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Abstract 

Immune checkpoint inhibitors (ICIs) have shown unprecedented benefits in various adult cancers, 

and this success has prompted the exploration of ICI therapy even in childhood malignances. 

Although the use of ICIs as individual agents has achieved disappointing response rates, 

combinational therapies are likely to promise better results. However, only a subset of patients 

experienced prolonged clinical effects, thus suggesting the need to identify robust bio-markers that 

predict individual clinical response or resistance to ICI therapy as the main challenge. In this review, 

we focus on how the use of ICIs in adult cancers can be translated into pediatric malignances. We 

discuss the physiological mechanism of action of each IC, including the most widely studied (PD-1, 

PD-L1 and CTLA-4), and the new emerging ones (LAG-3, TIM-3, TIGIT, B7-H3, BTLA and IDO-

1), and evaluate their prognostic value in both adult and childhood tumors. Furthermore, we offer an 

overview of preclinical models and clinical trials currently under investigation to improve the 

effectiveness of cancer immunotherapies in these patients. Finally, we outline the main predictive 

factors that influence the efficacy of ICIs, in order to lay the basis for the development of a pan-cancer 

immunogenomic model, able to direct young patients towards more specific immunotherapy. 
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1. Introduction 

Pediatric cancer represent the leading cause of death by disease among children. Overall, the most 

common types of cancer are leukemia, lymphoma and brain and central nervous system (CNS) 

tumors, followed by soft tissue sarcomas (STS), neuroblastoma (NB) and kidney tumors in children 

(age 0 to 14 years), and by gonadal germ cell tumors (meGCTs), thyroid cancer and melanoma (MM) 

in adolescents (ages 15 to 19) [1].  Solid tumors account for almost 60% of all pediatric cancers [2]. 

Although survival rates for most childhood malignances have significantly improved in the last 

decades, thanks to the combined action of chemotherapy, surgery and radiation therapy, the clinical 

outcome of some cancer patients still remains extremely low, with a high risk of recurrence or 

consequent onset of malignant neoplasms, thus determining the need for long‐term clinical 

monitoring of childhood cancer survivors [3]. Furthermore, the side-effects and long-term sequelae 

of anti-cancer chemotherapy remain a major source of concern for both patients and clinicians, with 

the consequential cost of cure for the majority of children diagnosed with cancer [4, 5]. For all these 

reasons, new approaches to improve tolerance and reduce adverse consequences of cancer 

chemotherapy are needed [6]. Cancer immunotherapy represents a new alternative option to 

conventional therapies. The ability to target the host immune system rather than the cancer itself has 

revolutionized the treatment of multiple malignancies over the past decades [7]. Cancer 

immunotherapy can be classified into i) synthetic immunotherapies, designed to initiate new immune 

responses directed toward tumor-expressed targets, such as monoclonal antibodies (mAbs) and 

chimeric antigen receptors (CARs), and ii) agents designed to amplify natural immune responses, 

such as immune checkpoint inhibitors (ICIs) [7]. In general, mAbs have been found to be effective 

when administrated as bispecific molecule, able to simultaneously bind a tumor antigen, and activate 

T cells (by binding CD3) to direct kill the tumor cells brought into close proximity by the antibody. 

Blinatumomamab, is an anti-CD3/anti-CD19 bispecific Ab that target CD19-expressing B cell acute 

lymphoblastoid leukemia both in adult and pediatric patients [8, 9]. Another effective bispecific mAb 

is the anti-CD3/anti-GD2 able to redirect activated T cells to target GD2-expressing NB and 

osteosarcoma (OSS) [10]. Adoptive transfer of T cells expressing CARs targeting tumor antigens has 

also produced encouraging results in pediatric cancers. For a comprehensive overview of the effects 

of synthetic immunotherapies against childhood cancers, please refer to Majzner 2017 Cancer Cell, 

etc [7]. 

The recent development of immune checkpoint inhibitors (ICIs), object of the present perspective, 

represents a crucial milestone in the immuno-oncology field for their ability to make immune cells 

able to control tumor growth [11-13]. The impressive results achieved in several adult cancer patients 
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[14-17], has prompted the exploration of the ICIs therapy also in childhood malignances, as a 

promising alternative therapy, aimed to reinvigorate anti-tumor responses also in pediatric cancers. 

Here, we review the current state of the art of IC molecules in solid adult neoplasms, and how this 

knowledge can be translated into pediatric solid tumor therapies. To this aim, we summarize i) the 

physiological mechanism of action of ICs and their prognostic value in both adult and childhood 

malignances, ii) the preclinical models employed for ICIs studies in adult and pediatric solid tumors, 

iii) the most recent ICI clinical trials aimed to strengthen the immunotherapy strategies and overcome 

the existing obstacles on the effectiveness of checkpoint inhibition in cancers, and iv) the approved 

and emerging predictive biomarkers of ICI therapy response. 

 

2. Immune-checkpoints: physiological function and mechanisms of regulation  

T-cell function represents a perfect balance between positive and negative signals by which 

transformed cells are eliminated. The recognition and destruction of damaged cells typically occurs 

through binding of the T-cell receptor (TCR), expressed by T-cells, to peptide-major 

histocompatibility complexes (MHC) on antigen-presenting cells (APC) and tumor cells. IC 

molecules are one of the main players in maintaining the individual's immune homeostasis, by 

regulating the level and duration of physiological immune responses. The different IC molecules are 

important for limiting tissue damage and promoting self-tolerance by suppressing the inflammatory 

activity of T-cells. 

At this regard, PD-1 (Programmed cell Death 1, CD279) is a crucial regulator of normal host 

physiology and programmed cell death of lymphocytes [18]. PD-1 was discovered in 1992 at the 

University of Kyoto [19] with a project aimed at selecting all the genes involved in apoptosis. The 

protein encoded by the PDCD1 gene located on chromosome 2q37.3 [20] is a type I membrane 

protein belonging to the CD28 superfamily [19]. The critical role of PD-1 in maintaining peripheral 

tolerance was evident even before the discovery of its ligands. Indeed, PD-1-deficient mice 

spontaneously developed autoimmune diseases (AD), such as lupus-like proliferative arthritis and 

glomerulonephritis [21]. PD-1 binds two members of the B7 family, PD-L1 (CD274) and PD-L2 

(CD273) [22, 23]. PD-L1 is expressed on a wide range of tissues, including primary and secondary 

lymphoid organs and healthy non-hematopoietic tissues. In contrast, the expression of PD-L2 is 

restricted to APCs in lymphoid tissues [24, 25]. Structurally, PD-1 contains a cytoplasmic domain 

with two tyrosine-based signaling motifs, a transmembrane domain, and an Ig-V like extracellular 

domain [19] (Figure 1). PD-L1 includes a short cytoplasmic tail, a transmembrane domain, and the 

Ig-V- and Ig-C-like extracellular domains [26-28] (Figure 1). The interactions between the 

extracellular domains of PD-L1 and its receptor determine the recruitment of type 11 and 6 non-
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receptor tyrosine-protein phosphatases (also known as SHP-2 and SHP-1 proteins, respectively), 

which attenuate the T-cell activating signals [19, 29]. T-cell activity is affected by PD-1/PD-L1 

interaction in several ways, including inhibition of T-cell proliferation, survival and cytokine 

production [22, 26, 28, 30-33]. PD-1 is expressed during the initial antigen activation on different 

subsets of T cells, B cells, natural killer (NK) cells, some myeloid cells and cancer cells [34, 35].  

CTLA-4 (Cytotoxic T-lymphocyte antigen 4, CD152) is an inhibitory receptor able of arresting 

potential autoreactive T-cells in the initial stage of their activation [36]. It is a member of the 

immunoglobulin (Ig) superfamily and is structurally homologous to the CD28 molecule, the 

counterpart with a costimulatory function [37]. The human CTLA4 gene is mapped on chromosome 

2q33 [38] near the CD28 gene, from which it is 25 to 150 kb away [39]. The discovery of CTLA-4 

function as a negative T-cell regulator dates back to 1995 [40]. CTLA-4 competes with CD28 to bind 

to the same ligands, CD80 and CD86 inhibiting immune responses [37]. CTLA-4 is able to bind to 

CD80 and CD86 with greater affinity and avidity than CD28 [41], thus overcoming the risk of 

excessive T-cell activation and blocking immune responses against self. CTLA-4 can exists in 

different isoforms due to alternative mRNA splicing [42]. The main isoform is a transmembrane 

protein, containing an extracellular domain, a transmembrane domain and a cytoplasmic tail (Figure 

1). CTLA-4 exerts its inhibitory action directly through the de-phosphorylation of TCR via SHP-2 

and PP2A [43]. More recently, CTLA-4 was shown to capture and remove CD80 and CD86 from the 

membranes of APCs, making them unavailable for CD28 binding [44]. The soluble CTLA-4 isoform 

has been shown to inhibit early T-cell activation, and its serum levels have increased in several ADs 

[45]. CTLA-4 is upregulated in conventional T-cells after their activation and constitutively expressed 

by regulatory T (Treg) cells [46]. CTLA-4-deficient mice have been frequently reported to develop a 

lethal AD with strong lympho-proliferation [47, 48]. Moreover, several polymorphisms of the CTLA-

4 gene detected through genome-wide association studies (GWAS) are associated with various AD, 

including systemic lupus erythematosus, rheumatoid arthritis (RA), Grave's disease (GD), 

autoimmune hypothyroidism and type 1 diabetes [47].  

LAG-3 (lymphocyte activation gene 3) is a lymphocyte checkpoint protein whose mechanism of 

action is still unknown [49]. LAG-3 was discovered by Triebel et al. in 1990 [50], and is encoded by 

the homonym homologous gene mapped on chromosome 12p13 [50]. Given the structural homology 

with CD4, LAG-3 and CTLA-4 was supposed to derive from a common evolutionary ancestor gene 

[50]. One of the first functions attributed to LAG-3 was the ability to induce dendritic cell (DC) 

maturation [51]. Structurally, LAG-3 is a transmembrane protein belonging to the Ig superfamily 

consisting of four extracellular domains referred as D1-D4 [50] (Figure 1). The canonical ligand of 

LAG-3 is MHC class II molecule (MHC-II) [52], however direct evidence on their physical 
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interaction is still missing [53]. MHC-II interacts with the CD4 receptor stimulating activation of 

helper T cells [54]. Moreover, the fact that LAG-3 also regulates the activity of CD8+ T cells and NK 

cells, which do not interact with MHC-II [55], led researchers to identify additional unknown LAG-

3 ligands [53]. Recently, LAG-3 has been shown to bind Galectin3 and FGL1 [53, 56]. The latter is 

now considered an important functional ligand of LAG-3. LAG-3 is expressed on activated T-cells, 

both CD4+ and CD8+ T-cells, and NK cells, in which negatively regulates effector function, 

homeostasis and proliferation [54, 57-61]. In addition, LAG-3 is also expressed on Treg cells [62-

64], B cells [65] and plasmacytoid DCs [66]. LAG3-deficient mice in nonobese diabetic background 

exhibited accelerated autoimmune diabetes with 100% penetrance [67]. 

TIM-3 (T-cell Ig and mucin domain 3) is a type I transmembrane protein identified for the first time 

on Type 1 CD4 helper (Th1) and cytotoxic CD8+ T cells in 2002 [68]. TIM-3 is encoded by the 

HAVCR2 gene located on chromosome 5q33.2 [69]. It belongs to the Ig super family. Structurally, it 

contains an N-terminal IgV domain, a mucin-like domain with glycosylation sites, and a C-terminal 

cytoplasmic domain with two out of five tyrosine residues, which have been shown to be 

phosphorylated and critical for TIM-3-mediated signaling [70, 71] (Figure 1). TIM-3 is defined as 

an IC molecule, and several studies have reported an association between HAVCR2 polymorphisms 

and the risk of developing AD, such as GD, Hashimoto's disease, idiopathic thrombocytopenic 

purpura, multiple sclerosis , and RA [68, 72-75]. However, more recently, TIM-3 has been shown to 

play a co-stimulatory enhancing function, thus suggesting its dual role with both stimulating and 

inhibitory functions [70, 76, 77]. TIM-3 can bind four ligands: Gal-9 (galectin-9), PtdSer (phospatidyl 

serine), HMGB1 (high-mobility group protein B1) and Ceacam-1 (Carcinoembryonic Antigen 

Related Cell Adhesion Molecule 1) [78]. The interaction of TIM-3 with Gal-9 causes apoptosis of 

Th1 cells [79]. PtdSer is over-expressed in apoptotic cells and causes the clearing of apoptotic bodies 

and the reduction of antigens cross-presentation by DCs [80, 81]. The binding of HMGB1 dampens 

the activation of innate immune responses thus interfering with the stimulation of nucleic acids [82, 

83]. The mutual interaction between TIM-3 and Ceacam-1 is required to promote T-cell exhaustion, 

thus suggesting that the inhibitory function of TIM-3 depends on Ceacam-1 co-expression [84]. This 

could explain the apparently contradictory reports of TIM-3 function in T cells. TIM-3+PD-1+CD8+ 

T-cells have been shown to represent a “deeply” exhausted T-cell population compared to TIM-3-

PD-1+ CD8+ T-cells [83]. Indeed, TIM-3 is generally co-expressed with other checkpoint receptors 

in T-cell exhaustion contexts [85]. TIM-3 is also expressed by innate immune cells, including DCs 

[82, 86] and NK cells [87].  During chronic HIV infection, TIM-3 is able to inhibit NK and DC 

function by interfering with TLR signaling via the recruitment of IRF7 and p85 to lysosomes [88]. 
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TIGIT (T-cell Ig and ITIM domain) is a cell surface protein encoded by the homonymous gene, 

mapped on chromosome 3q13.3. It was discovered in 2009 following a bioinformatics analysis aimed 

at identifying all the genes expressed in activated T-cells [89]. Structurally, TIGIT has a single Ig 

domain, followed by a type I transmembrane domain and a single intracellular immune-receptor 

tyrosine-based inhibitory motif (ITIM) [89] (Figure 1). It belongs to the PVR family [89] and, 

together with CD96 and CD226 (DNAM-1), forms a pathway similar to that of CTLA-4/CD28 [90]. 

