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Editorial on the Research Topic 


Cancer Prevention: Targeting Premalignant Epithelial Neoplasms in the Era of Cancer Immunotherapy and Vaccines


Prevention of cancer is an essential intervention to reduce the cancer burden globally and public health measures targeting etiological factors such as tobacco consumption or oncogenic viruses as well as screening of early lesions have been extremely successful. Indeed, prophylactic vaccination against oncogenic human papillomavirus and hepatitis B virus have paved the way for immune-based interventions for the prevention of cancer (1).

Cancer immunotherapy was named the breakthrough of the year 2013 by Science Magazine; a decade later it has truly revolutionized the field of oncology (2). Advances in immuno-oncology are focused on late-stage metastatic cancers with the most urgent needs and highest potential to improve patients’ immediate health. Remarkably, cancer immunotherapies such as immune checkpoint blockade or adoptive cell transfer have been associated with complete and durable cures, likely a consequence of the induction of long-lived anti-cancer immune responses. However, treatments of advanced cancers must also overcome powerful mechanisms of immune resistance in tumors and severe systemic adverse events, thereby preventing a higher therapeutic index.

Inspired by these successes, harnessing the immune system for the prevention and treatment of cancer could have a tremendous impact on cancer burden at a population level as well as providing immediate benefit to patients at high risk of developing cancer. To unleash this potential, the development of new diagnostics and immune interventions requires a deep understanding of the continuum of cellular and molecular modifications that often accumulate through many decades of cancer progression (3). The key factors could now begin to be identified at the early premalignant stages of cancer. This collection of original research and review articles covers emerging concepts in the field of premalignant lesions biology and offers a glimpse at possible immune-based interventions, including vaccines and combination therewith, to prevent their progression to cancer.

Initiatives to categorize systematically the immune and genetic landscapes of benign lesions such as the precancer genome atlas could provide a rationale for new interventions (4). A recent analysis of the progression of lung squamous cell carcinoma (SCC) showed that local immune activation and immune suppression occur in premalignant lesions but is limited compared to immune modulation in high grade lesions and SCC (5). In this issue, Rangel et al. provide a comprehensive overview of HPV-negative head and cancer progression and how genetic alterations, notably TP53, CDKN2A and NOTCH1, lead to accumulation of macrophages, MDSCs and Treg in the microenvironment of developing lesions. Chadwick et al. provide evidence of the early contribution of TNF-α in the recruitment of inflammatory cells and progression of oropharyngeal squamous cell carcinoma (OPSCC) in a small cohort of patients. Using a chemically induced (4-NQO) OPSCC animal model they further demonstrate that targeting TNF-α could indeed prevent the progression of OPSCC in mice. Roudko et al. provide a very informative review on the genetic basis of Lynch syndrome caused by mutations in DNA mismatch repair (dMMR) resulting in genome instability. In addition, they discuss the status of current vaccines targeting neoepitopes associated with genome instability in microsatellite coding regions. Zachariah et al. provide a comprehensive review on the various types of premalignant breast cancer lesions and discuss the integration and advantages of targeted vaccines, notably HER2, in the context of standard of care and chemoprevention. Jacqueline et al. investigated the interaction between breast cancer cell lines that recapitulate the continuum of cancer progression, with macrophages in vitro. These elegant coculture experiments indicate that cell lines corresponding to normal epithelia or early premalignant phenotypes are not recognized by macrophages, but those corresponding to late premalignancy or advanced cancer phenotype cause pronounced activation of macrophages. They further identify surface markers, Annexin-A1 and CEACAM1, that are responsible for the interaction between breast premalignant and tumor cells and macrophages.

Transplantable syngeneic tumor models have been instrumental to establish proof of principle for therapeutic interventions against advanced cancer and to understand mechanisms of immune control and resistance to therapies. However, due extremely fast growth and profound genomic alterations, these models cannot fully recapitulate the slow development of cancer in situ. This collection offers excellent examples of animal models that can be leveraged for better understanding of premalignant lesions and cancer progression and to evaluate novel candidate vaccines or therapeutic interventions. Neckerman et al developed an adenoviral vector vaccine platform to be evaluated in a non-human primate model of persistent papillomavirus infection. Rangel at al. and Chadwick et al. used a chemically induced mouse model to study early immune modulation in OPSCC. Finally, Corulli et al. report two chemically induced (AOM) and transgenic APCmin transgenic colorectal cancer models for the evaluation of therapeutic vaccination against TAA. All these are models of spontaneous development of cancers and therefore are technically more challenging than classic syngeneic transplantable models as they require longer time to develop and have a variable penetrance.

The identification of protective antigens is critical to the development of vaccines for the treatment of premalignant neoplasia and to prevent cancer progression, Corulli et al. demonstrate by serology and T cell IFN-γ assays, that in colorectal cancer and adenomatous polyps overexpressed proteins CDC25B, COX2, RCAS1, and FASCIN1 are bona fide tumor associated antigens. In murine models of colorectal cancer, they demonstrate proof of principle of cancer prevention after vaccination by showing that CDC25B, COX2 and RCAS1 immunization leads to reduced tumor formation. These results provide a rationale for the identification, development, and use of TAA-based vaccines against colorectal cancer and its premalignant precursors. Understanding the genomic instability in microsatellite coding regions led to the identification of recurrent frameshift mutations encoding potentially protective neoantigens. Notably, preclinical studies in murine model of Lynch syndrome have shown improved survival and reduced tumor burden and a frame shift vaccine based on long peptide and CpG as adjuvant (6). Such vaccine could be the first off-the-shelf cancer vaccine to intercept colorectal cancer and other epithelial cancers at early stages before extensive immune suppression is established as an extrinsic resistance mechanism and before the acquisition of driver mutations in APC, BRAF and TP53. Zachariah et al. provide an exhaustive review on breast cancer precursor lesions and an update on current targeted therapies driver antigens such as HER-2 and breast antigens such as MUC-1, Lactaglobin and mammaglobin. Accumulating evidence of a good safety profile of dendritic cells vaccines targeting HER2 compared to chemoprevention offers an opportunity to intercept the development of invasive breast cancer at the early stages before immunoediting occurs and durable benefit may be obtained. Such approach if successful could provide safer alternative to chemoprevention at the DCIS or premalignant stages.

Cancers caused by infections contribute to 15% of the global cancer burden. The foreign nature of oncogenic viruses has allowed the development of powerful prevention tools to reduce the burden of virus-related cancers. For instance, HPV is a family of epitheliotropic virus with circular double stranded DNA and the main causative agent of cervical cancer and other epithelial cancers. Antibodies against the L1 capsid protein of HPV can effectively prevent infection and subsequent epithelial cell transformation driven by the viral oncogenes E6 and E7 which is at the basis of the current HPV VLP prophylactic vaccines. Huang et al. report a new humanized monoclonal antibody targeting the major capsid protein L1 of the oncogenic HPV type 18 which they propose constitute a novel type of microbicide. The implementation of such approach remains to be defined in the context of a widespread availability of highly efficacious prophylactic HPV vaccines as it is likely that such antibodies would be limited to prophylactic usage as HPV remains impervious to antibody neutralization once infection is established. In contrast, nonstructural E6 and E7 HPV oncogenes whose primary functions cause the degradation of p53 and Rb are required for cancer progression and persistence. These viral oncogenes represent ideal targets of therapeutic cancer vaccines as they are drivers of cancer progression. Several clinical trials including E6 and E7 antigens as synthetic long peptides or nucleic acid platform against cervical and vulvar intraepithelial neoplasia have shown therapeutic benefit and regression of premalignant lesions (7, 8). Most genital HPV infection, however, are naturally cleared, and only persistent infection can lead to the development of premalignant lesions. Neckermann et al. propose a vaccine targeting nonstructural viral antigens E1 and E2 that are highly expressed during persistent HPV infection but lost as the lesions progress. They designed a vaccine candidate targeting the E1/E2 viral antigens to be evaluated in a Macaca fascicularis papillomavirus, a model of persistent natural infection that leads to the development of local lesions.

The recent successes of SARS COV2 mRNA vaccine showed that disruptive technologies can have a tremendous impact on public health. Beyond antigen characterization, this issue offers a glimpse at potential cancer vaccine candidates in terms of platforms, modalities, and adjuvants. Nekerman et al. report an adenoviral vector that can be delivered systemically or mucosally to target specifically mucoepithelial premalignant lesions. Corulli et al. report a vaccine platform based on selected MHC class 2 peptides given with water-in-oil-in-water adjuvant (CFA/IFA). In this model, vaccine efficacy relies on CD8+ T cells suggesting epitope spreading against antigens that were not included in the vaccine (9). Roudko et al. offers an overview of current vaccines against frame shift mutations in Lynch syndrome which include synthetic long peptides with a water-in-oil-in-water adjuvant (Montanide) or viral vectors (MVA, adenoviral vectors). Zacharia et al. offers a thorough overview of vaccine platforms targeting breast cancer with the potential to be repurposed against early lesions. Of note dendritic cells pulsed with HER2 showed excellent safety profile and efficacy, akin to the Sipuleucel-T vaccine, which is the first approved cancer for castrate resistant metastatic prostate cancers. Finally, in addition to HPV and HBV, vaccines against EBV and hepatitis C could have a profound impact in the prevention of nasopharyngeal carcinoma, Non-Hodgkins lymphoma and hepatocellular carcinoma. In addition, a Merkel cell polyomavirus vaccine targeting viral oncogenes is being evaluated for advanced Merkel cell carcinoma, but it could also prevent recurrence and metastasis if used in combination with surgical removal of early lesions.

With the increasing number of cancer epitopes that are validated experimentally, it becomes important to catalogue and curate these large datasets in order to facilitate the dissemination of information to the scientific community. Building on the successes of Immune Epitope Database (IEDB) in the field of autoimmunity and infectious diseases, Kosaloglu-Yalçin et al. present Cancer Epitope Database and Analysis Resource (CEDAR), a new platform that will offer soon a curated dataset of cancer epitopes that can be used to assess and refine prediction algorithms relevant to cancer antigens. This new dataset together with machine learning algorithm has the potential to integrate new relevant parameters and to build more powerful algorithm to predict actionable tumor antigens (10).

To conclude, remarkable efforts have been made to identify tumor associated antigens, characterize the premalignant and tumor immune microenvironments, and to develop vaccine platforms and adjuvants. This Research Topic offers an updated perspective on how to effectively use these advances to target premalignant lesions as a way to cancer prevention. Targeting early-stage of cancer development presents the advantage of targeting lesions when they are most likely to regress. Albeit, even at this stage, differences in the immune landscape may affect clinical outcome of different forms of immunotherapy (3). Important questions will need to be answered in the near future. For instance, can we identify markers of early lesions for most cancers and what would be the protective antigens? Can we develop therapeutics that tip the risk/benefit ratio in favor of intervention? What will be the long-term efficacy and safety profiles of vaccines targeting tumor associated antigens in terms of autoimmunity? How to integrate such preventative vaccines into routine preventative cancer screening and treatment? Because screening offers opportunity to effectively treat some developing lesions by surgical excision, it is likely that the impact of vaccines targeting premalignant lesions will be maximal either as neoaduvant therapy to prevent or downscale the surgical procedure (and as such the complications associated with it) or as adjuvant therapy to prevent later recurrences. Finally, the reduced cost and ease to deploy vaccines could have a tremendous impact in low resource settings where access to surgical procedures can be limited.
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Cervical cancer caused by human papillomavirus (HPV) infections is the fourth most common cancer in women worldwide. Current prophylactic HPV vaccines have achieved promising success in preventing HPV infection. However, still 570,000 new cases were reported in 2018. The current primary treatment for the patient with cervical cancer is either surgery or chemoradiotherapy. Cervical cancer still lacks standard medical therapy. HPV18 induced cervical cancer has the worst prognosis and high mortality compared to other HPV infections. The development of HPV18 related with cervical malignancy requires the persistent infection of cervical–vaginal epithelium by HPV18 subtype, which can take years to transform the epithelium. This period of repeated infection provides a window for therapeutic intervention. Neutralizing antibodies formulated as topical agents that inhibit HPV18 infection should reduce the chance of cervical malignancy. We previously demonstrated that potent neutralizing anti-sera against HPV18 infection were induced by HPV18 viral like particle (VLP) generated in mammalian cells. We, therefore, isolated two potent neutralizing antibodies, 2A12 and 8H4, from over 3,810 hybridomas prepared from mice immunized with HPV18 VLP. 2A12 and 8H4 exhibited excellent potency, with 50% virus-inhibitory concentrations (IC50) of 0.4 and 0.9 ng/ml, respectively. Furthermore, 2A12 and 8H4 recognized distinct and non-overlapping quaternary epitopes and bound specifically with HPV18. Humanized 2A12 (Hu2A12) retained comparable neutralizing activity against HPV18 infection in various acidic pH settings and in hydrogel formulation with IC50 values of 0.04 to 0.77 ng/ml, indicating that Hu2A12 will be a promising candidate for clinical development as a topical vaginal biopharmaceutical agent against HPV18 infection.
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Highlights

	Two neutralizing antibodies against HPV18 with the highest potency were isolated from immunized mice.

	The humanized antibody, Hu2A12, exhibits ultrahigh potency against HPV18 infection with IC50 value of 0.04 ng/ml.

	Hu2A12 retains comparable neutralizing activity in various acidic pH settings and in hydrogel formulation.

	Hu2A12 will be a promising candidate as a topical vaginal biopharmaceutical agent against HPV18 infection.





Introduction

Cervical cancer is the fourth most common tumor diagnosed in women worldwide (1). Persistent infections caused by high-risk Human papillomaviruses (HPV), such as 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 68 are considered to be the main cause for the development of cervical cancer precursors, known as cervical intraepithelial neoplasia (CIN 1, 2, and 3), and invasive cervical cancer (2, 3).

Current prophylactic HPV vaccines have achieved remarkable success in preventing HPV infection (4, 5). However, a large number of women still failed to receive prophylactic HPV vaccines due to the high cost, failed to respond to the vaccination and other factors. In 2018, 570,000 new cases and 311,000 related deaths were reported globally, indicating effective treatment was urgently needed (6). Surgical or chemoradiotherapeutic regimens are the current primary treatment options for patients with cervical cancer. Specific medical treatment for HPV infection remains elusive (7).

Persistent HPV infection in the basal layer of the cervical epithelium is the main risk factor in the development of the premalignant conditions of cervical intraepithelial neoplasia or adenocarcinoma in situ. Without treatment, the transition from dysplasia to invasive carcinoma may take years to decades to develop in most women.

Current research on topical therapies for the treatment of HPV or CIN have promising results, signified by the randomized trials of immune-modulating (imiquimod), anti-proliferative (5-fluorouracil), and anti-viral (cidofovir) therapies (8–10). However, none of them has profound clinical evidence to be recommended as a treatment for CIN 2–3 and surgery remains the standard of care (11). Cidofovir is an approved antiviral drug for the treatment of cytomegalovirus (CMV) retinitis in HIV patients. Clinical studies of cidofovir gel as a topical therapy had shown promising results for clearance of HPV or CIN. However, serious side effects were recently reported in the use of cidofovir in the treatment of HPV infection (12). All these indicate that topical anti-viral therapy is promising; however, antibody based topical therapy for HPV or CIN has not been reported yet.

The use of neutralizing antibodies with high potency and low toxicity have been widely applied to treat viral infections caused by a respiratory syncytial virus, cytomegalovirus, human immunodeficiency virus, Ebola virus and influenza virus (13, 14). The discovery and development of virus-neutralizing monoclonal antibodies can be a promising approach to eliminate HPV persistent infection and prevent the subsequent transition of invasive carcinoma.

After HPV16, HPV18 infection is the second most carcinogenic HPV genotype in a large percentage (approximately 10%), and highly enriched in adeno/adenosquamous and adenocarcinoma in situ compared to lower grades of diagnosis (2, 15, 16). HPV18 causes cervical cancer with the worst prognosis as compared with other types of HPV (17, 18). Two neutralizing antibodies against HPV18 were previously developed for diagnostic kit for HPV-18 (19). To our knowledge, no neutralizing antibodies with high potency have been developed for HPV18 treatment. We previously demonstrated that high potent neutralizing anti-sera against HPV18 infection could be induced by our HPV18 viral like particle (VLP) generated in the mammalian cell. In this study, two potent neutralizing antibodies, 2A12 and 8H4, were isolated from more than 3,810 hybridomas prepared from mice immunized with HPV18 VLP (20). 2A12 and 8H4 exhibited high potency, with IC50 of 0.4 and 0.9 ng/ml, respectively. Furthermore, 2A12 and 8H4 recognized distinct and non-overlapping quaternary epitopes and exhibited specific binding with HPV18. Humanized 2A12 (Hu2A12) retains comparable neutralizing activity against HPV18 infection in various acidic pH conditions and hydrogel with the IC50 of 0.04 to 0.7 ng/ml, indicating that Hu2A12 will be a promising candidate for clinical development as topical vaginal biopharmaceutical agents in hydrogel against HPV18 infection.



Methods and Materials


Production of HPV18 VLP and HPV18 Pseudovirus

HPV18 VLP and pseudovirus were prepared using the plasmid of p18sheLL (Addgene, 37321) and the co-transfection of p18shell and pGMCMV-luc (Yeasen Biotech) as a reporter gene, respectively, as we previously described (20), with some modifications. In brief, the plasmids were mixed with PEI (Polysciences, MW25000, 23966-1) at a 1:3 ratio and then transfected into 293 TT cells. About 48 h post-transfection, cells were harvested and washed with DPBS twice. After centrifugation, the cell pellet was resuspended in 0.5% Triton X-100 and 25 mM ammonium sulfate. The cell lysate was then incubated at 37°C for 24 h. The matured lysate on ice was incubated for 15 min with the final concentration of 850 mM NaCl. After centrifugation, the supernatant was transferred for OptiPrep (D1156, Sigma-Aldrich, St. Louis, Missouri, USA) gradient purification at 40,000 rpm for 4.75 h. Different fractions were collected for verification.



Immunization of Mice

Five 8-week-old female Balb/c mice (M1~M5) were immunized by three subcutaneous injections, at two weeks interval, of 25–50 μg HPV18 VLP emulsified with Freund’s adjuvant (Sigma, F5881 & F5506). Sera were collected one week after the third immunization and were used to further analysis. An intraperitoneal injection of HPV18 VLP without adjuvant was performed as the booster immunization before hybridoma.



Enzyme-Linked Immunosorbent Assay

To measure the serum titer or antibody against HPV18 VLP, ELISA plates (Corning, 9018) were coated with 0.5 μg/ml purified HPV18 VLP at 4°C overnight, then blocked in 2% bovine serum albumin-PBST. Sera were diluted in 2% bovine serum albumin-PBST. Diluted sera or hybridoma culture supernatant was added and then incubated at 37°C for 1.5 h. After a wash with PBST, anti-mouse IgG HRP conjugated antibodies (Jackson ImmunoResearch115-035-003) were added at 37°C for 60 min. For visualization, 100 μl 3,3′,5,5′-Tetramethylbenzidine (TMB, Sigma) substrate was added and incubated at room temperature for 10 min, and stopped with 50 μl 1 M HCl per well. Optical densities were determined at 450 nm using Infinite 200 (Tecan).



Preparation of Hybridomas and Identification of Candidate Clones

Mice were sacrificed 3 days after booster immunization. Splenocytes were isolated, fused with Sp2/0 cells (ATCC) in a 1:2 ratio using Electro Cell Manipulator (BTX Harvard Apparatus, ECM 2001) as described (21, 22). Fused cells were cultured in hypoxanthine aminopterin thymidine (HAT, Sigma, H0262) medium in multiple 96-well plates, and supernatants were tested after 7 days in culture. The supernatants of the individual hybridoma clones were screened for HPV18 VLP specific antibodies by ELISA. The selected positive hybridoma supernatants were further analyzed using neutralization assay. All the candidate clones were subcloned at least twice by limiting dilution.



HPV Neutralization Assay

The pseudovirus-based neutralization assay was performed to evaluate the activity of antibodies inhibiting HPV infection, following the previously reported method (20) with slight modifications. Briefly, 10,000 293TT cells were seeded per well overnight in a 96-well cell culture microplate in growth media. Serial dilutions of antibodies or anti-sera were incubated with HPV pseudovirus at 37°C for 1 h. Then, the mixture was transferred to the 96-well plates and incubated with cells at 37°C for 48 h. After that, the supernatant was removed, and substrate (Promega Bright-Glo luciferase Assay System, E2650) was added to the samples to read Fluorescence intensity. The IC50 value was calculated based on the previously published standard algorithm (23).



Western Blot

About 200 ng HPV VLPs were mixed with 5× SDS-PAGE non-reduce sample buffer (250 mM Tris–HCl, pH 6.8, 10% SDS, 0.05% bromophenol blue, 20% glycerol) and boiled for 5 min. For reduced HPV18 VLP, 5x SDS-PAGE reduce sample buffer (250 mM Tris-HCl, pH 6.8, 500 mM DTT, 10% SDS, 0.05% bromophenol blue, 20% glycerol) was added. The proteins were separated by electrophoresis on 10% SDS-PAGE gels, and the gels were then transferred onto a 0.45-μm PVDF membrane. (Bio-Rad, 10485196). The membrane was soaked in blocking buffer (2% BSA in PBST) at room temperature for 1 h, and then incubated with hybridoma supernatant or anti-sera at room temperature for 2 h, followed by three times of washing. A secondary antibody of anti-mouse IgG with an IRDye 800CW (Li-COR, 925-32210) was used and the immunoblots were visualized using an Odyssey Infrared Imaging System (LI-COR).



Identification of Antibody Isotypes

Mouse antibody isotypes were determined using mouse monoclonal antibody subtype identification Kit (Cellway-Lab, C030215), following the manufacturer’s protocol. In brief, a sample of evaluated antibody was added in the ELISA plate. After incubation and washing, the secondary antibodies specific for IgG1, IgG2a, IgG2b, IgG3, IgA and IgM were added. The high optical density (450 nm) suggests the right antibody isotype or subtype.



Flow Cytometric Analysis

293TT cells were transfected with the plasmid of p18sheLL to express VLP. Some 48 h later, cells were collected, fixed in formalin for 20 min, treated with 0.2% TritonX-100 for 10 min and then blocked in PBS with 1% FBS (PBSF) for 2 h. 2A12 and 8H4 were added and incubated for 1 h at room temperature. After washing twice with PBSF, binding antibodies were detected by an incubation at 4°C for 30 min with Alexa Fluor® 488-AffiniPure Goat Anti-Mouse IgG (H + L) (Jackson Immunoresearch, 115-545-146). After washing, the cells were resuspended in 500 µl PBSF and analyzed using ACEA NovoCyte TM (Agilent Biosciences) Nontransfected 293TT cells were served as a negative control.



Electron Microscopy and Immunogold Labeling

Immunoelectron microscopy (Immune-EM) of the HPV virion was performed as described previously (24). For staining, 10 μl HPV18 VLP was adsorbed on copper grids for 10 min. Afterward, the grids were blotted dry with filter paper and transferred facing down onto a drop of 2% BSA-PBS.10 min later, the grid floated on droplets including primary antibody for 1 h at room temperature, followed by the grids being rinsed on three drops of PBS in the same way. Then, an anti-mouse secondary antibody conjugated to 10 nm gold particles (Sigma G7652-.4ML) diluted 1:500 in 2% BSA-PBS was applied for 30 min. Following washing with PBS, the grid was negatively contrasted with 2% phosphotungstic acid (Macklin P829844-5g) by incubating at room temperature for 4 min. Finally, samples were dry and observed using transmission electron microscopy (JEM-2100).



Sequencing and Analysis of Mouse Ig Genes

Some 1 ∗ 107 hybridoma cells were collected and washed with PBS, then lysed with Trizol (Ambion, 15596018) to extract total RNA according to the manufacturer’s instructions. RNA was reverse transcribed to cDNA using PrimeScript™II 1st Strand cDNA Synthesis Kit (Takara, 6210A). The resulting cDNA was used as the template for amplifying heavy and light-chain variable gene using the Mouse Ig-Primer Set (Merck Millipore, 6983). The gene was then sequenced, adopting standard methods (25). The International ImMunoGeneTics Information System (IMGT) (http://imgt.cines.fr) was used to analyze the variable domain VH/VL. To confirm the sequences, the vectors of pCDNA3.4-VH-CH and pCDNA3.4-VL-CL containing the gene of VH and VL were constructed and co-transfected 293TT cells. The cell supernatant was then detected by ELISA as described above.



Antibody Humanization

The mouse IgG humanization was achieved by complementarity determining regions (CDR) grafting (26, 27). The sequence of 2A12 VH/VL were blasted against human heavy and light variable chain by using searches of IMGT/Domain Gap Align comprehensive database of Ig. Combined with the sequence analysis of the Molecular Operating Environment (MOE) and its three-dimensional structure from molecular modeling, critical diversity residues in the framework of 2A12 were identified. Then CDR grafted with humanized heavy and light chain were constructed by partly replacing critical diversity residues with human original residues. The combined expression of diverse designed humanized heavy and light chains resulted in multiple different pairings of humanized antibodies molecules. Pairing with the highest affinity and neutralizing activity were selected.



Quantification of Mouse IgG

The mouse IgG in serum or in hybridoma supernatant was quantified using double antibody sandwich ELISA. Briefly, the anti-mouse IgG (Sigma, M0659, Fab specific, F(ab′)2 fragment antibody produced in goat) was coated. After blocking, series gradient diluted sample and mouse IgG standards (0–100 ng/ml) were added as primary antibodies, while anti-mouse IgG (Fc specific)–peroxidase antibody (Sigma, A2554) was used as a secondary antibody. The linear regression curve of the mouse IgG standards was drawn, and the OD450 value was brought into the equation to calculate the mouse IgG concentration of each sample.



Biolayer Interferometry

The affinity of HPV18 specific antibodies was determined using the Octet RED96 instrument (Sartorius). Amine reactive biosensor (AR2G, 18-5092) was used to immobilize the HPV18 VLP. AR2G biosensors were activated for 7 min with EDC (400 mM)/NHS (100 mM), and then immersed 15 min in HPV18 VLP which was diluted in pH 5.0 10 mM sodium acetate buffer. Transfer the sensor to ethanolamine for 7 min and then to 0.02% PBST for affinity assay. The kinetics assays were performed with a shaking speed of 1,000 rpm. Association with HPV18 VLP specific antibodies was measured for 4 min and dissociation in 0.02% PBST for 4 min. The affinity analysis was performed using a fast 1:1 binding model and the Data analysis software 8.0 (Sartorius).

The epitope-binding assay was performed with AR2G biosensor following the manufacturer’s protocol ‘in-tandem assay’. The immobilization of antigen was performed as above described, and then associated the first antibody (20 μg/ml) for 400 s following with the baseline step with 30s immersion in 0.02% PBST. Accordingly, the sensors were immersed for 400s with a second antibody at 20 μg/ml. Graph Pad was used to illustrate the time-response course of two antibodies binding to HPV18 VLP.



Preparation of Antibody Hydrogel and In Vitro Release Kinetics

To generate a hydrogel formulation contained antibodies, Hu2A12 was diluted in sterile ddH2O at a final concentration of 1 mg/ml. Subsequently, 70 mg Hydroxyethyl cellulose (HEC, Macklin, H810926) was added to the 1 ml above antibody solution containing Hu2A12, which shook for 1 h at room temperature, accordingly, 7% (wt/vol) HEC hydrogel containing antibodies was prepared.

For drug release studies, 7% HEC containing Hu2A12 labeled with FITC (hu2A12-FITC) was prepared (28–30). Transwell (NEST, 725301) inserts perforated with ten 22-G needle were used as filters. About 300 μl hydrogel was applied onto the insert membrane, followed by a gentle addition of 0.5 ml PBS. Some 1.5 ml PBS was applied to the lower chamber. About 100 μl aliquots in the lower chamber were transferred to a black 96-well plate (Greiner, 655076) and made up by 100 μl fresh PBS at the indicated time. Hu2A12 labeled by FITC was quantified by fluorescence at 485 nm excitation wavelength and 525 nm emission wavelength using a fluorescence multi-well plate reader (Molecular Devices M3). In vitro cumulative percentage release was calculated using the formula as below:

	

	



Neutralization Activity Under Acidic Conditions

To apply the antibodies under acidic conditions, we firstly detected the neutralization activity of Hu2A12 in the media of pH 4, 5, 6, and 7. The complete DMEM media was adjusted with acidic acid to pH 4, 5, 6, and 7. The neutralization assay was similar to the ‘HPV neutralization assay’ as described above with some changes as follow. Both antibodies and pseudovirus were diluted in corresponding acidic media. Four hours after adding the mixture of antibodies and pseudovirus in the seeded cells, the acidic media was replaced with conventional media to avoid the cells from acid toxicity. Some 48 h later, neutralizing activity was measured.

The Hu2A12 released from vaginal hydrogel was evaluated for neutralization activity. Sodium acetate buffer (pH5.0) was applied as an antibody released buffer to mimic the acidic environment of the vagina. About 1.5 fold volume of acidic buffer was added to the antibody hydrogel, making the gel disintegrated completely in 37°C, which was maintained for 72 h. At 24 and 72 h, the released antibodies were sampled for neutralization assay.



In Vivo Retention of Antibody Hydrogel in a Mouse Model

Hu2A12 was labeled with far infrared dye YF®750 SE (US EVERBRIGHT INC, YS0056) (named Hu2A12-750). Nine female nude mice (18–22 g, Qing Long Shan Animal Breeding Grounds, Nanjing, China) were divided into three groups. Three mice in Group 1 were intra-vaginally treated with 50 μg Hu2A12-750 hydrogel, while three mice in Group 2 were injected with 50μg liquid Hu2A12-750 in the same way. The remaining three mice were used as negative control. Far infrared images were observed at 15 min, 4 h, 8 h, 24 h and 48 h with a small animal imaging system (NightOWL LB 983 NC100) at Ex: 740 nm/Em:780 nm. Images were captured by the CCD camera embedded in the imaging system and analyzed using Indigo imaging software Ver. A 01.19.01.



Statistics

Graphs were generated by GraphPad Prism 5.01 software or OriginPro 8.5 software (Origin-Lab). One- or 2-way ANOVA was performed for group comparisons. P <0.05 was considered statistically significant with data shown as mean ± SEM or mean ± SD or median + range.




Results


Generation of Anti-HPV18VLP mAbs

Balb/c mice were immunized with HPV18 VLP generated in 293TT cells as depicted in Figure 1A. High titer (ranging 1.0–9.8 × 106 dilution) anti-sera from five immunized mice specific for HPV18 VLP protein was achieved after the third immunization (Figure 1B). M1 mouse with the highest anti-serum titer was sacrificed for the hybridoma production. 1223 hybridoma supernatants, including 3,810 clones, were evaluated for the binding with HPV18 VLP protein, and, among them, 106 positive supernatants were scored as high positive (OD450 nm >1.0) for HPV18 VLP binding, yielding an overall hit rate of 8.7% (Figure 1C). Specially, hybridomas with high antigen binding were advanced for further subclone. Supernatants of seven mAbs were screened for preliminary neutralization assessment against HPV18 infection. Two monoclonal antibodies (named as 2A12 and 8H4) showed 100% inhibition against HPV18 infection (Figure 1D), and were selected for further characterization. 2A12 and 8H4 belong to IgG1 and IgG2b subtypes, respectively, as characterized by a subtyping kit (Figures 1E, F). Overall, Two mAbs with complete inhibition of HPV18 infection were isolated.




Figure 1 | Generation of mAbs against HPV18. (A) The experimental schedule of immunization. (B) The titer of anti-sera was evaluated after the 3rd immunization in mice receiving HPV18 VLP. Y-axis represents the absorbance at 450 nm, and X-axis is the anti-sera dilution fold. Anti-sera from five immunized mice labeled with M1-5 were tested, and serum from non-immunized mice (Blank) were taken as a negative control. M1 presents the best binding (red line), a titer of 9.8 × 106 dilution as indicated by #. (C) The summary of hybridoma supernatant binding with HPV18 VLP astested by ELISA. Each dot represents the binding of the supernatant from one culture well containing at least one hybridoma. Two dots, shown by red circle, indicate the parental clones of 2A12 and 8H14, respectively. (D) Top seven binders in (C) inhibiting HPV infection, each dot represents one hybridoma supernatant. Cell supernatant and heparin were taken as negative and positive controls, respectively. Two clones present complete inhibition were highlighted with red frame line. Subtype of 2A12 (E) and 8H4 (F) was tested by Subtype identification kit. Data of (B, D–F) represent mean ± SEM. All experiments of (B–F) were repeated twice.





Binding Characterization of Downselected Antibodies

To further characterize the selected monoclonal antibodies, purified 2A12 and 8H4 were prepared and verified by SDS-PAGE (Figure 2A). ELISA results showed that 2A12 and 8H4 exhibited high binding with HPV18 VLP with EC50 values of 357 and 100 pM, respectively (Figure 2B). The binding of 2A12 and 8H4 to whole VLP was investigated by immune-electronic microscopy (Immune-EM). Dark dots of 10 nm colloidal gold particles conjugated with 2A12 or 8H4 but not the murine antibody (isotype control) surrounded the outer region of VLP, indicating that 2A12 and 8H4 recognized the HPV18 VLP (Figure 2C). 2A12 and 8H4 showed no reactivity with reduced HPV18 VLP as detected by Western-Blot (Supplemental Figure 1), suggesting that 2A12 and 8H4 epitopes are highly structure dependent. 2A12 and 8H4 were next evaluated for epitope specificity by bio-layer interferometry (BLI) using HPV18 VLP proteins as capture antigens. The antigens captured on AR2G biosensors were bound saturate concentrations (20 μg/ml) of 8H4 that were followed by 2A12 as the competing antibody at a concentration of 20 μg/ml. Only antibodies that bind to a non-competing site would be detected in the assay. The results revealed that 2A12 could still bind HPV 18 VLP even when HPV18 VLP was saturated by 8H4, suggesting that 2A12 and 8H4 react with distinct epitopes (Figure 2D). Purified 2A12 and 8H4 were further analyzed for HPV18 VLP binding kinetics by BLI. 2A12 and 8H4 bound HPV18 VLP with KD values of 2.14 and 1.68 nM, respectively (Figures 2E, F). In summary, 2A12 and 8H4 recognize quaternary and non-overlapping epitopes with high affinity.




Figure 2 | Characterization of 2A12 and 8H14. (A) The purity of 2A12 and 8H4 was determined by SDS-PAGE under non-reducing (NR) or reducing condition (R). (B) Serially diluted 2A12 and 8H4 monoclonal antibody binding with HPV18 VLP was analyzed by ELISA. Data represent mean ± SEM. (C) Immune electronic microscopy negative staining image showing HPV 18 VLPs recognized by 2A12, 8H4 and isotype control as indicated. The insets are enlarged images of individual VLP as indicated by corresponding arrows. Black dots are antibody conjugated with 10 nm colloidal gold particles. Gray circles with the white ring are the VLPs. The bar indicates 100 nm. (D) Epitope specificity analysis of 8H4 and 2A12 by BLI. HPV18 VLP was coated on the sensor, 8H4 antibody was added to bind for 400 s, followed by the addition of 2A12 for another 400 s. Kinetic binding curve of 2A12 (E) and 8H4 (F) with HPV18 VLP. Binding curves are colored black, and fit of the data to a 1:1 binding model is colored red. All experiments were repeated twice.





Binding Specificity of 2A12 and 8H4 With HPV VLPs

The cross-reactivity of 2A12 and 8H4 against VLPs from nine common types of HPV, including HPV6, 11, 16, 18, 31, 33, 45, 52, and 58 was examined by ELISA, cell immunofluorescence and flow cytometry. ELISA showed that 2A12 and 8H4 reacted only with HPV18 VLP (Figure 3A). The specific binding was further validated by cell immunofluorescence and flow cytometry (Figures 3B, C). Altogether, these results indicate that 2A12 and 8H4 recognize respective epitopes that only present on HPV18 VLP.




Figure 3 | Characterization of binding specificity of 2A12 and 8H4. Analysis of 2A12 (A) and 8H4 (B) binding with VLPs derived from various subtypes of HPV by ELISA. Data represent mean ± SEM. (C) 2A12 and 8H4 binding with various subtypes of HPV VLPs detected by immunofluorescence assay. Isotype control antibody (Isotype) was taken as a negative control. (D) 2A12 and 8H4 binding with various subtypes HPV VLPs detected by FACS. All experiments were repeated twice.





2A12 and 8H4 Exhibited Excellent Neutralizing Potency Against HPV18

To examine the neutralizing activity of 2A12 and 8H4, HPV pseudovirus neutralization experiments were performed. 2A12 and 8H4 were able to completely neutralize HPV18 infection with high potency at IC50 of 0.44 and 0.86 ng/ml, respectively (Figures 4A, B). Expectedly, 2A12 and 8H4 failed to neutralize the infection of any other eight common HPV subtypes (Figures 4C, D), consistent with their binding specificities (Figure 3). Heparin (H4784, Sigma-Aldrich), a drug used in the treatment of HPV infection (31), was used as the positive control with an IC50 of heparin at 1.82 × 105 ng/ml. In other words, compared to the heparin control, 2A12 and 8H4 exhibited at least five orders of magnitude more potent neutralizing activity against HPV18 infection.




Figure 4 | Neutralization activity of 2A12 and 8H4. (A) Neutralization activity of mAbs and mouse sera against HPV18 pseudovirus infection. Heparin was taken as a positive control and heparin ×100 represents that the concentration of heparin in use is the indicated concentration at X axis multiply 100 fold. (B) Summary of the neutralization titers (IC50, IC80 and IC90) against HPV18 pseudovirus infection. Neutralization activity of 2A12 (C) and 8H4 (D) against the pseudovirus infection of various HPV subtypes. Data represent mean ± SEM. All experiments were repeated twice.





Functional Activity of Humanized 2A12

Given that 2A12 exhibited more potent neutralization against HPV18 infection with IC90 of 2.63 ng/ml compared to that conferred by 8H4 with IC90 of 35.78 ng/ml (Figures 4A, B). As a murine antibody, 2A12 will pose potential risk of immunogenicity when applied in human use and, therefore, needs to be humanized for clinical development. Surprisingly, humanized 2A12 (Hu2A12) exhibited improved binding with HPV18 VLP with an EC50 of 74.92 vs 492 pM for the parental 2A12 (Figure 5A). Consistently, Hu2A12 exhibited improved neutralization activity against HPV18 with an IC50 of 0.11ng/ml as compared to 2A12 with an IC50 of 0.44ng/ml (Figure 5B). The improved binding and neutralization activity were substantiated by the increased affinity of Hu2A12 to HPV18 VLP, with the KD of 0.95 nM vs. 2.1 nM for 2A12 (Figures 2D, 5C). Together, these results indicate that Hu2A12 has higher affinity and improved neutralization potency than the parental antibody (Figures 5B).




Figure 5 | Characterization of humanized 2A12. (A) ELISA analysis of the reactivity of 2A12 and humanized 2A12 (Hu2A12) with HPV18 VLP. PBS binding with sGn served as a control (Blank). Data represent mean ± SEM (B) Neutralization activity of Hu2A12 against HPV18 pseudovirus infection. Data represent mean ± SEM. (C) Kinetic binding curve of Hu2A12 with HPV18 VLP. Binding curves are colored black, and fit of the data to a 1:1 binding model is colored red. (D) Neutralization activity of Hu2A12 against HPV18 pseudovirus infection under various pH. Different color curves represent different pH. (E) The summary of the neutralization titers (IC50, IC80 and IC90) against HPV18 pseudovirus infection in (D). Data represent mean ± SEM. All experiments were repeated twice.



Given the fact that vaginal environment is acidic and HPV neutralizing antibodies topically applied must sustain the degradation, the potency of Hu2A12 against HPV18 in various acidic pH settings was evaluated. IC50 values in pH 4.0, 5.0, 6.0 and 7.0 were 0.77, 0.134, 0.08 and 0.04 ng/ml, respectively (Figures 5D, E), showing the decreasing trend as the pH dropped though still highly potent with an IC50 of 0.77 ng/ml at pH4.0 (Figures 5D, E). Given the pH values ranged from pH 4.0 to 6.0 in the vaginal cervix (32), such acidic environment may have a limited impact on the neutralizing activity of Hu2A12. Together, these data indicates that Hu2A12 could retain neutralizing activity as a topical agent for the treatment of HPV cervical infection.



