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Abstract

The clinical success and US FDA approval of two immunotherapies (sipuleucel-T and 

ipilimumab) have brought tumor immunology to the forefront of cancer research. It has been long 

recognized that the immune system can infiltrate and survey the tumor microenvironment. The 

field of tumor immunology has been actively examining this phenomenon since the 1890s when 

William Coley first treated patients with live pathogenic bacteria and observed occasional 

regressions leading to long term survival. Recent progress in understanding mechanisms of 

immune activation and tolerance has led to the development of novel therapies that aim to either 

overcome inhibitory pathways (i.e. checkpoint blockade such as anti-CTLA-4 and anti-PD-1) or 

stimulate immune cell activation (i.e. co-stimulation such as anti-GITR and anti-OX40). A major 

part of the success of immunotherapy has been the development of appropriate mouse models. 

This review will outline the history and the major findings leading to the accomplishments of 

modern day immunology with specific attention to the usefulness of animal models.

The larger scientific and medical community perceived cancer immunotherapy with 

speculation and considered it a non-realistic and unconventional venue for cancer treatment 

until recently. Radiation therapy, chemotherapy and, more recently, targeted therapies had 

overshadowed immunotherapy as an effective mean to treat cancer. It is only in the last 2–3 

years that the use of the immune system has emerged as a transformative approach to cancer 

therapeutics [1]. The US FDA approvals of sipuleucel-T for the treatment of prostate cancer 

and ipilimumab for the treatment of melanoma have generated a great deal of enthusiasm 

and restored confidence in the idea that manipulating the immune system is a realistic mean 

to treat cancer [2]. Further, recent data showing that blockade of the PD-1 axis can benefit 

patients with prevalent diseases, such as non-small cell lung cancer, has demonstrated that 
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immunotherapy can have meaningful activity outside of the ‘usual’ target diseases of 

melanoma and renal cell carcinoma[1]. The central dogma of the field is that the immune 

system prevents the occurrence of cancer by discriminating between normal and transformed 

cells. In addition, enhancement of long-lasting memory response by cells in the repertoire 

allows for durability of clinical benefit. If changes in the tumor cells make them invisible to 

the immune system (ex; loss of MHC expression) or if the immune system is inhibited, the 

cancer will progress. This phenomenon is termed immune evasion. The manipulation of the 

immune system to overcome these barriers will restore immune recognition and lead to 

elimination of cancer cells and eventually regression/ complete eradication of tumors. Here 

we will give an overview on the steps that led to the development of modern immunotherapy 

and the contribution of mouse model systems in this discipline.

History of Tumor Immunology

The recorded history of cancer immunology is acknowledged to have started in the late 19th 

century when William Coley made observations regarding occurrence of post-surgical 

infections and clinical outcomes in patients with cancer (Figure 1). He conducted 

hypothesis-driven clinical experiments that laid the foundation for the field, injecting live 

Streptococcus pyogenes organisms in tumors of a patient with inoperable cancer in the neck 

and tonsils [3]. As a result, the patient developed high fever due to the severity of the 

infection. In addition, the tumors regressed and the patient was tumor free for at least 10 

years. Based on this initial observation, he treated hundreds of cancer patients with a safer 

cell-free mixture of bacteria cultures (also referred to as Coley’s Toxins). This seminal 

observation evoked the notion that the immune system controls tumor progression and can 

regress existing tumors. His work was followed by a series of studies by other groups using 

transplantable tumor models, which regrettably measured allograft tumor rejection rather 

than tumor immunity [4]. These studies were inconclusive due to lack of appropriate mouse 

models and instilled a great deal of skepticism in the field of tumor immunology. It wasn’t 

until the first half of the 20th century when the development of inbred (syngeneic) mice 

enabled researchers to methodically examine immune mediated rejection of “syngeneic” 

tumors derived from mice with the same genetic background [5,6]. These experiments 

showed that protective immunity was specific for each tumor type and suggested the 

existence of tumor-specific antigens. These and similar studies that followed led to the 

realization that immunization with tumor or tumor-derived products could stimulate the 

immune system to recognize and reject implanted tumors in a manner very similar to 

vaccination strategies employed against pathogens. More importantly these studies led to the 

inception of a theory of immune surveillance of cancer [7,8] and subsequent verification and 

mechanistic insights into the “3 E’s” of cancer immune surveillance [9], which will be 

discussed in more detail below.

