968-971 Response to treatment with Pt compounds as well as therapy-associated co-

morbidities or even mortalities are highly unpredictable.972 It is becoming increasingly clear that this 

pharmacological variability is - at least partially - accounted for by the composition of microbiota. The 

current understanding of the intimate link between gut bacteria and the pharmacological effects of anticancer 

drugs has been summarized in several comprehensive reviews.86,973 This interplay is mediated by highly 

personalized, but also dynamic shifts in ecological variation, drug metabolization and impairment of gut 

barrier function, all affecting local and systemic drug efficacy and toxicity. Thus, despite the microbiota-

host-drug interactions (also referred to as pharmacomicrobiotics) being poorly understood to date, their 

intricate interplay is becoming increasingly implicated in anticancer therapy response. Generally, 

understanding of the influence of microorganisms on anticancer drug efficacy is rudimentary. In vitro studies 

as well as in vivo experiments have shown that bacterial drug metabolization may either result in inhibited 

or enhanced anticancer efficacy, depending on both compound and species of the involved 

microorganism.974,975 In vivo, mechanistic insights into the influence of the gut microbiome on 

chemotherapeutic efficacy are so far only available for the DNA-damaging agent cyclophosphamide as well 

as Pt compounds. 

Therapy-induced impairment of gut barrier integrity might lead to translocation of luminal commensal or 

pathogenic bacteria into the systemic milieu.976 On the one hand, this is associated with infection-related co-

morbidities, in extreme cases even leading to life-threatening sepsis (compare the last paragraph below). On 
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the other hand, microbe translocation might also impact on chemotherapeutic efficacy on a systemic level 

by modulation of antitumor immune responses. Compelling evidence for this comes, for instance, from 

mouse models using the non-metal compound cyclophosphamide, showing that translocation of a specific 

set of Gram-positive bacteria (e.g. Enterococcus hilae) into secondary lymphoid organs was necessary for 

the antitumor activity of cyclophosphamide against a subcutaneous mastocytoma allograft via the 

stimulation of antitumor TH1 and TH17 responses.977 Strikingly, antibiotics eradicating Gram-positive 

bacteria blunted TH17 responses, intratumoral T cell infiltration and reduced the antitumor activity of 

cyclophosphamide. A follow-up study conducted by the same group identified a specific Gram-negative 

microorganism, Barnesiella intestinihominis, as another key influencer of cyclophosphamide efficacy by 

increasing antitumor CTL and TH1 responses as well as IFN-γ-expressing γδ T cells.978 Interestingly, 

Barnesiella intestinihominis mediated this effect without translocating through the gut barrier to secondary 

lymphoid organs. These observations are noteworthy also from a clinical perspective, as presence of 

Barnesiella intestinihominis- as well as Enterococcus hilae-specific TH1 lymphocytes correlates with 

favorable prognosis in chemoimmunotherapy-treated patients with lung and ovarian cancer.978  

Interestingly, related findings have been published which concerned the microbiome-dependent anticancer 

activity of also Pt compounds (Figure 17A). In a work by Iida and colleagues, the anticancer activity of 

oxaliplatin but also cisplatin against subcutaneous lymphoma allografts in C57Bl/6 mice was impaired by 

co-administration of an antibiotic cocktail consisting of vancomycin, imipenem and neomycin.979 

Interestingly, the diminutive effect of antibiotics on oxaliplatin and cisplatin efficacy was detectable already 

two days after treatment. This suggested, besides inflammation-related immune activation following 

oxaliplatin-induced ICD (compare chapter 2.2.6), also a suppressive effect of microbiome ablation on 

immediate cytotoxicity. In case of cisplatin, which is generally not considered to trigger complete ICD, this 

observation suggests that commensals might modulate genotoxicity independently of the immune-

stimulatory effects of ICD. In parallel, gene expression alterations in tumor tissue upon oxaliplatin treatment 

- associated e.g. with monocyte differentiation and activation as well as induction of pro-inflammatory 

markers - were not apparent in antibiotics-treated mice. Analogously, an independent group found 

downregulated inflammatory genes (e.g. IFN-γ) in CD8+ T lymphocytes of abiotic mice having received 

cisplatin chemotherapy.980 This immunosuppressive effect was reverted by Lactobacillus acidophilus 

inoculation, going hand in hand with enhanced antitumor efficacy. Furthermore, in the study conducted by 

Iida et al., microbiome ablation led to attenuation of oxaliplatin-induced NOX and ROS-responsive iNOS 

as well as SOD1 and SOD2 expression.979 Consequently, the authors identified impaired ROS production 

in tumor-infiltrating neutrophils and macrophage-like cells of antibiotics-treated mice. As a consequence, 

the authors could show that myeloid cell depletion as well as ROS inhibition by N-acetyl cysteine (NAC) 

exerted abrogating effects comparable to that of antibiotics treatment with respect to oxaliplatin activity on 

tumor growth and animal survival. This might be reflected, despite comparable DNA platination levels, by 
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reduced DNA damage in mice having received antibiotics. Furthermore, mice deficient in the TLR-

downstream adapter MyD88 experienced hampered early antitumor responses of oxaliplatin, presumably 

by impaired myeloid cell stimulation by microorganism-associated molecular patterns (MAMP). As 

described in chapters 2.2.6 and 3.1.5-3.1.8, oxaliplatin exerts at least part of its anticancer effects via ICD, 

Figure 17. The gut microbiota contribute to various immunological aspects of Pt anticancer drug efficacy and toxicity. (A) Damage 
to the mucus layer of the intestinal epithelium by Pt drugs may enable commensal bacteria to penetrate through the lamina propria. 
Translocated bacteria elicit immune responses enhancing antineoplastic activities against cancer cells at sites in the body distant 
from the intestinal tract. Mechanistically, the mode of systemic immune stimulation by gut microbiota and involved 
MAMP/immune sensor interactions are poorly understood. Also, bacterial species relevant for this process are widely unidentified. 
Antibiotics (vancomycin, imipenem, neomycin) have been demonstrated to reduce the antitumor efficacy of cisplatin and 
oxaliplatin against subcutaneous lymphoma allografts. The gut commensal Lactobacillus acidophilus contributes to cisplatin 
anticancer activity by increasing inflammatory gene expression and CTL responses. Bacterial MAMP (of yet elusive identity) 
increase oxaliplatin antitumor efficacy in a MyD88-dependent manner by increasing myeloid cell activation and intratumoral ROS 
production. This effect was reverted by myeloid cell depletion as well as ROS scavenging by NAC. MAMP may amplify 
oxaliplatin-induced ICD via TLR/NLRP3 activation. (B) Fusobacterium nucleatum mediates resistance of colorectal carcinoma 
against oxaliplatin by TLR4/MyD88-dependent miR18a/miR4802 downregulation, resulting in de-repression of ULK1 and ATG7 
and, consequently, autophagy induction. (C) Probiotics supplementation reduces cancer-related or therapy-induced cachexia, 
potentially altering drug pharmacokinetics and ameliorating systemic toxicity. Reduction of dysbiosis by Lactobacillus acidophilus 
and Bifidobacterium bifidum supplementation reduces intestinal side effects of cisplatin-based radiochemotherapy. MAMP, 
microbial-associated molecular pattern; CTL, cytotoxic T lymphocyte; ROS, reactive oxygen species; NAC, N-acetyl cysteine; 
ICD, immunogenic cell death; TLR, Toll-like receptor; L. acidophilus, Lactobacillus acidophilus; F. nucleatum, Fusobacterium 
nucleatum; B. bifidum, Bifidobacterium bifidum; For details and references see text. 
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involving DC activation via TLR4-binding to HMGB1 released from dying cancer cells as well as on 

formation of the intracellular NLRP3 inflammasome.352 The observation that the gut microbiome increased 

the long-term anticancer effect of oxaliplatin suggests that immune stimulation by MAMP via TLR and 

NLRP3 engagement acts as amplifying switch for anticancer immune cell activation. Conversely, a study 

by Shen et al. demonstrated a crucial role for gut microbiota in oxaliplatin-induced neuropathic pain (see 

chapter 6.3) that was partly mediated by TLR4 signaling of hematopoietic cells.981 Overall, these 

observations suggest a key role of microbiotics as primers of antitumor myeloid cell activation and ROS 

production as well as on the immunogenicity of Pt-induced cancer cell death. 

In contrast to the enhancing effects of microbiota on chemotherapy efficacy, cancer-associated microbiome 

deregulation, leading to the specific loss of some microorganism species and to excessive amounts of others, 

may also contribute to chemoresistance (Figure 17B). For example, Fusobacterium nucleatum is a bacterial 

species commonly associated with periodontal disease, an inflammatory condition of the tooth gums.982 

Recently, it has been shown that the abundance of this microorganism in the colon shows a direct correlation 

with the stage of progression of colorectal carcinogenesis.983,984 Furthermore, high levels of this bacterial 

species in colorectal cancer tissues have been associated with poor patient prognosis.985 Importantly, in a 

comprehensive mechanistic study by Yu and colleagues, this microorganism was demonstrated to cause 

autophagy-mediated chemoresistance of colorectal cancer cells towards oxaliplatin.986 Interestingly and in 

contrast to what might be expected, bacterial drug metabolization was not involved in this effect. Further 

investigation provided mechanistic insight into the mode of microorganism-mediated autophagy activation 

in cancer cells: in vitro co-culture experiments revealed a Fusobacterium nucleatum-dependent upregulation 

of the autophagy-related genes unc-51-like autophagy activating kinase 1 (ULK1) and autophagy related 7 

(ATG7) as well as increased LC3 processing, critical hallmarks of autophagy induction. Consequently, the 

authors demonstrated a TLR4- and MyD88-dependent downregulation of miR-18a and miR-4802, which 

target the seed regions within the 3’-untranslated regions (UTR) of ULK1 and ATG7, respectively. 

Importantly, in clinical tissue samples of a colorectal cancer cohort, the authors additionally found that the 

amount of Fusobacterium nucleatum negatively and positively correlated with miR-18a and miR-4802 

levels as well as with ULK1 and ATG7 expression, respectively.986 Thus, it is feasible that PRR-induced 

autophagy via selective MAMP stimulation in some cases indirectly causes chemoresistance as a 

consequence of a cellular antimicrobial defense response. Bearing in mind that in other cases (see above979), 

MAMP-induced TLR/MyD88 stimulation of myeloid cells constitutes an essential contribution to efficient 

anticancer immune responses upon oxaliplatin treatment, these findings indicate a multifaceted role of 

microbial TLR agonists with respect to chemotherapy response and that MAMP may cause reciprocal 

anticancer responses depending on whether PRR stimulation occurs on the cancer cell itself or on cells of 

the immune compartment.  
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The gut microbiome plays also a central role in Pt drug-induced adverse effects (compare chapter 6). 

Chemotherapy-induced damage and increased permeability of the gut barrier, although essential for an 

effective antitumor immune answer (by facilitating translocation of microbiota into regional lymphoid 

tissues where they can stimulate an active anticancer immune response), can also lead to excessive 

translocation of gut bacteria into the blood stream, resulting in increase of cancer-related infections, systemic 

inflammation and, in the worst case, sepsis, especially in combination with chemotherapy-induced 

neutropenia.987 Drug-induced dysbiosis might foster outgrowth of pathogenic bacteria, further exacerbating 

chemotherapy toxicity.973 There is, however, some evidence that probiotics can ameliorate Pt-induced side 

effects (Figure 17C). Chitapanarux et al. showed that supplementation of cancer patients with Lactobacillus 

acidophilus and Bifidobacterium bifidum reduced intestinal side effects upon radiotherapy and concomitant 

cisplatin.988 This finding, together with the above-mentioned preclinical data that Lactobacillus acidophilus 

enhanced cisplatin-antitumor immunity,980 suggests this bacterial species to mediate favorable effects on 

both chemotherapy efficacy and toxicity. Accordingly, Perales-Puchalt et al. showed that cisplatin-induced 

dysbiosis and mucosal damage could be restored by fecal pellet gavage.989 Such, dysbiosis and excessive 

damage to the intestinal mucosa might be therapeutically targeted by supplementation with specific bacterial 

strains helping to restore the GI balance. According to a model about onset of mucositis by Sonis et al.,990 

relevant mechanisms might include modulation of inflammation and oxidative stress, attenuation of 

intestinal permeability, maintenance of the mucus layer, stimulation of epithelial repair, and regulation of 

immune effector molecules.991 

Of note, the gut microbiota also regulate important physiological processes such as lipid uptake and 

inflammation of adipose tissue.86 Energy metabolism and adipose tissue homeostasis are strongly affected 

in cancer patients, often resulting in cachexia.992-995 This pathological process may be further aggravated by 

chemotherapy, for instance with Pt agents996,997 inducing GI symptoms like nausea and vomiting (compare 

chapter 6.5). Loss of adipose tissue and muscle waste as a result of cancer progression might additionally 

negatively affect other, systemic chemotherapy-related side effects due to altered drug pharmacokinetics 

and increased drug exposure of other tissues. The close relation of the intestinal microbiome with energy 

metabolism raises the question whether the gut microbiota might play a role in the development of cancer 

cachexia.995,998,999 Support for this hypothesis comes from studies demonstrating that supplementation with 

probiotics had beneficial effects on bodyweight in cachectic mice and human cancer patients.1000,1001 

Consequently, in the future it will be crucial to investigate, whether targeting/modulation of the microbiome 

homeostasis might depict a feasible approach to ameliorate cancer co-morbidities such as cachexia and 

therapy-related toxicity.  