Indeed, TIGIT and CD96 exert an inhibitory function, whereas CD226 is a co-stimulating receptor. 

They compete to bind to the same ligands, i.e., CD155 (PVR, necl-5) and CD112 (PVRL2, nectin-2) 

[89]. TIGIT preferably binds to PVR rather than nectin-2, and the interaction between TIGIT and 

PVR is greater than that between DNAM-1 and PVR [89]. This allows to destroy the co-stimulation 

driven by DNAM-1, thus providing a cell-inhibitory signal [90]. Homodimerization between TIGIT 

and PVR is required to recruit SHP-2 molecules [91], which inhibits ERK activation in DC [89], 

dampening T-cell responses [89]. Another mechanism by which TIGIT regulates the responses of 

effector T-cells is the activation of Treg cells [92]. Flow cytometry analysis showed that TIGIT is 

expressed on the surface of αβ T-cells upon activation [93, 94], memory T-cells, and Treg cells [89, 

95]. Interestingly, TIGIT is also expressed on NK cells in which it inhibits NK cell-mediated killing 

[96]. 

There are other immune checkpoints whose role has not yet been defined, including B7-H3, BTLA 

and IDO-1.  

B7-H3 (CD276 molecule, cytogenetic locations: 15q24.1) is a quite intriguing molecule (Figure 1). 

It was initially defined as a stimulatory molecule [97], whereas now is believed to be part of inhibitory 

receptors [98]. Controversial evidences have been described for B7-H3 in humans (where it inhibits 

the activation of naive T-cells and the production of cytotoxic cytokines [98]) and in mice (where it 

stimulates T cell proliferation [99, 100]). However, since neither its receptor nor stimulating factors 

have been identified, a clear functional picture cannot be defined [101]. 

Another molecule similar to PD-1 and CTLA-4 is BTLA (B- and T-lymphocyte attenuator, CD272) 

[102], whose protein in humans is encoded by the homonymous gene mapping on chromosome 

3q13.2. It belongs to the CD28 family and is structurally an Ig with two immunoreceptor tyrosine-

based inhibitory motifs (Figure 1). The interaction with its herpes virus entry mediator (HVEM) 

(herpes virus entry mediator) ligand, a member of the TNF receptor [103, 104], led to phosphorylation 

of the immune-receptor tyrosine-based inhibitory motifs and recruitment of the SHP2 protein, which 

result in decrease of IL-2 production and T-cell proliferation [105, 106]. BTLA is constitutively 

expressed on Th1 cells, but not on naive T-cells, and its depletion causes an increase in T-cell 
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proliferation [102]. BTLA-deficient mice have an increased severity of allergic airway inflammation 

[107], autoimmune hepatitis–like disease [108] and autoimmune encephalomyelitis [102]. 

Finally, IDO-1 (indoleamine 2,3-dioxygenase) is a tryptophan catabolic enzyme encoded by the 

homonym gene on chromosome 8p11.21, which could be classified as an immune checkpoint due to 

its immune-inhibitory properties. Indeed, evidence highlighted that IDO-1 promotes cancer 

progression trough different mechanisms. Among these, the role of IDO-1 in modulating the immune 

system is becoming increasingly important. IDO-1 has been shown to suppress both T cells [109, 

110] and NK cells [111, 112], and activate Treg cells [113] and myeloid-derived suppressor cells 

(MDSC) [114]. 

Given the emerging evidence indicating how the level of ICs on different immune cells can influence 

normal homeostasis, it is critical to understand how the levels of IC expression at the cell surface are 

regulated, and how this regulation may vary between immune cells and tumors cells.  

 

3. Prognostic value of ICs in adult and childhood cancers 

ICs molecules are frequently overexpressed during cancer development as mechanism of immune 

subversion in response of oncogenic signaling and inflammatory cytokines, able to enhance tumor 

tolerance and evade cancer eradication by the immune system. Therefore, the precise quantification 

and characterization of ICs within tumor microenvironment (TME) is receiving increasing attention 

in order to understand whether IC protein expression can be used as a potential biomarker for patient 

survival prediction. To date, the expression and prognostic significance of IC molecules in TME have 

been widely explored in various adult cancers, and to a lesser extent in children with solid tumors.  

 

3.1 ICs expression in adult cancers  

A recent bibliometric analysis of global research on PD-1 and PD-L1 in cancer revealed a total of 

7359 articles published after 2014 [115]. In this section, we will focus on the most recent findings 

related to the prognostic role of PD-1 and PD-L1 in adult malignancies. The analysis of the PD-

L1/PD-1 axis was mainly performed through transcriptomic and immunohistochemistry (IHC) 

techniques, important in distinguishing PD-L1 expressed on tumor-infiltrating lymphocytes (TILs) 

and tumor cells. A meta-analysis conducted on different types of cancer revealed that the expression 

of PD-L1 by TILs (immune PD-L1) correlates with a good prognosis [116]. This evidence was 

confirmed on breast cancer (BC) [117], colon cancer (CC) [118] and ovarian cancer (OC). In OC, 

stromal TILs expressing PD-L1 may serve as a favorable prognostic factor, particularly in the serous 

carcinoma subtype [119]. In contrast, various studies have reported that the high density of tumor 

cells expressing PD-L1 (tumor PD-L1) has a negative impact on disease progression of different 
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tumors [120-123]. A systemic analysis conducted on 11,383 patients, revealed that PD-L1 is 

associated with several clinic-pathological features, and acts as a poor prognostic biomarker for 

patients with lung cancer (LC) [124]. Similarly, another study on a total of 14,367 BC patients showed 

that the density of PD-L1+ tumor cells is associated with large tumor size, histological grade tumors, 

high Ki-67 expression, and a shorter disease-free survival (DFS) [117]. The negative prognostic role 

of PD-L1 expression on tumor cells has also been confirmed in CC [125]. However, other studies 

have found no consistent effects of PD-L1 expression on survival rates, thus suggesting the need for 

further investigation [126-128]. To date, growing evidence has highlighted the discordance between 

the expression of PD-L1 on the primary tumor and metastases. Frequency of PD-1+ and PD-L1+ cells 

was detected in primary BCs and their corresponding distant metastases by IHC [129]. Analysis 

showed that PD-1 was differently expressed between primary tumor and metastases in half of the 

patients. In primary tumors, there was a correlation between PD-1 positivity and a higher tumor grade, 

as well as between immune PD-L1 and estrogen receptor negativity. Moreover, in survival analyses, 

an acquired expression of PD-L1 in metastases seems to indicate better survival [129]. PD-L1 

expression is temporally and spatially discordant even between lesions of primary and metastatic 

urothelial carcinoma (UC) [130]. Indeed, PD-L1 levels in primary tumors were not correlated with 

metastatic lesions [130]. Similarly, the differential expression of PD-1 and PD-L1 was also detected 

between primary and metastatic sites in renal cell carcinoma (RCC), with a higher detection rate in 

metastases rather than the primary site [131]. Finally, since tumor cells exert their immunosuppressive 

role by up-regulating PD-L1 and engaging the PD-1 receptor expressed on TILs, several authors have 

also focused on the prognostic role of PD-1 and its expansion in the TME of various malignancies 

[132, 133].  

Increasing findings have shown that a high expression of CTLA-4 in TME is linked to an unfavorable 

prognosis in several adult cancers. High tumor CTLA-4 expression was associated with poor 

prognosis in patients with nasopharyngeal carcinoma. No difference in terms of clinical outcome was 

observed between groups with high and low expression of immune CTLA-4 [134]. A study on 158 

patients with esophageal cancer (EC) showed a membrane and cytoplasmic expression of CTLA-4 

on both tumor cells and TILs, and in both cases, high expression was associated with shorter overall 

survival (OS) [135]. Furthermore, overexpression of CTLA-4 represents a negative prognostic factor 

also for patients with thymoma [136] and Her2-negative-BC [137]. A study on 536 patients with stage 

I-IIIA of non-small-cell lung cancer (NSCLC) showed discordant CTLA-4 expression levels between 

primary and metastatic tumor lesions. Indeed, in primary tumors the expression of CTLA-4 was not 

significantly associated with DFS neither in tumor epithelial cells (T-CTLA-4) nor in stromal cells. 

In contrast, there was an independent negative prognostic impact of T-CTLA-4 expression in 
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metastatic lymph nodes [138]. Recently, the combination of PD-1/CTLA-4 expression in TILs had a 

prognostic role in high-risk RCC patients [139]. Some recent reports have shown a significant 

accumulation of exhausted T-cells expressing multiple ICs, including PD-1 and CTLA-4 in TME. In 

BC patients, an increase in CTLA-4+ PD-1+ Treg cells within TME has been shown [140]. Similar 

results are reported in CC patients [141]. 

The first evidence on the prognostic role of LAG-3 occurred in 2006 in a cohort of 246 sera analyzed 

for the soluble form (sLAG-3) in BC patients. The authors found that both DFS and OS rates were 

higher in patients with estrogen or progesterone receptor positive tumor cells with detectable levels 

of sLAG-3 at diagnosis compared to patients with non-sLAG-3 detectable levels [142]. Similar results 

were obtained on gastric cancer (GC), in which sLAG-3 positively correlates with the frequency of 

CD8+ T-cells, production of IL-12 and IFN-γ, and better prognosis [143]. Conversely, LAG-3+ TILs 

were significantly increased in tumor tissues compared to peritumoral regions, and associated with 

the progression of colorectal cancer (CRC) [144]. Another study revealed that patients with CC had 

an enrichment of circulating Treg cells, typically associated with poor prognosis, and that most of 

them exhibited a LAG-3+ TIM-3+ phenotype [145]. LAG-3 expression was detected on TILs in STS 

and significantly associated with a poor clinical outcome [146]. In contrast, another study revealed 

that expression of LAG-3, PD-L1 and IDO-1 on TILs showed a better prognosis for patients with 

high microsatellite instability (MSI-H) CC [147]. In NSCLC, LAG-3+ TILs were analyzed by IHC 

staining in both intraepithelial and stromal compartments of primary tumors, as well as in the 

intraepithelial and extraepithelial compartments of metastatic lymph nodes. A good association was 

detected between their infiltration and improved DFS, thus representing an independent positive 

prognostic factor [148]. Recent studies have reported that elevated LAG-3 expression correlates with 

better OS and DFS in the EC patients [149]. LAG-3 and PD-1 are frequently co-expressed and 

upregulated within TME and lead to immune exhaustion and tumor growth [150]. Expression of 

LAG-3 and PD-1 on stromal or intra-epithelial TILs and tumor PD-L1 were evaluated by IHC on 

4322 primary BC specimens. The presence of LAG-3+ TILs in BC had significantly improved 

survival. Moreover, since a high percentage of PD-1/PD-L1+ tumors were co-infiltrated with LAG-

3+ TILs, the authors supported potential IC block combination strategies as a treatment option for BC 

patients [151]. A further study confirmed that PD-1 and LAG-3 were expressed simultaneously in 

approximately 15% of patients with triple-negative-BCs (TNBC). The expression of both checkpoint 

receptors was positively correlated with the presence of TILs [152]. 

TIM-3 has been shown to be correlated with the clinic-pathological features of several cancers, 

suggesting its potential role in tumor immunity [153, 154]. The presence of intratumoral TIM-3+ PD-

1+ CD8+ T-cells has been established as a critical mediator of an aggressive phenotype in RCC [155]. 
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Similar results were obtained by analyzing the TIM-3 expression on RCC [156]. A cohort of 3992 

BC specimens was investigated for the expression of TIM-3 in both intraepithelial and stromal TILs. 

BC patients with TIM-3+ intraepithelial TILs represent a minority of cases (11%), whereas TIM-3+ 

stromal TILs occurred in 20% of cases. In prognostic analyses, patients with early BC with TIM-3+ 

intraepithelial TILs significantly improved survival, whereas TIM-3+ stromal TILs did not reach 

statistical significance [157]. Conversely, the expression of tumor TIM-3 was correlated with poor 

clinical outcome in BC [158]. TIM-3 overexpression was associated with poor prognosis even in 

patients with OSS [159], hepatocellular carcinoma (HCC) [160] and CRC tissues [161]. Moreover, 

patients with MSI-H CC showed an association with high expression of TIM-3, thus representing a 

potential tool for the development of therapeutic targets [162]. Recently, the single-cell CyTOF 

analysis allowed to determine the distribution, functional associations and clinical significance of 

TIM-3, PD-1 and LAG-3 in NSCLC. The authors demonstrated that expression of TIM-3 was higher 

in macrophages and NK cells, whereas PD-1 and LAG-3 were predominantly localized on T-cell 

subsets and NKT-cells. The co-expression of PD-1, LAG-3 and TIM-3 has been associated with 

prominent T-cell activation (CD69/CD137), effector function (Granzyme-B), and proliferation (Ki-

67), as well as high levels of pro-apoptotic markers (FAS/BIM) [163]. The combination of Gal-9 and 

TIM-3 expression was proposed as an independent prognostic predictor for patients with GC, where 

high Gal-9 expression and low TIM-3 expression were significantly associated with long OS [164]. 

The prognostic effect of Gal-9 has recently been reviewed through a meta-analysis and, in general, 

its expression indicates a beneficial outcome in patients with solid tumors [165]. 

More than 1700 tumor samples from 86 different tumor entities were examined for expression of 

TIGIT and/or PD-1. The expression of TIGIT overlapped that of PD-1, highlighting significant 

opportunities for co-targeting with the corresponding checkpoint inhibitors. Interestingly, the highest 

density of immune TIGIT was found in immune-inflamed tumors, such as Warthin’s tumors, 

medullary-BC, seminoma, GC and squamous cell cancers of various origins [166]. Similarly, MM 

patients were characterized by CD8+ TILs expressing both TIGIT and PD-1 at high levels. CD8+ TILs 

isolated from MM patients exhibited a downregulation of DNAM-1 [167]. Expression of TIGIT and 

PVR was detected on tumor and T-cells of CC tissues at a higher rate [168]. Expression levels of 

TIGIT and PVR were increased in HCC compared to para-cancerous tissues. TIGIT and PVR 

expression was inversely correlated based on the different degree of liver tumor cell differentiation 

[169]. Variable frequency of TIGIT+ TILs was detected in seminomas (ranging from 2.3 to 69.4%) 

[170]. PVR/TIGIT and PD-L1/PD-1 were found expressed on small cell lung cancer (SCLC). High 

expression of TIGIT exhibited no significant association with survival, whereas high expression of 
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PVR alone, or in combination with PD-L1, was significantly associated with shorter survival and 

considered as an independent prognostic factor in patients with SCLC [171]. 