In Vitro and In Vivo Characterization of Hu2A12-Hydrogel Formulation

Hu2A12 was formulated in hydrogel as a topical agent to increase vaginal retention and improve release. Hu2A12 in the hydrogel was completely released within 48 hours and the released Hu2A12 retained comparable neutralizing activity, indicating that Hu2A12-hydrogel could be applied to treat HPV18 infection as vaginal biopharmaceutical agent (Figures 6A, B). To measure the kinetics of Hu2A12 in the form of hydrogel, hydrogel containing 2A12 was applied to mouse vaginal and the release of Hu2A12 was monitored at various time points. Hu2A12 could be observed in mouse vaginal within 48 h (Figures 6C, D), consistent with the released results of in vitro experiment as shown in Figure 6A. H&E-stained vaginal tissues of the above mice showed that Hu2A12 in hydrogel did not induce infiltration of inflammatory cells in the vaginal sections compared to the Mock control (Figure 6E), suggesting that Hu2A12 in hydrogel induced no toxic to vaginal tissue as topical agents. Altogether, Hu2A12-hydrogel could be released and retained anti-viral activity against HPV infection in the vaginal cervix.




Figure 6 | Characterization of Hu2A12 in gel. (A) The release of Hu2A12 in gel was determined at the indicated time. Data represent mean ± SEM. (B) Neutralization activity of Hu2A12 and Hu2A12 released from the gel at 48 h (Hu2A12-48h). Data represent mean ± SEM. (C) Sequential in vivo imaging of Hu2A12-750 conjugated with dye YF750 injected into the vagina of nude mice. (D). Fluorescence intensity (ph/s) of mice shown in (C). Data represent mean ± SEM. (E) Representative vaginal sections of mice from Hu2A12 in hydrogel and Mock group in (B) were analyzed by H&E staining. The right panel is enlarged images as indicated by rectangle.Images were visualized under ×10 objective lens. All experiments of (B, D, E) were repeated twice.






Discussion

Current prophylactic HPV vaccines have achieved significant prevention against HPV infection. However, a large number of women still fail to receive prophylactic HPV vaccines due to various reasons, such as costs, availability, or nonresponding to vaccination. In 2018, there were 570,000 reported new cases and 311,000 related deaths, suggesting that effective medical treatment of HPV infection is urgently needed.

Persistent HPV infection is the main risk factor and a pre-requisite for the development of the premalignant conditions of cervical intraepithelial neoplasia or adenocarcinoma in situ. Therefore, neutralizing antibodies can be used to block the released virus from infecting nascent epithelial cells, thus inhibiting the malignant transformation of the cells. Neutralizing antibodies have been widely applied to treat viral infections caused by RSV, Ebola, HIV, SAR-CoV-2 etc. However, the development of HPV neutralizing antibodies is very rare. Thus our potent neutralizing antibody, Hu2A12, will be a potential candidate therapeutic agent for the topical treatment of HPV18 infection.

Considering the repeated cycles of HPV release and infection in the cervical basal epithelium, topical application of neutralizing antibodies will be a plausible approach to stop the HPV infection, thus preventing malignant transformation of the epithelium. Acid stable Hu2A12 will offer a valuable advantage for its application at the vaginal/cervical environment. In addition, the slow-release and the retention of bioactivity of Hu2A12 in hydrogel formulation offer additional benefits for using the antibody as a topical agent to treat HPV18 infection. Unlike vaccines, which usually take weeks to generate immune protection in vaccinated individuals, neutralizing mAbs as topical agents may provide immediate protection against viral infection, and are thus suitable for people at all ages and particularly suitable for high-risk populations and immunocompromised individuals who typically do not generate sufficient nAbs after vaccination. Furthermore, topical agents could release high concentration of potent neutralizing mAbs at the HPV infected sites compared to the systemic neutralizing mAbs elicited by HPV vaccine. In the developing world, even if the vaccines are available it would take many years to build up enough coverage of the populations under risk; therefore, in the foreseeable future women will continue to be infected and effective treatment drugs will be needed. Altogether, compared to the success in the prevention of HPV infection achieved by current licensed HPV vaccines, topical hydrogels containing anti-viral agents may provide immediate treatment for people without receiving HPV vaccines or who fail to mount antibody immunity after vaccination.

In this study, two potent neutralizing antibodies, 2A12 and 8H4 were isolated from hybridomas prepared from the mice immunized with HPV18 VLP. Both 2A12 and 8H4 could completely neutralize HPV18 infection with high potency with IC50 values of 0.44 to 0.86 ng/ml (Figures 4A, B). To our knowledge, these two antibodies are the most potent mAbs against HPV18 reported. Furthermore, 2A12 and 8H4 recognize distinct quaternary epitopes and exhibit highly specific binding with HPV18. Hu2A12 exhibited improved neutralizing activity against HPV18 infection and its neutralization activity was not affected in various acidic pH settings and in hydrogel (Figures 5D, E), suggesting that Hu2A12 can be a promising candidate for topical therapeutic agent against HPV18 infection.

Several topical therapies for HPV or CIN, including immune-modulators, anti-proliferative medications, antivirals, hormones, and herbal/alternative therapies are in various stages of clinical trial (11). Nevertheless, studies of antibodies as topical agents against HPV have been limited due to the difficulty in isolating antibodies with potent neutralizing activities, the challenge in delivering antibodies to the infection sites in the basal layer of the cervical epithelium and the efficacy of antibodies eliminating infected cells. The development of Hu2A12 will open a new therapeutic avenue for neutralizing antibodies as topical agents in treating other high-risk HPV infections such as HPV16, 31, 33, 45, 52, 58 etc.

The main limitation of this study is not evaluating the in vivo efficacy of Hu2A12-hydrogel in the treatment of HPV18 infection due to the lack of a suitable small animal model. Clinical trials demonstrated that robust neutralizing antibodies against HPV in serum and in cervicovaginal secretions were correlated to protection (33, 34), suggesting that human studies in the evaluating Hu2A12 as topical agents will be merited.

In summary, Hu2A12 with high neutralization potency against HPV18 was developed. The efficacy, delivery, safety, and accessibility of Hu2A12 were characterized, indicating that Hu2A12 will be promising as a topical agent to treat HPV18 infection.
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Recent years have witnessed a dramatic rise in interest towards cancer epitopes in general and particularly neoepitopes, antigens that are encoded by somatic mutations that arise as a consequence of tumorigenesis. There is also an interest in the specific T cell and B cell receptors recognizing these epitopes, as they have therapeutic applications. They can also aid in basic studies to infer the specificity of T cells or B cells characterized in bulk and single-cell sequencing data. The resurgence of interest in T cell and B cell epitopes emphasizes the need to catalog all cancer epitope-related data linked to the biological, immunological, and clinical contexts, and most importantly, making this information freely available to the scientific community in a user-friendly format. In parallel, there is also a need to develop resources for epitope prediction and analysis tools that provide researchers access to predictive strategies and provide objective evaluations of their performance. For example, such tools should enable researchers to identify epitopes that can be effectively used for immunotherapy or in defining biomarkers to predict the outcome of checkpoint blockade therapies. We present here a detailed vision, blueprint, and work plan for the development of a new resource, the Cancer Epitope Database and Analysis Resource (CEDAR). CEDAR will provide a freely accessible, comprehensive collection of cancer epitope and receptor data curated from the literature and provide easily accessible epitope and T cell/B cell target prediction and analysis tools. The curated cancer epitope data will provide a transparent benchmark dataset that can be used to assess how well prediction tools perform and to develop new prediction tools relevant to the cancer research community.




Keywords: cancer, epitope analysis, database (all types), neoantigen, bioinformatics



Introduction

Recent years have witnessed a dramatic rise in interest towards cancer epitopes, studies that have been greatly facilitated by the dramatic decrease in the cost of whole-exome and transcriptome sequencing, as well as advances in mass spectrometry that has resulted in the generation of large datasets of candidate T cell epitopes that are naturally processed and presented (1). This resurgence of interest is linked to the exceptional success of immune checkpoint blockade therapies that disengage immune suppressive mechanisms and enable cancer antigen-specific T cells to recognize and attack tumor cells expressing those antigens (2–4). Additionally, current research suggests that combining checkpoint blockade treatment and neoantigen-directed therapies, such as vaccines or adoptive T cell transfer, can enhance treatment efficacy (5). More recently, checkpoint blockade therapies have been expanded to the neoadjuvant pre-surgical setting, where the aim is to enhance systemic immunity against a broader set of tumor antigens to eliminate micro-metastatic tumors that would otherwise be the source of a relapse (6). Despite these advances, only a subset of patients benefits from these immunotherapies.

Comprehensively cataloging all cancer epitope-related data linked to the biological, immunological, and clinical contexts will aid in understanding the biological mechanisms associated with efficacy and developing more effective therapeutic approaches. In parallel, researchers need access to computational epitope prediction and analysis tools but also need resources to aid in objective evaluation of the performance of different predictive strategies.

There have been several recent efforts to address these needs. The TANTIGEN 2.0 database (7) contains curated epitope and ligand elution data for many different cancer antigens, such as neoantigens and differentiation antigens. However, TANTIGEN does not include peptides that were shown to be ineffective and also lacks any association with clinical data. Similarly, The Cancer Antigenic Peptide Database (https://caped.icp.ucl.ac.be) also only includes curated epitope data for several different cancer antigens. NEPdb (8) contains curated neoantigens but lacks any other types of cancer antigens. For cataloged neoepitopes, associated receptor information and clinical data are also provided if available. It is possible to query NEPdb for an epitope sequence of interest, but there is no option to search for receptors. dbPepNeo (9) only contains curated HLA class I restricted neoantigens and ligand elution data. Importantly, while all resources provide some basic tools to query the databases for cancer types and peptide sequences, it is not possible to perform specific and granular queries. These resources do also not allow the user to perform any predictions for peptides of interest.

To fill these gaps, we here describe the plans and blueprint to develop a new resource, the Cancer Epitope Database and Analysis Resource (CEDAR). CEDAR is envisioned as a comprehensive bioinformatics resource, which will provide access to curated cancer epitope data, including mutated and non-mutated cancer epitopes, and bioinformatics tools for epitope and receptor analysis and prediction. The work proposed here will build on the Immune Epitope Database (IEDB), in existence since 2003, fully operational and independently funded until at least 2025 by the National Institute of Allergy and Infectious Diseases (NIAID) (10). The IEDB’s focus is on allergy, infectious disease, transplantation, and autoimmunity but does not include cancer. Analogous to the IEDB, CEDAR will include all cancer-specific epitope data from various T cell and B cell experiments, MHC binding assays, and MHC ligandomics by mass-spectrometry. CEDAR will also include results from in vivo experiments such as tumor rejection and/or tumor control data. The granular curation of the data and the flexible query structure of CEDAR will allow the user to perform detailed queries to retrieve epitopes supported by different experimental data.

We believe that CEDAR will address an existing need because there is currently no comprehensive informatics resource available to the scientific community that stores data on cancer epitopes, the receptors that recognize them, and the immunological, clinical, and biological context in which they are recognized. In addition to a database of cancer epitopes, CEDAR will provide a set of analysis and prediction tools that will enable cancer researchers to predict putative epitope targets in a tumor sample of interest and also predict the likely specificity of T cell receptors (TCR) or B cell receptors (BCR) identified in single-cell sequencing data. CEDAR will also include benchmarking of existing epitope prediction tools and provide side-by-side comparisons of performance. The significance of these features lies in their utility for the broader community of cancer researchers. Currently, many cancer researchers are using the IEDB and its related tools to attempt to answer questions like this, which is suboptimal given that the IEDB was designed for applications outside of cancer (11).



Results


A Plan to Define the CEDAR Database Scope Based on the Salient Characteristics of Cancer Epitope Data and Metadata

Following initial interviews with cancer experts, we identified the elements relating to an epitope that should be captured in CEDAR (Figure 1), including seven main “field groups”, namely (1) related to the structure of the epitope, (2) the protein/antigen source from which the epitope is derived, (3) the host associated with the identified epitope responses, (4) the features of the tumor sample, isolate or model, (5) the effectors of the immune responses (both B and T cell responses), (6) the ability and modality of the effector responses to recognize the epitope and cancer cells, and (7) the source of the information that is captured. CEDAR will also identify whether the information captured is derived from a scientific publication, through a direct submission to CEDAR, or gathered from other online resources, and in each case, clearly state the provenance information.




Figure 1 | Summary of salient characteristics of cancer epitope data and metadata for CEDAR.





Structure and Antigen Source of the Epitope and Type of Cancer Mutations

Different fields and subfields were defined to enable capturing information in a granular yet searchable and accurate fashion. First, we designated fields to capture the amino-acid sequence of the epitope together with associated post-translational modifications such as phosphorylation and glycosylation. In the case of non-peptidic epitopes, such as, for example, CHO epitopes recognized by antibody responses or ceramides used to expand natural killer (NK) T cells, the structures are captured following the format of ChEBI (12) and PubChem (13) resources.

We next defined a set of fields to indicate the general characteristics of the antigen. Specific fields distinguish and classify mutated epitopes (neoepitopes), tumor-associated antigens (TAA) such as differentiation or tissue-specific antigens (e.g., Melan-A, PSA), overexpressed antigens (e.g., HER-2, Muc-1), or cancer-germline antigens (e.g., MAGE, NY-ESO1). For peptidic antigens encoded in the host genome, we defined subfields to capture the gene and protein names of the unmodified antigen, the type [e.g., a self-protein or endogenous retroelement antigens such as long terminal repeats (LTR) or endogenous retroviruses (ERVs) (14)], and its frequency and magnitude of expression in healthy tissues for different tissue and cell types, as well as developmental stages (15). For non-peptidic self-antigens such as carbohydrates or gangliosides, we defined fields to record their presence in different tissues. Similarly, for epitopes derived from non-self-tumor-associated antigens, specific antigens are captured (e.g., protein from HPV). We designated a final set of fields to capture normal properties associated with the antigen, such as subcellular location and involvement in biological functions based on GeneOntology (16, 17), and whether the antigen is a driver gene, known to be causally linked to cancer progression (i.e., oncogene, tumor suppressor gene). A set of subfields also captures expression in pre-malignancies and the frequency and magnitude of expression in various tumor types (18, 19) and cancer cell lines (20).

We designated a distinct but equally important set of fields to capture the type of cancer mutations in the source antigen and their impact on the antigen, including the mutation type, such as single or multi nucleotide variants, frameshift, or non-frameshift indels and chromosomal rearrangements. The effect of the mutation (coding: missense or premature stop codon, frameshift, synonymous; non-coding: splice sites, UTR or other), and the outcome of the mutation on the antigen, distinguishing dysregulated expression, functional impact of the mutation on source antigen (21, 22), structural localization of mutation impact (23), localization in functional domains (21, 24), and known or predicted surface accessibility (23) are captured in additional subfields.



Fields Related to the Host Organism

We designated a set of fields and subfields to capture the organism associated with the epitope response in terms of species (most references will either be related to human responses or tumor animal models, primarily mice or rats), age, sex, strain or ethnicity, and the major histocompatibility complex (MHC). A separate set of fields was defined to capture the general feature of the cancer, such as natural occurrence and known associated risk factors versus induced cancers (genetically engineered organism with spontaneous tumor, xenograft, cancerogenic treatment induced). Cancer classification and diagnosis are captured in designated subfields as well, including anatomical site, histology, tumor stage, and any type of pre-treatment. Additional subfields capture relevant characteristics of the host, such as microsatellite instability (MSI) and HPV status. If the subject from which the responses were derived was vaccinated, the specifics of such treatment are captured in terms of the vaccine antigen delivery format (synthetic peptide, mRNA, DNA plasmid, viral vector, and so on), adjuvant used, administration specifics, and formulation details. Additional fields were designated to capture other types of immunotherapies such as adoptive cell therapy (tumor-infiltrating lymphocytes (TIL) therapy, engineered TCR therapy, chimeric antigen receptor (CAR) T cell therapy, natural killer (NK) cell therapy), and checkpoint blockade therapy (e.g., anti-PD-1, anti-CTLA-4 therapy). If available, doses and dose sizes, information about targeted antigens, corresponding TCR sequences, 3D structures, and therapeutic interventions such as treatments with chemotherapy, radiation, surgery, or oncolytic viruses can be captured as well. Defined subfields will also capture clinical outcome, such as complete response, partial response, or cancer progression, and overall or progression-free survival, as well as reduction of tumor burden, change in tumor markers, and any adverse events of therapy, including autoimmune reactions.

We also designated fields to document the sample, isolate, or model associated with the source antigen of the epitope. Specifically, the sample nature (primary sample/short-term line vs. stable cell line), its occurrence (primary, metastasis, recurring), and whether the sample was obtained pre- or post-treatment. If available, tumor sample purity is also captured (from histology or predicted from sequencing data), as well as the overall mutational burden of the sample. Any available evidence for epitope/antigen expression in terms of frequency and magnitude of epitope/antigen expression in the sample is also documented. Importantly, CEDAR has designated fields to capture the evidence type for the epitope/antigen as detected in whole-genome, whole-exome, transcriptome, or targeted gene panel sequencing, together with the depth and coverage at the epitope site. In the event of a mutated antigen, details related to the mutation are stored, such as its origin (somatic/germline), tools that reported the mutation, read depth at the mutation site, and variant allele frequencies in the tumor DNA sample and RNA sample, if available. Supporting mass-spectrometry elution data are also be captured if available. A separate set of fields was defined to document features related to the tumor environment, including the presence of T cells and characterized subsets.

CEDAR will also include results from in vivo experiments such as tumor rejection and/or tumor control data. In such cases, details about the used mouse models or the patients from clinical trials will also be captured.



Fields Related to Capturing Immune Responses

CEDAR aims to capture the general features of the effector material, including the source of effector cells or antibodies, whether they were (ex vivo) T cells, short-term cultured or stable cell lines that were isolated from a tumor-affected host, or whether they were induced/engineered cell lines. Information related to antibody class and subclass and cell phenotypes, including CD4/CD8/NKT subset data and expression of phenotypic markers, is also captured. If available, corresponding TCR and antibody sequences, as well as 3D structures, will also be documented, considering the different levels of resolution associated with various techniques such as targeted sequencing of CDR3 regions and full-length TCR sequencing. We also designated subfields for possible synonymous TCR or BCR sequences encoded by different V(D)J sequences, with the opportunity to capture evidence of immunoediting or antigen loss, if available.

In addition to this, CEDAR also documents the specific assays performed to measure recognition. Examples include ELISPOT, intracellular cytokine staining (ICS) or tetramer assays for T cells, ELISA, antibody-dependent cell-mediated cytotoxicity (ADCC), and fluorescence assays for antibodies. A separate series of fields were defined to capture the effector mode of recognition, namely the capacity to recognize tumor cells directly, cell lines transfected with RNA, or cell lines pulsed with peptides. Particularly relevant for MHC class II-restricted responses is the curation of the type of antigen-presenting cell (APC) involved in the assay determination. A final and most crucial set of fields was defined to capture the results of the assessment, as available in qualitative (positive/negative) and quantitative (magnitude) terms. Importantly, the quality of negative controls associated with the assay, such as data related to MHC and antigen expression, will be carefully curated because a negative result is not valid if the MHC or antigen is not expressed. CEDAR will also capture the number of subjects tested/responded, the type of tested ‘target’, and in the case of mutated epitopes, whether both mutated and wildtype peptides were tested, and the associated outcomes.



Mapping Database Fields to Community-Supported Standards/Ontologies

In our planning and blueprint development for CEDAR, we have drawn on our experience operating the Immune Epitope Database (IEDB). Our extensive experience with the IEDB, which we initiated in 2003 and have been maintaining and enhancing over the past 18 years, has provided us with important lessons on what to do and, more importantly, what not to do when designing and maintaining an epitope database and analysis resource. By multiple metrics, the IEDB is a success, with >4,000,000 experiments characterizing >1,300,000 epitopes from >22,000 references curated; a monthly rate of >30,000 unique visitors, and over >3,900 citations per year (based on 2020 data). Importantly, even though the IEDB is currently not funded to respond to the needs of the cancer community, up to one-third of current IEDB users are applying its functionality in a cancer research setting. As part of our outreach activities, we have gathered requests from these users on how the IEDB could be improved for cancer researchers.

To accurately represent epitope information, the IEDB has developed a semantically well-defined data structure, which utilizes community-supported ontologies for most of its specific fields (Figure 2). The core of this data structure has proven to be remarkably flexible and robust, as it has been used to capture over 4 million assay records to date, enabling powerful aggregate queries on epitope information gathered in diverse settings. For example, for epitopes derived from viruses, the NCBI taxonomy is used to capture the particular virus that the epitope is known to originate from. This enables us to capture all synonymous names used to refer to that particular entity (“Human Papillomavirus 16” or “HPV16” or “Human Papillomavirus type 16”). It also allows storing and querying for information at different levels of granularity, such as obtaining all epitopes derived from viruses in the genus “Alphapapillomavirus” or specifying that an epitope was found in a particular isolate of HPV16. As other knowledge resources use the same NCBI taxonomic framework to represent organisms, it makes our data FAIR (findable, accessible, interoperable, and reusable) (25), which is particularly important for the (re-)use of IEDB data by the broader science community (26).




Figure 2 | IEDB high-level structure and ontological backbone.



We plan to follow the same paradigm in CEDAR and will ensure that each database field can be mapped to an accessible, community-supported ontology. For fields where the scope overlaps with the IEDB, the same standards can simply be re-used. For database fields that are specific to cancer, standards/ontologies will need to be identified to curate them accurately. We have already identified the need for additional cancer-specific disease terms, including disease states and stages. Disease states will continue to be described using Disease Ontology (DO) (27) terms, which will be expanded and refined to include all cancer terms. Additionally, all cancer-related disease terms will be grouped under the parent term ‘neoplasm’, which aligns with the classification of cancers in the National Cancer Institute Thesaurus (NCIT) (28). Similarly, the NCIT terms will be used to specify cancer stages and link these terms to their official NCIT definitions and identifiers. Our team is proficient in working with vocabulary providers and standardization efforts, and we will enthusiastically embrace recommendations and/or participate in efforts to develop data standards within the ITCR and general cancer research community.



Development and Implementation of a Web-Enabled Query and Reporting Interface

One of the challenges for biomedical community databases is to ensure that the query interfaces are intuitive and that the generated reports provide understandable and scientifically accurate results. An initial design for the CEDAR web query interface (Figure 3) focuses on making the most requested pieces of information immediately accessible. This query interface shares fields with those present in the IEDB for epitope structure, host, assays used to characterize the response, and MHC-restriction. At the same time, it enables the direct query for the source of the epitope as it is relevant to cancer, namely source antigen, neoplasm, immune response induction, and treatment. We anticipate adding antigen subtypes, a characterization of the neoplasm/tumor, the ability to select methods used to induce immune responses, and information on the treatment a host was undergoing. It will, for example, be possible to search for all epitopes in a given cancer type or epitopes associated with a specific mutation or gene of interest. The granular curation of the data and the flexible query structure of CEDAR will allow for example to retrieve data related to either natural presentation, recognition of synthetic antigens or both. More detailed searches will also be possible, such as searching for a specific type of assay or for instances where a specific type of treatment occurred.




Figure 3 | Draft of cancer-specific query interface for CEDAR web portal. Highlighted in light blue are areas that include cancer-specific search parameters not present in the current IEDB interface.





Background on the IEDB Curation Process

To identify and curate relevant publications that contain experimental cancer epitope data, CEDAR will utilize the validated curation approach established and optimized for the IEDB and modify specific steps where required. Over the last 18 years, we have developed, implemented, and continuously optimized the process to identify relevant journal articles for the IEDB and extract information from them, as outlined in Figure 4. Scientific literature is constantly monitored by querying the PubMed database on a biweekly basis with broad keyword queries, purposely designed to be comprehensive, in order to retrieve a broad universe of papers that should include all references describing immune epitopes. Over time, these specialized, broad queries have selected over 244,000 references from over 32 million papers available in PubMed.




Figure 4 | Workflow for identifying curatable journal articles.



Based on the abstract, automated text classifier tools and human experts then narrow these references down to those with likely relevance (29–31). The criteria for passing this initial selection require that the reference is within the scope of the database, provide novel data (for example, review papers and use of epitopes as a mere marker or tag are excluded), and describe the epitope molecular structure in sufficient detail and granularity (reports of simple reactivity against whole proteins or undefined structures are excluded). Following these determinations, the reference is classified as “relevant”, and further subdivided into a specific disease category. The full text of relevant articles is then retrieved and assigned to a doctoral-level curator who extracts the data and enters it into the IEDB database curation system. The curated records are peer-reviewed, and once accepted, become visible to the public. The general curation processes are described in detail in previous publications (30, 32–34) and have been continuously adapted as new assay types are established, as has been done to capture receptor data from high throughput sequencing (35).



Development of a Prioritized Queue of Cancer-Related Articles for Curation

In preparation for cancer curation, papers that contain curatable epitope information as part of the IEDB curation workflow were further categorized by the use of automated text classifiers (29–31, 36) and manual inspection, in broad primary classes (Cancer, Infectious Diseases (excluding HIV which is curated by the Los Alamos database), Allergy, Autoimmunity, Transplantation and “Other”. The percentage of references classified in each of these broad categories is shown in Figure 5. Cancer references account for 10.6% of all identified and curatable epitope references. These references were further subdivided into a set of 20 subcategories, grouped as a function of similar antigens and/or cancer types. The most frequent category is melanoma antigens (MAA, 20%), reflecting the prominence of these antigen types in immunological investigations. Other frequent categories are carbohydrate antigens such as Lewis and related antigens (LEWIS, 3.3%), and popular antigens such as mucin (5.5%), Her2 and associated antigens (6.4%), MAGE and associated antigens (4.8%), prostate associated antigens (PROS, 4.0%), p53 (2.6%), antigens associated with lymphoid cancers (LEU, 5.6%), and CEA (2.1%). Neoepitope references were classified separately and presently account for only 5.0%; however, the number of papers in this category has been rapidly rising in recent years.




Figure 5 | Breakdown of classified and curatable references.



In addition to this, we plan to inspect and broaden the initial PubMed query by adding keywords to ensure we capture all cancer epitope-specific articles. Our automated document classifier will be re-trained to specifically identify articles that contain cancer epitope-specific information, as we have done for other categories before. Different categories will be addressed in a sequential fashion. Our current first priority for curation includes neoepitopes and T cell epitopes associated with melanoma, breast, and prostate cancers, as these are among the most frequently studied in basic investigations and clinical trial settings.



Curating Previously Identified Relevant Cancer Articles With Immune Epitope Data

To begin curation of cancer epitope literature, curators will follow the curation rules encoded in the IEDB curation manual, a living document (37), which will be expanded and customized for CEDAR. In brief, for each epitope entered into the database, the structure of the epitope, i.e., an amino acid sequence for peptidic epitopes and a chemical structure for non-peptidic epitopes, is described. If the epitope is naturally occurring, the protein and organism from which the epitope was derived are also entered; for example, the human melanoma antigen recognized by T cells 1 (MART-1) protein. Additionally, all experimental assays in which the epitope was studied are added as T cell, B cell, or MHC ligand assays. The details of each assay include information such as the host, whose immune response was studied, the disease state and stage of the individual, the type of effector cells (CD8+ T cells) or antibodies (monoclonal IgG1) being studied, and the assay method (ELISA, flow cytometry, etc.) that was utilized. Curation also captures the sequences of the epitope-specific TCRs and BCRs.

Curators capture data by entering it into dynamic and interactive web forms designed to optimize productivity and to ensure accurate and consistent data entry. This curation interface enforces curation rules as the curator enters the data, which takes advantage of the ontology-based data structure on a per-field basis. Once the curator has completed entering the data, additional validation rules that cross-compare the content of different fields are checked by the system prior to allowing the curation to be submitted. Just as development will be required on front-end user interfaces to support cancer-specific query and reporting better, the back-end curation system will also require development to allow for appropriate data entry. This system will be updated in coordination with the query and reporting interface development described above and based on the outreach feedback described below.



Curated Cancer Epitope Datasets for Benchmarking Epitope Prediction Tools

The following sections describe the benchmarking, improvement and development of epitope prediction methods. The results epitope predictions will lead to validation experiments determining which epitopes are actually of biological significance, which is arguably the ultimate goal. These results will, in a recursive modality, be fed back into training of epitope predictions, leading to increased prediction accuracy and significance.

Multiple computational tools and pipelines have been developed to predict cancer epitopes in the scientific community (38). The comprehensive sets of epitopes curated in CEDAR can be used to evaluate the performance of these tools. These benchmarking results will inform tool developers on the most valuable prediction approaches and tool users on which tools they can most rely on. Moreover, the epitope datasets created in this process will be valuable for the broader community in developing new tools. Since many of the tools evaluated will have been trained on subsets of existing data, ‘live benchmarks’ will also be implemented, which consist of automated pipelines that run predictions on epitope datasets just before they are released in CEDAR. We have previously implemented such ‘live-benchmarks’ for MHC class I (39) and MHC class II (40) binding predictions in the IEDB, and the framework established for these is easily expandable for CEDAR.

We previously performed a small benchmark on the predictability of cancer T cell epitopes with different prediction approaches (41). More comprehensive studies can be performed by taking advantage of the curation activities described above, which will already have translated the free text information from journal articles into a structured format. The granular curation in CEDAR will allow to distinguish different datasets, such as peptides shown to i) bind MHC, ii) be naturally processed and presented by MHC, iii) be recognized by T cells when provided as a synthetic antigen, and iv) be recognized by T cells as part of a tumor cell. Providing separate datasets for separate biological questions makes it easier for tool developers and users to communicate what a specific algorithm was trained and evaluated on.

We plan to extract these datasets focusing on high-quality experimental records and will make them accessible in formats that can be easily parsed with commonly utilized machine learning algorithms and data analysis packages. We plan to add columns containing additional factors that can help in the predictions. For example, based on the tumor type, the expression level of different source antigens can be estimated using National Cancer Institute (NCI) databases such as cBioPortal (19, 42) and the GDC Data Portal (43), even if that expression data is not specifically measured in the original experiments.



Development of Novel Tools to Predict Cancer Epitopes

While most methods for predicting cancer T cell epitopes evolve around MHC binding prediction, which is a necessary step for an epitope to be recognized by T cells, other factors, such as the abundance of the epitope (or its precursors) in the tumor and the availability of a TCR repertoire capable of recognizing the epitope, influence T cell recognition. A thorough assessment of the importance of these different features is required, and CEDAR will provide independent datasets continuously acquired over time through the above-described curation process. Here we describe features that have been considered by multiple investigators as drivers of differential immune recognition (11, 44–49).

We and others have performed analyses correlating measures of the abundance of an MHC ligand with its likelihood to be recognized by T cells (11, 46–48, 50). For cancer epitopes that arise from a mutation (neoepitopes), the abundance is expected to correlate with the frequency of the mutation in the tumor DNA, as well as with the RNA expression level. Our preliminary analysis of in-house data, as well as data recently published from the NCI (46), showed that the variant allele frequency in the RNA is significantly correlated with neoantigen recognition (Figure 6). Thus, including a measure of epitope abundance into machine learning methods is expected to improve cancer epitope prediction. Accordingly, for non-mutated cancer epitopes, the abundance of the associated source antigen, for example as measured by RNA-Seq or proteomic analysis, might improve epitope prediction and will be analyzed in detail.




Figure 6 | RNA correlation with neoantigen recognition.



The TCR repertoire is shaped by both central and peripheral tolerance. Specifically, T cells with receptors binding to self-peptides are expected to undergo apoptosis or adopt a regulatory phenotype. Thus, we and others have hypothesized that peptides with high similarity to host peptides have a lower likelihood to be recognized by T cells (44, 49, 51, 52). For cancer epitopes, the similarity to self-peptides is expected to be of particular relevance, given that - by definition - cancer epitopes are highly similar to host peptides. It will be important to develop metrics of peptide similarity that correlate best with peptide immunogenicity in a cancer epitope setting and determine if they improve the performance of epitope immunogenicity predictions (53). Furthermore, it has been hypothesized that, as TCRs have evolved to be cross-reactive for similar epitopes in order to provide protection from rapidly evolving pathogens (54, 55), cancer epitopes with similarity to pathogen sequences may be more immunogenic, and this similarity may correlate with clinical outcome (56). It was also suggested that neoantigens from driver genes are more likely to be recognized by T cells (46).

As entries in CEDAR will be linked to specialized databases that host such information, we will be able to easily access all information and include it in the training of machine learning methods. The Cancer Genome Atlas (TCGA), the Catalogue Of Somatic Mutations In Cancer (COSMIC) (57), and the Cancer Gene Census (CGC) (57) are all examples of databases that can be utilized to retrieve information about recurrent cancer mutations and whether a mutation is affecting a driver gene or not. Newly generated sets of experimentally validated T cell epitopes that will become available in CEDAR will allow users to assess specific hypotheses, such as mentioned above and in silico prediction pipelines in general, that were created and tested on limited datasets.

Using the newly curated datasets from CEDAR, different combinations of features can be included in training machine learning methods to optimize the prediction of epitope recognition (Figure 7). The model can be trained to predict any cancer-epitope related outcome, such as cancer epitope recognition in vitro or in vivo activity (such as tumor regression or experimental model outcomes). With more epitope data becoming available, we will regularly update classifiers and assess whether the data contains additional features (including specificity to TCRs) that might be of relevance for predicting cancer epitopes. We estimate that the size of the training data set made available through the CEDAR curation of approximately 1,770 references will equal at least 50,000 epitopes, based on a comparison of the current epitope count in the IEDB. This data set should be sufficiently large to explore multiple training strategies and features for consideration.




Figure 7 | Schematic of an Artificial Neural Network we could implement to learn determinants of Cancer Epitope Recognition.





Development of Cancer Epitope Analysis Tools

In our interactions with cancer immunologists and clinicians, it was pointed out that immunoinformatics tools to predict MHC binding and antigen-processing are not user-friendly, as they often require elaborate pre- and post-processing of input and output data to make them applicable in the cancer setting. We identified several recurrent operations involved in analyzing cancer epitopes, and we plan to create analysis tools that allow automation and integration into cancer epitope-specific pipelines.

Determining what neo-peptides are generated by a given mutation, for example, is non-trivial when complex mutations such as frameshifts or splicing variants are involved. We plan to provide tools to generate lists of overlapping n-mers to be included in experiments, given a mutation of interest (e.g., KRAS G12V or chr:12 341234 A<T).

It is also of interest to identify if a given mutation or peptide has already been tested for immunogenicity, and if so, in what context. CEDAR will be interlinked with specialized databases such as TCGA, COSMIC, the CGC, and dbSNP, as mentioned above. We plan to develop tools to retrieve all available information for a given mutation, including if a given peptide has already been described in CEDAR (as a cancer epitope) or the IEDB (e.g., for pathogen-derived epitopes) and whether it is found elsewhere in the host proteome. Another important analysis tool will provide MHC binding predictions for a set of mutated and associated wildtype sequences in the context of a set of MHC alleles.

Likewise, it is of interest to determine if TCR or BCR sequences have been described before. For CEDAR, all published cancer-specific receptor sequences and their recognized cancer epitopes will be curated. This combined database will provide a comprehensive list of receptor sequences and the epitopes they recognize. We have developed a ‘receptor lookup’ tool (58), which accepts the TCR β chain CDR3 sequence as an input, and identifies if TCRs with that exact sequence (or a highly similar one) have been previously characterized, and if so, what the previously identified epitope specificity is. This tool was designed to handle large input datasets, such as those generated by TCR repertoire sequencing experiments, and will annotate for each receptor if it has been found before and what epitopes it was previously reported to recognize in both cancer and other disease settings.




Discussion

Here we present our vision and “blueprint” to design and implement the Cancer Epitope Database and Analysis Resource (CEDAR), which will provide a comprehensive collection of cancer epitopes curated from the literature, as well as cancer epitope prediction and analysis tools. CEDAR will leverage our decades of experience from the development of the IEDB, which is fully operational and has been funded since 2003 through a contract from NIAID, with an extension to 2025. The IEDB focuses on allergy, infectious disease, transplantation, and autoimmunity but excludes cancer. Of note, the current Figures 1–3 reflect the initial prototype based on the direct result of the input received in the initial planning stages by our panel of experts. We however expect that these will evolve over time as the prototypes are implemented and additional feedback is received.

It is now well recognized that understanding the nature of cancer epitopes and their cognate receptors enables us to answer important scientific questions. For example, researchers are examining how the mutation and epitope load in a given tumor relate to the success of checkpoint blockade treatments (4). In addition to this, current research explores epitope-based vaccines and the transfer of epitope-specific T cells and TCRs for use in personalized therapies (4, 5, 59, 60). Epitopes recognized across different individuals provide ideal targets for more cost-effective, off-the-shelf immunotherapies, re-igniting interest in tumor-associated antigens. While mutation-based neoantigens have received considerable attention in recent years, the CEDAR initiative will also curate all data related to cancer-specific but non-mutated antigens, e.g. based on cancer-specific protein expression and processing variations, or cryptic antigens.

This interest is not limited to T cells, as several therapies also take advantage of defined antibodies and BCRs. Moreover, the ability to readily sequence TCRs and BCRs through single-cell sequencing studies of tumor tissues has provided an impetus to develop tools that facilitate the identification of tumor-specific T cells and B cells in these samples. To address these needs, CEDAR will provide a central, freely accessible catalog of cancer epitope and receptor data linked to the biological, immunological, and clinical contexts in which they were described. The ultimate goal is to come “full circle” and link epitope recognition and immunological readouts to outcomes of disease, treatment, and vaccination. We also aim to use these data to develop and evaluate machine learning-based epitope and TCR/BCR specificity prediction tools for the analysis resource component of CEDAR.

The CEDAR website will initially be developed based on our experience in translational cancer research, as well as feedback obtained from a diverse set of cancer experts. The website will enable intuitive and scientifically accurate cancer-specific queries and reports. This will be implemented by leveraging the existing IEDB database, curation, and query and reporting infrastructure, and expanding it to represent clinical and disease phenotypes beyond what is currently in the IEDB. Additional fields relevant to cancer will be accurately captured, such as different forms and histologies of cancer and associated immunological, biological, and clinical information. Based on our preliminary data, the modifications required in the IEDB infrastructure to enable CEDAR can be implemented in a period of 12 months. Once established, subsequent modifications to CEDAR will be driven by broader community feedback.

Curation of immune epitope data from literature, relevant to cancer immunology, will include B and T cell epitopes associated with cancer antigens, and in particular, naturally processed and presented epitopes recognized in the context of a tumor, such as the ones recognized by tumor-infiltrating lymphocytes. Epitope data gathered in immunotherapy studies, in human clinical trials and animal models, will also be captured along with the sequences of both naturally occurring and engineered cancer epitope-specific TCRs and BCRs.

Data related to cancer-specific HLA ligandomics analysis by mass spectrometry will also be prominently curated and displayed, as well as data demonstrating epitopes’ natural presentation on tumor cells. Currently, natural ligand data is already curated in the IEDB, and more than 872,001 eluted ligands are curated and accessible through the IEDB website. These data together with any cancer-specific data will be accessible through both the IEDB and CEDAR webpages.

The granular curation of the data and the flexible query structure of CEDAR will allow the user to extract the data most relevant for different queries. For example data related to natural presentation or recognition of tumor targets is arguably the most important whenever available, whereas recognition of synthetic antigens by T cells has frequently led to false positive results. The flexible query structure of CEDAR will allow to retrieve data related to either natural presentation, recognition of synthetic antigens or both.

