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Abstract

:

The significant contribution of host immunity in early tumorigenesis has been recently recognized as a result of our better understanding of the molecular pathways regulating tumor cell biology and tumor-lymphocyte interactions. Emerging evidence suggests that disseminated dormant tumor cells derived from primary tumors before or after immune surveillance, are responsible for subsequent metastases. Recent trends from the field of onco-immunology suggest that efficiently stimulating endogenous anticancer immunity is a prerequisite for the successful outcome of conventional cancer therapies. Harnessing the immune system to achieve clinical efficacy is realistic in the context of conventional therapies resulting in immunogenic cell death and/or immunostimulatory side effects. Targeted therapies designed to target oncogenic pathways in tumor cells can also positively regulate the endogenous immune response and tumor microenvironment. Identification of T cell inhibitory signals has prompted the development of immune checkpoint inhibitors, which specifically hinder immune effector inhibition, reinvigorating and potentially expanding the preexisting anticancer immune response. This anticancer immunity can be amplified in the setting of immunotherapies, mostly in the form of vaccines, which boost naturally occurring T cell clones specifically recognizing tumor antigens. Thus, a promising anticancer therapy will aim to activate patients’ naturally occurring anticancer immunity either to eliminate residual tumor cells or to prolong dormancy in disseminated tumor cells. Such an endogenous anticancer immunity plays a significant role for controlling the balance between dormant tumor cells and tumor escape, and restraining metastases. In this review, we mean to suggest that anticancer therapies aiming to stimulate the endogenous antitumor responses provide the concept of the therapeutic management of cancer.
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1. Introduction


The endogenous immunological response during the natural course of cancer constitutes the concept of cancer immunomodulation as described in the “immunoediting” hypothesis almost 1.5 decades ago [1]. The immunoediting process is based on the knowledge obtained from progresses in our understanding of mechanisms regulating tumor cell immune recognition and immune evasion. During immunoediting, elements of the innate and adaptive immune system initially eliminate immunogenic tumor cells (elimination phase). Then comes a rather long period during which the immune system continuously interacts with the tumor establishing a dynamic state of equilibrium which keeps the tumor cells in a dormant state. Thus, tumor immune surveillance is a major component of long, or even permanently, lasting tumor dormancy, however, only when tumor cells are immunogenic [2]. The equilibrium phase will progressively fade in the presence of epigenetic alterations, significantly affecting the biology of tumor cells, making them less immunogenic, highly suppressive, with a high angiogenic output. This may seriously impact the balance between effector and regulatory cell compartments by favoring the infiltration and accumulation of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSC) within tumors. In this way, effector T cells that do infiltrate the tumor will be negatively controlled by these regulatory cellular subsets and inhibitory molecules. The outcome of this dysregulated balance between effector and regulatory cells is critical for the tumor to escape immune control [3]. The immunoediting hypothesis provided an immune-mediated control of tumorigenesis by postulating opposing host-protective and tumor-promoting functions of the immune system. Based on this theory, studies, later on, confirmed the role of endogenous adaptive antitumor immunity both as prognostic and predictive biomarkers [4,5]. To this end it was demonstrated that the immune contexture (presence, location, and density of T cells and cytokines within tumors) is related with a favorable prognosis, hence emphasizing the ability of the immune response to maintain a subclinical tumor in an equilibrium state [5]. The major role of the endogenous intratumoral immune reaction could improve our understanding of tumor evolution and have important consequences in clinical cure of cancer.




2. Modulation of the Endogenous Antitumor Immunity


Immune-based therapies delivered through active immunotherapy, include vaccines, which are used to activate pre-existing host antitumor immune cells but to also induce new ones to react against the tumor and induce tumor cell destruction. Active immunotherapy in humans has resulted in potent immunological and occasionally clinical responses and regression, mostly in cases when responses against multiple tumor epitopes could be readily induced [6].



The ideal system would entail vaccination strategies that can generate robust antitumor immunological responses with durable tumor-specific memory, while boosting and/or inducing an active endogenous response to reinforce the tumor eradication. Cancer immunoediting enabled the promotion of new modalities in cancer immunotherapy for improving antitumor immunity. Thus, great effort has been put forth to design more effective active, antigen-specific immunotherapies by increasing the number and the quality of tumor-specific cytotoxic T lymphocytes (CTLs), revealing additional immunogenic tumor peptides and reversing tumor-induced suppression [7,8]. To this end, various forms of vaccination strategies also in combination with other therapeutic modalities have been explored to elicit robust immune responses to tumor antigens (Table 1). Under ideal circumstances, the endogenously induced anti-tumor T cells could migrate to the tumor site and directly lyse tumor cells, while rescuing endogenous immune cells from the tumor-induced immunosuppression [9,10,11]. However, the tumor environment is usually so immunosuppressive that it is difficult to appropriately release these brake mechanisms on antitumor responses.
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Table 1. Phase II and III clinical trials, utilizing various therapeutic vaccine platforms.
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Study Name

	
Targeted Antigen

	
Vaccine

	
Cancer Type

	
Refs.