B7-H3 is widely overexpressed on solid tumors [172-177], making it an attractive target for cancer 

immunotherapy. In addition to its immune-regulatory role, with which it contributes to the tumor 

immune evasion [178], B7-H3 has intrinsic pro-tumorigenic activities related to enhanced cell 

proliferation, migration, invasion, angiogenesis, metastatic capacity and anti-cancer drug resistance 

[179]. Soluble form of B7-H3 has been detected at high levels in the serum of cancer patients [180, 

181]. Recent evidence has supported the pro-tumoral role of B7-H3 also for Squamous Cell 

Carcinoma of the Head and Neck (SCCHN) [182], cranio-pharyngiomas [183] and glioma patients 

[184]. High expression of B7-H3 is also detected in tumor-associated endothelial cells, and associated 

with advanced tumor grade [181]. At this regard, B7-H3 has also been observed in tumor cells and 

vascularization of the RCC, and found positively associated with a high number of FOXP3+ Treg 

cells [185]. Through multiplexed quantitative immunofluorescence, Carvajal-Hausdorf D et al., 

measured the levels of B7-H3 in 90 SCLC samples and found its presence in 65% of SCLC patients 

[186]. Aung et al., proposed to evaluate the co-localized expression of B7-H3/CD31 as a poor 

prognostic indicator and suggested strategies targeting B7-H3 as an effective approach to increase 

immune-activating therapies for Merkel cell carcinoma (MCC). Indeed, the increase co-localized 

expression of B7-H3 with CD31 significantly associated with an increased tumor size, invasion depth, 

presence of lymphovascular invasion and invasion beyond the skin in the primary MCC [187]. 

Few studies are available on BTLA expression, and its prognostic role in adult cancer patients. Jiayu 

Liu et al., have shown high expression of BTLA and HVEM on circulating CD4+ T cells of HCC 

patients [188]. Similar results were obtained by Zhao Q et al., thus providing evidence that BTLA 

signals can participate in suppressing function of CD4+ T cells in those patients [189]. Conversely, 

patients with metastatic MM, subject to adoptive cell therapy (ACT), showed high levels of 

CD8+BTLA+TILs, response to IL-2 and less-differentiated effector-memory cells that persisted 

longer in vivo after infusion, thus suggesting BTLA as a useful marker of T-cell differentiation in 

ACT [190]. In pancreatic cancer (PC), plasma levels of soluble PD-1, PD-L1 and BTLA were 

strongly correlated to each other and associated with very short OS [191]. A multivariate analysis 

established that high HVEM expression was an independent prognostic factor of GC associated with 

the worst OS along with depth of invasion, lymph node metastasis and histological grade. Similarly, 

BTLA was significantly associated with lymph node metastases and short OS [192]. 

Finally, the expression of IDO-1 is associated with tumor-induced tolerance and resistance to T-cell-

targeting therapies due to the recruitment and activation of MDSCs [193, 194]. The prognostic role 

of IDO-1 has been poorly investigated on TILs until a few years ago. IDO-1 activity has been 
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associated with poor prognosis and low survival rates in some adult cancers. The expression level, 

associations, and biological role of IDO-1 and PD-L1 have recently been determined in 552 NSCLC 

patients. Even though they showed limited co-expression, PD-L1 and IDO-1 were associated with an 

increase in TILs and IFNγ stimulation [195]. The prognostic value of PD-1, PD-L1, and IDO-1 was 

investigated in the sinonasal mucosal MM. The authors showed that the low expression of IDO-1 was 

correlated with worse DFS, and together with high PD-1 expression, was associated with poorer 

survival. These data led the authors to propose IDO-1 and PD-1 as further markers, together with 

clinical/pathologic staging, brain metastases, age and pigmentation, to evaluate the clinical outcome 

[196]. On GC, IDO-1 is associated with immuno-tolerance through attenuation of Treg cell activation; 

its expression constitutes an independent prognostic factor for OS and DFS, being associated with 

poor prognosis in patients with stage III [197]. The role of IDO-1, able to interact with 

immunocompetent cells and humoral immune factors affecting tumor progression and survival of GC 

patients, has also recently been confirmed by Li F et al. [198]. In surgically treated thymic carcinoma, 

significant survival benefit has been noted in patients with complete resection, high expression of 

FOXP3+ Treg cells and low levels of IDO-1 [199]. Conversely, high expression of PD-L1 and IDO-

1 was associated with high-grade thyme tumor histology [199].  

 

3.2 ICs expression in pediatric cancers  

Based on the role of PD-1 and PD-L1 as predictive biomarkers in adult cancers, numerous studies 

have also evaluated the PD-1/PD-L1 axis in pediatric tumors, mainly by IHC analysis. The results 

are generally discordant, with some studies reporting either high or low expression levels of PD-1 

and PD-L1 in a wide range of pediatric malignancies. Chowdhury F et al., evaluated 115 pediatric 

tumors and found that over 50% were PD-L1+ (86% of alveolar rhabdomyosarcoma, 72% of high-

risk NB, 57% of Ewing’s sarcoma (EWS), 50% of embryonal rhabdomyosarcoma and 47% of OSS). 

The authors demonstrated that, when grouped by cancer type, samples with the highest percentage of 

PD-L1 showed poorer survival, and an increase of CD8+TILs expressing PD-1 [200]. Majzner RG et 

al., showed PD-L1 expression in 39 out of 451 tested tumors (9%), with the highest frequency of PD-

L1 in glioblastoma multiforme (GBM) (36%; 5 of 14 tumors) and NB (14%; 17 of 118 tumors), that 

was associated with low survival [201]. Conversely, a further study comprising 124 different 

malignances, reported low expression of PD-1, PD-L1, and PD-L2 in many pediatric solid tumors 

and a poor correlation between the IHC score and mRNA expression [202]. Similar results had also 

been previously found by Aoki T et al., who reported that only 1 out of 53 cases showed PD-L1 

membrane staining, thus suggesting an inactivity of PD-1/PD-L1 pathway in pediatric cancers [203]. 

Several other studies have focused on the expression of PD-L1 and/or PD-1 on individual tumor 
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types. Dondero et al., have shown that PD-L1 can be acquired from NB cell lines and metastatic 

neuroblasts isolated from bone marrow (BM) aspirates of high-risk NB patients with different MYCN 

amplification status. The authors also documented the presence of lymphocytes expressing PD-1 

[204]. Melaiu et al., studied the relationship between frequency of PD-L1+ and HLA class I+ (HLA-

I) tumor cells, PD-1+ and LAG-3+ TILs, and clinical outcome in 77 NB patients [205]. The authors 

defined two groups of patients based on PD-L1 and HLA-I tumor cell densities: a group in which PD-

L1 is absent and the clinical outcome is driven by HLA-I, and a second group where the presence of 

PD-L1 directly affects the prognosis [205]. Multivariate Cox regression analysis revealed that the 

combined PD-L1 and HLA-I tumor cell density predicts the clinical outcome in NB patients [205]. 

In addition, they found that both MYC and MYCN control PD-L1 expression in NB, indicating that 

their pharmacological inhibition may represent a novel treatment strategy for targeting PD-L1 

expression in high-risk NB patients [205]. Liao et al., demonstrated a correlation between PD-L1 and 

the clinical features of NB patients [206]. In order to identify new markers predicting clinical outcome 

of pediatric meGCTs, Boldrini et al., recently described three different cancer phenotypes, including 

i) tumors not infiltrated by T-cells, ii) tumors highly infiltrated by PD-1+ CD8+ T-cells, and iii) tumors 

highly infiltrated by CD8+ T-cells within an immunosuppressive TME characterized by 

CD4+FOXP3+ Treg cells and PD-L1+ tumor cells. These findings supported the role of immune TME 

in the development of meGCTs [207]. Several studies have examined the expression of PD-L1 in 

pediatric sarcoma [208]. Chan Kim et al., investigated PD-L1 expression in 82 STSs including 

rhabdomyosarcoma (RMS), synovial sarcoma, EWS, epithelioid sarcoma and mesenchymal 

chondrosarcoma. PD-L1 was expressed in 43% of cases and significantly associated with shorter OS 

[208]. In OSS patients PD-L1 expression was significantly associated with increased infiltration of T 

cells, DC, and NK cells [209]. The PD-1/PD-L1 axis did not appear to be a predominant feature of 

EWS. Indeed, none of the 60 cases analyzed expressed PD-L1 on tumor cells, and only 5 showed PD-

L1+ TILs [210]. In RMS, the PD-L1 expression was found variable and strictly dependent on the 

antibody used [211]. Bertolini et al., reported a peculiar pattern of PD-L1 expression with tumor cells 

scantly positive for PD-L1, and recurrent PD-L1 expression in surrounding immune cells or 

infiltrating tumor burden [212]. Recently, immune evasion strategies have also been investigated in 

a series of tumors of the CNS. PD-L1 was found correlated with malignancy of astrocytoma and 

mainly expressed on Ki67-negative tumor cells [213]. In pediatric medulloblastoma (MB), with the 

exception of the sonic hedgehog subtype [214], a limited number of PD-1+ T cells and complete 

absence or low levels of PD-L1 were found [215]. Among pediatric ependymomas (PE), PD-L1 was 

expressed only by tumor and myeloid cells of supratentorial RELA fusion (RELA) tumors, which 

also expressed PD-1 on both CD4+ and CD8+ T cells. By contrast, the other subtypes had little PD-
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L1 with no prognostic significance [216, 217]. Finally, similarly to adult cancers, the expression of 

PD-L1 is dynamic also in pediatric tumors and it can be modulated by disease progression. In OSS, 

PD-L1 was detected in metastatic, but not primary tumors, thus suggesting that this pathway may 

limit cytotoxic control of metastatic OSS [218].  

Contardi E et al., showed that CTLA-4 was expressed by immune and tumor cells of NB, RMS, and 

OSS [219]. Two studies on NB have focused on LAG-3 expression. Morandi and colleagues found 

altered Treg cell trafficking in NB, with CD4+CD45R0+CD49b+LAG-3+ type 1 regulatory cell 

subtype present at a lower level both in the BM and peripheral blood from patients with NB, compared 

to their healthy controls [220]. A study of 77 cases of NB showed that the density of LAG-3+ 

lymphocytes, together with that of PD-1, was proportional to tumor-infiltrating immune cells and 

distributed mainly in tertiary lymphoid aggregates, structures that resemble lymph nodes. However, 

survival analysis performed by stratifying patients according to the median cut-off values of LAG-3+ 

lymphocyte densities did not significantly correlate with patient outcome [205].  

A comprehensive analysis of various checkpoint molecules (Gal-9, MHC-II and HVEM on tumor 

cells, and TIM-3, LAG-3 and BTLA on TILs) has recently been performed in common solid 

pediatric tumors, including 16 NB, 11 RMS, 12 OSS, 10 hepatoblastomas (HB), 10 Wilms tumors 

(WT), and 6 EWSs. While the expression of Gal-9 and MHC-II on tumor cells was limited, that of 

HVEM has been found at high levels in many types of tumor. NB, RMS, OSS and HB expressed 

moderate levels of TIM-3 on TILs. LAG-3 was expressed at moderate to high levels in TILs of NB, 

RMS, OSS, HB and WT. BTLA was detected at varying levels in each type of tumor included in the 

study [221]. The expression of the soluble form of TIM-3 was investigated in an independent set of 

pediatric OSS patients, and found associated with larger tumor size, late stages, distant metastases 

and lower survival [222, 223]. 

Similar to other checkpoint molecules, few studies examined B7-H3. It is expressed at high levels in 

NB and diffuse intrinsic pontine glioma (DIPG) [224]. B7-H3 expression was also evaluated by IHC 

on 68 primary OSS tissues and 37 osteochondroma. The intensity of B7-H3 in OSS was significantly 

increased compared to adjacent normal tissues, and inversely correlated with the number of TILs. 

Moreover, patients with high tumor B7-H3 levels had significantly shorter OS and recurrence [225]. 

Recently Majzner RG et al., conducted the largest screen to date of pediatric tumor tissues for B7-H3 

expression, and found that it is highly and homogeneously expressed on numerous pediatric solid 

tumors, including EWS, RMS, WT, NB and MB [226]. 

Finally, IDO-1 expression was assessed by IHC in tumor specimens from 15 patients with primary 

CNS tumors. A diffuse IDO-1 expression was detected in low-grade CNS tumor, whereas in high-

grade CNS tumors IDO-1 was absent or largely confined to endothelial cells [227]. Thirty pediatric 
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patients with OSS were immunohistochemically scored as five grades for IDO-1 expression. No 

significant correlation was detected between the intensity of IDO-1 expression and various variables, 

including gender, age, anatomical site, chemotherapy regimen, post-chemotherapy necrosis and 

surgical stage. However, patients with high IDO-1 expression had lower OS, suggesting that IDO-1-

mediated immune tolerance could play an important role in the metastatic potential of OSS affecting 

the clinical outcome [228]. 

Overall, the expression of PD-L1, B7-H3, and IDO-1 on tumor cells, and that of the other IC 

molecules on TILs is associated with poor prognosis. However, the presence of discordant results, 

among patients with the same tumor, could be due to different factors that influence the OS, such as 

ethnicity and therapeutic treatment, as well as to different technical aspects, such as the use of 

different monoclonal and polyclonal antibodies and the cut-off values. This makes it difficult to draw 

solid conclusions on the usefulness of IC molecules as universal prognostic biomarkers. Table 1 and 

2 show a schematic overview of the prognostic role of each checkpoint, of which FDA approved 

drugs are available, in different adult and pediatric cancers, respectively. 