CEDAR will curate all cancer epitope data obtained either in vivo or in vitro. Tumor rejection or tumor control data is one of the measures of activity of cancer epitopes and will be curated as such where available. Indeed, several studies have published data in mouse models and human clinical trials where the ability of individual cancer epitopes has been tested in vivo (61–65). Arguably, this is the most significant activity of a cancer epitope. A number of studies also previously reported T cell responses against cancer epitopes in vitro, which however did not result in clinical activity when tested in vivo (66–68). Furthermore, human studies (69, 70) and mouse studies (71, 72) have highlighted contradictions in the data on neoepitope recognition. As CEDAR will include data from both, in vitro and in vivo experiments, it will be possible to analyze any correlations between T and B cell responses in vitro and associated antitumor efficacy in vivo.

To the best of our knowledge, CEDAR would provide the first comprehensive and curated cancer epitope database in which the biological, immunological, and clinical context is captured with high granularity and is retrievable for analysis with ease and accuracy. Currently, none of the available repositories capture comprehensive cancer epitope information with the necessary granularity. CEDAR will provide query and reporting strategies specifically designed to meet the needs of cancer researchers to make cancer epitope data and metadata accessible. These strategies are designed specifically for CEDAR and will be developed in a timely and cost-effective manner, relying on the existing IEDB infrastructure, which is based on over 18 years of work experience and development.

Large efforts have been dedicated to developing novel approaches for improved prediction and/or identification of cancer neoepitopes (1, 41, 52, 56, 73–77). Each of these efforts proposed different features to complement HLA binding prediction to improve the ability of identifying cancer neoepitopes. However, these studies are highly heterogeneous in terms of data generation, validation techniques, and the generality of the obtained conclusions, further challenged by an often very limited sample size. The Tumor Neoantigen Selection Alliance (TESLA) has provided an attempt to address these issues by generating uniform data sets to be used by the community for prediction of neoepitope candidates with subsequent experimental validation (49). The main conclusion from this work was that immunogenic tumor epitopes ‘are those tumor peptides that have strong MHC binding affinity and long half-life, are expressed highly and have either low agretopicity or high foreignness’ (49).

CEDAR will further this kind of analysis and provide a validated set of cancer epitope prediction and analysis tools. Users will have access to implementations for published tools that currently have no web-accessible versions and, objective and transparent benchmarks of all tools will be performed using literature data that becomes available in CEDAR through ongoing curation efforts. In line with what has been the case for general T cell epitope prediction tools, the availability of comprehensive datasets within the IEDB and benchmarking has been pivotal for the identification of well-performing tools, excluding anecdotal results. Similarly, we expect that these properties of CEDAR will allow users to identify none-dataset specific properties and help move the field of cancer neoepitope prediction forward. Finally, new tools will be developed based on lessons learned from the benchmarks that include cancer-specific considerations, such as gene expression. Additionally, we aim to provide a tool that will compare the mutant and wildtype sequences in terms of their ability to bind cognate HLA molecules and trigger T cell responses when evaluating immunogenicity.

We will greatly expand the development, hosting, and availability of different strategies to predict the immunogenicity and clinical efficacy of cancer epitopes, as well as their potential as a surrogate marker of positive clinical evolution following cancer treatments. The availability of large, curated cancer epitope datasets, reference implementations of prediction approaches, and clear metrics of success is necessary to inform both the community of tool developers on what makes a tool useful and the community of tool users on which tool to use for their application. Users will be provided with unbiased, objective, and transparent evaluations of different epitope prediction tools side-by-side, with the code being made publicly available. Cross-comparison of prediction approaches on epitope datasets derived from cancer versus other diseases (infection, allergy, autoimmunity) will determine if there are predictable features of cancer epitopes that differentiate them from other epitopes.

As the CEDAR data will be hosted side-by-side with IEDB data, the resulting combined dataset will encompass all known epitopes and their TCRs and BCRs, regardless of disease context. This dataset will enable highly innovative analyses, namely the ability to identify TCR and BCR sequences with known (or inferred) epitope specificity from repertoire sequencing data. With the increasing ease of isolating and sequencing TCRs, the identified repertoire can be compared to the continuously growing database of known TCR:epitope:MHC interactions. This will allow identification of TCRs in tumor-associated T cells targeting known neoepitopes or tumor-associated antigens, as well as TCRs targeting viral epitopes (60, 78, 79). Some studies have reported enrichment of TCRs that recognize viral epitopes in TIL that could be cross-reactive, as well as TCRs capable of recognizing unmutated self-peptides expressed in normal tissue (80, 81), which could result in autoimmune side-effects of checkpoint blockade treatments. Ultimately, CEDAR will prove to be a powerful resource for the cancer community and will help advance cancer research and the development of effective cancer therapies.
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Background

Overexpression of nonmutated proteins involved in oncogenesis is a mechanism by which such proteins become immunogenic. We questioned whether overexpressed colorectal cancer associated proteins found at higher incidence and associated with poor prognosis could be effective vaccine antigens. We explored whether vaccines targeting these proteins could inhibit the development of intestinal tumors in the azoxymethane (AOM)-induced colon model and APC Min mice.



Methods

Humoral immunity was evaluated by ELISA. Web-based algorithms identified putative Class II binding epitopes of the antigens. Peptide and protein specific T-cells were identified from human peripheral blood mononuclear cells using IFN-gamma ELISPOT. Peptides highly homologous between mouse and man were formulated into vaccines and tested for immunogenicity in mice and in vivo tumor challenge. Mice treated with AOM and APC Min transgenic mice were vaccinated and monitored for tumors.



Results

Serum IgG for CDC25B, COX2, RCAS1, and FASCIN1 was significantly elevated in colorectal cancer patient sera compared to volunteers (CDC25B p=0.002, COX-2 p=0.001, FASCIN1 and RCAS1 p<0.0001). Epitopes predicted to bind to human class II MHC were identified for each protein and T-cells specific for both the peptides and corresponding recombinant protein were generated from human lymphocytes validating these proteins as human antigens. Some peptides were highly homologous between mouse and humans and after immunization, mice developed both peptide and protein specific IFN-γ-secreting cell responses to CDC25B, COX2 and RCAS1, but not FASCIN1. FVB/nJ mice immunized with CDC25B or COX2 peptides showed significant inhibition of growth of the syngeneic MC38 tumor compared to control (p<0.0001). RCAS1 peptide vaccination showed no anti-tumor effect. In the prophylactic setting, after immunization with CDC25B or COX2 peptides mice treated with AOM developed significantly fewer tumors as compared to controls (p<0.0002) with 50% of mice remaining tumor free in each antigen group. APC Min mice immunized with CDC25B or COX2 peptides developed fewer small bowel tumors as compared to controls (p=0.01 and p=0.02 respectively).



Conclusions

Immunization with CDC25B and COX2 epitopes consistently suppressed tumor development in each model evaluated. These data lay the foundation for the development of multi-antigen vaccines for the treatment and prevention of colorectal cancer.
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Introduction

Active immunization as a colorectal cancer treatment and prevention strategy offers several advantages to classic drug-based approaches. Vaccines are administered over a short period of time without the need for daily dosing. Vaccines that induce tumor trafficking Type I T-cells, including CD8+ T-cells, could be used in combination with immune checkpoint inhibitor therapy to potentially increase clinical responses. Immunologic memory is generated ensuring an adaptive cellular immune response poised to eliminate aberrant cells at the time they arise for prevention of disease recurrence or even primary prevention. Once primed by a vaccine, T-memory cells, are active for years and can be boosted periodically with further vaccinations. In addition, vaccines have been shown to be non-toxic (1).

There have been numerous clinical studies immunizing patients against proteins expressed in the colon with limited to no adverse events. Indeed, a single antigen vaccine targeting MUC-1 has progressed to clinical evaluation in patients with previous high-risk adenomas as a first attempt in colorectal cancer immuno-prevention (2). The vaccine was immunogenic, generating high levels of MUC-1 specific antibodies, and was safe with few reported adverse effects. However, studies in transgenic mouse models have shown that multi-antigen vaccines are significantly more effective in inhibiting the progression of pre-invasive to invasive cancer and preventing clinical disease than single antigen vaccines alone (3).

Vaccines have had remarkable success in preventing cancers of viral origin such as hepatitis B and human papillomavirus, in part because the vaccines targeted proteins that drive oncogenesis. That success is extending to cancer treatment. A human papillomavirus vaccine as a treatment partner with an immune checkpoint inhibitor resulted in increased clinical responses as compared to what would be expected with an immune checkpoint inhibitor alone (4). In order to extrapolate similar success to the prevention of colorectal cancer, we need well-defined, biologically relevant, immunogenic proteins that are important to maintaining the malignant phenotype and can be targeted in a multi-antigen vaccine. To identify colorectal cancer associated antigens, we focused on two major characteristics of the protein candidates. The first was overexpression of the protein in cancer as compared to normal tissues. Aberrant overexpression of a protein in the malignant state is a major mechanism by which that protein becomes immunogenic (5). The second characteristic was the importance of the protein in colorectal cancer growth. This importance could be assessed by the expression of the protein negatively influencing prognosis or that protein having an essential biologic function in colorectal cancer pathogenesis. We identified four candidates based on these and other characteristics described below; CDC25B, COX2, FASCIN1 and RCAS1. CDC25B is overexpressed in over 40% of colorectal cancers and in multivariate analysis is an independent predictor of poor prognosis (risk ratio for death 3.7 as compared to non-expressers) (6). The CDC25B protein phosphatase regulates the cell cycle by activating cyclin-dependent protein kinases (7). In pre-clinical models CDC25 is essential to proliferation of intestinal epithelial stem cells and overexpression could be an early alteration in colorectal cancer pathogenesis (7). COX-2 is overexpressed in a majority of colon cancers and overexpression is also linked with a poor prognosis (8). In a study of over 660 colon cancer cases, COX-2-positive tumors were associated with an increased cancer-specific mortality (multivariate HR, 2.12; 95% CI, 1.23-3.65) (8). In addition, over 50% of adenomatous polyps overexpress the COX-2 protein as compared to adjacent normal tissues (9). Overexpression of COX-2 correlated with increasing adenoma size and an increasing degree of epithelial dysplasia (9). FASCIN1 and RCAS1 have been reported to be overexpressed in 26% of colon adenocarcinomas and 100% of metastatic lymph nodes from colorectal cancer patients respectively (10, 11). Strong diffuse expression of FASCIN1 is associated with a worse prognosis as compared to patients with FASCIN1 negative tumors, p=0.023 (10). RCAS1 expression imparts a poorer prognosis for colon cancer patients and protein expression has been reported to induce apoptosis in tumor infiltrating lymphocytes (12).

Here we describe the antigenicity of these colorectal cancer associated proteins, identify T-cell epitopes suitable for inclusion in a vaccine, and demonstrate how a vaccine with two of the antigens, CDC25B and COX2, consistently reduced tumor development in two mouse models.



Material and Methods


Human Subjects

The colorectal cancer patients (n=50) ranged in age from 31-89 (median age 61), and 50% were female. Stage I (12%), stage II (24%), stage III (24%) and stage V (40%) patient sera were evaluated (purchased from Innovative Research). Volunteer donors (n=50) ranged in age from 23-84 (median age 52.7), and 32% were female (Puget Sound Blood Bank). All donors met criteria for blood donation. Sera were aliquoted and stored at -80°C until use. For IFN-γ-secreting-cell studies, peripheral blood mononuclear cells (PBMC) were obtained from either a single blood draw of 10 patients with colorectal cancer in remission and at least 30 days from the end of chemotherapy or by leukapheresis from 10 volunteer donors, all after informed consent. Cells were cryopreserved as previously described (13).



Identification of Antigens

We performed a literature search in PubMed with search terms “protein overexpression” and “poor prognosis” and “colorectal cancer”, using the following criteria to identify candidate vaccine antigens from the resultant proteins: (1) a greater than 20% incidence of overexpression in colon cancer, (2) a predictor of poor prognosis, and/or (3) a predictor of early disease recurrence, and (4) known biologic function in colon cancer pathogenesis. Four candidate antigens were selected for evaluation: CDC25B, COX2, FASCIN1 and RCAS1.



Evaluation of Antigen-Specific Humoral Immunity

Indirect ELISA was performed as previously described with the following modifications: recombinant proteins CDC25B, COX2, FASCIN1, and RCAS1 (Novus Biologicals) were diluted with carbonate buffer to a concentration of 1 µg/ml (14). Data are presented as antigen specific IgG in µg/ml. A sample was defined as positive when the serum IgG value was greater than the mean and two standard deviations of the control sera (n=50) evaluated for each protein. The cutoff was determined at 0.51 µg/ml for CDC25B, 0.63 µg/ml for COX2, 1.44 µg/ml for FASCIN1, and 2.12 µg/ml for RCAS1. ELISA results were validated by Western Blotting on individual strips of nitrocellulose as previously described with a sensitivity and specificity, respectively of 83% and 83% for CDC25B, 100% and 100% for COX2, 100% and 100% for FASCIN1, and 100% and 100% for RCAS1 (Supplementary Figure 1) (14).



Analysis of Peptide and Protein-Specific T-Cell Responses

Peptides predicted to promiscuously bind human MHC II were selected as previously described (15). Briefly, a combined scoring system using three widely available algorithms for predicting class II binding was used for the 15 most common MHC class II alleles (DRB1*0101, DRB1*1501, DRB1*0301, DRB1*0401, DRB1*0404, DRB1*0405, DRB1*0701, DRB1*0802, DRB1*0901, DRB1*1101, DRB1*1201, DRB1*1302, DRB3*0101, DRB4*0101, and DRB5*0101). For each available MHC class II allele, 20 peptide sequences (15-20mer) were initially selected solely based on the rank order of the predicted binding affinity. Scores (S) for each amino acid were summed up across the multiple MHC class II alleles from all three algorithms. The number (N) of MHC class II alleles for which each amino acid was predicted to have high affinity binding was counted. A rank score for each amino acid was defined as S x N. The following three algorithms were used for prediction of class II peptides derived from each protein sequence: SYFPEITHI (Institute for Cell Biology, Heidelberg, Germany), Propred (Institute of Microbial Technology, Chandigarh, India) and Rankpep (Harvard, Boston, MA).

Peptides chosen for evaluation encompassed at least 25% of the predicted high affinity binding regions of each protein and shared >75% homology with mouse (Supplementary Table 1). The peptides were synthesized and purified by high-performance liquid chromatography (>95% purity, Genemed Synthesis Inc). Human PBMC were evaluated by ELISPOT for antigen-specific IFN-gamma (γ) as previously described (16, 17). The ELISPOT used 10 µg/ml each of experimental peptide and the negative control peptide HIVp52 as well as 1 µg/ml of the corresponding recombinant protein (Novus Biologicals) and the positive controls of peptide pools for Cytomegalovirus, Epstein-Barr Virus and Influenza Virus (CEF; Anaspec) or tetanus toxoid (List Biological Laboratories). Human peptide T-cell lines were generated as previously described from volunteer donors demonstrating significant IFN-γ responses to the selected epitopes (18). The T-cell lines were assayed via IFN-γ ELISPOT using 1 µg/ml experimental recombinant protein (Novus Biologicals) and negative control recombinant protein Cyclin B (US Biologicals) and 10 µg/ml each of experimental peptides and the negative control peptide TRIP13-p104. Data for ELISPOTS are reported as corrected spots/well (cSPW) which is the mean number of spots for each experimental antigen minus the mean number of spots detected in no antigen control wells ± SEM.

Mouse splenic cells were evaluated by ELISPOT for antigen-specific IFN-γ secretion as published, except for the following modifications; splenic cells were incubated with antigens for 72 hours and spots were developed with the AEC substrate kit (BD Biosciences) (17). Data are reported as cSPW for individual antigens.



Animal Models and Cell Line

Animal care and use were in accordance with institutional guidelines. APC Min [Strain name: C57BL/6J-ApcMin/J] males, C57BL6/J females, and FVB/nJ mice were purchased from Jackson Laboratory and allowed to acclimate for one week before treatment. The offspring from mated APC Min males and C57BL6/J females were genotyped by PCR for the presence of the Min mutation using primers as follows: Wild-Type: 5’-GCCATCCCTTCACGTTAG-3’, Common: 5’-TTCCACTTTGGCATAAGGC-3’, Mutant: 5’-TCCTGAGAAAGACAGAAGTTA-3’. Both male and female mice testing positive for the Min mutation were included in the study and randomized into treatment groups. For the AOM model, FVB/nJ mice were treated with 10 mg/kg of AOM (Sigma-Aldrich) twice a week via intraperitoneal (ip) injection for six weeks (19). A power analysis determined that 4 to 8 mice/group would achieve a power of at least 93.8% to detect difference between groups. The mouse colon cancer cell line derived from an AOM induced tumor (kindly provided by Dr. David Threadgill), MC38, was validated by IDEXX testing.



Vaccination and Assessment of Tumor Growth

FVB/nJ, C57BL6/J or APC Min offspring were immunized subcutaneously at 6 ± 2 weeks of age with 50 µg each peptide in a pool per antigen with equal volume of adjuvant, PBS alone, or adjuvant alone. Complete Freund’s Adjuvant was used in the first immunization, followed by Incomplete Freund’s Adjuvant (Sigma-Aldrich) for subsequent immunizations for a total of three immunizations two weeks apart. Peptide vaccine boosters were given at 15-16 and 21-22 weeks of age. AOM treatments began two weeks after the final vaccine and mice were sacrificed at 26 weeks of age. APC Min mice were sacrificed at 16 ± 2 weeks. The entire colon from the AOM model or entire small intestine from APC Min mice were removed at sacrifice and cut longitudinally with dissection scissors. Fecal matter was washed off then tissues were fixed in formalin for a minimum of 24 hours. Intestinal tracts were removed from formalin and tumors were counted under a Nikon SMZ645 microscope by the same operator for each experiment.

For the tumor implant model, 4x104 MC38 cells were implanted subcutaneously in C57BL6/J mice 2 weeks after the final vaccine. Mice were monitored for tumor growth every 2-3 days using Vernier calipers as previously described (20). Mice were sacrificed upon reaching a cumulative tumor volume of 1200mm3 or if tumors developed ulcers. Depletion of CD4+ and CD8+ T-cells was performed as published (15). Briefly, 100 µg anti-CD8 or 250 µg anti-CD4 monoclonal antibodies (UCSF) were injected i.p for 3 consecutive days before the first vaccine. The treatment was repeated twice weekly until termination of the study. This regimen resulted in >95% CD4+ or CD8+ T-cell depletion. Tumor growth for all experiments is reported as mean (± SEM) tumor volume (mm3) (15).



Immunohistochemistry

Immunohistochemistry was performed on colon tumors from the AOM model as previously described (20). Briefly, the fixed sections cut from frozen blocks were blocked with 10% goat serum (Vector Labs) for 1 hour at room temperature then incubated overnight with rat-anti-mouse CD8 (clone KT15; 1:100; AbD Serotec) or rat-anti-mouse CD4 (clone 4SM95; 5 µg/ml; eBioscience). After extensive washing, the slides were incubated with Alexa Fluor 488 goat-anti-rat (Abcam; 1:500) for 1 hour at room temperature. Cover slips were mounted with Prolong Gold antifade with DAPI (Life technologies). Positive cells and DAPI stained nuclei were counted in three random high-powered fields per slide and expressed as a mean percent of positive stained cells of total cell counted.



Statistical Analysis

Model assumptions were checked using the Shapiro-Wilk normality test and by visual inspection of residual and fitted value plots. The unpaired, two-tailed Student’s t-test and ANOVA test was used to evaluate differences when normality was confirmed. When normality of the data was not confirmed, the non-parametric Kruskal-Wallis and Man-Whitney tests were used. Differences in tumor volume was determined by two-way ANOVA with a Dunnett post-test for multiple comparisons. A p value of <0.05 was considered significant (GraphPad Software, Prism v.8).




Results


CDC25B, COX2, FASCIN1, and RCAS1 Are Colon Cancer Antigens

To determine whether the chosen proteins were immunogenic, we evaluated whether a humoral immune response could be detected. IgG antibodies were detected at higher magnitude in colon cancer patients as compared to controls for all proteins. Significantly higher levels of CDC25B-specific IgG antibodies were observed in patients with colorectal cancer (median, 0.28 µg/ml; range, 0.01-3.34 µg/ml) as compared to volunteer donors (median, 0.20 µg/ml; range, 0.1-0.61 µg/ml; p=0.041; Figure 1A). Thirty-six percent of colorectal cancer patients and eight percent of volunteer donors were seropositive for this antigen. Serum COX2 IgG was significantly elevated in the patients (median, 0.447 µg/ml; range, 0-2.97 µg/ml) compared to the control (median, 0.21 µg/ml; range, 0.10-0.87 µg/ml p=0.023; Figure 1B). Forty-two percent of colorectal cancer patients and six percent of volunteer donors were seropositive for this antigen. FASCIN1-specific IgG levels were greater in colorectal cancer sera (median, 1.55µg/ml; range, 0-16.88 µg/ml) compared to control donor sera (median, 0.42µg/ml; range; 0.01-1.81 µg/ml; p=0.008; Figure 1C). Fifty percent of colorectal cancer patients and six percent of volunteer donors were seropositive for this antigen. Greater RCAS1-specific serum IgG was detected in patients (median, 3.11µg/ml; range, 0.03-13.07) as compared to the control (median, 0.39µg/ml; range, 0.01-2.03 µg/ml; p<0.001; Figure 1D). Sixty-two percent of colorectal cancer patients and no volunteer donors were seropositive for this antigen. Increased levels of IgG was positively correlated with increased stage of colorectal cancer for FASCIN1 (p=0.04) and RCAS1 (p=0.008) and no correlation was associated with CDC25B or COX2. Only increased FASCIN1-specific IgG levels in colorectal cancer was negatively correlated with the age of the donor (p=0.006). Both CDC25B-specific and COX2-specific IgG levels were higher in males than females (p=0.009 and p=0.010, respectively) whereas no difference between males and females were observed for FASCIN1 and RCAS.




Figure 1 | CDC25B, COX2, FASCIN1 and RCAS1 are colon cancer antigens. Serum IgG (µg/ml) from donors with colorectal cancer (CRC) or volunteer controls (control) for (A) CDC25B, (B) COX2, (C) FASCIN1 and (D) RCAS1 presented as violin plots, solid line at median and dotted lines at quartiles. *p < 0.05, **p < 0.01, ****p < 0.0001.





IFN-γ-Secreting Cells Specific for Both Peptide and Protein Antigens Can Be Identified in the Peripheral Blood of Colorectal Cancer Patients

We evaluated 13 putative class II epitopes derived from CDC25B, COX2, FASCIN1, and RCAS1 and corresponding recombinant protein for IFN-γ secretion using PBMC derived from colorectal cancer patients and volunteer donors (Supplementary Table 1). Significant IFN-γ secretion was observed in colorectal cancer patients after stimulation with the majority of epitopes (Figure 2A). The CDC25B recombinant protein (mean, 138 ± 35 corrected spots per well (CSPW), p=0.042), and peptides CDC25B-p130 (median, 112 CSPW; range 10-278 CSPW, p=0.035) and CDC25B-p405 (mean, 152 ± 35 CSPW, p=0.021; Figure 2A) induced higher IFN-γ secretion as compared to an irrelevant peptide negative control (HIVp52). COX-2-derived epitopes p81 (mean, 150 ± 36 CSPW, p=0.026), p279 (mean, 135 ± 33 CSPW, p=0.040), and p538 (median, 114 CSPW; range 3-322 CSPW, p=0.019) as well as the recombinant protein (mean, 171 ± 44 CSPW, p=0.002; Figure 2A) induced a greater IFN-γ response than the negative control. Only recombinant FASCIN1 protein (mean, 144 ± 29 CSPW, p=0.018), FASCIN1-p21 (mean, 142 ± 35 CSPW, p=0.035) and FASCIN1-p374 (mean, 158 ± 44 CSPW, p=0.036; Figure 2A) induced significant IFN-γ secretion in colorectal cancer PBMC. IFN-γ secretion was significantly increased when PBMC were stimulated with the RCAS1 recombinant protein (mean, 277 ± 42 CSPW, p=0.005) and peptides RCAS1-p8 (mean, 184 ± 50 CSPW, p=0.022), RCAS1-p91 (median, 372; range, 5-458 CSPW, p<0.0001), RCAS1-p126 (mean, 172 ± 43 CSPW, p=0.019) and RCAS1-p161 (mean, 170 ± 46 CSPW, p=0.025; Figure 2A) as compared to the negative control.




Figure 2 | IFN-γ-secreting cells specific for both peptide and protein antigens can be identified in the peripheral blood of colorectal cancer patients. Corrected spots per well for (A) colorectal cancer patient or (B) volunteer donor PBMC stimulated with recombinant protein and individual peptides, presented as a box and whisker plots, horizontal line at median and Tukey outliers (filled circles). Negative control: HIVp52-66 and positive controls: pool of overlapping viral epitopes (CEF) and tetanus toxoid (TT). rhPro: recombinant human protein for that antigen set. *p < 0.05, ***p < 0.001, ****p < 0.0001 compared to the negative control. n = 10 colorectal cancer patients and 10 volunteer donors.



There was no significant difference observed when the median response of the volunteer cohort for each peptide was compared to the median HIVp52 response, (p>0.05 for all epitopes and recombinant protein; Figure 2B). There were individual volunteer donors who demonstrated IFN-γ responses to some of the identified epitopes and proteins (Figure 2B) and those positive responses were no different from the responses observed in colorectal cancer patients (p>0.05 for all). Donor PBMC from volunteer donors found to demonstrate significant IFN-γ secretion to the antigens were used to generate peptide specific T-cell lines which also responded to the corresponding recombinant protein (Supplementary Figure 2).



IFN-γ Inducing Peptide-Based Vaccines Derived From CDC25B and COX2 Inhibit the Growth of MC38 In Vivo

The T-cell epitopes were highly homologous between mouse and human (median 96% (range 78-100); Supplementary Table 1). We immunized C57BL6/J mice with the identified epitopes to determine whether we could generate peptide and protein specific T-cells in preparation for in vivo tumor challenge. Immunization induced a significant IFN-γ immune response for peptides derived from CDC25B, COX2, and RCAS1 and the corresponding protein (p<0.001 for all Supplementary Figures 3A, B, D respectively). However, neither the FASCIN1 peptide nor recombinant protein generated an IFN-γ response in FASCIN1 peptide-vaccinated mice, thus, FASCIN1 was not evaluated further for anti-tumor activity (Supplementary Figure 3C).

C57BL6/J mice were immunized with multi-peptide vaccines derived from each antigen; CDC25B, COX2, and RCAS1. Only the CDC25B and COX2 significantly inhibited tumor growth. The mean tumor volume at the termination of the study from mice receiving the CDC25B (365 ± 165 mm3; Figure 3A) or COX2 multi-peptide vaccine (211 ± 106 mm3; Figure 3B) was significantly reduced as compared to the control (883 ± 481 mm3; p<0.001 for both). However, the mean tumor volume of mice receiving the RCAS1 multi-peptide vaccine (656 ± 189 mm3) was no different than the volume observed in control mice (775 ± 214 mm3; p=0.713; Figure 3C). Since the RCAS1 vaccine did not demonstrate anti-tumor activity the vaccine was not evaluated further in the experiments described below.




Figure 3 | INF-γ-inducing peptide-based vaccines derived from CDC25B or COX2 inhibit the growth of MC38 in vivo. Mean (± SEM) tumor volume (mm3) in multi-peptide immunized mice (▪) or PBS immunized mice (●) for (A) CDC25B peptide mix, (B) COX2 peptide mix and (C) RCAS1 peptide mix. ****p < 0.0001, n = 4-8 mice/group.



To determine which T-cell subset mediated the antitumor effect, we studied the in vivo response to the multi-peptide vaccines for COX2 and CDC25B in more detail. As expected, we observed significant MC38 tumor inhibition in mice immunized with the CDC25B (p<0.001; Figure 4A) or COX2 (p=0.043; Figure 4B) vaccine and treated with a control IgG. Treatment with anti-CD4 did not affect tumor inhibition and tumor volumes were similar to vaccine alone (p>0.49 for all). Depletion of CD8+ T-cells, however, abrogated the anti-tumor effect of either vaccine and tumor growth was no different from controls (p=0.858 for CDC25B and p=0.087 for COX2).




Figure 4 | The anti-tumor efficacy of vaccination is dependent on CD8+ T cells. Mean (± SEM) tumor volume (mm3) from mice immunized with PBS (●) or with (A) CDC25B peptides or (B) COX2 peptides and treated with control IgG (▪), anti-CD8 (▼) or anti-CD4 (▲). *p < 0.05, ****p < 0.0001; n = 5 mice/group.





Multi-Peptide Vaccination With Epitopes Derived From CDC25B or COX2 Prevents the Development of Tumors in Both the Colon And Small Intestine

We evaluated whether vaccination with epitopes from either CDC25B or COX2 could inhibit lesions in a spontaneous tumor model. As the vaccines had shown anti-tumor efficacy against MC38, we first evaluated efficacy in the AOM model. Mice immunized with CDC25B (mean, 1.1 ± 1.4 tumors) or COX2 peptides (mean, 1.4 ± 1.8 tumors) developed significantly fewer colon tumors as compared to the control (mean, 6.3 ± 2.8 tumors p<0.0001 for all; Figure 5A). Indeed, 50% of vaccinated mice in each group had no evidence of any lesions at the time of sacrifice.




Figure 5 | Multi-peptide vaccination with epitopes derived from CDC25B or COX2 prevents the development of tumors in both the colon and small intestine. (A) The number of tumors in the colon from AOM-treated mice immunized with the indicated vaccine; n = 10/group. Percent of (B) CD8+ or (C) CD4+ T cells out of total cells quantified by immunohistochemistry on tumors collected from AOM-treated mice after immunization with the indicated vaccine. n = 7/group. (D) Number of tumors in the small bowel after APC-min mice were immunized with the indicated vaccine; n = 8/group. All data are presented as box and whisker plots, horizontal line at median and whiskers min to max; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



We examined the phenotype of the tumor infiltrating T-cells in lesions that persisted after vaccination and observed that CD8+ T-cell levels were increased by 10-fold in tumors when the mice were immunized with the CDC25B peptide vaccine and by 16-fold after immunization with the COX2 peptide vaccine as compared to the control (p<0.001; Figure 5B and Supplementary Figure 4). The levels of CD4+ T-cells infiltrating the tumor were low and no different than levels observed in the control for mice immunized with CDC25B or COX2 peptides (p>0.55 for both; Figure 5C and Supplementary Figure 4).

We also examined whether the vaccine would inhibit the development of intestinal polyps in APC Min mice, which have a mutation in the APC gene. Mice immunized with CDC25B (mean, 53.4 ± 23.5 tumors) or COX2 peptides (50.3 ± 18.1 tumors) developed significantly fewer small bowel tumors as compared to control mice (mean, 87.5 ± 25.7 tumors; p<0.021 for all; Figure 5D).




Discussion

Progress in the clinical translation of colon cancer vaccines would benefit from the identification of antigens suitable for immunization. Colorectal cancer is associated with a low mutation rate; therefore, neo-antigens do not play a major role in the immune modulation of most colorectal cancer subtypes (21). Many colorectal cancers associated immunogenic proteins are nonmutated and overexpressed in the tumor. Data presented here demonstrate that (1) patients with colorectal cancer can develop significant immune responses to nonmutated proteins that are important in driving the biology of the disease, (2) multi-epitope vaccines designed to elicit tumor specific CD4+ T-cells have potent anti-tumor activity, and (3) vaccines targeting colon cancer associated antigens can have prophylactic efficacy in spontaneous intestinal tumor models.

Epitopes predicted to bind human class II molecules could be identified for each of the antigens and the peptide specific T-cells generated recognize and respond to protein presented by autologous antigen presenting cells. Vaccines designed to stimulate tumor antigen specific T-cells, particularly those which elicit IFN-γ, uniquely modulate the tumor microenvironment. Tumor trafficking IFN-γ-secreting T-cells activate local antigen presenting cells and enhance cross-priming of tumor proteins resulting in a broadening of the immune response to additional antigens in the lesion (22). Cytokines, such as IFN- γ, promote the proliferation and recruitment of CD8+ T-cells into the tumor. IFN-γ can reverse functional defects in antigen presentation, including increasing upregulation of MHC I and allowing innate immune cells to more effectively present antigen to cytotoxic T-cells (23). The role of CD8+ T-cells in tumor eradication has been reported for other epitope-based IFN-γ-stimulating vaccines. The anti-tumor effect of peptide immunization targeting IGFBP-2 in mice challenged with a mammary cancer cell line was also dependent on CD8+ T-cells (15). These data underscore that vaccines designed to elicit IFN-γ-secreting T-cells have a broader immunologic impact than just increasing tumor-specific effector T-cells in the peripheral blood.

Both CDC25B and COX-2 can be expressed in high risk polyps that may progress to carcinomas, so we evaluated vaccination in two spontaneous tumor models for disease prophylaxis; AOM induced colon cancer and intestinal polyp formation in APC Min mice. Tumors caused by AOM are frequent in the distal part of the colon, resembling the location of spontaneous colorectal cancers in humans (24). The APC Min mouse has phenotypic and genetic similarities to human familial adenomatous polyposis although the numerous adenomas that develop in the animal are mainly located in the small intestine. The adaptive immune infiltrate in polyps consists of predominantly T-regulatory and Th17 cells (25). Immunization with either CDC25B or COX-2 epitopes could inhibit and even prevent tumor growth. Further, CD8+ tumor infiltrating T-cells were significantly induced with vaccination. In a recent meta-analysis of tumors derived from over 20,000 colorectal cancer patients, an increased number of CD8+ tumor infiltrating lymphocytes was associated with an improved cancer specific and overall survival (26). Vaccines, such as ours, that can elicit CD8+ tumor infiltrating lymphocytes could potentially have clinical benefit for the treatment and prevention of colon cancer.

One concern in immunizing non-cancer bearing individuals with vaccines targeting non-mutated proteins is the potential for the development of autoimmune disease. There are many reports of T-cells directed against non-mutated tumor antigens being identified in the peripheral blood of not only cancer patients, but also non-cancer bearing individuals. Both CD4+ and CD8+ T-cells specific for PRAME, a melanoma antigen, could be expanded from the peripheral blood of healthy donors (27). The expanded T-cell lines demonstrated anti-tumor activity in vitro. T-cells specific for multiple cyclin B1 specific CD4 T-cell epitopes could be expanded from both cancer patients and volunteer donors (28). One study, using tetramers directed against class II epitopes, identified T-cells specific for tyrosinase and NY-ESO in the peripheral blood of most healthy individuals evaluated (29). An investigation of multiple antigens in 114 blood donors found T-cells of both low and high avidity against WT-1 (15%), MUC1 (14%), PRAME (15%) and HER2 (5%) (30). Investigators hypothesized that the presence of these cells could be related to gonadal-testis expression and pregnancy. Several elegant studies have shown that clonal deletion in the thymus may eliminate some self-reactive T-cells, but many more remain in the periphery and are under the control of peripheral tolerance (31). These self-epitopes were not presented by thymic antigen presenting cells. Indeed, investigations have shown that self-peptide specific T-cells in the blood of healthy individuals are found at frequencies similar to non-self-peptides (32). Presumably, this large self-reactive T-cell pool would prevent holes in the T-cell repertoire that pathogens could exploit (32). The large self-reactive T-cell pool provides a memory population to exploit for cancer vaccines, albeit mechanisms of peripheral tolerance must be overcome.

There is a long history of immunizing cancer patients, in the therapeutic setting, with vaccines directed against such antigens. Investigators evaluated the toxicity profile of vaccines tested in over 200 phase I clinical trials. In the 4,942 patients assessed, the rate of greater than Grade 3 adverse events was 1.25 events per 100 patients (1). While the low adverse event rate associated with vaccines targeting non-mutated cancer related proteins is encouraging, as studies move into the prophylactic setting close monitoring for autoimmune symptomology must be considered.

Colorectal cancer is one of the most common solid tumors impacting patients and even those with early stage disease have a risk of relapse after optimal treatment. Vaccines directed against proteins maintaining the malignant phenotype have the potential to limit recurrence or even the development of disease. Studies in pre-clinical models have shown that multiple antigen cancer vaccines are more clinically effective than immunizing with a single antigens alone (3). Work described here provides proof of principle that multiple nonmutated tumor antigens can be identified for use in a vaccine for colorectal cancer therapy and prevention.
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Supplementary Table 1 | Predicted MHC Class II binding epitopes. Orange highlighted epitopes were validated as responding to protein.

Supplementary Figure 1 | Example Western blot validation of IgG antibody response to colorectal cancer antigens. (A) CDC25B; 62kD (B) COX2; 115kD (C) FASCIN1; 60 kD and (D) RCAS1; 50kD. (l) polyclonal antibody specific for the antigen, (ll) a representative ELISA positive patient sample, (lll) an ELISA negative subject sample. Molecular weight protein marker (far left).

Supplementary Figure 2 | Epitope-specific cells respond to naturally processed protein. IFN-γ ELISPOT cSPW (corrected spots per well) for (A) CDC25B-p130-specific T-cells, (B) CDC25B-p405specific T-cells, (C) COX2-p81-specific T-cells, (D) COX2-p279-specific T-cells, (E) COX2-p538-specific T-cells, (F) Fascin-p384 specific T-cells, (G) RCAS1-p8-specific T-cells and (H) RCAS1-p91-specific T-cells stimulated with the expansion peptide or corresponding recombinant protein. TRIP13-p141 and recombinant Cyclin B are used as negative peptide and protein controls, respectively; ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

Supplementary Figure 3 | CDC25B, COX2, RCAS1, but not FASCIN1 peptides and protein elicit an IFN-Ɣ response in mice. Mean (±SEM) IFN-γ corrected spots per well (cSPW) when splenocytes were stimulated with the indicated antigen after vaccination with peptides derived from (A) CDC25B, (B) COX2 (C) FASCIN1, and (D) RCAS1. *p < 0.05, ***p < 0.001 as compared to the negative control HIVp52 peptide.

Supplementary Figure 4 | Representative immunohistochemistry for CD8 and CD4 on tumors collected from the colon after immunization with the indicated vaccine. Positive T-cells are stained green and all cells are stained blue.
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Defective DNA mismatch repair (dMMR) is associated with many cancer types including colon, gastric, endometrial, ovarian, hepatobiliary tract, urinary tract, brain and skin cancers. Lynch syndrome – a hereditary cause of dMMR – confers increased lifetime risk of malignancy in different organs and tissues. These Lynch syndrome pathogenic alleles are widely present in humans at a 1:320 population frequency of a single allele and associated with an up to 80% risk of developing microsatellite unstable cancer (microsatellite instability – high, or MSI-H). Advanced MSI-H tumors can be effectively treated with checkpoint inhibitors (CPI), however, that has led to response rates of only 30-60% despite their high tumor mutational burden and favorable immune gene signatures in the tumor microenvironment (TME). We and others have characterized a subset of MSI-H associated highly recurrent frameshift mutations that yield shared immunogenic neoantigens. These frameshifts might serve as targets for off-the-shelf cancer vaccine designs. In this review we discuss the current state of research around MSI-H cancer vaccine development, its application to MSI-H and Lynch syndrome cancer patients and the utility of MSI-H as a biomarker for CPI therapy. We also summarize the tumor intrinsic mechanisms underlying the high occurrence rates of certain frameshifts in MSI-H. Finally, we provide an overview of pivotal clinical trials investigating MSI-H as a biomarker for CPI therapy and MSI-H vaccines. Overall, this review aims to inform the development of novel research paradigms and therapeutics.
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Introduction

In the United States, an individual’s lifetime risk for developing cancer is estimated to be as high as 40% (www.cancer.org, “Lifetime Risk of Developing or Dying From Cancer”). Cancer is a genetic disorder in which somatic mutations in specific genes confer a selective growth advantage for tumors. Such mutations can be inherited through the germline, which results in a hereditary predisposition to an early-onset cancer, or can occur sporadically in non-germline carriers. One example is the hereditary nonpolyposis colorectal cancer syndrome known as Lynch syndrome. Defining the genetic causes for Lynch syndrome has uncovered a connection between the cellular machinery that regulates DNA repair, cancer formation and informed clinical approaches to manage the disease.