	
IMPACT

	
PAP

	
Mo/DCs

PAP-GM-CSF

	
mCRPC

	
[12]




	
PROSPECT

	
PSA

	
rV-PSA-TRICOM

rF-PSA-TRICOM

	
mCRPC

	
[13]




	
PANVAC

	
MUC1/CEA

	
DCs

rV-PSA-TRICOM

rF-PSA-TRICOM

	
Colorectal

	
[14]




	
GVAX

	
Multiple on allogeneic tumor lines

	
T47D and SKBR3 lines secreting GM-CSF

	
Breast

	
[15]




	
DERMA

	
MAGE-A3

	
Recombinant protein

	
Melanoma

	
[16]




	
MAGRIT

	
MAGE-A3

	
Recombinant protein

	
NSCLC

	
[17]




	
IMPRINT

	
Mixture of 11 naturally presented renal Ca tumor peptides

	
soluble

	
Renal

	
[18]




	
BIOVAXID

	
Id-IgG on B-cell lymphoma

	
Id-IgG-KLH

	
Follicular lymphoma

	
[19]




	
GV1001

	
Telomerase

	
Soluble 16-mer

	
Melanoma

	
[20]




	
TG4010

	
MUC1

	
MVA

MUC-1-IL-2

	
Prostate NSCLC

	
[21,22,23]




	
CDX110

	
EGFRvIII

	
Soluble 13-mer

	
Glioblastoma

	
[24]




	
Stimuvax

	
MUC1

	
25-mer MUC1 liposome (BLP25)

	
NSCLC

	
[25]








PAP: prostatic acid phosphatase; PSA: Prostate specific antigen; MUC1: Mucin 1; CEA: carcinoembryonic antigen; Id: Idiotype; IgG: Immunoglobulin G; EGFRvIII: Epidermal growth factor receptor variant III; Mo/DCs: monocytes/dendritic cells; GM-CSF: granulocyte macrophage-colony stimulating factor; rV: recombinant vaccinia virus; rF: recombinant fowlpox virus; TRICOM: triad costimulatory molecules; KLH: keyhole limpet haemocyanin; MVA: modified vaccinia ankara virus; IL-2: Interleukin 2; mCRPC: metastatic castrate resistant prostate cancer; NSCLC: non small cell lung carcinoma.







Immunomodulatory monoclonal antibodies, acting either as agonists targeting immunoenhancing receptors, or as antagonists directed at co-inhibitory receptors, have been demonstrated to enhance the endogenous antitumor immunity [26]. Combining vaccines with such immunostimulatory monoclonal antibodies is a quite promising field of immune vaccine combination therapy based on a multifaceted activation of patients’ immune system, accomplished through the enhancement of endogenous antitumor immune responses, and induction and maintenance of vaccine and tumor-specific immunity [27,28]. Improvements have also been made in the treatment of cancer through the development of “targeted” therapies, those that specifically inhibit dysregulated oncogenic pathways. In addition to their direct antitumor effects, these agents could facilitate recognition and sensitivity to effector functions by cytolytic lymphocytes of the innate and adaptive immune system, thereby sensitizing cancer cells to immunotherapy [8,29,30,31,32]. A major goal, therefore, is to develop rational combinatorial approaches that merge the significant benefits of oncogenic pathway disruption using targeted agents, with the unique ability of immunotherapy to mediate long-term responses in certain cancers. Such therapeutic approaches used in combination or sequentially will be required to harness the full potential of the endogenous antitumor immune response.




3. Tumor Dormancy as a Result of Endogenous Immune Surveillance


The functional dichotomy of the immune system to recognize and eliminate, but also to shape the immunogenicity of tumor cells, enabled a better understanding of the relationship between the endogenous antitumor immunity and cancer, and also provided insights into the management of malignant diseases. In recent years, the tumor immune microenvironment has attracted attention, as this microenvironment plays a pivotal role in regulating tumor development and/or progression. Tumor infiltrating lymphocytes (TIL), including several different lymphocyte subsets, generally possess a critical role in the positive and negative regulation of antitumor immunity. Indeed, the pattern of immune cell infiltrates emerged as a key criterion for predicting disease-free survival and overall survival [33]. Data from human colon cancer, but also other types of malignancy, have convincingly shown that intratumoral immune signatures constitute an independent significant prognostic factor, which is superior compared to the standard TNM classification [34]. There are several reports to demonstrate an association between infiltration of immune cells with a favorable prognosis. For example, high densities of memory CD8+ T lymphocytes were associated with improved clinical responses [5,35]. More importantly, the presence of TIL has been also shown to correlate with increased survival in the patients who had complete responses after chemotherapy [4,5] or neoadjuvant chemotherapy [36,37] providing evidence that immune cell infiltration represents not only a favorable prognostic factor, but also could be predictive for the outcome of conventional chemotherapies. On the other hand, there are also studies to show that the number of cells exerting suppressor function (i.e., Tregs and MDSCs) are also increased and migrate to the tumor sites, impairing the ability of host’s immune system to defend against tumor progression [6,9]. Moreover, the tumor microenvironment is rich in cytokines and other inflammatory mediators, which positively or negatively regulate TIL-mediated immunosurveillance [1]. For instance, TGF-β, IL-10 and IL-17 have been demonstrated to initiate immunosuppressive networks whereas Th1-associated IFN-γ stimulates tumor-specific immunity [10,11,26,27,28,29,30].