 

6. The role of the immune system in adverse effects associated with Pt therapy 
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6.1. General side effects of Pt compounds 
Pt drugs not only target cancer cells but also affect healthy tissue, causing sometimes severe side effects. 

Nevertheless, it has to be considered that both antitumor and unwanted side effects might be mediated by 

identical mechanisms, with absence of side effects often indicating lack of antitumor efficacy.981 The most 

frequent and dose-limiting toxic effects of Pt compounds comprise nephrotoxicity, peripheral neuropathy, 

and ototoxicity (damage to the inner ear). The impact of immune reactions on induction of these unwanted 

side effects is outlined in more detail below in chapters 6.2 and 6.4. Furthermore, hematologic toxicity (as 

frequently mentioned throughout this review), as well as hepatotoxicity and cardiotoxicity (including myo- 

and pericarditis), GI tract toxicity (compare chapter 5 and chapter 6.5), and hypersensitivity reactions (HSR), 

all involving immune reactions, can pose serious problems,412,1002 however, a detailed description of all 

aspects is beyond the scope of this review. Generally, cisplatin is the most toxic compound (especially to 

kidney, nervous system, and inner ear), whereas carboplatin shows less severe adverse effects, with the main 

dose-limiting factor being myelosuppression.1002,1003 For oxaliplatin, the toxicity pattern observed slightly 

differs from that of cis- and carboplatin. The most frequent severe adverse effect of oxaliplatin is sensory 

peripheral neuropathy, whereas ototoxicity is a comparably rare event, and nephrotoxicity, like in case of 

carboplatin, seems to be absent at conventionally applied doses.412,1004  

Hematologic toxicity of Pt compounds affects the bone marrow and blood cell production. 

Myelosuppression, the main dose-limiting effect of carboplatin, mainly manifests clinically as 

thrombocytopenia and neutropenia.1002,1005 Myelosuppression upon application of oxaliplatin as single agent 

is not as severe as reported for carbo- and cisplatin, however, in all cases, thrombocytopenia and neutropenia 

represent the most dangerous complications.1005 Interestingly, it should be mentioned here that platelets, 

although not classically attributed to the immune system, have prominent roles in promoting tumor growth 

and metastasis (reviewed in1006). Moreover, platelets have been shown to suppress CD4+ and CD8+ T cells 

via secretion of TGF-β and, at the tumor site, via expression of TGF-β-docking receptor glycoprotein A 

repetitions predominant  (GARP).1007 A recent study demonstrated overexpression of CD97 in tumor cells 

that stimulated activation and ATP release of platelets, promoting disruption of endothelial junctions. 

Additionally, tumor cell migration was fostered by platelet-derived lysophosphatidic acid (LPA), via CD97-

LPA receptor signaling.1008 

GI tract toxicities frequently occur, including diarrhea, constipation, nausea and vomiting (the latter 

fortunately widely manageable by administration of antiemetic drugs). However, if severe and long-lasting, 

these reactions together with effects caused by damage to the microbiome can also contribute to cachexia 

(compare chapter 5).  

HSR can be life-threatening, involving several types of allergic reactions as well as the cytokine release 

syndrome.1009 A more detailed description of Pt-induced HSR is provided by1009-1012. It should be mentioned 
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that thrombocytopenia can also arise in frame of HSR, in some cases based on formation of 

autoantibodies.1010 HSR occur only in a small percentage of patients upon first drug administration, however, 

the risk increases with repetitive Pt drug application and, hence, can raise problematic situations for patients 

with recurrent disease.1012  

Finally, also in case of Pt drug-induced hepato- and cardiotoxicty, ROS generation and inflammation have 

been described as major contributing mechanisms.1013-1015 

In the following, the contribution of immunological factors to the most frequent, dose-limiting adverse 

effects of the clinically approved Pt drugs will be shortly outlined, with a focus on effects on kidneys 

(chapter 6.2), the nervous system (chapter 6.3), the inner ear (chapter 6.4), as well as the GI tract (chapter 

6.5, compare also chapter 5). 

 

6.2 Nephrotoxicity  
One of the major dose-limiting side effects of Pt agents, majorily of cisplatin, is nephrotoxicity.411,412 Clinical 

manifestations include the dangerous acute kidney injury (AKI) in 20-30% of patients, hypomagnesemia (in 

40-100%), as well as Fanconi-like syndrome, distal renal tubular acidosis, renal concentrating defect, 

thrombotic microangiopathy, glucose intolerance, and others.411,1016 The toxic effects of cisplatin have 

recently been further comprehensively reviewed by Manohar and Leung.1016 In mice, administration of 

cisplatin reliably results in kidney inflammation, recapitulating many features encountered in human AKI. 

As a consequence, this is being exploited as experimental model to study biological mechanisms underlying 

kidney damage. Cisplatin is not only freely filtered from the blood, but also actively secreted into the urine. 

Two transporters on the basolateral side of proximal and distal renal tubular cells are mainly involved in the 

transport of cisplatin for subsequent excretion into the tubular lumen. These are copper transport protein 1 

(Ctr1) and organic cation transporter 2 (Oct2).1017,1018  

Besides direct cytotoxic effects in renal cells, cisplatin has been found to exert inflammatory effects in the 

kidney.1016 Renal cell damage is believed to result in DAMP release. TLR activation on immune cells may 

trigger the release of cytokines like TNF-α and chemokines, leading to the recruitment of inflammatory 

cells.1019,1020 This model is substantiated by TLR4-deficient mice, showing lower cytokine (e.g. TNF-α) 

levels after cisplatin treatment in the kidneys as compared to wildtype mice, going hand in hand with 

decreased renal damage.1021 This suggests the DAMP/TLR4/TNF-α axis to contribute to renal injury.1021 In 

contrast, IL-10 may have a protective role, decreasing inflammatory responses following cisplatin 

treatment.1022,1023  

Hints for an immune cell type-specific role of the TLR4 axis in promoting renal inflammation, also involving 

NF-κB, were found for M1 macrophages.1024 In these cells, NF-κB binds to the promoter region of a PRR 

termed macrophage-inducible C-type lectin (Mincle). The pro-inflammatory propagation of M1 
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macrophages was demonstrated to be promoted by Mincle and its downstream signaling effector Syk. This 

cascade induced expression of IL-1ß, MCP-1 and iNOS to promote renal inflammation. Importantly, 

Mincle-expressing macrophages were found to be increased in a cisplatin-induced AKI model.1025 In line 

with this, adoptive transfer of Mincle-positive M1 macrophages exacerbated renal inflammation. 

Furthermore, TLR- and inflammasome-dependent IL-17A expression, likely by neutrophils and NK cells, 

has also been demonstrated to mediate cisplatin-induced nephrotoxicity in mice.362 Chan et al. have shown 

that concomitant depletion of neutrophils and NK cells by neutralizing antibodies (directed against Ly6G 

and NK1.1, respectively) had similar protective effects on renal tissue as IL-17A depletion. Investigation of 

other immune cell types potentially mediating IL-17A-dependent renal inflammation revealed no 

contribution of at least CD4+ T and γδ T cells. Interestingly, the same group showed in a follow-up report 

that TLR9 on intrarenal Treg cells downmodulated cisplatin-associated AKI.1026 In addition, independent 

studies have confirmed the renoprotective effects exerted by Treg cells.1027-1029 Intriguingly, in 2010, also 

renal DC were found to ameliorate cisplatin toxicity.1030 Illustratively, the authors demonstrated that 

depletion of DC induced renal dysfunction, tubular injury, and neutrophil infiltration, going hand in hand 

with increased mortality upon cisplatin treatment. This suggests that - besides “classical” T cell-stimulating 

activity based on DAMP release - renal DC exhibit yet another, immune-regulatory component necessary 

for the integrity of Pt-exposed tissue. Corroboratively, cisplatin decreased MHC class II (but not MHC class 

I) expression on renal DC, suggesting decreased DAMP presentation via this complex as immune-

tolerogenic mechanism towards cisplatin-induced renal cell damage. Furthermore, the role of T cells in Pt-

based kidney injury was investigated.1031 In mouse models, depletion of T cells, especially of CD4+ cells, 

attenuated cisplatin-induced elevation of renal TNF-α and IL-1ß levels, accompanied by reduced renal 

dysfunction, tubular injury and improved animal survival. This suggests a contribution of CD4+ T cells to 

kidney inflammation following cisplatin treatment. Another kidney-specific toxic effect of cisplatin is renal 

interstitial fibrosis.1032 Yamate et al. demonstrated a role of macrophages in the development of fibrotic 

lesions in nephrons, showing dilated ducts in the corticomedullary junction of the kidneys.1033 The authors 

demonstrated enhanced macrophage infiltration in this region, together with increased MHC class II display 

and further suggested a role of TGF-β1 and TNF-α in the process of renal fibrosis.1032,1033 

Consequently, various immune-inhibiting strategies have been devised to reduce inflammation-mediated 

nephrotoxicity. For instance, salicylate has led to reduced TNF-α serum levels in cisplatin-treated mice.1034 

However, the feasibility of this approach is complicated by the need for high doses as well as by the risk of 

renal dysfunction by this treatment per se. TNF-α induction by cisplatin in the kidneys has been shown to 

be dependent on NF-κB.1035 NF-κB, in turn, acts via ICAM-1 to attract inflammatory cells. With the attempt 

to reduce immune cell infiltration, alpha lipoic acid reduced ICAM-1 expression on endothelial cells and 

NF-κB signaling.1035 Also, inhibition of TNF-α, TLR4 and p38 MAPK signaling have been investigated to 

prevent the propagation of inflammation.1021,1036,1037 Further strategies to prevent nephrotoxicity have been 
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attempted with JNK inhibitors to abrogate cisplatin-induced ROS-mediated cytokine production. 

Furthermore, PPAR-α ligands have been used to reduce cytokine expression in kidney cells via NF-κB 

inhibition.1038,1039 Poly (ADP-ribose) polymerase (PARP) inhibitors reduced oxidative stress pathways 

(MAPK, TNF-α, NF-κB).1040 With regard to the latter strategy, enalapril - an inhibitor of angiotensin-

converting enzyme (ACE) - has been demonstrated to bear renoprotective potential by inhibition of PARP 

and subsequent MAPK/TNF-α/NF-κB-mediated inflammation and apoptosis.1040 Analogously, amelioration 

of carboplatin-induced nephrotoxicity has been found by the angiotensin II receptor antagonist candesartan 

in combination with the anti-inflammmatory/antioxidant substance coenzyme Q10, accompanied by 

reduced levels of TNF-α and IL-6 in the kidneys.1041 Regarding the protective role of Treg on cisplatin-

induced renal inflammation, Stremska and colleagues attributed this effect to IL-2 and IL-33.1042-1044 

Consequently, this group created a hybrid of IL-2 and IL-33 (termed IL-233), which increased Treg numbers 

in blood, spleen and kidneys and suppressed CD4+ T cell proliferation.1042 Application of this hybrid 

cytokine protected mice from cisplatin-induced nephrotoxicity. In another experimental mouse model, the 

immune-modulatory effects of mesenchymal stem cells (MSC) with regard to renoprotection have been 

investigated.1045 Interestingly, intraperitoneal application of MSC attenuated cisplatin nephrotoxicity, with 

decreased levels of TNF-α, IL-17 and increased levels of IL-10, IL-6, NO, and kynurenine in the blood. 