Lynch syndrome or hereditary non-polyposis colorectal cancer (HNPCC) is characterized by germline inactivation of one allele of genes involved in the mismatch repair system, namely MLH1, MSH2, MSH6, PMS2 or EPCAM and have received prominent clinical and research attention and since 1985 (1, 2). More than 1500 variants of Lynch syndrome alleles have been identified including: retrotransposition and Alu-like element insertion events (3–5), splice site mutations and large exonic deletions (6–8). However, inactivation of MLH1 or PMS2 alleles are the most frequent ones and are associated with approximately 80% of Lynch syndrome cases (9, 10). Lynch-associated genetic abnormalities frequently lead to cancer at ages of 30–40-years and in a broad range of tissues (Figure 1A), including: colon, stomach, brain, pancreas, small intestine, endometrial and urothelial tracts (12–18).




Figure 1 | Population, molecular and immunological aspects of mismatch-repair deficient (dMMR) tumors. (A) Predispositions to different cancers conferred by Lynch syndrome condition. Approximately 1 in 300 people in the U.S. has the Lynch Syndrome associated alleles. Carriers have 80% lifetime risk developing cancer including: colorectal, stomach, pancreas, urinary track and prostate for males and urinary, ovary or uterus tracks for females. In total, Lynch syndrome accounts for 2-3% solid tumor cases (11). (B) Mismatch repair (MMR) mechanism. MS indels occurring during DNA replication are repaired by MMR system (proficient MMR). MSH2-MSH3 or MSH2-MSH6 complexes, called MutSα or MutSβ, detect the error and recruit the MLH1-PMS1, MLH1-PMS2 or MLH1-MLH3 (MutLα/β/γ complexes respectively) to bind to the DNA and bring DNA exonuclease with PCNA to the mutation site. The mismatch is then excised and repaired following by DNA resynthesis and re-ligation. These aberrations are left unrepaired in case of MMR deficiency. (C) Two complementary paradigms explaining immune responses in dMMR tumors: neoantigen-driven (left part), and innate immune driven (right part).



Colorectal, stomach and endometrial cancers cumulatively account for the second most common cancer types and one of the leading causes of cancer deaths in developed countries (19). The majority of the solid tumor cases are proficient in mismatch repair (pMMR), however an estimated 14% (95% CI: 10%-19%) of cases are dMMR (20–23). These dMMR cases arise mainly from sporadic, tumor-specific inactivation of MMR pathway (24, 25) however a few cases – 2-3% of all colorectal and endometrial cancer cases (11) – have germline Lynch syndrome alleles as the ones described above (26). In the latter case, cancer onset transpires upon genetic inactivation of the second allele (in the case of the PMS2 allele) or epigenetic silencing of gene expression (in the case of the MLH1 allele) and subsequent acquisition of driver mutations in genes such as APC, KRAS, PI3K, PTEN, BRAF and/or p53 (13, 27–32). Though pMMR and dMMR share similar profiles of tumor drivers, their genomic makeups are different. One of the molecular feature of dMMR tumors is high tumor mutation burden over-represented by somatic indel mutations within short tandem repeats – microsatellites – a molecular signature termed as a high microsatellite instability, or MSI-H (27, 33–35).



MMR Molecular Mechanism and Biomarker Strategies

Microsatellite extension or shortening in MSI-H tumors happens upon breaking down of the MMR molecular mechanism that controls microsatellite loci length (18, 36). During replication DNA polymerases incorporate deoxyribonucleotides into the growing chain of DNA using one of the paternal DNA strands as a template, thus copying genetic information with high fidelity. However, at microsatellite repeats DNA polymerases can slip from the template upon replication resulting in insertion or deletion of microsatellite units that structurally resembles a “bulge” of non-complemented DNA nucleotides within the parent/daughter DNA double strand helix. The MMR system guards against this type of mutagenesis by detecting and eliminating these bulges. First, MSH2-MSH3 or MSH2-MSH6 complexes, called MutSα or MutSβ, detect the error and recruit the MLH1-PMS1, MLH1-PMS2 or MLH1-MLH3 (MutLα/β/γ complexes respectively) to bind to the DNA and bring DNA exonuclease with PCNA to the mutation site (Figure 1B). The mismatch is then excised and repaired following by DNA resynthesis and re-ligation (33, 37). Since MSI-H cancers are defective in one of the MMR factors, mismatches in malignant cells remain unrepaired and accumulate indel mutations at high rates (18). Depending on where the microsatellite (MS) loci is located in the human genome, the effect of indel mutations differ: if it occurs within a non-coding segment of the genome, the indel mutation may have limited-to-no effect on overall gene expression or function; if it happens in a regulatory or splicing-required segment, the indel might affect linked gene expression; if it occurs within a protein-coding region the indel may result in expression of a truncated protein with novel peptide extension at the C-terminus (38). These cancer-specific peptide extensions called frameshifts can be exploited clinically in a variety of immunotherapy strategies which will be reviewed later.

Multiple biomarker strategies have been developed to detect either Lynch syndrome in the germline or assess penetration of MSI-H phenotype in tumors. Amsterdam II criteria and the Bethesda criteria are two clinically approved methods to diagnose Lynch syndrome in patients, and include a range of molecular tests with familial analysis of disease allele penetration (39). Several protocols exist to characterize MSI-H tumors: immunohistochemistry assay to quantify loss of MMR proteins such as MLH1, MSH2, PMS2 and MSH6, genomic PCR tests to measure MS length variability at the various MS loci and quantification of somatic MS variation from WES/WGS data acquired from matched tumor/normal DNA samples using next generation sequencing and computational tools to calculate standardized MSI-H metrics like the “MSI score” (40–45). The strategies vary widely in terms of recall, sensitivity and specificity; thus, combining multiple protocols may increase the precision of the overall diagnosis (39, 46–48).



MSI-H Cancer and Clinical Management

The standard of care for MSI-H cancer patients has changed from primarily chemotherapy to include immune checkpoint inhibitors. Approved for pMMR colorectal tumors, standard of care 5-fluorouracil (5-FU)-based regiments turned out to be ineffective in dMMR cases due to the lack of enzymes recognizing DNA damage inflicted by the drug (45, 49). Moreover, dMMR is turned out to be a negative prognostic biomarker for the objective response to 5-FU therapy and overall survival (49). Despite a setback in targeted therapy modalities for dMMR cancers, synthetic lethal interactions hold promise to improve the outcomes. dMMR tumors represent a good example of a system, where simultaneous co-inhibition of two factors may lead to cancer cell apoptosis and death. It has been found, that inhibition of Werner helicase is synthetically lethal with inactive MSH2 or PMS1 – the causative mutations of dMMR cancers. Mechanistically, the helicase is critical to unwind aberrantly replicated DNA and to maintain genome integrity of MSI-H tumors (50, 51). Pharmacological targeting of Werner helicase in dMMR cases still awaits its clinical application.

High tumor mutation burden (TMB) and comparatively strong immune cell infiltration of dMMR tumors sparked interest in applying checkpoint inhibitor (CPI) and other immunotherapy approaches (38, 52–54). Many studies confirmed a strong correlation between objective response rates to CPI and TMB in multiple cancers (55–58). A recent stage II multicohort clinical trial KEYNOTE-158 showed that TMB score is predictive for overall and progression free survival in the adjuvant CPI setting (59). Similarly, a range of clinical studies led by Dr. Diaz Jr. confirmed the strong association between responses to CPI and dMMR tumor status in a tissue-agnostic fashion (60, 61). Further investigation suggested dMMR status or MSI-H score to being predictive to CPI responses in solid tumors (62–64). These results led to the fast-track approval of dMMR as a biomarker for CPI by FDA and initiation of prospective stage II/III clinical trials, e.g., NCT02563002 or NCT04008030, to evaluate dMMR as a predictive biomarker. An interesting observation has arisen suggesting dMMR might be a confounding parameter for TMB biomarker in colorectal cancer patients treated with CPI: dMMR patients, which are often TMB-high due to intrinsic mechanisms of efficient somatic mutagenesis, clinically do better than “TMB-high but pMMR” patients (65). This clinical observation suggests the importance of the biological mechanism generating high somatic mutation load in tumor responsiveness to CPI. For instance, several hypotheses have been suggested to explain high CPI response rates in dMMR mechanistically. One of them is the “frameshift neoantigen” paradigm. Neoantigens are cancer-specific peptides that are usually derived from somatic mutations and presented on MHC-I or MHC-II complexes (66). dMMR tumors are enriched in frameshifts and neoantigens derived from these peptide extensions might confer tumor immunogenicity (67–70). Theoretically, one frameshift mutation may encode a peptide yielding multiple neoantigens with broad MHC-I/II specificities, thereby increasing the probability of (a) epitope presentation, (b) cancer antigen sampling by dendritic cells, (c) T cell recognition and (d) T cell-mediated tumor killing. We and others have shown exceptional immune responses against these frameshift peptides expressed in dMMR tumors, thus supporting the “frameshift neoantigen” paradigm (71–73). Another hypothesis is built around innate immune signaling driven by DNA instability. The aberrant DNA fragments are spilled over from the nucleus during DNA replication and recognized by cGAS-STING as “non-self” inducing Type I interferon and inflammatory NFkB responses (74, 75). In agreement with this hypothesis, recent study by Mowat et al. showed that cGAS-STING driven type I interferon signaling is required for CXCL10/CCL5-dependent T cell recruitment to dMMR tumor site (76). Both “frameshift-neoantigen” and “DNA instability” models are instructive and complementary in explaining the origins of the dMMR tumor immunogenicity (Figure 1C).



Lynch Syndrome/MSI-H Cancer and “Off-The-Shelf” Vaccines

dMMR immunotherapies also include the implementation of cancer vaccine strategies in therapeutic and prospective settings (77). Several reasons suggest that such strategies might become successful. First, many dMMR associated somatic mutations are non-random across the genome. Known tumor drivers such as mutations in APC, TP53 or BRAF genes are clonal, positively selected by the developing tumor and overrepresented within dMMR patient samples. Similarly, certain frameshift mutations are found to be under positive selection despite encoding immunogenic neoantigens (78, 79). From a tumor evolution perspective, such “cost” of an immunogenic frameshift can be accepted only if loss-of-function mutation confers a tumor growth advantage. Adaptive resistance against emerged neoantigens can be acquired later through general immune suppression mechanisms like PDL-1 upregulation, infiltration of the TME by myeloid-derived suppressor cells or T regulatory cells, TGF-β expression or other genomically encoded immune-escape mechanisms (80). However, the positively selected frameshifts can be harnessed clinically as shared cancer vaccines (81, 82). Several targets including RNF43fs, TGFBR2fs, ASTE1fs, AIM2fs, have been extensively validated in numerous immunological assays: priming and boosting naïve T cell populations in healthy donors, confirming cytotoxic capacity of CD8+ T cell responses in tumor killing assays and detecting frameshift-specific memory responses within blood and tumor T cell compartments in dMMR cancer patients and Lynch syndrome populations (71, 83–85). The latter is particularly interesting because it suggests that immunological responses against frameshifts are observed in the absence of detectable cancer. In line with these results, a study lead by Dr. Kloor has documented dMMR mutations in crypts and polyps of Lynch syndrome patients which are not cancerous (86). These findings confirm that cancer development and loss of the mismatch repair system are two independent genomic events decoupled in time and may follow each other in any order (32). It also indicates that MS instability can happen early and progress without being recognized by the host immune system, likely because the majority of MS loci – targets of MS instability – are non-coding and spread over the human genome in a random fashion. Alternatively, instability of a protein coding MS locus does not necessarily lead to tumor transformation and might reflect a frequent, hotspot somatic passenger mutation such as those occurring in a healthy dividing cells (87, 88). It might take several cellular divisions and multiple MS instability events to develop a genetic background with an invasive tumor phenotype. Although, complete removal of dMMR cell populations might not be achieved due to the immune “invisibility” of such MS unstable clones, prospective vaccination against frequently observed and/or early detected frameshifts in dMMR cancer or dMMR Lynch syndrome patients is likely to increase the efficiency of immune surveillance of pro-tumorigenic cell populations and potentially delay tumor progression in the at-risk populations. Multiple vaccine formulations including different combinations of shared dMMR-associated frameshifts are currently undergoing safety and immunogenicity tests in clinical trials involving dMMR cancer and Lynch syndrome patients with established tumors (Table 1) (89, 90). It will be exciting to evaluate the clinical outcomes and cancer protection of Lynch syndrome patients in the prospective vaccine setting, similarly to the recently published antigen-agnostic immunomodulatory strategy involving naproxen – inhibitor of prostaglandin signaling (54). Recently published a proof-of-concept study confirmed therapeutic efficiency of a shared frameshift vaccine to delay tumor progression in mouse models of Lynch syndrome (91).


Table 1 | List of registered clinical trials of cancer vaccines and/or CPI in dMMR/Lynch syndrome patients.



Several considerations have to be taken during the development and application of a shared dMMR vaccine. General factors, including the platform selection (DNA, RNA, peptide), adjuvant, routes of administration and etc. – have been extensively reviewed elsewhere (92), but here we will discuss tumor intrinsic and potential acquired resistance mechanisms (93). As it has been mentioned above, dMMR tumors have enormous potential to develop somatic mutations through loss of DNA replication fidelity. dMMR tumors can be perceived as a “mutator” machine: cell population with an intrinsic mechanism to sample many different genotypes in a very rapid manner. Administration of external pressure such as through the vaccine-mediated expansion of tumor-specific T cell clones, may promote the development of tumor resistance against the host immune system. Several studies have reported up to 30% frequency of loss-of-function mutations in β-2-microglobulin (B2M) – a gene required for MHC-I antigen presentation and processing; up to 70% frequency of mutations in TGFBR2 – cytokine receptor, rendering tumors non-responsive to TGF-β mediated suppression; up to 80% cumulative frequency of mutations in other genes related to innate and adaptive immune signaling pathways, namely IFN-γ response (JAK1, JAK2) and inflammasome activation (CASP5, AIM2). Other genomic mechanisms include loss of heterozygosity in HLA-I loci which drives tumor escape from CD8+ T cell cytotoxicity (94). Additionally, nonsense-mediated decay of the frameshifted messenger RNA can decrease immunogenicity against frameshift-derived neoantigens due to altered stability of the mutated RNA (95, 96). Non-genetic mechanisms of acquired resistance also can be found in the TME of the dMMR tumors, including: increased Wnt/β-catenin signaling in tumor associated fibroblasts; increased infiltration of Foxp3+ T regs; upregulated expression of immune checkpoints PDL-1 and CTLA-4; as well as CD47 “don’t eat me” signals for macrophages and dendritic cells (93, 97, 98). Interestingly, a retrospective analysis of B2M expression and mutation status in colorectal dMMR cancer patients showed favorable clinical outcomes in patient cohorts despite B2M loss-of-function mutations, counterintuitive to the mechanisms of MHC-I dependance of immune-mediated tumor rejection (99, 100). A recent study by Germano et al. addressed this question and found CD4+ T cells being responsible for tumor rejection and the development of strong immune responses in B2M-null dMMR tumors (101). These and many other disparities between assumed inhibitory mechanisms and clinical outcomes in patients will inform many other mechanisms of therapy response and resistance which might exist in the dMMR cancer setting.



Conclusions and Perspectives

Understanding the trajectories of dMMR tumor genome evolution at the single cell level with and without applied immune pressure will help to describe the landscape of acquired and intrinsic tumor resistance. Knowledge of these mechanisms might inform additional interventions important to include in the shared vaccine formulations such as MHC-II epitopes and/or NK cell engagers or myeloid cell modulation (38). CPI clinical trials conducted in dMMR patients can provide useful insights to address these questions. Discussed previously disparities between observed genomic alterations and immunotherapy clinical outcomes may inform novel mechanisms of immune resistance and response in dMMR tumors. Exploratory genetic and expression analysis of non-responder dMMR patient tumor samples from large-scale phase III CPI clinical trials will be highly informative to address these questions (60). Similarly, large scale sequencing and imaging data mining will be crucial to understand the mechanisms of dMMR tumor and immune cell dynamics. The majority of the detected frameshifts and MS loci indels are subclonal with relatively stable chromosomal copy number. If one specific mutation provides an immune resistance and doing so – growth advantage – why does not it become clonal during tumor evolution? A potential explanation is the uneven spatial tumor clone distribution and cooperativity between different tumor clones which might provide tumor benefit (102). Indeed, one can imagine the tumor surface lined up by clones governing immune resistance protecting other clones growing in the tumor core from infiltrating immune cells. In this “mutual dependency” scenario subclonal protective mutation will be sufficient to gain tumor growth advantage as a whole tumor cell community. Thus, spatially-resolved genomic studies combined with single-cell studies will be extremely informative to gain insight on spatial biomarkers associated with resistance and response to CPI and improve cancer vaccines designs by informing the inclusion of as many frameshifts derived from different tumor clones as possible (103).

In conclusion, we highlight several questions which remain important to address regarding treatment and prevention of MSI tumor in the near future. How many novel MS indels appear per each genome replication in dMMR lesions and/or dMMR Lynch syndrome crypts? What is the probability of acquiring a frameshift expressed at the protein level? Can sequence-based motifs predict the earliest frameshift to appear during dMMR development? Computational modelling leveraging whole genome MSI-H samples will be informative to answer these questions. Which frameshifts generate the most frequent immune responses in vitro and in dMMR cancer/Lynch syndrome patients? Which frameshift combination confers the best protective and cytotoxic potential in different cellular models of dMMR cancer progression? Extensive immunological studies will be very informative to address these points. Finally, characterizing and quantifying tumor intrinsic and acquired mechanisms of resistance from either clinical CPI trials or tumor model studies will be important to find alternative ways of improving therapeutic responses in patients’ populations. Overall, immunotherapeutic development to treat or protect against dMMR tumorigenesis experiences a new spiral of fruitful and exciting research.
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Oral carcinogenesis represents a multi-stage process which encompasses several genetic and molecular changes that promote the progression of oral potentially malignant disorders (OPMDs) to oral squamous cell carcinomas (OSCCs). A better understanding of critical pathways governing the progression of OMPDs to OSCCs is critical to improve oncologic outcomes in the future. Previous studies have identified an important role of tumor necrosis factor α (TNFα) and TNF receptor 1 (TNFR1) in the invasiveness of oral cancer cell lines. Here, we investigate the expression of TNFα and TNFR1 in human OPMDs that progress to OSCC compared to non-progressing OPMDs utilizing fluorescent immunohistochemistry (FIHC) to show increased TNFα/TNFR1 expression in progressing OPMDs. In order to interrogate the TNFα/TNFR1 signaling pathway, we utilized a 4-nitroquinoline 1-oxide (4-NQO) mouse model of oral carcinogenesis to demonstrate that TNFα/TNFR1 expression is upregulated in 4-NQO-induced OSCCs. TNFα neutralization decreased serum cytokines, inhibited the development of invasive lesions and reduced tumor-associated neutrophils in vivo. Combined, this data supports the role of TNFα in oral malignant transformation, suggesting that critical immunoregulatory events occur downstream of TNFR1 leading to malignant transformation. Our results advance the understanding of the mechanisms governing OSCC invasion and may serve as a basis for alternative diagnostic and therapeutic approaches to OPMDs and OSCC management.
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Introduction

Cancers affecting the oral cavity represent a heterogeneous group of disorders involving the region which is bounded posteriorly by the plane connecting the circumvallate papillae of the tongue and junction of the hard and soft palate and anteriorly by the mucosal surfaces of the labium superius and inferius oris. Approximately 75-90% of oral malignancies are oral squamous cell carcinomas (OSCCs) (1, 2). OSCC incidence varies widely depending on geographic region and can be influenced by primary etiological factors which commonly include tobacco, areca nut and alcohol exposure (3). OSCC diagnosis and staging are predicated upon clinical, radiographic and histopathologic evaluation with treatment assuming either single-modality or multi-modal therapy composed of a combination of surgery, external beam radiation and chemotherapy (4–7). Unfortunately, morbidity associated with treatment is considerable and long-term survival associated with advanced OSCC remains low (8, 9).

The development of OSCCs may be preceded by oral potentially malignant disorders (OPMDs) which represent a subset of conditions that possess an increased risk of progression to cancer (10). A 10-year review of the University of Toronto Oral Pathology Service showed that OPMDs are more prevalent than the combination of both benign and malignant tumors of the oral cavity (2). These conditions include, but are not limited to, leukoplakia, erythroplakia, lichen planus and oral submucous fibrosis. Risk assessment and management of OPMDs, despite unfettered access for direct visual examination of the oral cavity, is challenging. While several clinical parameters may increase suspicion of increased cancer risk, the mainstay for diagnosis and monitoring is tissue biopsy and histopathological evaluation to detect features of oral epithelial dysplasia (OED) or OSCC (11). There are many challenges in assessing risk of malignant progression in OPMDs. For example, the selection of biopsy location may not be representative of the entire lesion and histopathological grading of OED is often challenging and may not adequately stratify risk of progression. Other adjunct non-invasive diagnostic tests such as cytology, autofluorescence and spectroscopy have failed to consistently and reliably detect malignant progression (12–14). The need to identify molecular biomarkers capable of stratifying OSCC progression risk are in high demand. As such, unravelling the mechanisms by which OPMDs progress to OSCCs is critical for improving outcomes through the development of innovative diagnostic and treatment modalities.

The mechanisms governing malignant transformation are poorly understood which hamper our ability to provide interceptive therapy in the setting of OPMDs to reduce downstream disease morbidity and mortality. A dysregulated host immune system response within the tumor microenvironment has been identified as a significant factor influencing malignant progression (15, 16). Early work from our laboratory demonstrated a TNFα-dependent increase in OSCC invasiveness, invadopodia formation and matrix degradation (17). More recently, we also showed elevated neutrophil and lymphocyte in OPMDs and OSCCs as well as significantly elevated expression of TNFα in saliva samples of patients diagnosed with OSCC (18). Further, we characterized a phosphoinositide 3-kinase and Src-dependent mechanism for TNFα/TNF receptor 1 (TNFR1) mediated invadopodia formation and OSCC invasion in vitro but have not yet addressed this phenomenon in vivo.

Animal models of oral cancer have been developed and serve as indispensable tools for the study of the molecular and genetic mechanisms which govern oral carcinogenesis. These models are especially significant as the spontaneous occurrence of OSCCs in laboratory animals is exceptionally rare (19). Experimental induction of OSCCs within the mouse oral cavity through exposure to 4-nitroquinoline 1-oxide (4-NQO) is especially relevant for the study of both malignant and pre-malignant conditions. 4-NQO is a water-soluble quinoline derivative that facilitates DNA adduct formation and strand breaks (20, 21). Protracted administration of 4-NQO to mice via direct topical application or through its addition to drinking water produces a multitude of dysplastic, preneoplastic and neoplastic lesions which recapitulate the temporal, histologic and molecular progression of human OSCC development (22, 23). Other advantages of the use of this model over other popular xenograft and transgenic systems include the maintenance of an intact immune system and predictable progression to OSCC in an orthotopic manner (24, 25).

Here we utilize fluorescent immunohistochemistry (FIHC) and a semi-automated analysis algorithm on human samples of non-progressing and progressing OPMDs and demonstrate increased TNFα/TNFR1 signaling and inflammatory cell recruitment in progressing OPMDs. To determine the role of this pathway in carcinogenesis and progression, we utilize the mouse 4-NQO-induced oral carcinogenesis model and TNFα neutralization. The results show a decreased occurrence of invasive OSCCs in TNFα-neutralized animals. Using a similar FIHC approach, depletion of TNFα was found to reduce both TNFα and TNFR1 expression.



Methods


Human Study Population

A retrospective analysis was conducted utilizing oral biopsy specimens retrieved from the archives of the Toronto Oral Pathology Service (Faculty of Dentistry, University of Toronto) between December 2005 and January 2014. A total of 20 formalin fixed paraffin embedded (FFPE) samples were selected for analysis (Supplemental Table 1). The progressing cohort was comprised of 10 cases of OSCC (any subsite) possessing a previously submitted biopsy specimen demonstrating any grade of epithelial dysplasia from the same anatomic region of interest. The study cohort consisted of 10 progressing cases divided into three groups based on diagnosis: hyperkeratosis without dysplasia (HK; n=2), low-grade dysplasia (LGD; n=3) and high-grade dysplasia (HGD; n=5). The selected cases possessed a minimum of five years of histopathologic follow up, adequate material for analysis and no significant artifacts within the processed sections. The non-progressing cohort was comprised of 10 randomly selected cases of oral epithelial dysplasia which did not demonstrate histopathologic progression to OSCC over a period of nine years: HK (n=3), LGD (n=3) and HGD (n=4). All slides were reviewed by M.A.M. and A.A. The included cases of HK did not possess either the histopathologic or clinical criteria for a diagnosis of proliferative verrucous leukoplakia (PVL). The study was approved by the University of Toronto Research Ethics Board (Protocol 38933).



Animals

A total of 43 six-week-old immunocompetent female C57BL/6 mice (Charles River Laboratories) were acquired and allowed a two-week acclimation period with ad libitum access to filtered water and standard chow in a temperature- and humidity-controlled environment with a 12-hour light and 12-hour dark cycle. All mouse studies complied with the relevant ethical regulations and were approved by the University of Toronto Animal Care Committee and the Research Ethics Board (Protocol 20011940).



4-NQO Administration

Animals were maintained on a normal chow. 4-NQO (Sigma) stock solution was prepared weekly in propylene glycol to a final concentration of 5 mg/mL and stored in a light-protected vessel at 4°C. The 4-NQO stock solution was diluted in the drinking water to a final concentration of 100 µg/mL and changed weekly in amber-colored bottles to prevent 4-NQO photodegradation. Mice were divided into an experimental group receiving 4-NQO-containing drinking water (n=33) or a control group (n=10) where drinking water contained propylene glycol (vehicle). Mice in both groups were allowed ad libitum access to drinking water. After a 16-week 4-NQO treatment period, mice from both groups were returned to and maintained on standard drinking water until sacrifice, independent of further experimental intervention.



Antibody Administration

Following the 16-week treatment period, 13 mice that had received 4-NQO were randomly selected and divided into groups that received either 0.5 mg of InVivoPlus anti-mouse TNFα antibody (Clone XT3.11, BioXCell, n=6) or 0.5 mg of InVivoPlus rat IgG1 isotype control anti-horseradish peroxidase (HRP) (Clone HRPN, BioXCell, n=7). Both antibodies were diluted into InVivoPure pH 7.0 Dilution Buffer (BioXCell) and injected on a weekly basis for a total of eight weeks via intraperitoneal injection. Blood was collected via the saphenous vein for analysis prior to antibody treatment and at the four-week time point. All animals, including those that only received 4-NQO (n=20), were sacrificed at the eight-week time point. Those animals which did not survive until the experimental endpoint of eight-weeks (n=1, 4-NQO only; n=1, 4-NQO and anti-TNFα treatment) were excluded from the final analysis. Animals demonstrating oral lesions were euthanized prior to the experimental endpoint if lesions became ulcerated or resulted in deteriorating health conditions or pain as per standard operation procedures within the Division of Comparative Medicine including huddled posture, vocalization, hypothermia, or weight loss exceeding 20%. Blood and the entirety of the tongue were retrieved from all animals following humane euthanasia for analysis.



Conventional Histopathology

Resected tongue specimens from experimental animals were immediately placed in 10% buffered formalin following their excision. Clinical photographs of the tongues were acquired prior to excision. Tissue samples were later bisected and one half was embedded in paraffin from which five-micron tissue sections were subsequently prepared and stained with hematoxylin and eosin (H&E). All slides were reviewed by M.A.M. and A.A for histopathologic characterization of oral tongue lesions using a DM2000 light microscope (Leica) at 100X total magnification.



Fluorescent Immunohistochemistry (FIHC)

Five-micron sections were prepared from both human and animal formalin-fixed paraffin-embedded (FFPE) specimen blocks. After heating for 30 minutes at 60°C, slides were immersed in an antigen retrieval buffer (100X Citrate Buffer pH 6.0; Abcam) for one hour at 98°C followed by a wash with 1X Tris-buffered saline with 0.1% Tween® 20 Detergent (TBS-T; Millipore) and permeabilized with 0.5% Triton X-100 (BioShop) for five minutes. The tissue sections were washed with TBS-T and then blocked in Sea Block Serum free -PBS (Abcam) for two hours at room temperature. Human sections were treated by overnight incubation with the following primary antibodies: Rabbit polyclonal anti-TNFR1 (1:200 dilution; Abcam), rabbit polyclonal anti-TNFα (1:250 dilution; Abcam), mouse monoclonal anti-CD45 (1:1000 dilution; Abcam). In the same manner, mouse sections were incubated overnight with the following primary antibodies: Rabbit polyclonal anti-TNFR1 (1:200 dilution; Abcam) and rabbit polyclonal anti-TNFα (1:250 dilution; Abcam). On the following day, slides were washed three times with 1X Tris-buffered saline and 0.1% Tween 20 detergent (TBS-T, Millipore) and incubated for one hour with the following secondary antibodies at room temperature: Anti-rabbit Alexa Fluor® 586 (Abcam), anti-mouse Alexa Fluor® 488 (Abcam). The tissue sections were then rinsed with TBS-T three times for five minutes and 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) was applied for 30 minutes. After washing with TBS-T three times for five minutes, slides were mounted with ProLong TM Diamond Antifade Mountant (Thermo Fisher Scientific) and imaged the same day. A second set of histology sections were stained using Alexa Fluor® 594 anti-mouse Ly6G (1:500 dilution; BioLegend) which did not require secondary staining.



FIHC Data Analysis

Ten images were acquired from multiple regions of each tissue section using the SP8 confocal microscope (Leica) for human samples and the Quorum Spinning Disk confocal microscope (Quorum Technologies Inc.) for mouse specimens. Data analysis was performed using Volocity Image Analysis Software (PerkinElmer) using a custom protocol that detected positive expression based on fluorescent intensity and area for both human and mouse specimens (26). Identification of morphological features within each tissue section was accomplished using DAPI. For each image, the region of interest (ROI) was manually defined to segment the epithelium and lamina propria (connective tissue) for human specimens and basal/parabasal epithelium and lamina propria for mouse specimens. Where present, the walls and the lumen of medium-sized blood vessels within the lamina propria were removed from the ROI. TNFα and TNFR1 positive cells were identified using an automated protocol based on pixel intensity, selecting those which were greater than or equal to three standard deviations (SD) above the mean intensity of the designated channel. Both the area of the positive pixels normalized to the area of the ROI as well as the mean fluorescence intensity (MFI) were calculated for each image and averaged from a minimum of five images per specimen. Those images with significant artefactual variations and background autofluorescence were removed from the analysis. Muscular layers and dilated blood vessels were cropped from each image before analysis. Neutrophil quantification from mouse specimens was accomplished by manually counting Ly6G+ cells in 10 high-power fields. The mean number of Ly6G+ cells per field was calculated and considered as the final neutrophil count for analysis.



Flow Cytometry

Whole blood obtained via cardiac puncture at the time of animal sacrifice was fixed with fresh, methanol-free, 1.6% formaldehyde (Thermo Fisher Scientific) for 15 minutes on ice prior to processing. Red blood cell lysis was achieved with two sequential five minute treatments of 1x BD Pharm Lyse (BD Biosciences). Cells (5 x 105) were resuspended in fluorescence-active cell shorting (FACS) buffer composed of 1x Hank’s balanced salt solution (HBSS) without calcium and magnesium (Gibco), 1% bovine serum albumin (BioShop) and 2mM EDTA (BioShop). Samples were blocked with 2 µg mouse (Sigma-Aldrich) and 60 µg rat (Sigma-Aldrich) serum for 20 minutes, labeled with anti-mouse Ly6G (1A8, BD Bioscience) and F4/80 (BM8, BioLegend) for 30 minutes on ice in the dark, and washed three times with FACS buffer. Sample acquisition was performed using the BD LSRFortessa X-20 flow cytometer with FACSDiva 8.0.1 (BD Biosciences) and analyzed with FlowJo v10.0.7 (Tree Star). Flow cytometer channel voltages were calibrated manually using Rainbow Calibration Particles (Spherotech) and compensation was performed with single-stained OneComp eBeads Compensation Beads (Invitrogen). Appropriate isotype control antibodies and fluorescence minus one (FMO) samples were prepared to establish negative staining characteristics for each antibody. A minimum of 2 x 105 gated neutrophil events (Ly6G+F4/80-) were acquired for each sample.



Cytokine Analysis

Serum was prepared from blood samples recovered from experimental animals at 0, 4 and 8 weeks following the termination of 4-NQO or vehicle exposure. Luminex® assays were conducted in 96-well plates according to manufacturer instructions for the Millipore Mouse Cytokine/Chemokine Magnetic Bead Panel (MCYTOMAG-70K, EMD Millipore). Analytes included G-CSF, GM-CSF, M-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, LIF, LIX, IP-10, KC, MCP-1, MIP-1α, MIP-1β, MIP-2, MIG, TNFα, VEGF, RANTES and Eotaxin/CCL11. Briefly, plates were pre-washed and serum samples were incubated at 4°C overnight with buffer and mixed magnetic beads. Wells were then washed after which detection antibodies were added and allowed to incubate at room temperature for 60 minutes. Streptavidin-phycoerythrin was subsequently added to each well and incubated at room temperature for an additional 30 minutes. A final wash of the plate was then performed and followed by the addition of sheath fluid to each well. The plate was analyzed on the Luminex® MAGPIX® System at the Princess Margaret Genomics Center. The concentrations (pg/L) of cytokines and chemokines were quantified based on a standard curve and normalized to control samples.



Statistical Analysis

One-way or two-way analysis of variance (ANOVA) and Tukey’s multiple comparison tests were conducted to assess differences between progressing and non-progressing OPMDs and Fisher's exact test was used to compare 4-NQO-induced tumor outcomes. All statistical analyses were performed using Prism 7.0 (GraphPad). The differences were considered statistically significant if p<0.05. Error bars represent standard error of the mean (SEM) unless otherwise indicated.




Results


Increased TNFα and TNFR1 Expression and Immune Cell Recruitment in Progressing OPMDs

TNFα expression was quantified in oral biopsy samples using the MFI of TNFα within the lamina propria. A significant increase in TNFα MFI in progressing OPMDs as compared to non-progressing OPMDs (Figures 1A, B) was observed across all histologic diagnoses including progressing hyperkeratosis (p<0.01), progressing low-grade dysplasia (mild epithelial dysplasia, p<0.05) and progressing high-grade dysplasia (moderate and severe epithelial dysplasia, p<0.001). The expression of TNFR1 and OPMD-associated CD45+ immune cells (Figure 2A) within the lamina propria and epithelium of non-progressing and progressing lesions was also quantified as the average positive area per field. There was a significant increase in TNFR1 (p<0.0001) and CD45 (p<0.01) expression within the lamina propria of progressing samples compared to non-progressing samples (Figure 2B). Further, a significant increase in TNFR1+CD45+ immune cells (p<0.0001) was also noted in progressing lesions. While no differences were noted in TNFR1 expression within the epithelium, our results demonstrate an increase in intraepithelial CD45+ immune cells (p<0.0001) and TNFR1+CD45+ (p<0.0001) expression in progressing samples compared to non-progressing samples (Figure 2C).




Figure 1 | FIHC analysis of TNFα expression in human progressing and non-progressing OPMDs. (A) Representative FIHC images of human progressing and non-progressing patient OPMDs consisting of HK, LGD and HGD (white channel – DAPI; red channel – TNFα). (B) MFI of TNFα within the lamina propria of human progressing and non-progressing OPMDs. *p < 0.05; **p < 0.01; ***p < 0.001; HK, Hyperkeratosis; LGD, Low-grade dysplasia (mild dysplasia); HGD, High-grade dysplasia (moderate and severe dysplasia); MFI, Mean fluorescence intensity; DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride; FIHC, Fluorescence immunohistochemistry; OPMD, Oral potentially malignant disorderdisorder; TNFα, Tumor necrosis factor α.






Figure 2 | FIHC analysis of TNFR1 and CD45 expression in human progressing and non-progressing OPMDs. (A) Representative FIHC images of human progressing and non-progressing OPMDs consisting of HK, LGD and HGD (white channel – DAPI; red channel – TNFR1; green channel: CD45). (B) CD45+, TNFR1+ and CD45+TNFR1+ area within the lamina propria of human progressing and non-progressing OPMDs. (C) CD45+, TNFR1+ and CD45+/TNFR1+ area within the epithelium of human progressing and non-progressing OPMDs. *p < 0.05; **p < 0.01; ***p < 0.001; HK, Hyperkeratosis; LGD, Low-grade dysplasia (mild dysplasia); HGD, High-grade dysplasia (moderate and severe dysplasia; CD, Cluster of differentiation; TNFR1, Tumor necrosis factor receptor 1.





The 4-NQO Mouse Model of Head and Neck Cancer Produces an Array of OPMDs and Malignant Lesions

At the time of sacrifice, all animals that had received 4-NQO demonstrated mucosal abnormalities involving the tongue. Visual examination of the remainder of the gastrointestinal tract did not demonstrate gross disease in any of the subjects. Animals receiving only vehicle did not demonstrate any mucosal abnormalities along the entire GI tract. For those animals exposed to 4-NQO, tongue lesions were found to be both unifocal and multifocal and demonstrated a variety of gross appearances including hyperkeratotic papules, leukoplakic nodules and exophytic masses (Supplemental Figure 1A). It should be noted that regular examination under anesthesia following the cessation of 4-NQO exposure and prior to sacrifice was avoided due to the anticipated systemic fragility during carcinogenesis resulting in potential loss of subjects. Expectedly, animals treated with 4-NQO demonstrated significantly decreased body weight relative to controls following the completion of 4-NQO delivery and at the time of sacrifice (Supplemental Figure 1B). Microscopic evaluation of H&E stained tissue sections amongst those animals receiving 4-NQO revealed a relatively broad distribution of EH (epithelial hyperplasia), LGD, HGD, carcinoma in situ (CIS) and OSCC (Supplemental Figure 1C).



Neutralization of TNFα Inhibits OSCC Invasion in Immunocompetent Mice

To study the effect of TNFα blockade in oral carcinogenesis, immunocompetent mice received anti-TNFα antibody injections following the completion of a 16-week exposure to 4-NQO. As expected, control animals (n=6) that received only vehicle and no antibody treatment demonstrated a normal histologic architecture of the tongue (Figure 3A). Animals receiving 4-NQO and isotype antibody (n=7) developed lesions that were consistent with either OSCC (n=5, 71.4%) or dysplastic lesions suspicious for invasion (n=2, 28.6%) (Figure 3B). Animals receiving 4-NQO and anti-TNFα antibody therapy (n=5) showed dysplastic changes compared to vehicle-treated controls (Figure 3C). However, TNFα-neutralized animals did not develop invasive OSCC lesions, demonstrating only those histologic features consistent with high-grade dysplasia (p=0.0278, Fisher's exact test).




Figure 3 | Mouse tongue resection photomicrographs. Representative H&E longitudinal sections (low-power: 10X; high-power: 20X or 60X) of mouse tongue specimens for (A) control (vehicle only, n=6) animals demonstrating normal tissue architecture, (B) 4-NQO/isotype antibody treated animals (n=7) demonstrating invasive features consistent with OSCC and (C) 4-NQO/anti-TNFα antibody treated animals (n=5) demonstrating only dysplastic changes. H&E, Hematoxylin and eosin; 4-NQO, 4-nitroquinoline 1-oxide; TNFα, Tumor necrosis factor α; OSCC, Oral squamous cell carcinoma.



To determine TNFα and TNFR1 expression, FIHC analysis was performed on specimens from vehicle, 4-NQO/isotype antibody and 4-NQO/anti-TNFα antibody treated animals (Figure 4A). TNFα and TNFR1 expression were quantified in an analogous manner to human samples. A significant decrease in TNFα MFI was noted in 4-NQO/anti-TNFα antibody treated animals compared to 4-NQO/isotype antibody treated animals within the lamina propria (Figure 4B) as well as the basal and parabasal layers of the epithelium (Figure 4C). There were significant increases in TNFR1 MFI within the lamina propria between control and 4-NQO/anti-TNFα animals relative to 4-NQO/isotype antibody treated animals (Figure 4B). No differences were noted in TNFR1 MFI within the epithelial layers between any group (Figure 4C).