Presently, it is not known as to which extent the immune composition of human tumors may influence the immunoediting process. Adaptive immune signatures intratumorally may reflect the fact that host antitumor immunological responses may protect the host from rapid tumor growth and thus prolong overall survival. As also mentioned above, immune signatures may be predictive of subsequent conventional therapies: it has been suggested that tumor antigens released through the destruction of tumor cells by chemotherapeutic agents can trigger efficient antitumor immunity, particularly in those patients whose immune system has been primed against tumor antigens before chemotherapy [38]. Thus, conventional therapies for cancer may profit from the participation of the immune system and vice versa. Immunogenic tumor-cell death and stimulation of the immune system through transient lymphodepletion, which subverts immunosuppressive mechanisms, belong to the contribution of conventional therapies, whereas immunotherapies contribute through sensitization of the tumor against subsequent chemotherapeutic treatments [39]. Clinical evidence indicates that the enhancement of endogenous immune response against tumor cells via standard treatments such as radio, chemo and hormonal therapies or targeted therapies is associated with improved clinical outcome in patients with various types of cancer [40,41,42,43] (Table 2). The discovery of immune checkpoint inhibitors and their implementation in clinical trials represents a modality of paramount importance for the development of robust anticancer immunosurveillance. Immune checkpoint therapies through the use of immunostimulatory monoclonal antibodies have revolutionized the field of cancer immunotherapy inducing durable clinical responses in a substantial number of patients with various types of cancer [44]. The clinical success of immune checkpoint antibodies against CTLA-4, PD-1 and PD-L1 is based on the fact that the regulatory pathways they target result in the enhancement of endogenous antitumor immune responses. Recent published data on whole exome sequencing of tumor tissue from human non-small lung cancer and melanoma has revealed a strong association of the clinical response to checkpoint inhibition with a particularly high mutational load [45]. The findings from these studies improved our understanding regarding the nature of the antigens that allow the immune system to specifically recognize malignant cells. Emerging evidence suggests that the immune response to patient-specific neoantigens that arise as a consequence of tumor-specific mutations comprises a substantial part of the endogenous anticancer activity of immune checkpoint immunotherapies [46]. Thus, boosting neoantigen-specific T cell responses is promising for further improving clinical efficacy of immunotherapies as a result of enhanced endogenous antitumor immunity and robust tumor immunosurveillance (elimination).



The cancer immunoediting theory postulates that a tumor is “edited”. However, tumors are not always edited. Certain types of cancer may never be detected clinically, because their establishment is limited via the action of adaptive immune responses. In such a case, we may propose that the elimination phase is complete. Actually, this has been documented both preclinically and clinically in immunocompromised animals, and humans as well, who were demonstrated to have high rates of spontaneously arising or induced cancers [47]. Nevertheless, tumor editing implies that the elimination phase is incomplete, resulting in a state of equilibrium between the developing tumor and the immune system, which may span for years. We may envisage that during this period tumor cells will resist the selective pressure expressed by the immune system, by acquiring genetic and epigenetic changes that allow their progression, despite an ongoing immune response [48,49]. For example, tumors from patients with advanced disease were found to have deficiencies in their MHC I processing pathway, being unable to present tumor peptides in the context of MHC class I alleles to CD8+ CTLs [50,51], while other tumors have down regulated the expression of peptide sequences that could serve as antigens for T cells [52]. A direct involvement of MHC class I expression in immunomediated dormancy was recently demonstrated in a novel mouse tumor model of permanent immunomediated metastatic dormancy [53]. In this model, spontaneous metastases derived from an H-2 class I negative aggressive fibrosarcoma clone were kept at permanent dormancy via immunomediated and oncogenic suppression mechanisms. The primary local tumor generated from this clone was H-2 class I positive, recovering the surface expression of the three H-2 molecules. Immunodepletion of immunocompetent hosts’ T or NK cells awoke the dormant disseminated metastatic cells, which then metastasized in the lungs of the mice; these metastases were all H-2 class I positive. The results (i) suggest that the expression of MHC-I molecules on these metastatic cells may prolong the dormant state via immunomediated mechanisms and (ii) promote that treatments activating CTLs or rescuing CTLs from tumor-mediated immunosuppression or even by activating NK cells. To this end, it is worth mentioning that MHC class I defects, besides enabling tumor immune evasion, also directly promote cancer progression, growth and oncogenicity, suggesting a new role of MHC molecules as tumor suppressor genes [54,55]. Therefore, MHC class I expression of a tumor should be considered as a biomarker predicting its clinical progression implying that quantitation of MHC class I expression in tumor biopsies or surgically excised tumors should be accurately performed before any treatment.
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Table 2. Potentiation of the endogenous antitumor immunity with conventional cancer therapies.







Table 2. Potentiation of the endogenous antitumor immunity with conventional cancer therapies.







