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Asbestos-induced preclinical mouse models of mesothelioma produce tumors that are very similar to those that develop in humans and thus represent an ideal platform to study this rare, universally fatal tumor type. Our team and a number of other research groups have established such models as a stepping stone to new treatments, including chemotherapy, immunotherapy and other approaches that have been/are being translated into clinical trials. In some cases this work has led to changes in mesothelioma treatment practice and over the last 30 years these models and studies have led to trials which have improved the response rate in mesothelioma from less than 10% to over 50%. Mouse models have had a vital role in that improvement and will continue to play a key role in the future success of mesothelioma immunotherapy. In this review we focus only on these original inbred mouse models, the large number of preclinical studies conducted using them and their contribution to current and future clinical therapy for mesothelioma.
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1 INTRODUCTION
Mouse models of mesothelioma continue to inform the development of novel treatments for this cancer. In parallel with our human mesothelioma studies, we established a mouse model of the disease that could be used to study and test new treatments. At that time there were no effective therapies for mesothelioma so, realizing that novel therapeutic approaches would be required we set about developing an animal model to test them, and thus we began our preclinical program. Previous studies had established that asbestos caused mesothelioma in rats and mice (Wagner and Berry, 1969) however there were no models of mesothelioma available in inbred mouse strains, a necessary foundation for therapy studies, especially immunotherapy. So starting from scratch we showed that intraperitoneal injection of crocidolite asbestos into mice produced mesothelioma tumors that were very similar to those that develop in humans. We then generated cell lines from multiple tumors that arose in three strains of mice, BALB/c, CBA and C57Bl/6 (Davis et al., 1992). These lines have been used in studies of the biology and immunology of mesothelioma and have provided the platform for testing a variety of new therapies, including chemotherapy, immunotherapy, gene therapy and others. Some of our pre-clinical studies have been successfully translated into the clinic, and all of this work provides insights into the host-tumor interaction. Mouse mesothelioma models represent one of the few sets of animal models of human cancer in which the tumor parallels its human counterpart in terms of carcinogen, tissue of origin, clinical behavior and biology (Davis et al., 1992). In this review, we outline our research journey and role from a time when mesothelioma patients were only offered palliative treatment to today where a number of treatments generate clinical responses, and thus highlight the translational implications of work in this mouse model.
2 CHEMOTHERAPY AND MESOTHELIOMA
2.1 Murine Studies
Before 1990 there was no effective, tolerated chemotherapy for mesothelioma. Some agents, such as anthracyclines, were used in selected patients but the response rates were so low and the side effects so disabling that many centers, including our own, opted solely for palliation for mesothelioma patients (Krarup-Hansen and Hansen, 1991). Indeed, there was substantial pessimism in the field of oncology that any chemotherapy would be effective in mesothelioma (Lee et al., 2002); it seemed to be a totally resistant cancer. With that in mind we used the murine mesothelioma model to test the efficacy of a number of, as yet, untrialled chemotherapies including the gemcitabine-cisplatin combination that was being used at that time in lung cancer (Nowak et al., 2002a; Nowak et al., 2003a), as well as cyclophosphamide (van der Most et al., 2009) and, over the years, a variety of other chemotherapeutic agents (Aston et al., 2017).
In our early study we showed that gemcitabine-cisplatin combination could successfully reduce the growth of both small and large mesothelioma tumors growing in mice (Nowak et al., 2002a) (Figure 1). These encouraging results led us to test these agents in a series of clinical trials.
[image: Figure 1]FIGURE 1 | Preclinical evidence of effectiveness of chemotherapy in mesothelioma. The apoptosis-inducing chemotherapy agent gemcitabine (black triangles) induces in vivo regression of the mouse mesothelioma tumour line AB1-HA compared to mice treated with phosphate buffered saline alone (open squares) (A) Early treatment; tumour bearing mice were treated when tumours were small (∼10 mm2) (B) Late treatment. tumour bearing mice were treated when tumours were small (∼10 mm2). Mice were treated with five doses of gemcitabine or PBS injection at third daily intervals. Figure originally published in Nowak et al., 2002a. Cancer Research 62:2353-8.
