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Abstract: Tumor microenvironment (TME) represents a complex network between tumor cells and 

a variety of components including immune, stromal and vascular endothelial cells as well as ex-

tracellular matrix. A wide panel of signals and interactions here take place, resulting in a 

bi-directional modulation of cellular functions. Many stimuli, on one hand, induce tumor growth 

and spread of metastatic cells and, on the other hand, contribute to the establishment of an im-

munosuppressive environment. The latter feature is achieved by soothing immune effector cells, 

mainly cytotoxic T lymphocytes, B and NK cells, and/or through expansion of regulatory cell pop-

ulations, including regulatory T and B cells, tumor-associated macrophages and myeloid-derived 

suppressor cells. In this context, immune checkpoints (IC) are key players in the control of T cell 

activation and anti-cancer activities, leading to the inhibition of tumor cell lysis and of 

pro-inflammatory cytokine production. Thus, these pathways represent promising targets for the 

development of effective and innovative therapies both in adults and childhood. Here we address 

the role of different cell populations homing the TME and of well-known and recently character-

ized IC in the context of pediatric solid tumors. We also discuss preclinical and clinical data avail-

able using IC inhibitors alone, in combination each other or administered with standard therapies. 
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1. Introduction 

Tumorigenesis is a dynamic and complex process with characteristics that are re-

sponsible for tumor growth and dissemination. These peculiar features account for tumor 

complexity and consist of a wide variety of signals derived from different sources that all 

together promote uncontrolled cell division, angiogenesis, invasion and metastasis, re-

sistance to apoptosis and evasion from immune surveillance. Different cellular and 

non-cellular elements within tumors, defining the tumor microenvironment (TME), are 

involved in all these processes. 

TME consists of non-malignant cells including cancer associated fibroblasts (CAF), 

endothelial cells, pericytes, immune and inflammatory cells, bone marrow derived cells 

and components of the extracellular matrix (ECM) that establish a complex cross-talk 

with the tumor. ECM is composed of collagen, proteoglycans and other molecules in-

cluding cytokines, growth factors (GF), hormones and chemical parameters (e.g pH and 

interstitial pressure) regulating cancer progression. Furthermore, neoplastic cells have 

the ability to recruit and activate stromal cells, which in turn allow cancer cells to invade 

surrounding normal tissue and to metastasize in distant organs. Stromal cells also con-

tribute to the formation and remodelling of ECM, produce several tumor growth factors 

and promote vessel formation [1,2].  

The immune components within the TME are involved in both adaptive and innate 

immunity and are located in the core of the tumor as well as in the invasive margin or in 

the adjacent tertiary lymphoid structures. Basically all immune cell types may be found 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

©  2021 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202104.0016.v1
http://creativecommons.org/licenses/by/4.0/


 

 

in TME, including mast cells, neutrophils, macrophages (M1 and M2 polarized), mye-

loid-derived suppressor cells (MDSC), dendritic cells (DC), natural killer (NK), NKT 

cells, B and T lymphocytes. B cells include naïve and memory subsets, whereas T lym-

phocytes are predominantly represented by effector T helper (Th) cells including Th1, 

Th2 and Th17 cells, regulatory T (Treg) cells and follicular helper cells. All these immune 

cell populations have the ability to release a wide variety of cytokines, cathepsins, GF 

such as vascular endothelial GF (VEGF)-A and –C, fibroblast GF, epithelial GF, hepa-

rinases and matrix metalloproteinase (MMP) that degrade ECM. All together these mol-

ecules promote cancer cell growth, metastasis and tumor vascularization. The cytokines 

released mainly promote an immune-suppressive microenvironment where IL-10 and 

TGF-β1 play a crucial role. They exert immune-modulatory activities through different 

mechanisms including i) activation of Treg cells recruited into the tumor, ii) induction of 

a shift in the Th1-Th2 balance towards Th2 phenotypes without cytotoxic function, iii) 

inhibition of Th1 responses, iv) decrease of M1 activities paralleled by stimulation of M2 

functions, and v) induction of chemokine production (e.g macrophage chemo-attractant 

protein 1) [3,4]. 

The importance of the crosstalk between the different cell populations within TME 

and how it impact on cancer progression has been clearly established and represent an 

hallmark of cancer.  The infiltration rate of different immune cells in the tumor correlate 

with cancer progression or patient prognosis. In this view, it is not surprising that in-

creased infiltration of cells with immune-suppressive activities such as Treg, MDSC and 

tumor associated macrophages (TAM) is associated with cancer progression [5], whereas 

the presence of cytotoxic T lymphocytes (CTL) correlates with a better prognosis in sev-

eral cancers [6].  

Due to the aforementioned considerations, TME cells has become a field of active 

investigation to develop novel therapeutic approaches, especially for those tumors un-

responsive to first-line therapeutic protocols (chemotherapy/radiotherapy).  

2. Therapeutic strategies based on TME immune cells: a general point of view 

Different strategies have been developed over time to implement immunothera-

peutic approaches against cancer, taking advantage of the populations homing in the 

TME. Immunotherapy is focussed on two primary aims that are to strengthen the an-

ti-tumor responses and to smother the immune suppressor mechanisms. These immu-

nological activities may be obtained by using i) monoclonal antibodies targeting tumor 

antigens, immune-populations with suppressive or cytotoxic activities, ii) im-

mune-checkpoint (IC) inhibitors and iii) adoptive cell therapy [7]. 

Monoclonal antibodies in cancer therapy are generally used in combination with 

chemotherapy and/or radiotherapy and function by three main mechanisms that are i) 

targeting of molecules involved in tumor cell proliferation and angiogenesis, ii) induction 

of antibody-dependent cellular cytotoxicity (ADCC) and iii) activation of comple-

ment-dependent cytotoxicity (CDC).  

The development of IC inhibitors (ICI) is quite recent [8] and represents an im-

portant milestone in the field of immuno-oncology due to their ability to increase the 

powerful of immune responses against tumor growth [9,10]. This issue will be discussed 

in detail in the following chapters, but it is here to mention that impressive results have 

been achieved in several adult cancer patients [11-14]. These findings stimulated a 

prompt exploration of the ICI therapy also in childhood malignancies in which data 

available are still limited. 

Adoptive cell therapy actually represents the new frontier of immunotherapy and 

underwent a continuous methodological evolution starting from tumor infiltrating 

lymphocytes (TIL), through TCR-editing until the most revolutionary platform of chi-

meric antigenic receptors (CAR) T cells that accounts of a high number of clinical trials 

worldwide [15,16]. Here we do not explore this complex and very wide topic since it is 

fully addressed in hundreds of reviews. Some of these approaches have shown promis-
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ing results in adult tumors, paving the way for their use against pediatric malignancies 

but, although childhood and adult cancers share some similarities, pediatric cancers 

show distinct features that may render therapeutic protocols commonly used in adult 

patient often inapplicable. In this context, it is to mention that TME of pediatric tumors 

displays higher immune suppressive features than that of adult cancers, mainly due to 

the more abundant presence of TAMs, Tregs and MDSCs, especially in therapeutic re-

sistant pediatric solid tumors such as glioma, osteosarcoma and refractory neuroblasto-

ma (NB) [17]. Compared to adult cancers, pediatric tumors also show few somatic coding 

mutations, resulting in a limited generation of neo-antigens, thus impairing T cell re-

sponses [18]. By contrast, similarly to adult cancers, the architecture of TME in childhood 

is characterized by disregulated vasculature and metabolic activity, that impair traffick-

ing and recruitment of anti-tumor effector cells [17].  

Nonetheless, some immunotherapies used in adults received US Food and Drug 

Administration approval also for children. Here we focus on immunotherapeutic ap-

proaches based on the use of ICI in pediatric tumors. 

3. Immune cells in the TME: a double edge sword 

The cross-talk between cancer and immune cells is a three-phase process called 

“cancer immune-editing” [19]. First, before becoming clinically detectable, neoplastic 

cells are initially recognized and eliminated by reactive T cells which act against tumor 

associated antigens (TAA). Afterwards there is an “equilibrium phase” in which tumor 

cells remain under the control of the immune system, also for a long period, until more 

aggressive and less immunogenic neoplastic cells, selectively survive and grow, entering 

in a final phase characterized by T cell exaustion and  irreversible “immune escape” 

mechanisms. It is now well known that cancer progression depends on the balance be-

tween promoting and antagonizing activities exerted by immune cells resident in TME. 

Immunotherapy points to “shift the weight” on improving immune anti-tumor responses 

while impairing immune suppressive mechanisms [19].   

TME immune cell populations and, in some cases, their subsets, play different func-

tions against harbouring tumor cells that may be subverted during cancer progression. 

Cancer cells themselves may activate numerous immune escape mechanisms [20] which 

include i) loss of TAA expression, ii) down-regulation of MHC complex on cell surface, 

iii) production of molecules that inhibit antigen presenting cell (APC) maturation (e.g. 

CCL2, CXCL1, CXCL5 and VEGF), iv) secretion of factors recruiting immune suppressive 

cell populations (e.g Treg, M2 macrophages and MDSCs), v) up-regulation of inhibitory 

receptors including cytotoxic T lymphocyte associated protein (CTLA)-4, programmed 

cell death receptor 1 (PD-1) on T cells and vi) up-regulation of inhibitory ligands (PD-L1) 

on tumor or stromal cells. Immune therapies subverting these suppressive mechanisms, 

such as cytokine therapy and immune checkpoint inhibitors have been developed and 

showed clinical efficacy and long-term protection against several cancers [20]. 

3.1. T lymphocytes 

Antigen specific CD8+ T cells  may infiltrate the tumor and represent the major ef-

fector T lymphocytes able to kill cancer cells by granule exocytosis, Fas ligand 

(FasL)-mediated apoptosis and secreting interferon (IFN)-γ and tumor necrosis factor 

(TNF)-α [21]. Many strategies are employed by tumor cells to protect themselves against 

antigen specific CTL including, for example, the induction of negative regulators to in-

hibit CTL responses and recruitment or polarization of immune suppressive cells. The 

negative regulation of CTL is based on feedback mechanisms of the immune system, 

required under physiological conditions, to shut down immune responses avoiding 

damage to bystander healthy tissues, once antigen is eliminated. The prototype of these 

mechanisms is represented by IC molecules or co-inhibitory receptors. IC include both 

inhibitory and stimulatory molecules [22]. Stimulatory molecules are up-regulated up-

on T cell stimulation, whereas those with inhibitory activities repress different signaling 
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pathways resulting in reduced activities of T lymphocytes, including cytotoxicity, secre-

tion of cytokines and proliferation.  Of note, T cells homing the TME, present an intrinsic 

up-regulation of many immunosuppressive IC molecules and co-inhibitory receptors 

paralleled by low levels of co-stimulatory molecules, a phenotype correlating with func-

tional exhaustion or anergy [23]. Furthermore, high infiltration of activated CTL has been 

described to be associated with improved clinical outcome in cancer patients affected by 

several tumors including breast, ovarian, melanoma malignancies and non-small cell 

lung cancer (NSCLC) [24-27]. 

With opposite function from CTL are Treg [28] that are physiologically involved in 

the maintenance of immune homeostasis and peripheral tolerance. Treg suppress im-

mune responses through different mechanisms including i) metabolic distruption, ii) di-

rect B, CTL and NK cytolysis mediated by granzyme-B secretion, iii) inhibition of matu-

ration and/or function of APC and iv) secretion of inhibitory cytokines such as IL-10 and 

TGF-β1 [29]. All these activities represent unambiguously an advantage for tumor 

growth since prevent the cytoxicity against cancer mainly operated by CTL. For this 

reason, the infiltration level of Treg in solid tumor correlate with poor prognosis of pa-

tients affected by epatocarcinoma [30], colorectal cancer [31] and  NSCLC [32].  

A peculiar Treg subset, strictly associated with the tumor, is the T regulatory type 1 

(Tr1) cells. They are highly suppressive, produce IL-10 and TGF-β, and their generation 

from naïve CD4+ T cell precursors is promoted at tumor sites mainly through the activity 

of immature DC or tolerogenic plasmacytoid DC. This population may represent up to 

30% of TIL and exert a suppressive activity up to 50 times more potent than Treg. Alt-

hough Tr1 cells represent a highly suppressive Treg subset, their clinical impact in cancer 

is still uncertain [33,34].  

A small fraction of T cells infiltrating TME is represented by γδ T cells which exert 

anti-tumor activity mediated by production of pro-inflammatory cytokines, direct cyto-

toxic activity and regulation of the biological functions of other immune cell types. γδ T 

cells represent an important component of TIL in cancer patients [35,36] and are also 

considered as a good prognostic marker in many cancer studies [37].  

3.2. NK cells 

NK cells are involved in innate immunity and exert powerful anti-tumor and an-

ti-viral responses, by i) direct killing of tumor or infected cells through perforin and 

granzyme release, ii) stimulation of anti-tumor responses in other effector cells secreting 

pro-inflammatory cytokine such as IFN-γ , TNF-α, IL-6, GM-CSF and ii) recruiting DC 

and T lymphocytes through production of chemo-attractant molecules (e.g. CCL5) 

[38,39]. Several studies reported that, in a variety of different solid tumors (lung, gastric, 

colorectal, head -neck and renal cell carcinoma), the presence of NK cells in the TME 

correlates with improved patient outcome [40]. By contrast, cells within the TME produce 

immunosuppressive cytokines and mediators that negatively affect NK cell functions. 

Immunosuppressive cytokines, such as TGFβ, IL-10 and IL-6, directly or indirectly inhibit 

NK cells. Of note, attenuated NK cell functions at the tumor site may be restored by 

stimulatory cytokines including IL-2, IL-15, IL-21 and IFN-α [41].  

3.3. Dendritic cells 

DC are a rare heterogeneous population of leukocytes that play a crucial role in the 

induction and regulation of innate and adaptive immunity. DC are APC needed for 

priming of effective T cell responses, their recruitment into the TME and maintenance of 

effector memory T cell functions [42-44]. Activation of DC is mediated by different type 

of receptors expressed on their surface, named pattern recognition receptors (PRRs), in-

cluding Toll-like receptors (TLRs), that recognize pathogen- or damage-associated mo-

lecular patterns such as nucleic acids released by dying tumor cells. DC capture TAA and 

process them into immunogenic peptides that are loaded onto MHC class I molecules 

and presented to CD8+ T cells. Thus, CD8+ CTL detect non-self tumor antigens expressed 
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on cancer cells and, as already mentioned, kill them by producing cytotoxic cytokines, 

promoting granule exocytosis and FasL-mediated apoptosis. DC activation induces 

up-regulation of co-stimulatory molecules (CD80, CD83, and CD86) and production of 

inflammatory cytokines (type I IFNs and IL-12) that, in turn, mediate T cell priming and 

differentiation into TAA-specific effector cells [45-47]. Moreover, DC induce the recruit-

ment of effector T cells into the tumor site by secreting chemo-attractant molecules that 

contribute to maintain effector and memory T cell functions. By contrast,  DC that are 

not activated promote immune tolerance [48,49]. 

3.4 B lymphocytes 

B lymphocytes contribute to the positive regulation of many processes associated 

with anti-tumor immunity [50]. Indeed, they express co-stimulatory molecules (e.g CD40, 

CD80 and CD86), produce antibodies and cytokines, function as APC, initiate T-cell 

priming, promote T-cell expansion and memory differentiation [51-53] and directly kill 

tumor cells through FasL-Fas interaction [54] and  secretion of cytotoxic granules (e.g. 

granzyme B) [50]. Tumor infiltrating B lymphocytes positively correlate with favourable 

clinical outcomes in different murine and human cancers [55-57]. Similarly to T lym-

phocytes, there are B cell subsets that exert immune-suppressive functions namely reg-

ulatory B lymphocytes (Breg) [58,59] and tumor associated B cells (TAB) [60]. 

The existence of Breg is physiologically related to the immune tolerance crucial to 

restrain the development of autoimmunity [61], but in TME they are expanded and 

support tumor growth by secreting IL-10 [62], IL-35 [63] and TGF- that impair T cell 

proliferation and induce Treg [64]. Notably, a high frequency of Bregs correlate with 

clinical stage of disease in hepatocellular carcinoma [65] and ovarian cancer [66] patients. 