Intraperitoneal MSC transplantation decreased renal infiltration of macrophages, DC, neutrophils, CD4+ TH 

cells, and CTL, as well as attenuated the proinflammatory activity of DC, CD4+ TH cells and CTL in the 

kidneys. Interestingly, intraperitoneal injection of MSC-conditioned media exerted similar effects, 

suggesting soluble paracrine effector molecules, especially iNOS, to promote a systemic switch, tolerizing 

immune cells towards cisplatin-induced kidney damage and, thus, limiting renal inflammation. 

In conclusion, the picture emerging from current data suggests the incorporation of adjuvant anti-

inflammatory immune modulators into Pt-containing regimens to ameliorate Pt-induced kidney 

inflammation. However, it will also be crucial to more comprehensively investigate the immunological 

mechanisms underlying Pt-induced kidney injury in order to devise therapeutic strategies that reduce renal 

inflammation without compromising potent antitumor immune activation. 

 

6.3. Peripheral neurotoxicity 
Peripheral neuropathies represent the most common neurologic adverse effects of Pt compounds. In contrast, 

central neurotoxicity leading e.g. to encephalopathy, aphasia, or seizures is rare.1002,1046  

Chemotherapy-induced peripheral neuropathy (CIPN) is a common side effect of several chemotherapeutics 

including Pt compounds. It is characterized by pain sensations and/or a highly increased sensitivity for 

stimuli that normally are not painful (like burning or electric shock-like pain; mechanical/thermal allodynia, 

hyperalgesia) and sensory symptoms (numbness, paresthesia, dysesthesia, altered touch sensations, in severe 
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cases loss of sensory perception), usually starting at the periphery and developing in a “glove and stocking” 

pattern.1047,1048 Symptoms develop dose-dependently and increase with the total accumulating dose.1049,1050 

Especially oxaliplatin and cisplatin can induce CIPN,1051,1052 whereas in case of carboplatin, these effects 

are only seen in a very low percentage of patients or upon administration of particularly high doses.1052 Pt 

drug CIPN not always resolves post treatment and can become chronic or even worse (“coasting”). Only 

with oxaliplatin, about 90% of patients suffer acute neuropathy, starting during or shortly after 

chemotherapy administration and resolving again within a week, that is characterized by presence of cold-

induced neuropathy (cold allodynia and hyperalgesia).1047,1053  

While the exact interrelations are still unclear, evidence for a substantial contribution of inflammatory and 

neuroinflammatory processes to CIPN increases.1048,1052,1054,1055 However, most data are derived from studies 

on tumor-free rodent models, with sometimes inconsistent outcome due to different animal models, drug 

dosages, and time point measurements. Other mechanisms contributing to CIPN comprise nuclear and 

mitochondrial DNA damage, oxidative stress,1051 altered Na+-ion channel activity and calcium 

homeostasis,1048,1056 altered responsiveness of transient receptor potential ion channels,1052 axon 

degeneration,1057 as well as individual genetic variations1058,1059.  

Pt drugs preferentially target neurons of the dorsal root ganglia (DRG) and their long axons.1053,1054,1057 These 

cells, located just outside the spinal chord (but inside the spinal column), are not shielded by the blood-

brain-barrier and are vascularized by a fenestrated capillary network, making them easily accessible for Pt 

drugs.1047,1054 Generally, proinflammatory signals arise upon peripheral or central nerve damage, changing 

nociceptive function and processing and leading to induction of pain.1060,1061 In line with this, one study in 

human breast cancer patients found higher levels of IL-6 and soluble IL-6 receptor in patients with painful 

CIPN as compared to patients without CIPN.1062 Pt drugs, in addition to their role in immune cell recruitment 

and activation, can interfere with and change the activity of glial and myeloid cells of the nervous system 

(microsatellite glial cells and Schwann cells in the peripheral nervous system (PNS); microglia, which are 

the macrophages of the central nervous system (CNS), and astrocytes in the CNS).1054These cells can then 

start to proliferate, undergo morphology changes, and release - like immune cells - proinflammatory signals 

(e.g. cytokines like IL-6, IL-1β, TNF-α), affecting the sensory neurons of the DRG and the dorsal horn of 

the spinal chord1048,1054,1061,1063 as well as special areas in the thalamus and cortex involved in nociceptive 

processing (“pain matrix”).1054 Glial and neural cells also release ATP, recruiting monocytes and microglia 

and inducing production of proinflammatory cytokines like IL-1β.17,1054 Extracellular ATP, also released 

from damaged (cancer) cells (compare chapter 2.2.6), is a potent mediator of neuropathic pain.1060 In mice 

with cisplatin-induced hyperalgesia, ablation of  TLR3, TLR4, or MyD88 attenuated neuroinflammation 

and neuropathic pain.1064 In addition, Das et al. reported induction of neuroinflammation and allodynia by 

HMGB1 binding to TLR5 and subsequent NFĸB pathway activation that could be reduced upon inhibition 

of TLR5.1065 Thus, various features like HMGB1 release and TLR signaling associated with Pt drug-induced 
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cancer cell damage (outlined in chapter 3.1.6 and 3.1.7) might also strongly contribute to neuroinflammation 

and neuropathy.  

Reports on Pt-induced effects on the PNS include increased glial fibrillary acidic protein (GFAP) expression 

and GAP junction-mediated coupling in satellite glial cells (covering the neuron bodies of DRG neurons) 

upon treatment with oxaliplatin.1054,1066 In the sensory ganglia of several cisplatin-treated patients (analysed 

post mortem) hypertrophy of satellite glial cells caused by neuronal damage led to formation of nodules of 

Nageotte .1067 In the DRG, upon treatment with oxaliplatin, one study showed increased macrophage activity 

and IL-1β production,1068 whereas, in contrast, no change in macrophage number was seen in another 

study1069. In addition, a role of mast cells in oxaliplatin CIPN has been reported.1070 

No infiltration with adaptive immune cells (T or B cells) of the DRG (PNS) or spinal chord (CNS) could be 

detected in oxaliplatin-induced neuropathy, despite activation of glial cells of the spinal chord.1069,1071 In the 

CNS, oxaliplatin CIPN was linked to activation of astrocytes and microglia and production of 

proinflammatory cytokines in the spinal chord.1048,1052,1054,1055,1072,1073 Also in the brain, oxaliplatin induced 

activation of microglia and astrocytes.1054 Data are less clear with regard to the exact role of these two cell 

types in oxaliplatin-induced mechano-hypersensitivity (allodynia and hyperalgesia). Di Cesare Manelli et 

al. showed initial microglia activation in the dorsal horn of the spinal chord following treatment of rats with 

oxaliplatin that was reversed at a later time point. In contrast, astrocyte activation was elevated both at early 

and late time points. Neuropathic pain was attenuated by application of minocycline (inhibiting microglia 

activity) as well as fluorocitrate (inhibiting selectively astrocytes), with a stronger effect observed for 

fluorocitrate. Astrocytes stayed activated even in minocycline-treated animals, suggesting a microglia-

independent activation of astrocytes.1074 The crucial role for astrocyte (but not microglia) activation in 

oxaliplatin CIPN together with increased production of pro-inflammatory cytokines (TNF, IL-1β) and 

reduction of anti-inflammatory and neuroprotective cytokines (IL-10, IL-4) in the spinal chord was 

corrobated by another study in rats.1071 In contrast, another study reported no elevated levels or increased 

activation of astrocytes or microglia in the spinal chord of oxaliplatin-treated mice, except for a reduction 

of P2ry12+ homeostatic microglia.1069 CIPN symptoms described in the above-mentioned reports could be 

attenuated by targeting several receptors interfering with inflammatory processes in the nervous system like 

e.g. A3 adenosine receptor (A3AR),1071 or nicotinic receptors.1074,1075 AR are G-protein-coupled receptors 

widely expressed on neural and glial as well as immune cells with strong, mostly cytoprotective 

function.1076,1077 Also, boosting of Treg cells via bee-venom-derived phospholipase A2 successfully 

attenuated oxaliplatin-induced neuropathic pain1068 (this strategy also reduced cisplatin-induced 

nephrotoxicity), whereas total depletion of Treg cells did not aggravate oxaliplatin CIPN symptoms, despite 

reduction of Tregs in the lymph nodes.1074 In case of  cisplatin CIPN, long lasting microglia but not astrocyte 

activation in the spinal chord was observed in a mouse model, together with elevated levels of IL-1β, IL-6, 

TNF-α, iNOS, and CD16 (FcƴRIIIa and b).1078Cisplatin enhanced receptor expressed on myeloid cells 2 
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(TREM2)/DNAX-activating protein of 12 kDa (DAP12) signaling in the microglia of the spinal chord. 

Conversely, TREM2 blockade attenuated cisplatin-induced neuropathy, reduced spinal IL-6, TNF-α, iNOS, 

and CD16, and induced production of the anti-inflammtory cytokines IL-4 and IL-10 and the anti-

inflammatory microglial CD206 (in humans: macrophage mannose receptor).1078   

 

6.4. Ototoxicity 
Ototoxicity is a frequently observed side effect of cisplatin, followed by carboplatin (but rarely seen with 

oxaliplatin).1003,1079,1080 Pt-induced ototoxicity is mainly based on increased oxidative stress via 

mitochondrial dysregulation and ROS production together with depletion of the cellular antioxidant defense 

system as well as induction of pro-inflammatory signals.1081,1082 As in case of peripheral neuropathy, the 

exact mechanisms and order of cellular signaling events are unclear, and few reports with comparable 

settings exist. Moreover, the vast majority of studies is performed in tumor-free animals, making evaluation 

of the clinical relevance of these findings necessary.1082 

Generally, the inner ear was - like the CNS - long considered an “immune-privileged” site, lacking active 

immune responses.1082,1083 Comparable to the blood-brain-barrier in the CNS, the inner ear compartments 

are shielded by the blood-labyrinth-barrier, providing  homeostasis and integrity of the inner ear fluid system 

(endolymph and perilymph).1084,1085 More recently, in addition to recruitment of blood-derived 

monocytes/macrophages upon damage to the inner ear cells, a special population of resident immune 

cells/macrophages in the cochlea was identified (reviewed in1083). The precise role of these resident immune 

cells is not clear yet. One of their suggested functions is a protective role against immune-mediated auditory 

cell damage by regulating infiltration of CD45+ immune cells via CX3CR1-CX3CL1 signaling.1082,1086  

Most affected by Pt-induced ototoxicity are the outer hair cells (OHC) in the organ of Corti, but also cells 

of the stria vascularis, spiral ligament tissue and the spiral ganglion.1087 Hearing loss typically starts at high 

frequencies (targeting the OHC at the basal turn of the cochlea) and progresses into the lower frequencies.1088 

Additionally, tinnitus and vertigo can occur.1003 Symptoms depend on dose, administration route, and 

treatment duration.1003 Risk factors comprise impaired renal function, age (with children having a higher 

risk1089), simultaneous cranial irradiation, co-medication with other oto- or nephrotoxic drugs, prior hearing 

disability, and several genetic variations (e.g. LRP2 (megalin), gluthation S-transferase, SLC22A2 (OCT2)). 