Cancer Immunoediting

MacFarlane Burnet and Lewis Thomas first proposed the idea that the immune system 

recognizes and monitors tumors during their development [7,8]. Osias Stutman [10] 

subsequently tested this hypothesis by comparing the growth of chemically induced tumors 

in nude (T cell deficient) mice and control mice. His results clearly showed that immune 
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deficient mice did not grow tumors faster thereby temporarily refuting the validity of cancer 

immune surveillance. Robert Schreiber and others further investigated this using mice which 

were more profoundly immune deficient and showed, using chemically induced, 

transplantable and spontaneous tumor models, that there was indeed a role for immune 

surveillance in preventing the emergence of malignancy in mice. Schreiber adapted and 

transformed this concept into what is now referred to as cancer immunoediting [9]. Cancer 

immunoediting is a dynamic process tumors undergo during their course of development. In 

its most complex form, it consists of three distinct phases: elimination, equilibrium, and 

escape (the 3 E’s of cancer immunoediting). During the early phase of tumor development, 

the immune system is able to recognize and eliminate the most highly immunogenic tumor 

cells (Figure 2). In this elimination phase, the innate and adaptive immune systems 

cooperate to eliminate the evolving tumor it before it becomes detectable in size. Given the 

heterogeneous nature of tumors, the immune system usually eliminates the more 

immunogenic tumor cells leaving the poorly immunogenic tumor cells behind. This leads to 

an equilibrium phase where the immune system keeps the tumors at bay; therefore, the 

tumors do not grow. In rare occasions (where progressive cancer occurs), tumors are able to 

finally escape control by immune system and continue to become symptomatic. In some 

cases, tumors may directly enter into either the equilibrium or escape phases without passing 

through an earlier phase. Tumor immune escape can be due to epigenetic changes that make 

tumors invisible to the immune system (such as loss of antigen or MHC molecules). In 

addition, tumors can recruit immune suppressor cells (regulatory T cells, myeloid derived 

suppressor cells) that are capable of inhibiting immune responses to tumors [11,12].

Current approaches to tumor immunology

The studies outlined above led to the current period of tumor immunology. It is now 

apparent that tumor progression does not depend solely on the cancer cell itself but also its 

interaction with the complex network of stromal cells including immune infiltrates within 

the tumor microenvironment. Functionally, we can consider that there are two categories of 

immune cells in the tumor: “effector” immune cells capable of destroying the tumor and 

“suppressor” immune cells that disable and regulate the effector immune response to tumors. 

Of the effector cells, cytotoxic T lymphocytes (CTLs), natural killer cells (NK), and 

macrophages constitute the major effector populations of the immune system and are 

generally the ones responsible for rejecting tumors. These cells exert their cytolytic activity 

mainly by secreting lytic products, such as cytokines, granzymes and perforins into target 

cells [13]. CTLs are part of the adaptive immune system and are tumor antigen specific. NK 

cells and macrophages are part of the innate system and are not antigen specific. There are 

two main subsets of suppressor immune cells: myeloid derived suppressor cells (MDSCs) 

and regulatory T cells (Tregs) [11,12].

The immune suppression conferred by these cells can lead to tumor immune evasion 

describe in the section above. These cells suppress mainly by secreting anti-inflammatory 

cytokines such as transforming growth factor beta (TGF-β) and interleukin 10 (IL-10). 

However, in certain instances, they employ other mechanisms to suppress the immune 

response such as CTLA-4, indoleamine dioxygenase (IDO) and IL-35 [11,12].
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The mechanisms explained above describe cellular immunity to tumors. However, the 

presence of tumors elicits the generation of antibodies directed to antigens on tumors as 

well. Such tumor specific antibodies can neutralize cell growth directly or aid in activating 

innate immune cells. This is referred to as humoral immunity and can typically involve the 

generation of antibodies in the affected patient or the passive infusion of monoclonal 

antibodies, which have been previously generated. Immunotherapies have generally focus 

on the active immunization of the cellular arm of the immune system at expense of the 

humoral response. The design of strategies that optimally activate both arms of the immune 

system and reduce immune suppression concurrently has the potential to produce effective 

anti-tumor immunity.