The immuno-suppressive role of TAB resembles that of Breg, since they promote tumor 

inflammation [67,68], inhibit anti-tumor T cell-dependent therapy responses [69,70] and 

produce IL-10 and TGF-β in mouse cancer models. 

3.5 Macrophages 

In physiological conditions, macrophages are polarized into two populations, M1 

macrophages which are classically activated by interferon IFN-γ with lipopolysaccha-

rides (LPS) and M2 macrophages, alternatively activated by IL-4 [71]. Activated M1 

macrophages can kill tumor cells and cause tumor haemorrhagic necrosis [72] by pro-

ducing reactive oxygen/nitrogen species. Their presence in TME is associated with fa-

vorable outcome in NSCLC [73], colorectal, prostate and other cancers [74,75] . Activation 

of M1 macrophages may also occur in the early stages of tumorigenesis, when immune 

cells try to eliminate the nascent tumor [76]. By contrast, during tumor progression there 

is a subversion of macrophage functions, from M1 to M2 due to many factors, including 

the presence of IL-4 synthesized by CD4+ T cells and tumor cells [77,78] and of tu-

mor-derived GF such as CSF1 [79] and GM-CSF [80]. M2 macrophages produce an-

ti-inflammatory cytokines, promote angiogenesis, extracellular matrix degradation and 

are considered the major source of MDSC. MDSC exert different pro-tumor activities that 

include the induction of angiogenesis through i) production of MMP-9, prokineticin 2 

and VEGF, ii) promotion metastasis by producing arginase or inducible nitric oxide 

synthase (iNOS) and iii) inhibition of T cell functions through immunosuppressive cyto-

kines, typically TGF-β and IL-10 [81,82]. 

Circulating monocytes give rise to mature macrophages, they are recruited into the 

TME and converted into tumor-associated macrophages (TAMs). TAM represent up to 

50% of normal cells in the TME and their phenotype is plastic and regulated by the local 

microenvironment. They are associated with tumor progression and have several prop-

erties similar to M2. TAM secrete chemokines and cytokines (e.g. IL-6, IL-8, and IL-10) 

involved in the promotion of tumors and express several IC such as PD-1, CD47 and 

leukocyte immunoglobulin-like receptor 1 (LILRB1), deeply investigated as target for 

immunotherapeutic purposes [83]. 
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High levels of PD-1 are expressed on TAM and the level of PD-1 gradually increases 

with the development of tumors [84]. The PD-1/PD-L1 pathway is considered a tumor 

escape mechanism since limits the activities of effector T cells, NK cells and DC, and in-

hibits the phagocytosis of TAM. After PD-1/PD-L1 suppression by inhibitors, the phag-

ocytosis of TAM improves, thus killing tumor cells. Other immune checkpoints ex-

pressed on TAM are signal regulatory protein α (SIRPα) and LILRB1 that bind CD47 and 

MHC class I, respectively, expressed on tumor cells. These engagements inhibit the 

phagocytosis of macrophages thus promoting the occurrence and development of tu-

mors. As consequence, the use of drugs targeting such molecules including anti-CD47, 

anti-SIRPα and anti-LILRB1 monoclonal antibodies, the recognition pathways are 

blocked and phagocytosis of macrophages is enhanced [85]. 

4. IC as immunotherapeutic targets in pediatric solid cancers 

Activation of immune effectors cells in TME is regulated by several activating and 

inhibitory molecules in a tightly coordinated network. The balance between these signals 

is crucial to activate an effective response against infected and neoplastic cells while 

maintaining immune tolerance against self-antigens [86].  

IC include different trans-membrane proteins expressed by immune effector cells, 

mainly T lymphocytes, which regulate the intensity and duration of physiological im-

mune responses, maintaining normal homeostasis and self-tolerance [87]. The expression 

of IC with immune-suppressive functions is increased on immune cells infiltrating the 

TME [88,89]. In addition, regulatory cell populations, such as MDSC, Treg, TAM and 

TAB express inhibitory ligands of IC, thus leading to immune evasion mechanisms 

driven by cancer cells [89].  

As already mentioned, during cancer progression a "cancer immune-editing", based 

on three different phases that are elimination, equilibrium and escape, takes place [19]. In 

the last phase, T lymphocytes become exhausted or tolerized, due to chronic antigen 

stimulation and up-regulation of different inhibitory receptors [90]. The most character-

ized IC are the co-inhibitory molecules CTLA-4, PD-1 and its ligands PD-L1/2 [91], lym-

phocyte activating antigen-3 (LAG-3) [92], T-cell immunoglobulin and mucin-domain 

containing-3 (TIM-3) [93] and T cell immune-receptor with Ig and ITIM domains (TIGIT) 

[94]. Although not fully characterized, novel IC molecules have been discovered such as 

B- and T-lymphocyte attenuator (BTLA) [95], B7-H3 [96] and indolamine dioxygenase 

(IDO) [97] that are under investigation for their potential clinical use in cancer patients.  

Pediatric solid tumors are a group of non-hematologic, extracranial cancers that 

occur during childhood. This heterogeneous group of tumors represents approximately 

40% of all pediatric cancers. Many pediatric solid tumors are referred to as embryonal or 

developmental cancers because they arise in young children or adolescents as a result of 

alterations in the processes of organogenesis or normal growth. The ranking of pediatric 

cancer types is typical of Western Countries leukemias are the most frequent neoplasms 

(33% of all malignant cancers), followed by lymphomas (16%), malignant tumors of the 

central nervous system (13%), neoplasms of the peripheral nervous system (8%) and of 

the soft tissues (7%). The remaining tumors are grouped primarily by anatomic site of 

onset and account for no more than 5% each and 23% altogether (AIRTUM consortium). 

Here we mainly discuss IC pathways and results from pre-clinical and clinical studies 

obtained using IC inhibitors in pediatric cancers including medullo- and glioblastoma 

(derived from the central nervous system, and soft tissues such as rabdomiosarcoma, 

Ewing’s sarcoma (EWS) and NB the represents the most extra-cranial tumor in children.  

4.1. The PD-1/PD-L axis 

PD-1, also known as CD279, is a type I membrane protein belonging to the CD28 

super-family and represents a key regulator of normal host physiology and of pro-

grammed cell death of lymphocytes [98]. This is expressed upon activation on different T 

cells subsets, B lymphocytes, NK cells, some myeloid cells and cancer cells [99]. The crit-
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ical role of PD-1 in maintaining peripheral tolerance has been unambiguously demon-

strated in PD-1 deficient mice which spontaneously develop autoimmune diseases, such 

as lupus-like proliferative arthritis and glomerulonephritis [100]. Ligands of PD-1 are two 

members of the B7 family, PD-L1 (CD274) and PD-L2 (CD273). PD-L1 has been found in a 

wide variety of cells homing in primary and secondary lymphoid organs and in 

non-hematopoietic tissues, whereas PD-L2 is restricted to APC in lymphoid tissues. 

PD-1/PD-L1 interaction limits T cell activating signals by inhibiting T cell proliferation, 

survival and cytokine release [101]. 

PD-1/PD-L1 axis has been deeply investigated in pediatric solid tumors. High ex-

pression of PD-L1 was detected in alveolar rhabdomyosarcoma (86 %), high-risk NB 

(72%), EWS (57%) , embryonal rhabdomyosarcoma (50%) and osteosarcoma (47%). As 

expected, tumors with the highest proportion of PD-L1 positivity showed poorest sur-

vival. In addition, CD8+ TIL significantly correlated with PD-1 expression and increased 

CD8+ TIL correlated with better overall survival, suggesting that triggering CD8+ T-cell 

responses through PD-1/PD-L1 blockade would be a successful treatment strategy [102]. 

Majzner RG et al. [103] went on with this issue and analysed expression of PD-L1 on both 

tumor cells and tumor associated immune cells (TAIC). They reported that the highest 

frequency (36%) of PD-L1 was observed in glioblastoma multiforme (GBM) and NB 

(14%) among all pediatric solid tumors analyzed. TAIC were represented by macro-

phages (20% of samples) and  lymphocytes (72%), with a significant prevalence of 

macrophages infiltration in PD-L1 positive (51%) compared to PD-L1 negative tumors 

(17%). Notably, this macrophage population resulted positive for PD-L1. This finding is 

consistent with the high rate of macrophage infiltration detected in pediatric solid tumors 

compared to adult [104,105]. Overall, PD-L1 was expressed on tumor cells and/or im-

mune cells in 20% of samples. Moreover, the Authors reported for the first time that 

PD-L1 expression on tumor cells and TAIC correlated with worse overall survival of pa-

tients [103]. By contrast, other studies detected a low expression of PD-1, PD-L1, and 

PD-L2 in pediatric solid tumors [106,107].  

PD-L1 was also found to be expressed on NB cell lines and primary metastatic 

neuroblasts isolated from bone marrow aspirates of high-risk NB patients with different 

MYCN amplification status. In addition, the presence of PD-1 on immune cells, including 

αβ and γδ T lymphocytes as well as NK cells, was clearly established [108]. Importantly, 

INF-γ stimulation de novo induced or up-regulated the expression of PD-L1 in freshly 

isolated metastatic neuroblasts from patients. Such induction showed a more rapid ki-

netics, compared to HLA-I molecules, thus suggesting that PD-L1 could limit the activity 

of T lymphocytes in advance before the acquisition of the HLA-I optimal level required 

for KIR-mediated inhibition of NK cell functions [108]. 

Although the presence of TIL positively impact on clinical in high-risk NB patients 

[109], Melaiu and coworkers [110] correlated a worse prognosis in NB patients with the 

presence of PD1+ and LAG3+ TIL and high density of PD-L1+ and HLA class I+ tumor cells 

in TME. The Authors identified two PD-L1/HLA-I combinations, irrespective of T cell 

infiltration level, MYCN amplification status, stage of disease, and age at diagnosis: the 

first, characterized by high HLA-I and low/negative PD-L1, was associated with good 

prognosis, whereas the second, represented by low HLA-I and high/negative PD-L1, 

correlated with poor prognosis. Thus, the combined analysis of PD-L1/HLA-I expression 

represents a predictive biomarker of clinical outcome for NB patients. Notably, silencing 

of MYC and MYCN oncogenes led to a down-regulation of PD-L1 expression in NB cells, 

both in vitro and in vivo, thus suggesting that the pharmacological inhibition of this axis 

may be used as therapeutic strategy in high-risk NB patients [109]. 

The expression of PD-1 and PD-L1, along with the prognostic relevance of TIL, was 

also investigated in paediatric gonadal germ cell tumors, an heterogeneous group of 

tumors which represent 3–5% of all childhood cancers occurring before 15 years of age, 

and 15% of neoplasms in adolescents aged 15-19 years [111]. Three different cancer 

phenotypes were identified that are tumors i) with no T cell infiltration, ii) highly infil-

trated by PD-1+ CD8+ T cells, and iii) highly infiltrated by CD8+ T cells within an immu-
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nosuppressive TME characterized by Treg cells and PD-L1+ neoplastic cells. TIL influ-

enced the progression of gonadal germ cell tumors and showed clinical relevance to im-

prove risk stratification and treatment of pediatric patients, whereas PD-L1 shows a dif-

ferent prognostic value when expressed on tumor cells or TIL [112]. Another study car-

ried out by Chovaneck et al [113]. reported that patients with testicular germ cell tumors 

had the worst prognosis in the presence of PD-L1hi tumor cells and PD-L1low TILs. On the 

contrary, PD-L1low tumor cells and PD-L1hi TILs predicted a better prognosis.  

Expression of PD-L1 was further investigated in pediatric soft tissue sarcoma (STS). 

Kim C et al. performed a tissue micro-array analysis of PD-L1 expression in neoplastic 

cells from  rhabdomyosarcoma, synovial sarcoma, EWS, epithelioid sarcoma and mes-

enchymal chondrosarcoma. PD-L1 was expressed in 43% of these tissues, with a signifi-

cant difference between histological subtypes of sarcoma. The proportion of PD-L1+ tu-

mors was highest in epithelioid sarcoma (100%), followed by synovial sarcoma (53%), 

rhabdomyosarcoma (38%), and Ewing sarcoma (33%), whereas mesenchymal chondro-

sarcoma tested negative for PD-L1 [114]. More importantly, high PD-L1 expression was 

significantly associated with worst overall survival, regardless of sex, age, tumor size, 

histology, site, surgical outcome, and adjuvant treatment, thus envisaging that, similarly 

to other pediatric tumors, the PD-1/PD-L1 axis may represent a potential therapeutic 

target for the treatment of young STS patients [114]. Another study reported that clinical 

impact of PD-1/PDL-1 expression and TIL infiltration in sarcoma sub-types. Van Erp et al. 

analyzed PD-L1 expression in biopsies from a wide panel of primary untreated osteo-

sarcoma, EWS, alveolar rhabdomyosarcoma, embryonal rhabdomyosarcoma, synovial 

sarcoma and desmoplastic small round cell tumors (DSRCT). PD-L1 was predominantly 

detected in alveolar and embryonal rhabdomyosarcomas (15% and 16%, respectively) 

and was predictive of a better event-free and metastases-free survival in alveolar sarco-

mas. Furthermore, infiltration of PD-1+ lymphocytes was mainly observed in synovial 

sarcomas (18%), whereas high infiltration of CD8+ lymphocytes was detected mostly in 

osteosarcomas (35%) and correlated with a worse event-free survival. EWS and DSRCT 

showed PD-1+ tumor cells but not PD-1+ TIL [115]. The latter observation is in accordance 

with results obtained by Spurny C. that reported PD-1/PD-L1 axis was not involved in 

EWS [116]. PD-L1 expression was significantly associated with increased infiltration of T 

lymphocytes, DC, and NK cells in osteosarcoma patients and correlated with a worse 

prognosis. In particular, infiltration by DC and macrophages was associated with a worse 

event free survival at five years [117].  

Different Authors tested the expression of PD-L1 in pediatric tumors of central 

nervous system (CNS). A study focused on glioma reported that PDL-1 was 

over-expressed on ki-67 negative tumor cells and such expression was significantly in-

creased in high-grade as compared to low-grade gliomas. Moreover, the lack of PDL-1 

expression on tumor cells correlated with higher TIL infiltration [118]. In another study, a 

high lymphocyte infiltration and the presence of infiltrating PD-1+ CD4+ and CD8+ T cells, 

represent a favourable prognostic marker in human papillomavirus-infected head and 

neck cancer and not in those uninfected [119]. Children affected by medulloblastoma 

displayed a limited number of PD-1+ T cells and low to absent levels of PD-L1, with the 

exception of the sonic hedgehog subtype [120]. In patients with pediatric ependymomas, 

PD-L1 expression was detected only in supratentorial tumors expressing RELA fusion 

protein, both in tumor and myeloid cells, whereas PD-1 expression was detected on both 

CD4+ and CD8+ infiltrating T lymphocytes. By contrast, other ependymoma subtypes 

showed low PD-L1 expression, with no prognostic significance [121].  