Figure 4 | Neutrophil recruitment in the setting of 4-NQO-induced carcinogenesis. (A) Representative FIHC images of mouse tongue specimens from control (first column), 4-NQO/isotype antibody treated (second column) and 4-NQO/anti-TNFα antibdody treated (third column) animals (white channel – DAPI; red channel – TNFR1; green channel – TNFα; yellow line – demarcation of epithelium). TNFα and TNFR1 MFI within the (B) lamina propria and (C) basal/parabasal epithelium for control (n=6), 4-NQO/isotype antibody treated (n=7) and 4-NQO/anti-TNFα antibody treated (n=5) animals. *p < 0.05; **p < 0.001; ***p < 0.0001; E, Epithelium; MFI, Mean fluorescence intensity; 4-NQO, 4-nitroquinoline 1-oxide; FIHC, Fluorescence immunohistochemistry; MFI, Mean fluorescence intensity; DAPI, 4ʹ,6-diamidino-2-phenylindole dihydrochloride; TNFα, Tumor necrosis factor α; TNFR1, Tumor necrosis factor receptor 1.





Chemically-Induced Carcinogenesis Induces Neutrophil Recruitment to Tissues and Neutrophilia in the Peripheral Circulation

To evaluate the recruitment of neutrophils in the setting of 4-NQO-induced carcinogenesis, we utilized FIHC to quantify Ly6G+ cells within the lamina propria (Figure 5A). Our results demonstrated a significant increase in Ly6G+ cells after 4-NQO treatment compared to controls (p<0.001). Neutralization of TNFα inhibited the recruitment of neutrophils to the tumor microenvironment induced by 4-NQO treatment (Figure 5B) with no significant differences between control and TNFα-neutralized animals (p>0.05). The increase in neutrophils in 4-NQO-treated animals at the tissue level was also reflected systemically as assessed by flow cytometric analysis of blood specimens collected at both the intermediate timepoint and sacrifice (Figure 5C). TNFα neutralization did not abate the systemic neutrophilia.




Figure 5 | Analysis of neutrophil recruitment in the setting of 4-NQO-induced carcinogenesis. (A) Representative FIHC images of mouse tongues from control (first row), 4-NQO/isotype antibody treated (second row) and 4-NQO/anti-TNFα antibody treated (third row) animals (white channel – DAPI; red channel – Ly6G). (B) Quantitative analysis of Ly6G+ cells per high-power field for control (n=6), 4-NQO/isotype antibody treated (n=7) and 4-NQO/anti-TNFα antibody treated (n=5) animals at the level of the lamina propria. (C) Peripheral blood neutrophil count (Ly6G+ cells per 50 μL of blood) for control (n=6), 4-NQO/isotype antibody treated (n=7) and 4-NQO/anti-TNFα anditbody treated (n=5) animals. (D) Selected H&E longitudinal tissue sections demonstrating variations in inflammatory infiltrates between a histologically normal mouse tongue (left panel), mouse tongue afflicted with an OPMD (middle panel) and a mouse tongue demonstrating an OSCC (right panel). *p < 0.05; **p < 0.001; ***p < 0.0001; 4-NQO, 4-nitroquinoline 1-oxide; FIHC, Fluorescence immunohistochemistry; H&E, Hematoxylin and eosin; OSCC, Oral squamous cell carcinoma; OPMD, Oral potentially malignant disorder; DAPI, 4ʹ,6-diamidino-2-phenylindole dihydrochloride; TNFα, Tumor necrosis factor α.



We also evaluated the inflammatory infiltrates in all treatment groups (Figure 5D). Increased severity as characterized by density of the infiltrate, extent as characterized by the depth of the inflammatory cell front relative to the epithelium, lamina propria and muscle as well as intraepithelial recruitment of the inflammatory infiltrate were assessed. There was an increase in the density, extent and presence of intraepithelial inflammation in animals treated with 4-NQO. TNFα neutralization decreased the presence of intraepithelial inflammatory cells. Expectedly, those animals not receiving 4-NQO showed minimal or a complete absence of any underlying inflammation. Further, the general variation in histologic diagnoses as well as inflammatory cell infiltration is reassuring in the use of this model to study malignant transformation as both OPMDs and OSCCs were observed amongst exposed animals.



Cytokine Expression

Multiplex analysis demonstrated the differential expression of multiple cytokines between treatment groups (Table 1). Serum samples from animals within each group were combined for analysis at both the initial and four-week timepoints due to limited blood volumes collected by saphenous vein draws and analyzed individually at the time of sacrifice. There was a consistent increase in the concentration of cytokines in 4-NQO-treated animals that received isotype antibody treatment while the vehicle control and TNFα-neutralized animals showed minimal changes in the concentration of the cytokines over the duration of the experiment. At the time of sacrifice, there were significant increases in the concentrations of IL-1α, IL-12 (p40), IL-13, LIX, M-CSF, MIP-2 in 4-NQO/isotype  antibody treated animals compared to non-4-NQO treated controls (Supplemental Figures 2A, B). These increases were inhibited by TNFα neutralization (Supplemental Figure 2C).


Table 1 | Cytokine Expression.






Discussion

Due to the poor survival and morbidity associated with late-stage OSCC diagnoses, prevention and early recognition of OPMDs is imperative. As the mechanisms of disease progression from an OPMD to OSCC are not fully understood, the efforts of our work have been focused at characterizing the immunoregulatory and inflammatory events governing this phenomenon.

As the body of oncology literature evolves, both epidemiologic and clinical data continue to support the role of chronic inflammation in carcinogenesis. As a potent regulator of transcription and cell survival, TNFα has been implicated in the progression of multiple human cancers through promotion of tumor growth, angiogenesis, invasion and metastasis. The results from our human biopsy samples demonstrated a progressive increase in TNFα and TNFR1 expression as well as increased recruitment of CD45+ inflammatory cells from non-progressing OPMD samples to progressing OPMD samples, highlighting the crucial role of TNFα in the development of a pro-invasive environment. These results corroborate findings from our previous work which demonstrate that TNFα promotes tumor invasion and growth as well as expression of proinflammatory cytokines in an OSCC cell line (17). Further, TNFR1 knockdown has been shown to result in a decrease in oral cancer cell line invasion and inhibition of TNFα-induced invadopodia formation (18). These results in combination with our current findings showing increased TNFR1 expression in progressing OPMD samples is suggestive of a potential therapeutic target and is the first time that TNFα/TNFR1 signaling has been demonstrated to be elevated in progressing OPMDs. As such, we propose a model which suggests that these findings represent a novel mechanism linking oral inflammation and malignant transformation (Figure 6).




Figure 6 | Proposed model for TNFα-induced malignant transformation in the setting of an oral potentially malignant disorder. Intrinsic and extrinsic factors induce oral premalignant disorders resulting in a cyclic signalling process between recruited neutrophils and keratinocytes to establish a tumor-permissive environment via the TNFα/TNFR1 signalling pathway. TNFR1 activation of keratinocytes enhances invadopodia development and matrix degradation thereby facilitating invasion. Pro-inflammatory cytokines released by keratinocytes recruit and activate neutrophils which assist with matrix remodelling and further activation of nearby keratinocytes. TNFR1, Tumor necrosis factor receptor 1; TNFα, Tumor necrosis factor α.



We studied the TNFα/TNFR1 signaling pathway using a 4-NQO-induced model of head and neck cancer utilizing immunocompetent C57BL/6 mice. While our group has utilized 3D in vitro invasion assays for the study of OSCCs, this model allowed us to evaluate these pathways in an immunocompetent animal model. Our results support the continued use of this model as a wide distribution of dysplastic as well as invasive lesions can be achieved as noted at the time of sacrifice. At this time, however, little is known about the inflammatory response as a result of the development of 4-NQO-induced lesions. Our results support an integral role of tumor-associated inflammation in oral carcinogenesis. As such, the use of ideal models of disease for in vivo study cannot be overstated. The application of the 4-NQO-induced model of oral cancer recapitulates dysplastic progression leading to the development of OSCCs in a similar manner to the human condition whilst maintaining an intact immune system. The latter point, in this case, is of critical importance as chronic inflammation associated with malignant progression plays a significant role in disease progression. Further, in the context of tumor evaluation following 4-NQO exposure, it is crucial to report all histopathologic features, as were noted in this study, and ensure that a representative number of sections have been evaluated as OPMDs and OSCCs are not homogenous entities.

Anti-TNFα antibody therapy has been demonstrated to exhibit robust anti-tumor effects in mouse models of pancreatic cancer and achieve disease stabilization in individuals with diagnoses of metastatic breast and recurrent ovarian cancer (27–29). Here, we demonstrate that anti-TNFα antibody treatment following the administration of 4-NQO attenuates or retards malignant transformation during a period where an untreated animal cohort went on to develop invasive lesions. Further studies are needed to determine whether the dysplastic lesions from anti-TNFα antibody treated animals would eventually progress to OSCCs, albeit at a slower pace, or if progression is completely inhibited. Our current findings are suggestive of a potentially critical role for the TNFα/TNFR1 signaling pathway in the context of carcinogenesis and malignant progression through the inhibition of tumor invasion and modulation of the inflammatory response to malignant processes.

We show the differential expression of a number of cytokines in the context of 4-NQO-induced carcinogenesis and TNFα blockade. Previous work from our group has shown a relative increase in salivary expression of proinflammatory cytokines including IL-1β, IL-6 and TNFα in patients with a diagnosis of OSCC compared to control patients with IL-1β and IL-6 demonstrating especially increased expression in advanced disease. In the context of 4-NQO-induced oral cancer, attention should be drawn to several findings at the time of animal sacrifice with respect to cytokine expression. First, there was a reduction in TNFα antibody concentration during anti-TNFα antibody administration as compared to isotype antibody treated controls which was not seen at the time of sacrifice. This suggests that in early stages of carcinogenesis, the aforementioned dosing of anti-TNFα antibody attenuates TNFα expression during treatment but becomes inadequate at later timepoints. While there were no invasive lesions noted on histologic analysis of specimens from the anti-TNFα antibody treated group at the time of sacrifice, it is plausible that with additional time, these lesions may have undergone malignant transformation or, alternatively, new foci of disease may have manifested. Even in the setting of mice deficient in TNFα, carcinogen-induced skin lesions will eventually develop in a significantly delayed fashion relative to control animals of multiple genetic backgrounds (30). Second, as compared to the intermediate time point, there was a significant upregulation of several cytokines which, with the exception of M-CSF, were not significantly different between the isotype and anti-TNFα antibody groups. This suggests that despite persistent TNFα blockade, cytokine expression was normalized to that of those animals treated with isotype antibody. As such, to ascertain the true effect of anti-TNFα antibody treatment in the setting of 4-NQO carcinogenesis, a thorough evaluation of expression differences at the intermediate timepoint was required which revealed several differences between the groups. As the initial and interim serum cytokine analyses used a pooled sample from all animals within each group, statistical analysis could not be performed at these time points. Despite this limitation, many clear differences could be seen from the dataset with the 4-NQO/isotype antibody treated group showing increases in concentrations of most cytokines including IL-1α, IL-12 (p40), IL-13, LIX, M-CSF, and MIP-2 while IL-1α, IL-12 (p40), IL-13 and M-CSF were significantly reduced in the setting of TNFα blockade. The aforementioned cytokines are all known to participate in immunoregulatory processes of both the innate and adaptive immune system in the setting of malignant processes (31–33). Similarly, the elevated chemokines M-CSF, MIP-2 LIX, have been implicated in specific mechanisms of invasion and metastasis (34–36).

Neutrophils are avid participants in carcinogenesis and metastasis and play an integral role in cancer progression by adopting both tumor-promoting and immunosuppressive functions which facilitate angiogenesis, invasion, migration and metastasis (37, 38). With respect to circulating neutrophils, while variations exist in the degree of association, an elevated neutrophil-to-lymphocyte ratio (NLR) has repeatedly been associated with poor survival outcomes in the context of numerous malignancies (39). In the setting of OSCCs, the NLR has demonstrated some utility as a predictor of survival (40). At the tissue level, it has been suggested that high levels of intratumoral neutrophils are associated with both decreased overall survival as well as diminished periods of recurrence-free, disease free and cancer-specific survival (41). We observed neutrophilia in both isotype and anti-TNFα antibody treatment groups at both the four- and eight-week time points relative to controls. While our results grossly recapitulate the neutrophilia noted with human cancers, there was a decrease in circulating neutrophils at the four-week time-point between the isotype and anti-TNFα treated groups, albeit not statistically significant. While this was likely attributed to the concurrent anti-TNFα antibody administration which was eventually overcome through continued and progressive neutrophil influx up to the point of sacrifice, this finding highlights a potential mechanism by which the inflammatory response significantly alters cancer progression. Recent work from our laboratory has also explored neutrophil influx within the oral cavity in the setting of OSCCs and demonstrated significantly elevated numbers of oral neutrophils relative to control subjects based on CD45+CD66+ cell counts by flow cytometry. The administration of anti-TNFα antibodies may exploit key immunomodulatory pathways which block or attenuate OSCC invasion through the manipulation of both local and systemic inflammatory mechanisms (Figure 6). Further, this response may be quantifiable and allow for disease prognostication and treatment in the setting of OPMDs or OSCCs.
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Supplementary Figure 1 | 4-NQO-induced carcinogenesis model characterization. (A) Representative oral photographs (left column) and longitudinal H&E low-power (middle column, 10X) and high-power (right column, 20X or 60X) photomicrographs of mouse oral tongue specimens. (B) Weight change of control (n=4) and 4-NQO treated (n=19) animals over the course of 4-NQO treatment and post-4-NQO observation. (C) Distribution of histologic diagnoses between 4-NQO-treated animals (n=19). *p < 0.01; **p < 0.0001; EH, Epithelial hyperplasia; LGD, Low-grade dysplasia (mild dysplasia); HGD, High-grade dysplasia (moderate and severe dysplasia); CIS, Carcinoma in situ; SCC, Squamous cell carcinoma; H&E, Hematoxylin and eosin.

Supplementary Figure 2 | Cytokine Expression. Comparisons of cytokine concentration (pg/L) between post-4-NQO, interim and sacrifice time points for (A) control, (B) 4-NQO/isotype antibody treated and (C) 4-NQO/anti-TNFα antibody treated groups. MFI, Mean florescence intensity; 4-NQO, 4-Nitroquinoline 1-oxide; SEM, Standard error of the mean; GM-CSF, Granulocyte-macrophage colony-stimulating factor; G-CSF, Granulocyte colony-stimulating factor; INF, Interferon; IL, Interleukin; LIF, Leukemia inhibitory factor; LIX, Lipopolysaccharide-induced CXC chemokine; IP, Interferon γ-induced protein; KC, Keratinocytes-derived chemokine; MCP, Monocyte chemoattractant protein; MIP, Macrophage inflammatory protein; M-CSF, Macrophage-colony stimulating factor; MIG, Monokine induced by interferon-γ; RANTES, Regulated on activation, normal T cell expressed and secreted; VEGF, Vascular endothelial growth factor; TNFα, Tumor necrosis factor α.
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The ability of immune cells to sense changes associated with malignant transformation as early as possible is likely to be important for the successful outcome of cancer immunosurveillance. In this process, the immune system faces a trade-off between elimination of cells harboring premalignant or malignant changes, and autoimmune pathologies. We hypothesized that the immune system has therefore evolved a threshold for the stage of transformation from normal to fully malignant cells that first provides a threat (danger) signal requiring a response. We co-cultured human macrophages with a unique set of genetically related human cell lines that recapitulate successive stages in breast cancer development: MCF10A (immortalized, normal); MCFNeoT (benign hyperplasia); MCFT1 (atypical hyperplasia); MCFCA1 (invasive cancer). Using cytokines-based assays, we found that macrophages were inert towards MCF10A and MCFNeoT but were strongly activated by MCFT1 and MCFCA1 to produce inflammatory cytokines, placing the threshold for recognition between two premalignant stages, the earlier stage MCFNeoT and the more advanced MCFT1. The cytokine activation threshold paralleled the threshold for enhanced phagocytosis. Using proteomic and transcriptomic approaches, we identified surface molecules, some of which are well-known tumor-associated antigens, that were absent or expressed at low levels in MCF10A and MCFNeoT but turned on or over-expressed in MCFT1 and MCFCA1. Adding antibodies specific for two of these molecules, Annexin-A1 and CEACAM1, inhibited macrophage activation, supporting their role as cancer “danger signals” recognized by macrophages.
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Introduction

Medical and evolutionary sciences have traditionally developed in relative isolation (1). In the 1970s, evolutionary and ecological concepts began to be applied to cancer initiation and progression (2, 3). Since this seminal work, several studies explored the processes of somatic cellular selection and evolution leading to malignant transformation, metastasis or resistance to therapies (4–6). In addition to the evolution of clonal heterogeneity inside the tumor, tumors also evolve in complex and multifaceted ecological contexts. Indeed, tumors are composed of mixtures of cancer cells and non-cancer cells, which compose the tumor microenvironment (TME). Tumor cells vary in their ability to evade the immune system and the “invisible” clones present a selective advantage and proliferate at the expense of others (7). It is now accepted that this co-evolutionary process, called immunoediting, is ongoing in most cancers and involves the immune response as well as immune evasion by some tumor cells (8). Application of evolutionary biology to the understanding of the crosstalk between cancer and immune cells is a promising strategy to better understand the bases of cancer vulnerability. The need for self-tolerance to avoid auto-immunity and the need to eliminate cancer that arises from self, may have exerted a strong selective pressure on the evolution of cancer immunosurveillance (9, 10). Unlike viruses or bacteria, premalignant cells may be particularly challenging for the immune system because they are mostly self with initially only a few characteristics of tumor cells (11).

Macrophages play an important role in the initiation of immune responses that eventually lead to adaptive immunity and immune memory. Their ability to sense “danger signals” on cells undergoing malignant transformation, similarly to how they sense danger signals from pathogens, may determine if and when cancer immunosurveillance is initiated. In the context of microbial stimuli, an evolutionarily conserved threshold for “danger discrimination” controls inflammatory cytokines production (12); MAPK were activated above a certain concentration of microbial products, setting an inflammatory activation threshold in both mouse and human macrophages. Recently, it was shown that in squamous cell carcinoma of the lung, innate inflammatory responses are low in benign lesions but increase with higher grade pre-invasive lesions, suggesting the existence of a threshold of activation of innate immune responses to cancer (13).

We tested this hypothesis in a unique set of human breast cell lines derived on the same genetic background, that recapitulate several steps in breast cancer progression: MCF10A cell line, immortalized but not transformed; MCFNeoT and MCFT1 cell lines, H-ras transformed, corresponding to premalignant hyperplasia and atypical hyperplasia, respectively; and MCFCA1, fully malignant invasive tumor cell line (14, 15). We exposed macrophages to these cells and assessed their activation by the secretion of several cytokines. Macrophages produced IL-10 upon encounter with MCF10A and MCFNeoT but switched to TNF-α and IL-1β when co-incubated with hyperplastic MCFT1 and fully transformed MCFCA1, suggesting an activation threshold at the premalignant stage represented by MCFT1. We also found that increased phagocytic activity followed the same threshold with macrophages forming conjugates with MCF10A and MCFNeoT but fully engulfing MCFT1 and MCFCA1. We measured differences in the transcriptome and the proteome between these cell lines and found several candidate molecules whose expression correlates with the threshold for macrophage activation. We found expression of the same molecules and macrophage infiltration in early stages of malignant transformation in breast tissue samples, recapitulating our findings in vitro.



Materials and Methods


Antibodies

Mouse monoclonal antibody 4H5, gift from the late Dr. Hilgers (Free University, Amsterdam), was used to stain the hypoglycosylated form of MUC1. Her-2/neu was detected with Herceptin ® (Trastuzumab, Genentech Inc., San Francisco, CA, USA) and CEACAM1 with antibody CEACAM1/CD66a (R&D Systems, Minneapolis, MN, USA). Anti-Serpin B1 (clone 3B4) antibody was obtained from Novus Biologicals (Centennial, CO, USA). Anti-Annexin A1 clone EPR19342 and anti-CD68 (EPR20545) antibodies were purchased from Abcam (Cambridge, UK). Anti-Annexin A1 (74/3) and anti-Calregulin (clone F-4) was purchased from Biolegend (San Diego, CA, USA) and Santa Cruz Biotechnology (Dallas, TX, USA) respectively. Anti-PECAM1 (clone WM59) and FITC-CD47 (clone B6H12) were purchased from BD Biosciences (Franklin Lakes, NJ, USA). APC-conjugated F(ab’)2 fragment specific to human IgG (Jackson Immunoresearch, West Grove, PA, USA) and FITC-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA, USA) were used as secondary antibodies. HRP-conjugated goat anti-rabbit (IgG) and goat anti-mouse (IgG) were purchased from Abcam and Jackson ImmunoResearch respectively.



Cell Lines

MCF10A cell line was purchased from ATCC (Manassas, VA, USA). MCFNeoT, MCFT1, and MCFCA1 cells were obtained from the Barbara Ann Karmanos Cancer Institute (Detroit, MI). The four cell lines were maintained as monolayers in Dulbecco’s Modified Eagle’s Medium-F12 (DMEM/F12) (Gibco, 11320033) supplemented with 5% horse serum (Gibco, 16050122), 1% penicillin/streptomycin (Lonza, 17-602E), 0.5 μg/ml hydrocortisone (StemCell, 37150), 100 ng/ml cholera toxin (Sigma, C-8052), 10 μg/ml insulin (Gibco, 1285014), and 20 ng/ml recombinant human EGF (Invitrogen, PHG0311). THP-1 monocyte cell line was purchased from ATCC (TIB-202, Manassas, VI) and TNF-reporter cell line (THP1-B5) was a gift from Dr. Ian Fraser (NIH/NIAID). Cells were cultured in RPMI-1640 (Life Technologies, Carslbad, CA) supplemented with 10% FBS, 1% Penicillin/Streptomycin and 1% Sodium Pyruvate. MCF cells were trypsinized off the plates. All cell lines were regularly tested for Mycoplasma contamination by PCR.



Macrophage Generation

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of healthy blood donors (purchased from Vitalant, Pittsburgh, PA) by FicollTM (Sigma-Aldrich) density gradient. Monocytes were sorted by magnetic-activated cell sorting (MACS) using magnetic beads conjugated with anti-human CD14 (CD14 MicroBeads, human, Miltenyi Biotech, Bergish Gladbach, Germany) and cultured for 5 days in RPMI 1640 culture medium and M-CSF (100 ng/mL; R&D systems) to differentiate them into non-polarized (M0) monocyte-derived macrophages. Macrophages were generated from THP-1 and THP1-B5 monocyte cell lines by incubation for 48 hours with 100 nM phorbol 12-myristate 13-acetate (PMA, Sigma, P8139), followed by 48 hours incubation in RPMI medium. 5mM EDTA was used to detach macrophages.



Antibody Blocking of Macrophage Activation and Macrophage Stimulation With Danger Signals

125,000 MCF cell lines were pre-incubated with 1:10 dilution of an mouse IgG1 isotype control antibody (0.5 mg/ml), anti-Serpin B1 (1 mg/ml), anti-Annexin A1 (1 mg/ml) or anti-CEACAM1 (0.5 mg/ml) for 30 min at 4°C before co-incubation with macrophages. Macrophages were stimulated with seven 2-fold serial dilutions of the 50 µg/ml top solution of CEACAM1 and Annexin A1 protein (R&D systems) for 24 hours.



Co-Cultures

Macrophages were always pretreated with 2% FC receptor binding inhibitor (ThermoFisher) for 15 min at 4°C before co-incubation. Co-incubations were carried out in two different step-ups: i) macrophages were plated simultaneously with MCF cells to a ratio macrophages/MCF cells of 1:5 or 1:10. ii) macrophages were plated in the bottom of the plate and MCF cells in a 96-well 0.4 µm transwell (Corning) with the same 1:5 and 1:10 macrophages/MCF cells ratio. All coincubation were carried out in duplicate in 96-well plates, in 150ul of MCF medium and for 24 hours. When indicated in the legend, MCF cells were treated with neuraminidase (1:1000, Sigma-Aldrich) for 2 hours in low-adherent plates before co-incubation.



Cytokine-Based Assays (CBA) and ELISA

At the end of the co-incubation supernatants were collected for the determination of cytokine production and were stored at -80°C until used. Bead-based multiplex cytokine assay was used to measure the following cytokines: IL-1β, IFN-α2, IFN-γ, TNF-α, MCP-1, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-15, IL-17A, Il-18, IL-23, IL-33 (LEGENDplex™, Biolegend, San Diego, CA, USA). A serial dilution of the inflammatory cytokine panel was run on the same plate according to the manufacturer’s instructions and read using a Fortessa flow cytometer. Ten thousand total events were recorded per sample and cytokines were considered undetectable below 2 pg/ml. Alternatively, human TNF-α ELISA Max kit (Biolegend) was used to measure the concentration of TNF-α in the supernatant of stimulated macrophages according to manufacturer’s protocol.



Phagocytosis Assay

Macrophages and MCF cells were washed twice in PBS, and labeled with 1 µM CellTrace Yellow, Violet or CSFE (ThermoFisher, Waltham, MA, USA) according to manufacturer’s protocol. After 2 hours of co-incubation in 6-well plates, cells were stained with a viability dye (1:1000 dilution in PBS, Ghost Red 780, #13-0865, TONBO Biosciences, San Diego CA, USA) for 15 min at 4°C. Samples were run on a Fortessa flow cytometer and gated based on negative signal for APC-Cy7 (i.e., live cells). AMNIS image cytometry was performed using an Amnis cytometer. Cells were first visualized in a bright field and identified as macrophages (PacBlue) or MCF cells (FITC). The IDEAS software 6.2 was used to evaluate the percentage of doublets using the same gating strategy as for the phagocytosis assay. The images were merged to confirm the uptake of MCF cells by macrophages. The internalization score was measured using the internalization wizard of the IDEAS software.



Flow Cytometry

Cells were trypsinized, washed, collected and then stained with a viability dye (1:1000 dilution in PBS, Ghost Red 780, #13-0865, TONBO Biosciences, San Diego CA, USA) for 15 min at 4°C. Cells were stained with the anti-MUC1 antibody 4H5 (1:100), anti-HER2 antibody trastuzumab (1:2000), anti-CEACAM1 antibody (1:100), anti-Serpin B1 (1:100), anti-Annexin A1 (1:400), anti-CRT (1:100), anti-PECAM1 (1:100) and anti-CD47 (100) diluted in flow cytometry buffer (PBS + 1% BSA), for 30 min at 4°C followed by two washes with FACS buffer. Cells were then stained with secondary goat anti-mouse IgG or F(ab’)2 anti-human IgG (1:200 dilution in FACS buffer) for 30 min at 4°C. Samples were run on a Fortessa flow cytometer and gated based on negative signal for APC-Cy7 (i.e., live cells). APC (human) or FITC (mouse) mean fluorescence intensities were measured. 30,000 total events were recorded per sample.



Dual Luciferase Assay of THP1-B5 Cell TNF-α Production

After stimulation, the cells were washed once in PBS and lysed in passive lysis buffer (Promega). Firefly and renilla luciferase activities were determined using SpectraMax i3X and the software Softmax Pro 7.0.3 with an 5s acquisition. The ratio of firefly luminescence to renilla luminescence was used to reflect TNF-α production in response to stimulation.



Microscopy and 3-D Reconstruction

3-D overlay cultures were generated following the published method (16). Briefly, 8-chamber slides (Falcon CultureSlides, #354118) were coated with 40 µl of Matrigel (Corning ® Matrigel ® Matrix, #356234) and 5000 cells/well were seeded in medium containing 2% Matrigel and 5 ng/ml EGF. After 7-9 days, 3-D cultures in Matrigel were washed twice with media before seeding PMA-treated THP-1 (40,000 cells/well). THP-1 were previously labelled with CellTrace CFSE (Carboxyfluorescein succinimidyl ester) as described above. After 24 hours of incubation, bright-field and fluorescence images were taken using the Z-stack option on an Olympus Fluoview 1000 confocal microscope at the Center for Biologic Imaging, University of Pittsburgh. The pictures were taken under fixed exposure conditions. 3-D reconstruction was performed with NIS-Elements (Nikon Instruments Inc., USA). 3-D cultures were delimited manually on each stack and FITC-positive macrophages were detected using the 3-D spot detection function. The infiltration score was determined as the number of macrophages detected inside the spheroid divided by the total volume of the spheroid, multiplied by 1,000,000.



2D-DIGE and Liquid Chromatography/Mass Spectrometry (LC/MS) Analysis

Total cell lysates were generated from a confluent 10 cm2 culture plate by scraping the cells with 100 µl of lysis buffer (7 M Urea, 2 M Thiourea, 10 mM Hepes pH 8.0, 10 mM DTT, 4% CHAPS) followed by 30 min incubation on ice, 7 cycles of 30 s ON/30s OFF sonicator and centrifugation for 15 min at 14,000 rpm. Extracted protein were stored at -70°C. One hundred µg of untreated and treated samples were labelled with Cy3- and Cy5-NHS minimal-labeling DIGE dyes (GE Healthcare, Uppsala, Sweden) diluted in Dimethylformamide (DMF) (Sigma) for 30 min on ice. Labeling of the two samples was reversed (reciprocal labeling) and run concurrently on a second 2D-DIGE gel to eliminate dye-dependent differences, constituting a technical replicate. First-dimension Isoelectric Point Focusing (IEF), and second-dimension SDS-PAGE were conducted as described (17) with the following modifications. Proteins were separated in the first-dimension on 18 cm pH 3-10NL IPG strips on a Protean i12 IEF Cell apparatus (Bio-Rad) for 32,000 Volt-hours. The samples were then separated on the second-dimension SDS-PAGE in 12% polyacrylamide gels in standard Tris-Glycine-SDS running buffer. After electrophoresis, the gels were fixed in a solution of 40% methanol and 10% acetic acid. The gels were imaged on a custom-built, fluorescent gel imager that housed a robotic spot-cutting head. The resultant fluorescent images were analyzed and selected spots that were then cut from the gels and identified via Nano LC-ESI-MS/MS, as described (18). We analyzed 2 biological replicates for each cell lines and 2 technical replicates for each biological replicate. After identification, the characteristics of the proteins and their sequences were obtained through the Uniprot database (https://www.uniprot.org). Finally, we applied Source Extractor to quantify the changes in 2D gels. Source extractor is a neural-network based star/galaxy classifier run by Docker. Once the intensity of each spot extracted, we created a cy3/cy5 ratio and normalized it by the mean intensity of 5 guiding spots. Guiding spots were defined as spots equally expressed in both cell lines (appearing yellow in the gel). The ratios were then log transformed to help with visualization.



Gene Expression Profiling

Total RNA was isolated from the four MCF cell lines using microKit (Qiagen). The epithelial cell gene profile was examined using nCounter Human Immunology Panel v2 (NanoString Technologies, Seattle, WA, USA). The protocol was carried out at the Genomics Research Core (University of Pittsburgh) using 100 ng of total RNA from each sample following their commercial protocol. Data were analyzed using the NSolver 4.0 software, following the procedure described in the package instructions (19). Normalization of mRNA content, which adjusts for positive control size factors, background noise and housekeeping genes size factors, as well as differential expression, was performed.



Immunohistochemistry

Human tissue arrays were obtained from BioChain (Newark, CA, USA) and contained 18 cases of normal, premalignant, and malignant breast tissues (#Z7020010). DCIS slides were provided by Dr. Rohit Bhargava (Department of Pathology, UPMC, Pittsburgh). Slides were deparaffinized by baking overnight at 59°C. Endogenous peroxidase activity was eliminated by treatment with 30% H2O2 for 15 min at room temperature. Antigen retrieval was performed by microwave heating in 0.1% citrate buffer for 10 min. Non-specific binding sites were blocked with 1% BSA. Reaction with anti-CD68 (1:100), anti-CEACAM1 (1:50) and anti-Annexin A1 (1:100) was performed for 1 hour at room temperature. Secondary antibodies were added at 1:100 dilution for 30 min. Positive signals were visualized by a DAB Substrate Kit (cat. #550880, BD Pharmingen) according to the manufacturer’s protocol. Histology sections were viewed on an Olympus BX40 microscope. Images were acquired using Leica DFC420 camera and Leica Application Suite version 2.7.1 R1.



Statistical Analysis

Significance analyses were performed by using GraphPad Prism software version 7.0 (GraphPad Inc. San Diego, CA). Results were represented as means ± standard error of the mean (SEM) as specified in the legend. Statistical means and significance were analyzed using multiple comparison tests (One way ANOVA). Significance for all experiments was defined as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.




Results


Macrophages Exhibit an Activation Threshold in Response to Different Stages of Malignant Transformation

We incubated primary human monocyte derived macrophages (hMDM) for 24 hours with the MCF cell lines representing the various stages of malignant transformation, from normal (MCF10A) to premalignant (MCFNeoT and MCFT1) to invasive breast cancer (MCFCA1), and quantified 13 secreted cytokines using a cytometric bead array. We focused on i) cytokines with concentrations above the detection threshold, ii) cytokines secreted at different levels depending on the cancer cell line used in the co-incubation, iii) cytokines secreted in responses to more than one cell line, iv) cytokines for which concentrations were significantly different in co-culture compared to mono-culture. Following this screening method, we selected three cytokines, TNF-α, IL-1β and IL-10. We found that co-incubation of macrophages with MCF10A induced low levels of TNF-α and IL-1β and high levels of IL-10 (Figure 1A). IL-10 levels were lower in co-cultures with MCFNeoT, and there was no detectable TNF-α or IL-1β. TNF-α levels dramatically rose in co-incubation with MCFT1 and decreased but remained high with MCFCA1. While IL-1β paralleled TNF-α, increasing in co-cultures with MCFT1 and reaching even higher levels in response to MCFCA1, IL-10 levels continued to decrease reaching their lowest levels in co-cultures with MCFT1 and MCFCA1.




Figure 1 | The threshold of macrophage activation occurs between benign hyperplasia and atypical hyperplasia. (A) Cytokine production by human monocyte-derived primary macrophages (hMDM) and co-incubated with live cells from the MCF series indicated along the X-axis, at 1:5 macrophages/cell ratio. This result is representative of two experiments with two independent donors. (B) THP-1 monocyte cell line-derived macrophages were co-incubated as described in (A). Results are presented as mean values ± SEM of three experiments. (C) THP-1 macrophages were co-incubated in a transwell plate with cells plated on top of the transwell. Cytokines were assessed in a bead-based assay and normalized against the highest cytokine concentration observed in responses to one of the cell lines. Results are presented as mean values ± SEM of three experiments. Cytokine concentrations in co-incubations with MCFNeoT (NeoT), MCFT1 (T1) and MCFCA1 (CA1) were compared to MCF10A (10A) using Fisher LSD tests for each cytokine (represented by different color): *p<0.05, ****p<0.0001.



We repeated these experiments with THP-1 monocyte cell line-derived macrophages that allow high reproducibility and for which a recent study showed that they could be used as a simplified model of human macrophages even though the order of magnitude in cytokine secretion after polarization was lower in hMDM compared to THP-1 (20). We recapitulated the results from primary macrophages: decrease in IL-10 and increase in TNF-α and IL-1β occurred between MCFNeoT and MCFT1 (Figure 1B). The result was the same at 1:10 macrophage/MCF cell ratio (Supplementary Figure S1A). The production of these three cytokines by the MCF cell lines alone was low and could not account for the difference observed in co-incubation (Supplementary Figure S1B). We then tested the importance of cell-cell contact for establishing or maintaining the differences in cytokine patterns of expression between an earlier premalignant stage MCFNeoT and a later premalignant stage MCFT1. We performed the co-incubations in transwell plates where macrophages were seeded in the bottom section of the transwell, separated from the MCF cells that were plated in the top of the transwell (Figure 1C). The shift in cytokine expression patterns between MCFNeoT and MCFT1 was diminished in the absence of direct cell-cell contact, with higher TNF-α concentrations in response to MCF10A and MCFNeoT soluble factors and increased IL-10 levels in responses to MCFT1 and MCFCA1. IL-1β levels were not affected and remained higher in response to MCFT1 and MCFCA1 compared to MCF10A.

Compared to unstimulated macrophages, THP-1 in contact with MCF10A showed similar levels of TNF-α and IL-1β but higher levels of IL-10, suggesting that macrophages where inert when sensing MCF10A (Supplementary Figure S2). In contrast, when incubated with MCFT1 and MCFCA1, THP-1 macrophages secreted lower levels of IL-10 and a 2-fold increase in TNF-α and IL-1β compared to unstimulated macrophages, suggesting immune activation. In co-incubations with MCFNeoT, macrophages seemed to be in a transitional state with similar levels of IL-10 and TNF-α but higher levels of IL-1β than resting macrophages. Therefore, an activation threshold depending on cell-cell contact and sensing of surface molecules appeared to be between the two premalignant states, MCFNeoT representing benign hyperplasia and atypical hyperplasia represented by MCFT1 in both primary hMDM and THP-1 derived macrophages.

We were also able to identify a similar activation threshold in THP-1-derived dendritic cells (Supplementary Figure S3). In co-incubations with MCFT1 and MCFCA1, IL-1β concentration was increased whereas IL-10 concentration was decreased compared to co-incubation with MCF10A, similarly to what was observed in macrophages. TNF-α was however produced at very low levels by dendritic cells and instead IL-18, another proinflammatory cytokine primarily involved in polarized T-helper 1 was increased between MCFNeoT and MCFT1.



Increase in Phagocytic Activity and Tumor Infiltration Coincides With the Macrophage Activation Threshold

We wanted to know if the activation threshold that resulted in increased pro-inflammatory cytokine production extended to other macrophage functions. We used flow cytometry to examine the interaction of labeled macrophages (CellTrace Violet, Figure 2A, Q3) with the MCF cell lines (CellTrace Yellow, Figure 2A, Q1), and quantified the percentage of the total macrophage population that had formed doublets with the MCF cells (Figure 2A, Q2). Compared to MCF10A and MCFNeoT, macrophage incubation with MCFT1 and MCFCA1 yielded significantly higher number of doublets, in both 1:5 and 1:10 macrophage/MCF cell ratio (Figure 2B). Because these doublets can represent either phagocytosed cells or macrophage-MCF cell conjugates, we used the AMNIS instrument to visualize cell internalization. Indeed, the overlay of the fluorescent cell images allowed visualization of the MCF cells inside the macrophages distinguishing them from cell-cell conjugates (Figure 2C). We then used an internalization wizard and found that the doublets were mostly conjugates with MCF10A and MCFNeoT (low internalization score) whereas in the case of MCFT1, whole cells or cell debris were phagocytosed (high internalization score) (Figure 2D). Thus, we verified that the phagocytosis threshold was between MCFNeoT and MCFT1, matching the threshold for pro-inflammatory cytokine production.




Figure 2 | Defining thresholds for macrophage phagocytosis of MCF cell lines in suspension and infiltration into 3-D clusters. (A) Example of the gating strategy to identify macrophage-MCF cell doublets. Macrophages and MCFNeoT cells were labeled with Pacific Blue and PE cell tracers, respectively. Doublets (Q2) were identified as PacBlue, PE double positive cells. (B) Percentages of doublets in 1:5 and 1:10 macrophage/MCF cell ratio as indicated MCF10A (10A), MCFNeoT (NeoT), MCFT1 (T1) and MCFCA1 (CA1). Results are presented as mean values ± SEM of four experiments. Fisher LSD test: ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. (C) Examples of images taken on the AMNIS 24h after coincubation of macrophages and indicated cells (1:20 ratio). Cells were labeled as in B and gating was on live cells. (D) Internalization scores were calculated using the Internalization function in IDEAS 6.2. Results are presented as mean values ± SEM of three experiments. Fisher LSD test: *p<0.05. (E) Representative images of macrophages contacting MCF10A (10A) and MCFNeoT (NeoT); infiltrating MCFT1 (T1); destroying MCFCA1 (CA1) cell clusters. Macrophages were labeled with FITC (green) and added on top of cells in 3-D clusters grown in Matrigel. (F) Examples of 3-D reconstructions from z-stacked images using the NIS-Element software. 3-D clusters are represented in red, non-infiltrating macrophages in yellow and infiltrating macrophages in pink. (G) Infiltration score was calculated as the number of infiltrating macrophages divided by the cluster volume as described in Materials and Methods. Results are presented as mean values ± SEM of 4 clusters for MCFNeoT, 6 for MCFT1 and 5 for MCFCA1. Fisher LSD test: **p<0.01.