	
Treatment

	
Mechanisms for Synergistic Effects






	
Chemotherapy

	
“Immunogenic” cell death

Alterations in tumor cell phenotype

Inhibition of regulatory cells

Homing to tumors




	
Radiation

	
Increased tumor antigen presentation

Release of pro-inflammatory cytokines

Promotion of tumor antigen cross-presentation




	
Kinase inhibitors

	
Promotion of DC maturation

T cell priming, differentiation in memory cells

Sensitization of tumor cells to immune-mediated killing

Impairment of immunosuppression




	
Hormonal therapy

	
Increase of T cell levels in lymphoid tissues

T cell sensitivity to antigen-specific stimulation

T cell infiltration into the prostate










4. Endogenous Immunity and Tumor Cells as Major Players for Tumor Dormancy


The immune system during the elimination phase of immunoediting, through interaction with the autologous tumor cells shapes their immunogenicity and tumorigenicity in a process which practically selects for the tumor variants which will progress later on. We may speculate that a full editing process of the tumor will be completed during the late stages of immune surveillance at which time-period the selective pressure mediated by the immune system has destroyed the immunogenic tumor variants leaving intact, or imposing the development of, less immunogenic ones. In general, the outcome from the equilibrium phase depends on the balance between the strength and duration of the endogenous effector antitumor immunity and tolerance mechanisms developed by the tumor cells [49], making endogenous antitumor immune pathways indispensable for inducing and maintaining tumor dormancy during immune equilibrium. Thus, equilibrium represents a type of tumor dormancy which expands throughout a certain time-frame, during which outgrowth of occult tumors is specifically controlled by the endogenous antitumor immunity. The immune system during the elimination phase of immunoediting, through interaction with the autologous tumor cells shapes their immunogenicity and tumorigenicity in a process which practically selects for the tumor variants which will progress later on. We may speculate that a full editing process of the tumor will be completed during the late stages of immune surveillance at which time-period the selective pressure mediated by the immune system has destroyed the immunogenic tumor variants leaving intact, or imposing the development of, less immunogenic ones. In general, the outcome from the equilibrium phase depends on the balance between the strength and duration of the endogenous effector antitumor immunity and tolerance mechanisms developed by the tumor cells [49], making endogenous antitumor immune pathways indispensable for inducing and maintaining tumor dormancy during immune equilibrium. Thus, equilibrium represents a type of tumor dormancy which expands throughout certain time-frame, during which outgrowth of occult tumors is specifically controlled by the endogenous antitumor immunity (Figure 1A). Tumor immune surveillance is a major component of durable tumor dormancy, provided that tumor cells are capable of sensitizing T cell responses specifically targeting their tumor antigens. This naturally occurring tumor immunogenicity will favor the establishment of tumor dormancy after immune surveillance. Tumor-specific immune memory will then make sure that this immune dormancy will be long-lasting. During equilibrium, tumor cells remain dormant for prolonged periods of time, lasting even for decades, in a process requiring active endogenous immune mechanisms, whereby memory T cells act as the main players inducing and maintaining tumor dormancy via a continuous durable pressure. The indispensable role of endogenous antitumor immunity for sustaining tumor dormancy or even eliminating dormant tumor cells is further supported by accumulating evidence suggesting that metastases may derive from very early disseminated tumor cells (DTC), even before the primary tumor becomes clinically detectable [6]. Such DTC are kept into dormancy or metastatic latency by host-derived CTLs. It will be thus of instrumental importance to identify cellular and/or serum biomarkers which might help to detect dormant disease. In addition, transcriptional profiles from dormant disseminated tumor cells or experimental models of dormancy might help determine whether primary tumors carry a cancer-dormancy “signature”, which might have prognostic and also therapeutic value. However, non-immunogenic or less immunogenic tumors, which are not able to induce tumor-directed effector immunological responses and memory, will proceed relatively fast and will give clinically apparent tumors (Figure 1B) [2]. Such tumors can be rendered immunogenic, for example, following immunogenic chemotherapy or radiotherapy of primary cancers [56,57], and immune-mediated dormancy in this case will keep residual tumor cells under control (Figure 1C). Thus, we may postulate that, during equilibrium, a bidirectional reaction between tumor and immune cells exists, resulting in a mutual modulation, which maintains a balanced status between elimination and dominance of either population. An interruption of this state of immune dormancy might be due to tumor cell escape from immune system control as a result of genomic instability. Specific mutations in such dormant tumor cells may lead to altered expression of tumor antigens, which, once detected, may serve as novel immunotherapeutic targets. In addition, dormant tumor cells may escape from immune control through expression of immune checkpoint ligands directly leading to exhaustion of immune effector T cells. MDSC and Tregs, may also be attracted by the tumor to establish an immunosuppressive tumor microenvironment inducing indirect escape from dormancy [58,59,60,61] (Figure 1C). Thus, the relationship between tumor suppressor status and endogenous adaptive immunity at immune dormancy will be of particular interest in maintaining the equilibrium or even to shift the equilibrium back in favor of immune-mediated elimination of the tumor. Cancer vaccines amplifying antitumor T cell activation while promoting maturation of dendritic cells constitute one promising approach to expand the tumor-specific effector T cell pool. Therapeutic vaccination has also been reported to rescue the dysfunctional endogenous tumor-specific CD8+ T-cell response leading to eradication of long-established tumors [62]. Potentiation of endogenous antitumor immunity by vaccination can be detected through epitope spreading which is defined as the immunity to tumor antigens not included in the vaccine preparation. Such preexisting endogenous antitumor immunity can be boosted during immunizations. Epitope spreading is associated with improved outcomes after the administration of a cancer vaccine [63]. Given the waning immunity followed by late recurrences, it will be imperative to sustain endogenous host-protective immune responses by booster immunizations during active immunotherapies or by strategies reversing tumor-induced immune tolerance, such as targeted therapies with immune checkpoint inhibitors and kinase inhibitors [11] but also via conventional therapies [26], all of which could reinvigorate endogenous antitumor immunity and rise to memory cells.