4.1.1. Preclinical and clinical studies targeting the PD-1/PD-L1 axis in pediatric tumors 

Most of preclinical studies focussing on the blockade of PD-1/PD-L1 axis in pediatric 

solid tumors have been carried out in glioblastoma. Wainwright and coworkers [122] 

setup an orthotopic model based on intracranial injection of glioblastoma cell lines and 

treatment with blocking antibodies against PD-L1 or other immune checkpoints, such as 

CTLA-4 and IDO. Although prolonged survival was observed in mice targeting uniquely 
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PDL-1, the best results were achieved by simultaneous block of these three immune 

checkpoints. Similarly, it has been demonstrated that combined therapy using anti-PD-1 

and anti-TIGIT [123] or anti-TIM-3 [124] antibodies significantly prolonged mice survival 

compared to untreated mice and mice treated with single therapies. In addition, it has 

been reported that a significant increase of the therapeutic effect of anti-PD-L1 antibodies 

was obtained by associating agonist of Toll-like receptor 3 (TLR3), that activated DC and 

increased infiltration of immune effector cells within the tumor, [125] or standard chem-

otherapy [126]. Another interesting pre-clinical approach [127] is represented by the use 

of gene-mediated cytotoxic immunotherapy (GMCI) that leads to the increase of PD-L1 

expression in glioblastoma both in vitro and in vivo. This resulted in increased T lym-

phocyte infiltration in an orthotopic preclinical model of glioblastoma, although the sur-

vival of mice was significantly prolonged by combined therapy using GMCI and an-

ti-PD-L1 antibodies. Collectively, these studies demonstrated that therapeutic strategies 

targeting PD-1/PD-L1 axis may be promising and effective for patients with glioblasto-

ma, in particular when combined with standard therapies or with the blockade of other 

immune checkpoints. Several antibodies targeting PD-1 or PD-L1 have received clinical 

approval as first and second line treatments for different malignancies and numerous 

clinical trials are ongoing to test the efficacy of these drugs when used alone or in com-

bination with conventional anti-cancer drugs as well as targeted therapies [128]. Alt-

hough clinicians may choose from several IC inhibitors to disrupt PD-1 in adult cancer 

patients, this therapeutic option is still limited in childhood. To date, five anti-PD-1/L1 

antibodies have been approved by FDA and are nivolumab and pembrolizumab against 

PD-1, avelumab, atezolizumab and durvalumab against PD-L1. Many others are under 

FDA approval. Phase I and less phase II clinical trials are in progress and mainly re-

cruiting pediatric patients with glioblastoma or different solid tumors that are treated 

with anti-PD1 drugs in combination with conventional therapies, radio-chemotherapies 

or surgery.  

Of note, combined therapies are currently investigated in 35 clinical trials involving 

glioblastoma patients (www.clinicaltrials.gov). By contrast, although no preclinical study 

has been carried out in NB, two clinical trials are currently ongoing using anti-PD-1 an-

tibodies or PD-1 specific inhibitors, in combination with anti-GD2 antibodies or other 

drugs.  

Figure 1 summarizes the PD-1/PD-L1 axis and the activities of blocking antibodies. 
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Figure 1 Immune suppression mediated by PD-1/PD-L1 axis and therapeutic activities of anti-PD-1/PD-L1 blocking an-

tibodies in preclinical and clinical studies 

4.2. CTLA-4 

CTLA-4, also named CD152, is an inhibitory receptor belonging to the immuno-

globulin (Ig) super-family, which negatively regulates T cell responses, thus avoiding the 

generation of potential auto-reactive T cells in the early activation phase [129]. CTLA-4 is 

structurally homologous to the co-stimulatory molecule CD28 and competes with the 

latter molecule for the same ligands. CTLA-4 binds to CD80 and CD86 with greater af-

finity and avidity than CD28, thus reducing the risk of aberrant T-cell activation and 

potential self-reactions [130]. Indeed, such interaction leads to inhibition of IL-2, IFN-γ, 

IL-4 production and dampens the expression IL-2 receptor on T lymphocytes, thus 

leading to a decreased activation and proliferation of T cells and induction of apoptosis 

[131]. Of note, CTLA-4 is virtually absent on the surface of naïve T cells, but is present on 

memory and effector CD4+ and CD8+ T cells and on Treg [132,133]. The role of CTLA-4 in 

the control of auto-reactive T cells has been demonstrated in CTLA-4 deficient mice, who 

developed a lethal form of lymphoproliferative disorder [134]. In addition, a soluble form 

of CTLA-4, generated through alternative mRNA splicing, has been reported to inhibit 

early T-cell activation [135]. Moreover, high serum levels of soluble CTLA-4 is associated 

with the onset of several autoimmune disease, including systemic lupus erythematosus, 

rheumatoid arthritis, Grave's disease, autoimmune hypothyroidism and type 1 diabetes 

[136].  

CTLA-4 expression was detected in different adult cancer and in pediatric solid 

tumors, such as glioblastoma and NB [137]. A high rate of infiltrating Treg expressing 

CTLA-4, with increased suppressive functions, was detected in glioblastoma patients 

[138]. Moreover, children affected by aggressive sarcomas display a higher expression of 

CTLA-4 in circulating CD4 and CD8 T lymphocytes [139].  
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The effects of anti-CTLA-4 treatment were investigated in preclinical studies. In a 

subcutaneous model of human NB, an anti-CTLA-4 antibody was administered in com-

bination with anti-GD2 antibody and radiotherapy. In this setting, the combined therapy 

induced a significant increased overall survival and reduction of tumor growth, as 

compared mice treated with single therapies [140]. Similar effects were observed in an 

orthotopic model of glioblastoma in which anti-CTLA-4 alone displayed only marginal 

effects in terms of reduction of tumor growth and prolonged overall survival. However, 

once administered a combination of anti-CTLA-4 and anti-PD-1 antibodies, therapeutic 

effects were improved due to increase infiltration of effector T cells, paralleled by a de-

creased infiltration of Treg [141]. Similar results were obtained in an orthotopic model of 

glioblastoma where the highest curative effect was obtained using a combination of an-

ti-CTLA-4 and anti-PD-1 antibodies in addition to oncolytic viruses. In this case, the an-

ti-tumor activities were related to macrophage polarization and increase of the ratio be-

tween infiltrating effector T cells and Treg [142]. These studies confirmed that CTLA-4 

blocking may revert tumor-mediated immunosuppression, thus rendering more effective 

other immunotherapeutic strategies. 

To date, four clinical trials involving children affected by NB and 9 in glioblastoma 

patients are currently ongoing using anti-CTLA-4 antibodies in combination with 

standard therapies or other drugs (www.clinicaltrials.gov)./CD 

The functional consequences of CTLA-4 triggering and of blocking 

CTLA-4/CD80/CD86 axis are reported in Figure 2. 

 

 

Figure 2 Functions of CTLA-4 upon interaction with CD80/CD86 and the activities of anti-CTLA-4 blocking antibodies in 

preclinical and clinical studies 

 

4.3. B7-H3 
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B7-H3 (CD276) is a glycoprotein encoded by CD276 gene located on chromosome 

15, which belongs to B7 family molecules, mainly expressed on APC and involved in the 

inhibition of T cells (Figure 3). Altough B7-H3 receptor remains an orphan ligand, a po-

tential receptor on activated immune cells was represented by TLT-2 [143]. B7-H3 was 

initially described as a stimulator of T cell responses and IFN-γ production [144], but its 

role in immune evasion, through inhibition CD4+ and CD8+ T cell proliferation was next 

discovered [145], making B7-H3 an interesting target for new immunotherapeutic treat-

ments.  

B7-H3 plays a role in cancer progression not only by mediating immune evasion, but 

also by promoting migration, angiogenesis, gene regulation via epigenetic mechanisms 

[146-148] and enrichment of cancer stem cells [149]. Recent pre-clinical studies suggested 

that B7-H3 over-expression impacts on drug resistance, since B7-H3 depletion enhanced 

chemo-sensitivity of cancer cells to chemotherapeutic drugs in melanoma and breast 

cancer.  

B7-H3 was identified in NB as a highly specific marker of tumor cells which inhibits 

NK cell mediated lysis [150] and predicts a worse prognosis [151]. Recently, the largest 

screen of B7-H3 expression in pediatric tumor revealed a high and homogeneous ex-

pression in EWS, rabdomyosarcoma, NB, Wilms tumor and medulloblastoma [152]. In 

osteosarcoma patients, its high expression inversely correlated to infiltrating CTL in TME 

and predicts worse prognosis [153], whereas in glioblastoma mediates invasiveness and 

immunosuppression [154,155]. 

A recent preclinical study tested the efficacy of a drug-conjugated anti-B7-H3 anti-

body in patient-derived and cell line-derived xenografts of EWS, rhabdomyosarcoma, 

Wilms tumors, osteosarcoma and NB. Promising results were obtained in terms of over-

all response (91.5%) and complete response (64.4%), thus confirming that B7-H3 repre-

sent an useful therapeutic target for different pediatric solid tumors [156].  

B7-H3 CAR T cells have been recently developed and tested in a wide panel of pe-

diatric tumors with promising results in preclinical models especially in terms of pro-

longed survival [152]. Similar results were also obtained using CAR T cells with double 

specificity for B7-H3 and GD2 [157] in preclinical models of NB. 

Three clinical studies using B7-H3 specific CAR T cells in combination with te-

mozolomide (TMZ) are currently recruiting patients with glioblastoma and other CNS 

tumors. In addition, three clinical studies are recruiting NB patients, two of them using 

B7-H3 specific CAR T cells and the other one using anti-B7-H3 antibody enoblituzumab. 

Finally, three clinical trials are ongoing for patients with STS, one based on eno-

blituzumab, one using B7-H3 specific CAR T cells and the last using a bi-specific mole-

cule which targets B7-H3 and CD3 (www.clinicaltrials.gov). 

Figure 3 depicted the role of B7H3 in cancer immunosuppression and the effects of 

blocking antibodies and CAR T cells. 
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Figure 3 Activities of B7H3 in TME and inhibition driven by blocking antibodies or B7H3 CAR T cells in preclinical and 

clinical studies 

4.4. LAG-3 

Lymphocyte activation gene (LAG)-3 is a checkpoint molecule composed of a 

trans-membrane protein belonging to the Ig super-family and four extracellular domains 

known as D1-D4. LAG-3 shows a structural homology with CD4 and interact with the 

same ligand, the MHC class II molecule, but binds stable complex with higher affinity 

than CD4. The interaction of LAG-3 with MHC class II molecule inhibits CD4+ T cell 

proliferation and cytokine release (Figure 4) [158], whereas that with other ligands pre-

sent in TME, such as Galectin-3, fibrinogen-like protein 1 and liver sinusoidal endothelial 

cell lectin, delivers regulatory signals in CD8+ T lymphocytes and NK cells [158]. LAG-3 

is expressed on activated CD4+ and CD8+ T cells, Treg, NK and B cells, TIL, and 

plasmacytoid DC [159-163]. As for other checkpoint molecules, the role of LAG-3 has 

been clearly established using KO mice [164].  

The expression and function of LAG-3 in TME was investigated in glioblastoma by 

Harris-Bookman and co-workers [165] that demonstrated its expression mainly in TIL. 

Moreover, they setup a orthotopic preclinical model of glioblastoma and observed that 

combined therapy using anti-LAG-3 and anti-PD-1 antibodies was more effective in 

terms of increased overall survival than the single therapy. The expression of LAG-3 was 

also analyzed in STS, where it was predominantly detected in TIL. In addition, high 

LAG-3 expression correlated with a worse prognosis of STS patients.  

To date, two clinical trials are ongoing using anti-LAG-3 antibodies as therapeutic 

strategy for children affected by glioblastoma. Both studies adopted these antibodies in 

combination with anti-PD-1 antibody (Nivolumab, www.clinicaltrials.gov). 
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4.5. TIM-3 

TIM-3 is a type I trans-membrane protein, belonging to the Ig super-family, com-

posed by N-terminal IgV domain, a mucin-like domain with glycosylation sites, and a 

C-terminal cytoplasmic domain with two out of five tyrosine residues, whose phosphor-

ylation is related to TIM-3 mediated signalling [166]. In addition to its inhibitory func-

tion, TIM-3 seems to play a co-stimulatory function, highlighting its dual role in immune 

responses [166]. TIM-3 was first identified in Th1 and cytotoxic CD8+ T cells in 2002 [167] 

and afterwards several studies reported an association between TIM-3 gene polymor-

phisms and the risk of developing autoimmune diseases (i.e. Hashimoto's disease, idio-

pathic thrombocytopenic purpura, multiple sclerosis and rheumatoid arthritis) [168].  

The ligands of TIM-3 are galectin-9 (Gal-9), phospatidyl serine (PtdSer), 

high-mobility group protein B1 (HMGB1) and Carcinoembryonic Antigen Related Cell 

Adhesion Molecule 1 (Ceacam-1). Upon ligation, these molecules induced apoptosis 

(Gal-9), exhaustion (Ceacam-1) or impairment of activation (HMGB1) in T lymphocytes 

(Figure 4). In contrast, the ligation of PtdSer, which is over-expressed in apoptotic cells, 

induced the clearing of apoptotic bodies and the reduction of antigens cross-presentation 

by DC [166].  

Different studies addressed the presence of TIM-3 in pediatric tumors and under-

lined its role in the suppression of anti-tumor immune responses. Goods and coworkers 

[169] analysed glioblastoma tissues and reported a clear infiltration of PD-1+TIM-3+ 

lymphocytes that express several markers of exhaustion, thus suggesting the therapeutic 

use of antibodies blocking these two immune checkpoints. Other studies demonstrated 

the presence of TIM-3 in glioma/glioblastoma TME and that such expression may be used 

as prognostic factor of poor prognosis [170,171]. In this view, Zhang and coworkers re-

vealed that low expression of TIM-3, which is related to MGMT promoter methylation, 

was predictive of a better clinical outcome [172]. It has been also shown that TIM-3 is 

present in different STS and exerts immunosuppressive functions through different 

mechanisms that are i) decrease of proliferation and secretion of pro-inflammatory cyto-

kines by TIL, ii) induction of anergic T cells related to the presence of CD163+ M2 mac-

rophages in TME, iii) up-regulation of epithelial-mesenchymal transition markers and iv) 

induction of proliferation of tumor cells, thus suggesting that TIM-3 blocking antibodies 

may inhibit tumor growth [173-176]. Furthermore, the expression of TIM-3 in osteosar-

coma tissue [177] and the presence of soluble TIM-3 in serum samples of patients [178] 

correlated with worse prognosis. Other studies reported that TIM-3 is expressed in peri-

toneal monocytes, macrophages and DC in patients affected by histiocytic sarcoma and 

other histiocytic and dendritic cell neoplasms [179,180]. 

Preclinical studies have been carried out using anti-TIM-3 blocking antibodies. In a 

preclinical model of glioma, the treatment with anti-TIM-3 and anti-Ceacam-1 signifi-

cantly increased overall survival of mice, but the best results were obtained combining 

the two antibodies (Figure 4). Such therapeutic effect was paralleled by increased effector 

T cells infiltration within the tumor and decreased presence of Treg. Finally, plasma lev-

els of IFN-γ and TGF-β were increased, thus witnessing an activation of anti-tumor im-

mune responses [181]. 

Blocking antibodies against TIM-3 are currently used in combination with anti-PD-1 

in a phase I/II clinical trial for patients affected by glioblastoma multiforme 

(www.clinicaltrials.gov). 

4.6. TIGIT 

TIGIT is a cell surface protein identified by bioinformatics analysis of genes ex-

pressed in activated T-cells. TIGIT is composed by a single Ig domain, a type I 

trans-membrane domain and a single intracellular immune-receptor tyrosine-based in-

hibitory motif (ITIM). It belongs to the poliovirus receptor family and, together with the 

co-stimulatory molecules CD96 and CD226 (DNAM-1), forms a pathway similar to that 

of CTLA-4/CD28. TIGIT is expressed on the surface of αβ T cells upon activation, 
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memory T lymphocytes, Treg and NK cells in which inhibits NK cell-mediated killing 

[182]. TIGIT can interact with at least three ligands, namely CD155, CD112 and CD113, 

belonging to the family of nectin/NECL molecules (Figure 4). All these molecules mediate 

cell adhesion, cell polarization and tissue organization, and may also function as recep-

tors for herpes- and poliovirus [183]. CD155 is mainly expressed on DC, T and B cells, 

macrophages (Figure 4) but also in non-haematopoietic tissues such as kidney, nervous 

system and intestines, whereas CD112 has a wide expression in both haematopoietic and 

non-haematopoietic tissues (i.e. bone marrow, kidney, pancreas and lung) and CD113 is 

restricted to non-haematopoietic tissues (i.e. placenta, testis, kidney, liver and lung). 

CD155 displays a higher affinity for TIGIT than CD112 or CD113 and may also interact 

with CD96 and DNAM-1 [183], thus impairing co-stimulation of DNAM-1 and delivering 

inhibitory signals through inhibition ERK activation in DC and impairment of T-cell re-

sponses. Moreover, TIGIT regulates T cells functions by activating Treg (Figure 4) [183]. 