Immunologic studies of tumors in mouse models

Several murine models have been developed to study cancer. The models used in the cancer 

research field are generally established to study the etiology and mechanisms of 

carcinogenesis and to examine responses to conventional therapies. These experimental 

mouse models can be subdivided in three main categories:- transplantable tumors, 

genetically engineered/transgenic models and humanized mouse models of cancer. We will 

describe each of these briefly and delineate their potential use to study cancer therapy taking 

into account the role of the immune system in tumor progression. We will also describe their 

potential use as tools to develop and test novel immunotherapies.

Transplantable tumors

One of the most commonly used models is based on the implantation of human tumor cell 

lines into immune compromised mice (xenograft model). Immune deficient mice will not 

reject non-autologous tumors. While these studies have provided a great deal of insight in 

tumor biology, they do not take into account the contribution of the adaptive immune system 

in tumorigenesis. In contrast, tumor immunologists utilize immune competent mice to fully 

appreciate the role of the immune system in tumor development. In fact, the vast majority of 

the milestones in tumor immunology, and more broadly in immunology, have been 

established in mouse models. The basic tenets of cancer immunology arose from studies of 

tumor rejection in genetically identical (syngeneic) mice. Following the development of 

inbred mouse strains in the 1940–1950s, tumor transplantation studies showed that mice 

could be immunized with transplantable tumors that arose in the same strain [14]. These 

initial experiments established that immunity to cancer was real and that immune-mediated 

tumor rejection was not an artifact due to the genetic origin of the tumor and recipient mice. 

These studies have also uncovered several principles, including the existence of tumor 

antigens, the immunogenicity of dying tumors, and the generation of anti-tumor responses 

by the host. The knowledge gained from these basic mechanisms has enabled us to 

understand how to modify the host and/or the tumor cells to induce tumor rejection.

Mouse cancer cell lines have been established for a variety of cancer types and derived from 

multiple genetic backgrounds. As examples, we can list the most common ones such as the 

B16 cell lines for melanoma, TRAMP for prostate cancer, MC38 for colon cancer and EL4 

for lymphoma were all generated in the C57BL/6 background. The 4T1 line for breast 

cancer and CT26 for colon cancer were generated in BALB/c mice. The immunogenicity of 
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these cell lines is variable and is taken into account when evaluating immune responses to 

therapies. As an example, B16 cells are considered poorly immunogenic and are generally 

more difficult to regress. These cell lines are generally injected subcutaneously to evaluate 

tumor growth and response to treatment. They are also injected intravenously to evaluate 

dissemination to lungs, liver or spleen. In this case, tumor progression is followed using 

imaging techniques that will allow the evaluation of tumor progression. The background of 

the mouse strain is also a variable that is important to consider. For example, BALB/c mice 

favor the production of stronger humoral responses when compared to C57BL/6 mice.

The main advantage of transplantable models is the fact that they permit experiments to be 

done in a timely manner. Moreover, pathways and mechanisms can be explored more 

readily as many genetically modified mouse strains are available and the cancer cell lines 

can be modified as needed. They also allow for the ease of tumor isolation and studies of 

immune cell infiltrates and are ideal for rapid screening of new agents. However, they also 

present several disadvantages as they do not recapitulate the tumor microenvironment and 

the multistep processes occurring during spontaneous tumor development. The concept of 

immunoediting is applicable to spontaneous tumors; however, transplantable tumor cell lines 

do not undergo all three stages of immunoediting.