Interestingly enough, tumor dormancy has also been registered long before immune equilibrium in DTC [64,65] suggesting that tumor dormancy is not exclusively a state of tumor latency that takes place within the primary tumor after tumor cells have been edited, but it may also appear in DTC much earlier before the process of immunoediting. Nonetheless, no matter the stage during which tumor dormancy occurs, it will be important to detect biomarkers for predicting dormant disease. Equilibrium in humans represents the longest phase of the immunoediting process, which, however, is difficult to determine. Consequently, it is practically impossible to detect dormant tumor cells during this phase. DTC from primary tumors may offer a more realistic source to detect dormant tumor cells and to identify dormant gene signatures. Such signatures may additionally improve our understanding of the relationship between immunity and cancer and in this way provide insight into the management of malignant diseases.
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Figure 1. Endogenous immunity possesses a central role to tumor dormancy under an equilibrium condition with immunologic clearance. Endogenous immunity controls immunogenic tumor cells through the processes of elimination and equilibrium. Elimination functions as an extrinsic tumor suppressor in naïve hosts in which innate and adaptive immunity work together to detect and destroy immunogenic tumor cells before they become clinically symptomatic. Certain tumor variants may not be completely eliminated, but their net growth is restricted by immunity control, resulting in an equilibrium state and maintenance of tumor cells in prolonged dormancy. These DTC may induce a host-protective immune response and remain in permanent dormancy. Over a prolonged period, via immune adaptation and genomic instability, DTCs may enter into an attenuated immunogenic status or may acquire a suppressor phenotype and escape from immunesurveillance (A). By non-immunogenic tumors endogenous immunity is weak, allowing tumors to grow progressively in an immuno-suppressive tumor microenvironment and give clinically detectable cancers (B). Such tumors can be rendered immunogenic via conventional treatments, thus reinstating endogenous antitumor immunity (C); Tumor-oriented therapies or immunotherapies alone or combined with standard therapies may potentiate the endogenous immunity to induce durable clinical benefit. Filled triangles show molecules conferring immunogenicity to tumor cells (e.g., MHC, co-stimulatory and adhesion molecules, tum or antigens, DC maturation factors). 
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5. Local and Peripheral Endogenous Immunity in Immune Equilibrium


In their majority, human tumors are infiltrated by elements of the immune system, which establish a dynamic interaction with tumor cells. The result of it is the emergence of tumor variants with altered phenotypes and function, which, in turn, influence the orchestration of their neighboring adaptive immunity. Thus, there is a mutual influence between tumor cells and infiltrating lymphocytes, which establishes an immunological status. The quantity and the quality of this immune contexture at the tumor site have been demonstrated to function as an important prognostic biomarker for colorectal cancer as well as other types of cancer [3,5]. In some solid tumors, high levels of tumor-infiltrating CD4+ T helper (Th), CTLs, and CD45RO+ memory T lymphocytes have been associated with favorable clinical outcomes [66,67]. Consistent with these studies, findings from Wu et al. [68] suggested that increased proportions of infiltrating CTLs and other effector immune cells are associated with maintenance of immune-mediated dormancy. Tumor infiltration by CTLs correlates with increased survival in melanoma patients at the early stages of their disease [69]. Moreover, the presence of critical chemokines in a subset of melanoma metastases has been found to enhance the migration of activated CD8+ T cells, which in turn could increase the effectiveness of antitumor immunity and survival [70]. The expression of the T cell activation marker CD69 was also shown to correlate positively with survival and negatively with metastasis in patients with cutaneous melanoma [71]. Conversely, high frequencies of tumor-infiltrating FOXP3+ Tregs often represent a poor prognostic factor [67], although recent studies have questioned this observation by showing that Tregs phenotypically may be misinterpreted and, therefore, in some types of cancer, may associate with favorable prognosis [35]. Cancer treatments may modulate the tumor microenvironment to enhance local adaptive immunity. Therapies designed to target tumor cells have also the potential to induce positive immunomodulatory effects, directly, by acting on effector immune lymphocytes and/or antigen presenting cells, or indirectly, by counteracting the hostile conditions at the tumor site [9,38,42,43]. Such changes may be further potentiated in the setting of active immunotherapies, which will boost the endogenous anticancer immunity. In this scenario, conventional chemotherapy and radiotherapy, but also targeted tumor therapies, will relieve the preexisting anticancer immunity from tumor-induced suppression, which, in the presence of active immunotherapies, will become durable, inducing long-lasting clinical responses. Thus, it will be imperative to sustain such endogenous host-protective immune responses by booster immunizations during active immunotherapies [72,73] or by strategies reversing tumor-induced immune tolerance, such as targeted therapies with immune checkpoint inhibitors and kinase inhibitors [74] but also via conventional therapies [38], all of which could reinvigorate endogenous antitumor immunity and rise to memory cells.