In cancer, TIGIT has been detected in glioblastoma TME, mostly localized in the 

tumor core [184] and TIL [123,185]. In osteosarcoma, TIGIT+ T cells are highly present 

and, when treated ex vivo with an anti-TIGIT antibody, acquire cytotoxic activity against 

neoplastic cells in vitro, thus supporting potential clinical application of TIGIT blockade 

for children affected by this cancer [186]. 

Anti-TIGIT antibody, so far employed in preclinical studies only in combination 

with anti-PD-1 antibody, showed promising results in glioblastoma animal models since 

an increased survival was observed and correlated to the infiltration of effector T cells in 

the tumor [123] (Figure 4). Such combined therapy is currently under investigation in a 

phase I clinical trial for patients with glioblastoma (www.clinicaltrials.gov).  

4.7. IDO-1 

Indoleamine 2,3-dioxygenase (IDO)-1 is a tryptophan (Trp) catabolic enzyme which 

can be classified as an IC due to its immune-inhibitory properties (Figure 4) [187]. Trp is 

an essential amino acid for neuropsychological and immunological functions and is ex-

pressed not only by DC, MDSC, but also by tumor cells, endothelial cells, fibroblasts and 

immune cells infiltrating the TME (Figure 4) [188]. IDO-1 expression in immune cells of 

TME is regulated by different factors secreted by tumor cells (i.e. Wnt5 and sTGFBR3). 

On the other hand, pro-inflammatory cytokines released by immune effector cells, such 

as IFN-γ, IL-6, TNF-α, IL-1 and TGF-β, up-regulated IDO-1 on tumor cells, thus repre-

senting an immune escape mechanism [188]. 

IDO immune suppression takes place through metabolic depletion of Trp and/or the 

accumulation of kynurenine (Kyn), leading to i) inhibition of T and NK cell effector 

functions, and ii) activation and induction of Treg and MDSC (Figure 4)[189]. Such IDO-1 

mediated modulation of innate immune responses has been initially demonstrated in 

infectious diseases [190,191], but further evidences identified IDO as a mediator of im-

mune tolerance [192]. In addition, IDO-1 is involved in cancer vascularization, metastasis 

[193] and cancer progression (Figure 4) [194], thus envisaging a target for potential im-

munotherapies. IDO expression in glioblastoma correlates to progression and recruit-

ment of Treg in TME [195-198], whereas in osteosarcoma correlates to poor prognosis 

[199]. 

Preclinical studies using glioma cells revealed that treatment of mice with IDO in-

hibitors prolonged survival and limited tumor growth, with higher effect when used in 

combination with TMZ. Superimposable results were obtained using tumor cells with 

knockdown of IDO [200] as well as using the IDO inhibitor PCC0208009 [201]. Moreover, 

pharmacological inhibition of IDO increased anti-tumor effects of radiotherapy [202]. 

Finally, IDO inhibitors increased survival of tumor-carrying mice when combined with 

anti-PD-1/anti-CTLA-4 antibodies, through reduction of Treg in TME and increase of an-

ti-tumor effector cells [122]. 
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Five clinical trials are currently ongoing for patients with glioblastoma using phar-

macological inhibition of IDO-1 in combination with TMZ and/or anti-PD-1 antibody 

(www.clinicaltrials.gov). 

 

 

Figure 4 Expression of IDO-1, TIM-3, LAG-3 and TIGIT in TME and their immune suppressive activities. 

4.8. BTLA 

BTLA is a surface molecule composed by two immune-receptor tyrosine-based in-

hibitory motifs in the cytoplasmic region and represents an immune suppressive check-

point [203]. BTLA is expressed on T and B lymphocytes, macrophages, DC and NK cells, 

and regulates inflammatory responses by affecting TCR γδ T cell homeostasis, CTL ac-

tivity and production of inflammatory cytokines [204,205]. BTLA inhibitory activities 

were demonstrated BTLA−/− lymphocytes that showed an increased proliferation [206]. 

Herpes virus entry mediator (HVEM), a receptor of tumor necrosis factor family, is 

the known ligand for BTLA in mice and humans. Binding of BTLA to HVEM has been 

shown to recruit Src homology 2 domain-containing protein tyrosine phosphatase 

(SHP)-1 and -2 proteins, resulting in suppression of T cell receptor (TCR) activation 

[203,207]. 

BTLA plays inhibitory roles in several experimental studies models including en-

cephalomyelitis, colitis and major histocompatibility complex-mismatched cardiac allo-

graft by modulating T cell responses [208,209]. In addition, BTLA may attenuate B cell 

functions and prevent NKT cell-mediated hepatitis [210]. Increased expression of BTLA 

and HVEM in gastric cancer were found to be associated with progression and poor 

prognosis [211,212].  

So far, only one study characterized the expression of BTLA and its receptor HVEM 

in different pediatric solid tumors. This study demonstrated that HVEM is expressed in 

almost all rhabdomyosarcoma and osteosarcoma samples. Moreover, 45% of rhabdo-
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myosarcoma and osteosarcoma samples expressed both HVEM on tumor cells and BTLA 

on TIL, thus suggesting that BTLA/HVEM axis may be involved in immunosuppression 

in these pediatric tumors [213]. 

5. Conclusions 

IC blockade is indisputably an emerging cancer treatment, but an important issue to 

be considered for the development of IC inhibitor based-therapy is the identification of 

predictive biomarkers for selecting patients which are potentially responsive to this 

therapeutic approach. IC expression profile and infiltration rate of immune cells, in par-

ticular of TIL, have been suggested as potential prognostic factors, both in adult and 

childhood cancer patients. So far, expression profile of IC in pediatric cancer patients 

resulted heterogenous among different tumors and in different subtypes of the same 

cancer, providing confusing results. Such variability can be ascribed to i) 

non-standardized  methodologies for IC detection and to ii) the type of cells analyzed 

(i.e. tumor cells and/or infiltrating immune cell). Thus, these limitations provided a in-

complete overview of tumors potentially targeted by ICI. To complicate this scenario, 

pediatric cancers show reduced production of neo-antigens. Consequently, TIL are lower 

than in adult tumors and/or are usually trapped by  tumor stromal components, result-

ing ineffective in the control of tumor growth [104]. For these reasons, therapeutic strat-

egies aimed at recruiting TIL within inaccessible sites of the TME [214] may be more 

successful. Furthermore, the efficacy of ICI can be prejudiced by the presence of immune 

suppressive cells in the TME. In this context, a full characterization of TME cell compo-

nents of each cancer type may help to identify specific prognostic and therapeutic bi-

omarkers, and to design effective combined therapies. Indeed, administration of ICI as 

mono-therapy was partially efficacious, whereas their association with other ICI, 

chemo/radiotherapy, T cell-based therapy and monoclonal antibodies substantially im-

proved clinical outcome of adult patients and are currently investigated in pediatric 

clinical trials [215]. 

IC blockade may have better safety compared to chemotherapy, but some im-

mune-related adverse events occurred, thus requiring specialized management of pa-

tients. This is intrinsically due to the induction of inflammatory side effects, often named 

immune-related adverse events. Although any organ system may be affected, the im-

mune-related adverse events primarily involve the skin, gastrointestinal tract, endocrine 

glands and liver and, more marginally, the hematologic, central nervous and cardiovas-

cular systems. The wide range of potential immune-related adverse events requires mul-

tidisciplinary, collaborative management by providers across the clinical spectrum espe-

cially in the setting of pediatric patients. However, it is to mention that most of these 

adverse events are reversible, with the exception for side effects on the endocrine system, 

and deaths are exceptionally rare. However, to overcome these toxicity some questions 

need an answer that are i) why do immune-related adverse events occur? ii) why these 

toxicities appear in some patients and not others? iii) adverse events are associated with 

efficacy of the treatment? iv) is it safe to restart immune checkpoint blockade after serious 

adverse events? v) is it necessary to restart immune checkpoint blockade after event res-

olution? and vi) is it safe to treat patients at increased risk for these treatments? [216]. 

However, there are important opportunities to improve the treatment of immune-related 

adverse events that include a deep investigation of the mechanisms of immune-related 

adverse events (e.g. events mediated by antibodies, cytokines and T lymphocytes) and 

sharing of data related to immune-related adverse events in patient populations that are 

underrepresented in clinical trials. In this way, it will be feasible to develop more precise 

treatments for immune-related adverse events and to realize the full potential of this 

treatment approach. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

Author Contributions: Conceptualization, I.A. and C.C.; writing—original draft preparation, C.C. 

F.M and I.A.; writing—review and editing, F.M. and I.A.; funding acquisition, I.A. All authors have 

read and agreed to the published version of the manuscript. 

Funding: This research was funded by AIRC, grant number IG-17047 to I.A. 

Acknowledgments: Cartoons were created with BioRender.com. We thank the developers for 

sharing excellent tools. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

References 

 

1. Baghban, R.; Roshangar, L.; Jahanban-Esfahlan, R.; Seidi, K.; Ebrahimi-Kalan, A.; Jaymand, M.; Kolahian, S.; Javaheri, T.; Zare, 

P. Tumor microenvironment complexity and therapeutic implications at a glance. Cell communication and signaling : CCS 2020, 18, 

59, doi:10.1186/s12964-020-0530-4. 

2. Hinshaw, D.C.; Shevde, L.A. The Tumor Microenvironment Innately Modulates Cancer Progression. Cancer research 2019, 

79, 4557-4566, doi:10.1158/0008-5472.can-18-3962. 

3. Joyce, J.A.; Fearon, D.T. T cell exclusion, immune privilege, and the tumor microenvironment. Science (New York, N.Y.) 2015, 

348, 74-80, doi:10.1126/science.aaa6204. 

4. Belli, C.; Trapani, D.; Viale, G.; D'Amico, P.; Duso, B.A.; Della Vigna, P.; Orsi, F.; Curigliano, G. Targeting the 

microenvironment in solid tumors. Cancer treatment reviews 2018, 65, 22-32, doi:10.1016/j.ctrv.2018.02.004. 

5. Vasievich, E.A.; Huang, L. The suppressive tumor microenvironment: a challenge in cancer immunotherapy. Mol Pharm 

2011, 8, 635-641, doi:10.1021/mp1004228. 

6. Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the immune system in cancer: from tumor initiation to metastatic progression. 

Genes Dev 2018, 32, 1267-1284, doi:10.1101/gad.314617.118. 

7. Esfahani, K.; Roudaia, L.; Buhlaiga, N.; Del Rincon, S.V.; Papneja, N.; Miller, W.H., Jr. A review of cancer immunotherapy: 

from the past, to the present, to the future. Current oncology (Toronto, Ont.) 2020, 27, S87-s97, doi:10.3747/co.27.5223. 

8. Majzner, R.G.; Heitzeneder, S.; Mackall, C.L. Harnessing the Immunotherapy Revolution for the Treatment of Childhood 

Cancers. Cancer Cell 2017, 31, 476-485, doi:10.1016/j.ccell.2017.03.002. 

9. Postow, M.A.; Chesney, J.; Pavlick, A.C.; Robert, C.; Grossmann, K.; McDermott, D.; Linette, G.P.; Meyer, N.; Giguere, J.K.; 

Agarwala, S.S., et al. Nivolumab and ipilimumab versus ipilimumab in untreated melanoma. The New England journal of medicine 

2015, 372, 2006-2017, doi:10.1056/NEJMoa1414428. 

10. Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Immune checkpoint blockade: a common denominator approach to cancer therapy. 

Cancer Cell 2015, 27, 450-461, doi:10.1016/j.ccell.2015.03.001. 

11. Brahmer, J.; Reckamp, K.L.; Baas, P.; Crinò, L.; Eberhardt, W.E.E.; Poddubskaya, E.; Antonia, S.; Pluzanski, A.; Vokes, E.E.; 

Holgado, E., et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non–Small-Cell Lung Cancer. New England Journal of 

Medicine 2015, 373, 123-135, doi:10.1056/NEJMoa1504627. 

12. Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.; O'Donnell, P.H.; 

Balmanoukian, A.; Loriot, Y., et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have 

progressed following treatment with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial. Lancet (London, Eng-

land) 2016, 387, 1909-1920, doi:10.1016/s0140-6736(16)00561-4. 

13. Motzer, R.J.; Escudier, B.; McDermott, D.F.; George, S.; Hammers, H.J.; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.; Procopio, G.; 

Plimack, E.R., et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. New England Journal of Medicine 2015, 373, 

1803-1813, doi:10.1056/NEJMoa1510665. 

14. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.; 

Rutkowski, P., et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. New England Journal of 

Medicine 2015, 373, 23-34, doi:10.1056/NEJMoa1504030. 

15. Fesnak, A.D.; June, C.H.; Levine, B.L. Engineered T cells: the promise and challenges of cancer immunotherapy. Nature re-

views. Cancer 2016, 16, 566-581, doi:10.1038/nrc.2016.97. 

16. June, C.H.; O'Connor, R.S.; Kawalekar, O.U.; Ghassemi, S. CAR T cell immunotherapy for human cancer. 2018, 359, 1361-1365, 

doi:10.1126/science.aar6711. 

17. Hutzen, B.; Ghonime, M.; Lee, J.; Mardis, E.R.; Wang, R.; Lee, D.A.; Cairo, M.S.; Roberts, R.D.; Cripe, T.P.; Cassady, K.A. 

Immunotherapeutic Challenges for Pediatric Cancers. Molecular therapy oncolytics 2019, 15, 38-48, doi:10.1016/j.omto.2019.08.005. 

18. Gröbner, S.N.; Worst, B.C.; Weischenfeldt, J.; Buchhalter, I.; Kleinheinz, K.; Rudneva, V.A.; Johann, P.D.; Balasubramanian, 

G.P.; Segura-Wang, M.; Brabetz, S., et al. The landscape of genomic alterations across childhood cancers. Nature 2018, 555, 321-327, 

doi:10.1038/nature25480. 

19. Dunn, G.P.; Old, L.J.; Schreiber, R.D. The three Es of cancer immunoediting. Annual review of immunology 2004, 22, 329-360, 

doi:10.1146/annurev.immunol.22.012703.104803. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

20. Beatty, G.L.; Gladney, W.L. Immune Escape Mechanisms as a Guide for Cancer Immunotherapy. Clinical Cancer Research 

2015, 21, 687-692, doi:10.1158/1078-0432.ccr-14-1860. 

21. Farhood, B.; Najafi, M.; Mortezaee, K. CD8+ cytotoxic T lymphocytes in cancer immunotherapy: A review. Journal of Cellular 

Physiology 2019, 234, 8509-8521, doi:https://doi.org/10.1002/jcp.27782. 

22. Toor, S.M.; Sasidharan Nair, V.; Decock, J.; Elkord, E. Immune checkpoints in the tumor microenvironment. Seminars in 

cancer biology 2020, 65, 1-12, doi:https://doi.org/10.1016/j.semcancer.2019.06.021. 

23. Zhao, Y.; Shao, Q.; Peng, G. Exhaustion and senescence: two crucial dysfunctional states of T cells in the tumor microenvi-

ronment. 2020, 17, 27-35, doi:10.1038/s41423-019-0344-8. 

24. Denkert, C.; von Minckwitz, G.; Darb-Esfahani, S.; Lederer, B.; Heppner, B.I.; Weber, K.E.; Budczies, J.; Huober, J.; Klauschen, 

F.; Furlanetto, J., et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of breast cancer: a pooled analysis of 

3771 patients treated with neoadjuvant therapy. The Lancet. Oncology 2018, 19, 40-50, doi:10.1016/s1470-2045(17)30904-x. 

25. Savas, P.; Virassamy, B.; Ye, C.; Salim, A.; Mintoff, C.P.; Caramia, F.; Salgado, R.; Byrne, D.J.; Teo, Z.L.; Dushyanthen, S., et al. 

Single-cell profiling of breast cancer T cells reveals a tissue-resident memory subset associated with improved prognosis. Nature 

medicine 2018, 24, 986-993, doi:10.1038/s41591-018-0078-7. 

26. Bremnes, R.M.; Busund, L.T.; Kilvær, T.L.; Andersen, S.; Richardsen, E.; Paulsen, E.E.; Hald, S.; Khanehkenari, M.R.; Cooper, 

W.A.; Kao, S.C., et al. The Role of Tumor-Infiltrating Lymphocytes in Development, Progression, and Prognosis of Non-Small Cell 

Lung Cancer. Journal of thoracic oncology : official publication of the International Association for the Study of Lung Cancer 2016, 

11, 789-800, doi:10.1016/j.jtho.2016.01.015. 