Genetically engineered/transgenic mouse models

The recent advances in the characterization of the molecular basis of cancer in several tumor 

types has generated a wealth of information [14]. This led to the design and derivation of 

mice that more faithfully recapitulate the genetic lesions in human cancers. These models 

utilize the recent advances in mouse genetic engineering, allowing for the expression of 

oncogenes and/or inactivation of suppressor genes, in a given tissue under very specific 

conditions. As an example the Braf mutated oncogene (V600E) was expressed in an 

inducible manner in melanocytes (using the tyrosinase promoter) with conditional deletion 

of Pten using the CreER/Loxp system [15]. The resulting mice developed melanoma after 

tamoxifen induction. The ability to allow for the expression of an oncogene or inactivate a 

suppressor gene in an inducible manner has allowed for the introduction of ‘driver’ genetic 

lesions in a subset of cells (somatic mutation) in mice at the adult stage. The ability to 

induce oncogenic mutations in a subset of cells in the adult mice allows for recapitulating 

the multiple steps of tumorigenesis and the reciprocal interaction between tumor and stroma, 

including immune cells more faithfully. However, the use of transgenic mouse models 

requires longer follow up and the expansion of unique and limited mouse colonies in order 

to perform tumor treatment experiments. The length of time to conduct a single experiment 

could take up 6 to 12 months. There is also greater variability in the phenotype observed in 

these models when compared to transplantable tumor models. The other caveat is that the 

mutations are continuously present due to the presence of the transgene, which is different 

from cancer in human patients. There is also generally a decrease in the efficacy of 

immunotherapies when compared to transplantable tumors. This is probably due to use of a 

more stringent and aggressive model and tolerance induced by the presence of the 

mutation(s) early during mouse development. Another caveat is that these genetically 

engineered mouse strains have been generated in mixed genetics backgrounds and need to 

back-crossed into a pure background for multiple generations before they can be used [14] . 
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A systematic approach is for the initial preclinical immune studies to be conducted in 

transplantable tumor models and the findings then confirmed in genetically engineered mice.

Humanized cancer models

As mentioned above, xenograft experiments have used mice deficient in adaptive immunity. 

Nude mice and severe combined immunodeficiency (SCID) mice have been used 

commonly. The in vivo engraftment of human cells in these mice was greatly increased by 

genetically inactivating the IL-2 receptor gamma chain (IL2rynull). Growth of human 

melanoma lung metastases in NOD-scid IL2rynull mice was greatly increased compared to 

NOD-scid, NOD-scid β2mnull for example [16]. NSG also known as NOG (NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ) have become the most commonly used immunodeficient mouse 

strain for human xenograft studies [17,18]. Attempts are now being made to reconstitute the 

immune system of these animals with human immune cells and thus far, the NSG mice have 

shown greater efficiency in hematopoietic cell engraftment [19]. Although the use of 

humanized mice remains a bit limited, it has provided insights in human disease and 

preclinical data. Further modifications will continue to improve the ability of these mice to 

recapitulate the human disease.

Status of the human immune therapy clinical trials

The recent unprecedented success of cancer immunotherapy has triggered a substantial 

growth of current immunotherapy clinical trials for a wide variety of cancers. These 

therapies are currently based on several approaches such as cell transfer, immune 

modulating antibodies, cytokines and vaccines. Some target tumor cells directly (adoptive T-

cell transfer, targeted antibodies) while others act indirectly by enhancing pre-existing tumor 

immunity (cytokines, immune-modulating antibodies). It is now clear that further 

improvement of these therapies will be achieved by carefully designing innovative trials, 

focusing on the optimal means to combine two or more treatment modalities. As mentioned 

above there are several immune modulating antibodies that either block a negative 

checkpoint (CTLA-4 or PD-1) of T cells or activate co-stimulatory receptors on T cells. In 

2011, the monoclonal antibody ipilimumab (blocks the inhibitory receptor CTLA-4) was 

approved for treatment of patients with metastatic melanoma. Based on this, agents that 

target a second inhibitory receptor, PD-1, or its ligand, PD-L1, are in clinical development. 