Given that clinically apparent cancers are developed from their dormant ancestors [75], it is conceivable that the prevalence of immune activation vs. immune suppression at the tumor site has a strong impact on the maintenance of tumor dormancy during the equilibrium phase. The longevity of tumor dormancy is also important for patients’ overall survival after conventional treatments. Dormant circulating tumor cells and disseminated tumor cells at different organs after chemotherapy provide clinical evidence for treatment-induced tumor dormancy which will be sustainable only if the tumor is immunogenic or has become immunogenic after chemotherapy or radiotherapy [2]. Thus, immune signatures in the periphery, in addition to the intratumoral ones, may also have prognostic significance for patients’ overall survival following standard treatments. The numbers and functions (Th1 vs. Th2) of circulating T lymphocytes in cancer patients during and after immunotherapies have been analyzed as potential predictive biomarkers and surrogates for clinical outcome [76]. However, there might be potential drawbacks when trying to establish circulating immune cells as biomarkers. For instance, the frequencies of vaccine-specific T cells in peripheral blood samples during and post active immunotherapies may vary widely when collected at different time-points, hampering to a certain extent the accuracy of assays applied for their detection. This may provide one more obstacle in the field of cancer immunotherapy, in addition to the low frequencies of circulating tumor antigen-specific T cells reported in patients [77]. It should be also considered that depending on the kinetics of their peak response during vaccinations, the vaccine-specific T cells by the time of blood collection may have totally or partially disappeared being sequestered at lymphoid organs or other tissues and therefore will not be detectable in blood samples.




6. Immune Editing, Dormancy and Escape from Immune Surveillance


There is now accumulating evidence to suggest that in humans there is an equilibrium between tumor dormancy and immune surveillance which emerges after the elimination phase during the process of tumor immunoediting [58]. The most convincing reports on this were those describing the emergence of cancers of donor origin in immunosuppressed transplant recipients [78]. Nevertheless, despite equilibrium, tumors will progress and metastasize at later time-points, suggesting that equilibrium can be disturbed resulting in tumor escape [79]. Immune surveillance controlling tumor dormancy during equilibrium utilizes effector immune pathways similar to those being active during tumor destruction in the elimination phase, mostly including cytotoxic effector/memory T cells, and Th1 cytokines [2]. Tumor dormancy during equilibrium implies that the tumor cells have “survived” the elimination phase but their progression is successfully restrained by immune-mediated mechanisms reflecting activation of Th1-associated factors such as IFN-γ, STAT1, IRF1, IL-12 as well as upregulation of CD8 genes and chemokine receptor pathways (CXCR3/CXCL9–11 and CCR5/CCL3–5) [2,33,65]. An interruption of this equilibrium dormancy imposes the initiation of period during which dormant tumor cells will gain advantages for survival and proliferation via genetic or epigenetic changes, and will dominate and metastasize [80]. It is therefore conceivable that the balance between tumor suppressor status (including suppressor cells and factors) and Th1-associated signature will be of particular interest, in maintaining the equilibrium (Figure 2). Results from studies exploring differences between primary tumors and metastatic lesions showed that a subpopulation of primary tumor cells resembled metastatic tumor cells to an extended degree with respect to gene expression profiles [64]. In a mouse model of melanoma [65], primary tumor cells were found to metastasize during early development of primary tumor formation, before the tumor was clinically detectable. These early metastasized tumor cells were kept dormant by effector CTL for varying periods of time. The results from these studies are suggesting that the metastatic potential of tumor cells is determined early during carcinogenesis and that dormancy also exists in metastasized tumor cells from early primary tumors. Hence, tumor dissemination may occur during, or even before, immunoediting questioning the traditional view that immune surveillance takes place within the developing primary tumor, followed by the dormancy period during which immune “edited” tumor cells are entering the equilibrium phase. Given that metastatic dormancy in disseminated tumor cells is immunologically controlled [2], we may suggest that immune surveillance and equilibrium are processes which may take place autonomously within the primary tumor as well as in the early metastatic lesions. Presently, the immune surveillance mechanisms applied in the primary tumor or the metastatic lesions are not precisely defined and may differ among the various anatomical sites of metastases. Studies from several experimental mouse/tumor models showed that inhibition of T-cell-mediated immunity through T-cell depletion or IFN-γ or IL-12 blocking, induces escape from dormancy [60]. Tumor cells may evade immune surveillance in a process of development of gradual resistance during which the dormant tumor cells are no longer capable of effectively stimulating immune effector mechanisms. Active suppression is an additional mechanism, which may also be used by the tumor cells in this respect. Understanding the mechanisms of immune escape leading to transition from tumor dormancy to tumor domination will surely provide means for novel immunotherapeutics.
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Figure 2. Control of DTC via the immune system: In early tumor development immunogenic tumor clones are recognized and eliminated by both innate and adaptive immune-mediated mechanisms (elimination). In the equilibrium dormancy, the “edited” tumor cells and the adaptive immune system coexist: tumor growth rates are controlled by an active Th1 adaptive immunity. Tumor escape occurs by immunosuppressive cytokines and enzymes, Tregs, MDSCs, and activation of immune checkpoints. Immunotherapies aim to shift the balance from escape to equilibrium dormancy. TLRs: toll-like receptors; DAMPs: danger-associated molecular pattern molecules; IFNγ-SG: IFNγ-stimulated genes; STAT1: signal transducers and activator of transcription 1; TGFβ: transforming growth factor beta; IDO: Indoleamine 2,3-dioxygenase. 
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7. Immune Adaptation