Moreover, gender-related differences have been reported, with males being more likely to be affected than 

females.1003,1088-1090 Furthermore, a high melanin content has been associated with increased risk for Pt-

induced ototoxicity, based on interaction of Pt with melanin in the melanocytes of the inner ear that might 

cause retention of the drug.1091 To date no clinically approved compounds for otoprotective strategies exist, 

mainly due to simultaneous reduction of antitumor efficacy of Pt drugs or requirement of invasive 
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administration procedures.1088 Efforts include application of antioxidant and anti-inflammatory agents, as 

well as local inhibition of cisplatin uptake transporters CTR1 and OCT2.1082,1088,1090  

Suggested mechanisms underlying cisplatin-induced inflammatory processes and ototoxicity are described 

by mainly two groups: So and Park discuss induction of pro-inflammatory cytokine release and ROS, as 

well as signaling via MAPK, NF-ĸB, STAT6, and TLR4.1087,1092-1096 Ramkumar and colleagues focus on 

NOX3-mediated ROS production1081,1088,1097-1099 and STAT1 activation,1099-1102 as well as on central roles of 

several receptors found expressed in the cochlea like A1AR1102-1104 and transient receptor potential vanilloid 

1 channel (TRPV1).1097,1098,1105 Furthermore, a role of the cannabinoid 2 receptor (CB2)1092 is discussed. 

With regard to the group of So and Park, several studies both in vitro using the House Ear Institute-Organ 

of Corti 1 (HEI-OC1) mouse auditory cell line and in vivo emphasize pro-inflammatory cytokine (TNF-α, 

IL-6, and IL-1β) and ROS production, as well as altered MAPK, NF-ĸB, and STAT6 signaling as most 

important mediators of cisplatin-induced ototoxicity.1087,1093-1095 The authors suggest cisplatin-induced 

proinflammatory cytokine production and downstream pathway activation to induce ROS and subsequent 

cell death.1093,1094 Conversely, inhibition of ERK/MEK or TNF-α,1094 suppression of cytokine production via 

Nrf2/HO-1,1093 or via knockdown of STAT61095 counteracted cisplatin-mediated inflammatory effects and 

protected against ototoxicity. Interestingly, pro-inflammatory cytokine production was suggested to be 

directly mediated by several cell types of the cochlea, like spiral ligament fibrocytes and/or the auditory 

cells of the Corti organ, rather than by infiltrating lymphocytes/macrophages.1087,1094 Cisplatin treatment also 

stimulated TLR4 expression in HEI-OC1 cells and organ of Corti explants, and cisplatin-LPS interaction 

induced production of TNF-α, IL-6, and IL-1β via NF-ĸB pathway activation. Moreover, combination of 

cisplatin and LPS induced severe hearing loss, enhanced expression not only of TLR4 and proinflammatory 

cytokines, but also of HMGB1, RAGE, advanced gycation end-product (AGE), COX-2, iNOS, and NOX in 

the cochlear tissues of mice. In turn, hearing loss was reduced in TLR4 mutant or knockout mice, arguing 

for a prominent role of TLR4 in cisplatin-induced inner ear damage that might even become drastically 

enhanced in the presence of infections frequently occurring in immunocompromised patients.1087 

With regard to STAT signaling, Schmitt et al. demonstrated upregulation of STAT1 in a mouse model upon 

cisplatin administration, and hair cells of STAT1-deficient mice were resistant against cisplatin-induced 

damage.1100  Moreover, the STAT1 inhibitor and anti-oxidant epigallocatechin-3-gallate (EGCG) protected 

against cisplatin-induced inner ear damage1100 and attenuated hearing loss by downregulation of ERK1/2 

and STAT1 signaling, leading to reduced ROS formation.1101 Interestingly, anticancer effects of cisplatin 

were not affected by EGCG both in human cancer cells in vitro and in a mouse xenograft model, based on 

cisplatin-mediated downregulation of STAT3 that was not counteracted by EGCG.1101 NOX3, a member of 

the NADPH oxidases expressed predominantly in the inner ear and readily stimulated by cisplatin, promotes 

ROS formation and might represent a further central player in cisplatin-induced ototoxicity.1088 Several 

studies from the group of Ramkumar demonstrate that NOX3-mediated STAT1 activation, via ROS 
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production, induces expression of proinflammatory signals in the cochlea.1081,1097-1099,1102,1106 Cisplatin 

induced STAT1 activation and transcription of downstream genes TNF-α, iNOS, and COX2 both in mouse 

immortalized organ of Corti cells (UB/OC-1) and in vivo, mediated via activation of NOX3 and ROS 

production. Accordingly, STAT1 siRNA suppressed inflammation and apoptosis, and STAT1 siRNA or the 

TNF-α inhibitor etanercept reduced hearing loss in vivo.1099 Immunohistochemistry of the inner ear 

following cisplatin treatment showed increased immunostaining for TNF-α and CD14 (a monocytic marker), 

which seemed to be co-localizing. Comparable to the observations made by the group of So and Park1087,1094, 

the authors did not observe strongly localized or discrete labeling for immune cell infiltrates but rather 

distribution in a diffuse manner throughout the cells of the cochlea. This and the observation that UB/OC-1 

cells can be stimulated to express CD14 and CD45 in vitro suggest that pro-inflammatory markers are at 

least partly produced by cochlear cells (including resident macrophages) themselves.1099 Furthermore, 

cisplatin also stimulated TRPV1 (a non-selective cation channel involved in nociceptive signaling and 

processing in the nervous system1107 also expressed in the cochlea1108) and NOX3 in a ROS-dependent 

manner. Activation of TRPV1 by cisplatin induced (whereas blockade of TRPV1 or NOX3 inhibited) 

apoptosis and showed otoprotective effects in UB/OC-1 cells as well as in vivo.1097,1098 Another receptor, the 

A1AR, is expressed on the inner hair cells of the cochlea that - in contrast to the OHC - are more resistant 

to cisplatin-induced cell damage.1102,1106 A1AR was found upregulated upon cisplatin treatment, and 

adenosine agonists were able to protect against oxidative stress by increasing endogenous antioxidants.1103 

A1AR agonists reduced cisplatin-induced hair cell damage and hearing loss by decreasing the 

malondialdehyde levels (indicative for lipid peroxidation) in the cochlea.1104 Application of an A1AR 

agonist suppressed ROS-induced inflammation via NOX3 and inhibition of (MAPK-mediated) STAT1 

signaling and led to reduced levels of TNF-α, iNOS, and COX-2.1102 Finally, also stimulation of CB2 was 

shown to inhibit cisplatin-induced apoptosis (assessed by caspase 3, 8, and 9 activation, PARP cleavage, 

and cytochrome c release), modulate MAPK pathway, reduce ROS production, as well as levels of TNF-α 

in HEI-OC1 cells.1092 

As mentioned in chapter 1.2.2, caspase 1 is necessary for formation of the NLRP3 inflammasome. 

Accordingly, inhibition of caspase 3 and caspase 1 in rat organ of Corti explants rescued a high perecentage 

(80%) of hair cells from cisplatin-induced cell death. In addition, inhibition of NF-κB reduced caspase 3 

activation and apoptosis in cisplatin-treated HEI-OC1 cells.1081,1096  

 

6.5. Gastrointestinal tract toxicity  
Pt compounds all exert GI tract toxicity, manifesting as nausea, vomiting, and dysmobility (diarrhea and 

constipation). As described in chapter 5, the GI tract is a highly specialized and complex system whose 

function depends on the interplay between the gut microbiota, intestinal epithelial cells, the gut-associated 
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mucosal immune system as well as the ENS. Nausea and vomiting, occurring most frequently and severe 

upon treatment with cisplatin, can be caused by damage to enterochromaffin cells, leading to release of 

serotonin and binding to 5-hydroxytryptamine type 3 (5--HT3) receptors. Consequently, blockade by 

application of 5-hydroxytryptamine type 3 (5-HT3) receptor or neurokinin-1 receptor antagonists effectively 

can suppress these symptoms.412,1002 GI tract dysmobility leading to diarrhea and/or constipation can 

generally be caused by multiple reasons including tissue damage due to drugs or inflammation, secretory 

and osmotic dysfunction, and malabsorption.1109 With regard to inflammatory reactions, the role of the gut 

microbiota seems to be of central importance. As already described in chapter 5, damage to the microbiota 

and breaching of the intestinal barrier promotes cancer-related infections and in severe cases leads to 

systemic inflammation and sepsis.987 Microbiota additionally can mediate changes in metabolism, which in 

combination with nausea and GI motoric problems can promote cachexia (compare chapter 5).  

Another axis important for Pt-induced GI tract toxicity might involve damage to the ENS.197 This 

assumption is based on the observation that GI motor dysfunctions can persist up to 10 years post treatment 

with Pt drugs,1110 as well as on several reports demonstrating enteric neurotoxicity induced by cis- and 

oxaliplatin.1111-1113 Damage to the ENS might be either exerted directly by Pt drugs or by inflammation, 

inducing hypertrophy of neurons and neurodegeneration.1114 As both ENS and gut-associated immune 

system are tightly interconnected, also the ENS may play a role in modulating GI immunity. Both systems 

have been shown to interact with each other directly and via cytokines and neuropeptides. Moreover, enteric 

neurons and gut-associated immune cells can both reciprocally produce and detect cytokines and 

neuropeptides so that each system can regulate and modulate the function of each other (reviewed in197). 

However, the exact role of Pt drugs in this interplay is still widely unexplored and needs to be specifically 

addressed. 

 

7. Secondary immune-related cancers following anticancer metal drug therapy 
For potentially curable patients who have received genotoxic regimens, late toxicity and particularly 

secondary cancers represent an important topic. Several publications in recent years have reported on 

secondary, treatment-associated hematological malignancies following therapy of various primary cancer 

types with metal-based anticancer agents.1115-1117 Among these, a number of case reports were documented 

for Pt-based chemotherapy and ATO, but also for the radiotherapeutic compounds yttrium-90 (90Y), 

strontium-89 (89Sr) and 223Ra. As cancer patients are frequently treated with combination therapies, the 

occurrence of hematopoietic malignancies such as leukemias or lymphomas raises the question, whether 

these secondary diseases are caused by just one, or rather more cytotoxic compounds.1118,1119 In general, 10-

20% of myelodysplastic syndromes (MDS) and acute leukemias are estimated as consequence of genotoxic 

anticancer therapy.1120,1121   
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Most cases of secondary MDS arise following chemotherapy of primary cancers with alkylating agents or 

Pt compounds.1122,1123 The typical latency period for secondary MDS after exposure to alkylating agents or 

Pt drugs is 5 to 7 years with the relative risk depending on the dose of initial therapy. Long-term prognosis 

of MDS is poor.1124,1125 As increasing numbers of malignancies become more successfully treated with Pt-

based chemotherapy, the rate of secondary, Pt-related MDS is anticipated to increase. Two studies have 

explored the rates of secondary MDS and acute myelogenous leukemia (AML) among patients with non-

Hodgkin’s lymphoma who have undergone autologous bone marrow transplantation.1126,1127 In both series, 

the rates of secondary MDS/AML approached 7% at 10 years, or 20% at 20 years of follow-up. All of these 

patients had received, amongst others, Pt drugs. Case reports also describe MDS development after treatment 

of other cancer types, such as breast cancer.1128-1130  

Regarding secondary leukemias, the risk for developing such disease is highest between 24 and 72 months 

following cytotoxic therapy, with a steady decline in incidence thereafter.1131 Of those patients developing 

secondary leukemia, approximately 6% do so within the first year, whereas in 15%, the latency period 

exceeds 7 years.1131 In 2016, a study assessed the risk of secondary (not further specified) leukemia after 

treatment of pediatric solid tumors with chemo-radiation, including, amongst others, Pt agents.1132 This 

report demonstrated that Pt compounds (administered at doses ≥ 2mg/m2) are associated with a 5.6-fold 

increased risk for secondary leukemia. Here, the highest risk appeared to occur for carboplatin, with a 

relative risk of 29.1.1132 Similarly, another case-control study reported an increased risk of secondary AML 

and MDS following Pt-based treatment of childhood tumors.1133 Cisplatin and carboplatin have been widely 

associated with therapy-related leukemia.1134,1135 In contrast, for oxaliplatin, an etiological role in secondary 

hematological diseases has been suggested only in several case reports.1120 In 2002, two cases of cisplatin- 

and carboplatin therapy-associated APL, a subtype of AML, have been observed.1136 Carboplatin might also 

be implicated in the development of secondary acute erythroid leukemia.1137 A further case report described 

AML in a metastatic colon adenocarcinoma patient following a FOLFOX (leucovorin, 5-FU, oxaliplatin) 

treatment regimen.1138 In 2006, an independent case of secondary APL following irinotecan and oxaliplatin 

therapy for advanced colon cancer was observed. However, it remained unclear which of the two drugs 

contributed to the development of this secondary malignancy.1139 It needs to be mentioned that the karyotype 

(the pattern of chromosomal aberrations) was distinct from that reported by Carneiro et al., arguing, in that 

case, for a causal role of irinotecan in APL development. In 2015, Zhang reported a patient with therapy-

associated APL following oxaliplatin/capecitabine chemotherapy for gastric cancer.1140 Furthermore, 

treatment of esophageal cancer has been associated with secondary AML after oxaliplatin-1141 as well as 

with several hematological malignancies (including MDS, AML and Burkitt leukemia) following 

nedaplatin-based chemo-radiation.1142 Another case of AML in a patient with cervical carcinoma developed 

63 months following Pt-based chemo-radiation treatment.1117 Although there are few reports that link 

oxaliplatin to therapy-related leukemia (TRL), when considering the widespread use in GI malignancies 
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these incidences cannot be neglected. However, further understanding the mechanisms involved in 

oxaliplatin-mediated hematological malignant transformation will be imperative to develop measures to 

minimize this severe health risk.  