To represent better the conditions of macrophage interaction with mammary epithelial cells during breast cancer progression in vivo, we cultured MCF cell lines in Matrigel for 7-10 days allowing them to form 3-D clusters, followed by the addition of macrophages and incubation for an additional 24h. A substantial number of labeled macrophages (CellTrace CFSE) migrated into the Matrigel and adhered to the 3-D clusters of all four cell lines (Figure 2E). MCFCA1 clusters, but not the other cell lines, appeared to be also damaged by macrophages (Figure 2E, CA1 panel). We then wanted to determine if the macrophages infiltrated the clusters and if that varied between the cell lines. After 3-D reconstruction (Figure 2F), we quantified the number of macrophages inside each cluster and determined an infiltration score normalized by the volume of the cluster. We found that macrophages adhered but did not infiltrate MCF10A. MCFNeoT and MCFT1 clusters were infiltrated similarly by macrophages, however, MCFCA1 clusters showed significantly higher infiltration scores (Figure 2G). We therefore observed a two-step infiltration threshold, with the first threshold between MCF10A and MCFNeoT when macrophages start to actively infiltrate the clusters and a second threshold between MCFT1 and MCFCA1 where macrophages infiltrate clusters at greater numbers. While the internationalization score was similar for the two cell lines, the greater infiltration in MCFCA1 clusters could explain the multiple observations of cluster destructions (Figure 2E).



Querying Well-Known Molecules Involved in Malignant Transformation, Macrophage Activation and Phagocytosis as Potential Danger Signals at the Macrophage Activation Threshold

As cell-cell contact was necessary to reveal the macrophage activation threshold, we focused our efforts on identifying cell surface molecules that could act as danger signals in malignant transformation. A common mechanism in tumor progression and metastasis is an alteration of glycosylation and sialylation (21). We investigated potential changes in the activation threshold after treating the MCF cells with neuraminidase, a glycoside hydrolase that removes sialic acids from the terminal positions of glycans and exposes the cryptic Tri/m-II, leading to an increased binding of calreticulin (CRT), the “eat me” signal, and phagocytosis (22). We found that neuraminidase treatment increased TNF-α concentration in responses to MCFT1 cells but did not move the threshold to the earlier premalignant stage or impact macrophage TNF-α response to the malignant MCFCA1 cells (Figure 3A).




Figure 3 | Querying known DAMPs as candidate danger signals for determining macrophage activation threshold in response to transformed cells. (A) Sialic acid removal by neuraminidase treatment of MCF cells, indicated along the X-axis, does not affect the threshold. Y-axis shows fold increase of TNF-α in THP-1 B5 macrophages after 24h incubation at 1:5 macrophage/cell ratio. Co-incubation with untreated cells is in gray and with neuraminidase-treated cells in purple. Results are representative of three experiments. Fisher LSD test: **p<0.01. (B) Differential expression of well-known tumor-associated molecules in indicated cells compared to MCF10A (10A, dashed line), assessed by flow cytometry. Results are presented as mean values ± SEM of three experiments. Fisher LSD test: ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. (C) Heatmap representation of expression of genes coding for previously described DAMPs. The color key was provided by the software and shows a gradient from low (log2 FC <–1) to high (log2 FC>1) expression.



Thus, we focused our next analyses on the expression of well-known tumor-associated antigens and damage-associated molecular patterns (DAMPs) to see which are associated with the transformation stages below versus above the macrophage activation threshold. We included in our analysis tumor antigens MUC1 and HER2, which have been reported to be over-expressed in breast cancer and to affect macrophage function (19, 23), and the “eat-me” signal CRT and the “don’t eat me” signal CD47 (24). We found that the hypoglycosylated form of MUC1 and Her-2/neu were significantly overexpressed on the surface of MCFCA1 compared to MCFNeoT but not on MCFT1, suggesting that they were not involved in setting the macrophage activation threshold (Figure 3B). In contrast, MCFT1 and MCFCA1 expressed significantly higher levels of CRT which may contribute to enhanced phagocytosis of these cells. All three cell lines expressed similar levels of CD47. Finally, we analyzed mRNA expression of a panel of DAMPs such as BCL2, EGR, ICAM-3, IL-1α, IL-6, defensins, fibronectin 1 and the S100 protein (25), and found no correlation of their expression with the macrophage activation threshold (Figure 3C). Nevertheless, MCFT1 showed a specific pattern of defensin and EGR gene expression compared to MCFCA1 that could contribute as additional signals for macrophage activation.



Unbiased Identification of Potential New Candidates Acting as Danger Signals Associated With the Macrophage Activation Threshold

We next took an unbiased approach to identify candidate danger molecules associated with macrophage activation. We first profiled the four MCF cell lines, quantifying expression of 579 immune response genes using the Nanostring nCounter Human Immunology V2 Panel. We identified 93 genes in MCFNeoT, 192 in MCFT1 and 136 in MCFCA1 that had log2 fold change of expression > 1 over MCF10A. When considering genes with a fold change of expression >5, we could identify four distinct groups of genes associated with various stages of malignant transformation: I) genes overexpressed in both MCFT1 and MCFCA1; II) genes overexpressed in MCFT1 only; III) genes overexpressed in MCFCA1 only; and IV) genes overexpressed in MCFNeoT only (Figure 4A). Of greatest interest are the genes in group I because they appear in MCFT1 and persist in MCFCA1, corresponding to the macrophage activation that starts in response to MCFT1 and continues in response to MCFCA1.




Figure 4 | Unbiased identification of genes and proteins associated with the macrophage activation threshold. (A) Heatmap representation of expression of genes with a fold increase greater than 5 over MCF10A (10A). The color key was provided by the software and shows an expression gradient from low (log2 FC <–1) to high (log2 FC>1). I, genes upregulated in MCFT1 (T1) and MCFCA1 (CA1); II, genes upregulated in MCFT1(T1) only; III, genes upregulated in MCFCA1 (CA1) only; IV, genes upregulated in MCFNeoT (NeoT) only. (B) Differentially expressed proteins between MCF10A labeled with Cy3-NHS (green) and MCFT1 labeled with Cy5-NHS (red); labeled proteins were mixed and resolved on 2D-DIGE as described in Materials and Methods. Shared proteins migrate identically and appear as yellow spots. Blue circles mark spots unique to MCFT1 that were picked for sequencing. Numbered yellow stars were used in the quantification analysis as guiding spots. (C) Changes in expression of 2D-DIGE-identified proteins in MCFT1 and MCFCA1 relative to MCF10A. Results are presented as mean values ± SEM of 4 technical replicates.



Because change in gene expression does not always translate to change in protein expression, we compared the proteome of each transformed cell line with the proteome of MCF10A and identified molecules specifically over-expressed in the premalignant and malignant cells. We extracted proteins from the monolayer cultures and labeled them with two different Cyanine-based, amine-reactive, minimal-labeling dyes and resolved them by 2D-DIGE (17) as described in Materials and Methods. Figure 4B is a representative 2D gel where proteins from MCF10A (red) and MCFT1 (green) were resolved and visualized as spots. We quantified the difference in expression of each protein by analyzing the pixel intensity of each spot in the images of 2D gels with Source Extractor across 2 biological and 4 technical replicates (Supplementary Figure S4A). After normalization that accounts for differences in dye intensities, we considered that proteins were significantly differentially expressed when they had a log2 fold change of spot intensity > 1 compared to MCF10A (Supplementary Figure S4B). Those protein spots were excised from the gel, digested into peptides with trypsin and subjected to mass spectrometry analysis. We found that five proteins were consistently over-expressed in MCFT1 and MCFCA1 but not in MCF10A and MCFNeoT: Tubulin beta, Gelsolin, Annexin A1, Annexin A3 and Serpin B1 (Figure 4C).



The Candidate Danger Molecules Annexin A1 and CEACAM1 Participate in the Macrophage Activation Threshold

From the 11 candidate molecules identified with NanoString and 2D-DIGE methods, we decided to focus on 4 of them to further explore their surface expression and their impact on macrophage activation. We eliminated soluble factors (LIF) and proteins with structural or post-transcriptional changes (Tubulin beta) to focus on proteins for which antibodies were commercially available and their association with epithelial cancer progression had already been documented.

We measured protein expression on the surface of the transformed cell lines by flow cytometry and expressed the results relative to MCF10A (Figure 5A). Serpin B1 and PECAM1 were significantly more highly expressed on MCFCA1 compared to MCF10A, while MCFT1 and MCFCA1 both expressed significantly higher levels of CEACAM1 and Annexin A1 (Figure 5B). This confirmed that the transcriptomic and proteomic differences observed between the cell lines were associated with differences in surface expression. The only discordance between our 2D-DIGE and flow cytometry analysis was in the case of Serpin B1, which is largely localized to the cytoplasm.




Figure 5 | Candidate danger molecules differentially expressed above and below the macrophage activation threshold that promote inflammatory function. (A) Representative flow plots of CEACAM1, Serpin B1, Annexin A1 and PECAM1 expression in MCF10A (10A), MCFNeoT (NeoT), MCFT1(T1) and MCFCA1 (CA1). (B) Differential expression of selected cell surface proteins by MCFNeoT (NeoT), MCFT1 (T1) and MCFCA1 (CA1) relative to MCF10A (10A, dashed line), assessed by flow cytometry. Results are presented as mean values ± SEM of three experiments. Fisher LSD test: ***p<0.001, **p<0.01. (C) Fold increase of TNF-α expression in macrophages co-incubated for 24h at a ratio of 1 macrophage to 5 MCFT1 cells, preincubated for 30 min with either an isotype control antibody or antibodies against Serpin B1 (yellow), Annexin A1 (blue) and CEACAM1 (pink). Results are presented as mean values ± SEM of two to four experiments. Fisher LSD test: **p<0.01, *p<0.05. (D) Fold increase in TNF-α production in macrophages stimulated with different concentrations of Annexin A1 and CEA proteins for 24h compared to unstimulated macrophages, as assessed by ELISA. Results are presented as mean values ± SEM of three experiments. Fisher LSD test: **p<0.01.



We attempted to interfere with the macrophage threshold by pre-treating MCF cell lines for 30 minutes with antibodies against these three molecules in order to block their recognition by macrophages. Figure 5C shows that antibodies against Annexin A1 and CEACAM1, but not against Serpin B1, lowered TNF-α production in response to MCFT1 to levels comparable to what we see in response to MCF10A and MCFNeoT (Supplementary Figure S5A). This effect was antibody-dose dependent (Supplementary Figure S5B). Finally, we confirmed the potential of our candidates to activate macrophages by stimulating THP-1 macrophages with CEACAM1 and Annexin A1 individually at different concentration (Figure 5D). We found that both proteins activate a TNF-α responses in a dose-dependent manner. Activation by Annexin A1 was significant at concentration above 2.5ug/ml and while CEACAM1 followed the same trends it did not reach significance.



Evidence of a Threshold in Annexin A1 and CEACAM1 Expression in Human Breast Cancer Associated With Macrophage Activation

We examined human breast tissue samples of normal breast ducts (MCF10A-like), preneoplastic hyperplasia (MCFNeoT-like), ductal carcinoma in situ (DCIS, MCFT1-like) and invasive ductal carcinoma (MCFCA1-like), for evidence of a macrophage infiltration threshold, which we detected by the intensity of staining for the macrophage marker CD68. We saw no macrophages in the normal and in hyperplastic tissue sections (Figure 6). The first evidence of macrophage infiltration was found at the DCIS stage and it increased greatly in invasive ductal carcinoma (IDC). We also looked for differential expression of the candidate danger molecules Annexin A1 and CEACAM1 and saw, consistent with our cell line data, increased Annexin A1 and CEACAM1 expression beginning at the DCIS (MCFT1-like) stage and continuing in invasive cancer.




Figure 6 | Macrophage infiltration and expression of Annexin A1 and CEACAM1 in human breast tissues at various stages of transformation mirror the in vitro observed activation threshold. Example of paraffin-embedded samples of breast tissues, normal (1 of 8 total), hyperplasia (1 of 5 total), ductal carcinoma in situ (DCIS) (1 of 8 total) and invasive ductal carcinoma (IDC) (1 of 6 total), sectioned and stained with relevant antibodies (see Materials and Methods). Slides were scanned at 10X magnification in order to select for a high-resolution image at 20X. Images were scored by measuring the percentage of IHC positively labeled cells: +, <25%; ++, 25 to 50%; +++, 50 to 75%; and ++++ > 75%. Representative images are shown. The “+” signs refer to results from all analyzed samples in each tissue type.






Discussion

Macrophages are known to be important effectors of cancer immunosurveillance (26) through programmed cell removal and activation of TLR pathways (27). However, because cancer cells closely resemble normal cells it is still unknown how early in tumor development can macrophages sense and eliminate abnormal cells or initiate adaptive immunity against them. The results described here give the first evidence in an in vitro model system of a threshold of activation and phagocytosis that is observed in macrophages that interact with cells at various stages of malignant transformation. We were able to detect such a threshold by co-culturing macrophages with a series of cell lines that were developed to recapitulate the progression of breast cancer (15). We were able to show a switch from low baseline levels of TNF-α production in response to normal MCF10A to high levels in response to atypical hyperplasia, a premalignant stage of disease. This activation of TNF-α production was dependent on cell-cell contact and was contemporaneous with an increase in phagocytic activity of macrophages against that same premalignant stage. The difference observed between MCFT1 and MCFCA1 in terms of 3-D cluster infiltration could be explained by the difference in “find-me” signal secretion (28). However, we demonstrated that in vivo, the threshold for infiltration of macrophages in malignant lesions was similar to the activation threshold, suggesting that our 3-D culture system might not reproduce all the interactions in the tumor microenvironment, especially those with other immune cells. Similarly, our system did not allow to measure the consequences of long-term interactions between tumor cells and macrophages. Indeed, tumor cells can promote a pro-tumoral phenotype in macrophages, which in turn stimulate angiogenesis and enhance tumor cell invasion and motility. Future studies will explore the long-term interactions between early premalignant lesions and macrophages and how they impact their anti-tumoral activity.

Macrophages have been shown to distinguish cancer cells from normal cells by the DAMPs they express on their surface. DAMPs are recognized by TLR receptors on macrophages and trigger a molecular cascade leading to pro-inflammatory responses. This does not appear to be the main mechanism in the setting of premalignancy. We did not find an association between the expression of previously described DAMPs or known breast tumor-associated antigens with the threshold of activation of premalignant cells. Rather our study showed the importance of other molecules still poorly investigated for their role as “danger signals” or DAMPs, that appear to distinguish “self” from pre-cancer. Among those we found that we could block Annexin A1 and CEACAM1 with antibodies and abrogate the threshold for macrophage activation. They were also individually sufficient to activate TNF-α production by macrophage as previously described for CEA (29). We confirmed that they are overexpressed in vivo as early as ductal carcinoma in situ, which is represented by the premalignant MCFT1 cell line. In the Human Protein Atlas, expression of Annexin A1 (p=0.025) and CEACAM1 (p=0.007) was associated with an increased survival in breast cancer patients. Annexin A1 is an immune-modulating protein with diverse functions, one of which is an “eat me signal,” that plays multiple roles in cancer growth and metastasis (30). Annexin A1 binds to the formyl peptide receptor (FPR) 2, a pathogen recognition receptor that triggers immune responses (31). CEACAM1 is well-known as a tumor-associated antigen over-expressed primarily in colorectal cancers but also in breast cancer (32), and it has been shown to activate inflammatory responses and promote differentiation of human macrophages (29, 33). Macrophages expressed two receptors for CEA molecules, TIM3 that has been identified as a receptor of CEACAM1 on innate cells, and the heterogeneous nuclear ribonucleoprotein M (CEAR) that is involved in immune activation signaling (34, 35).

The origin of ancestral myeloid phagocytes is linked to the appearance of vertebrates 300 million years ago (36) and phagocytic activity was also identified in invertebrate such as starfishes (37). Cancer probably appeared long before that with the transition to multicellularity more than half a billion years ago (38). Therefore, macrophages have been under strong selective pressure to eliminate aberrant cells in the absence of adaptive effectors appearing in mammals. Our study supports that macrophages are involved in the recognition of developing cancer with a threshold of activation with advanced premalignant stages based on highly conserved danger signals. Indeed, Annexin A1 is expressed from mammals to birds with a remarkable conservation of the intron-exon organization (39, 40), while the CEACAM1 gene family is evolving more rapidly but several orthologous genes can be found in distantly related mammals (41). This rather late activation threshold might reflect a trade-off between immunosurveillance and auto-immunity. In fact, because cancer is mainly a post-reproductive disease (42), natural selection is likely to strongly select mechanisms that increase survival in early life such as the ones that are limiting auto-immune responses even at the detriment of letting early premalignant lesions grow. In addition, the evolution of immunosurveillance has probably faced another trade-off related to inflammation associated with cell destruction that can potentially lead to de novo damages in surrounding normal cells and tumorigenesis, a situation that has been envisioned in responses to immune-checkpoint inhibitors (43). In light of these constraints, the evolution of inflammatory responses to only fitness-decreasing phenotypes of cancer (i.e., clinically malignant) seems to represent a beneficial equilibrium. However, recent evidence suggests that this equilibrium, and therefore the threshold of activation, might change depending on the importance of particular cells and organs for survival of the individual (44, 45). The eradication of non-essential cells (such as melanocytes) is affordable to the organism and therefore malignant transformation could trigger macrophage activation earlier than what we observed in the breast. Further studies should explore the existence and characteristics of the innate immune activation threshold in different cancer types.

The data emerging from our study suggest significant opportunities to use the “danger signals” on premalignant lesions to develop novel targeted chemoprevention and immunoprophylactic strategies. Drugs could also be developed to lower the discrimination threshold and therefore eliminate more efficiently earlier stages of premalignancy. However, those drugs will have to be carefully assessed for associated side-effects as early premalignant stages still share a lot of similarities with normal cells. Tampering with the immune tolerance trade-off could have dangerous auto-immune consequences and thus identification of markers that are present in premalignant lesions but absent or low in normal cells is crucial for the development of safe drugs. In addition to supporting cancer prevention, a better understanding of mechanisms selected by evolution for a decreased tolerance of the immune system to premalignant cells could have implications for the management of auto-immune disorders.
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Persistent human papillomavirus (HPV) infections are causative for cervical neoplasia and carcinomas. Despite the availability of prophylactic vaccines, morbidity and mortality induced by HPV are still too high. Thus, an efficient therapy, such as a therapeutic vaccine, is urgently required. Herein, we describe the development and validation of Macaca fascicularis papillomavirus type 3 (MfPV3) antigens delivered via nucleic-acid and adenoviral vectors in outbred mouse models. Ten artificially fused polypeptides comprising early viral regulatory proteins were designed and optionally linked to the T cell adjuvant MHC-II-associated invariant chain. Transfected HEK293 cells and A549 cells transduced with recombinant adenoviruses expressing the same panel of artificial antigens proved proper and comparable expression, respectively. Immunization of outbred CD1 and OF1 mice led to CD8+ and CD4+ T cell responses against MfPV3 antigens after DNA- and adenoviral vector delivery. Moreover, in vivo cytotoxicity of vaccine-induced CD8+ T cells was demonstrated in BALB/c mice by quantifying specific killing of transferred peptide-pulsed syngeneic target cells. The use of the invariant chain as T cell adjuvant enhanced the T cell responses regarding cytotoxicity and in vitro analysis suggested an accelerated turnover of the antigens as causative. Notably, the fusion-polypeptide elicited the same level of T-cell responses as administration of the antigens individually, suggesting no loss of immunogenicity by fusing multiple proteins in one vaccine construct. These data support further development of the vaccine candidates in a follow up efficacy study in persistently infected Macaca fascicularis monkeys to assess their potential to eliminate pre-malignant papillomavirus infections, eventually instructing the design of an analogous therapeutic HPV vaccine.




Keywords: MfPV3, HPV, therapeutic vaccine, adenoviral vector, immunogen design, DNA vaccine, invariant chain



Introduction

Despite efficient prophylactic vaccines and the possibility to screen for cervical lesions, infection with human papillomavirus (HPV) was still responsible for more than 340.000 cervical cancer-related deaths worldwide in 2020 (1). More than 85% of these cases occurred in middle- and low-income countries (2). Currently, there are three approved prophylactic vaccines providing near complete protection against vaccine-targeted HPV types, yet vaccine uptake is incomplete (3). However, these vaccines do not lead to the eradication of pre-infected cells, since they target the major capsid protein L1, which is not expressed in infected basal layer- and cervical cancer cells (4–7). Thus, novel interventions such as therapeutic vaccines are desirable.

Whereas most HPV infections are spontaneously cleared within months, some persist for years (8). These can progress towards low-grade squamous intraepithelial lesions (LSIL), which can further progress to high-grade squamous intraepithelial lesions (HSIL) and cervical cancer. The expression pattern of viral proteins changes during progression of SILs: in LSIL, mainly the early proteins E1/E2 are expressed, whereas in HSIL and transformed cells, E6/E7 are highly expressed and E2 expression is low or absent (9, 10).

In many cases of SIL, however, natural regression occurs as a result of CD4+ and CD8+ T cell infiltration (11). It has been shown that CD4+ T cells play a major role in lesion regression with increased CD4:CD8 ratios being found in the stroma of LSIL (12). Genetic studies have shown that resistance and susceptibility loci for chronic infections and cancer cluster in the MHC II region. Cellular immune responses against E1 have been detected in some patients with HPV+ cervical squamous cell carcinoma, mostly at low magnitude, but strikingly correlating with improved clinical outcomes (13). Conversely, HPV16+ cervical cancer patients have impaired memory CD4+ T-helper responses against E2 and E6, which emphasizes the important role of T cell responses in preventing progression and clearing lesions (14–17). It was also reported that HPV-exposed children have E2-specific T cell responses after clearing the infection (18). Current research on therapeutic HPV vaccines is primarily focused on the HSIL and cancer-stage of the disease, and directed toward the oncogenic viral proteins E6 and E7 (7). However, targeting the infection prior to carcinogenesis could be advantageous in terms of reducing morbidity and suffering related to cancer treatment, and might be easier to achieve. Thus, to target pre-malignant infection, other early proteins should be included as antigens.

There is no suitable small animal model to study persistent HPV infections in a preclinical setting, but Macaca fascicularis papillomavirus type 3 (MfPV3) has a close phylogenetic and phenotypic relationship to HPV16 (15, 19). Naturally occurring infections with this virus are associated with long-term persistence and at least LSIL-like lesions in the cervix of breeding female cynomolgus macaques (Macaca fascicularis), making them an ideal non-human primate (NHP) animal model (20, 21).

In a previous study using recombinant adenovirus-(rAd)-vectored vaccines encoding ancestral E1 and E2 antigens targeting the most conserved N- and C-terminal domains, we observed strong immune responses in mice and in cynomolgus macaques against these proteins, but cross-reactivity against prevalent MfPV types was only observed in a subset of animals. Nevertheless, 3 out of 3 animals with T-cell responses towards MfPV3-E1/E2 ended up clearing the specific MfPV3 infection (22). Furthermore, therapeutic efficacy of both early E1-E2 or E6-E7 antigen DNA vaccines, and synergy from co-administration of both vaccines, was demonstrated in the cottontail rabbit papillomavirus model (23). Combining both approaches by including E1, E2, E6 and E7 in an immunogen to a specific HPV type could potentially target infected cells in all stages of HPV infection and cancer development could be sufficient as therapeutic vaccine. Here, successful stimulation of E1/E2-specific cellular immunity would primarily clear infections in the LSIL-stage (24), whereas E6/E7-specific responses would mainly target the HSIL and cancer stages. As we decided not to attempt a broad ancestral antigen design, we also had the opportunity to include the less conserved parts of full length antigens thereby providing more epitopes for the immune system to act on.

To develop such a therapeutic vaccine, vectors expressing antigen candidates comprising E1, E2, E6 and E7 of MfPV3 were generated and characterized. The antigens are genetically linked to the intrinsic T cell adjuvant MHC-II-associated invariant chain (Ii) that has been shown to increase viral-vector-induced T cell responses in mice, cynomolgus macaques and humans (25–27). The antigens were designed in different configurations as artificial fusion proteins and initially characterized via DNA vaccination of outbred CD1 mice. Based on this initial characterization, adenoviral vectors from serotype 19a/64 were generated and characterized in vitro as well as in vivo.



Methods


Antigen Sequences

Parts of the sequences encoding E1, E2, E6, and E7 of MfPV3 (EF558839.2) were designed and synthesized at Geneart/Thermo Fisher (Regensburg, Germany) (28). Mutations were introduced into E6 and E7 to inactivate the oncogenic potential: L110Q and deletion of C-terminal ETEV in E6; E7 was modified by D24G, L71R, C95A; C297A was introduced into E2 to inactivate DNA-binding. Further sequence elements that were optionally used to build the prototype vaccine inserts (Figure 1) comprised (i) the human MHC-II-associated Ii invariant chain (25–27) (molecular adjuvant; NM_004355.3), (ii) a 2 amino acid GS-linker connecting E1 and E2 as well as E6 and E7 in the respective fusion proteins as well as (iii) the porcine teschovirus-1 p2A sequence (29) to support co-expression of two fusion proteins, respectively. Vaccine inserts were assembled either with fusion PCR, or using type IIs exocutter sites (“Golden gate” cloning; BsaI-HF v2, New England Biolabs, Ipswich, USA) or the NEBuilder HIFI DNA Assembly Kit (New England Biolabs, Ipswich, USA) according to manufacturer’s instructions, and cloned into pURVac, a derivative of a DNA vaccine vector with a proven track record in various NHP and clinical trials (30–33). Vaccine inserts were then subcloned into pO6-19a-HCMV-MCS for subsequent generation of recombinant adenoviruses (34).




Figure 1 | Schematic representation of the conceived MfPV3 antigen variants. MfPV3 antigens were designed as fusion proteins comprising either E1, E2, E6 and E7 altogether, or E1 plus E2 and E6 plus E7 fusion proteins linked by a p2a peptide, and fused to the MHC-II invariant chain (Ii), respectively. For reference, E1, E2, E6, and E7 were fused as single open reading frames without the Ii coding sequence. Calculated molecular weights are indicated (kDa). Ii, MHC-II associated invariant chain; GS, glycine-serine-linker; 2a, p2a peptide for cotranslational separation; Myc, myc-tag sequence for antibody detection; kDa, kilo Dalton.





Cell Lines, Transfection, and Viral Infection

HEK293T cells and A549 cells were maintained and grown in Dulbecco’s MEM (DMEM) supplemented with 10% Fetal Calf Serum (FCS) and 1% Penicillin/Streptomycin (Pen/Strep). 9E10 mycl hybridoma cells were cultivated in RPMI supplemented with 10% FCS, 1% Pen/Strep and 2 mM glutamine (Pan). All cell lines were maintained at 37°C and 5% CO2 in a non-humidified incubator. HEK293T cells were transfected using the polyethylenimide (PEI) method (35). For PEI transfection, 4 × 105 cells were seeded in 6-well plates one day before transfection. The cells were transfected with 2.5 µg plasmid (equimolar amounts, filled with empty vector) and 7.5 µg PEI in DMEM without any supplements. After 6 h incubation, medium was exchanged to DMEM with 10% FCS and 1% Pen/Strep.

Subconfluent A549 cells were infected with Ad19a/64 vectors at an MOI of 30 in DMEM without any supplements. 2 h post infection, medium was exchanged to DMEM with 10% FCS and 1% Pen/Strep.



Generation and Titration of Adenoviral Vectors

E1/E3 deficient adenoviral vectors of serotype Ad19a/64 (rAd) were generated as previously described (34). Briefly, the vaccine inserts (Figure 1) were cloned into the shuttle vector pO6-19a-HCMV-MCS under control of a CMV promoter. The resulting plasmids were then inserted via Flp-recombination in E. coli into a BAC vector containing the genome of a replication deficient Ad-based vector deleted in E1/E3 genes. Recombinant viral DNA was released from the purified BAC-DNA by restriction digest with PacI. The obtained linear DNA was transfected into HEK293T cells for virus reconstitution and propagation. Recombinant viruses were released from cells via sodium deoxycholate treatment. Residual free DNA was digested by DNase I. Afterwards, vectors were purified by CsCl gradient ultracentrifugation followed by a buffer exchange to 10 mM Hepes pH 8.0, 2 mM MgCl2 and 4% Sucrose via PD10 columns (GE Healthcare, Chicago, USA). Titration was performed using the RapidTiter method by detection of infected HEK293T cells via immunohistochemical staining with anti-hexon antibody (Novus, Adenovirus Antibody (8C4)). Insert integrity was confirmed by PCR amplification from the purified vector DNA followed by DNA sequencing.



Antibodies and Antibody Purification

The antibody against myc (9E10) was obtained from hybridoma cell supernatants. 9E10 mycl hybridoma cells were seeded at 5 × 105 cell per ml in RPMI supplemented with 1% FCS, 1% Pen/Strep and 2 mM glutamine. The supernatant was harvested 5 days after seeding and the antibody was purified via a HiTrap Protein G column (GE Healthcare, Chicago, USA). After washing the column with PBS, the antibody was eluted with 0.1 M glycine/HCl (pH 3.2), neutralized with 0.025 volumes of 1 M Tris/HCl (pH 9) and dialyzed against PBS.

Other antibodies used were: mouse anti-p2a peptide (3H4, 1:2000, Merck, Darmstadt, Germany), mouse anti-tubulin (DM1α, 1:1000, Santa Cruz, Heidelberg, Germany), mouse anti-ubiquitin-Biotin (eBioP4D1, 1:1000, Invitrogen, Carlsbad, USA), goat anti-mouse-HRP (115-036-003, 1:5000, Jackson, West Grove, USA), goat anti-rabbit-HRP (P0448, 1:2000, Dako, Santa Clara, USA), Streptavidin-HRP (11089153001, 1:5000, Roche, Basel, Swiss), rat anti-mouse-PE (A85-1, 1:100, BD, Franklin Lakes, USA).



Western Blot Analysis

Western blot analysis was performed as previously described (36). Briefly, cells of interest were lysed in TDLB buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Nonident P-40, 0.5% sodium deoxycholate) supplemented with protease inhibitors (Complete Mini, Roche, Basel, Swiss). Total protein concentration of the supernatants was measured by the Bradford method (Protein Assay, BioRad, Feldkirchen, Germany). The proteins were separated on SDS-PAGE under reducing conditions and blotted on a nitrocellulose membrane for western blot analysis. Targets were probed with primary and secondary antibodies as listed above. HRP-labeled secondary antibodies and enhanced chemiluminescence substrate or Femto ECL (Thermo Fisher, Waltham, USA) were used for detection in a Chemilux Pro device (Intas, Göttingen, Germany).



Analysis of Ubiquitination

To analyze ubiquitinylated proteins, 24 h post transfection, cells were treated with 10 µM MG132 proteasome inhibitor for 6 h. Afterwards, cells were harvested in PBS and washed twice. For inactivation of deubiquitination enzymes, 20 mM N-ethylmaleimide from a freshly prepared stock solution were added to the TDLB lysis buffer. Lysates were generated as described above. Before immunoprecipitation, Protein G dynabeads (Thermo Fisher, Waltham, USA) were loaded with 10 µg of pulldown antibody. Using these beads, target protein was immunoprecipitated out of 500 µg cell lysate over night at 4°C under slow rotation. After washing the beads four times with PBS, SDS-PAGE buffer was added to the beads before heating at 95°C for 10 min. The samples were used for western blot analyses as described above.



Flow Cytometry Analysis of Cell Lines

Intracellular staining of antigens was performed using standard methods (36). Cells were fixed and permeabilized with Cytofix/Cytoperm-Buffer (4% PFA, 1% saponine, in PBS). All washing steps were done with Perm/Wash-Buffer (PBS containing 0.1% saponine). The cells were stained with anti-myc antibody (5 µg/ml, diluted in Perm/Wash-Buffer) and rat anti-mouse-PE (1:100 diluted in Perm/Wash-Buffer) each for 30 min. Flow cytometry was performed using an Attune NxT device (Thermo Fisher, Waltham, USA) with a 488 nm excitation and a 574/26 nm emission filter. Cells were gated on stained, mock-transfected cells. Evaluation of data was performed using Attune NxT software.



Animals and Immunizations

BALB/c and CD1 mice were obtained from Envigo (Horst, The Netherlands) and OF1 mice from Charles River (France). All animals were female, 6-8 weeks old and housed at the Panum Institute, University of Copenhagen. All experiments were initiated after allowing the mice to acclimatize for at least 1 wk. Experiments were approved by the National Animal Experiments Inspectorate (Dyreforsøgstilsynet, license no. 2016-15-0201-01131) and performed according to national guidelines. DNA immunizations were performed intradermal (i.d.) with 0.5 g DNA coated onto 1.6 µm gold microcarriers (BioRad, Feldkirchen, Germany) using the Helios Genegun System (BioRad, Feldkirchen, Germany). The mice received four DNA immunizations at intervals of one week each. One group received a mixture of four plasmids, 0.5 µg each, into one site. Immunizations with adenoviral vectors were performed intramuscular (i.m.) with 2×107 IFU rAd diluted in 50 µL PBS. Mice were anesthetized with isofluorane before rAd injections. One group received a mixture of four rAd, 2×107 IFU each, into one site.



Flow Cytometry of Splenocytes

Single cell suspensions of splenocytes were obtained by organ harvest in HANKs followed by straining through 70 µm cell strainers. Cells were incubated for 5 hours in 3 µM monensin with or without 1 µg/mL of relevant peptides. The cells were stained against surface markers: APC-Cy7 or BV421 CD8 (53-6.7, 1:200, BioLegend, San Diego, USA), PE-Cy7 CD4 (RM4-5, 1:800, BD), FITC CD44 (IM7, 1:100, BioLegend, San Diego, USA) and PerCP-Cy5.5 B220 (RA3-6B2, 1:200, BioLegend, San Diego, USA). After surface staining, cells were fixed in 1% PFA, permeabilized in 0.5% saponine, and stained intracellularly using APC IFN-γ (XMG1.2, 1:100, BioLegend, San Diego, USA) and PE TNF-α (MP6-XT22, 1:100, BioLegend, San Diego, USA) antibodies. The peptides used were 16-mers overlapping by 11 amino acids covering the entire Ii-E1E2E6E7 antigen. The peptides were pooled in 5 separate pools containing Ii (45 peptides), E1 (123 peptides), E2 (70 peptides, E6 (28 peptides) and E7 (21 peptides) peptides respectively. Peptides were obtained from KareBay, Town, China.

Flow cytometry was performed on the Fortessa 3 (BD Biosciences, Franklin Lakes, USA) flow cytometer and data analysis was performed using FlowJo V10 software. Epitope-specific CD8+ T-cell responses were measured as B220-, CD8+ or CD4+, CD44+, IFN-γ+ cells and are presented in total number of cells per organ. The quality of the IFN-γ+ responses were evaluated by MFI of IFN-γ and fraction of double positive cells (expressing both IFN-γ and TNF-α) in the IFN-γ+ CD8+ or CD4+ populations. The gating strategy is shown in Supplementary Figure 1.



In Vivo Cytotoxicity

The assay was performed similarly to what was previously described (37). Briefly, splenocytes from naïve BALB/c mice were incubated with MfPV3 E1, E2, E6 or E7 peptide pools (same as used for immune response analyses, see above) or no peptide for 30 minutes at 37°C, 5% CO2, 2.5 µg of each peptide/mL, and subsequently stained with combinations of 0.4 or 5 µM CellTrace CFSE and 0.2 and 2.5 µM CellTraceViolet (CTV; ThermoFisher, Waltham, USA) for 10 minutes at 37°C, 5% CO2. Pulsed and stained splenocytes were mixed at a 1:1:1:1:1 ratio, and a total of 2.5 x107 cells were injected intravenously into rAd-vaccinated recipient BALB/c mice. As the assay requires adoptive transfer of syngeneic target cells, it was necessary to use inbred mice in order to have HLA-matching. 5 hours later, spleens were harvested, and target cells were identified on the Fortessa 3 (BD Biosciences, Franklin Lakes, USA) flow cytometer by CFSE/CTV staining. The percentage of killing was calculated using the following equation:

	



Analysis of E1 (SIINFEKL) Presentation on MHC-I

HEK293T cells were transfected with 2.5-3.5 µg of pURVac encoding E1, which was C-terminally extended by the SIINFEKL Ovalbumin derived CD8+ T cell epitope and a myc-tag and optionally fused to the Ii T cell adjuvant (25–27) at its N-terminus together with a pUC57 encoding H2Kb and β-2-microglobulin (β2m). A transfection with H2Kb alone was included as a negative control, and transfection with the H2Kb plasmid and a pUC57 plasmid encoding SIINFEKL fused directly to β2m was included as a technical positive control. 48 hours post transfection, cells were stained with PE anti-H2Kb-SIINFEKL (25-D1.16, 1:160, Invitrogen, Carlsbad, USA) and presence of SIINFEKL-H2Kb presentation on cell surfaces was detected on the LSRII or Fortessa 3 (BD Biosciences, Franklin Lakes, USA) flow cytometers, as a proxy for E1 presentation. All samples were run in biological 6-plicates, and the experiment was repeated at least two times.



Graphical Representation and Statistical Analysis

Non-stimulated samples were used as background controls, and their response values have been subtracted from the peptide-stimulated samples of the corresponding animal before performing statistical analysis and graphical presentation.

In order to aid visual presentation of the results, we applied a threshold for responses based on the average number of B220-, CD8+, CD44+, IFN-γ+ counts for unstimulated background samples. All samples with less counts than the average + 2 × SD of the background samples, are regarded as non-responding and therefore they have manually been adjusted to a value of 100 for the graphical presentation. All statistical analyses were done on non-adjusted values. The analysis of fraction of double positive (% TNF-α+ IFN-γ+ out of all IFN-γ+) and MFI of IFN-γ+ was only performed on responders (IFN-γ+ count > avg + 2 × SD of unstimulated samples).

Statistical analysis was done using GraphPad Prism 8 software (GraphPad Software, San Diego, USA). Values with background subtracted were used to compare the individual groups using the Mann-Whitney test with Bonferroni correction for multiple comparisons. Positive control groups were not included in the multiple comparison analyses. Each symbol represents one mouse. Bars indicate median. Significance levels are marked by * (p<0.05), ** (p<0.01), *** (p<0.005), **** (p<0.001).




Results


Design of the Antigens

Aiming towards the generation of a therapeutic vaccine, which is able to eliminate pre-existing papillomavirus-derived premalignant neoplasias, various antigens comprising E1, E2, E6, and E7 were designed. In order to enable future validation of a therapeutic concept in non-human primates, the above antigens were derived from Macaca fascicularis papillomavirus type 3 (MfPV3), which was shown to persist and induce LSIL-like lesions in the cervix of breeding female cynomolgus macaques (Macaca fascicularis) (20, 21). Herein, we describe the construction and immunological down-selection of eight different antigen designs in an outbred mouse model according to potency and breadth of induced T cell responses as basis for further preclinical validation in non-human primates.

Antigens were conceived as (i) read-through polypeptides with all four MfPV3 early antigens encoded in one open reading frame, (ii) alternatively E1-E2 and E6-E7 fusions were linked via a p2A site (38) supporting translational coupling and thus co-expression of the two fusion proteins or (iii) as single expression units. Within fusion proteins, the different MfPV3 early proteins were separated by a GS-linker. With one exception (E1E2E6E7), all polypeptides were NH2 terminally fused to a the human MHC class II invariant chain (Ii), which has been described earlier to act as a T cell adjuvant (25). Furthermore, all constructs received a C-terminal myc-tag for convenient expression monitoring (Figure 1).