2.2 Clinical Trials and Translation
In the original single centre study of 21 patients, an objective partial response rate of 48% was seen with symptom improvement in 57% of patients receiving intravenous cisplatin and gemcitabine (Byrne et al., 1999). A subsequent multicenter phase II study showed a partial response rate of 33% and stable disease in 60%, with a median survival of 17.3 months (Nowak et al., 2002b). This combination was established as standard clinical care practice (Nowak et al., 2004), one of the first chemotherapies for this disease to produce such good response rates. Not only did data generated in the mouse model lead to a change in clinical practice, they revealed previously poorly understood effects of chemotherapy on the immune system that continue to underpin current novel chemo-immunotherapy trials (Nowak et al., 2002a).
3 THE IMMUNOBIOLOGY OF MESOTHELIOMA AND THE DEVELOPMENT OF IMMUNOTHERAPY
The prevailing wisdom about cancer and immunity when we first began these preclinical studies in mesothelioma was that the host immune system was “ignorant” of the presence of cancers, so tumors were able to grow without hindrance from the immune system. However, there has long been clinical evidence that mesothelioma is a potentially immunogenic tumor (Robinson et al., 2001). Inbred strains allowed for immune studies so we utilized these mouse models to demonstrate that mesothelioma is immunogenic, showing that the tumor can be recognized by the immune system and destroyed (Manning et al., 1993). In a program of immunobiological studies of murine mesothelioma (Davis et al., 1993; Bielefeldt-Ohmann et al., 1994) we characterized the inflammatory/immune environment (Robinson et al., 1993), including the involved inflammatory cytokines (Bielefeldt-Ohmann et al., 1994; Fitzpatrick et al., 1995). We, further showed the role regulatory T cells played in controlling the anti-mesothelioma immune response (Gibson et al., 1989; Davis et al., 1992).
3.1 Evidence for Immune Engagement
In order to understand if and how mesothelioma tumors engaged with the host immune system, something that was unknown at the time, we needed to create ways of tracking specific anti-mesothelioma immunity. As there were no mesothelioma antigens known at that time, we created mesothelioma cell lines that carried a stably transfected “nominal” antigen (a viral antigen that could be the target of immune attack target), and combined this with the adoptive transfer of T-cell receptor transgenic lymphocytes with specificity for this “neoantigen” (the equivalent to a T-cell monoclonal antibody) to track and explore if, and where, mesothelioma antigens were presented to the immune system (Marzo et al., 1999a).
We initially turned our attention to the lymph nodes that drain the tumor, where tumor-specific T cells are educated and activated. Somewhat to our surprise, mesothelioma antigens readily reached these tumor draining lymph nodes (dLN) and were presented to the immune system there (a process known as “cross presentation”) (Marzo et al., 1999b). This process proved to be highly efficient for all antigens tested (Kurts et al., 2010), occurred within 1–2 weeks of the commencement of tumor growth (Marzo et al., 1999a; Marzo et al., 1999b; Robinson et al., 1999) and was highly sensitive, requiring only 200 nmol of tumor neoantigen within the tumor mass to be “visible” to the host immune system (Anyaegbu et al., 2014) (Figure 2). These were the first studies to disprove the hypothesis that tumors grew in hosts because the immune system was ignorant of their presence. These studies also helped us to understand the role of CD4 help in the “post-licensing” of mesothelioma-specific CD8 T cells, a process that is critical in helping CD8 T cells enter the tumor and induce rejection (Marzo et al., 2000).
[image: Figure 2]FIGURE 2 | Cross presentation is sensitive to low antigen loads. Cross presentation was assessed using the in vivo Lyons-Parish assay (Lyons and Parish, 1994), in which carboxyfluorescein succinimidyl ester (CFSE) stained neoantigen specific T cells (CL4) were intravenously injected into F1 mice bearing the melanoma tumour (B16. par) bearing totals of 19.4, 97, 194 or 388 nmol of the neoantigen CL4 in either the nucleus (N), cytoplasm (C) or supernatant (S). Proliferation of T cells in the tumor draining lymph node on day 11 is shown by the number and size of peaks to the left of the parental non-proliferating single blue peak. Figure originally published in Anyaegbu et al., 2014. PLOS One 9: e107894.