27. Lee, N.; Zakka, L.R.; Mihm, M.C., Jr.; Schatton, T. Tumour-infiltrating lymphocytes in melanoma prognosis 

and cancer immunotherapy. Pathology 2016, 48, 177-187, doi:10.1016/j.pathol.2015.12.006. 

28. Hori, S.; Nomura, T.; Sakaguchi, S. Control of Regulatory T Cell Development by the Transcription Factor <em>Foxp3</em>. 

Science (New York, N.Y.) 2003, 299, 1057-1061, doi:10.1126/science.1079490. 

29. Vignali, D.A.; Collison, L.W.; Workman, C.J. How regulatory T cells work. Nat Rev Immunol 2008, 8, 523-532, 

doi:10.1038/nri2343. 

30. Zheng, C.; Zheng, L.; Yoo, J.K.; Guo, H.; Zhang, Y.; Guo, X.; Kang, B.; Hu, R.; Huang, J.Y.; Zhang, Q., et al. Landscape of In-

filtrating T Cells in Liver Cancer Revealed by Single-Cell Sequencing. Cell 2017, 169, 1342-1356.e1316, doi:10.1016/j.cell.2017.05.035. 

31. Zhang, L.; Yu, X.; Zheng, L.; Zhang, Y.; Li, Y.; Fang, Q.; Gao, R.; Kang, B.; Zhang, Q.; Huang, J.Y., et al. Lineage tracking re-

veals dynamic relationships of T cells in colorectal cancer. Nature 2018, 564, 268-272, doi:10.1038/s41586-018-0694-x. 

32. Guo, X.; Zhang, Y.; Zheng, L.; Zheng, C.; Song, J.; Zhang, Q.; Kang, B.; Liu, Z.; Jin, L.; Xing, R., et al. Global characterization of 

T cells in non-small-cell lung cancer by single-cell sequencing. 2018, 24, 978-985, doi:10.1038/s41591-018-0045-3. 

33. Roncarolo, M.G.; Gregori, S.; Bacchetta, R.; Battaglia, M.; Gagliani, N. The Biology of T Regulatory Type 1 Cells and Their 

Therapeutic Application in Immune-Mediated Diseases. Immunity 2018, 49, 1004-1019, doi:10.1016/j.immuni.2018.12.001. 

34. Morandi, F.; Pozzi, S.; Barco, S.; Cangemi, G.; Amoroso, L.; Carlini, B.; Pistoia, V.; Corrias, M.V. CD4(+)CD25(hi)CD127(-) Treg 

and CD4(+)CD45R0(+)CD49b(+)LAG3(+) Tr1 cells in bone marrow and peripheral blood samples from children with neuroblastoma. 

Oncoimmunology 2016, 5, e1249553, doi:10.1080/2162402x.2016.1249553. 

35. Yazdanifar, M.; Barbarito, G.; Bertaina, A.; Airoldi, I. γδ T Cells: The Ideal Tool for Cancer Immunotherapy. Cells 2020, 9, 

doi:10.3390/cells9051305. 

36. Ribot, J.C.; Lopes, N.; Silva-Santos, B. γδ T cells in tissue physiology and surveillance. 2020, 10.1038/s41577-020-00452-4, 

doi:10.1038/s41577-020-00452-4. 

37. Gentles, A.J.; Newman, A.M.; Liu, C.L.; Bratman, S.V.; Feng, W.; Kim, D.; Nair, V.S.; Xu, Y.; Khuong, A.; Hoang, C.D., et al. 

The prognostic landscape of genes and infiltrating immune cells across human cancers. Nature medicine 2015, 21, 938-945, 

doi:10.1038/nm.3909. 

38. Abel, A.M.; Yang, C.; Thakar, M.S.; Malarkannan, S. Natural Killer Cells: Development, Maturation, and Clinical Utilization. 

Front Immunol 2018, 9, 1869, doi:10.3389/fimmu.2018.01869. 

39. Shimasaki, N.; Jain, A.; Campana, D. NK cells for cancer immunotherapy. 2020, 19, 200-218, doi:10.1038/s41573-019-0052-1. 

40. Habif, G.; Crinier, A.; André, P.; Vivier, E.; Narni-Mancinelli, E. Targeting natural killer cells in solid tumors. Cellular & mo-

lecular immunology 2019, 16, 415-422, doi:10.1038/s41423-019-0224-2. 

41. Melaiu, O.; Lucarini, V.; Cifaldi, L.; Fruci, D. Influence of the Tumor Microenvironment on NK Cell Function in Solid Tumors. 

Front Immunol 2019, 10, 3038, doi:10.3389/fimmu.2019.03038. 

42. Palucka, K.; Banchereau, J. Cancer immunotherapy via dendritic cells. Nature reviews. Cancer 2012, 12, 265-277, 

doi:10.1038/nrc3258. 

43. Radford, K.J.; Tullett, K.M.; Lahoud, M.H. Dendritic cells and cancer immunotherapy. Current opinion in immunology 2014, 

27, 26-32, doi:10.1016/j.coi.2014.01.005. 

44. Sabado, R.L.; Balan, S.; Bhardwaj, N. Dendritic cell-based immunotherapy. Cell research 2017, 27, 74-95, 

doi:10.1038/cr.2016.157. 

45. Broz, M.L.; Binnewies, M.; Boldajipour, B.; Nelson, A.E.; Pollack, J.L.; Erle, D.J.; Barczak, A.; Rosenblum, M.D.; Daud, A.; 

Barber, D.L., et al. Dissecting the tumor myeloid compartment reveals rare activating antigen-presenting cells critical for T cell 

immunity. Cancer Cell 2014, 26, 638-652, doi:10.1016/j.ccell.2014.09.007. 

46. Diamond, M.S.; Kinder, M.; Matsushita, H.; Mashayekhi, M.; Dunn, G.P.; Archambault, J.M.; Lee, H.; Arthur, C.D.; White, 

J.M.; Kalinke, U., et al. Type I interferon is selectively required by dendritic cells for immune rejection of tumors. J Exp Med 2011, 

208, 1989-2003, doi:10.1084/jem.20101158. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

47. Fuertes, M.B.; Kacha, A.K.; Kline, J.; Woo, S.R.; Kranz, D.M.; Murphy, K.M.; Gajewski, T.F. Host type I IFN signals are re-

quired for antitumor CD8+ T cell responses through CD8{alpha}+ dendritic cells. J Exp Med 2011, 208, 2005-2016, 

doi:10.1084/jem.20101159. 

48. Manicassamy, S.; Pulendran, B. Dendritic cell control of tolerogenic responses. Immunological reviews 2011, 241, 206-227, 

doi:10.1111/j.1600-065X.2011.01015.x. 

49. Obregon, C.; Kumar, R.; Pascual, M.A.; Vassalli, G.; Golshayan, D. Update on Dendritic Cell-Induced Immunological and 

Clinical Tolerance. Front Immunol 2017, 8, 1514, doi:10.3389/fimmu.2017.01514. 

50. Hagn, M.; Schwesinger, E.; Ebel, V.; Sontheimer, K.; Maier, J.; Beyer, T.; Syrovets, T.; Laumonnier, Y.; Fabricius, D.; Simmet, T., 

et al. Human B Cells Secrete Granzyme B When Recognizing Viral Antigens in the Context of the Acute Phase Cytokine IL-21. The 

Journal of Immunology 2009, 183, 1838-1845, doi:10.4049/jimmunol.0901066. 

51. Parker Harp, C.R.; Archambault, A.S.; Sim, J.; Ferris, S.T.; Mikesell, R.J.; Koni, P.A.; Shimoda, M.; Linington, C.; Russell, J.H.; 

Wu, G.F. B cell antigen presentation is sufficient to drive neuroinflammation in an animal model of multiple sclerosis. J Immunol 

2015, 194, 5077-5084, doi:10.4049/jimmunol.1402236. 

52. Tsou, P.; Katayama, H.; Ostrin, E.J.; Hanash, S.M. The Emerging Role of B Cells in Tumor Immunity. Cancer research 2016, 76, 

5597-5601, doi:10.1158/0008-5472.can-16-0431. 

53. Crawford, A.; Macleod, M.; Schumacher, T.; Corlett, L.; Gray, D. Primary T cell expansion and differentiation in vivo requires 

antigen presentation by B cells. J Immunol 2006, 176, 3498-3506, doi:10.4049/jimmunol.176.6.3498. 

54. Hahne, M.; Renno, T.; Schroeter, M.; Irmler, M.; French, L.; Bornard, T.; MacDonald, H.R.; Tschopp, J. Activated B cells ex-

press functional Fas ligand. Eur J Immunol 1996, 26, 721-724, doi:10.1002/eji.1830260332. 

55. Ladányi, A. Prognostic and predictive significance of immune cells infiltrating cutaneous melanoma. Pigment Cell & Mela-

noma Research 2015, 28, 490-500, doi:https://doi.org/10.1111/pcmr.12371. 

56. Kobayashi, T.; Hamaguchi, Y.; Hasegawa, M.; Fujimoto, M.; Takehara, K.; Matsushita, T. B Cells Promote Tumor Immunity 

against B16F10 Melanoma. The American Journal of Pathology 2014, 184, 3120-3129, doi:https://doi.org/10.1016/j.ajpath.2014.07.003. 

57. Shimabukuro-Vornhagen, A.; Schlößer, H.A.; Gryschok, L.; Malcher, J.; Wennhold, K.; Garcia-Marquez, M.; Herbold, T.; 

Neuhaus, L.S.; Becker, H.J.; Fiedler, A., et al. Characterization of tumor-associated B-cell subsets in patients with colorectal cancer. 

Oncotarget 2014, 5, 4651-4664, doi:10.18632/oncotarget.1701. 

58. Horikawa, M.; Minard-Colin, V.; Matsushita, T.; Tedder, T.F. Regulatory B cell production of IL-10 inhibits lymphoma de-

pletion during CD20 immunotherapy in mice. J Clin Invest 2011, 121, 4268-4280, doi:10.1172/jci59266. 

59. Mauri, C.; Menon, M. Human regulatory B cells in health and disease: therapeutic potential. J Clin Invest 2017, 127, 772-779, 

doi:10.1172/jci85113. 

60. Griss, J.; Bauer, W.; Wagner, C.; Simon, M.; Chen, M.; Grabmeier-Pfistershammer, K.; Maurer-Granofszky, M.; Roka, F.; Penz, 

T.; Bock, C., et al. B cells sustain inflammation and predict response to immune checkpoint blockade in human melanoma. Nature 

communications 2019, 10, 4186, doi:10.1038/s41467-019-12160-2. 

61. Fillatreau, S.; Gray, D.; Anderton, S.M. Not always the bad guys: B cells as regulators of autoimmune pathology. Nat Rev 

Immunol 2008, 8, 391-397, doi:10.1038/nri2315. 

62. Tedder, T.F. B10 cells: a functionally defined regulatory B cell subset. J Immunol 2015, 194, 1395-1401, 

doi:10.4049/jimmunol.1401329. 

63. Shen, P.; Roch, T.; Lampropoulou, V.; O'Connor, R.A.; Stervbo, U.; Hilgenberg, E.; Ries, S.; Dang, V.D.; Jaimes, Y.; Daridon, C., 

et al. IL-35-producing B cells are critical regulators of immunity during autoimmune and infectious diseases. Nature 2014, 507, 

366-370, doi:10.1038/nature12979. 

64. Lee, K.M.; Stott, R.T.; Zhao, G.; SooHoo, J.; Xiong, W.; Lian, M.M.; Fitzgerald, L.; Shi, S.; Akrawi, E.; Lei, J., et al. 

TGF-β-producing regulatory B cells induce regulatory T cells and promote transplantation tolerance. Eur J Immunol 2014, 44, 

1728-1736, doi:10.1002/eji.201344062. 

65. Chen, T.; Song, D.; Min, Z.; Wang, X.; Gu, Y.; Wei, B.; Yao, J.; Chen, K.; Jiang, Z.; Xie, H., et al. Perioperative dynamic altera-

tions in peripheral regulatory T and B cells in patients with hepatocellular carcinoma. Journal of Translational Medicine 2012, 10, 14, 

doi:10.1186/1479-5876-10-14. 

66. Wei, X.; Jin, Y.; Tian, Y.; Zhang, H.; Wu, J.; Lu, W.; Lu, X. Regulatory B cells contribute to the impaired antitumor immunity in 

ovarian cancer patients. Tumour biology : the journal of the International Society for Oncodevelopmental Biology and Medicine 

2016, 37, 6581-6588, doi:10.1007/s13277-015-4538-0. 

67. de Visser, K.E.; Korets, L.V.; Coussens, L.M. De novo carcinogenesis promoted by chronic inflammation is B lymphocyte 

dependent. Cancer Cell 2005, 7, 411-423, doi:10.1016/j.ccr.2005.04.014. 

68. Ammirante, M.; Luo, J.L.; Grivennikov, S.; Nedospasov, S.; Karin, M. B-cell-derived lymphotoxin promotes castra-

tion-resistant prostate cancer. Nature 2010, 464, 302-305, doi:10.1038/nature08782. 

69. Shalapour, S.; Font-Burgada, J.; Di Caro, G.; Zhong, Z.; Sanchez-Lopez, E.; Dhar, D.; Willimsky, G.; Ammirante, M.; Strasner, 

A.; Hansel, D.E., et al. Immunosuppressive plasma cells impede T-cell-dependent immunogenic chemotherapy. Nature 2015, 521, 

94-98, doi:10.1038/nature14395. 

70. Affara, N.I.; Ruffell, B.; Medler, T.R.; Gunderson, A.J.; Johansson, M.; Bornstein, S.; Bergsland, E.; Steinhoff, M.; Li, Y.; Gong, 

Q., et al. B cells regulate macrophage phenotype and response to chemotherapy in squamous carcinomas. Cancer Cell 2014, 25, 

809-821, doi:10.1016/j.ccr.2014.04.026. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

71. Murray, P.J.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.; Ivashkiv, L.B.; Law-

rence, T., et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity 2014, 41, 14-20, 

doi:10.1016/j.immuni.2014.06.008. 

72. Mantovani, A.; Marchesi, F.; Malesci, A.; Laghi, L.; Allavena, P. Tumour-associated macrophages as treatment targets in on-

cology. Nature reviews. Clinical oncology 2017, 14, 399-416, doi:10.1038/nrclinonc.2016.217. 

73. Ma, J.; Liu, L.; Che, G.; Yu, N.; Dai, F.; You, Z. The M1 form of tumor-associated macrophages in non-small cell lung cancer is 

positively associated with survival time. BMC Cancer 2010, 10, 112, doi:10.1186/1471-2407-10-112. 

74. Zhang, Q.W.; Liu, L.; Gong, C.Y.; Shi, H.S.; Zeng, Y.H.; Wang, X.Z.; Zhao, Y.W.; Wei, Y.Q. Prognostic significance of tu-

mor-associated macrophages in solid tumor: a meta-analysis of the literature. PloS one 2012, 7, e50946, 

doi:10.1371/journal.pone.0050946. 

75. Engblom, C.; Pfirschke, C.; Pittet, M.J. The role of myeloid cells in cancer therapies. Nature reviews. Cancer 2016, 16, 447-462, 

doi:10.1038/nrc.2016.54. 

76. Vesely, M.D.; Kershaw, M.H.; Schreiber, R.D.; Smyth, M.J. Natural innate and adaptive immunity to cancer. Annual review of 

immunology 2011, 29, 235-271, doi:10.1146/annurev-immunol-031210-101324. 

77. Coussens, L.M.; Zitvogel, L.; Palucka, A.K. Neutralizing tumor-promoting chronic inflammation: a magic bullet? Science 

(New York, N.Y.) 2013, 339, 286-291, doi:10.1126/science.1232227. 

78. Gocheva, V.; Wang, H.W.; Gadea, B.B.; Shree, T.; Hunter, K.E.; Garfall, A.L.; Berman, T.; Joyce, J.A. IL-4 induces cathepsin 

protease activity in tumor-associated macrophages to promote cancer growth and invasion. Genes Dev 2010, 24, 241-255, 

doi:10.1101/gad.1874010. 