Since E6 and E7 are highly potent oncoproteins, only transformation-defective variants should be used in a therapeutic vaccine setting to ensure safety. Based on the homology to HPV16, the oncoprotein E6 was inactivated by introducing a L110Q substitution to prevent binding of E6 to E6BP and subsequent degradation of tumor suppressor p53 (39). Additionally, the C-terminal PDZ-domain was deleted (ΔETEV) to abolish binding of telomerase and other LxxLL proteins (40). E7 was inactivated by introducing the substitutions C24G, L71R, and C95A within the central LxCxE motif inhibit dimerization and reduce binding to pRB as well as Mi2β (40, 41). Furthermore, we changed E2 (C297A) to reduce DNA binding.

For initial biochemical and immunological characterization, the antigen coding sequences (Figure 1) were inserted into pURVac, a derivative of a DNA vaccine vector with a proven track record in various NHP and clinical trials (30–33). Transcription of the encoded transgenes is controlled by a human cytomegalovirus (CMV) promoter in combination with a human T-cell leukemia virus-1 (HTLV-1) regulatory element (42) and terminated by a bovine growth hormone poly-A site.



Biochemical and Cell Biological Characterization of MfPV3 Antigens

Following transient transfection of HEK293T cells with the respective DNA vaccine constructs, all antigens were properly expressed yielding proteins chiefly correlating with the calculated molecular weights (Figure 2A). In some cases, especially for proteins with high signal intensities, bands of higher or lower molecular weight than calculated were observed. These might result from incompletely reduced oligomers (43) or N-terminal degradation products, which is expected as Ii transports some of its linked cargo to endosomal compartments where proteolytic degradation naturally occurs.




Figure 2 | Expression analysis of MfPV3 antigens. (A) Western blot analysis of HEK293T cell lysates 48 h following transfection with equimolar amounts of pURVac DNA vaccines expressing the various MfPV3 antigens. Antigens were detected with anti-myc (upper panel) and anti-p2a-peptide (middle panel) antibodies. Tubulin levels were monitored using an anti-tubulin antibody as loading control (lower panel). (B) Flow cytometry analysis of HEK293T cells 48 hours following transfection with pURVac DNA vaccines. Intracellular staining was performed with anti-myc antibody. Depicted is the mean fluorescence intensity (MFI) of the average of 3 independent experiments. Error bars indicate standard error of the mean. (C) Co-transfection of HEK293T cells with H2Kb alone or together with pURVac E1-SIINFEKL or Ii-E1-SIINFEKL, respectively. The percentage of SIINFEKL-H2Kb positive cells were determined after 48 hours by flow cytometry using an antibody recognizing the SIINFEKL-H2Kb-complex. Error bars indicate standard error of the mean. Light gray bars are negative (no peptide, H2Kb-plasmid only) and positive controls (SIINFEKL-β2m encoding plasmid + H2Kb), respectively. ****p < 0.001.



Since proteins of different sizes behave differently during blotting and signal intensities may not reflect the real expression levels, MfPV3 antigens were quantified by flow cytometry after intracellular staining with the anti-myc-antibody (Figure 2B and Supplementary Figure 1). Protein levels of the different MfPV3 antigens differed only marginally, except for Ii-E7, which exhibited two- to threefold higher MFI values compared to all other antigens.



MHC Class I-Restricted SIINFEKL Epitope Is Processed From E1 Fusion Protein and Abundantly Presented on MHC-I Molecules In Vitro

It has been reported that E1 of bovine papillomavirus type 1 is itself an unstable protein which is ubiquitinylated and rapidly degraded in naturally infected cells (44, 45). This observation together with the reported low prevalence of E1 specific antibodies in women with cervical disease (46) prompted us to assess whether MHC class I-restricted peptides at all can be processed and presented from E1. Therefore, the minimal H2Kb-restricted OVA epitope SIINFEKL (47) was fused to the C-terminus of E1 or, alternatively, to Ii-E1. The SIINFEKL epitope is a high affinity, highly immunodominant epitope, and therefore it is processing and presentation is easy to detect in in vitro studies. Following transfection of the respective pURVac expression constructs, MHC class I-restricted presentation of SIINFEKL could be readily detected using an H2Kb-SIINFEKL specific antibody. This supports the choice of E1 as a relevant antigen to be included in the therapeutic vaccine. Noteworthy, presentation was enhanced, when this fusion protein was N-terminally linked to the MHC class II invariant chain (Ii) (Figure 2C).



DNA Vaccination of Antigen Constructs Induces CD4+ and CD8+ T Cell Responses Against MfPV3 Early Antigens

Intradermal (i.d.) DNA immunization of outbred CD1 mice confirmed that all pURVac DNA vaccines encoding E1 and/or E2 induced E1- and E2-specific IFN-γ+ CD8+ and CD4+ T cells (Figure 3 and Supplementary Figure 2). More detailed, all DNA vaccine candidates had provided an E1 response on par with the positive control (Ii-E1). None of these vaccines induced responses against E6 or E7 in these outbred mice, including the positive controls for these two antigens (Ii-E6; Ii-E7; Supplementary Figures 3A, B). Importantly, all vaccines encoding all four antigens as a polyprotein generated responses comparable to those induced by a mix of four vaccines encoding the antigens individually (Ii-E1, Ii-E2, Ii-E6, Ii-E7). This suggests that overall no immunogenicity was lost by delivering the MfPV3 early antigens as polyproteins from a single pURVac DNA vaccine. Regardless of the used pURVac vaccine construct, E1 and E2 specific T cell responses showed no statistical differences regarding the frequencies of E1- and E2-specific IFN-γ+ CD8+ and CD4+ T cells. This is the case regardless (i) of whether Ii is fused to E1E2E6E7, (ii) of the order of the early antigens in the polyprotein, and (iii) of the use of a p2a site to separate Ii-E1E2 from Ii-E6E7. Only pURVac-Ii-E2, when administered alone, trended to induce slightly higher levels of specific CD4+ and CD8+ positive T cells (although statistically not significant). Contrasting previous findings, N-terminal fusion of the Ii molecular adjuvant did not enhance antigen specific T cell responses when delivered as DNA (48, 49). However, there are much fewer examples of Ii having an adjuvant effect in a DNA context compared to when it is encoded in viral vector transgenes. Additionally, it might be that the lack of Ii-effect is due to the high number of DNA immunizations (four in total), as the continuous boosting may have saturated the immune activation. It is possible that a difference between the Ii and non-Ii vaccines could have been detected after fewer immunizations. We were satisfied to see that all DNA constructs were immunogenic, and to address the Ii effect properly, we decided to create adenoviral vectors of all vaccine designs (see below). The quality of the T-cell responses was comparable across all vaccines (Supplementary Figures 3C, D), assessed by MFI of IFN-γ and TNF-α production of IFN-γ+ T-cells. As expected, we found Ii specific CD8+ T cell responses in most mice, and to CD4+ in some mice (Supplementary Figures 3A, B), as the human Ii is allogenic in mice.




Figure 3 | T cell responses induced by the various pURVac DNA vaccines encoding E1, E2, E6 and E7 in outbred CD1 mice. CD1 mice (5 per group) were immunized 4 times in 1 week intervals with 0.5 µg DNA of pURVac DNA encoding the indicated MfPV3 early antigens. Mice were sacrificed 7 days post last immunization, spleens were harvested and CD8+ (top panels) and CD4+ (bottom panels) T-cell immune responses against E1 (A), and E2 (B) were measured using ICS and flow cytometry. Negative control groups consist of all mice immunized with a pURVac DNA vaccine encoding antigens not covered by the peptide pools used for in vitro restimulation. Asterisks between groups indicate significant differences in response-levels after subtraction of background responses. Each symbol represents one mouse; the horizontal bar represents the median. Reference samples (mice vaccinated with pURVac DNA vaccine containing only the individual antigen linked to Ii, respectively) are not included in the statistical analysis (multiple comparison adjustment). *p < 0.05; **p < 0.01, ***p < 0.005.





Characterization of Adenoviral Vectors

To further increase antigen specific cellular immune responses, viral vectors were subsequently used for antigen delivery. Adenoviral vectors from serotype 19a/64 (rAd) had been shown earlier to be generally suitable to deliver MfPV3 antigens and to efficiently induce CD8+ T cell response in cynomolgus macaques (50). Based on the above DNA vaccination data, a refined panel of rAd vectors was generated comprising a modified set of recombinant MfPV3 antigens. Ii-E6E7E1E2 was excluded because it was not superior to the other polyproteins. However, the trend toward higher E2 specific T cell when administered alone prompted us to generate two additional adenoviruses, one encoding Ii-E1E6E7 linked to E2 via a self-separating p2a peptide (Ii-E1E6E7-p2a-Ii-E2) and for control Ii-E1E6E7 lacking E2. In order to confirm proper expression of the encoded antigens, western blot analysis was performed with A549 cells following transduction with the indicated rAds. All vectors readily expressed the antigens with bands resembling the respective fusion proteins at the expected molecular weights (Figures 1 and 4A, B). As for Ii-E1E2-p2a-Ii-E6E7, no higher than calculated molecular weight fragment could be detected for Ii-E1E6E7-p2a-Ii-E2, revealing that the complete separation at the p2a site also worked upon delivery via rAds. Quantitative analysis of transduced A549 cells by flow cytometry yielded comparable expression levels for the different myc-tagged MfPV3 polypeptides with the exception of higher expression of Ii-E7 (Figure 4C and Supplementary Figure 4). The overall picture was quite similar to the expression efficiencies observed after pURVac mediated antigen delivery in HEK293T cells.




Figure 4 | Expression analysis of rAd-shuttled MfPV3 antigen constructs. (A) Schematic representation of the MfPV3 antigen variants Ii-E1E6E7-p2a-Ii-E2 and Ii-E1E6E7. Expected molecular weights (kDa) of the resulting polypeptides are shown. (B) Western blot analysis of A549 cell lysates 48 h following transduction with rAds encoding the indicated polypeptides at an MOI of 30. Antigens were detected with anti-myc (upper panel) and anti-p2a-peptide (middle panel) antibodies. As loading control, tubulin levels were monitored using an anti-tubulin antibody (lower panel). (C) Flow cytometry analysis of A549 cells 48 hours following transduction with rAds expressing the various MfPV3 antigens, at an MOI of 30. Intracellular staining was performed with anti-myc antibody. Depicted is the mean fluorescence intensity (MFI) of the average of 3 independent experiments. Error bars indicate standard error of the mean.





Adenoviral Delivery Induces Potent Cellular Immune Responses Against MfPV3 Early Antigens in Outbred Mice

Intramuscular immunization of outbred CD1 mice confirmed that the rAd-formulation of the vaccines induced both CD8+ and CD4+ T cell responses against E1 and E2 antigens (Figures 5A, B). Notably, vaccines including Ii showed a trend towards higher magnitude responses than the vaccine not encoding Ii (Figures 5A, B: E1E2E6E7 compared to other vaccines). A tendency of Ii-mediated enhancement of responses was observed for both CD4+ and CD8+ T cell responses for some vaccine configurations, but the difference was only significant for E2-specific CD8+ responses induced by Ii-E1E2-p2a-Ii-E6E7 compared to E1E2E6E7 (Figure 5B, upper panel). A direct comparison of the CD8+ T-cell response against E1 from Ii-E1E2E6E7 and E1E2E6E7 (Mann-Whitney rank-sum) revealed a p-value of 0.06, which is not strictly significant, but strongly indicates a tendency of Ii improving the magnitude of CD8+ T-cells against E1. Further, the vaccine without Ii was the only one for which the CD4+ and CD8+ T-cell responses against E1 was not significantly different from the negative control. This may confirm earlier observations suggesting that Ii can boost T cell responses in the context of adenoviral vaccine delivery. No difference in the quality of the T cell responses was detected, assessed by the MFI values of IFN-γ (Supplementary Figure 5C). When assessing the quality by the fraction of double-positive T cells capable of secreting both IFN-γ and TNF-α it is seen that E1E2E6E7 without Ii seemed to be inferior to other vaccines containing Ii (Supplementary Figure 5D). Based on this, we decided to focus our onwards efforts on antigen-fusion vaccine designs containing the Ii adjuvant.




Figure 5 | Immunization of mice with adenovirus vectors induces potent cellular immune responses. CD1 mice (A, B), or OF1 mice (C, D) were immunized with rAd vaccine (2×107 IFU) encoding the various MfPV3 early antigens as indicated. Mice were sacrificed on day 14, spleens were harvested and CD8+ and CD4+ T-cell immune responses against E1, E2, E6, and E7 were measured using ICS and flow cytometry. Negative control groups consist of all mice immunized with rAd encoding antigens not matching the peptide pools used for in vitro restimulation, respectively. Each symbol represents one mouse; a representative mouse depicted (C), shows a CD44+IFN-γ+ population. The horizontal bar represents the median. Positive control samples (mice vaccinated with rAd containing only the relevant antigen linked to Ii) are not included in the statistical analysis (multiple comparison adjustment). *p < 0.05; **p < 0.01, ***p < 0.005, ****p < 0.001.



Even though E6 and E7 represent small proteins as compared to E1 and E2 (11.9%, 8.1%, 50.8% and 29.2%, respectively, of the total antigen size), it was remarkable that no responses against E6 or E7 could be observed in any experiment testing the vaccines in outbred CD1 mice. As the MHC-type of the founders of the CD1 strain is unknown, and has not been controlled for since the establishment of the strain, we wondered whether there were limitations in terms of MHC-restriction in the CD1 mice we had obtained. Limitations of genetic diversity of outbred mouse models has indeed been described previously and almost all outbred mouse strains except OF1 descent from the same 9 founder mice (51). Hence vaccination of OF1 mice was pursued to possibly detect different and broader immune responses than in CD1 mice. Besides vigorous T-cell responses against E1 and E2 (Figures 5C, D), we did indeed see solid CD4+ T-cell responses against E6 (Figure 5D). A few mice also had CD8+ T-cells reacting towards E6, confirming correct in vivo processing and immunogenicity of our vaccine constructs. Furthermore, the majority of the IFN-γ+ cells were producing TNF-α as well, confirming the activation phenotype. Overall, the rAd19 delivery of the vaccines efficiently induced T-cells against at least three of the four MfPV3 polyprotein antigens tested, and the immunogenicity of the antigens was enhanced by inclusion of Ii.



Adenoviral Delivery Induces Specific Killing of Target Cells In Vivo

To assure that the cellular responses induced by the rAd-delivered antigens had cytotoxic capacity, we immunized inbred BALB/c mice with rAds expressing Ii-E1E2E6E7, Ii-E1E2-p2a-Ii-E6E7 and E1E2E6E7, and 14 days later challenged these mice with peptide-pulsed pre-stained syngeneic target cells. As the assay required adoptive transfer of syngeneic target cells, it was necessary to use inbred mice. The vaccines induced CD8+ responses against E1 in BALB/c mice (Figure 6A), but not against the other antigens (data not shown), whereas CD4+ responses were raised against E2 and E6 (Supplementary Figure 6). Ii again proved its relevance as molecular adjuvant, as the vaccine without Ii did not give rise to any detectable E1 specific CD8+ responses in this inbred mouse model (Figure 6A). Consistent with the above, the in vivo cytotoxicity assay showed specific killing of E1 labelled cells (Figures 6B, C), and the hierarchy of specific killing capability corresponds to the number of IFN-γ+ CD8+ E1 specific T cells. We can conclude that the designed rAd vaccines induce potent and cytotoxic responses, which supports our hypothesis that this vaccine design will be capable of removing existing MfPV3 infections.




Figure 6 | Immune responses in inbred mice and in vivo cytotoxicity. Naïve BALB/c mice were immunized with rAd vectored vaccine encoding the indicated MfPV3 early antigens. 14 days post vaccination, immune responses were analyzed by ICS (A) or in vivo cytotoxicity regarding specific killing of E1-peptide pulsed cells (B). Each symbol represents one mouse. Two unvaccinated mice were included as negative controls. (C) Representative plot of in vivo cytotoxicity. *p < 0.05.





Ii-Fusion Enhanced Ubiquitination and Proteasomal Degradation

The molecular basis of the T cell adjuvant effect of Ii has not been fully clarified yet (43), but one of the suggested mechanisms of action is Ii mediated ubiquitination leading to proteasomal degradation of the linked antigen and thereby enhanced MHC-I presentation (Figure 2C) (27). To investigate if this mechanism could also account for the enhanced CD8+ T-cell responses against the Ii-linked MfPV3 antigens, Ii-E1E2E6E7- and E1E2E6E7-transfected cells were cultivated in absence or presence of the proteasome inhibitor MG132. Anti-ubiquitin western blot analysis of the immunoprecipitated myc-tagged polypeptides revealed stronger ubiquitin-depending signal intensity for Ii-E1E2E6E7 compared to E1E2E6E7 lacking Ii (Figure 7A). This effect was even more pronounced when MG132 was present. Myc-specific signals confirmed the fidelity of the immunoprecipitation (IP) procedure, and analysis of the IP supernatants by an anti-tubulin western blot confirmed that comparable amounts of cell lysate were used in the IP procedure (Figures 7B, C). A higher level of ubiquitination is commonly associated with faster degradation. This could exemplarily be demonstrated by transiently expressing Ii-E1 and E1, both fused with the C-terminal SIINFEKL peptide, in absence or presence of MG132, respectively (Figures 7D, E). Without MG132, Ii-E1-SIINFEKL was hardly detectable whereas a prominent signal could be visualized when MG132 was added. Lower molecular weight signals are indicative of degradation products. This effect was not observed for E1 without Ii, which suggested that Ii induced an accelerated proteasomal degradation, as also reported by Esposito et al. (27).




Figure 7 | Influence of Ii on ubiquitination and degradation. (A–C) pURVac Ii-E1E2E6E7, pURVac E1E2E6E7 or the empty plasmid were transfected into HEK293T cells. 24 h after transfection, cells were treated with MG132 or DMSO as control for 6 h. Myc-tagged proteins were immunoprecipitated and analyzed by western blot using an anti-ubiquitin antibody (A) and anti-myc antibody (B). Tubulin levels were monitored using an anti-tubulin antibody as loading control (C). (D, E) pURVac Ii-E1-SIINFEKL, pURVac E1-SIINFEKL or empty plasmid were transfected into HEK293T cells. 24 h after transfection, cells were treated with MG132 or DMSO for 6 h. The samples were analysed by western blot using anti-myc antibody (D) and anti-tubulin antibody (E).






Discussion

Despite the availability of prophylactic vaccines against HPV infections there is an urgent need for an efficient therapeutic HPV vaccine. Currently, there are different vaccine development approaches focusing either on early stages (15, 22, 50, 52) of cervical lesions or late stages such as invasive cervical cancer (7, 53–56) or on all stages of pre-malignant cervical lesions (57).

Macaca fascicularis papillomavirus type 3 (MfPV3) infects cynomolgus macaques and infection is associated with persistence and cervical intraepithelial neoplasia (20, 21). Moreover, MfPV3 is phylogenetically closely related to HPV16 deriving from a shared most recent common ancestor and both viruses possess a similar mechanism of oncogenesis (19). The closely related pathogenesis of MfPV3 in Macaca fascicularis and the use of MfPV3 as antigen source, opens a perspective towards testing therapeutic vaccination concepts in naturally infected macaques and evaluate the correlates of protection under almost natural conditions (22).

Here, ten different antigens were designed comprising the viral early proteins E1, E2, E6 and E7 of MfPV3 in different configurations. These constructs combine antigens against early and late stages of papillomavirus persistence and should be capable of inducing T cell responses against both asymptomatic infections, LSIL as well as HSIL and cancers. All antigens were properly expressed, and their expression levels were similar, despite being artificially fused polypeptides.

Notwithstanding the limited immunogenicity of DNA vaccines, pURVac plasmid immunization of CD1 mice allowed for fast immunological evaluation in an outbred mouse model. Based on this initial in vivo screening, a refined antigen (Ii-E1E6E7-p2a-Ii-E2, and as reference Ii-E1E6E7) was devised in order to separate E2 from the readthrough protein, and Ii-E6E7E1E2 was excluded for further development of rAd-based vaccine prototypes. Antigen delivery with rAds of serotype 19a/64 confirmed that all antigens were immunogenic, with most of them inducing potent CD4+ and/or CD8+ T cell responses (Figure 5). In general, adenoviral delivery seemed to be overall more immunogenic than DNA vaccination.

Unexpectedly, no responses against E6 and E7 could be measured in these experiments with CD1 mice. Although fewer mice were expected to respond to E6 and E7 as compared to E2 and E1 due to significant differences in size (factor 5) and thus presumably also number of potential epitopes, it was still surprising that none of the 107 outbred CD1 mice in our experiments that were immunized with E6 and/or E7 harboring vaccines were responding. This might be explained by a yet limited number of MHC alleles in CD1 mice. This hypothesis is supported by the fact that this strain descends from only two male and seven female founder mice (51). In a different strain, outbred OF1 mice, we could successfully elicit T-cell responses against MfPV3 E6 confirming the general immunogenicity of this antigen.

Coupling of antigens to certain immune regulatory molecules and T cell adjuvants could be beneficial in terms of breaking the immunosuppressive environment of tumors (53, 58). All immunogens expressed via rAds contain the T cell adjuvant Ii (except for E1E2E6E7 which serves as reference), which is known to enhance CD4+ and CD8+ T cell responses when delivered by viral vectors (25, 27, 43, 59, 60). A trend towards higher magnitudes of responses against E1 and E2 could be observed in outbred mice when vaccinated with rAd Ii-E1E2E6E7 as compared to E1E2E6E7 (Figure 5) and, importantly, a significantly higher level of specific killing in animals vaccinated with Ii-adjuvanted vaccines has been shown (Figure 6). Whereas enhancement of CD4+ T cell response is believed to be induced by trafficking to endolysosomal compartments (43), far less is known about the mechanism of enhancing CD8+ T cell response. However, this effect is independent of MHC-II and CD4+ T cell response (59), but possibly depending on enhanced MHC-I loading (43). As shown in Figure 7, Ii-fusion leads to more pronounced ubiquitination and faster degradation of Ii-E1E2E6E7 as compared to E1E2E6E7 lacking Ii and therefore might increase the number of peptides that can be loaded on MHC I. Such a mechanism has recently also been reported by Esposito et al. (27), as a mode of action for the Ii adjuvant to increase the level of antigen fragments available for MHC presentation.

Considering the protein expression pattern during early stages of HPV infection, it is reasonable to assume that potent CD4+ and CD8+ T cell responses against E1 and E2 should be sufficient to boost naturally raised T cell immunity against PVs in LSIL, especially as E2 responses correlate with absence of lesion progression (14). Noteworthy, E1 is required for successful PV replication in infected cells, and cellular immune responses against E1 have been detected in PBMCs of some patients with HPV+ cervical squamous cell carcinoma. The presence of E1 responses strikingly correlated in these patients with improved clinical outcomes, but the responses were of low magnitude, suggesting insufficient APC-mediated activation of T-cells (13). An explanation for this could be that E1 during natural infection, is not abundantly expressed and rapidly degraded through the proteasome as shown for bovine PV (44, 45). Therefore, a vaccine delivery format supporting efficient induction of CD4+ and CD8+ specific T cells on the fundament of strong expression and efficient antigen processing and presentation is expected to support elimination of premalignant PV transduced cells - provided that early neoplasias display sufficient amounts of E1/MHC-I complexes on their cell surface. Herein, we demonstrated strong expression of E1 comparable to E2, E6 and also E7, probably attributable to the strong CMV promoter-induced overexpression, and additional Ii-induced accelerated proteasomal degradation (Figure 7) and MHC-I presentation (Figure 2C). Altogether, our E1 containing vaccine constructs gave rise to solid CD8+ and CD4+ responses, which are cytotoxic to E1-peptide-pulsed target cells (Figure 6). This, together with the indication that E1 responses, once induced, are correlated with improved clinical outcome, build a strong case for including E1 in therapeutic HPV vaccine designs.

Our study has limitations regarding weak or absent T-cell responses against E6 and E7 in different mouse strains used in this study. This could potentially be due to immunodominance of E1 and E2 competing with E6 and E7 antigen processing, presentation and induction of specific T-cell responses. Alternatively, we cannot exclude that inactivation of E6- and E7-transforming potential has destroyed relevant epitopes. Ongoing preclinical analysis of viral vector-delivered MfPV3 antigens in macaques and comparable HPV16-derived immunogen designs in selected mouse models will provide further insights regarding the capacity of such immunogens to raise broad T-cell responses to the delivered early antigens including E6 and E7. The latter will also reveal to which extent the antigen design will be transferable to HPV16 and other high-risk HPV types. Given the phylogenetically close relationship and similar mechanisms underlying oncogenesis of the two papillomaviruses (19), similar immunological properties would be assumed.

Taken together, we developed ten immunogens that target the early proteins of MfPV3. These artificially fused polypeptides share similar biochemical and immunological properties without loss of individual antigen responses. Two polypeptides, Ii-E1E2E6E7 and Ii-E1E2-p2a-Ii-E6E7, elicited vigorous T cell responses, in particular, these two antigens were able to induce robust T cell responses against E1, E2 and E6, and to kill peptide-pulsed cells in vivo. Due to lower complexity, antigen size and non-inferior immunogenicity, Ii-E1E2E6E7 was chosen for further studies. Ad19a/64 proved to be a suitable vector to deliver Ii-E1E2E6E7 and is currently being validated as a therapeutic vaccine in persistently MfPV3-infected cynomolgus macaques. Moreover, the configuration of this immunogen will serve as template to generate novel vaccine candidates for therapeutic vaccination against high-risk human papillomavirus types.
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Breast cancer (BC) prevention remains the ultimate cost-effective method to reduce the global burden of invasive breast cancer (IBC). To date, surgery and chemoprevention remain the main risk-reducing modalities for those with hereditary cancer syndromes, as well as high-risk non-hereditary breast lesions such as ADH, ALH, or LCIS. Ductal carcinoma in situ (DCIS) is a preinvasive malignant lesion of the breast that closely mirrors IBC and, if left untreated, develops into IBC in up to 50% of lesions. Certain high-risk patients with DCIS may have a 25% risk of developing recurrent DCIS or IBC, even after surgical resection. The development of breast cancer elicits a strong immune response, which brings to prominence the numerous advantages associated with immune-based cancer prevention over drug-based chemoprevention, supported by the success of dendritic cell vaccines targeting HER2-expressing BC. Vaccination against BC to prevent or interrupt the process of BC development remains elusive but is a viable option. Vaccination to intercept preinvasive or premalignant breast conditions may be possible by interrupting the expression pattern of various oncodrivers. Growth factors may also function as potential immune targets to prevent breast cancer progression. Furthermore, neoantigens also serve as effective targets for interception by virtue of strong immunogenicity. It is noteworthy that the immune response also needs to be strong enough to result in target lesion elimination to avoid immunoediting as it may occur in IBC arising from DCIS. Overall, if the issue of vaccine targets can be solved by interrupting premalignant lesions, there is a potential to prevent the development of IBC.
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The Clinical Challenge of Breast Cancer Prevention

Breast cancer has become the world’s most prevalent cancer, with over 7.8 million women alive by the end of 2020 who had been diagnosed with BC in the past 5 years (1). This disease places an immense burden on society in terms of cost of medical care for these patients. As such, there is an intense effort by healthcare professionals to promote BC prevention and risk reduction.

Although clinicians are currently unable to determine which patients will develop breast cancer, they can identify patients who harbor increased risk and offer them risk-reduction options for BC prevention. Several risk calculators are available, such as the Gail Model and Tyrer-Cuzick Model, which are based on several factors within the patient’s history and characteristics such as family history, history of breast biopsies, or history of benign proliferative lesions such as atypical ductal hyperplasia (ADH) or lobular carcinoma in situ (LCIS). Other high-risk patients are those with hereditary cancer syndromes such as Cowden Syndrome or BRCA1/2 mutations, which are discovered by genetic testing.

Presently, the main forms of BC prevention or risk reduction are lifestyle modifications, surgery, and chemoprevention. Surgical intervention for BC prevention includes risk-reducing prophylactic mastectomy. This tends to be applied to women in whom a contralateral mastectomy is performed synchronous with the treatment of a primary tumor, or as a bilateral procedure in women at high risk of BC. In the average patient, prophylactic mastectomy reduces the risk of contralateral BC by 90–97% (2). Chemoprevention consists of selective estrogen receptor modulators (SERM) or aromatase inhibitors (AI). These are prescribed to women at high risk of BC, and this risk-reducing modality decreases breast cancer development by over 50% (3).

While surgery and chemoprophylaxis remain viable options for BC prevention, these portend high burdens for patients due to side effects of medication, potential complications of surgery, and the additional costs of these treatments. An alternative method of BC prevention that is devoid of these high costs may be vaccination. BC vaccines are an emerging therapy that utilizes the host immune system to provide protection from BC or allow interception of high-risk lesion progression to BC, while sparing patients the high burden of traditional risk-prevention strategies.

This review aims to describe our current understanding of immune response in preinvasive breast lesions and potential targets for developing therapeutic vaccination that can prevent development into invasive disease in breast cancer. For this purpose, we have reviewed the literature including primary research and review articles published in the past 10 years, focusing on the following keywords on PubMed: breast cancer, vaccine, prevention, immunosurveillance, DCIS, dendritic cell, flat epithelial atypia, atypical lobular hyperplasia, atypical ductal hyperplasia, lobular carcinoma in situ, and neoantigens.



Immune Response and the Development of Breast Cancer

The breast is a complex organ, which, due to its connection to the outside world, has a multifaceted and complex immune environment. Normal breast tissue contains uniform immune cell infiltrates composed of helper T cells (CD4+), cytotoxic T cells (CD8+), B cells, and natural killer (NK) cells (4). In breast lobules, there are dendritic cells (DCs) as well as cytotoxic T cells that are uniformly present and are in close association with the breast epithelium (4). The presence of CD8+ T cells and DCs suggests a built-in defense system by antigen presentation and immune effector function. These cells within the breast parenchyma also aid in development, lactation, and involution of breast tissue (5). More importantly, they may not only play a role in development of the breast and its microbial defense, but they may also contribute a critical role in cancer immunosurveillance.

Cancer immunosurveillance is a process by which the host’s immune cells recognize and eliminate evolving tumor cells. This locally controlled inflammation may control tumor proliferation. A high density of CD8+ T cells in a tumor and nearby stroma has been associated with an improved prognosis in BC, indicating that immune effector cells have effectively identified the malignant cells and have subsequently mounted an immune response (6). A helper T cell response is activated via IFN-γ production, or there is direct elimination via cytotoxic granules (6).

Supporting cancer immunosurveillance is the observation that immunosuppression increases the risk of cancer, including BC. This has been evidenced in patients on chronic immunosuppressive medication, such as transplant recipients (7). Individuals with severe deficits of immunity have a higher likelihood of developing a variety of cancers (8).

Interestingly, chronic inflammation has been associated with cancer development (9). In chronic inflammation, myeloid suppressor cells, Th2 CD4+ T cells, and regulatory T cells work to repress CD8+ toxicity and induce pro-tumoral polarization of innate immune response via cytokine secretion and transforming growth factor beta (TGF-β). These polarized cells then provide a rich pro-tumoral microenvironment (10). Hence, the immune system clearly plays a role in the evolution of cancer by both promoting and preventing it.



Precursor Lesions to Breast Cancer

The favored model of BC evolution includes a stepwise progression of early, definable precursor lesions with cellular atypia to carcinoma in situ to invasive breast cancer (IBC) (11). Benign proliferative lesions such as atypical ductal hyperplasia (ADH), atypical lobular hyperplasia (ALH), and flat epithelial atypia (FEA) are all considered non-obligate precursors to BC (12). Genetic studies on these lesions have shown changes in steroid hormone receptor expression levels and epigenetic changes that have been implicated as early carcinogenic events (13). The high expression of hormonal receptors such as estrogen receptors (ER) and progesterone receptors (PR) have been noted in early precursor lesions compared to the normal breast epithelial cells. This change is considered as an important influencer to develop low-grade BC (14). These features of these early precursor lesions fit into the concept of a low-grade cancer pathway, particularly since they also share histological features such as low-grade nuclear atypia (11).


Flat Epithelial Atypia

FEA is identified as a lesion showing architectural features of columnar cell metaplasia and columnar cell changes with low-grade nuclear atypia. In addition, elongated hyperchromatic nuclei with prominent stratification can also be identified in few groups of patients with FEA (15). FEA is an uncommon premalignant lesion with 2.4% incidence rate and not independently associated with long-term BC risk (16). Studies have observed that FEA is a precursor lesion for the development of low-grade tubular carcinomas and can also upgrade into ductal carcinoma in situ (DCIS) (17).



Atypical Lobular Hyperplasia

ALH is categorized as a premalignant lesion and has a high risk for development to BC. Pre- and perimenopausal status among ages 46–55 with ALH is considered as a high risk factor for development of BC compared to a postmenopausal cohort (18). ALH is usually asymptomatic and may be identified by breast imaging or found in association with other features such as radial scars, fibroadenomas, intraductal papillomas, pleomorphic LCIS, or DCIS (11).

ALH and LCIS have similar morphological findings and have been termed as lobular neoplasia. However, ALH primarily differs from LCIS based on the filling of the lobular unit and proliferation degree (19). Lesions such as ALH and LCIS are regarded as both a risk factor as well as a non-obligatory precursor for invasive carcinoma. ALH and LCIS tend to be discovered as incidental findings on core needle biopsy, as they do not have reliable imaging features attributable to them (20). “Upgrade” rate of these lesions is less than 10% (11), and surgical excision is also recommended.



Lobular Carcinoma In Situ

LCIS exhibits similar histological features of ALH, but it is more proliferative compared to ALH. LCIS has about 15% risk factor for invasive BC development and may also be affected by menopausal status (21). LCIS can be detected by core needle biopsy, but it is difficult to find using breast imaging. In many cases, careful observation may be recommended to monitor signs of invasive BC progression. This includes breast self-exams, clinical breast exams, mammogram, and MRI (22). Due to the low incidence rate and lack of clear identification by breast imaging, the management of LCIS is a controversial issue (23). Surgical excision may not be required for all LCIS, but bilateral prophylactic mastectomy can be used in some patients with more aggressive form of LCIS in contralateral breast (24). Studies have shown high expressions of hormonal receptors ER and PR in LCIS patients, and these patients may largely benefit by addition of hormonal therapy (25).



Atypical Ductal Hyperplasia

ADH is considered an immediate precursor to DCIS based on clinical and morphologic similarities between the lesions, as well as a high degree of genomic similarity with almost identical kinds of chromosomal imbalances (11). However, the prognostic differences between ADH and DCIS indicate that ADH is not just a low-grade DCIS but is actually a closely related precursor lesion. Clinically, ADH is usually associated with suspicious calcifications found on breast imaging and subsequently recommended for core needle biopsy. Once a lesion is diagnosed as ADH, surgical excision is recommended due to the “upgrade” rate of 10–20% to DCIS or invasive carcinoma (26). Many “upgraded” lesions are actually minimally sampled lesions composed of the upgraded lesion type.

ADH exhibits distinguished features of terminal ductal-lobular partial involvement with architectural disturbances, such as micropapillae and rigid bridges (27). ADH lesions are small and focal with measurement of less than 2–3 mm. With the help of the basal cytokeratin 5/6 expression detection, ADH can be pathologically distinguished from usual ductal hyperplasia (28). The genomic observation studies have supported chromosomal imbalances including deletion of chromosome 16q and 17p and gain on chromosome 1q in patients with ADH. Notably, cancer progresses from premalignant lesion on the same breast that was initially diagnosed for ADH. Menopausal status is also considered as a high-risk factor for progression of invasive BC in patients with ADH (29).



Ductal Carcinoma In Situ

DCIS is a preinvasive breast lesion detected with mammography and can either present symptomatically or asymptomatically. It was reported that DCIS accounts for up to 30% of breast lesions detected by breast imaging (30). DCIS is defined as an uncontrolled proliferation of epithelial cells with the breast parenchymal structures and no evidence for the presence of invasion across the basement membrane. With the help of immunohistochemistry, DCIS may be confirmed for basement membrane type IV collagen laminin expression or presence of myoepithelial cells (31). Risk factors for DCIS development include increasing age, postmenopausal status, family history of BC, first pregnancy over 30 years of age, and hormone replacement therapy (32).

Negative ER/PR DCIS with a more aggressive phenotype was found to display increased progression to invasive BC (33). High-grade DCIS has been observed to display different molecular characteristic features compared to low-grade precursor lesions. These changes also include high expression of HER2 gene and various mutations in p53 gene (34). The treatment options for DCIS include mastectomy of the affected breast, breast-conserving surgery with or without adjuvant radiotherapy, and hormonal therapy (SERM or AI). Additionally, patients with HER2-positive DCIS may benefit from HER2-targeted therapies (35, 36).




Rationale for Targeting Oncodrivers in Breast Cancer

The rationale for targeting oncodrivers in developing BC therapy stems from the discovery of oncogene addiction in cancer cells. Oncogene addiction, as defined by Bernard Weinstein, is the dependence of tumor cells on prolonged activity of oncodrivers for their survival and malignant phenotype (37). Such oncogene addiction offers oncodrivers as a promising target for developing cellular immunotherapy that can leverage the overexpression of oncodrivers on tumor cells to educate the immune system to detect and destroy cancer cells specifically, while avoiding adverse consequences in healthy cells. Genetically engineered mouse models of human cancer, mechanistic studies in human cancer cell lines, and clinical trials involving specific molecular targeted agents have bolstered the benefits of targeting oncodrivers for therapy development (38). While BCR-ABL in chronic myeloid leukemia was the first concrete example of an addictive oncodriver in human cancer, multiple oncodrivers have been identified in various cancers since then. Use of vemurafenib, dabrafenib in BRAF-mutated melanoma; gefitinib, erlotinib in EGFR-mutant NSCLC and crizotinib in ALK-mutated NSCLC; cetuximab, panitumumab in EGFR-amplified colorectal cancer; or tamoxifen, letrozole, and fulvestrant in ER+ BC (38, 39) have revolutionized the therapeutic outcome in patients, consolidating the rationale for oncodriver targeting.

Support for developing oncodriver-targeted therapy in BC comes primarily from the studies on HER2/Erbb2 oncodrivers. HER2 overexpression and constitutive downstream signaling in HER2+ BC cells have been identified as a poor prognostic marker that correlated with enhanced cellular proliferation and therapy resistance, invasiveness, and metastasis, leading to poor survival outcome in BC patients (40–42). Targeted inhibition of HER2 by trastuzumab, pertuzumab, T-DM1 and other strategies have revolutionized the treatment outcome for patients, further highlighting the potential for therapeutic targeting of oncodrivers (36). However, gradual development of therapeutic resistance to HER2-targeted agents in BC suggests the need for developing combinatorial strategies targeting the oncodriver, such as combining antibody-mediated inhibition and stimulation of HER2-specific immune response by DC vaccination.

Multiple models have been proposed to elucidate how targeting oncodriver addiction in cancer cells can be beneficial for targeted therapy development—namely, genetic streamlining (dismissal of non-essential cellular pathways leading to lack of compensatory signals, resulting in collapse of the cellular fitness upon abrogation of dominant signals), oncogenic shock (blockade of addictive oncoproteins subverts the balance of pro-survival and pro-apoptotic signals in favor of cell death), and synthetic lethality (inactivation of two separate pathways result in a synergistic loss of common downstream effector function and subsequent apoptosis or cell cycle arrest) (38). The outcomes of oncodriver targeting in oncogene-addicted cells (apoptosis, senescence, cell cycle arrest) are heavily context-dependent, and the signaling framework underlying such outcomes requires further research for a comprehensive understanding.



Targeting Oncodrivers in Early-Stage Breast Cancer

Oncodrivers are proteins overexpressed in tumor cells, essential for proliferation, survival, and malignancy of cancer cells (43). While in healthy breast tissue, oncodriver proteins participate in numerous cellular events during different stages of puberty, pregnancy, lactation, and normal breast development (44), their overexpression and hyperactivity have been linked to progression and poor outcome in BC.