We then turned our attention to the tumor itself, where tumor-specific T cells need to enter tumors then attack and destroy the tumor cells (McDonnell et al., 2010). We showed that dendritic cells within the tumor, which may be required to restimulate T cells as they enter this site, were, in contrast, to those in tumor dLN, completely unable to present mesothelioma neoantigens to T cells (McDonnell et al., 2015a). Importantly, chemotherapy that destroys tumor cells delivers antigens to the dendritic cells within the tumor and reverses their inability to cross present neoantigen. This enhanced neoantigen presentation within the tumor allows for T-cell restimulation and enhanced anti-tumor effects (Kurts et al., 2010; McDonnell et al., 2015b). These and other ongoing studies of the relationship between mesothelioma and the immune system continue to drive us forward to test novel therapies for mesothelioma, and it has underpinned many of the novel clinical trials described below.
3.2 Harnessing the Immune Response to Control Tumor Growth
Having shown that the host immune system is not ignorant of the tumor, we began to test different immunotherapeutic strategies to bolster the anti-mesothelioma immune response with the goal of developing new treatment approaches (Robinson et al., 1993). These original immunotherapeutic strategies involved the administration to mesothelioma-bearing animals of systemic cytokines, such as recombinant interferon alpha (IFNα) (Bielefeldt-Ohmann et al., 1995) and also activating anti-CD40 antibodies (Stumbles et al., 2004; Khong et al., 2012). The latter agent being shown to ligate CD40 and activate dendritic cells. These studies confirmed that mesothelioma could be effectively controlled if the immune system was appropriately engaged, at least by the cytokine IFNα and by anti-CD40, which induced cures of established mesothelioma tumors in the majority of mice studied (van der Most et al., 2005).
3.2.1 Clinical Trials and Translation
These pre-clinical studies underpinned many of the early immunotherapy clinical trials in mesothelioma. Recombinant IFNα was administered subcutaneously, and to our surprise, some spectacular tumor regressions were seen (Christmas et al., 1993). However, although these responses were generally associated with prolonged relapse-free survival lasting some years, they were seen in only a minority of patients (12%) with the remainder of the patients suffering the disabling flu-like illness typically associated with this type of therapy, and we did not consider it ethical to continue it in our patients. It did however confirm that immunotherapy could be effective in patients with mesothelioma and this knowledge has driven our team forward to continue to examine other immunotherapies for mesothelioma.
3.3 Manipulating the Immune Response With Gene Therapy
One of the many attractive features of this mouse model is the capacity to genetically manipulate the tumor cells prior to their injection, in order to dissect the anti-mesothelioma immune response. We began by transfecting mesothelioma cell lines to express foreign transplantation (“allo”) antigens to make the mesothelioma cells look like a foreign organ transplant and be rejected, in the process stimulating a broader immune response against the untransfected parental tumor. This proved especially useful in mesothelioma lines that were otherwise ‘non-immunogenic’ (Leong et al., 1994). The expression of allogeneic MHC molecules in a highly immunosuppressive, non-immunogenic murine malignant mesothelioma cell line did led to tumor rejection, however this did not generate systemic immunity sufficient to protect from the parental cell line (Leong et al., 1994).
Transfecting these non-immunogenic mesothelioma cell lines with the immune co-stimulatory molecules B7.1 (CD80) but not B7.2 (CD86) induced and maintained a T-cell response to these mesothelioma tumors, but the response required ongoing expression of B7-1 and the upregulation of major histocompatibility complex class II expression and did not protect against the parental cell line (Leong et al., 1995; Leong et al., 1996; Marzo et al., 1997). Transfection of cytokines such as interleukin-2 (Leong et al., 1997) generated in vivo immunity to the mesothelioma tumor that was relatively weak and/or subject to down-regulation so that consistent rejection of unmodified parental tumor cells was not achieved. Transfection of both of the interleukin-12 genes generated a higher level of immunogencity which could control tumor growth (Caminschi et al., 1998). We showed that when cytokine genes were delivered using a vaccinia virus rather than gene transfection the growth of advanced mesothelioma tumors could also be controlled but not eradicated (Upham et al., 1995). These studies enabled us to gain an improved understanding of how a host responds, or fails to respond, to mesothelioma (Robinson et al., 1998; Nowak et al., 2002c; Nelson et al., 2005; van der Most et al., 2006a).