79. Lin, E.Y.; Gouon-Evans, V.; Nguyen, A.V.; Pollard, J.W. The macrophage growth factor CSF-1 in mammary gland develop-

ment and tumor progression. Journal of mammary gland biology and neoplasia 2002, 7, 147-162, doi:10.1023/a:1020399802795. 

80. Su, S.; Liu, Q.; Chen, J.; Chen, J.; Chen, F.; He, C.; Huang, D.; Wu, W.; Lin, L.; Huang, W., et al. A positive feedback loop be-

tween mesenchymal-like cancer cells and macrophages is essential to breast cancer metastasis. Cancer Cell 2014, 25, 605-620, 

doi:10.1016/j.ccr.2014.03.021. 

81. Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat Rev Immunol 2009, 9, 

162-174, doi:10.1038/nri2506. 

82. Ostrand-Rosenberg, S.; Fenselau, C. Myeloid-Derived Suppressor Cells: Immune-Suppressive Cells That Impair Antitumor 

Immunity and Are Sculpted by Their Environment. J Immunol 2018, 200, 422-431, doi:10.4049/jimmunol.1701019. 

83. Noy, R.; Pollard, J.W. Tumor-associated macrophages: from mechanisms to therapy. Immunity 2014, 41, 49-61, 

doi:10.1016/j.immuni.2014.06.010. 

84. Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; McCracken, M.N.; Gupta, R.; Tsai, J.M.; Sinha, R.; Corey, 

D., et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and tumour immunity. Nature 2017, 545, 

495-499, doi:10.1038/nature22396. 

85. Zhou, J.; Tang, Z.; Gao, S.; Li, C.; Feng, Y.; Zhou, X. Tumor-Associated Macrophages: Recent Insights and Therapies. Frontiers 

in oncology 2020, 10, 188, doi:10.3389/fonc.2020.00188. 

86. Whiteside, T.L. Immune suppression in cancer: effects on immune cells, mechanisms and future therapeutic intervention. 

Seminars in cancer biology 2006, 16, 3-15, doi:10.1016/j.semcancer.2005.07.008. 

87. Riva, A.; Chokshi, S. Immune checkpoint receptors: homeostatic regulators of immunity. Hepatol Int 2018, 12, 223-236, 

doi:10.1007/s12072-018-9867-9. 

88. Petitprez, F.; Meylan, M.; de Reyniès, A.; Sautès-Fridman, C.; Fridman, W.H. The Tumor Microenvironment in the Response 

to Immune Checkpoint Blockade Therapies. Front Immunol 2020, 11, 784-784, doi:10.3389/fimmu.2020.00784. 

89. Toor, S.M.; Sasidharan Nair, V.; Decock, J.; Elkord, E. Immune checkpoints in the tumor microenvironment. Seminars in 

cancer biology 2020, 65, 1-12, doi:10.1016/j.semcancer.2019.06.021. 

90. McGoverne, I.; Dunn, J.; Batham, J.; Tu, W.J.; Chrisp, J.; Rao, S. Epitherapy and immune checkpoint blockade: using epigenetic 

reinvigoration of exhausted and dysfunctional T cells to reimburse immunotherapy response. BMC Immunology 2020, 21, 22, 

doi:10.1186/s12865-020-00353-0. 

91. Dyck, L.; Mills, K.H.G. Immune checkpoints and their inhibition in cancer and infectious diseases. 2017, 47, 765-779, 

doi:10.1002/eji.201646875. 

92. Goldberg, M.V.; Drake, C.G. LAG-3 in Cancer Immunotherapy. Current topics in microbiology and immunology 2011, 344, 

269-278, doi:10.1007/82_2010_114. 

93. Tang, R.; Rangachari, M.; Kuchroo, V.K. Tim-3: A co-receptor with diverse roles in T cell exhaustion and tolerance. Seminars 

in immunology 2019, 42, 101302, doi:10.1016/j.smim.2019.101302. 

94. Chauvin, J.M.; Zarour, H.M. TIGIT in cancer immunotherapy. Journal for immunotherapy of cancer 2020, 8, 

doi:10.1136/jitc-2020-000957. 

95. Haymaker, C.; Wu, R.; Bernatchez, C.; Radvanyi, L. PD-1 and BTLA and CD8(+) T-cell "exhaustion" in cancer: "Exercising" an 

alternative viewpoint. Oncoimmunology 2012, 1, 735-738, doi:10.4161/onci.20823. 

96. Flem-Karlsen, K.; Fodstad, Ø.; Nunes-Xavier, C.E. B7-H3 Immune Checkpoint Protein in Human Cancer. Current medicinal 

chemistry 2020, 27, 4062-4086, doi:10.2174/0929867326666190517115515. 

97. Prendergast, G.C.; Malachowski, W.J.; Mondal, A.; Scherle, P.; Muller, A.J. Indoleamine 2,3-Dioxygenase and Its Therapeutic 

Inhibition in Cancer. International review of cell and molecular biology 2018, 336, 175-203, doi:10.1016/bs.ircmb.2017.07.004. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

98. Han, Y.; Liu, D.; Li, L. PD-1/PD-L1 pathway: current researches in cancer. American journal of cancer research 2020, 10, 

727-742. 

99. Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and Function of the PD-L1 Checkpoint. Immunity 2018, 48, 434-452, 

doi:10.1016/j.immuni.2018.03.014. 

100. Nishimura, H.; Nose, M.; Hiai, H.; Minato, N.; Honjo, T. Development of lupus-like autoimmune diseases by disruption of the 

PD-1 gene encoding an ITIM motif-carrying immunoreceptor. Immunity 1999, 11, 141-151, doi:10.1016/s1074-7613(00)80089-8. 

101. Bardhan, K.; Anagnostou, T.; Boussiotis, V.A. The PD1:PD-L1/2 Pathway from Discovery to Clinical Implementation. Front 

Immunol 2016, 7, 550, doi:10.3389/fimmu.2016.00550. 

102. Chowdhury, F.; Dunn, S.; Mitchell, S.; Mellows, T.; Ashton-Key, M.; Gray, J.C. PD-L1 and CD8+PD1+ lymphocytes exist as 

targets in the pediatric tumor microenvironment for immunomodulatory therapy. Oncoimmunology 2015, 4, e1029701, 

doi:10.1080/2162402X.2015.1029701. 

103. Majzner, R.G.; Simon, J.S.; Grosso, J.F.; Martinez, D.; Pawel, B.R.; Santi, M.; Merchant, M.S.; Geoerger, B.; Hezam, I.; Marty, V., 

et al. Assessment of programmed death-ligand 1 expression and tumor-associated immune cells in pediatric cancer tissues. Cancer 

2017, 123, 3807-3815, doi:10.1002/cncr.30724. 

104. Vakkila, J.; Jaffe, R.; Michelow, M.; Lotze, M.T. Pediatric cancers are infiltrated predominantly by macrophages and contain a 

paucity of dendritic cells: a major nosologic difference with adult tumors. Clinical cancer research : an official journal of the Amer-

ican Association for Cancer Research 2006, 12, 2049-2054, doi:10.1158/1078-0432.ccr-05-1824. 

105. Asgharzadeh, S.; Salo, J.A.; Ji, L.; Oberthuer, A.; Fischer, M.; Berthold, F.; Hadjidaniel, M.; Liu, C.W.; Metelitsa, L.S.; 

Pique-Regi, R., et al. Clinical significance of tumor-associated inflammatory cells in metastatic neuroblastoma. Journal of clinical 

oncology : official journal of the American Society of Clinical Oncology 2012, 30, 3525-3532, doi:10.1200/jco.2011.40.9169. 

106. Aoki, T.; Hino, M.; Koh, K.; Kyushiki, M.; Kishimoto, H.; Arakawa, Y.; Hanada, R.; Kawashima, H.; Kurihara, J.; Shimojo, N., 

et al. Low Frequency of Programmed Death Ligand 1 Expression in Pediatric Cancers. Pediatric Blood & Cancer 2016, 63, 1461-1464, 

doi:https://doi.org/10.1002/pbc.26018. 

107. Pinto, N.; Park, J.R.; Murphy, E.; Yearley, J.; McClanahan, T.; Annamalai, L.; Hawkins, D.S.; Rudzinski, E.R. Patterns of PD-1, 

PD-L1, and PD-L2 expression in pediatric solid tumors. Pediatric Blood & Cancer 2017, 64, e26613, 

doi:https://doi.org/10.1002/pbc.26613. 

108. Dondero, A.; Pastorino, F.; Della Chiesa, M.; Corrias, M.V.; Morandi, F.; Pistoia, V.; Olive, D.; Bellora, F.; Locatelli, F.; 

Castellano, A., et al. PD-L1 expression in metastatic neuroblastoma as an additional mechanism for limiting immune surveillance. 

Oncoimmunology 2016, 5, e1064578, doi:10.1080/2162402x.2015.1064578. 

109. Mina, M.; Boldrini, R.; Citti, A.; Romania, P.; D'Alicandro, V.; De Ioris, M.; Castellano, A.; Furlanello, C.; Locatelli, F.; Fruci, D. 

Tumor-infiltrating T lymphocytes improve clinical outcome of therapy-resistant neuroblastoma. Oncoimmunology 2015, 4, 

e1019981, doi:10.1080/2162402x.2015.1019981. 

110. Melaiu, O.; Mina, M.; Chierici, M.; Boldrini, R.; Jurman, G.; Romania, P.; D'Alicandro, V.; Benedetti, M.C.; Castellano, A.; Liu, 

T., et al. PD-L1 Is a Therapeutic Target of the Bromodomain Inhibitor JQ1 and, Combined with HLA Class I, a Promising Prognostic 

Biomarker in Neuroblastoma. Clinical Cancer Research 2017, 23, 4462-4472, doi:10.1158/1078-0432.ccr-16-2601. 

111. Boldrini, R.; De Pasquale, M.D.; Melaiu, O.; Chierici, M.; Jurman, G.; Benedetti, M.C.; Salfi, N.C.; Castellano, A.; Collini, P.; 

Furlanello, C., et al. Tumor-infiltrating T cells and PD-L1 expression in childhood malignant extracranial germ-cell tumors. Onco-

immunology 2018, 8, e1542245-e1542245, doi:10.1080/2162402X.2018.1542245. 

112. Shaikh, F.; Murray, M.J.; Amatruda, J.F.; Coleman, N.; Nicholson, J.C.; Hale, J.P.; Pashankar, F.; Stoneham, S.J.; Poynter, J.N.; 

Olson, T.A., et al. Paediatric extracranial germ-cell tumours. The Lancet. Oncology 2016, 17, e149-e162, 

doi:10.1016/s1470-2045(15)00545-8. 

113. Chovanec, M.; Cierna, Z.; Miskovska, V.; Machalekova, K.; Svetlovska, D.; Kalavska, K.; Rejlekova, K.; Spanik, S.; Kajo, K.; 

Babal, P., et al. Prognostic role of programmed-death ligand 1 (PD-L1) expressing tumor infiltrating lymphocytes in testicular germ 

cell tumors. Oncotarget 2017, 8. 

114. Kim, C.; Kim, E.K.; Jung, H.; Chon, H.J.; Han, J.W.; Shin, K.-H.; Hu, H.; Kim, K.S.; Choi, Y.D.; Kim, S., et al. Prognostic impli-

cations of PD-L1 expression in patients with soft tissue sarcoma. BMC Cancer 2016, 16, 434, doi:10.1186/s12885-016-2451-6. 

115. van Erp, A.E.M.; Versleijen-Jonkers, Y.M.H.; Hillebrandt-Roeffen, M.H.S.; van Houdt, L.; Gorris, M.A.J.; van Dam, L.S.; 

Mentzel, T.; Weidema, M.E.; Savci-Heijink, C.D.; Desar, I.M.E., et al. Expression and clinical association of programmed cell death-1, 

programmed death-ligand-1 and CD8 + lymphocytes in primary sarcomas is subtype dependent. Oncotarget 2017, 8. 

116. Spurny, C.; Kailayangiri, S.; Jamitzky, S.; Altvater, B.; Wardelmann, E.; Dirksen, U.; Hardes, J.; Hartmann, W.; Rossig, C. 

Programmed cell death ligand 1 (PD-L1) expression is not a predominant feature in Ewing sarcomas. Pediatric Blood & Cancer 2018, 

65, e26719, doi:https://doi.org/10.1002/pbc.26719. 

117. Koirala, P.; Roth, M.E.; Gill, J.; Chinai, J.M.; Ewart, M.R.; Piperdi, S.; Geller, D.S.; Hoang, B.H.; Fatakhova, Y.V.; Ghorpade, M., 

et al. HHLA2, a member of the B7 family, is expressed in human osteosarcoma and is associated with metastases and worse survival. 

Scientific reports 2016, 6, 31154, doi:10.1038/srep31154. 

118. Yao, Y.; Tao, R.; Wang, X.; Wang, Y.; Mao, Y.; Zhou, L.F. B7-H1 is correlated with malignancy-grade gliomas but is not ex-

pressed exclusively on tumor stem-like cells. Neuro-oncology 2009, 11, 757-766, doi:10.1215/15228517-2009-014. 

119. Badoual, C.; Hans, S.; Merillon, N.; Van Ryswick, C.; Ravel, P.; Benhamouda, N.; Levionnois, E.; Nizard, M.; Si-Mohamed, A.; 

Besnier, N., et al. PD-1-expressing tumor-infiltrating T cells are a favorable prognostic biomarker in HPV-associated head and neck 

cancer. Cancer research 2013, 73, 128-138, doi:10.1158/0008-5472.can-12-2606. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

120. Martin, A.M.; Nirschl, C.J.; Polanczyk, M.J.; Bell, W.R.; Nirschl, T.R.; Harris-Bookman, S.; Phallen, J.; Hicks, J.; Martinez, D.; 

Ogurtsova, A., et al. PD-L1 expression in medulloblastoma: an evaluation by subgroup. Oncotarget 2018, 9, 19177-19191, 

doi:10.18632/oncotarget.24951. 

121. Witt, D.A.; Donson, A.M.; Amani, V.; Moreira, D.C.; Sanford, B.; Hoffman, L.M.; Handler, M.H.; Levy, J.M.M.; Jones, K.L.; 

Nellan, A., et al. Specific expression of PD-L1 in RELA-fusion supratentorial ependymoma: Implications for PD-1-targeted therapy. 

Pediatr Blood Cancer 2018, 65, e26960, doi:10.1002/pbc.26960. 

122. Wainwright, D.A.; Chang, A.L.; Dey, M.; Balyasnikova, I.V.; Kim, C.K.; Tobias, A.; Cheng, Y.; Kim, J.W.; Qiao, J.; Zhang, L., et 

al. Durable therapeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clin-

ical cancer research : an official journal of the American Association for Cancer Research 2014, 20, 5290-5301, 

doi:10.1158/1078-0432.ccr-14-0514. 

123. Hung, A.L.; Maxwell, R.; Theodros, D.; Belcaid, Z.; Mathios, D. TIGIT and PD-1 dual checkpoint blockade enhances antitumor 

immunity and survival in GBM. 2018, 7, e1466769, doi:10.1080/2162402x.2018.1466769. 

124. Kim, J.E.; Patel, M.A.; Mangraviti, A.; Kim, E.S.; Theodros, D.; Velarde, E.; Liu, A.; Sankey, E.W.; Tam, A.; Xu, H., et al. Com-

bination Therapy with Anti-PD-1, Anti-TIM-3, and Focal Radiation Results in Regression of Murine Gliomas. Clinical cancer re-

search : an official journal of the American Association for Cancer Research 2017, 23, 124-136, doi:10.1158/1078-0432.ccr-15-1535. 

125. Garzon-Muvdi, T.; Theodros, D.; Luksik, A.S.; Maxwell, R.; Kim, E.; Jackson, C.M.; Belcaid, Z.; Ganguly, S.; Tyler, B.; Brem, H., 

et al. Dendritic cell activation enhances anti-PD-1 mediated immunotherapy against glioblastoma. Oncotarget 2018, 9, 20681-20697, 

doi:10.18632/oncotarget.25061. 