In contrast to the relatively frequently occurring chemotherapy-related AML, acute lymphoblastic 

leukaemia (ALL) is rare.1143,1144 Although some cases of secondary ALL have been reported in the 

literature,1145 the clinical-biological features of these leukemias are poorly defined.1120,1146,1147 In 2008, a 

secondary ALL has been identified following adjuvant oxaliplatin treatment in colon cancer.1120 Also CML 

might be considered as late adverse effect following treatment with Pt compounds. Philadelphia (Ph) 

chromosome-positive CML was diagnosed in a patient 3 years after treatment for rectal adenocarcinoma.1148 

The patient had received several chemotherapeutic agents including oxaliplatin. However, also in this case, 

the frequently applied multimodal treatment strategy complicates the identification of specific Pt compounds 

as key etiologic factors of secondary malignancies. 

Furthermore, ATO is clinically approved for the treatment of APL (compare chapter 3.2). Besides the 

prevalent and severe complication caused by ATO and ATRA, termed differentiation syndrome (believed 

to be mediated by the release of pro-inflammatory cytokines from malignant promyelocytes),1149 the 

development of secondary hematological malignancies cannot be excluded. A recent study on long-term 

survival of APL patients treated with ATRA and ATO revealed an estimated 5-year cumulative incidence 

risk of 1.0% to develop therapy-related myeloid neoplasms.1150 In contrast, an independent report 

demonstrated no increased risk of secondary cancers following ATRA- and ATO-based therapy of APL.1151 

In addition to the clinically approved Pt and As compounds, the application of several radioactive metal 

isotopes is also implicated in the occurrence of secondary malignancies. For instance, 90Y is the radioactive, 

β-radiation emitting isotope of 89Y. 90Y-ibritumomab (IgG1)-tiuxetan is a radioimmunotherapeutic agent, in 

which the metal core is bound to antibody via modified diethylenetriaminepentaacetic acid (DTPA) 

containing an additional isothiocyanatobenzyl linker. This agent is applied in advanced follicular lymphoma, 

a common form of B cell non-Hogkin’s lymphoma, binding to CD20 on B cells.1152 Recently, the 

progression of follicular lymphoma to aggressive lymphoma after radioimmunoherapy with 90Y-

ibritumomab tiuxetan has been documented.1152 In this study, the risk of follicular lymphoma progression 

after treatment was assessed in 115 patients treated during 1987-2012 either in progressive state or as first-

line therapy. 28% of the patients experienced progression to an aggressive lymphoma, occurring at a median 

of 60 months from diagnosis or 20 months after therapy. 8% of patients developed therapy-related MDS or 

AML at a median of 41 months post-treatment. The estimated 10-year risk of secondary MDS/AML 

development was 13%. However, it is currently not clear whether 90Y-ibritumomab tiuxetan treatment 

increases the overall risk of aggressive follicular lymphoma progression at 10 year as compared to patients 

not receiving radioimmunotherapy. In 2016, an independent group published a long-term follow-up study, 

reporting 7.3% secondary AML as “late hematological side effect” with a median occurrence of 42 months 
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after initial 90Y therapy.1153 However, the same group conducted another study with this radionuclide, which 

did not result in secondary malignancies within 2 years follow-up.1154,1155 Another radioisotope, 89Sr, a ß-

emitting analogue of calcium, has proven beneficial in palliative setting of pain due to bone metastasis from 

prostate adenocarcinoma.1156 Frequently described toxicity of 89Sr includes reversible myelosuppression, 

above all thrombocytopenia. Two patients were reported with AML after 89Sr treatment 17 and 26 months 

after treatment.1156 Interestingly, as documented recently by Jacene et al.,1157 follow-up of patients treated 

with radium-223 (223Ra) shows little evidence for secondary malignancies. For this isotope, only two patients 

with metastatic castration-resistant prostate carcinoma developed AML1158 or APL1159 after 223Ra-containing 

therapy. The overall low evidence of secondary (hematopoietic) malignancies upon treatment with metal 

radioisotopes may, at least partly, be due to the predominantly late-stage application of these compounds1160 

as well as the comparably limited patient numbers amenable to follow-up as compared to those receiving 

Pt-based anticancer agents.  

In conclusion, close follow-up of patients after the completion of metal-based chemotherapy is necessary to 

monitor for relapse and development of long-term complications such as MDS or leukemia.1161 As novel 

metal-based therapeutics are being introduced in the clinical practice, their late complications are only 

beginning to be understood. 

 

8. Clinical perspective and outlook 
8.1. Metal drugs and anticancer immunotherapy 

As already mentioned before, the situation concerning the use of anticancer metal compounds in oncological 

routine is paradox. On the one hand, only a handful of substances are clinically approved (compare chapter 

2.1, Figure 3), despite massive chemical synthesis and preclinical evaluation approaches, generating 

virtually thousands of metal complexes with anticancer activity.23-27,605,663,665,1162 On the other hand, although 

regularly sentenced to death, these drugs are still a central hub of systemic cancer therapy not only in rare, 

but also in common and often deadly cancer types including NSCLC, colon cancer, ovarian cancer and 

urothelial carcinoma.173 With regard to solid tumors, lung and colorectal carcinomas are the major causes 

for cancer mortality, estimated to account for around 37.5% of cancer deaths in the U.S. in 2017.1163 The 

majority of these patients is treated at least in one line of therapy with metal drug-containing regimens. This 

situation demonstrates both, the high activity and quality of metal drug-based systemic cancer therapy per 

se, and the urgent need for guiding anticancer metal drug development by multidisciplinary approaches into 

the currently exploding field of personalized, multi-targeted chemoimmunotherapy of cancer. This 

challenging task can only be successful, if underpinned by enhanced knowledge on the complex effects of 

metal-based chemotherapy on the host’s immune system. Recent discoveries regarding a major impact of 

the type of (cancer) cell death during (DNA-damaging) chemotherapy in general11,1164 and metallodrugs in 
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particular20,21,197 on anticancer immune responses have amplified the interest in this field (compare chapters 

2-4).71 Accordingly, the multiple interactions of chemotherapeutic metal complexes with different steps of 

the anticancer immune cycle and both innate and adaptive immune responses against malignant tissues are 

starting to be explored (compare Figure 5). With regard to the clinical situation, the question is burning and 

widely unresolved whether the nowadays used anticancer metal drugs still should be considered as pure 

DNA-damaging cytotoxic compounds216 or have to be additionally seen at least as immune-modulating 

agents.20-22 The situation gets even more complicated, as closely related substances like cisplatin and 

oxaliplatin might exert strongly differing effects on anticancer immune-responses, as outlined in chapter 

3.1. The molecular mechanisms underlying these differences in the execution phase of cell death have been 

elucidated, but it is still unclear why and by interaction with which (obviously non-DNA345,355) targets, only 

oxaliplatin - but not cisplatin and carboplatin - is able to induce ICD by exposing CRT to the tumor cell 

surface.337,509 At the same time, however, it has to be critically considered that in many cancer indications, 

cisplatin or carboplatin were superior to oxaliplatin, suggesting that ICD induction might not always be a 

major driver of clinical response. Indeed, diverse immune-modulatory functions have to be integrated with 

general immune parameters of the treated tumor/patient and other pharmacological differences of these 

compounds. To give a simple example: if no TAA exist in a given tumor, ICD-mediated hyperactivation of 

local immune responses will for sure not end up in a major tumor-specific CTL response. 

Such, in the clinical situation, currently two main issues need to be addressed. First, it has to be determined 

more precisely in how far the immune system contributes to the anticancer activity of clinically used metal 

drugs when given as single agents or in combination schemes with other chemotherapeutics or targeted 

compounds. Second, and at the moment even more burning is the question, what happens if anticancer metal 

drugs are combined with immunotherapeutic approaches like checkpoint inhibitors or vaccination strategies 

including chimeric antigen receptor (CAR)-T cells. Are such approaches inherently antagonistic, based on 

the cytotoxic activity against activated immune effector cells, or might even strongly synergistic activities 

be achievable? 

 

8.2. Immune parameters predict clinical metal drug response 

Regarding the first issue stated above, several indications for an important role of immune effectors in the 

anticancer activity of metal drugs in the in vivo situation exist both in mouse models, but also based on 

clinical observations. One of the most conclusive facts concerning animal models is for sure that, as already 

mentioned, cisplatin and carboplatin work less and oxaliplatin not efficiently in mouse models lacking fully 

functional adaptive immunity (compare Figure 4).211-213,508,509 Comparable experimental settings are of 

course not possible in human patients. However, multiple clinical studies with the few approved metal drugs 

have demonstrated that tumor-resident and/or systemic immune parameters including CTL infiltration or 

the level of regulatory immune cells like Treg and MDSC are predicting either response to metal-drug 
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containing chemotherapy or at least prognosis of patients treated with such regimens. Already the hallmark 

report of Galon et al., published in Science 20091165 and leading to introduction of the term “immunoscore” 

(mainly CD3+ and CD8+ T cell infiltration in the tumor and its margins1166) as prognostic parameter, was 

based on a colon cancer patient cohort treated with a 5-FU-based chemotherapy certainly including 

oxaliplatin in many cases. Hence, the strong positive prognostic power of high lymphocyte infiltration might 

not only reflect better tumor control by the immune system per se, but also treatment-enhanced antitumor 

immune responses. Accordingly, lymphocyte infiltration was prognostic for stage III colorectal cancer 

patients treated in an adjuvant setting with the oxaliplatin-based FOLFOX regimen.1167 In metastatic 

colorectal cancer, enhanced pretreatment levels of granulocytic MDSC correlated with poor prognosis, and 

FOLFOX therapy reduced both Treg and granulocytic MDSC levels while enhancing TH17 frequency.432  

Comparable observations concern not only patients with colorectal cancer, but more or less all cancer types 

treated with Pt compounds. Convincing observations have been made e.g. in thoracic malignancies including 

lung cancer. While the amount of CD3+, CD4+, CD8+ or FOXP3+ TIL subsets or their ratios did not have 

prognostic power, the ratio FOXP3+ to CD8+ independently predicted poor response to Pt-based therapy in 

NSCLC patients.1168 Accordingly, McCoy et al. demonstrated that Pt-based therapy induced massive T cell 

depletion especially concerning Treg cells, and an enhanced ratio of CTL/Treg at recovery correlated with 

improved lung cancer and mesothelioma patient survival.431 This drop of Treg levels also predicted response 

to neoadjuvant chemotherapy in NSCLC patients treated with a combination of cetuximab with cisplatin 

and docetaxel.1169 Interestingly, in this study, Treg cells were demonstrated to also inhibit cetuximab-

mediated NK cell killing of cancer cells via ADCC. The number of Treg within the CD4+ cell compartment 

was significantly reduced in peripheral blood of lung cancer patients treated with a cisplatin-containing 

regimen within an adjuvant setting.1170 These data again suggest that depletion of regulatory immune cell 

subsets might be a major axis of the anticancer activity of metal drugs also in the clinical situation. 