3.3.1 Clinical Trials and Translation
Based upon these preclinical studies that showed that cytokines within a mesothelioma tumor could induce regression, we conducted an immunogene therapy trial in patients with mesothelioma. We used a modified vaccinia virus in which the interleukin-2 gene was inserted into the thymidine kinase region of the virus and the construct was then injected directly into the tumor providing a source of interleukin-2 inside the tumor without viral replication in normal cells (Mukherjee et al., 2000). We found this therapy to be safe and allowed persistent transgene expression in the tumor over 3 weeks, regardless of anti-vaccinia IgG levels, however the amount of interleukin-2 produced in the tumors was insufficient to justify further clinical trials. The study did show that the vector itself would be safe for the delivery of other molecules in such studies. Gene therapy using IFNα has been well studied (Sterman et al., 2011).
3.4 Loco-regional Immunotherapy
We have tried a number of loco-regional approaches to mesothelioma immunotherapy using these inbred mouse mesothelioma models. Because the immunosuppressive molecule TGF-β was known to be produced by mouse, as well as human mesothelioma tumor cells, we tested the efficacy of locally administered anti-sense oligonucleotides (ASONs) targeting TGF-β to reverse the immunosuppressive environment of mesothelioma. We showed that intratumoral delivery of these agents resulted in the accumulation of T cells in the tumor and the slowing of mesothelioma tumor growth (Fitzpatrick et al., 1994; Marzo et al., 1997). Intratumoral delivery of the cytokine interleukin-2, had little effect by itself (Jackaman et al., 2003) but when combined with anti-CD40, caused local regression and, importantly regression of a distal untreated tumor (Jackaman et al., 2012), possibly due to the induction of inflammation within the tumor (Jackaman et al., 2008). Similar results were observed when agents such as toll-like receptor (TLR) seven agonists were delivered intratumorally—they had little affect alone but were synergistic with anti-CD40 (Currie et al., 2008; Broomfield et al., 2009). These novel loco-regional therapies provide a foundation for novel approaches to mesothelioma because of the accessibility of the tumor and are summarized in (Nelson et al., 2006) and (Nelson et al., 2014).
One of our earliest observations was that the adoptive transfer of large numbers of mesothelioma-specific T cells, CD4 and/or CD8, did not result in eradication of an established tumor (Marzo et al., 1999a), raising concerns for us that any such therapy alone, such as modern CAR-T-cell therapy, may not be effective in solid tumors unless the obstacles of effector site resistance to immune attack could be overcome, something being studied in a number of centers.
3.4.1 Clinical Trials and Translation
These studies led directly to a clinical trial in mesothelioma conducted using local cytokine administration intratumorally, delivered continuously for 8 weeks (to mimic an inflammatory/immune disease process) via a catheter that was inserted under CT guidance. The recombinant cytokines granulocyte-macrophage colony-stimulating factor (GM-CSF) or IFNα were delivered continuously by a pump worn by the patient, with multiple side holes in the catheter ensuring that the cytokines were delivered to a large volume of tumor around the catheter. In a pilot study using IFNα we showed that such an approach was feasible, and two of the six patients showed responses, one with a generalized immune infiltrate and a diffuse partial response (Davidson et al., 1998). We studied 14 mesothelioma patients in this way using infused recombinant human GM-CSF. Although two patients responded to this therapy, however, neutrophil plugging of blood vessels occurred at some doses. Overall, this study demonstrated that intralesional infusion of cytokines is feasible and can lead to localized immune reaction with tumor regression in a minority of patients. However, the procedure can be associated with systemic toxicity and was associated with considerable technical problems (Davidson et al., 1998; Robinson et al., 1998).