126. Wu, S.; Calero-Pérez, P.; Arús, C. Anti-PD-1 Immunotherapy in Preclinical GL261 Glioblastoma: Influence of Therapeutic 

Parameters and Non-Invasive Response Biomarker Assessment with MRSI-Based Approaches. 2020, 21, doi:10.3390/ijms21228775. 

127. Speranza, M.C.; Passaro, C.; Ricklefs, F.; Kasai, K.; Klein, S.R.; Nakashima, H.; Kaufmann, J.K.; Ahmed, A.K.; Nowicki, M.O.; 

Obi, P., et al. Preclinical investigation of combined gene-mediated cytotoxic immunotherapy and immune checkpoint blockade in 

glioblastoma. Neuro-oncology 2018, 20, 225-235, doi:10.1093/neuonc/nox139. 

128. Marshall, H.T.; Djamgoz, M.B.A. Immuno-Oncology: Emerging Targets and Combination Therapies. Frontiers in oncology 

2018, 8, doi:10.3389/fonc.2018.00315. 

129. Oyewole-Said, D.; Konduri, V.; Vazquez-Perez, J.; Weldon, S.A.; Levitt, J.M.; Decker, W.K. Beyond T-Cells: Functional Char-

acterization of CTLA-4 Expression in Immune and Non-Immune Cell Types. Front Immunol 2020, 11, 608024, 

doi:10.3389/fimmu.2020.608024. 

130. Beyersdorf, N.; Kerkau, T.; Hünig, T. CD28 co-stimulation in T-cell homeostasis: a recent perspective. Immunotargets Ther 

2015, 4, 111-122, doi:10.2147/itt.s61647. 

131. Noel, P.J.; Boise, L.H.; Green, J.M.; Thompson, C.B. CD28 costimulation prevents cell death during primary T cell activation. J 

Immunol 1996, 157, 636-642. 

132. Alegre, M.L.; Noel, P.J.; Eisfelder, B.J.; Chuang, E.; Clark, M.R.; Reiner, S.L.; Thompson, C.B. Regulation of surface and intra-

cellular expression of CTLA4 on mouse T cells. J Immunol 1996, 157, 4762-4770. 

133. Chambers, C.A.; Sullivan, T.J.; Allison, J.P. Lymphoproliferation in CTLA-4-deficient mice is mediated by costimula-

tion-dependent activation of CD4+ T cells. Immunity 1997, 7, 885-895, doi:10.1016/s1074-7613(00)80406-9. 

134. Verhagen, J.; Gabrysová, L.; Minaee, S.; Sabatos, C.A.; Anderson, G.; Sharpe, A.H.; Wraith, D.C. Enhanced selection of FoxP3+ 

T-regulatory cells protects CTLA-4-deficient mice from CNS autoimmune disease. Proc Natl Acad Sci U S A 2009, 106, 3306-3311, 

doi:10.1073/pnas.0803186106. 

135. Saverino, D.; Brizzolara, R.; Simone, R.; Chiappori, A.; Milintenda-Floriani, F.; Pesce, G.; Bagnasco, M. Soluble CTLA-4 in 

autoimmune thyroid diseases: relationship with clinical status and possible role in the immune response dysregulation. Clin Im-

munol 2007, 123, 190-198, doi:10.1016/j.clim.2007.01.003. 

136. Saverino, D.; Simone, R.; Bagnasco, M.; Pesce, G. The soluble CTLA-4 receptor and its role in autoimmune diseases: an up-

date. Auto Immun Highlights 2010, 1, 73-81, doi:10.1007/s13317-010-0011-7. 

137. Contardi, E.; Palmisano, G.L.; Tazzari, P.L.; Martelli, A.M.; Falà, F.; Fabbi, M.; Kato, T.; Lucarelli, E.; Donati, D.; Polito, L., et al. 

CTLA-4 is constitutively expressed on tumor cells and can trigger apoptosis upon ligand interaction. Int J Cancer 2005, 117, 538-550, 

doi:10.1002/ijc.21155. 

138. El Andaloussi, A.; Lesniak, M.S. An increase in CD4+CD25+FOXP3+ regulatory T cells in tumor-infiltrating lymphocytes of 

human glioblastoma multiforme. Neuro-oncology 2006, 8, 234-243, doi:10.1215/15228517-2006-006. 

139. Hingorani, P.; Maas, M.L.; Gustafson, M.P.; Dickman, P.; Adams, R.H.; Watanabe, M.; Eshun, F.; Williams, J.; Seidel, M.J.; 

Dietz, A.B. Increased CTLA-4(+) T cells and an increased ratio of monocytes with loss of class II (CD14(+) HLA-DR(lo/neg)) found in 

aggressive pediatric sarcoma patients. Journal for immunotherapy of cancer 2015, 3, 35, doi:10.1186/s40425-015-0082-0. 

140. Morris, Z.S.; Guy, E.I.; Francis, D.M.; Gressett, M.M.; Werner, L.R.; Carmichael, L.L.; Yang, R.K.; Armstrong, E.A.; Huang, S.; 

Navid, F., et al. In Situ Tumor Vaccination by Combining Local Radiation and Tumor-Specific Antibody or Immunocytokine 

Treatments. Cancer research 2016, 76, 3929-3941, doi:10.1158/0008-5472.can-15-2644. 

141. Reardon, D.A.; Gokhale, P.C.; Klein, S.R.; Ligon, K.L.; Rodig, S.J.; Ramkissoon, S.H.; Jones, K.L.; Conway, A.S.; Liao, X.; Zhou, 

J., et al. Glioblastoma Eradication Following Immune Checkpoint Blockade in an Orthotopic, Immunocompetent Model. Cancer 

Immunol Res 2016, 4, 124-135, doi:10.1158/2326-6066.cir-15-0151. 

142. Saha, D.; Martuza, R.L.; Rabkin, S.D. Macrophage Polarization Contributes to Glioblastoma Eradication by Combination 

Immunovirotherapy and Immune Checkpoint Blockade. Cancer Cell 2017, 32, 253-267 e255, doi:10.1016/j.ccell.2017.07.006. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

143. Zhang, G.; Wang, J.; Kelly, J.; Gu, G.; Hou, J.; Zhou, Y.; Redmond, H.P.; Wang, J.H.; Zhang, X. B7-H3 Augments the Inflam-

matory Response and Is Associated with Human Sepsis. The Journal of Immunology 2010, 185, 3677-3684, 

doi:10.4049/jimmunol.0904020. 

144. Chapoval, A.I.; Ni, J.; Lau, J.S.; Wilcox, R.A.; Flies, D.B.; Liu, D.; Dong, H.; Sica, G.L.; Zhu, G.; Tamada, K., et al. B7-H3: a 

costimulatory molecule for T cell activation and IFN-gamma production. Nature immunology 2001, 2, 269-274, doi:10.1038/85339. 

145. Suh, W.K.; Gajewska, B.U.; Okada, H.; Gronski, M.A.; Bertram, E.M.; Dawicki, W.; Duncan, G.S.; Bukczynski, J.; Plyte, S.; Elia, 

A., et al. The B7 family member B7-H3 preferentially down-regulates T helper type 1-mediated immune responses. Nature immu-

nology 2003, 4, 899-906, doi:10.1038/ni967. 

146. Jin, Y.; Zhang, P.; Li, J.; Zhao, J.; Liu, C.; Yang, F.; Yang, D.; Gao, A.; Lin, W.; Ma, X., et al. B7-H3 in combination with regula-

tory T cell is associated with tumor progression in primary human non-small cell lung cancer. Int J Clin Exp Pathol 2015, 8, 

13987-13995. 

147. Li, M.; Zhang, G.; Zhang, X.; Lv, G.; Wei, X.; Yuan, H.; Hou, J. Overexpression of B7-H3 in CD14+ monocytes is associated 

with renal cell carcinoma progression. Medical Oncology 2014, 31, 349, doi:10.1007/s12032-014-0349-1. 

148. Bin, Z.; Guangbo, Z.; Yan, G.; Huan, Z.; Desheng, L.; Xueguang, Z. Overexpression of B7-H3 in CD133+ colorectal cancer cells 

is associated with cancer progression and survival in human patients. The Journal of surgical research 2014, 188, 396-403, 

doi:10.1016/j.jss.2014.01.014. 

149. Liu, Z.; Zhang, W.; Phillips, J.B.; Arora, R.; McClellan, S.; Li, J.; Kim, J.H.; Sobol, R.W. Immunoregulatory protein B7-H3 reg-

ulates cancer stem cell enrichment and drug resistance through MVP-mediated MEK activation. 2019, 38, 88-102, 

doi:10.1038/s41388-018-0407-9. 

150. Castriconi, R.; Dondero, A.; Augugliaro, R.; Cantoni, C.; Carnemolla, B.; Sementa, A.R.; Negri, F.; Conte, R.; Corrias, M.V.; 

Moretta, L., et al. Identification of 4Ig-B7-H3 as a neuroblastoma-associated molecule that exerts a protective role from an NK 

cell-mediated lysis. Proceedings of the National Academy of Sciences of the United States of America 2004, 101, 12640-12645, 

doi:10.1073/pnas.0405025101. 

151. Gregorio, A.; Corrias, M.V.; Castriconi, R.; Dondero, A.; Mosconi, M.; Gambini, C.; Moretta, A.; Moretta, L.; Bottino, C. Small 

round blue cell tumours: diagnostic and prognostic usefulness of the expression of B7-H3 surface molecule. Histopathology 2008, 53, 

73-80, doi:10.1111/j.1365-2559.2008.03070.x. 

152. Majzner, R.G.; Theruvath, J.L.; Nellan, A.; Heitzeneder, S.; Cui, Y.; Mount, C.W.; Rietberg, S.P.; Linde, M.H.; Xu, P.; Rota, C., et 

al. CAR T Cells Targeting B7-H3, a Pan-Cancer Antigen, Demonstrate Potent Preclinical Activity Against Pediatric Solid Tumors 

and Brain Tumors. Clinical cancer research : an official journal of the American Association for Cancer Research 2019, 25, 2560-2574, 

doi:10.1158/1078-0432.ccr-18-0432. 

153. Wang, L.; Zhang, Q.; Chen, W.; Shan, B.; Ding, Y.; Zhang, G.; Cao, N.; Liu, L.; Zhang, Y. B7-H3 is overexpressed in patients 

suffering osteosarcoma and associated with tumor aggressiveness and metastasis. PloS one 2013, 8, e70689, 

doi:10.1371/journal.pone.0070689. 

154. Lemke, D.; Pfenning, P.N.; Sahm, F.; Klein, A.C.; Kempf, T.; Warnken, U.; Schnölzer, M.; Tudoran, R.; Weller, M.; Platten, M., 

et al. Costimulatory protein 4IgB7H3 drives the malignant phenotype of glioblastoma by mediating immune escape and invasive-

ness. Clinical cancer research : an official journal of the American Association for Cancer Research 2012, 18, 105-117, 

doi:10.1158/1078-0432.ccr-11-0880. 

155. Nehama, D.; Di Ianni, N.; Musio, S.; Du, H.; Patané, M.; Pollo, B.; Finocchiaro, G.; Park, J.J.H.; Dunn, D.E.; Edwards, D.S., et al. 

B7-H3-redirected chimeric antigen receptor T cells target glioblastoma and neurospheres. EBioMedicine 2019, 47, 33-43, 

doi:10.1016/j.ebiom.2019.08.030. 

156. Kendsersky, N.M.; Lindsay, J.M.; Kolb, E.A.; Smith, M.A. The B7-H3-targeting antibody-drug conjugate m276-SL-PBD is po-

tently effective against pediatric cancer preclinical solid tumor models. 2021, 10.1158/1078-0432.ccr-20-4221, 

doi:10.1158/1078-0432.ccr-20-4221. 

157. Moghimi, B.; Muthugounder, S.; Jambon, S. Preclinical assessment of the efficacy and specificity of GD2-B7H3 SynNotch 

CAR-T in metastatic neuroblastoma. 2021, 12, 511, doi:10.1038/s41467-020-20785-x. 

158. Lecocq, Q.; Keyaerts, M.; Devoogdt, N.; Breckpot, K. The Next-Generation Immune Checkpoint LAG-3 and Its Therapeutic 

Potential in Oncology: Third Time's a Charm. Int J Mol Sci 2020, 22, doi:10.3390/ijms22010075. 

159. Huard, B.; Gaulard, P.; Faure, F.; Hercend, T.; Triebel, F. Cellular expression and tissue distribution of the human 

LAG-3-encoded protein, an MHC class II ligand. Immunogenetics 1994, 39, 213-217, doi:10.1007/bf00241263. 

160. Triebel, F.; Jitsukawa, S.; Baixeras, E.; Roman-Roman, S.; Genevee, C.; Viegas-Pequignot, E.; Hercend, T. LAG-3, a novel 

lymphocyte activation gene closely related to CD4. J Exp Med 1990, 171, 1393-1405, doi:10.1084/jem.171.5.1393. 

161. Workman, C.J.; Wang, Y.; El Kasmi, K.C.; Pardoll, D.M.; Murray, P.J.; Drake, C.G.; Vignali, D.A. LAG-3 regulates plasmacy-

toid dendritic cell homeostasis. J Immunol 2009, 182, 1885-1891, doi:10.4049/jimmunol.0800185. 

162. Kisielow, M.; Kisielow, J.; Capoferri-Sollami, G.; Karjalainen, K. Expression of lymphocyte activation gene 3 (LAG-3) on B 

cells is induced by T cells. European Journal of Immunology 2005, 35, 2081-2088, doi:https://doi.org/10.1002/eji.200526090. 

163. Grosso, J.F.; Kelleher, C.C.; Harris, T.J.; Maris, C.H.; Hipkiss, E.L.; De Marzo, A.; Anders, R.; Netto, G.; Getnet, D.; Bruno, T.C., 

et al. LAG-3 regulates CD8+ T cell accumulation and effector function in murine self- and tumor-tolerance systems. J Clin Invest 

2007, 117, 3383-3392, doi:10.1172/jci31184. 

164. Harris-Bookman, S.; Mathios, D.; Martin, A.M.; Xia, Y.; Kim, E.; Xu, H.; Belcaid, Z.; Polanczyk, M.; Barberi, T.; Theodros, D., et 

al. Expression of LAG-3 and efficacy of combination treatment with anti-LAG-3 and anti-PD-1 monoclonal antibodies in glioblas-

toma. International journal of cancer 2018, 143, 3201-3208, doi:10.1002/ijc.31661. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

165. Que, Y.; Fang, Z.; Guan, Y.; Xiao, W.; Xu, B.; Zhao, J.; Chen, H.; Zhang, X.; Zeng, M.; Liang, Y. LAG-3 expression on tu-

mor-infiltrating T cells in soft tissue sarcoma correlates with poor survival. Cancer Biol Med 2019, 16, 331-340, 

doi:10.20892/j.issn.2095-3941.2018.0306. 

166. Wolf, Y.; Anderson, A.C.; Kuchroo, V.K. TIM3 comes of age as an inhibitory receptor. Nat Rev Immunol 2020, 20, 173-185, 

doi:10.1038/s41577-019-0224-6. 

167. Monney, L.; Sabatos, C.A.; Gaglia, J.L.; Ryu, A.; Waldner, H.; Chernova, T.; Manning, S.; Greenfield, E.A.; Coyle, A.J.; Sobel, 

R.A., et al. Th1-specific cell surface protein Tim-3 regulates macrophage activation and severity of an autoimmune disease. Nature 

2002, 415, 536-541, doi:10.1038/415536a. 

168. Kuchroo, V.K.; Umetsu, D.T.; DeKruyff, R.H.; Freeman, G.J. The TIM gene family: emerging roles in immunity and disease. 

Nat Rev Immunol 2003, 3, 454-462, doi:10.1038/nri1111. 

169. Goods, B.A.; Hernandez, A.L.; Lowther, D.E.; Lucca, L.E.; Lerner, B.A.; Gunel, M.; Raddassi, K.; Coric, V.; Hafler, D.A.; Love, 

J.C. Functional differences between PD-1+ and PD-1- CD4+ effector T cells in healthy donors and patients with glioblastoma multi-

forme. PloS one 2017, 12, e0181538, doi:10.1371/journal.pone.0181538. 