 

4. Preclinical studies of Immune Checkpoint Inhibitors in cancer models.  

The discovery of antibodies able to block IC proteins, has paved the way for the development of an 

immune-mediated therapy, as traditional approach for many types of cancer. The rationale behind this 

immunotherapeutic strategy is based on the fact that, blocking these ICs could allow counteracting 

the immune suppressive TME, improving antigen recognition by TCRs, increasing anti-tumor 

cytotoxicity and preventing immune cell exhaustion. The preclinical cancer models to evaluate 

immunotherapies are designed with a peculiar set of features such as, among others, a functionally 

intact and tumour adapted immune system [229]. Several preclinical studies reliably showed that 

drugs interrupting ICs are able to mediate durable cancer regressions. This evidence supported the 

clinical development of ICIs, highlighting that many of the therapeutic effects detected in humans, 

had already been predicted in animal models. For this reason, the development of predictive and solid 

preclinical models to reduce translational failures in immuno-oncology has intensively increased in 

the last years. To date, particular attention has been paid on the preclinical evaluation of combined 

therapies, using ICIs, such as anti-CTLA-4, anti-PD-1, anti-PD-L1, and others in early development, 

as a promising strategy to compensate conventional therapies for different types of tumours.  

 

4.1 Immune Checkpoint Inhibitors in adult cancer models 

Single anti-PD-1 or anti-PD-L1 therapy generated strong antitumor activity against CC and MM 

mouse models [230] and efficiently inhibited pre-established tumors in a murine PC model [231]. In 
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a mouse model of OC, blockade of PD-1/PD-L1 induced an increase in the function of tumor-specific 

CD8+ T cells [232]. To overcome resistance to single treatment and improve patient survival, 

combined-based therapies were developed with preclinical success. The importance of combined 

treatment was evaluated in vivo in several solid tumors. Administration of anti-PD-1 or anti-PD-L1 

together with a BRAF inhibitor in a MM mouse model resulted in an enhanced response, significantly 

prolonging survival and increased number and activity of TILs [233]. Another in vivo study revealed 

the strong therapeutic efficacy of combined inhibition of TGFβ signaling and anti-PD-L1 therapy in 

the CRC model resulting in improved long-term survival associated with increased recruitment of 

CD8+ T cells within TME [234]. Furthermore, the co-administration of anti-TGFβ and anti-PD-L1 

antibodies reduced TGFβ signaling in stromal cells facilitating recruitment of T cells within TME 

which cause strong anti-tumor immunity and tumor regression [235]. 

Many in vitro studies have revealed that the treatment of CTLA-4+ human OSS cells lines with 

recombinant forms of CD80 and CD86 induced a caspase-dependent tumor cell apoptosis [219]. 

Several preclinical studies demonstrated that CTLA-4 inhibition cause tumour eradication and 

durable antitumor immunity [236, 237]. Moreover, CTLA-4 deficient mice developed a progressive 

accumulation of activated T cells and died of lympho-proliferative disease 3 to 4 weeks after birth 

[238]. Preclinical studies have shown that anti-CTLA-4 monoclonal antibody is able to deplete 

FOXP3+ Treg cells especially in tumor tissues [239, 240]. Different authors demonstrated that 

treatment with anti-CTLA-4 antibody selectively depleted CTLA-4+FOXP3+ Treg cells and expanded 

tumor specific CD8+T-cells, resulting in a potent antitumor response in vitro and in vivo against MM 

[241] and colon adenocarcinoma (COAD) [240]. The combination of direct enhancement of function 

of effector T cells and inhibition of Treg cells is essential for mediating the full therapeutic effects of 

anti-CTLA-4 antibodies. Differences in timing, location, and non-redundant effects of their actions 

have suggested that anti-CTLA-4 and anti-PD-1 therapies have the potential for additive or possibly 

synergistic effects in the treatment of advanced malignances [242]. Therapeutic inhibition of CTLA-

4 in a glioma mouse model resulted in a reduced recruitment of tumor-infiltrating Treg cells and 

significantly increased in T-cell-mediated long-term survival [243]. Moreover, blockade of CTLA-4, 

PD-1, or PD-L1 can affect GBM growing, and this antitumor activity can be increased by combination 

therapy targeting CTLA-4 and PD-1 [244]. Indeed, despite the effect of anti-CTLA-4 antibodies or 

other ICI alone, combination therapy could improve the anti-tumor effect in several solid tumors [245, 

246]. 

Blocking LAG-3 with a specific antibody in a mouse GBM model has been effective against cancer 

cells. Moreover, combination therapy with other ICIs has led to complete eradication of GBM tumors 

[247]. Furthermore, other studies have confirmed that the dual anti-LAG-3/anti-PD-1 antibody 
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treatment is able to eradicate most of the fibrosarcoma and adeno colocarcinoma that were resistant 

to single treatment [248]. Finally, the dual blockade of LAG-3 and PD-1 efficiently promoted the 

proliferation of tumor-specific CD8+ T-cells, and increased the cytokine production [249].  

Regarding TIM-3 inhibition, Ngiow et al., reported an extensive characterization of the therapeutic 

activity and mechanism of action of an anti-TIM-3 antibody against experimental and carcinogen-

induced tumors, such as sarcoma, MM and COAD [250]. Moreover, in the mouse model of SCCHN, 

blockade of TIM-3 by the anti-TIM-3 monoclonal antibody induced a reduction of 

CD4+CD25+Foxp3+ Treg cells, MDSC and an increase in CD8+ T cells [251, 252]. A recent study 

revealed that the dual therapy with anti-TIM-3 and anti-PD-1 antibodies supplemented with 

radiosurgery, reduced tumor growth of a murine glioma model [253]. This dual treatment restored the 

exhausted phenotype of T cells, and efficiently controls tumor growth in CRC [254]. 

Another promising IC molecule to be targeted is TIGIT. Anti-TIGIT antibody treatment significantly 

decreased the immunosuppressive ability of MDSC and Treg cells in vitro and delayed tumor growth 

in vivo in transgenic HNSCC mouse models, activating CD8+ T-cell effector function and reducing 

the Treg cell population [255]. The antitumor efficacy of anti-TIGIT antibody was improved with 

anti-PD-1 and anti-TIGIT combination therapy. Hung et al., showed that the use of anti-PD-1 and 

anti-TIGIT antibodies significantly improved survival of a mouse GBM model [256]. The relevance 

of TIGIT to the NK cell dysfunction has also emerged. The blockade of TIGIT prevented NK cell 

exhaustion and promoted NK cell-dependent tumor immunity in several tumor mouse models. The 

use of anti-TIGIT antibody in combination with the PD-1 and PD-L1 antibodies improved antitumor 

therapy representing a promising anti-cancer therapeutic strategy [257, 258]. 

Recently, the importance of the B7-H3 inhibition has emerged as a further anti-tumoral strategy. In 

particular, the blocking of B7-H3 antibody promoted T-cell proliferation [259], reduced growth and 

glycolytic capacity of tumor cells, and increased sensitivity to chemotherapy and various targeted 

therapies [260, 261]. In vivo treatment with anti-B7-H3, alone or combined with chemotherapeutic 

drugs, was able to increase survival of various tumor mice models [261, 262].  

A recent study showed that inhibition of BTLA significantly limited tumor growth and lung 

metastases in a mouse model of BC and was correlated with increase activation of lymphocytes [263]. 

In vivo treatment with an IDO-1 inhibitor reversed tumor-associated immunosuppression by 

decreasing the number of tumor-infiltrating MDSCs and Treg cells and abolishing their suppressive 

function [193]. The IC blockade with anti-IDO-1 antibody increased the efficacy of the HCC 

treatment, overcame the resistance to the anti-CTLA-4 and anti-PD-1 therapies [264]. Combination 

therapy based on the use of anti-CTLA-4, anti-PD-L1, and IDO-1 inhibitors  in a MM mouse model 
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showed marked improvement in tumor control, with many mice achieving complete tumor rejection, 

and a potent ability to recruit and activate intratumoral CD8+ T cells [265]. 

Currently, alternative approaches are under investigation. Among them, great hope lies in the 

development of bispecific antibodies able of simultaneously blocking two inhibitory pathways with 

a single therapeutic agent. FS118, for example, is a bispecific antibody that targets LAG-3 and PD-

L1 by providing a dual pathway blockade. In vitro studies have revealed that FS118 improves the 

activation of CD8+ T cells stimulated with antigenic peptides better than anti-PD-L1 alone [266]. In 

addition, bispecific antibodies to TIM-3 have been developed and showed promising results in 

preclinical and clinical experiments [266]. Orlotamab is a humanized bispecific dual-affinity targeting 

both CD3 and B7-H3 designed to redirect cytotoxic T cells towards B7-H3-overexpressing tumor 

cells [266]. Another strategy is based on the development of neoantigen vaccines in combination with 

IC blockade. Specifically, the authors have shown that early therapeutic vaccination with 

adenoviruses derived from non-human Great Apes (GAd) efficiently controls tumor growth in mice, 

and that in combination with ICIs is able to eradicate large tumors [267]. 

 

4.2 Immune Checkpoint Inhibitors in pediatric cancer models 

Although numerous studies have been developed to treat adult cancers with ICIs, the pediatric 

experience is very limited. Indeed, even if many IC molecules have been analyzed for their prognostic 

value, their role and inhibition in vivo and in vitro have not been extensively analyzed yet in pediatric 

tumors. Despite this, several preclinical studies on pediatric tumors have revealed the antitumoral role 

of PD-1/PD-L1 inhibitors. Blockade of PD-1/PD-L1 interactions in metastatic OSS tumors 

significantly improved the function of reactive CD8+ T cells in vitro and in vivo resulting in a 

significant reduction in tumor burden and increased survival of mice [218]. In addition, PD-1 

blockade conferred antitumor efficacy in animals with MB resulted in a marked increase of TILs 

[268]. In a murine NB model, the combination of anti-PD-1/PD-L1 antibodies with molecules 

selectively blocking the induction of MDSCs worked better than single anti-PD-1/PD-L1 therapy, 

resulting in a significant control of tumor growth [269, 270]. Similarly, the combination of anti-PD-

1 and anti-GD2, which is a standard treatment for this cancer type, showed a strong reduction of 

tumor growth, prolonged survival and the highest cytotoxicity against NB cells [271]. Rigo et al., 

also demonstrated that mono-therapy with anti-PD-1/PD-L1 mAbs had no effect on the progression 

of systemic NB in vivo [272]. Conversely, the use of anti-PD-1 with an anti-CD4 antibodies mediated 

a potent synergistic effect CD8-dependent, leading to significant increase of tumor-free survival of 

mice, complete tumor regression and durable antitumor immunity [272]. 
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While preclinical studies in adult malignancies have shown significant responses to anti-CTLA-4 

antibodies, few pediatric studies have been performed. The combined strategy based on the use of 

ICI (anti-CTLA-4 and anti-PD-L1) with high intensity focused ultrasound (HIFU) significantly 

enhanced anti-tumor responses by improving the survival of a NB mouse model [273]. Despite the 

promising results of preclinical studies on the use of LAG-3, TIM-3, TIGIT, B7-H3, BTLA and IDO 

inhibitors in adult solid tumors, information on the inhibition of these molecules in pediatric tumors 

is still unknown. 

 

5. Clinical targeting immune checkpoint molecules 

With the discovery of ICs as one of the main tumor mechanisms to evade immune control Tasuku 

Honjo and James Allison won the Nobel Prize in 2018 [274]. The encouraging results obtained from 

the preclinical experimentation have led to a rapid use of ICI also in the clinic both for the treatment 

of adult and pediatric tumors (Figures 2 and 3). 

 

5.1 Immune checkpoint inhibitors in clinic of adult solid tumors 

Ipilimumab acting against CTLA-4 was the first IC blocking antibody approved by the US Food and 

Drug Administration (FDA) in 2011. The first MM patients treated with Ipilimumab showed clinical 

benefits with prolonged OS and durable responses [275, 276]. Subsequent studies reported immune-

related side effects, including dermatitis, hepatitis, enterocolitis, hypophysitis, and uveitis [277]. 

Later, early-phase trials investigating humanized monoclonal IgG4 antibodies targeting PD-1 and 

PD-L1 in advanced adult solid tumors paved the way for the development of PD-1 and PD-L1 

inhibitors. The first anti-PD-1 antibodies approved by the FDA were nivolumab and pembrolizumab 

in 2014. Since then, the number of new FDA-approved inhibitors have grown enormously, with 

promising results for several types of cancers [278]. In NSCLC, MM and RCC for example, antibody-

mediated blockade of PD-L1 resulted in durable tumor regression and prolonged stabilization of 

disease (NCT00729664) [279]. Recently, the clinical trials that led to FDA-approved indications of 

anti-PD-1 and anti-PD-L1 therapies have been extensively revised, focusing on MM, NSCLC, UC, 

RCC, SCCHN, GC, CR, HCC and MCC [278]. Other studies highlighted the importance of 

atezolizumab, a humanized anti-PD-L1 monoclonal antibody, in restoring anti-cancer immunity. 

Rittmeyer and colleagues assessed its efficacy and safety compared to standard therapy and 

demonstrated a clinically relevant improvement in overall survival in patients with NSCLC 

(NCT02008227) [280]. In addition, atezolizumab has shown encouraging response rates, survival and 

tolerability in metastatic UC (NCT02108652) [281]. Avelumab is another anti-PD-L1 blocking 

antibody that has shown lasting antitumor activity and disease control with an acceptable safety 
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profile in a heavily pretreated cohort of patients with mesothelioma (MPM) (NCT01772004) [282] 

and progressive NSCLC (NCT01772004) [283]. Finally, Cemiplimab (another anti-PD-1 monoclonal 

antibody) showed an anti-tumor activity and increase of survival in patients with cutaneous squamous 

cell carcinoma (SCC) compared to conventional systemic therapy (NCT02760498) [284]. 

Despite the initial success of anti-CTLA-4 and anti-PD-1/PD-L1 monotherapies, only a fraction of 

patients (10-30%) benefits from ICIs for long-term with durable responses. Many patients develop 

adaptive resistance and relapse, while others have no response since the start of treatment [285-287]. 