Concerning lung cancer, this assumption is supported impressively by a preclinical study demonstrating 

high activity of combining carboplatin with a CD25 antibody targeting Treg cells in a lung cancer transgenic 

mouse model.1171 

With regard to other tumors routinely treated with Pt drugs, e.g. response of muscle-invasive bladder cancer 

patients to neoadjuvant cisplatin-based chemotherapy correlated with the CTL/Treg ratio in pretreatment 

biopsies but not with absolute amounts of these cell types or PD-L1 expression.1172 Likewise, in patients 

with osteosarcoma, routinely treated with cisplatin-containing chemotherapy, an enhanced CTL/Treg ratio in 

pretreatment biopsies clearly separated long-term from short-term survivors and none of the patients with a 

ratio above the third quartile died within the observation period of more than 5 years. This prognostic power 

was even independent of known prognostic factors like presence of metastases at diagnosis.1173 In patients 

with ovarian carcinoma, the amount of CD8+ lymphocytes within the tumor stroma significantly correlated 

with response to carboplatin combined with paclitaxel.1174 Likewise, an elevated ratio of intraepithelial CD8+ 
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to CD4+ T cells was correlated with better overall survival after Pt-based therapy in this cancer type, based 

on a high proportion of activated Treg within CD4+ cells.1175 In the study by Mariya et al.502 lack of CD8+ T 

cells in the tumor tissue significantly correlated with Pt resistance. A higher ovarian tumor grade correlated 

with an enhanced ascites/blood ratio of Treg (CD4+/CD25+) cells while reduced levels of NKT-like cells 

(CD3+/CD56+) in ascites predicted higher tumor grade and Pt resistance.1176 Wu et al. reported that 

carboplatin/paclitaxel treatment of ovarian cancer patients resulted in “temporary immune reconstitution” 

at about 12-14 days after chemotherapy, with enhanced levels of several immune parameters including CTL 

activity, TH1, memory T and NKT cells.1177 These authors suggested that this time window of elevated 

anticancer immunity following chemotherapy opens the ideal period for combination with 

immunotherapeutic approaches. A strong indication for a high relevance of immune parameters for 

treatment response to metal drugs comes also from a clinical study in Her-2-positive and triple-negative 

breast cancer, testing addition of carboplatin to the paclitaxel+liposomal doxorubicin regimen. Especially 

in so-called lymphocyte-predominant tumors, multiple immunological factors (like PD-L1 or CCL5 

expression) were distinctly predictive for pathological complete remission especially in the carboplatin-

containing arm.504 Deep TCR sequencing in colorectal carcinoma patients treated with a combination of a 

five-peptide vaccine and oxaliplatin-based chemotherapy suggested a massive difference between tumor-

resident and blood T cells together with a treatment-induced distinct decrease in TCR diversity in patients 

benefiting from the therapy.1178  

However, not only the local immune condition in the TME or technically challenging, immune-related on-

treatment hematological parameters are able to predict response to anticancer metal drugs. The neutrophil-

to-lymphocyte ratio (NLR) in the peripheral blood, for example, is a well-established, easy-to-perform 

marker of systemic and chronic inflammation in cancer patients often predicting poor prognosis but also 

treatment outcome. Several studies have indicated that an enhanced NLR or “derived-NLR” (absolute 

neutrophil count divided by white blood cell count minus absolute neutrophil count, dNLR) was associated 

with poor prognosis in advanced colorectal cancer patients treated with oxaliplatin-based regimens.1179-1181 

Likewise, an elevated pretreatment NLR independently predicted worse response to first-line Pt-based 

chemotherapy and survival of NSCLC patients.1182 The identical parameter also indicated dismal prognosis 

of bladder cancer patients treated with a nedaplatin-containing regimen1183 and was also associated with 

shorter survival in upper tract urothelial carcinoma. However, an association with the patients’ treatment 

background was not given in this study.1184 Interestingly, a rich lymphocytic tissue response and a low 

platelet-to-lymphocyte ratio (PLR) predicted response to induction chemotherapy (cisplatin/docetaxel/5-

FU) while a low NLR correlated with improved survival of patients with SCCHN, suggesting a combination 

of treatment-dependent and -independent impacts of systemic immune conditions.1185 In contrast, both 

parameters were clearly associated with improved survival and treatment response of gastric cancer patients 

to combined chemo/radiotherapy with cisplatin.1186 Pretreatment dNLR was evaluated in data from two 
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clinical studies comparing gemcitabine versus gemcitabine/cisplatin in advanced biliary carcinoma. 

Interestingly, a lower dNLR predicted benefit of metal drug addition to systemic chemotherapy, obviously 

indicating a strong impact of immune parameters on cisplatin activity.1187 In contrast, addition of oxaliplatin 

to gemcitabine in the treatment of pancreatic cancer patients was only beneficial in the highly aggressive 

subgroup with high NLR levels.1188  

These clinical observations together with preclinical animal data clearly support the hypothesis that the 

conditions of systemic and local immune responses strongly impact on the efficacy of anticancer metal drugs 

and vice versa. Hence, these compounds might be ideal partners for immunotherapeutic approaches by 

supporting better visibility of the tumor by immune cells, but also enhanced killing of tumor cells by metal 

drugs based on ideal immune conditions in the TME.  

 

8.3. Metal drugs as partners for immunotherapy of cancer 

Several preclinical in vitro and in vivo effects of metal drugs on cancer cells but also immunocytes support 

the hypothesis that these drugs might serve as ideal combination partners for immunotherapeutic 

interventions. However, the clinical proof of this concept is currently only starting to emerge. 

Immunotherapeutic interventions and especially immune checkpoint inhibitor antibodies are very efficient 

anticancer strategies and have sustainably altered the world of systemic cancer therapy recently.16,112,1189 In 

contrast to many other therapeutic options, immunotherapies may allow long-term remission or even cure 

of disseminated, treatment-resistant solid tumors. This concerns devastative malignancies like 

melanoma,1190,1191 NSCLC,1192,1193 urothelial cancer,1194 renal cancer,1195 and head and neck tumors1196. 

Nevertheless, it has to be considered that even in the most successful cases, only a patient minority profits 

from these therapeutic interventions. So, one central challenge for modern systemic cancer therapy research 

is to identify and develop therapeutic combination strategies and algorithms to enhance the response rates 

to modern immunotherapies. Accordingly, an avalanche of preclinical evaluations and clinical studies has 

been initiated (compare www.clinicaltrials.gov), combining checkpoint inhibitors with other 

immunotherapies, targeted anticancer compounds, antiangiogenic agents, and chemotherapeutic 

interventions with variable success. Unfortunately, not in all cases, clear-cut hypotheses and strategies are 

followed, bearing the danger that beneficial combinations might be missed due to disadvantageous doses, 

sequences or application regimens.  

Literature in the field of combination approaches involving checkpoint inhibitors is currently emerging at a 

high rate. Multiple studies are under way (compare www.clinicaltrials.gov) and will deliver data soon. Their 

summary is, however, far beyond the scope of this review. Here, we will only give a short overview on data 

available for those cancers where metal drug-based therapy is used routinely. However, it should be 

mentioned that - based on the promising observations regarding combination of immune checkpoint 

inhibitors with Pt drugs in NSCLC (see below) - even a re-evaluation of metal compounds in cancer types 

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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insensitive to this therapy, like metastatic melanoma, is currently considered. Some key clinical (primarily 

randomized phase 3 or approval-related) studies affecting the field of immunotherapies in comparison to or 

in combination with Pt-based chemotherapy are summarized in Table 1.  

 

8.3.1. Lung cancer and mesothelioma 

Regarding NSCLC, comprising adenocarcinoma (AC) and squamous cell carcinoma (SCC), as well as small 

cell lung cancer (SCLC), Pt-containing regimens are still standard first-line therapy in the majority of cases. 

Exceptions were - for quite some time - only smaller patient subgroups harboring EGFR mutations or ALK 

translocations receiving respective kinase inhibitors as first-line therapy.1197 Many characteristics of 

NSCLC, like the high mutational burden especially in smoking-associated lung cancer, suggested this 

devastative disease especially suitable for immune checkpoint inhibitor therapy.1198 Hence, such checkpoint 

inhibitor antibodies were first tested in second-line therapy after progression of NSCLC under Pt-containing 

chemotherapy. In all these studies, close attention was paid whether the expression levels of the target PD-

L1 in tumor cells or immunocytes within the TME (TC and IC, respectively, in Table 1) would serve as 

biomarker for responsive patient subgroups. Following several phase 1 and 2 studies demonstrating good 

tolerability and clear-cut signs of activity of both CTLA-4 (ipilimumab) and PD-L1/PD-1 inhibitors 

(nivolumab, pembrolizumab, atezolizumab) (summarized recently in1197,1199,1200), various randomized phase 

3 studies were performed either in adjuvant or palliative settings (Table 1). These studies demonstrated that 

application of PD-1/PD-L1 inhibitors, especially following disease progression under Pt-based 

chemotherapy, is highly effective, outstripping in almost all studies second- or later-line chemotherapy (e.g. 

CheckMate 0171193, CheckMate 0571192, Keynote 0101201). This led to the approval of several PD-1 and PD-

L1 antibodies (nivolumab, pembrolizumab, atezolizumab) for treatment of advanced NSCLC progressed on 

Pt-containing chemotherapy. The question arising from these studies, if the prior chemotherapy has 

supported cancer immune recognition by a CTL response, remains open.  

Next, the field started to explore whether checkpoint inhibitor immunotherapy might even move to first-line 

setting in chemotherapy-naïve patients. Concerning the PD-1/PD-L1 axis, e.g. the Keynote-024 study1202 

tested application of the PD-1 immune checkpoint antibody pembrolizumab in first-line therapy compared 

to Pt-doublet chemotherapy in those EGFR and ALK mutation-negative patients expressing PD-L1 in ≥50% 

of malignant cells. The distinctly higher response rate (with 45%, almost half of the patients responded) and 

lower hazard ratio for overall survival (Table 1) led to approval of pembrolizumab in this PD-L1-high patient 

subgroup in October 2016.1203 Unexpectedly, another study (CheckMate-026), using in a comparable setting 

the PD-1 antibody nivolumab, did not indicate a significant difference between immunotherapy and Pt-

based chemotherapy neither in the patient subgroup with ≥5%, nor in the group with ≥50% PD-L1-positive 

tumor cells.1201 These observations suggest that immunotherapy might be superior to chemotherapy in first-
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line treatment of patients with highly PD-L1-positive NSCLC. Nevertheless, it remains unclear whether also 

in these patients, addition of Pt-based chemotherapy to immunotherapy might induce further benefit. 

To refine the picture more precisely concerning TMB, Checkmate-227 tested the ipilimumab/nivolumab 

combination versus nivolumab versus Pt-doublet chemotherapy in stage IV or recurrent chemotherapy-naïve 

NSCLC. In patients with PD-L1 expression in less than 1% of cells, a combination arm with 

nivolumab/chemotherapy replaced nivolumab monotherapy. Independently of PD-L1 expression, a high 

TMB (compare chapter 2.2.4) was associated with improved PFS of the immune-combination as compared 

to chemotherapy, while this difference was absent in patients with low TMB.1200 Unfortunately, also this 

study does not allow direct addressing of a potential synergism between metal drugs and the checkpoint 

inhibitors, as the combination arm in the low PD-L1 expressing patients is not further discussed. 