Taking into consideration our present knowledge on cancer progression under the concept of immunoediting, we may conclude that the interaction between the spontaneously arising tumor with the immune system in the surrounding microenvironment must comprise a highly complex network of systems biology which evolves over years of tumor development. The cancer clones that are selected to proceed, manipulate their microenvironment to their own benefit, so that a particular microenvironment supports their growth. According to this scenario, the constant interaction between immune lymphocytes with their neighboring tumor cells will result in mutual phenotype and functional changes, all of which will establish an intratumoral immunologic status quo. As we are now having a more clear picture of the mechanisms of tumor escape from immune surveillance, it will be quite important to also find out which mechanisms are being pursued by the immune system in order to overcome this tumor-driven immunologic regime which actually reflects a “contra” editing mediated by the tumor cells, rendering immune lymphocytes at the tumor site dysfunctional. Thus, after the tumor has evaded immune surveillance, either after being “unrecognizable” by immune effectors specifically targeting its tumor antigens or by inactivating these effectors via active suppression, the host’s immune T cell repertoire should be modified in a way to reinvigorate and to attack the tumor by targeting other tumor antigenic peptides. This can be achieved by its capacity to adapt to the tumor-induced immune editing either via active immunotherapies or even spontaneously, in the absence of exogenous immune stimulants. Vaccination of melanoma patients has frequently resulted in tumor regressions, however, not due to an increase in the frequencies of the vaccine-specific T cells, but rather due to an increase in the numbers of T cells targeting tumor antigens other than those included in the vaccine formulation. Thus, activation of patients’ immune system following vaccination may not be solely based on the frequencies of T cells specifically targeted by the vaccine, but rather on the production of functionally active tumor-specific T cells, as a result of a tumor regression process induced by the vaccine, which enables epitope spreading [81]. Such tumor-specific T cell clones may possess functional properties that enable them to migrate to the tumor site, to counterbalance the immunosuppessive milieu within the tumor and to initiate a robust regression process. Thus, even in the event of antigen-loss in tumor variants, these antitumor effectors, targeting a plethora of tumor antigens, will prevent tumor escape, and at the same time will restore any tumor-induced immune compromise. Spontaneous immune adaptation has been documented in one melanoma patient whose immune system, after the tumor initially evaded immune recognition by down regulating the expression of an immunodominant MART-1 peptide, was expanded to generate T cell clones recognizing a tyrosinase subdominant epitope which was presented in the context of tumor’s HLA class I alleles [82]. Such an immunologic response was associated with patients’ survival benefit, suggesting that the adaptive evolution of the endogenous antitumor immunity may overcome barriers set by the tumor. Thus, it is appealing to assume that the ability of the immune system to overcome conditions set via tumor immune editing by generating novel adaptive immunological responses, thereby extending its tumor-reactive T cell repertoire, and exploring the molecular pathways that dictate such responses, may provide efficacious modalities for preventing tumor metastases after immune escape.




8. Cancer Stem Cells in Clinical Tumor Dormancy


In the previous paragraphs, we have focused on the role of the immune system, as this is defined from endogenous antitumor responses, in controlling the process of tumor dormancy during the equilibrium phase. However, this may still not provide a complete spectrum of events for the process of tumorigenesis and consequently a better understanding of how tumor cells, by escaping from this immune control, enter their progression cycle and give clinically overt metastases. Thus, by looking the coin from the other side, namely the tumor side, we should realize that it is imperative to understand the sequence of molecular and cellular events which initiate the process of tumor escape from immune surveillance long before the tumor becomes aggressive and progresses to invasive and metastatic processes. Such a knowledge obtained at time periods where the tumor mass is low, will provide the platform for development of more effective therapeutics. From the immunological point of view, these cancer initiating tumor cells in order to be able to avoid immune surveillance, should have no or low immunogenicity. To this point, it is worth mentioning that these cells may gain genetic and epigenetic changes giving rise to immunogenic and fast growing daughter cells, which, however, will be visible and eliminated by immune effector cells [83]. The rest of the cells, being at low frequencies, will belong to a subpopulation of non immunogenic tumor cells, slow growing and incapable of giving metastases [83]. Thus, conceptually, the long-lasting latency periods described for many type of tumors, depends on the presence of a subpopulation of tumor cells which is poorly immunogenic and therefore capable of avoiding immune surveillance mechanisms, but with slow growth rates not able to grow into overt tumors. Consequently, it has been proposed that cancer stem cells (CSCs) meet these criteria, being not only long-lived, but also remarkably well protected from immune-attacks, and largely confined to stem cell niches [83]. Accordingly, latent tumors may be maintained by a niche-constrained reservoir of long-living CSCs that are exempt from immunosurveillance while niche-independent and more immunogenic daughter cells are constantly eliminated. Nevertheless, the fact we have to face is that in some individuals, tumors will override barriers set by the endogenous antitumor immunity and will recur giving clinically detectable metastases. There are two issues which emerge from this pro-tumor situation and require further clarification: first, which changes may have occurred to enable tumors to escape immune surveillance leaving the state of latency and becoming progressively aggressive? And second, how and to which extent tumors are involved in the weakening of the immune system? We may suggest that dormant tumor cells by expressing low but persistent levels of tumor antigens contribute to the maintenance of long-term memory targeting those antigens. On the other hand genetic abnormalities in dormant tumor cells may generate phenotype alterations enabling immune evasion and reactivation of these cells [84]. In a preclinical model, bone-marrow derived indolent tumor cells having down-regulated the expression of certain adhesion and cell lineage markers but displaying increased levels of expression of H-2 class I molecules to present endogenously derived tumor-antigens, could stimulate tumor reactive CD8+ memory T cells directly [85]. In contrast, the absence of adhesion molecules in these tumor cells was related to a strategy of immune evasion. There are also reports suggesting that immune-mediated induction of epigenetic changes in primary tumors leads to tumor antigen loss.