170. Fu, W.; Wang, W.; Li, H.; Jiao, Y.; Huo, R.; Yan, Z.; Wang, J.; Wang, S.; Wang, J.; Chen, D., et al. Single-Cell Atlas Reveals 

Complexity of the Immunosuppressive Microenvironment of Initial and Recurrent Glioblastoma. Front Immunol 2020, 11, 835, 

doi:10.3389/fimmu.2020.00835. 

171. Li, G.; Wang, Z.; Zhang, C.; Liu, X.; Cai, J.; Wang, Z.; Hu, H.; Wu, F.; Bao, Z.; Liu, Y., et al. Molecular and clinical characteri-

zation of TIM-3 in glioma through 1,024 samples. Oncoimmunology 2017, 6, e1328339, doi:10.1080/2162402x.2017.1328339. 

172. Zhang, J.; Sai, K.; Wang, X.L.; Ye, S.Q.; Liang, L.J.; Zhou, Y.; Chen, Z.J.; Hu, W.M.; Liu, J.M. Tim-3 Expression and MGMT 

Methylation Status Association With Survival in Glioblastoma. Frontiers in pharmacology 2020, 11, 584652, 

doi:10.3389/fphar.2020.584652. 

173. Han, Q.; Shi, H.; Liu, F. CD163(+) M2-type tumor-associated macrophage support the suppression of tumor-infiltrating T cells 

in osteosarcoma. International immunopharmacology 2016, 34, 101-106, doi:10.1016/j.intimp.2016.01.023. 

174. Feng, Z.M.; Guo, S.M. Tim-3 facilitates osteosarcoma proliferation and metastasis through the NF-κB pathway and epitheli-

al-mesenchymal transition. Genetics and molecular research : GMR 2016, 15, doi:10.4238/gmr.15037844. 

175. Shang, Y.; Li, Z.; Li, H.; Xia, H.; Lin, Z. TIM-3 expression in human osteosarcoma: Correlation with the expression of epithe-

lial-mesenchymal transition-specific biomarkers. Oncology letters 2013, 6, 490-494, doi:10.3892/ol.2013.1410. 

176. Dancsok, A.R.; Setsu, N.; Gao, D.; Blay, J.Y.; Thomas, D. Expression of lymphocyte immunoregulatory biomarkers in bone and 

soft-tissue sarcomas. 2019, 32, 1772-1785, doi:10.1038/s41379-019-0312-y. 

177. Pu, F.; Chen, F.; Zhang, Z.; Qing, X.; Lin, H.; Zhao, L.; Xia, P.; Shao, Z. TIM-3 expression and its association with overall sur-

vival in primary osteosarcoma. Oncology letters 2019, 18, 5294-5300, doi:10.3892/ol.2019.10855. 

178. Ge, W.; Li, J.; Fan, W.; Xu, D.; Sun, S. Tim-3 as a diagnostic and prognostic biomarker of osteosarcoma. Tumour biology : the 

journal of the International Society for Oncodevelopmental Biology and Medicine 2017, 39, 1010428317715643, 

doi:10.1177/1010428317715643. 

179. Dorfman, D.M.; Hornick, J.L.; Shahsafaei, A.; Freeman, G.J. The phosphatidylserine receptors, T cell immunoglobulin mucin 

proteins 3 and 4, are markers of histiocytic sarcoma and other histiocytic and dendritic cell neoplasms. Human pathology 2010, 41, 

1486-1494, doi:10.1016/j.humpath.2010.04.005. 

180. Li, J.; Cao, D.; Guo, G.; Wu, Y.; Chen, Y. Expression and anatomical distribution of TIM-containing molecules in Langerhans 

cell sarcoma. Journal of molecular histology 2013, 44, 213-220, doi:10.1007/s10735-012-9475-2. 

181. Li, J.; Liu, X.; Duan, Y.; Liu, Y.; Wang, H.; Lian, S.; Zhuang, G.; Fan, Y. Combined Blockade of T Cell Immunoglobulin and 

Mucin Domain 3 and Carcinoembryonic Antigen-Related Cell Adhesion Molecule 1 Results in Durable Therapeutic Efficacy in Mice 

with Intracranial Gliomas. Medical science monitor : international medical journal of experimental and clinical research 2017, 23, 

3593-3602, doi:10.12659/msm.903098. 

182. Manieri, N.A.; Chiang, E.Y.; Grogan, J.L. TIGIT: A Key Inhibitor of the Cancer Immunity Cycle. Trends in immunology 2017, 

38, 20-28, doi:10.1016/j.it.2016.10.002. 

183. Harjunpää, H.; Guillerey, C. TIGIT as an emerging immune checkpoint. 2020, 200, 108-119, doi:10.1111/cei.13407. 

184. Rahimi Koshkaki, H.; Minasi, S. Immunohistochemical Characterization of Immune Infiltrate in Tumor Microenvironment of 

Glioblastoma. 2020, 10, doi:10.3390/jpm10030112. 

185. Lucca, L.E.; Lerner, B.A.; Park, C.; DeBartolo, D.; Harnett, B.; Kumar, V.P.; Ponath, G.; Raddassi, K.; Huttner, A.; Hafler, D.A., 

et al. Differential expression of the T-cell inhibitor TIGIT in glioblastoma and MS. Neurology(R) neuroimmunology & neuroin-

flammation 2020, 7, doi:10.1212/nxi.0000000000000712. 

186. Zhou, Y.; Yang, D.; Yang, Q.; Lv, X. Single-cell RNA landscape of intratumoral heterogeneity and immunosuppressive mi-

croenvironment in advanced osteosarcoma. 2020, 11, 6322, doi:10.1038/s41467-020-20059-6. 

187. Zhai, L.; Bell, A.; Ladomersky, E.; Lauing, K.L.; Bollu, L.; Sosman, J.A.; Zhang, B.; Wu, J.D.; Miller, S.D.; Meeks, J.J., et al. 

Immunosuppressive IDO in Cancer: Mechanisms of Action, Animal Models, and Targeting Strategies. Front Immunol 2020, 11, 

1185, doi:10.3389/fimmu.2020.01185. 

188. Meireson, A.; Devos, M.; Brochez, L. IDO Expression in Cancer: Different Compartment, Different Functionality? Front Im-

munol 2020, 11, 531491, doi:10.3389/fimmu.2020.531491. 

189. Uyttenhove, C.; Pilotte, L.; Théate, I.; Stroobant, V.; Colau, D.; Parmentier, N.; Boon, T.; Van den Eynde, B.J. Evidence for a 

tumoral immune resistance mechanism based on tryptophan degradation by indoleamine 2,3-dioxygenase. Nature medicine 2003, 9, 

1269-1274, doi:10.1038/nm934. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

190. Pfefferkorn, E.R. Interferon gamma blocks the growth of Toxoplasma gondii in human fibroblasts by inducing the host cells to 

degrade tryptophan. Proceedings of the National Academy of Sciences 1984, 81, 908-912, doi:10.1073/pnas.81.3.908. 

191. Yoshida, R.; Imanishi, J.; Oku, T.; Kishida, T.; Hayaishi, O. Induction of pulmonary indoleamine 2,3-dioxygenase by inter-

feron. Proceedings of the National Academy of Sciences 1981, 78, 129-132, doi:10.1073/pnas.78.1.129. 

192. Brochez, L.; Chevolet, I.; Kruse, V. The rationale of indoleamine 2,3-dioxygenase inhibition for cancer therapy. European 

journal of cancer (Oxford, England : 1990) 2017, 76, 167-182, doi:10.1016/j.ejca.2017.01.011. 

193. Smith, C.; Chang, M.Y.; Parker, K.H.; Beury, D.W.; DuHadaway, J.B.; Flick, H.E.; Boulden, J.; Sutanto-Ward, E.; Soler, A.P.; 

Laury-Kleintop, L.D., et al. IDO is a nodal pathogenic driver of lung cancer and metastasis development. Cancer discovery 2012, 2, 

722-735, doi:10.1158/2159-8290.cd-12-0014. 

194. Dill, E.A.; Dillon, P.M.; Bullock, T.N.; Mills, A.M. IDO expression in breast cancer: an assessment of 281 primary and meta-

static cases with comparison to PD-L1. Modern Pathology 2018, 31, 1513-1522, doi:10.1038/s41379-018-0061-3. 

195. Guastella, A.R.; Michelhaugh, S.K.; Klinger, N.V.; Fadel, H.A.; Kiousis, S.; Ali-Fehmi, R.; Kupsky, W.J.; Juhász, C.; Mittal, S. 

Investigation of the aryl hydrocarbon receptor and the intrinsic tumoral component of the kynurenine pathway of tryptophan me-

tabolism in primary brain tumors. 2018, 139, 239-249, doi:10.1007/s11060-018-2869-6. 

196. Mitsuka, K.; Kawataki, T.; Satoh, E.; Asahara, T.; Horikoshi, T.; Kinouchi, H. Expression of indoleamine 2,3-dioxygenase and 

correlation with pathological malignancy in gliomas. Neurosurgery 2013, 72, 1031-1038; discussion 1038-1039, 

doi:10.1227/NEU.0b013e31828cf945. 

197. Avril, T.; Saikali, S.; Vauleon, E.; Jary, A.; Hamlat, A.; De Tayrac, M.; Mosser, J.; Quillien, V. Distinct effects of human glio-

blastoma immunoregulatory molecules programmed cell death ligand-1 (PDL-1) and indoleamine 2,3-dioxygenase (IDO) on tu-

mour-specific T cell functions. Journal of neuroimmunology 2010, 225, 22-33, doi:10.1016/j.jneuroim.2010.04.003. 

198. Wainwright, D.A.; Balyasnikova, I.V.; Chang, A.L.; Ahmed, A.U.; Moon, K.S.; Auffinger, B.; Tobias, A.L.; Han, Y.; Lesniak, 

M.S. IDO expression in brain tumors increases the recruitment of regulatory T cells and negatively impacts survival. Clinical cancer 

research : an official journal of the American Association for Cancer Research 2012, 18, 6110-6121, doi:10.1158/1078-0432.ccr-12-2130. 

199. Urakawa, H.; Nishida, Y.; Nakashima, H.; Shimoyama, Y.; Nakamura, S.; Ishiguro, N. Prognostic value of indoleamine 

2,3-dioxygenase expression in high grade osteosarcoma. Clinical & experimental metastasis 2009, 26, 1005-1012, 

doi:10.1007/s10585-009-9290-7. 

200. Hanihara, M.; Kawataki, T.; Oh-Oka, K.; Mitsuka, K.; Nakao, A.; Kinouchi, H. Synergistic antitumor effect with indoleamine 

2,3-dioxygenase inhibition and temozolomide in a murine glioma model. Journal of neurosurgery 2016, 124, 1594-1601, 

doi:10.3171/2015.5.jns141901. 

201. Sun, S.; Du, G.; Xue, J.; Ma, J.; Ge, M.; Wang, H.; Tian, J. PCC0208009 enhances the anti-tumor effects of temozolomide 

through direct inhibition and transcriptional regulation of indoleamine 2,3-dioxygenase in glioma models. International journal of 

immunopathology and pharmacology 2018, 32, 2058738418787991, doi:10.1177/2058738418787991. 

202. Li, M.; Bolduc, A.R.; Hoda, M.N.; Gamble, D.N.; Dolisca, S.B.; Bolduc, A.K.; Hoang, K.; Ashley, C.; McCall, D.; Rojiani, A.M., 

et al. The indoleamine 2,3-dioxygenase pathway controls complement-dependent enhancement of chemo-radiation therapy against 

murine glioblastoma. Journal for immunotherapy of cancer 2014, 2, 21, doi:10.1186/2051-1426-2-21. 

203. Watanabe, N.; Gavrieli, M.; Sedy, J.R.; Yang, J.; Fallarino, F.; Loftin, S.K.; Hurchla, M.A.; Zimmerman, N.; Sim, J.; Zang, X., et 

al. BTLA is a lymphocyte inhibitory receptor with similarities to CTLA-4 and PD-1. Nature immunology 2003, 4, 670-679, 

doi:10.1038/ni944. 

204. Bekiaris, V.; Šedý, J.R.; Macauley, M.G.; Rhode-Kurnow, A.; Ware, C.F. The inhibitory receptor BTLA controls γδ T cell ho-

meostasis and inflammatory responses. Immunity 2013, 39, 1082-1094, doi:10.1016/j.immuni.2013.10.017. 

205. del Rio, M.L.; Kurtz, J.; Perez-Martinez, C.; Ghosh, A.; Perez-Simon, J.A.; Rodriguez-Barbosa, J.I. B- and T-lymphocyte atten-

uator targeting protects against the acute phase of graft versus host reaction by inhibiting donor anti-host cytotoxicity. Transplan-

tation 2011, 92, 1085-1093, doi:10.1097/TP.0b013e3182339d4a. 

206. Han, P.; Goularte, O.D.; Rufner, K.; Wilkinson, B.; Kaye, J. An Inhibitory Ig Superfamily Protein Expressed by Lymphocytes 

and APCs Is Also an Early Marker of Thymocyte Positive Selection. The Journal of Immunology 2004, 172, 5931-5939, 

doi:10.4049/jimmunol.172.10.5931. 

207. Murphy, K.M.; Nelson, C.A.; Sedý, J.R. Balancing co-stimulation and inhibition with BTLA and HVEM. Nat Rev Immunol 

2006, 6, 671-681, doi:10.1038/nri1917. 

208. Shui, J.W.; Steinberg, M.W.; Kronenberg, M. Regulation of inflammation, autoimmunity, and infection immunity by 

HVEM-BTLA signaling. Journal of leukocyte biology 2011, 89, 517-523, doi:10.1189/jlb.0910528. 

209. Steinberg, M.W.; Cheung, T.C.; Ware, C.F. The signaling networks of the herpesvirus entry mediator (TNFRSF14) in immune 

regulation. Immunological reviews 2011, 244, 169-187, doi:10.1111/j.1600-065X.2011.01064.x. 

210. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nature Reviews Cancer 2012, 12, 252-264, 

doi:10.1038/nrc3239. 

211. Chen, Y.-L.; Lin, H.-W.; Chien, C.-L.; Lai, Y.-L.; Sun, W.-Z.; Chen, C.-A.; Cheng, W.-F. BTLA blockade enhances Cancer ther-

apy by inhibiting IL-6/IL-10-induced CD19high B lymphocytes. Journal for immunotherapy of cancer 2019, 7, 313, 

doi:10.1186/s40425-019-0744-4. 

212. Lan, X.; Li, S.; Gao, H.; Nanding, A.; Quan, L.; Yang, C.; Ding, S.; Xue, Y. Increased BTLA and HVEM in gastric cancer are 

associated with progression and poor prognosis. Onco Targets Ther 2017, 10, 919-926, doi:10.2147/OTT.S128825. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1


 

 

213. Mochizuki, K.; Kawana, S.; Yamada, S.; Muramatsu, M.; Sano, H.; Kobayashi, S.; Ohara, Y.; Takahashi, N.; Hakozaki, M.; 

Yamada, H., et al. Various checkpoint molecules, and tumor-infiltrating lymphocytes in common pediatric solid tumors: Possibili-

ties for novel immunotherapy. Pediatric hematology and oncology 2019, 36, 17-27, doi:10.1080/08880018.2019.1578843. 

214. Havel, J.J.; Chowell, D.; Chan, T.A. The evolving landscape of biomarkers for checkpoint inhibitor immunotherapy. 2019, 19, 

133-150, doi:10.1038/s41568-019-0116-x. 

215. Park, J.A.; Cheung, N.V. Limitations and opportunities for immune checkpoint inhibitors in pediatric malignancies. Cancer 

treatment reviews 2017, 58, 22-33, doi:10.1016/j.ctrv.2017.05.006. 

216. Postow, M.A.; Sidlow, R.; Hellmann, M.D. Immune-Related Adverse Events Associated with Immune Checkpoint Blockade. 

New England Journal of Medicine 2018, 378, 158-168, doi:10.1056/NEJMra1703481. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2021                   doi:10.20944/preprints202104.0016.v1

https://doi.org/10.20944/preprints202104.0016.v1