After these positive results in second- and first-line therapy, the question remained, whether also patients 

with unfavourable marker profiles like lower TMB and lack of PD-L1 expression might be sensitized to 

checkpoint inhibitors by combination with metal-based chemotherapy. Concerning such a combined 

application, data are accumulating rapidly. With regard to CTLA-4 inhibition in stage IV or recurrent 

NSCLC/SCC, addition of ipilimumab to Pt-based chemotherapy, despite promising early phase data, failed 

to improve PFS in first-line setting in the NCT01285609 trial.1204 This indicates that CTLA-4 blockade 

might not be sufficient to fully exploit the immunogenicity of Pt-based NSCLC therapy. In contrast, several 

phase 2 and 3 studies delivered evidence that addition of chemotherapy with Pt drugs to PD-L1/PD-1 

checkpoint inhibitor therapy is a highly active combination (Table 1). Thus, in the Keynote-189 trial, 

survival at 12 months was 69.2% in the combination group versus 49.4% in the Pt chemotherapy group.9 

The response rate in the combination group was across all PD-L1 expression levels almost approaching 

50%, hence exceeding the one for the patient subgroup with PD-L1 expression in ≥50% cells for first-line 

monotherapy with pembrolizumab in the Keynote-024 trial.1202 These findings suggest distinct synergism 

of PD-1 inhibition with Pt-based chemotherapy. As also in the Keynote-189 study, patients with high PD-

L1 expression benefitted most from combination with chemotherapy,9 it needs to be re-evaluated whether 

not also in this patient subgroup a combination with metal-based chemotherapy would be more efficient 

than the currently approved monotherapy with PD-1 antibodies. Accordingly, recent data from the 

IMpower150 study demonstrated superiority of a combination of the PD-L1 antibody atezolizumab with Pt-

based chemotherapy and the VEGF inhibitor bevacizumab as compared to the arm without checkpoint 

inhibitor.1205 Here, the response rate in the triple combination arm marks for the first time a response in 

distinctly more than half of the patients (63.5%). Interestingly, this benefit was regardless of PD-L1 

expression and concerned patients with EGFR and ALK mutations/translocations as well.  

Besides late stage NSCLC, also data regarding the use of immune checkpoint inhibitors in earlier tumor 

stages in adjuvant and neoadjuvant settings and their interaction with Pt-based chemotherapy are starting to 

emerge. Such, durvalumab, another PD-L1 antibody, strongly reduced the rate of disease progression (PFS 
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of 16.8 months versus 5.6 months in the placebo group) in locally advanced stage III NSCLC when given 

as consolidation therapy after two or more cycles of Pt-based radiochemotherapy (PACIFIC trial).1206 

Unexpectedly, also data are accumulating that Pt-based chemotherapy might be especially active in several 

tumor types including NSCLC and melanoma after prior immunotherapy.1207,1208 The underlying 

mechanisms especially regarding an altered immune TME need to be explored in more detail. Altogether, 

these data suggest that metal drugs may represent ideal partners for therapy of NSCLC patients with immune 

checkpoint inhibitors in different schedules and lines of treatment.  

In how far this holds true also for other immunotherapeutic interventions is by far less explored.1209 

Examples entering clinical evaluation comprise whole cell and target vaccination approaches against e.g. 

MAGE-A3, EGFR and hTERT.1210 Randomized clinical studies using such immunotherapeutic strategies in 

combination with metal-based regimens are sparse. However, two observations are highly interesting 

regarding immunogenic effects of Pt-based chemotherapy. First, an allogeneic whole tumor cell vaccine 

(termed belagenpumatucel-L) based on NSCLC cell lines transfected with a TGF-β2-antisense vector failed 

to prevent recurrence of stage III/IV NSCLC patients in the entire study cohort but was active in patients 

receiving the vaccine rapidly (randomization within 12 weeks) after Pt-based chemotherapy.1211 This 

suggests that, comparable to preclinical observations, metal-drug chemotherapy is followed by a window of 

enhanced immunogenicity (compare chapter 8.2). The second observation concerns tecemotide, a synthetic 

adjuvant-containing lipopeptide of MUC-1. Although it failed to improve survival of unresectable, stage III 

NSCLC patients as maintenance therapy after chemoradiation in a randomized phase 3 study, the results 

were positive in the subgroup receiving concomitant (but not sequential) Pt-containing chemoradiation.1212 

This again clearly indicates a major effect of metal-based chemotherapy on the immunological situation of 

the NSCLC patients and the response to immunotherapeutic interventions.  

With regard to mesothelioma, also treated as standard with Pt-based chemotherapy and regularly 

overexpressing PD-L1, the respective studies with checkpoint inhibitors in second-line1213 and combined 

with Pt-based chemotherapy1214 are currently recruiting and the results are eagerly awaited. 

 

Table 1: Selected clinical studies (either randomized phase 3 or earlier phase when connected to clinical 

approval) concerning a comparison or interaction of checkpoint inhibitor immunotherapy with metal drug-

based chemotherapy 

Histology, 

Line 

Study, 

Phase 

Immuno- 

therapy 

Chemo- 

therapy 

ORR1 

% 

Hazard 

ratio 

survial2 

Ref. 

NSCLC 

Advanced Keynote-010 Pembrolizumab Docetaxel 30/294 0.71 (ITT5) 1201 
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2nd line, poPt3 Phase 3 vs 8 

TC5 ≥ 50% 

 

0.58-0.88 

0.54 (TC ≥ 

50%5) 

0.38-0.77 

SCC 

advanced 

2nd line, poPt 

CheckMate-017 

Phase 3 

Nivolumab Docetaxel 20 vs 9 0.59 

0.44-0.79 

1193 

non-SCC 

advanced 

2nd line, poPt 

Checkmate-57 

Phase 3 

Nivolumab Docetaxel 19 vs 12 0.73 

0.59.0.89 

1192 

advanced 

2nd line, poPt 
POPLAR 

Phase 2 

Atezolizumab Docetaxel 15 vs 15 0.73 

0.53 vs 

0.99 

1215 

advanced 

2nd line, poPt 

OAK 

Phase 3 

Atezolizumab Docetaxel 14 vs 13 0.73 

0.62-0.87 

1216 

Stage IV/rec 

PD-L1 high 

1st line 

Keynote-024 

Phase 3 

Pembrolizumab Pt based 45 vs 28 0.6 (TC ≥ 

50%5) 

0.41-0.89 

1202 

Stage IV/rec 

1st line 

CheckMate-026 

Phase 3 

Nivolumab Pt-based 34 vs 39 0.9 (TC ≥ 

50%5) 

0.63-1.29 

1217 

Stage IV/rec 

high TMB6 

1st line 

CheckMate-227 

Phase 3 

Ipilimumab 

Nivolumab 

Pt-based 45.3 vs 26.9 0.58 

0.41-0.81 

(PFS) 

1218 

SCC 

advanced 

1st line 

NCT01285609 

Phase 3 

Ipilimumab 

Pt-based 

Pt-based 44 vs 47 0.91 

0.77-1.07 

1204 

non-SCC 

advanced 

1st line 

Keynote-189 

Phase 3 

Pembrolizumab 

Pt-based 

Pt-based 47.6 vs 18.9 0.49 

0.38-0.64 

9 

non-SCC 

advanced 

+EGFR/ALK 

1st line 

IMpower150 

Phase 3 

Atezolizumab 

Bevacizumab 

Pt-based 

Bevacizumab 

Pt-based 

63.5 vs 48.0 0.78 

0.64-0.96 

1205 

Urothelial carcinoma 

advanced 

2nd line, poPt 

Keynote-045 

Phase 3 

Pembrolizumab Paclitaxel or 

Docetaxel or 

21.1 vs 11.4 0.73 

0.59-0.91 

1219 
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Vinflunine 

advanced 

2nd line, poPt 

IMvigor211 

Phase 3 

Atezolizumab Paclitaxel or 

Docetaxel or 

Vinflunine 

23 vs 22 0.87 

(IC5≥5%) 

0.63-1.21 

1220 

advanced 

2nd line, poPt 

CheckMate-275 

Phase 2 

Nivolumab Single arm 19.6 - 1221 

advanced 

2nd line, poPt 

NCT01693562 

Phase 1/2 

Durvalumab Single arm 31.0 - 1222 

advanced 

2nd line, poPt 

JAVELIN 

Phase 1b 

Avelumab Single arm 18.2 - 1223 

Pt-ineligible 

1st line 

Keynote-052 

Phase 2 

Pembrolizumab Single arm 29 - 1224 

Pt-ineligible 

1st line 

IMvigor210 Atezolizumab Single arm 23 - 1225 

SCCHN 

advanced 

2nd line, poPt 
CheckMate-141 

Phase 3 

Nivolumab Methotrexate 

Docetaxel 

Cetuximab 

13.3 vs 5.8 0.7 

0.51-0.96 

1226 

advanced 

2nd line, poPt 

Keynote-012 

Phase 1b 

Pembrolizumab Single arm 16 - 1227 

Gastric and gastro-esophageal junction cancer 

Advanced 

2nd line, poPt 

Keynote-061 

Phase 3 

Pembrolizumab Paclitaxel 16 vs 14 

 

0.82 

0.66-1.03 

1228 

Advanced 

2nd line or 

higher 

Keynote-059 

Arm 1, Phase 2 

Pembrolizumab - 11.6 

PL-L1+:15.5 

PL-L1-:6 

- 1229 

Advanced 

1st line 

Keynote-059 

Arm 2, Phase 2 

Pembrolizumab 

Cisplatin-based 

- 60 

PL-L1+:69 

PL-L1-:38 

- 1230 

 

1ORR, overall response rate; 2hazard ratio is always given for overall survival, if not stated extra as 

progression-free survival (PFS); 3poPt, progressed on Pt-based chemotherapy; 4pembrolizumab at 2mg/kg 

and 10mg/kg versus docetaxel; 5 subgroups analyzed either ITT (intended-to-treat population) or concerning 

PD-L1 expression in tumor cells (TC) or immune cells (IC); 6high TMB, ≥10 mutations per megabase. 

 

8.3.2. Urothelial carcinoma  
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Since about 30 years, metastatic urothelial carcinoma has been treated primarily with Pt-based 

chemotherapy. However, besides melanoma and lung cancer, also urothelial carcinoma therapy was recently 

revolutionized by introduction of immune checkpoint inhibitors. Comparable to lung cancer, immune 

checkpoint inhibitors were evaluated as second-line treatment following chemotherapy failure which led to 

approval of five antibodies so far, namely atezolizumab1220, pembrolizumab1225, nivolumab1221, 

durvalumab1222 and avelumab1223 (the respective clinical studies are listed in Table 1). While pembrolizumab 

was clearly superior to second-line chemotherapy with regard to overall survival in this setting (Keynote-

045),1219 atezolizumab was only active in a smaller subgroup of patients and failed to extend overall survival 

(IMvigor211).1220 For the other three antibodies, approval was based on single-arm phase 2 studies not 

allowing comparison to second-line chemotherapy.1221-1223  

As Pt-containing chemotherapy is highly active in this tumor type with response rates of about 50%, no 

single drug checkpoint inhibitor study has been published so far. However, a substantial percentage (up to 

around half) of the mainly elderly patients are ineligible to this treatment based on comorbidities and poor 

prognostic parameters. In this Pt-ineligible patient subgroup, first-line treatment with checkpoint inhibitors 

was recently demonstrated to be beneficial with response rates of 24% and 23% for pembrolizumab and 

atezolizumab in phase 2 settings, respectively, leading to clinical approval.1224,1225 Combination studies with 

checkpoint inhibitor antibodies and Pt-based chemotherapy, allowing to estimate a possible synergistic 

effect comparable to NSCLC, are under way (summarized in1231) but data have not been published so far.  

 

8.3.3. Head and neck squamous cell carcinoma (SCCHN) 

SCCHN is a quite common malignancy accounting for a high percentage of cancer deaths. Besides smoking 

and alcohol, HPV infection has been recognized as a major cause for SCCHN. Accordingly, this tumor is 

strongly dependent on immune evasion, and multiple immunological parameters like CTL infiltration and 

the amount of regulatory immune cells have strong prognostic power (reviewed recently by1232). With regard 

to immune-related interventions, for sure preventive vaccination of HPV-mediated SCCHN is the most 

impressive success story. In addition, numerous immune-related approaches have been tested with 

therapeutic intention including HPV-based vaccination approaches on the basis of peptides, nucleic acids, 

viral vectors, DC, and adoptive cell transfer including CAR-T cells.1232,1233 However, despite the application 

with Pt-based therapy in some cases, no conclusive data on any interaction have been published so far.  