4 COMBINING CHEMOTHERAPY WITH IMMUNOTHERAPY
Chemotherapy is immunosuppressive, and for this reason, was previously avoided in cancer immunotherapy trials. Using the murine mesothelioma model, we revisited this hypothesis and tested the effect of chemotherapy on neoantigen cross presentation (Nowak et al., 2003a) as well as the effect of combination chemotherapy with low dose anti-CD40 therapy. In both models, rather than observing a reduction in the anti-mesothelioma response, we demonstrated augmented responses, with mesothelioma cure in the majority of mice, even in mice with well-established tumors (Nowak et al., 2003a; Nowak et al., 2003b) (Figure 3). This seminal work then led to a number of studies evaluating synergy between chemotherapy and immunotherapy, showing that not all chemotherapy synergized with immunotherapy but that the phenomenon was robust and seen with different agents (van der Most et al., 2005; van der Most et al., 2006b). These results are summarized in (Lake and Robinson, 2005; Nowak et al., 2006).
[image: Figure 3]FIGURE 3 | Synergy between chemotherapy and immunotherapy. Mice were injected with mesothelioma AB1-HA tumor cells and then treated on day nine with 120 ug/Gram gemcitabine intraperitoneally and/or 100 ug of FGK45 (activating anti-CD40) three times. Groups of mice received indicated treatment regimens; control animals were treated with PBS (A) Tumor growth rates and (B) survival curves. Arrows represent the start of treatment. Figure originally published in Nowak et al., 2003b. Journal of Immunology 170; 4905-4913.
This work also suggested that some/much of the anti-tumor effects of chemotherapy are mediated by the immune system as it responds to chemotherapy-induced cell death. Although our initial studies show that the immunotherapy agents anti-CTLA4 and anti-PD one had minimal effects in our mouse mesothelioma models as stand-alone treatments, we found combinations were effective (Fear et al., 2018). In addition, using network analysis, the team identified the biological features that underpinned effective anti-mesothelioma immune responses to checkpoint blockade (Lesterhuis et al., 2015).
4.1 Clinical Trials and Translation
Our first chemo-immunotherapy trial using Adriamycin and IFNα was disappointing, with the chemotherapy adding nothing to the immunotherapy except severe side effects (Upham et al., 1993). However, the results of subsequent preclinical experiments led directly to the establishment of a clinical trial using activating anti-CD40 with chemotherapy in patients with mesothelioma (Nowak et al., 2015). Anti-CD40 with cisplatin-pemetrexed chemotherapy was safe and tolerable (despite most patients experiencing cytokine release syndrome). Objective response rates were similar to chemotherapy alone however 20% of patients achieved long-term survival.
A subsequent trial, the DREAM trial, used the chemotherapies, cisplatin and pemetrexed plus an anti-PD-L1 antibody durvalumab and demonstrated promising activity and an acceptable safety profile as a platform for a current, on-going, phase III study (Nowak et al., 2020).
5 SURGERY AND MESOTHELIOMA
Although surgery for mesothelioma is conducted in some specialized centers as a therapeutic procedure, usually as part of a multimodality approach, it is not used in all centers for patients with mesothelioma. Our mesothelioma animal models have provided an ideal opportunity to study the relationship between mesothelioma surgery and other treatments. Surgery in animal models allows for evaluation of each of the key components of cancer surgery in patients, including complete or partial resection of the primary tumor, removal of tumor dLN and evaluation of adjuvant therapy for recurrent local or metastatic disease after primary tumor resection. We initially mastered the complex surgical techniques required for complete tumor resection in small mice then determined the relationship between mesothelioma surgery and adjuvant immunotherapy. Surprisingly, partial tumor resection was more beneficial than complete resection in some situations as the former appears to provide a source of tumor antigens that promotes on-going immunity (Broomfield et al., 2005). Importantly for translation, we also showed that tumor debulking could be synergistic with immunotherapies delivered as immune-gene therapy (Mukherjee et al., 2001), via activating anti-CD40 (Khong et al., 2013; Khong et al., 2014) or by using neoantigen-based vaccination therapy (Fisher et al., 2014).
As we had previously shown that mesothelioma antigen presentation that leads to T-cell activation only occurs within the tumor dLN (Marzo et al., 1999b), we were concerned that resection of the dLNs which occurs frequently in cancer surgery, would hinder T-cell activation and limit the efficacy of post-surgical adjuvant immunotherapy. Using our models, we showed that this was not the case - resection of tumor dLN does not compromise adjuvant immunotherapy, at least using anti-CD40 or immune checkpoint blockade agents. Indeed, once the dLNs are removed, tumor antigen cross-presentation moves downstream to be undertaken by other lymph nodes, recruiting more lymph nodes into the cross-priming process.