In CRC, for example, IC therapy received regulatory approval in 2017 for the treatment of strongly 

mutated tumors that are mismatch-repair-deficient or exhibit MSI-H. Conversely, ICIs are ineffective 

in tumors that are mismatch-repair-proficient and are microsatellite-stable or have low levels of MSI 

[288].  

To increase the therapeutic efficacy of ICIs, a number of clinical studies is examining whether the 

combination of ICIs with conventional treatments, such as radiation therapies and chemotherapies or 

other immunotherapeutic agents, could improve patient outcomes [289]. Radiation therapy is known 

to augment the generation of neoantigens thereby increasing immune activation and response to ICIs 

by other means [290, 291]. For this reason, immunotherapy combined with radiotherapy may 

represent a successful strategy for maximizing the anti-tumor immune response and inducing durable 

disease control. Optimism regarding the potential synergy between radiotherapy and immunotherapy 

has led to a large increase in the number of clinical trials evaluating this combination in adult cancers; 

as of November 2019, 364 clinical trials have been registered on ClinicalTrials.gov. However, 

controversial results have been obtained so far. Indeed, some prospective phase I and II trials have 

reported encouraging results on the potential synergy between this combined treatment [292-294], 

whereas other have not shown a substantial improvement in patient survival [295]. A detailed review 

of this topic has recently been published [296].  

The use of ICIs combined with chemotherapy is also emerging as an effective first-line treatment for 

many cancers. To date, November 2019, 506 studies are ongoing with this combined treatment for 

adult cancer treatment (clinicaltrials.gov). Zhou et al., analyzed the results derived from 6 trials 

conducted on 3144 patients with LC treated with chemotherapy alone or chemotherapy plus PD-

1/PD-L1 inhibitors and outlined a better prognosis in terms of DFS and OS for those receiving the 

combined therapy [297]. In SCCHN, the randomized phase III trial KEYNOTE-048 showed that 

pembrolizumab with chemotherapy was superior than chemotherapy regimen alone in all patients, 

and that pembrolizumab monotherapy was superior in patients whose tumors express PD-L1 

(combined positive score ≥1). Pembrolizumab is now approved as monotherapy in PD-L1 expressing 

diseases, or combined with chemotherapy for all other patients, thus highlighting the use of PD-L1 
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expression as an important biomarker in predicting clinical response [298]. The addition of 

atezolizumab and chemotherapy in the first-line treatment resulted in significantly improved overall 

survival and progression-free survival compared to chemotherapy alone in patients with SCLC 

(NCT02763579) [299]. Furthermore, the combination of atezolizumab and bevacizumab showed 

encouraging anti-tumor activity in a phase 1b trial involving HCC patients led to better overall and 

progression-free survival (NCT03434379) [300]. Durvalumab (anti-PD-L1) in combination with 

chemotherapy significantly improved overall survival in patients with SCLC compared to a clinically 

relevant control group. (NCT03043872) [301]. Similar results were obtained in patients with locally 

advanced/metastatic UC (NCT01693562) [302]. Moreover, cemiplimab in combination with 

radiotherapy and/or chemotherapy has shown encouraging anti-tumor activity with a better durable 

response [303].  

Another approach evaluated the use of multiple combination of ICIs to trigger non-redundant 

pathways to promote effective anti-tumor responses [304, 305]. A significant improvement in patient 

prognosis was achieved, for example, with the combined treatment of anti-CTLA-4 and anti-PD-1 

antibodies. Among patients with advanced MM, sustained long-term OS at 5 years was observed in 

a higher percentage of patients who received nivolumab plus ipilimumab than in those receiving only 

ipilimumab (NCT01844505) [306]. A phase II trials recruiting 125 patients with malignant pleural 

MPM showed promising activity in relapsed patients treated with nivolumab and ipilimumab, as well 

as with nivolumab monotherapy, without unexpected toxicity (NCT02716272) [307]. A recent meta-

analysis, which involved eight different clinical trials, has shown that the combined treatment of anti-

PD-1 and anti-CTLA-4 is a feasible strategy with improved efficacy compared to single agents and 

acceptable adverse events. Moreover, in the context of patients with low PD-L1 expression 

(determined as < 1% in most studies), those receiving combination therapy tended to have higher 

response rate than anti-PD-1 monotherapy [308].  

To date, various clinical trials examine the combination of classical ICIs with new inhibitor receptors 

and ligands, such as LAG-3, TIM-3, TIGIT and IDO-1 [266]. However, as all clinical trials are 

ongoing, preliminary results on the efficacy and safety of most of these new drugs are not always 

available. LAG-3 is the third IC to be clinically investigated as a target for cancer immunotherapy. 

The first agent tested in various human cancers was IMP321 (Immutep), a recombinant sLAG-3-Ig 

fusion protein designed to activate monocytes and DC via stimulation with MHC-II. IMP321 has 

completed three clinical trials of RCC, metastatic-BC and MM, with only modest clinical responses 

[309]. Most patients (90%) with metastatic-BC receiving as first-line therapy IMP321 in combination 

with paclitaxel, showed a clinical benefit, with only 3 progressors at 6 months and no toxicity (phase 

I/II, NCT00349934) [310]. Relatlimab (BMS-986016) initially entered the clinic as a fully human 
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LAG-3-specific antibody that acts by destroying the interaction with MHC-II. Simultaneous blockade 

of LAG-3 and PD-1 can synergistically restore T-cell activation and improve antitumor immunity. In 

a phase I/II study (NCT01968109), BMS-986016 (anti–LAG-3) plus nivolumab (anti–PD-1) showed 

promising antitumor activity for patients with advanced solid malignancies who were not previously 

exposed to immunotherapy, as MM patients who progressed during prior anti-PD-1/PD-L1 therapy 

[311].  

Based on results from preclinical studies, TIM-3 blocking agents are currently being investigated in 

patients with adult solid tumors as monotherapy or more frequently in combination with other ICIs. 

LY3321367 mAb targeting TIM-3 on immune cells and LY3300054 mAb targeting PD-L1 on tumor 

cells and TILs for example, are evaluated in a phase Ia/Ib study on patients with advanced cancers. 

Clinical effects seem to be promising in terms of interim safety, efficacy, and pharmacokinetic 

(NCT03099109). A phase 1 study instead included administrating the drug TSR-022 as an anti-TIM-

3 antibody, as monotherapy and in combination with an anti-PD-1 antibody, in patients with advanced 

solid tumors (NCT02817633). Another clinical trial based on anti-TIM-3 (MBG453) combined with 

anti-PD-1 (PDR001) is ongoing (NCT02608268).  

Seven TIGIT-targeting therapeutics are currently in early phase clinical trials: MK-7684, AB154, 

tiragolumab, BMS-986207, etigilimab, ASP8374 and BGB-A1217 [266]. A very recent clinical study 

aims to evaluate the efficacy of anti-LAG-3 and anti-TIGIT as single agents and in combination with 

pomalidomide and dexamethasone on relapsed refractory MM patients who relapsed after prior 

treatments (NCT04150965). Another recent study is recruiting patients with advanced solid tumors 

to test the safety and anti-tumor effect of BGB-A1217, a humanized IgG1 monoclonal antibody 

against TIGIT, in combination with tislelizumab, a humanized IgG4-variant monoclonal antibody 

against PD-1 (NCT04047862). However, as all ongoing clinical trials are very recent, preliminary 

results on the efficacy and safety of anti-TIGIT are not currently available. 

Currently, a number of clinical trials targeting B7-H3 are in progress. Enoblituzumab is a monoclonal 

antibody targeting B7-H3 whose effectiveness has been evaluated in a phase I clinical trial in 

combination with an anti-PD-1 monoclonal antibody in patients with MM, SCCHN, NSCLC and UC. 

The first results indicate antitumor properties and an increase of TILs, without dose-limiting toxicity 

and serious immune-related side effects [181]. A randomized, open-label phase 2/3 study is currently 

ongoing to evaluate the safety and efficacy of enoblituzumab in combination with MGA012, with 

and without chemotherapy, in the first-line treatment of patients with recurrent or metastatic SCCHN 

(NCT04129320).  

Interestingly, a very novel approved clinical trial (NCT04137900) is recruiting patients with advanced 

solid malignances to treat with TAB004 which is a recombinant humanized IgG4κ monoclonal 
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antibody specific to BTLA. The objectives of this study concern several aspects: i) pharmacodynamic 

effects of TAB004 on the target receptor BTLA and immune system; ii) biomarkers that can be 

correlated to TAB004 activity; and iii) the utility of HVEM and further exploratory biomarkers 

helping in the selection of patients for TAB004 therapy. 

The results of multiple phase I/II trials have encouraged the idea that IDO-1 inhibitors may improve 

patient responses to anti-PD-1 IC therapy [312]. Recent results of ECHO-301, the first large phase 

III trial to evaluate epacadostat (an IDO-1-selective enzyme inhibitor) in combination with 

pembrolizumab in advanced MM, showed no indication that epacadostat provided an increased 

benefit (NCT02752074). However, phase II clinical data continue to encourage further testing of 

IDO-1 inhibitors in combination with anti-PD-1 antibodies in other settings [313]. Indoximod (1-

methyl-tryptophan), an orally available IDO-1 inhibitor, for example, is currently being studied in 

several phase I and II trials for adults alone, in combination with conventional chemotherapy and/or 

radiation, and with ipilimumab (NCT02073123), pembrolizumab (NCT03301636, NCT02073123), 

or nivolumab (NCT02073123, NCT03301636).  

In summary, hundreds of phase I-IV clinical trials have been carried out around the world to find the 

optimal therapeutic strategy for each type of adult cancer patients based on ICIs as monotherapy or 

in combination. Given the different chronology on the discovery and therapeutic use of the various 

ICIs, the CTLA-4 and PD-1 blockade is under phases III/IV investigation in various clinical studies, 

whereas agents targeting LAG-3, TIM-3, TIGIT, B7-H3, BTLA and IDO-1 are mainly in early phase 

trials. Details on CTLA-4 and PD-1/PD-L1 blockade in phase III/IV trials (recruiting or completed 

in the last year, 01/01/2019-31/12/2019), and those of early phase clinical studies ongoing on LAG-

3, TIM-3, TIGIT, BTLA and IDO-1 inhibitors (recruiting in the last three years, 01/01/2017-

31/12/2019) for adult solid tumors are shown in Figure 2A and Table 3. 

 

5.2 Immune checkpoint inhibitors in clinic of pediatric solid tumors 

Following the approval and development of a large number of clinical trials on adult cancers, therapy 

with a number of ICIs (e.g., ipilimumab, nivolumab and pembrolizumab) is currently being explored 

also in pediatric tumors. Similar to adult patients, the strategies adopted for the treatment of pediatric 

cancers include both monotherapy and combined approaches with ICIs. Although few studies have 

focused exclusively on pediatric cancer patients, numerous trials evaluating ICIs in all age groups of 

cancer patients are ongoing (https://clinicaltrials.gov). Since these studies are still in their early stages, 

results in terms of effect and improved survival are not available for all types of drugs tested. 
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The first published phase I protocol concerned the administration of ipilimumab in 33 patients under 

the age of 21 with MM (n=12), sarcoma (n=17), or other solid refractory tumors (n=4). Patients 

experienced immune-related adverse events similar to those described in adults. No objective tumor 

regressions were observed, but subjects with immune-related toxicities had an increase in OS 

compared to those without evidence of breaking tolerance [314]. Similar results were obtained with 

ipilimumab in MM patients [315], nivolumab in a GBM patient [316], and pembrolizumab in patients 

with progressive primary CNS [317].  

Despite the lack of encouraging results, a limited number of clinical trials testing PD-L1 and PD-1 

inhibitors as monotherapy are still ongoing. The iMATRIX-Atezolizumab study (NCT02541604) 

assessed the safety, pharmacokinetics and activity of atezolizumab in pediatric patients with solid 

tumors, showing a preliminary antitumor activity of this drug. Phase II clinical trials test the safety 

and efficacy of pembrolizumab in pediatric patients with solid tumors (NCT02332668 or KEYNOTE-

051) and in HB, together with the exploration of different biological factors of the tumor and immune 

system that could help predict the response to treatment (NCT04134559). A second study (SARC028) 

evaluated the efficacy of pembrolizumab in the context of adult and adolescent bone and STS. In this 

trial, 18% of patients with STS and 5% with bone sarcoma were determined to have an objective 

response. This led to enrollment of enlarged cohorts to confirm and characterize the activity of 

pembrolizumab (NCT02301039 [318]). Another phase I trial in progress is evaluating the side effects 

and the best dose of pembrolizumab for treating younger patients with high-grade gliomas, DIPGs, 

CNS tumors with a high number of genetic mutations, PE and MB who have progressed or have not 

responded to previous treatment (NCT02359565). 

The reason for the overall poor success achieved so far with ICIs administered as single agents could 

be attributed to the poor immunogenicity of most pediatric cancers. The exception that proves the 

rule is represented by cancers arising in children born with biallelic mismatch repair deficiency 

(bMMRD), following germline-inactivating mutations in DNA-mismatch repair genes. In these type 

of cancers (generally affecting brain, gastrointestinal tract and lymphoid system), impressive 

antitumor effects have been obtained with PD-1/PD-L1 inhibitor treatment, probably due to the high 

number of non-synonymous somatic mutations by which they are characterized [319]. The authors 

provided the proof of principle that GBMs with DNA-repair defects treated with ICIs can result in 

the immune activation of the CNS, leading to clinically and immunologically significant responses 

[320]. Clinical trials testing the efficacy of nivolumab (NCT02992964) or pembrolizumab 

(NCT02359565) in pediatric patients with recurrent or refractory hypermutant malignancies are 

currently ongoing. 
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As previously shown for adult malignances, therapeutic strategies aimed to exploit the functional 

principle of IC blockade and improve its effectiveness in pediatric cancers include the combination 

of multiple IC antibodies together with chemotherapy or radiotherapy. The safety and efficacy of 

nivolumab in combination with ipilimumab is currently under investigation in high-grade primary 

CNS pediatric malignancies (NCT03130959), recurrent or refractory solid tumors (NCT02304458), 

and MM (NCT03068455). Another study was designed to evaluate the safety and tolerability of 

durvalumab in combination with increasing doses of tremelimumab in pediatric patients with 

advanced solid and hematological malignancies. This study will also explore potential biological 

activity and immunogenicity by assessing pharmacodynamics, anti-drug antibody levels, and anti-

tumor activity (NCT03837899).  