With regard to checkpoint inhibitors, also in case of SCCHN impressive benefits were achieved, changing 

the landscape of systemic therapy at advanced disease. Such, nivolumab and pembrolizumab have been 

approved in second-line treatment following progression on Pt-containing chemotherapy based on a 

randomized phase 3 (CheckMate-141)1226 and a multi-cancer phase 1b study (Keynote 012)1227, respectively 

(Table 1). Again, it would be interesting to know how much the nature of first-line chemotherapy impacts 

on the immunotherapeutic response. Currently, several trials are testing the quality of checkpoint inhibitors 
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in the first-line setting. Unfortunately, only Keynote-048 tests a combination of immunotherapy 

(pembrolizumab) with metal-based chemotherapy (EXTREME protocol with Pt, 5-FU, and the EGFR 

antibody cetuximab) in addition to the monotherapy arms. The Kestrel (durvalumab) and the Checkmate-

651 (nivolumab+ipilimumab) study only comprise separated immunotherapy and Pt-based chemotherapy 

arms. Considering the impressive data in lung cancer9, the study design missing the combination arms might 

be somewhat shortsighted. 

 

8.3.4. Gynecological malignancies 

Pt-containing regimens are widely used in standard therapy of advanced gynecological malignancies 

including ovarian, cervical and endometrial carcinoma. Several of these diseases are strongly influenced by 

immunological parameters and diverse immune markers correlate with prognosis. Additionally, molecular 

subgroups prone to be especially responsive to immune checkpoint inhibitor blockade exist, including a 

hypermutation background in BRCA1- and BRCA2-associated ovarian cancer as well as exonuclease 

domain of polymerase ɛ (POLE)-ultramutated and MMR-deficient, hypermutated endometrial cancer.1234 

Moreover, cervical carcinoma is, due to its etiology based on HPV infection, generally characterized by a 

distinct immune TME. Although checkpoint inhibitor antibodies have not been approved for gynecological 

malignancies so far, several clinical studies are under way both in second-line therapy or in first-line 

combination with Pt-based chemotherapy or, e.g. in BRCA-related cancer types, with PARP inhibitors 

(www.clinicaltrial.gov).1235 A phase 2 study in Pt-pretreated cervical cancer with the CTLA-4 antibody 

ipilimumab did not show single-agent activity, and the observed immunological changes did not correlate 

with clinical response.1236 In contrast, for PD-L1 inhibitors some single cases with impressive responses 

have been reported, and a phase 1b pembrolizumab study (Keynote-028) found a response rate of 17% in 

patients pretreated with Pt-chemotherapy and in most cases with bevacizumab. Accordingly, 15% of 

cisplatin-resistant ovarian cancer patients responded to nivolumab with 2/20 durable, complete 

remissions.1237 However, data for the respective randomized higher-phase trials are not published at the time 

of this review. Accordingly, combination studies with Pt-based chemotherapy are under way and the results 

are eagerly awaited.1235 

 

8.3.5. Gastric and gastro-esophageal junction cancer 

Despite declining in the Western hemisphere, gastric cancer is still characterized by a very high incidence 

especially in Eastern Asia. Consequently, it remains the third leading cause of cancer-related death 

worldwide.1230 Pt-based chemotherapy is the mainstay of systemic therapy in advanced stages combined 

with other chemotherapeutics in HER2-negative or trastuzumab in HER2-positive cases.1238 Regarding 

immunotherapy with checkpoint inhibitors, gastric cancer and gastro-esophageal junction cancer got into 

the focus of interest early, as these tumors express several checkpoint molecules and exert parameters of T 
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cell exhaustion including PD-L1 overexpression in up to 65% of cancer and immune cells.1239 Earlier phase 

studies with several PD-1/PD-L1 antibodies (pembrolizumab, nivolumab, avelumab, durvalumab) and the 

CTLA-4 antibody tremelimumab in second- or later-line after chemotherapy delivered response rates from 

6% in unselected up to about 22% in PD-L1-high tumors (reviewed in1230). However, pembrolizumab was 

not superior to paclitaxel in prolonging survival of patients with advanced gastric/gastro-esophageal junction 

cancer in second-line treatment after progression on Pt-based therapy (Keynote-0611228; Table 1). 

Nevertheless, pembrolizumab was approved by the FDA in September 2017 for patients expressing PD-L1 

in second-line after Pt- or HER2-related therapy. The decision was based on data from a monotherapy arm 

of the phase 2 Keynote-059 trial1229, indicating a response rate of 13.3% in PD-L1-high and MMR-deficient 

tumors in second or higher therapy line. These notable but still moderate responses might completely change 

with regard to a combination of pembrolizumab with Pt-based chemotherapy, indicating an impressive 

overall response rate of 60% in the entire cohort and even 69% in PD-L1-positive cases. These data are only 

available as abstract so far (discussed in1230) but would, comparable to NSCLC, indicate an excellent 

response level for this devastative disease and again suggest synergism of immunotherapy with Pt-based 

chemotherapeutic approaches. 

 

8.4. Outlook 

Over the last years, the picture regarding the impact of metal-based cancer therapy on immunological aspects 

of malignant diseases has changed fundamentally. It has increasingly been recognized that the cytotoxic 

effect against immune cells causing transient immune depletion might even offer the chance to overcome or 

revert major steps of cancer immune evasion, leading to a phase of renewed anticancer immune response. 

We propose, based on preclinical and clinical data, that these effects provide an ideal window for the 

combination of anticancer metal drugs and immunotherapeutic interventions. For the preclinical 

development of novel anticancer metal drugs, this implies that the complex interaction network with the 

anticancer immune response needs to be addressed in detail, if such drugs should indeed cross the border to 

clinical application. To be successful in that endeavor, for sure interdisciplinary research networks need to 

be established comprising, besides synthetic and analytical chemists, also biologists, immunologists and 

clinical oncologists. This implicates that the use of metal drugs in systemic anticancer therapy is not at an 

end. In contrast, a new area for these fascinating remedies in the fight against cancer has just begun.  
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3’-UTR   3’-untranslated region 

AC    adenocarcinoma 

ADCC   antibody-dependent cellular cytotoxicity  

ADCP   antibody-dependent cellular phagocytosis 

AGE    advanced gycation end products  

AIM2   absent in melanoma 2  

AIRE    autoimmune regulator 

AKI   acute kidney injury 

ALL   acute lymphoblastic leukaemia  
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AMPK     5’-AMP-activated protein kinase 
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AP-1    activator protein-1 

APC   antigen-presenting cell  

APL    acute promyelocytic leukemia 

AR    adenosine receptor  

ATG7   autophagy related 7 

ATO    arsenic trioxide 

ATP    adenosine triphosphate 

ATRA    all-trans retinoic acid 

BCR    B cell receptor 

BMDC    bone marrow-derived dendritic cell 

BMDM   bone marrow-derived macrophage 

Breg    regulatory B cell 

cAMP   cyclic adenosine monophosphate 

CAR   chimeric antigen receptor  

CCL    chemokine ligand 

CCR    chemokine receptor 
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CD    cluster of differentiation 

CDC    complement-dependent cytotoxicity  

CEA    carcinoembryonic antigen 

cGAS-STING   cyclic GMP-AMP synthase-stimulator of interferon genes 

CIC    circulating antibody immune complex 

CIC    conjugated complement C1q 

CIK cell  cytokine-induced killer cell 
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CIPN    chemotherapy-induced peripheral neuropathy 

CLR    C-type lectin receptor  
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CNS    central nervous system 
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CO    carbon monoxide 

CORM    carbon monoxide (CO)-releasing molecules  

COX    cyclooxygenase 

CREB    cAMP responsive element-binding protein  

CRT    calreticulin 

CSF1   colony stimulating factor 1 

CSF-1R   CSF1 receptor 

CTL    cytotoxic T lymphocyte 

CTLA-4   cytotoxic T-lymphocyte-associated protein 4 

Ctr1    copper transport protein 1 

DAMP    damage-associated molecular pattern 

DC   dendritic cell 

DDR    DNA damage response  

DISC    death-inducing signaling complex  

DNAM-1   DNAX-accessory molecule-1  

DR4/5   death receptor 4/5  

DRG    dorsal root ganglia  

ECM    extracellular matrix  

EGCG    epigallocatechin-3-gallate  

ENS   enteric nervous system  

EPR    enhanced permeability and retention  

ER    endoplasmic reticulum  
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Fc   fragment crystallizable region 

GAPDH   glyceraldehyde-3-phosphate dehydrogenase  

GI tract   gastrointestinal tract 

GM-CSF   granulocyte-macrophage colony-stimulating factor 
HIF1α    hypoxia-inducible factor-1α  
HLA    human leukocyte antigen 

HMGB1  high-mobility group box 1  

HO   heme oxygenase 

HPV    human papillomavirus  

HSP    heat shock protein  
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ICD    immunogenic cell death 
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IFN   interferon 
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IRF    IFN regulatory factor  
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Jak    Janus kinase 

KIR   killer-cell immunoglobulin-like receptor 

LAK cell   lymphokine-activated killer cell  

LFA-1   lymphocyte function-associated antigen 1 

LPS   lipopolysaccharide 

MAMP   microorganism-associated molecular pattern 

MAPK    mitogen-associated protein kinase 

MCP-1    monocyte chemotactic protein-1 

MDS    myelodysplastic syndrome 

MDSC    myeloid-derived suppressor cell 
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MLKL    mixed lineage kinase domain-like pseudokinase  
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MSC    mesenchymal stem cell 

mTEC    medullary thymic epithelial cell  
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NADPH   nicotinamide adenine dinucleotide phosphate 

NFAT   nuclear factor of activated T cells 

NFĸB    nuclear factor kappa B 

NK cell   natural killer cell  

NKG2D   natural killer group 2D  

NKT cell   natural killer T cell  

NLR    neutrophil-to-lymphocyte ratio  

NLR    NOD-like receptor  

NO    nitric oxide 

NOS    nitric oxide synthase 

NOX    NADPH oxidase 

NP    nanoparticle 

Nrf2   NF-E2-related factor 2  

NSCLC   non-small cell lung cancer 

Oct2    organic cation transporter 2 

ODN    oligodeoxynucleotide  

OHC    outer hair cell 

PAMP    pathogen-associated molecular pattern 

PARP    poly (ADP-ribose) polymerase 

PBMC    peripheral blood monocyte 

PCC    pancreatic cancer cell  

PD-1   programmed death-1   

PDAC    pancreatic ductal adenocarcinoma 

PD-L1   programmed death-ligand 1  
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PERK    protein kinase R-like ER kinase  

PFS    progression-free survival  

PG   prostaglandin  

Ph chromosome  Philadelphia chromosome 

PKC   protein kinase C  

PMIDA   N-Phosphonomethyl iminodiacetic acid 

PML    promyelocytic leukemia  

PNS   peripheral nervous system  

PRR    pattern recognition receptor 

PSA    prostate-specific antigen  

PSC    pancreatic stellate cell 

RA    rheumatoid arthritis  

RAGE    receptor for advanced glycation end products  

RARα   retinoic acid receptor-alpha 

RIG-I    retinoid acid-inducible gene I 

RIPK    receptor-interacting serine/threonine kinase 

RNS    reactive nitrogen species 

RT   radiotherapy 

SCC    squamous cell carcinoma  

SCCHN   head and neck squamous cell carcinoma  

SCID    severe combined immunodeficiency 

SCN    sensitive cluster nanoparticle 

SOD   superoxide dismutase 

STAT    signal transducer and activator of transcription 

TAA    tumor-associated antigen 

TAM    tumor-associated macrophage  

TAN   tumor-associated neutrophil 

TCR    T cell receptor 

TFH   follicular TH cell 

TGF-β    Transforming growth factor- β 
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TLR    therapy-related leukemia  

TLR   Toll-like receptor 

TMB    tumor mutation burden 
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TNF   tumor necrosis factor 

Tr1   type 1 regulatory T cell 

TRAIL   TNF-related apoptosis-inducing ligand 

Treg   regulatory T cell  

TREM2   receptor expressed on myeloid cells 2 

TRL    therapy-related leukemia 

TROP2/TACSTD2 tumor-associated calcium signal transducer 

TRPV1   transient receptor potential vanilloid 1 channel 

Trx    thioredoxin 

TrxR    thioredoxin reductase 

TSA   tumor-specific antigen  

ULK1   unc-51 like autophagy activating kinase 1 

UPR    unfolded protein response 

VCAM   vascular cell adhesion molecule  

VEGF   vascular endothelial growth factor 

VEGFR  vascular endothelial growth factor receptor 
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