We also showed that mesothelioma tumor growth could be tracked in live animals using in vivo imaging and PET-CT scanning. We demonstrated that tumor specific immune responses were very sensitive to the presence of post-surgical tumor recurrence, indicating the presence of tumor long before it was visible on PET-CT scanning (Fear et al., 2019) (Figure 4).
[image: Figure 4]FIGURE 4 | Early detection of metastatic lung disease by immune recognition versus PET-CT. To compare immune responses to neo-antigens with PET-CT in terms of sensitivity to recurrence of metastatic tumour. Mice received AB1-HA cells day 0 and AB1-HA_LUC cells intravenously on day 14. Tumours were surgically resected to mimic cancer surgery and lung tumour growth, as a measure of the appearance of metastases, was measured in an invitro imaging system (IVIS) (A) Experimental plan (B) lung tumour growth by IVIS (C) IVIS images of mice. DOS—day of surgery. Figure originally published in Fear et al., 2019. Scientific Reports 9:14,640.
These studies have reduced concerns about the potential failure of adjuvant immunotherapy following dLN resection but further translation of these surgical findings into novel surgical studies, such as debulking surgery combined with adjuvant immunotherapy, is awaited.
6 NEOANTIGENS AND MESOTHELIOMA TUMOR VACCINES
Another strength of the murine mesothelioma models is the capacity to undertake detailed molecular analysis. We sequenced a large number of murine mesothelioma lines and identified the number and pattern of mutations in these tumors (Sneddon et al., 2017). Mutations can give rise to aberrant proteins that when recognized by the immune system are known as neoantigens (Ye et al., 2019). Using our genomics data we were able to predict and confirm the immunogenicity of several neoantigens (Creaney et al., 2015) (Figure 5) and these responses were useful in predicting the outcome immune check point inhibition therapy (Ma et al., 2020).
[image: Figure 5]FIGURE 5 | Immune responses to candidate asbestos-induced neo-antigens in murine mesothelioma. Immune responses against a panel of neo-antigen candidates predicted from genome sequencing (A) Representative duplicate wells from interferon-γ ELISPOT analysis of total tumour draining lymph node cell preparations from non-treated AB1 tumor-bearing mice against pools of predicted neo-antigenic peptides (B) Summary of ELISPOT data showing mean ± SD for the deconvolution of peptide Pool B. Mutant (Δ) peptide; wildtype (WT) peptide for indicated genes harboring single nucleotide variants. Figure originally published in Creaney et al., 2015. Oncoimmunology 4: e1011492.
Ultimately the goal of neoantigen studies in our pre-clinical models is the production and validation of neoantigen vaccines. This is a novel and exciting new approach to tumor immunotherapy that has the capacity to augment immune checkpoint inhibitor therapy or function as a stand-alone treatment. To this end we are using the pre-clinical mouse mesothelioma models to validate our pipeline for the detection and validation of neoantigens, then using this information we will design novel approaches to the production and effective translation of neoantigen vaccines from mice to human.
Our neoantigen studies have led directly to a neoantigen clinical trial (ATTAC-001) in non-small cell lung cancer patients (Chee et al., 2017). We anticipate that the mouse studies will be run concurrently with future clinical trials in mesothelioma and other cancers in a true co-clinical fashion which will allow feedback from the bench-to-the-bedside and from the bedside-to-the-bench. Our studies showing that neoantigen T-cell responses are more sensitive to cancer recurrence than PET-CT imaging (Fear et al., 2019) could also pave the way for novel immunological approaches for monitoring tumor recurrence following conventional therapy, or novel immunotherapy approaches, including neoantigen vaccination.
7 CONCLUSION
In conclusion, our inbred mouse preclinical models of mesothelioma have represented a useful platform for translation of research findings into the clinic in the form of novel clinical trials. The current and future success of mesothelioma immunotherapy is partly founded on such models.
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