Given the local and systemic effects of radiotherapy on the immune system [290, 291], this is a 

promising approach not only for adult cancer patients, but also for children. In NB, anti-GD2 antibody 

is combined with 131-l Metaiodobenzylguanidine (mlBG) and nivolumab, in order to generate 

sustained anti-NB immunity. In particular, this trial aimed to determine the safety and tolerability of 

the new combination, as well as document the evidence of efficacy in pediatric patients with relapsed 

and refractory high-risk NB (NCT02914405). The combination of cemiplimab with radiotherapy is 

also studied in pediatric patients with newly diagnosed or recurrent glioma (NCT03690869).  

Different clinical trials are evaluating the effectiveness of ICIs administered together with 

chemotherapeutics drugs. This strategy derived from preclinical evidence showing that tumors 

lacking T-cell infiltration and refractory to current treatment options could be successfully sensitized 

to accommodate antitumor T-cell immunity, when appropriately selected immunogenic drugs were 

used [321]. Ten different drugs were tested in combination with nivolumab in a clinical trial started 

on 2016 estimating to enroll up to 397 pediatric participants with relapsed or refractory tumors 

(NCT02813135). A study started in 2018 is evaluating the efficacy of vinblastine, cyclophosphamide 

and capecitabine in combination with nivolumab in children and adolescents with refractory/relapsing 

solid tumors or lymphoma (NCT03585465). Further trials are underway to test different combinations 

in various cancer types in all age groups, including children (NCT01738139, NCT02775292, 

NCT02621021, NCT03056001, NCT02693535). 

Few trials are currently ongoing to examine the effectiveness of the new ICIs. In particular, 

Relatlimab is under investigation in three clinical trials combined with nivolumab for patients over 

12 years of age with cancer per site (NCT01968109), MM (NCT03470922) and chordoma 

(NCT03623854). A single study focused on the use of Enoblituzumab. Children and young adults 

with NB, RMS, OSS, EWS/primitive neuroectodermal tumor, WT, desmoplastic small round cell 

tumor (DSRCT) or malignant solid tumors of any other histology expressing B7-H3 were subject to 
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an increase of the dose in a phase 1 study (NCT02982941), designed to characterize the safety, 

tolerability, pharmacokinetics, pharmacodynamics, and preliminary antitumor activity of 

enoblituzumab. Three clinical trials are evaluating the inhibition of IDO-1 in patients with primary 

malignant CNS tumors, aged 3 to 21 years (NCT02502708, NCT04049669) or more than 12 years 

(NCT02052648), on the assumption that indoximod will improve antitumor immune responses and 

consequently reduce tumor growth. Indeed, the central clinical hypothesis of these studies is that 

inhibiting the pivotal IDO-1 pathway by adding indoximod during chemotherapy and/or radiation, is 

a powerful approach for breaking immune tolerance for pediatric tumors and improve clinical 

outcomes, compared to standard therapies alone. 

Finally, unlike what has been seen in adult cancers, no studies on the efficacy of TIM-3, TIGIT and 

BTLA inhibitors in childhood neoplasms have been performed so far. Details on clinical trials with 

ICI therapy for pediatric solid tumors (recruiting in the last three years, 01/01/2017-31/12/2019) are 

shown in Figure 2B and Table 4. 

 

6. Approved and emerging biomarkers of response to ICI therapy  

The current understanding of the clinical efficacy to ICI therapy indicates the need to identify robust 

biomarkers to select patients who are likely to benefit from this type of immunotherapy.  

PD-L1 expression has been investigated not only for its prognostic value, but also as predictive 

biomarker, starting from the initial trials on PD-1 blockade in adult cancers. IHC analysis performed 

on pretreatment tumor specimens of patients with MM, NSLC, PrC, RCC and CRC enrolled in the 

first pivotal phase 1 nivolumab study, showed that only patients with PD-L1-positive tumors (36%) 

had an objective response. In line with this first evidence, PD-L1 expression has been reported to 

correlate with improved objective response rates in many other adult cancers [322]. As extensively 

reviewed by Arora et al. [323], the FDA approved several agents concurrently with specific tests for 

PD-L1 expression. One of the major issue concerns the fact that each company adopted different 

scoring schemes for the readout and developed distinct IHC protocols for assessing PD-L1 

expression, either on tumor cells alone or in combination with infiltrating immune cells. This resulted 

in a considerable confusion in the interpretation of various tests and their utility [323], in both adult 

and pediatric cancers. Furthermore, assessing PD-L1 expression as a single predictive biomarker for 

ICI therapy efficacy has other limitations including the heterogeneous expression of PD-L1 in tumors, 

the different expression between primary and metastatic tumors [324], and the fact that PD-L1 

negative patients also responded to PD-1 blockade alone or in combinatorial treatment [325, 326]. 

For this reason, many attempts have been made over the past years to evaluate promising novel 

biomarkers able to estimate response or duration of response in patients. In this regard, the in-depth 
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study of each immune TME component, including both lymphoid and myeloid compartments, should 

be considered in clinical practice as a first step. 

To date, the density, spatial distribution and localization of TILs within TME are parameters already 

considered important predictor of good prognosis [327, 328] and response of ICI therapy for tumors 

in adults [329-331]. Clinical studies, performed by examining histological sections of tumors biopsies 

collected from patients before receiving any therapy, have made possible to distinguish three basic 

immune profiles related to a person's response to the administration of ICIs [332] (Figure 3). The 

“immune-inflamed profile” is characterized by the presence of CD8+ and CD4+ T cells in the tumor 

parenchyma, spatially positioned in proximity to the cancer cells, and usually expressing IC 

molecules, suggesting pre-existing antitumor immune responses [333, 334]. These “hot tumors” have 

typically been associated with a better response to ICI therapy [335]. The “immune-excluded” 

phenotype is characterized by the presence of different types of immune cells trapped in the stroma 

surrounding cancer [332]. Strategies that allow to recruit immune cells into the tumor bed can convert 

TME into a more inflamed state, responsive to ICI therapy [336]. The immune-desert phenotype is 

characterized by the absence of abundant T cells in the parenchyma or stroma of the tumor and defines 

the so-called “cold tumors” that likely do not fully respond to IC blocking [332].  

The specific composition of the immune TME of solid pediatric cancers is under investigation and 

further efforts should be warranted to shed further light. In general, the number of TILs appears to be 

significantly lower in pediatric tumors compared to adult malignancies [337]. However, in some 

tumors, such as NB, TILs have a higher prognostic value than the criteria currently used to stage this 

neoplasm [338], whereas several pediatric brain tumors exhibit distinct immunophenotypes, 

suggesting that specific immunotherapeutic approaches may be more effective for each type of tumor 

[339]. 

It is important to underline that, in order to obtain a more comprehensive picture of the TME and a 

more reliable prediction of the efficacy of the ICI, the measure of myeloid cells infiltration is also 

strongly recommended [336]. In the RCC for example, a high IC expression in the absence of mature 

DC was associated with an increased risk of disease progression, while low IC expression with 

localization of mature DC was associated with a good prognosis [340]. In patients with MM, tumor-

associated macrophages and MDSC were found to correlate with poor anti-PD-1 [341] and anti- 

CTLA-4 [342] responses, respectively.  

Elucidating the contribution of the myeloid component in prediction of ICI therapy efficacy would 

be of considerable help, especially for those cases where the evaluation of TILs alone does not lead 

to exhaustive response. The optimal characterization of the immune TME could be achieved through 

both the implementation of multiplex-IHC protocols, as well as a pan-cancer immune-genomic 
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analysis, able to decipher the effects of immune cells on ICI response rates, starting from adequate 

biological material for both adult and pediatric malignances. 

Beyond the immune compartment, malignant cells develop and evolve in a complex and strongly 

interconnected TME, also comprising a vast variety of non-immune stromal cells, such as endothelial 

cells and fibroblasts [343], which contribute to treatment resistance [344].  

The involvement of blood and lymphatic vessels spraying a neoplasm has been analyzed also in 

response to ICI therapy. Indeed, abnormal angiogenesis reduces the infiltration of lymphocytes 

through a series of mechanisms, including i) the down-regulation of adhesion molecules, known to 

impair the extravasation of T cells [345], ii) the concurrent hypoxia which directly undermines the 

functions of TILs through the upregulation of some inhibitory signals such as PD-L1, IDO, IL-6, and 

IL-10 [346, 347], and iii) the expression of Fas ligand which eliminates effector CD8+ T cells rather 

than Treg [348]. In addition, circulating VEGF impedes the maturation and function of DC to help 

tumor escape immune surveillance [349, 350]. Several preclinical and clinical studies have 

demonstrated that normalizing the vasculature facilitated the entry of immune cells into the tumor, 

thus suggesting the neo-angiogenic process as a marker to be monitored, and its targeting as a strategy 

to enhance responsiveness to ICB [351-354]. 

Cancer-associated fibroblasts (CAFs) constitute the main cellular component of the tumor-associated 

stroma able of driving the invasion of cancer cells and, similarly to endothelial cells, compromising 

the migration and activation of TILs [355]. The fibroblast activation protein-alpha (FAP) is known to 

inhibit T cell activity, compromising the success rate of ICI therapy [356, 357]. 

Recent studies have highlighted the role of TGFb in stroma-mediated resistance to PD-L1 blockade 

[235, 357, 358]. In retrospective analyses of patient with tumors, the role of TGFb pathway activation 

emerged as a critical mediator of primary resistance to ICI therapy. Transcriptional profiling of 

pretreatment MM biopsies from patients who do not respond to anti-PD-1 treatment revealed an 

enrichment of the TGFb-associated pathways [359]. Similar analyses in metastatic UC have also 

discovered a correlation between the transcriptional signatures associated with TGFb and the lack of 

response to the PD-L1 blockade, particularly in tumors in which CD8+ T cells appear to be excluded 

from tumor entry [235]. Interestingly, Hikmet et al., demonstrated an important role of TGFb in tumor 

metastastis of childhood solid tumors, including NB, OSS, EWS, and RMS, suggesting its evaluation 

in relation with both prognosis and response to treatment [360]. 

Together, these recent data unveil the central role of stroma-derived TGFb in inducing immune 

evasion and ICB resistance, thus suggesting its evaluation as a predictive biomarker [361]. 

It has been hypothesized that a high tumor mutation load may affect the probability of generating 

immunogenic neoantigens, representing the mutations effectively targeted by activated TILs [362]. 
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In light of this, a large number of neoantigens can influence the ICI response in patients, and should 

be considered as an additional marker to be explored (Figure 3). Much effort has been made in recent 

years to identify immunogenic neoantigens from genomic data analyses, as well as to enable new 

strategies to further increase the recognition of neoantigens by T cells [363]. In general, adult cancers 

are characterized by a high tumor mutational load which in an ideal scenario, causes the activation of 

distinct T cell clones able of recognizing and attacking tumor cells [364]. Conversely, pediatric 

cancers are characterized by a paucity of neoantigens [365, 366]. Indeed, unlike adult patients, which 

are chronically exposed to environmental insults causing DNA damage and cancer development, 

mainly of epithelial origin [367], the lower mutational load of childhood cancers may be due to a 

smaller contribution of environmental carcinogens in combination with the embryonal origin of many 

of these cancers [368]. The low immunogenicity of pediatric cancers may be a weak point in the 

effectiveness of the ICI response in these patients. However, some pediatric tumors have shown 

spontaneous remission and inducing patients' immune responses to their tumor cells is one of the 

suggested mechanisms contributing to this phenomenon [369].  

Interestingly, in addition to the deeply rooted ICI therapy predictors, other factors have recently been 

investigated, including systemic markers analysis, gene signatures and microbiota influence, mainly 

in adult cancers. Thus, the study of these new aspects also in pediatric malignancies could be of 

further help to direct young patients towards the right therapy. 

In this regard, a great interest is paid to the development of standardized methods that allow the 

identification of analytical markers in peripheral blood with which to monitor the ICI response in a 

non-invasive way [370]. Research on this topic is being carried out with two different approaches: i) 

direct count of total circulating leukocytes (lymphocytes, monocytes, Treg cells, eosinophils, 

MDSCs), secreted cytokines (i.e, IL-6, IL-8 and IL-10) or other factors (i.e. lactate dehydrogenase, 

VEGFC) [371, 372] and ii) analysis of the so-called "liquid biopsies" to determine the exosomes 

expressing ICs or isolate the circulating tumor cells and perform sequencing mutation analyses for 

the identification of the patient-specific neoantigens [373]. 

Recent technological innovations have allowed us to delineate gene signatures that can be correlated 

with clinical outcome [374, 375], and predict both toxicity and response to immunotherapy in various 

malignancies [372, 376]. For example, in a phase II study evaluating ipilimumab in patients with 

MM, gene expression profiling was performed on tumor biopsies before and after treatment. Patients 

with high expression levels of immune-related genes responded better to ipilimumab than those with 

lower basal expression [377]. In the RCC patients, “ERV signatures” had a prognostic role with 

increased transcriptional expression of specific ERVs genes being associated with response to ICI 

treatment [378]. 
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The pivotal role of the commensal microbiota in influencing the individual’s health and response to 

ICI therapy is starting to be determined [379]. Various studies have demonstrated strains of bacteria 

associated with response or resistance in MM [380-382], NSCLC, RCC and UC [383]; moreover, 

patients with high microbiota diversity, showed a better ICI response, regardless of the identity of the 

bacterial species [382, 383]. It is interesting to note that patients treated with antibiotics, during ICI 

therapy had decreased anti-tumor response [383], thus suggesting that the gut microbiota is a key 

influencing factor. 