More recently a phase one clinical study combining PD-1 blockade (nivolumab) and 

ipilimumab revealed the feasibility of combination checkpoint blockade and suggested that 

the clinical efficacy of the combination could be greater than either therapy alone [20]. New 

innovative combinations will also use active immunization approaches in combination with 

immune modulation. As an example there is an ongoing clinical trial that combines 

sipuleucel-T (prostate specific cellular vaccine) with ipilimumab (NCT01832870). Another 

approach is based on the hypothesis that a combination of treatments that are aimed at 

killing tumors directly (thereby releasing antigens and altering the microenvironment) in 

combination with immune modulation. The combination of Braf inhibition and anti-CTLA-4 

in pre-clinical models has shown promising results [21]; however, a combination of 

vemurafenib and ipilimumab has shown increased hepatotoxicity when used in patients with 

advanced melanoma [22]. An ongoing trial (NCT01767454) is evaluating the safety of a 
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different BRAF inhibitor (dabrafenib) with a MEK inhibitor (trametinib) in combination 

with ipilimumab. This example highlights the importance of careful timing when combining 

such therapeutic modalities.

The flurry of clinical trials involving immunotherapy cannot be recapitulated in this short 

review, attesting to the field’s significant recent progress. An important concept is that 

combination of novel immunotherapies with conventional therapies, targeted therapies or 

other immunotherapies is the next focus in clinical development of innovative treatment 

programs for cancer.

Conclusion and perspectives

Progress in understanding the mechanisms underlying immune regulation, with immune 

modulation as a focus (i.e. CTLA-4 checkpoint blockade), have led to the development of 

immunotherapeutic treatments for a subset of patients with advanced cancer. Despite the 

recent great success of cancer immunotherapy, a fraction of patients remain refractory to 

these treatments indicating a need for improvement. Several other immune modulatory 

molecules and adoptive cell therapies using tumor-infiltrating lymphocytes are showing 

promise in the treatment of metastatic melanoma and other cancers [23]. It is well 

documented that radiation therapy and chemotherapies by themselves have immune 

modulatory properties. Therefore, the combination of immunotherapy with existing 

therapies such as radiation therapy and chemotherapy are the logical next step in improving 

cancer treatment.

The rapid evaluation and improvement of these combinations will need to appropriate pre-

clinical models. It is widely accepted that mouse models are able to provide useful pre-

clinical and mechanistic information about novel immunotherapies and cancer therapies. 

However, an argument that is very often brought up is that animal studies are uninformative 

because they are not predictive of results in humans. Inadequacies in experimental designs 

may account for some of these failures. As tumor biologists select models to evaluate an 

immunotherapy or ask a specific question, it is vital to insure that the proposed models 

recapitulate and mimic the human disease as closely as possible, ensuring that pathology, 

metastatic potential, stage of disease, extent of tumor burden, hormone responsiveness and 

immune suppression are adequately and faithfully recapitulated in the animal models 

corresponding to each studied cancer type. It is also important to take into account the 

predictability and limits of each model when translating mouse experimental data into clinic.
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Figure 1. Research in Tumor Immunology
Timeline of the history of tumor immunology from its inception in the late 1900s with 

William Coley's experiments to modern day tumor immunology with the FDA approval of 2 

immunotherapies for treatment of cancer. Based on current clinical outcomes and laboratory 

based research using animal models future promising therapies will be combining 

checkpoint blockade, co-stimulation alone or in combination with conventional approved 

treatments.
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Figure 2. The 3 E's of Cancer Immunoediting
The concept of cancer immunoediting during the course of tumor development consists of 

three phases Elimination, Equilibrium and Escape. Elimination: during the early phase of 

tumorigenesis, when tumors are microscopic, the immune system eliminates the highly 

immunogenic cells leaving the poorly immunogenic ones behind. Equilibrium: as the 

immunogenic cells are eliminated, tumors enter an equilibrium (or dormant) phase where the 

immune system prevents tumor growth. Escape: changes in the tumor cells or stroma within 

the microenvironment can facilitate uncontrolled tumor growth and metastasis. Shown on 

the right are representative photos of melanoma bearing Grm1 (Glutamate metabotropic 

receptor) transgenic mice, where tumors regress when mice are treated with immunotherapy 

(top). Both melanoma cells and melanocytes are eliminated as shown by the absence of 

tumor and depigmentation of the fur. Histology staining (H and E) of paraffin sections of ear 

shows no tumor burden with residual melanin. In some instances, tumors are non-responsive 

to immunotherapy and continue to progress (bottom). Histology staining of these ears show 

heavy tumor burden.
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