IFN-γ, secreted by TIL promoted CT26 colon carcinoma escape through the down-regulation of the endogenous tumor Ag gp70 [86,87]. In another preclinical model of rat neu-overexpressing mouse mammary carcinoma [88,89], it was demonstrated that that loss of HER-2/neu antigen expression was caused via the induction of epigenetic changes in the presence of IFN-γ producing neu-specific T cell responses. In addition, signals delivered via the IFN-γ receptor resulted in a powerful growth arrest response [90] supporting a model in which IFN-γ produced by activated CD8+ T cells directly mediates growth arrest in vivo, thereby maintaining the tumor dormant state. Thus, there must be a balance between tumor antigen-sensitized CTLs and dormant tumor cells which are susceptible to CTL-mediated lysis in the tumor microenvironment. In this scenario, the expression of a certain tumor phenotype (e.g., low levels of adhesion molecule) could complicate CTLs-tumor cell interactions in situ, thus allowing for the co-existence of CTLs-sensitive tumor cells and tumor-reactive killers in the tumor microenvironment. It is then easy to imagine a situation where “dormant” tumor cells residing in a metastatic site proliferate at a slow rate and are maintained at a constant population size by the active control of CTLs, which, in turn, are present at elevated frequencies as a result of stimulation by tumor antigens displayed on the surface of dormant tumor cells.



Expansion of CSCs and evasion may include mutations in cell signal transduction pathways known to promote self-renewal of stem-cells and expansion by increasing frequency of cell divisions [91,92,93,94,95,96]. Because it is a long way for such changes, genetic and/or epigenetic, to accumulate, less or non-immunogenic long-lived CSCs represent the best candidates for tumor cell subpopulations to give late recurrences and metastases. Therefore, it is conceivable that enhanced frequencies of cell division in CSCs may associate with a risk for emergence of more aggressive clonal subpopulations. Addressing the second issue, tumors may be passively and actively involved in the weakening of the immune system. Passively, they may be involved by aging, or due to therapy-mediated suppression. Aggressive tumors, however, may actively suppress immune effector cells, and therefore evade immune-surveillance, by secretion of immunosuppressive factors or by recruitment of Tregs and MDSCs, which locally suppress the immune system [97,98,99]. For example, tumors can down-regulate T cell receptor-mediated activation of cytotoxic T lymphocytes, increase anti-apoptotic pathways and induce deficiencies in the antigen processing machinery of antigen-presenting cells [83]. Furthermore, genetic alterations may result in HLA haplotype reduction or loses and deficient expression of tumor antigens that are recognized by immune effectors.




9. Conclusions and Future Directions


The relative balance of effector and memory immune cells, on one hand, and immunosuppressive populations in the tumor microenvironment, on the other, determines the fate of the tumor. Altering this balance may affect the immune response and tumor growth, therefore maintaining the equilibrium state. Anticancer therapies including body’s own immune effector arsenal, primarily aim at totally eradicating the evolving cancer so to avoid future recurrences of metastatic disseminated tumor cells. Although this possibility is feasible, nevertheless, the problem we have to face lies to the fact that none of the therapeutic modalities completely eradicates the tumor, leaving behind minimal residual disease (MRD) which is based on the presence of dormant tumor cells disseminated at various anatomical sites. Actually, we do not know much about how this MRD establishes and how long it persists before giving recurrences, however, what we have found out so far is that the immune equilibrium between the endogenous anticancer immune response and the dormant disseminated tumor cells is responsible for keeping the tumor from progressing. Thus, knowledge on the conditions that are necessary for maintaining immune dormancy and inhibiting immune escape may provide the platform for designing more effective strategies for the eradication of disseminated tumor cells. Although much has been proposed in this direction, we believe that the main directions involve immunogenic cell death in residual dormant tumor cells or maintenance of immune dormancy of tumor cells by immune system-oriented and tumor-targeted therapies. We should not neglect that conventional treatments such as chemotherapy and radiotherapy, by exerting anti-proliferative effects and apoptosis, also contribute to the state of cancer dormancy. However, such non-immunogenic dormancy will result in early recurrences after completion of standard treatments. One puzzling question would concern the sequencing of these treatments and the time frame to apply. In fact, standard therapies are mostly inappropriate for long-term maintenance of tumor dormancy, given the fact that they cannot induce tumor-specific memory. More important, these therapies lack specificity, which implies that they are inducing toxic side effects that hamper their long-term application. As a result, malignant cells, which will are rescued from the deleterious effects of cytotoxic treatments, enter a stage of dormancy and will recur and metastasize. Based on this, we conclude it would be preferable if all treatments aiming at eradicating and restraining dormant tumor cells, by potentiating endogenous antitumor immune mechanisms, should be applied in patients in complete remission after surgical excision of their primary tumor, where tumor load is low and thus manageable by the immune system. Second, the identification of biomarker signatures for immune dormancy will be important to apply an additional attack against the tumor after the failure of primary treatments. Finally, another important aspect will be the improved understanding of mechanisms leading to tumor dormancy, which will also uncover novel therapeutic options, thus preventing tumor recurrences and metastases.
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