In summary, the search for new biomarkers able of predicting the ICI response with greater efficiency 

and precision, is constantly growing. However, the intrinsic complexity of these assays and the 

development of independent protocols between laboratories lead to high data variability and poor 

reproducibility. Overcoming this limitation, through harmonization based on integration of specific 

laboratory protocols with standard operating procedures, will allow the objective interpretation and 

comparison of data across clinical trial sites and will facilitate the identification of relevant immune 

biomarkers, guiding the development of new therapies [323]. 

 

7. Conclusion and future perspectives  

Although most of the current studies focus on adult tumors, considerable efforts are being made to 

use ICI also in the pediatric field, where the treatment of patients with advanced, relapsing or 

refractory tumors still remains a great challenge. Currently, immunotherapy, with ICIs as a top-player, 

represents the most promising strategy. However, preclinical and clinical data highlight the inefficacy 

of ICI as monotherapy in most pediatric tumors, known to be characterized by a low mutation load 

and relative lack of neoantigens. For this reason, ICIs are increasingly making their way as 

components of other combined therapies (with other ICIs, or with standard chemotherapies and 

radiotherapy), thanks to their general safety and the importance of T cell activation in the 

establishment of antitumor immunity [384]. However, in light of these general considerations, the 

specific biological features of pediatric tumors should be considered in order to design specific 

protocols combining ICIs with other agents that have the potential to favorably modulate TME and 

further amplify the antitumor immune response. Agents targeting VEGF/VEGFR, for example, have 

immunomodulatory and antiangiogenic effects, with beneficial consequences on TAM, MDSC, Treg, 

and cytotoxic T cells [385]. The abolition CAFs was found to synergize with anti-CTLA-4 therapy 

in an adjuvant setting by releasing checkpoint blocking targets during immune suppression in the PC 

[386]. Interestingly, targeting CAF mediated production of PGE2 through the inhibition of a key 

enzyme (microsomal prostaglandin E synthase-1) in its synthesis, suppressed the infiltration of CAF 

leading to a reduction in the angiogenesis and tumor growth [387].   
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In summary, the number of possible combinations with ICIs is enormous and an ideal scenario, which 

involves the development of a predictive model that takes into account the different components 

affecting tumor-host interactions, as well as the use of standardized biomarkers, can be extremely 

useful for setting up new clinical trials, carefully guided by the knowledge of pediatric TME, in order 

to increase the survival of children and their overall quality of life. 
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Figure legends  

Figure 1: Structure of Immune Checkpoint receptors 

PD-1, CTLA-4, LAG-3, TIM-3, TIGIT, B7-H3 and BTLA showed a similar structure, which include 

N-terminal IgV domain, a transmembrane domain, a cytoplasmic tail and distinct signaling motifs. 

ITIM: immunoreceptor tyrosine-based inhibitory motif. The figure was performed with 

https://biorender.com/. 

 

Figure 2: Number of clinical trials in adult and pediatric cancers 

Number of clinical trials with ICI therapy performed in adult (A) and pediatric (B) cancers.  

In A, clinical trials recruiting or completed in the last year (2019) for CTLA-4 and PD-1/PD-L1 

blockades, and in the last three years (2017-2019) for LAG-3, TIM-3, TIGIT, BTLA and IDO-1 

inhibitors are included. In B, clinical trials recruiting in the last three years (2017-2019) are included. 

 

Figure 3: Immune checkpoint blockade approaches in adult and pediatric solid malignances 

A. Anticancer immunity impairment through interaction of IC receptors and the respective ligands. 

B. Overview of the most common ICIs employed in solid tumors. C. Summary of TME compositions, 

highlighting T cell infiltration, IC expression and neoantigens formation as predictive biomarkers of 

ICI therapy. D. Therapeutic strategies employed for the treatment of adult and pediatric solid tumors. 

IC, immune checkpoint; ICIs, immune checkpoint inhibitors. The figure was performed with 

https://biorender.com/. 
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Table 1. Expression and prognostic values of IC molecules in different solid adult cancers. 

IC molecule Cancer Type Prognosis Technique Ab (clone used) Cut-off of positivity References 

PD-L1 CC Good (if high on TILs) IHC 27A2 ⩾  5 % of positive cells [118] 

PD-L1 OC Good (if high on TILs) IHC SP263 Intensity scale (0-3+) [119] 

PD-L1 MPM Poor (if high on Tum) IHC E1L3N ⩾  5 % of positive cells [120] 

PD-L1 MM Discordant (primary vs  metastasis) IHC 28‐8 ⩾  5 % of positive cells [126] 

PD-L1 BC Discordant (primary vs  metastasis) IHC SP263 ⩾  5 % of positive cells [129] 

PD-L1 UC Discordant (primary vs  metastasis) IHC SP142 ⩾  5 % of positive cells [130] 

PD-L1 RCC Discordant (primary vs  metastasis) IHC ZM-0170 Intensity scale (0-3+) [131] 

PD-1 HCC Poor (if high on Tum) RNA seq – – [132] 

PD-1 BC No differences IHC NAT105 – [133] 

CTLA-4 NPC Poor (if high on Tum) IHC 251548 Intensity scale [134] 

CTLA-4 EC Poor (if high on Tum) IHC EPR1476 Intensity scale [135] 

CTLA-4 Thymoma Poor (if high on Tum) IHC BNI3 ⩾  5 % of positive cells [136] 

CTLA-4 BC Poor (if high on Tum) IHC Polyclonal ⩾  1 % of positive cells [137] 

CTLA-4 NSCLC Discordant (primary vs  metastasis) IHC 14D3 Intensity scale (0-3+) [138] 

PD-1/CTLA-4 RCC Poor (if high on TILs) IHC BSB-88/ NAT105 Intensity scale (0-3+) [139] 

CTLA-4 BC Poor (if high on TILs) Flow cytometry 46-1529-42 – [140] 

CTLA-4 CC Poor (if high on TILs) Flow cytometry 14D3 – [141] 

sLAG-3 BC Good if high on serum ELISA – – [142] 

sLAG-3 GC Good if high on serum ELISA – – [143] 

LAG-3 CRC Poor (if high on TILs) IHC – – [144] 

LAG-3 CC Poor (if high on TILs) Flow cytometry 11C3C65 – [145] 

LAG-3 STS Poor (if high on TILs) IHC 17B4 – [146] 

LAG-3 CC Good (if high on TILs) IHC – – [147] 

LAG-3 NSCLC Good (if high on TILs) IHC D2G4O Counting scale (0–3) [148] 

LAG-3 EC Good (if high on EC) IHC 17B4 Median value of count [149] 

LAG-3 BC Good (if high on TILs) IHC 17B4 ⩾  1 positive cells [151] 

LAG-3 TNBC Good (if high on TILs) IHC 17B4 ⩾  5 % of positive cells [152] 

TIM-3 LC Poor (if high) IHC Polyclonal ⩾  11 or 24 % of positive cells [153] 

TIM-3 PrC Poor (if high) IHC – Counting scale (0–3) [154] 

TIM-3 RCC Poor (if high on TILs) Flow cytometry/IF F38-2E2 – [155] 

TIM-3 BC Good (if high on TILs) IHC D5D5R ⩾  1 % of positive cells [157] 

TIM-3 BC Poor (if high on Tum) IHC Polyclonal Intensity scale (0-3+) [158] 

TIM-3 OSS Poor (if high on Tum) IHC MAB2365R ⩾  5 % of positive cells [159] 

TIM-3 CRC Poor (if high on Tum) IHC Polyclonal Staining intensity (high/low) [161] 

TIM-3 NSCLC No differences CyTOF – – [163] 

TIM-3 GC Poor (if high on Tum) IHC Polyclonal Intensity scale (0-3+) [164] 

TIGIT HCC Poor (if high on TILs) IHC – – [169] 

TIGIT Seminoma Not specified IHC TG1 ⩾  2 % of positive cells [170] 

CD155 SCLC Poor (if high on Tum) IHC B-6 Staining intensity [171] 

B7-H3 MM Poor (if high on Tum) IHC Polyclonal Intensity scale (0-3+) [172] 

B7-H3 PrC Poor (if high on Tum) IHC Polyclonal Staining intensity [173] 

B7-H3 CC No differences IHC MIH42 ⩾  10 % of positive cells [174] 

B7-H3 CC Poor (if high on Tum) IHC Polyclonal ⩾  10 % of positive cells [175] 

B7-H3 HCC Poor (if high on Tum) IHC Polyclonal Intensity scale (0-3+) [176] 

B7-H3 CeC Poor (if high on Tum) IHC 6A1 Intensity scale (0-3+) [177] 

B7-H3 SCCHN Poor (if high on Tum) IHC 14058 Score  > 3 [182] 

B7-H3 NC Poor (if high on Tum) IHC 14058 Intensity scale (0-3+) [183] 

B7-H3 DIPG Poor (if high on Tum) IHC/RNAseq – – [184] 

B7-H3 RCC Poor (if high on Tum) IHC BD/5A11 Staining intensity (high/low) [185] 

B7-H3 SCLC Poor (if high on Tum) QIF D9M2L top 25-percentile [186] 

BTLA PrC Poor if high on serum ELISA – – [191] 
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BTLA GC Poor (if high on Tum) IHC Polyclonal ⩾  5 % of positive cells [192] 

IDO-1 MM Poor (if low on TILs) IHC – – [196] 

IDO-1 GC Poor (if high on Tum) IHC 998743 Intensity scale (0-3+) [197] 

IDO-1 GC Poor (if high on Tum) IHC Polyclonal ⩾  5 % of positive cells [198] 

IDO-1 Thymoma Poor (if high on Tum) IHC 10,1 Staining intensity (0–3) [199] 
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Table 2. Expression and prognostic values of IC molecules in different solid pediatric cancers. 

IC molecule Cancer Type Prognosis Technique Ab (clone 
used) Cut-off of positivity References 

PD-L1 RMS, OSS, NB, EWS Poor (if high on Tum) IHC 28‐8 ⩾  5 % of positive cells [200] 

PD-L1 Burkitt lymphoma, GBM, NB Poor (if high on Tum) IHC 28‐8 1 % of positive cells [201] 

PD-L1 EWS, NB, OSS, RMS, WT Poor (if high on Tum) IHC 22C3 0–5 (0 = negative to 5 = very high) [202] 

PD-L1 NB, HB, MB, RMS – IHC E1L3N ⩾  5 % of positive cells [203] 

PD-L1 NB – Flow cytometry PD-L1.3.1 – [204] 

PD-L1 NB No differences IHC RBT-PDL1 1 tumor cell per mm2 [205] 

PD-L1 meGCTs No differences IHC RBT-PDL1 1 tumor cell per mm2 [207] 

PD-L1 OSS Poor (if high on Tum) IHC 130021 Intensity scale [208] 

PD-L1 OSS Poor (if high on Tum) IHC SP142 % of positive cells (0=negative to 4 =  > 75 %) [209] 

PD-L1 EWS Poor (if high on Tum) IHC E1L3N Intensity scale [210] 

PD-L1 RMS – IHC SP142/ 22C3 – [211] 

PD-L1 RMS – IHC/Flow cytometry SP142/ 22C3 % of positive cells (0=  <  1 % to 3= ≥50 %) [212] 

PD-L1 glioma Poor (if high on Tum) IHC MIH1 – [213] 

PD-L1 MB – IHC 5H1/SP142 Intensity Scale (0–3) [214] 

PD-L1 MB – IHC 28-8 ⩾  5 % of positive cells [215] 

PD-L1 PE No differences IHC SP263 ⩾  10 % of positive cells [216] 

PD-L1 PE – IHC SP263 Intensity Scale (0–3) [217] 

CTLA-4 Solid Tumors – Flow cytometry 50.18.21 – [219] 

LAG-3 NB No differences IHC EPR4392(2) 1 lymphocytes per mm2 [220] 

TIM-3 OSS Poor (if high on TILs) Flow cytometry/ELISA – – [222] 

TIM-3 OSS Poor (if high on TILs) Flow cytometry – – [223] 

B7-H3 Glioma – IHC – Intensity scale [224] 

B7-H3 OSS Poor (if high on Tum) IHC – Intensity scale (0–3) [225] 

B7-H3 GBM, MB, EWS, RMS Poor (if high on Tum) IHC – Intensity scale (0–3) [226] 

IDO-1 GBM – IHC 10,1 Intensity scale [227] 

IDO-1 OSS Poor (if high on Tum) IHC AB9252 % of positive cells (0= negative to 4 = 75–100 %) [228] 
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Table 3. The most recent clinical trials with immune checkpoint inhibitors as monotherapy or in 

combination in different solid adult cancers. 
Trials Cancer Types ICI* Therapy In combination with Other procedures Phases 

NCT04008030 CRC# Ipilimumab Nivolumab, Oxaliplatin, 
Leucovorin,Fluorouracil, Irinotecan, 

– III 

NCT03793166 AST# Ipilimumab 
Bevacizumab, Cetuximab 
Nivolumab, Cabozantinib – III 

NCT04026412 NSCLC Ipilimumab Nivolumab, Durvalumab – III 

NCT03879122 Hormone-sensitive PrC# Ipilimumab Nivolumab, Docetaxel, ADT – II-III 

NCT03873402 RCC Ipilimumab Nivolumab – III 

NCT03604991 Adenocarcinoma Ipilimumab Nivolumab,Carboplatin, Paclitaxel, Radiation Therapy II-III 
NCT03937219 RCC Ipilimumab Nivolumab, Cabozantinib – III 

NCT04039607 HCC Ipilimumab Nivolumab, Sorafenib, lenvatinib – III 
NCT04109066 BC Nivolumab paclitaxel, anthracycline, 

Cyclophosphamide 
Endocrine Therapy, Surgery III 

NCT03906071 Non-Squamous NSCLC Nivolumab Sitravatinib, Docetaxel – III 

NCT03774732 NSCLC Nivolumab – Radiation Therapy III 

NCT03952585 Basaloid SCC, OrC Nivolumab Cisplatin Image Guided Radiation Therapy II-III 

NCT04025879 NSCLC Nivolumab Carboplatin, Cisplatin, Paclitaxel, 
Pemetrexed 

– III 

NCT03811015 OrC Nivolumab Cisplatin Intensity-Modulated Radiation II-III 

    Therapy 
 

NCT03873402 RCC Nivolumab Ipilimumab – III 

NCT03834493 PrC Pembrolizumab Enzalutamide – III 

NCT03834506 PrC Pembrolizumab Docetaxel, Prednisone, Dexamethasone – III 

NCT03834519 PrC Pembrolizumab Olaparib, Abiraterone acetate, 
Prednisone, Enzalutamide 

– III 

NCT03924895 Urinary BlC Pembrolizumab – Surgery III 

NCT03924856 Urinary BlC Pembrolizumab Gemcitabine, Cisplatin Surgery III 

NCT03829332 NSCLC Pembrolizumab Lenvatinib – III 

NCT03924869 NSCLC Pembrolizumab – Stereotactic Body Radiation Therapy III 
NCT03829319 Non squamous NSCLC Pembrolizumab Carboplatin, Cisplatin, Pemetrexed, 

Lenvatinib 
– III 

NCT03976375 NSCLC# Pembrolizumab Lenvatinib, Docetaxel – III 

NCT03881111 EC Pembrolizumab Cisplatin – III 

NCT03793179 NSCLC Pembrolizumab Carboplatin, Pemetrexed – III 

NCT03867175 LC# Pembrolizumab – Stereotactic Body Radiation Therapy III 
NCT03884101 EnC Pembrolizumab Lenvatinib, Paclitaxel, Carboplatin – III 

NCT03976323 NSCLC Pembrolizumab Pemetrexed, Carboplatin, Cisplatin, 
Olaparib 

– III 

NCT03914612 EnC Pembrolizumab Carboplatin, Paclitaxel – III 

NCT03898180 UC Pembrolizumab Lenvatinib – III 

NCT03715205 NSCLC, MM Pembrolizumab – – IV 

NCT03976362 SCC, NSCLC Pembrolizumab Carboplatin, Paclitaxel, Nab-paclitaxel, 
Olaparib 

– III 

NCT04003636 BTC Pembrolizumab Gemcitabine, Cisplatin – III 

NCT03975036 AST Pembrolizumab Anlotinib – II-III 

NCT03833167 SCC Pembrolizumab – – III 

NCT03867084 HCC Pembrolizumab – – III 

NCT03820986 MM Pembrolizumab Lenvatinib – III 

NCT03969004 Cutaneous SCC Cemiplimab – – III 

NCT03815643 AST Avelumab – – III 

NCT04177108 TNBC Atezolizumab Ipatasertib, Paclitaxel – III 

NCT03726879 BC Atezolizumab Doxorubicin, Cyclophosphamide, 
Paclitaxel, Trastuzumab, 
Pertuzumab 

– III 

NCT03799835 BlC Atezolizumab BCG – III 

NCT03922997 NSCLC Atezolizumab – – III 

NCT03775265 BlC Atezolizumab Cisplatin, Fluorouracil, Gemcitabine, 
Mitomycin 

Radiation Therapy III 

NCT03199885 BC Atezolizumab Paclitaxel, Biological, Trastuzumab, 
Pertuzumab 

– III 

NCT03811002 LC, SCLC Atezolizumab Carboplatin, Cisplatin, Etoposide Radiation Therapy II-III 
NCT04028050 SCLC Atezolizumab Carboplatin, Etoposide – III 

NCT03762018 MPM Atezolizumab Carboplatin, Pemetrexed, Bevacizumab – III 
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NCT04102098 HCC Atezolizumab Bevacizumab – III 

NCT03875235 BTC Durvalumab – – III 

NCT03830866 Locally Advanced CeC Durvalumab Cisplatin, Carboplatin External beam radiation therapy, III 

    brachytherapy 
 

NCT03737643 Advanced OC Durvalumab Bevacizumab, Olaparib, Carboplatin, 
Paclitaxel 

– III 

NCT03833154 NSCLC Durvalumab – – III 

NCT04078152 AST Durvalumab – – IV 

NCT03847428 HCC Durvalumab Bevacizumab – III 

NCT03784014 STS Durvalumab Nilotinib, Ceritinib, Capmatinib, 
Lapatinib, Trametinib, Dabrafenib, 

Next Generation sequencing III 

   
Olaparib, Palbociclib, Glasdegib exome 

 
NCT03607890 AST Relatlimab Nivolumab 

 
II 

NCT03044613 GC, EC, GEC Relatlimab Nivolumab, Carboplatin, Paclitaxel Radiation Therapy I 
NCT03642067 COAD Relatlimab Nivolumab – II 

NCT04080804 SCCHN Relatlimab Nivolumab, Ipilimumab 
 

II 

NCT03459222 AST Relatlimab Nivolumab, BMS-986205, Ipilimumab – I-II 

NCT03610711 GEC Relatlimab Nivolumab – I-II 

NCT04112498 AST Relatlimab nivolumab, rHuPH20 – I 

NCT04062656 GC Relatlimab Nivolumab, Ipilimumab, Oxaliplatin, 
Docetaxel, 5-Fluorouracil 

Folic acid II 

NCT02996110 AST Relatlimab Nivolumab, Ipilimumab, BMS-986205, 
BMS-813160 

– II 

NCT03335540 AST Relatlimab Nivolumab, Cabiralizumab, Ipilimumab, 
IDO Inhibitor 

Radiation Therapy I 

NCT03743766 MM Relatlimab Nivolumab, Relatlimab – II 

NCT03724968 MM#
 Relatlimab Nivolumab, Ipilimumab – II 

NCT03978611 MM Relatlimab Ipilimumab – I 

NCT03099109 AST LY3321367 LY3300054 
 

I 

NCT03680508 HCC TSR-022 TSR-042 – II 

NCT03307785 AST, NSCLC TSR-022 Niraparib, Carboplatin-Paclitaxel, 
Bevacizumab, Carboplatin 
Pemetrexed, Carboplatin-Nab-Paclitaxel 

– I 

NCT03945253 AST ASP8374 – – I 

NCT03260322 AST ASP8374 Pembrolizumab – I 

NCT04047862 AST# BGB-A1217 Tislelizumab – I 

NCT03628677 AST AB154 AB122 – I 

NCT03563716 NSCLC MTIG7192A Atezolizumab – II 

NCT03563716 AST TAB004 – – I 

NCT03301636 MM Indoximod Pembrolizumab, Nivolumab – II 



64 
 

Table 4. The most recent clinical trials with immune checkpoint inhibitors as monotherapy or in 

combination in different pediatric solid cancers. 
Trials Cancer Types ICI* Therapy In combination with Other procedures Age Phases 

NCT01445379 Sarcoma, WT, Lymphoma, 
NB 

Ipilimumab / / 3 yrs to 21 yrs I 

NCT02304458 MM#, EWS#, HL#, NB#, 
OSS#, RMS#, AST# 

Ipilimumab Nivolumab Biomarker Analysis, Pharmacological Study 12 mths to 30 I, II 

NCT01738139 AST; Unresectable MM; GC# Ipilimumab Imatinib Mesylate / 
yrs 
>  15 yrs I 

NCT00057889 RCC Ipilimumab / / >  16 yrs II 
NCT00623766 MM Ipilimumab Corticosteroids / >  16 yrs II 
NCT01274338 MM Ipilimumab Recombinant Interferon 

Alfa-2b 
/ >  12 yrs III 

NCT01827111 MM Ipilimumab ABI-007 / 12 yrs to 70 II 

     yrs  
NCT00289640 MM Ipilimumab MDX-010, BMS-734016 / >  16 yrs II 
NCT00058279 Intraocular and skin MM Ipilimumab aldesleukin / >  16 yrs I, II 
NCT00077532 Skin MM Ipilimumab gp100 antigen, 

incomplete Freund's 
adjuvant 

/ >  16 yrs II 

NCT00032045 Intraocular and skin MM Ipilimumab gp100 antigen, 
incomplete Freund's 
adjuvant 

/ >  16 yrs II 

NCT03837899 CST, Hematological 
Malignancies 

Tremelimumab Durvalumab / up to 18 yrs I, II 

NCT02879162 AST Tremelimumab Durvalumab / >  16 yrs II 
NCT03838042 CNS Tumor; CST Nivolumab Entinostat / 6 yrs to 21 I, II 
NCT03130959 AST Nivolumab Ipilimumab / 6 mths to 21 II 
NCT03668119 CST Nivolumab Ipilimumab / >  12 yrs II 
NCT02992964 Refractory or Recurrent 

Hypermutated 
Nivolumab / / 12 mths to 18 I, II 

 Malignancies      
NCT03585465 CST; Childhood Lymphoma Nivolumab Vinblastine; 

Cyclophosphamide; 
Capecitabine; 

/ 4 yrs to 18 I, II 

NCT02775292 CST; Metastatic Tumors Nivolumab Aldesleukin; 
Cyclophosphamide; 
Fludarabine Phosphate 

NY-ESO-1(157–165) Peptide-pulsed Autologous 
Dendritic Cell Vaccine 

>  16 yrs I 

NCT03465592 Sarcoma; CST Nivolumab / / 12 mths to 40 I, II 
NCT02419417 AST Nivolumab BMS-986158 / >  12 yrs I, II 
NCT03329846 Skin MM Nivolumab BMS-986205 Placebo >  12 yrs III 
NCT02813135 AST Nivolumab Various chemotherapics / up to 18 I, II 
NCT03595124 RCC Nivolumab Axitinib / >  12 mths II 
NCT03282344 Sarcoma Nivolumab NKTR-214  >  12 yrs II 
NCT02989636 Chordoma Nivolumab Radiation: Stereotactic 

Radiosurgery 
Biomarker Analysis >  15 yrs I 

NCT03628209 OSS Nivolumab Azacitidine Post Treatment Surgery up to 39 yrs I, II 
NCT02914405 NB Nivolumab Ch14.18/CHO / 1 year to 18 I 
NCT02550249 GBM Nivolumab / / >  1 year II 
NCT03635983 MM Nivolumab NKTR-214 / >  12 yrs III 
NCT02970981 MM Nivolumab Ipilimumab / >  16 yrs II 
NCT04099251 MM Nivolumab / / >  12 yrs III 
NCT03068455 MM Nivolumab ipilimumab / >  12 yrs III 
NCT02388906 MM Nivolumab Ipilimumab Placebo matching Ipilimumab >  15 yrs III 
NCT01176474 Skin MM Nivolumab Ipilimumab; NY-ESO-1 

157–165 (165 V); 
gp100:280-288 (288 V); 
Montanide 
ISA 51 vegetable grade 

Apheresis >  16 yrs I 

NCT02332668 MM; Lymphoma; CST Pembrolizumab / / 6 mths to 17 I, II 

     yrs  
NCT03145961 TNBC Pembrolizumab / / >  16 yrs II 
NCT03532737 SCCHN Pembrolizumab / / >  16 yrs II 
NCT03445858 CST; Lymphoma Pembrolizumab Decitabine Hypofractionated Index Site Radiation 12 mths to 40 Early I 

     yrs  
NCT02359565 Glioma; PE; DIPG; MB Pembrolizumab / Imaging 1 year to 29 I 

     yrs  
NCT03012620 Sarcoma; OC; CNS tumors; 

Germ Cell and 
Pembrolizumab / / >  15 yrs II 

 
Embryonal; NK/T-cell 
Lymphoma      

NCT04134559 HCC Pembrolizumab / / up to 30 yrs II 
NCT02621021 MM Pembrolizumab Cyclophosphamide; 

Fludarabine; 
Aldeslaukin 

/ >  16 yrs II 

NCT03769467 NC Pembrolizumab tabelecleucel / >  12 yrs I, II 
NCT02748564 MM# Pembrolizumab Aldesleukin Biomarker Analysis >  15 yrs II 

NCT03092323 STS Pembrolizumab / / >  12 yrs II 

NCT03056001 STS Pembrolizumab Doxorubicin / >  12 yrs II 
NCT02636725 ASPS; STSs Pembrolizumab Axitinib Tumor Specimen Collection >  16 yrs II 

NCT03063632 Myxoid Liposarcoma# Pembrolizumab Interferon Gamma-1b Biomarker Analysis >  12 yrs II 
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NCT02693535 Lymphoma; MM; AST Pembrolizumab Nivolumab; 
Ipilimumab; plus 
Chemotherapy 

/ >  12 yrs II 

NCT02301039 STS; Bone Sarcoma Pembrolizumab / / >  12 yrs II 
NCT03783078 MCC Pembrolizumab / / >  12 yrs III 

NCT03553836 MM Pembrolizumab / Placebo >  12 yrs III 

NCT03690869 CST; CNS Tumor; DIPG; 
High Grade Glioma 

Cemipilmab Radiation: Conventional 
or hypofractionated 

Re-irradiation up to 25 yrs I, II 

NCT03141684 ASPS# Atezolizumab / Biomarker Analysis >  2 yrs II 

NCT02793466 CST; Lymphoma; CNS 
Tumors 

Durvalumab MEDI4736 / 1 yrs to 17 I 

NCT03451825 CST; Lymphoma Avelumab / / up to 18 yrs I, II 

NCT03006848 OSS Avelumab / Questionnaires 12 yrs to 49 II 
NCT01968109 Neoplasms by Site Relatlimab Nivolumab; BMS-

986213 
/ >  12 yrs I, II 

NCT03470922 MM Relatlimab Nivolumab / >  12 yrs II, III 
NCT03623854 Chordoma Relatlimab Relatlimab / >  12 yrs II, III 

NCT02982941 NB; RMS; OSS; EWS; WT; 
DSRCT 

Enoblituzumab / / 1 yrs to 35 I 

NCT02502708 GBM; Glioma; Gliosarcoma; 
PE; MB; DIPG; CNS 

Indoximod Temozolomide; 
Cyclophosphamide; 
Etoposide 

Conformal Radiation 3 yrs to 21 I 

NCT04049669 GBM; MB; PE; DIPG Indoximod Temozolomide;Cycloph
osphamide; 
Etoposide;Lomustine 

Full-dose Radiation 3 yrs to 21 II 

NCT02052648 GBM; Glioma; Gliosarcoma; 
CNS Tumor 

Indoximod Temozolomide; 
Bevacizumab 

Stereotactic Radiation >  16 yrs I, II 
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Figure 1 
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Figure 2 
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Figure 3 

 

 
 