Perhaps the most prominent oncodriver investigated in BC is human epidermal growth factor receptor 2/receptor tyrosine-protein kinase erbB-2 (HER2/Erbb2). DCIS overexpressing HER2 has a higher propensity of progressing into invasive disease than HER2-negative DCIS (45). While HER2 overexpression is noted in more than 50% of DCIS, only 20–30% of IBC overexpress HER2 (45), suggesting a possible emergence of HER2-negative tumor cells due to immunoediting after elimination of HER2-positive cells. Combined HER2+/Ki67+ profile in DCIS has been identified as an independent predictor of local recurrence by multivariate analysis in a cohort of 868 patients (34). Overexpression of HER2 in IBC has been correlated with locally advanced stage disease, early metastasis, chemotherapy resistance, and poor recurrence-free survival in patients (46, 47).

Other members of the ERBB family of growth receptors have also been identified as oncodrivers across BC subtypes. HER3/Erbb3 is the most potent binding partner of HER2 that activates downstream signaling cascades, specifically PI3K/AKT, that contribute to cellular proliferation and survival. Therefore, HER3 hyperactivity has been associated with trastuzumab resistance in HER2-positive BC (48) and tamoxifen resistance in ER-positive BC (49, 50). In TNBC patients, overexpression of HER3 has been identified as a prognostic marker of poor 5-year DFS and 10-year OS (51–53).

EGFR/HER1 is another oncodriver protein overexpressed across BC subtypes, with more frequent appearance in IBC and TNBC subtypes. EGFR overexpression has been associated with larger tumor size and poor clinical outcome (54–56). Combined HER3-EGFR score in a cohort of 510 TNBC patients was a more comprehensive prognostic marker of worse BC-specific and distant metastasis-free survival, than individual oncodriver scores (57). Although EGFR gene amplification is rare in BC, high EGFR gene copy number predicts poor outcome in TNBC (58).

Hepatocyte growth factor receptor/receptor tyrosine kinase MET (HGFR/MET) is another oncodriver known to be overexpressed in TNBC and has been identified as an independent prognostic marker for recurrence and shorter survival (59). We have previously reported expression of HER3 and c-MET in BRCA1- and BRCA2-associated DCIS as well (60). Molecular cross-talk and downstream convergence between MET and ERBB receptor signaling has been predicted to contribute to resistance against HER2- and EGFR-targeted therapies (61).



Targeting Breast-Specific Tumor-Associated Antigens

Tumor-associated antigens (TAAs) are the epitopes displayed on tumor cell surface and also presented by the HLAs on the surface of non-malignant cells that can be identified by comparing transcriptome of the malignant and healthy tissues and present a promising yet challenging target for therapy development due to immunogenic tolerance and lack of specificity (62, 63). While HER2 is perhaps the most widely investigated TAA identified in BC, other TAAs, e.g., MUC1, mammaglobin-A, lactalbumin, NY-ESO-1, MAGE, and MART-1, have garnered interest as potential therapeutic targets and have been reviewed comprehensively before (Criscitiello, 2012 #12430). Here, we briefly discuss the current status of therapeutic research in BC centered around some of these TAAs.


Mucin-1

Mucin 1 (MUC1) is a transmembrane dimeric mucin, with an aberrant overexpression in over 90% BC compared to normal ductal epithelial cells of the breast tissue. Overexpression of MUC1 results from gene amplification, miRNA regulation, as well as in response to EGF or heregulin stimulation and activation of PI3K/AKT signaling (64). MUC1 has also been identified to complex with HER2, HER3, and HER4 in BC cells and mouse mammary glands. MUC1-based subunit vaccines, DNA vaccines, viral vector vaccines, DC vaccines, and glycopeptide vaccines are currently being tested (65). Subunit vaccine with MUC1 tandem repeats and MBP/BCG adjuvant induced Th1 immune response (66), activation of NK cells, and MUC1-specific CTL in mouse models of melanoma and lung carcinoma (67). In human, adjuvanted MUC1 subunit vaccine was less immunogenic in late-stage cancer patients than in early-stage patients. In metastatic BC patients, 16-amino-acid MUC1 peptide coupled to keyhole limpet hemocyanin plus DETOX adjuvant demonstrated class-I restricted CTL activation (68). Tecemotide, a VNTR MUC1 peptide delivered via a liposomal system, showed significantly improved survival after chemoradiation in phase II and III NSCLC trials (69). DC vaccine pulsed with survivin and MUC1 was well tolerated and showed modest antitumor immune response in NSCLC patients (70). However, L-BLP25 (Stimuvax), a liposome-based vaccine with MUC1-N terminal repeats, failed to improve overall survival in phase III trial for unresectable stage III NSCLC (71, 72). PANVAC vaccines containing transgenes for MUC1, CEA, and three T-cell costimulatory molecules (B7.1, LFA-3, and ICAM-1) have also been tested in a clinical trial with metastatic BC patients (73).



Mammaglobin

Mammaglobin-1 (SCGB2A2) is a mammary-specific glycoprotein member of the uteroglobin family and is considered a potential diagnostic and prognostic marker for BC (74, 75). Peripheral blood and tumor tissue from DCIS and IBC patients analyzed by RT-PCR identified mammaglobin expression as the most specific molecular marker for hematological dissemination of BC cells, compared to EGFR and cytokeratin 19 (76). Mammaglobin protein and mRNA expression have been detected in 75–80% of primary and metastatic BC, as well as in bone micrometastases of BC (77). Abundance of this marker in tumor tissue and inherent immunogenicity make mammaglobin a promising target for therapy development.



Lactalbumin

α-lactalbumin is a breast-specific differentiation protein that comprises 25% of total protein found in breast milk, overexpressed in mammary epithelial cells during lactation and in a majority of BCs, specially TNBC. Immunization of female SWXJ mice with recombinant mouse α-lactalbumin has shown dose-dependent proliferation in recall responses in the lymph node, presenting lactalbumin as a targetable TAA. A proinflammatory phenotype involving both CD4+ and CD8+ T cells and high production of IFN-γ and IL-2 was noted (78). Following this, Tuohy et al. showed presence of a proinflammatory T cell repertoire in adult women that can respond to recombinant hα-lactalbumin (79). An open-label, early phase I dose-escalation trial to test α-lactalbumin vaccine in non-metastatic TNBC patients is currently ongoing (NCT04674306).




Targeting Neoantigens

While TAAs are “self-proteins” shared between malignant and healthy tissues, neoantigens are tumor-specific antigens (TSA), unique non-autologous proteins expressed in tumor, often derived by somatic DNA alterations such as non-synonymous point mutations, insertion/deletion, gene fusion, and frameshift mutations acquired during the tumorigenesis process, due to rapid proliferation and genomic instability (80, 81). Various aspects of neoantigen development and potential as therapeutic target have recently been extensively reviewed by Benvenuto et al. (62). Higher immunogenicity of neoantigens arising from mutations, strong tumor specificity, reduced risk of autoimmunity as foreign antigens, and protection from central immunological tolerance present neoantigens as a more favorable target than TAAs for immunotherapy development (81). Therefore, it is possible that in the TME, lower immunogenicity and weak antigen load of TAAs may require a dramatic shift in up- or downregulation of both anti- and pro-tumorigenic signals, respectively, while higher immunogenicity and abundance of neoantigens may tip the balance in favor of antitumor immune response more comprehensively by modulating only one side of the balance (47).

Multiple preclinical studies of melanoma, lung, breast, and colon cancers have demonstrated tumor rejection by neoantigen-specific vaccination, where most of the epitopes were detected by CD4+ T cells (47, 82). Zhang et al. reported identification of neoantigens from an LL2 murine lung carcinoma model by whole-exon and transcriptome sequencing of the tumor RNA. Vaccination with neoantigen-pulsed DC in mice demonstrated a stronger antigen-specific lymphocyte response, increased number of TILs including CD8+ and CD8+IFN-γ+ T cells, and inhibited tumor growth, compared to the neoantigen-adjuvant vaccination. Combination of local radiotherapy with an RNA-LPX vaccine encoding CD4+ T cell-recognized neoantigens in a CT26 mouse model resulted in activation and long-lasting memory recall response by CD8+ T cells with increased IFN-γ secretion and follow-up with anti-CTLA4 antibody resulted in complete remission of tumors (83). Higher predicted neoantigen load has been correlated with increased TIL infiltration and improved survival in melanoma, colorectal, and ovarian cancer patients receiving immune checkpoint therapy (84, 85). Immunotherapies targeting neoantigens by synthetic long peptide vaccine, DNA, RNA, and DC vaccines, and adaptive T cell therapy are currently being tested in various preclinical and clinical trials.

Owing to the low mutational burden in BC, TAAs were the primary focus of therapeutic targeting for a long time, and translational research focusing on breast neoantigens has only recently gained traction. BC is known to have a higher proportion of INDEL mutations, and TNBC is characterized by a higher number of neoantigens due to frameshift mutations, with an even higher load in BRCA-1 mutated TNBC. However, no correlation between TNBC and TIL number has been identified in the analysis of a specific cohort of TNBC patients compared with other invasive BC subtypes (86).

Building an array with non-overlapping frameshift neoantigen peptides and vaccination with reactive peptides resulted in slower tumor growth and antibody production that correlated with diminished tumor volume in 4T1 murine model (87). In another study, PALB2, ROBO3, PTPRS, and ZDHHC16 were identified as neoantigens in advanced BC patients. Whole tumor exome analysis from the PDX mouse models generated from those patients identified a large number of non-synonymous single nucleotide variants. Following determination of predicted HLA binding affinity and functional evaluation by ELISPOT, neoantigen-specific T cells were shown to inhibit patient tumor growth implanted in NSG immunodeficient mice (88). Whole exome and RNA sequencing from BC tissues and neoantigen prediction among exonic mutations showed positive correlation between neoantigen load and non-synonymous single-nucleotide variations (nsSNVs). Using primary tumor cells established from pleural fluid of a BC patient, co-culturing neoantigen-pulsed DCs with autologous peripheral lymphocytes resulted in induction of CTLs ex vivo (89). Evaluation of the neoepitope burden in BC from TCGA using a predictive algorithm called EpitopeHunter showed that total mutational burden was highest for TNBC, followed by HER2+ BC and lowest for ER+/PR+/HER2− BC and the neoepitope load correlated with such mutational burden (90). Liu et al. have identified >700 non-silent somatic variants in BC patients obtained from the cBioportal dataset and observed higher single-nucleotide variant neoantigens in the elder population (>60 yrs) and identified multiple high-frequency mutations in PIK3CA and AKT that can be recognized by various HLA molecules (91). On the other hand, mutations in the ESR1 gene coding for the ER protein has been identified to be relatively common in metastatic, therapy-resistant cancers and contribute to shorter progression-free survival in endocrine BC (92, 93) and, hence, can be employed for developing neoantigen-pulsed DC vaccination for ER-positive BC.

Identification of neoantigens that are “private” antigens specific for individual patients requires a long and arduous bioinformatic screening followed by experimental validation to verify the epitopes, as well as both quality (specificity and affinity of infiltrating immune cells towards neoantigens) and quantity (number of activated TIL). This can become a limiting factor towards successful development of neoantigen-specific immunotherapy. However, research in the past few years has made remarkable progress towards that direction (94). In patients with NSCLC (95) and melanoma (96), personalized neoantigen-pulsed DC vaccination was found to be safe, reliable, and beneficial to reduce tumor burden and metastatic lesions. Neoantigen targeting with synthetic long peptide or polyepitope DNA vaccines in 4T1 and E0771 murine mammary carcinoma models have led to initiation of two clinical trials (NCT02427581 and NCT02348320) enrolling TNBC patients to test safety of personalized neoantigen vaccines using the same platforms (81). In a recently completed phase I/II clinical trial in TNBC patients, 40% of the patients showed pathologic complete response after receiving cyclin B1/WT-1/CEF tumor antigen-loaded DC vaccination with preoperative chemotherapy (NCT02018458). As summarized by Benvenuto et al. (62) and Han et al. (97), multiple clinical trials are currently testing safety, immunogenicity, effects on pathological complete response, TIL percentage, recurrence rate and survival in TNBC, BRCA-mutated and other subtypes of BC.



Drug-Based Chemoprevention vs. Immune-Based Prevention

Patients with a diagnosis of any of the known precursor lesions are considered to be at significantly increased lifetime risk of developing BC, with estimated 10-year cancer risks of 17.3% with ADH, 20.7% with ALH, 23.7% with LCIS, and 26.0% with severe ADH (98). Because of this increased risk, these women are closely surveilled, and chemoprevention is recommended. One major analysis of women with benign proliferative lesions in four chemoprevention trials (NSABP P-1, MAP.3, IBIS-I, and IBIS-II) has demonstrated that chemoprevention with endocrine therapy was associated with 41–79% relative risk reduction of BC (3).

Despite this high rate of risk reduction, there is underutilization and low adherence of chemoprevention by high-risk patients (99). Endocrine therapy places a high burden of side effects on the patient, including major risk of venous thromboembolism, stroke, osteoporosis, and endometrial cancer. More common and noticeable side effects patients may experience include menopause-like symptoms, joint aches, and mental fog. These medications are also recommended to be taken for 5 years for maximum benefit, which, for some patients, may be a significant burden.

Cancer immunoprevention modulates the immune system to recognize aberrant cells and prevent the initiation and progression to malignancy. Potential advantages to immune-based cancer prevention over drug-based chemoprevention include (1) high specificity and adaptability of immune responses (adaptive immunity is specific to a given antigen and can adjust to changes within the antigenic repertoire); (2) favorable toxicity profile (immune strategies—cancer vaccines in particular—appear non-toxic in the majority of cases); (3) ability to generate immunological memory, providing long-term (potentially lifelong) protection (not achievable with drugs); and (4) ease of administration (i.e., several vaccinations with occasional boosts versus daily dosing for many years with chemo preventive agents) (100). Vaccination has been proven to be a proficient and cost-effective means of eradicating many pathogens; hence, it stands to reason that vaccination may be an efficient means for immunoprevention of cancer, especially in high-risk individuals.

Vaccinations for cancers with viral etiologies are widely available and have been shown to be efficacious, such as vaccination against human papilloma virus (HPV) and hepatitis B. Since implementing these vaccination programs, the incidence of cervical and hepatic cancers have been reduced (101). However, unlike cervical and hepatic cancer, BC is a complex and multifactorial disease that does not have a target pathogen for vaccination. A preventative vaccine would rely on targeting normally overexpressed, mutated, or cancer-specific targets (102). Some targets considered in the development of BC vaccines include targeting oncodrivers, i.e., overexpressed proteins, tissue-specific antigens, and targets that are expressed in cancer tissue, but not in normal cells (102).



CD4 T Cell Response in Cancer

For a long time, cancer immunotherapies have focused on CD8+ T cells as the principal adaptive immune T cell subset, known for their antitumor cytotoxic response. However, the potential of CD4+ helper T (Th) cells in tumor suppression has recently gained attention in the field of immunotherapy. The overview of various CD4+ T cells (Figure 1), its subsets, and their role in mediated tumor immune response has been reviewed by our group previously (https://doi.org/10.3389/fimmu.2021.669474).




Figure 1 | Functional subsets of CD4+ T cells and role of CD4+ T cells in the activation of CD8+ T cells in cancer. (A) Dendritic cells (DC) regulate differentiation and polarization of naїve CD4+ T cells into various T helper cells subsets such as Th1, Th2, Th9, Th17, Tfh and Treg cells. (B) DCs primed with tumor antigenic peptides can present the antigens to Th1 cells through the MHC class II molecule. Next, these activated Th1 cells secrete two important Th1 cytokines: IFN-γ and TNF-α, leading to direct tumor growth inhibitory effects, mediated by induction of apoptosis, senescence, cell cycle arrest and proliferation arrest. Secretion of IL-2 cytokine from Th1 cells is known to mediate activation and proliferation of IL-2Rα expressing CD8+ T cells which leads to enhanced anti-tumor response. In addition, Th1 cells can regulate B cell-mediated antibody production and NK cell-dependent antibody dependent cellular cytotoxicity (ADCC) in cancer.





Immunoediting

Since the concept of tumor suppression by immune system introduced by Paul Ehrlich (103) and the hypothesis of cancer immunosurveillance proposed by Burnet and Thomas (104), roles of the immune system in shaping up tumorigenesis and therapeutic response have been established unequivocally. Research by Schreiber and others led to the refinement of the immunosurveillance concept to the hypothesis of cancer immunoediting (105–107) that acknowledges the complexity of tumor immune response in a far more comprehensive manner.

Schreiber et al. envisioned immunoediting in cancer as a three-step process, “the three Es of cancer immunoediting” (108), namely, Elimination, Equilibrium, and Escape. During this final step of immune escape, surviving tumor cells with genetic and epigenetic changes rendered resistant to detection and deletion by the host immune system enter the phase of uncontrolled growth and become clinically observable malignant disease (105, 109–111).



Immune Escape Mechanisms in Breast Cancer

Mechanisms of immune escape in cancer has been reviewed extensively elsewhere (112–114). Loss of immune detection and activation (absence of strong tumor antigen, lack of DC and T cell priming, tumor antigen processing and presentation, reduced MHC class I expression, upregulation of HLA-G to promote tolerogenic phenotype), enhanced resistance to cytotoxicity and apoptosis (constitutive activation of STAT3, oncodriver proteins, e.g., HER2, HER3, EGFR, anti-apoptotic protein Bcl-2), and shaping of an immunosuppressive tumor microenvironment (TME) [secretion of immunosuppressive cytokines TGF- β, VEGF, and metabolic factors IDO, PGE-2; adaptive immune resistance by upregulation of PD1/PDL-1, LAG3, Tim3; induction of Tregs, tumor-associated macrophages (TAMs), and MDSCs] have been shown to be the potential mechanisms of immune escape in BC and many other subtypes of cancer (110, 114–116).

Inherently low immunogenicity of BC contributes to immune escape, and progression from preinvasive to invasive disease. In residual triple-negative breast cancer (TNBC) after neoadjuvant chemotherapy, Ras-MAPK, PD-L1, and TIL infiltration showed a strong correlation and increased Ras/MAPK activation correlated with a poor TIL phenotype in the residual cancer (117). Expression of PD-L1 has been shown to increase in TNBC after neoadjuvant chemotherapy, while PD-L1 amplification has been detected in triple-negative IDC but not DCIS in a separate study (118). Similarly, HER2 amplification in HER2+ DCIS and IDC has been associated with co-amplification of a nearby cytokine cluster that inversely correlates with intratumoral frequency of granzyme-secreting CD8+ T cells (116). These observations underline the clinical relevance of therapeutic strategies targeting immune escape mechanisms to amplify therapeutic impact on patient outcome.



Loss of Anti-HER2 Th1 Response During Breast Tumorigenesis

While a basal level of anti- HER2 Th1 response is reported in healthy individuals, reflective of immune regulation by HER2, suppression of this Th1 response by malignancy breaks the immune protection, ultimately leading to progressive HER2+ tumor development (44, 119).

We have previously reported an incremental loss of Th1 immunity observed in HER2+ DCIS patients, with negligible responses in HER2+ IBC patients (119). A further sequential loss of HER2-specific Th1 response takes place in advanced IBC patients (120). Our group has also reported that restoration of the anti-HER2 Th1 response culminated in improved survival in HER2+ BC patients (46, 119). The molecular basis of this effect was investigated, and we now know that the Th1 cytokine IFN-γ increased E3 ubiquitin ligase Cullin-5, which led to ubiquitination and degradation of surface HER2 receptors, translating into tumor senescence and diminished tumor growth (121).

To augment expression of MHC-I molecules on tumors and efficient cytotoxic responses by HER2-specific CD8+ T cells, crosstalk between trastuzumab and IFN-γ and TNF is critical (122). Moreover, positive prognosis is anticipated by the presence of infiltrating Th1 IFN-γ-producing cells (123). Not only this, in patient-derived xenograft (PDX) ER− BC model, stimulation of IFN-γ/STAT1 pathway is identified as a prognostic marker of chemotherapy resistance. An ongoing clinical trial (NCT03112590) aims to elucidate how augmenting the Th1 response can be a pivotal immunotherapeutic tool, by testing a combination of IFN-γ with paclitaxel, trastuzumab, and pertuzumab in HER2+ BC. Loss of Th1 responses leading to tumor progression could point towards increase in apoptosis of CD4+ T cells via Fas pathway or tolerance to tumor antigens (for instance, CTLA-4 and PD-1) (124, 125). To this end, our group found that improved survival was achieved in TUBO HER2+ murine mammary carcinoma model upon delivering anti-PD1 antibody, post HER2-DC1 vaccination (126).

Similarly, our group has reported a progressive loss of Th1 immunity against HER3 in IBC patients, which was most pronounced in TNBC patients compared to the healthy donors, directing towards a fair chance to boost the Th1 responses to achieve improved survival (127).



Role of Dendritic Cells in Th Cell Differentiation

DCs are considered as master regulators of immune system and play a critical role in activation of adaptive immune cells (128). Three types of DC subsets have been identified, namely, myeloid/conventional DC1 (cDC1), myeloid/conventional DC2 (cDC2), and plasmacytoid DCs (pDC) (129, 130). The functional status of DCs is mainly classified by high expression of MHC class I and class II molecules, and expression of various co-stimulatory receptors including CD80, CD86, CD83, CD40, leucocyte functional antigen (LFA) family of adhesion molecules, and heat stable antigen (131, 132). cDC1s are involved in various antigen presentation to CD8+ T cells and stimulate cytotoxic activity. In addition, DC subsets can also mediate differentiation of CD4+ T cells into Th1, Th2, Th9, Th17, Tfh, and Treg cells (47, 132, 133).

Secretion of IL-12 by cDC1s can mediate Th1 polarization and NK cells infiltration. Stimulation of DCs with lipopolysaccharides has been shown to induce expression of Notch ligand delta, leading to Th1 polarization (134). On the other hand, OX40 ligand activation in myeloid cDC2 can mediate Th2 polarization (135). Preferential MHC II expression and higher IL-12 secretion by cDC2 make them better equipped to contribute to CD4+ Th cell polarization than cDC1 (135). A previous study has shown that calcium signaling activation in human PBMC-derived myeloid DCs can inhibit IL-12 production, which leads to CD83+ DCs activation and regulation of Th2 differentiation (136). Stimulation of DCs by prostaglandin-E2 can facilitate CD4+ T cells into Th2 phenotype polarization (137). Activation of dectin-1 in DCs has been reported to promote Th9 polarization via expression of OX40L, TNFSF15, Syk, Raf1, and NF-κB signaling cascades (138, 139). In response to various cytokines such as IL-6, IL-1β, IL-23, and TGF-β, DCs also induce polarization of the Th17 phenotype (140). In addition, stimulation of DCs with prostaglandin-E2 was also identified to control the balance between IL-12 and IL-23 cytokines and promote Th17 differentiation by inhibiting Th1 and Th2 polarization (141).

Cooperation between DCs and B cells has been shown to regulate MHC class II molecule–mediated antigen presentation, which stimulates Tfh cells polarization (142). Another study has shown that induction of inducible costimulatory (ICOS) ligand expression in plasmacytoid DCs can induce Treg cells polarization (143, 144). IL-10 cytokine can negatively regulate DC functionality, expression status of MHC class II and IL-12 production, which converts DCs to promote Treg polarization (145).



Using DC Vaccination to Target HER2

DCs are used as a vaccine delivery tool to generate antitumor immune response in BC-targeting tumor antigens (146). Potential of HER2-targeted immunotherapy using the DC platform in BC has been reviewed previously (147, 148). Our group has showed type I polarized DC vaccine pulsed with HER2 peptides (HER2-DC1) generated strong anti-HER2 CD4+ T cell immunity in vaccinated HER2+ BC patients (Figure 2), as well in ER+/HER2+ and ER−/HER2+ BC patients, resulting in improved pathologic complete response in HER2+ DCIS and early BC patients (149, 150). In addition, HER2-DC1 vaccination in combination with anti-estrogen therapy enhanced HER2-specific Th1 immunity and reduced disease recurrence, compared to HER2-DC1 monotherapy in ER+/HER2+ patients (151). This study outcome emphasized therapeutic promises of combination therapy approach for HER2/ER-positive BC patients.




Figure 2 | DC1 vaccine with combination therapeutic approach. DC1 vaccination targeting various oncodrivers such as HER2, HER3, mucin 1, lactalbumin and neoantigens can be an effective strategy to improve therapeutic efficacy and survival outcome in breast cancer patients. In addition, combination of DC1 vaccine with clinically available targeted therapies such as anti-HER antibodies, small molecular inhibitors and immune checkpoint blockade antibodies can also enhance the patient outcome.



CD8α DCs are one of the subtypes of DCs which display high expression of IC-type lectin cell surface receptor DEC205 and are involved in cross antigen presentation and activation of CD4+ and CD8+ T cells (152). DEC205 receptor expressing CD8α DCs pulsed with extracellular domain peptides of the HER2/neu protein was able to generate CD4+ and CD8+ immune response and B cell-mediated antibody production in preclinical model of HER2/neu+ BC. Notably, prolonged antitumor response, rejection of secondary tumor challenge, and improved survival were observed following DC vaccination in HER2/neu+ BC preclinical model (152, 153). GP2 is an MHC class I recognizing immunogenic peptide obtained from the intracellular domain of HER2 protein and has been shown to induce strong CD8+ T cell-mediated antitumor response in HER2+ BC (154). Previously, phase II clinical trial investigating the efficacy of GP2 peptide vaccination in combination with immunoadjuvant GM-CSF treatment showed CD8+ T cells activation with improved 5-year DFS in HER2+ BC patients (155). In addition, GP2 peptide pulsed DC vaccination in transgenic mice induced HER2/neu specific CTL in preclinical BC model (156).

E75 is another immunogenic peptide derived from the extracellular domain of HER2/neu protein that stimulates HER2/neu-specific CTL to cause tumor cell lysis in HER2/neu transgenic mouse model (157). E75 peptide vaccine in combination with immune stimulatory cytokine GM-CSF treatment generated CD8+ T cell immune response and improved DFS in HER2+ BC patients (158). E75 peptide pulsed DC vaccination efficacy has also been tested in clinical trials with early stage and invasive BC patients (159). A phase III clinical trial with E75 peptide vaccine in combination with GM-CSF therapy is currently ongoing in low to intermediate HER2+ BC patients (160).

HER2/neu transgene modified dendritic cell (DCneu) vaccine efficacy has been studied in HER2/neu+ BC mouse model where it suppressed Treg cell activity and enhanced Th1 immune response and HER2/neu specific humoral response. In addition, DCneu vaccination was able to induce strong tumor inhibitory effect and long-lasting antitumor response by protecting from secondary tumor re-challenge in mice (161). The CD4+ T cells recognizing epitope P30 have been reported to enhance CD8+ T cell-mediated immune response. Vaccination with DCs engineered with HER/neu oncogene and P30 epitope eliminated immunological tolerance by self-antigen and induced strong CD4+ and CD8+ T cells immune response in HER2/neu transgenic mouse model (162). Another study showed that treatment of DC vaccine pulsed with truncated neu antigen, interleukin 15 (IL-15), and IL-15Rα reduced mammary carcinoma development and inhibited HER2-dependent Akt signaling pathway in HER2/neu transgenic mice. DC vaccination was able to stimulate CD4+ Th1 immune response and eradicate HER/neu+ tumors in preclinical model (163).



Vaccination in Addition to Targeted Therapy for HER2+ Breast Cancer

Although HER2-targeted therapies, including anti-HER2 monoclonal antibodies (mAb) such as trastuzumab and pertuzumab, have improved the pathologic complete response (pCR) and DFS, development of resistance, metastasis, and disease recurrence noted in patients remain the main obstacle (164). Notably, combination treatment of DC vaccine with trastuzumab (Figure 2) was able to induce strong CTL response and improve anti-HER2 Th1 immune response in HER2+ BC (6). This opened up a new avenue to enhance the efficacy of trastuzumab by combining with HER2-DC1 or immunostimulatory cytokines in HER2+ BC patients. Previous studies have shown that trastuzumab treatment in combination with DCs pulsed with HER2 peptides E75 or GP2 and GM-CSF were able to generate CD8+ T cell immune response in HER2+ BC patients and enhanced DC-mediated presentation of E75 peptides in preclinical model of HER2+ BC (158, 159, 165). In addition, clonal expansion of E75 peptide-specific CD8+ T cells after combination treatment was identified as a key benefit (166). Another study showed HER2/neu oncogene constructed DC vaccine and trastuzumab combination treatment prevented spontaneous mammary carcinoma growth in HER2/neu-overexpressing transgenic mice, as the combination treatment was able to induce strong HER2/neu-specific CD8+ CTL immunity, which prevented tumor growth in mice (126, 167). Recently, it has been observed that HER2-DC1 vaccine, in combination with anti-HER2 antibodies, was able to completely arrest tumor growth in HER2/neu BC preclinical model (121).

Pharmacological inhibition of HER2-dependent PI3K/Akt and MAPK/ERK signaling activation is another attractive therapeutic option in HER2+ BC patients. Dual targeting of HER2 signaling with trastuzumab and tyrosine kinase inhibitor lapatinib is used to treat patients with locally advanced HER2+ BC (168) and has been shown to inhibit HER2 mediated downstream signaling cascades via PI3K/Akt and MAPK/ERK activation in HER2+ BC (169). Addition of HER2-targeted therapies such as lapatinib and trastuzumab can further potentiate therapeutic efficacy of DC1 vaccine and overcome therapy resistance in patients. A recent study has observed that combination treatment of class I and class II peptide pulsed HER2-DC1 vaccine with Akt antagonist MK-2206 was able to control the tumor growth in HER2/neu+ BC preclinical model (170). In support of this observation, Th1 cytokine IFN-γ in combination with MK-2206 treatment displayed similar tumor inhibitory effects in HER2/neu+ BC preclinical model and various HER2+ human BC cells (170).



Utilizing Anti-HER2 Vaccines as a Preventative Strategy

While trastuzumab and pertuzumab are effective adjuvant treatments for HER2+ BC, they are not for use in the preventative setting. Numerous attempts at various modalities for an anti-HER2 BC vaccine have been attempted in order to be used for prevention or in a neoadjuvant setting. Peptides within the HER2 protein can be recognized by CD8+ T cells in MHC class I molecules, and one protein that has been studied for this purpose is the E75 peptide. The E75 vaccine is a peptide vaccine that elicits a CD8+ CTL response. Because it only elicits a CTL response, immunization against this single peptide results in a low-level, short-lived response with paucity of activation of other components of the immune system (171).

Anti-peptide vaccination may be more effective in cancer cells with low HER2 expression because these cells exhibit high MHC class I expression and are more easily recognized by CD8+ T cells, allowing for elimination of tumor cells (46). Peptide vaccination is not likely effective in HER2-high BC due to the downregulation of MHC class I expression, which inhibits CTL recognition (46, 172). Vaccines aimed at targeting HER2-high expressing tumors should elicit activation of CD4+ T helper cells, secrete IFN-γ and TNF-α, which will upregulate expression of MHC class I, increasing sensitivity to CD8+ CTL-mediated lysis. This leads to humoral immunity and long tumor immunologic recognition.

It has been observed that healthy individuals actually harbor anti-HER2 CD4+ Th1 cells that secrete IFN-γ and TNF-α, and in individuals with HER2+ BC, this immune response is diminished (119). DC vaccines have been shown to prime an immune response in vaccinated subjects and, in one study, has achieved pCR in 18% of subjects and eradication of HER2 expression in residual DCIS in 50% of subjects without pCR (173). DCs are efficient in the presentation of antigens and signal activation and polarization of T cells into CTLs and Th cells (174, 175). DCs are also efficient in production of IL-12, which polarizes T cells toward the IFN-γ Th1 phenotype and also has antiangiogenic capabilities, activates natural killer cells, enhances adaptive immunity, and improves sensitization to tumor antigens (176). Utilizing these properties, DC vaccination against HER2 would provide long-term tumor immunity, even against tumor cells expressing high HER2 levels.

Anti-HER2 DC vaccines have seen more clinical success in early stages of BC—mainly in the DCIS phase (6, 177). This may be due to the fact that in advanced disease, DCs are unable to mount a strong enough immune response to overcome the overwhelming immunosuppressive TMEs that have escaped immunosurveillance (6). During the DCIS phase, tumor cells and the immune system have achieved a state of equilibrium. Tipping the scale in favor of tumor cells results in invasive disease, while moving the scale towards the immune system results in eradication of disease. Anti-HER2 DC vaccination eliminates equilibrium, giving the immune system the boost it needs for elimination of tumor cells.



Conclusion

Breast cancer can be a devastating disease; therefore, a great degree of importance is placed on risk reduction and prevention. Identification of which patients would benefit from risk reduction strategies is critical; these patients include genetic mutation carriers, patients with strong family histories, personal history of breast cancer, and/or history of proliferative breast lesions. The current risk reduction and prevention strategies for high-risk patients include prophylactic mastectomy and chemoprevention, which unfortunately are not benign strategies and may pose significant burden to patients. Vaccination against breast cancer-specific oncodrivers or tumor-associated antigens shows promise in intercepting progression to IBC by boosting host immunity to recognize aberrant cells and eradicate them before development of invasive disease. Breast cancer-specific vaccination does not pose significant incumbrance to patients, may be more cost-effective, and may provide long-term protection. However, vaccination against breast cancer is not a one-size-fits-all approach and requires targeting specific antigens that may be present in one type of breast cancer and not another. Targeting benign, premalignant conditions such as ADH, FEA, or LCIS may provide means for risk reduction; however, utilizing vaccines to target a specific antigen in these conditions remains elusive. Certain types of vaccines, such as anti-HER2 DC vaccines given to patients with DCIS, have shown promise, but have yet to be studied in the preventative setting.

The current research in breast cancer vaccination has yet to scratch the surface of potential targets and has mainly focused on oncogenes and peptides such as HER2 and E75 in patients who have already been diagnosed with DCIS or breast cancer. Oncodriver expression may differ according to etiology as non-hereditary DCIS lesions express more HER2 while BRCA mutation carriers express HER3 and C-MET in DCIS, suggesting targeting a single oncodriver may not be sufficient for prevention of all DCIS. Breast-specific tumor-associated antigens such as mammaglobin, MUC1, and lactalbumin may provide a broader range of coverage in a preventative setting, but studies utilizing these proteins in targeted therapies are still in their infancy. The question that remains is, which breast cancer-specific vaccination target will provide the most effective risk reduction with broad coverage for the different subtypes of breast cancer? Moreover, another question still to be addressed is if shared neoantigens such as fusion proteins and frameshift mutations could also be effective targets because of being highly immunogenic in nature. Elucidating a clear target for future successful vaccination strategies to intercept premalignant, preinvasive breast lesions continues to be a difficult task, but eventually will provide a powerful tool for all at-risk patients.
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Oral premalignant lesions (OPLs) are the precursors to oral cavity cancers, and have variable rates of progression to invasive disease. As an intermediate state, OPLs have acquired a subset of the genomic alterations while arising in an oral inflammatory environment. These specific genomic changes may facilitate the transition to an immune microenvironment that permits malignant transformation. Here, we will discuss mechanisms by which OPLs develop an immunosuppressive microenvironment that facilitates progression to invasive cancer. We will describe how genomic alterations and immune microenvironmental changes co-evolve and cooperate to promote OSCC progression. Finally, we will describe how these immune microenvironmental changes provide specific and unique evolutionary vulnerabilities for targeted therapies. Therefore, understanding the genomic changes that drive immunosuppressive microenvironments may eventually translate into novel biomarker and/or therapeutic approaches to limit the progression of OPLs to potential lethal oral cancers.
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Introduction

Oral squamous cell carcinomas (OSCCs) involving the tongue, cheek, gums, and other sites of the mouth are the most common form of head and neck cancer (HNSCC), responsible for over 377,000 new cases and 177,000 deaths per year worldwide (1). Up to 50% of people developing OSCCs die from this disease. Even with cure, OSCCs are often treated with surgery, chemotherapy and radiation leading to substantial adverse impact on cosmesis, function, and quality of life.

The precursors to OSCC are oral premalignant lesions (OPLs) that affect approximately 4.5% of the world’s population (2). Another commonly used term for these lesions is oral potentially malignant disorders (OPMD). Because we are focusing on the progression of these lesions to cancer in both human and mouse systems we will use the term OPL throughout this review. OPLs include a variety of distinct pathological entities including leukoplakia, submucous fibrosis, and lichen planus. OPL remains a diagnostic dilemma with limited preventative and therapeutic options. Even though the majority of OPLs regress, up to 30% of OPL ultimately progress through increasingly severe grades of dysplasia to oral cancer. The overall annual risk of transformation of leukoplakia (the most common variety in the US) to invasive cancer is 1- 3% per year (3). Since OPLs often present with multifocal lesions across the oral mucosa, patients are subjected to frequent biopsies until a cancer is detected and is surgically removed. At present, diagnosis of OPL requires a physical biopsy in order to distinguish OPL from early OSCC. Consequently, clinicians have few if any noninvasive biomarkers to predict which OPL are at high risk of progression to invasive cancer (4). Furthermore, the only existing treatment for OPL is excision of the lesion with a margin of surrounding healthy tissue. Nevertheless, it is often not practical to remove the entire OPL because OPLs may encompass a large region of the oral cavity while still at variable risk for progressing to invasive disease. Consequently, the diagnostic and therapeutic dilemmas in treating OPLs provide impetus to better understand the biological and immunological underpinnings of this disease.

Representing an intermediate phase during the evolution of normal mucosa into malignant cancer, OPLs have acquired only a subset of the genomic alterations necessary to develop into OSCC. In addition to genomic changes occurring in OPL, OPLs frequently arise in an oral inflammatory environment caused by exogenous factors such tobacco and/or alcohol use, poor dentition and by endogenous factors including auto-immune diseases. It is likely that the genomic alterations cooperate and co-regulate the immune microenvironment in OPLs to facilitate the progression of OPLs to invasive cancer (1, 5). Namely, specific genomic changes may facilitate the transition to an immune microenvironment that permits malignant transformation. Conversely, inflammatory changes in the immune microenvironment may promote genomic instability within OPLs. Here, we will discuss the how OPLs develop an immunosuppressive microenvironment that facilitates progression to invasive cancer. We will then describe how genomic alterations and immune microenvironmental changes co-evolve and cooperate to promote OSCC progression. Finally, we will describe how the genomic context of premalignant lesions may provide specific and unique evolutionary vulnerabilities for targeted therapies. Pursuit of such paradigms may eventually translate into novel biomarker and/or therapeutic use.



The Evolution of the Immunosuppressive Microenvironment in OPL

As mutations and other genetic alterations accumulate, OPL become progressively infiltrated with immune suppressive myeloid cells including MDSC, M2 tumor-associated macrophages (TAM) and regulatory T cells (Treg; Figure 1). Furthermore, M2 macrophage polarization, Treg infiltration, and expression of the immune checkpoint ligand PD-L1 are associated with increased risk of future malignant transformation (6–9). Despite this progressive accumulation of immune suppressive features, OPL are often strongly infiltrated with CD8+ T lymphocytes (10, 11), suggesting that reversing the immunosuppressive microenvironment of high-risk OPL has the potential to unmask anti-lesion immunity capable of inducing immune regression prior to development of invasive cancer. Here, we will describe the inflammatory and immune changes that occur during OPL progression as well as possible genetic mechanisms drive the cross-talk between the genomic and immune changes.




Figure 1 | Schema for immune/inflammatory microenvironment evolution during OPL progression. OPL are often strongly infiltrated with CD8+ T cells. Early low grade dysplasias also demonstrate tumoricidal and/or M1 TAMs. As dysplastic lesions progress, increased immunosuppressive M2 TAM, Treg, MDSCs and immunosuppressive molecules including PD-1/PD-L1 and A2AR. Created with BioRender.com.



The transition from OPL to invasive cancer requires that dysplastic lesions escape recognition from infiltrating cytotoxic T lymphocytes (TILs). TILs are increased in OPLs and predict histological grade in dysplastic lesions (12–14). Comparing lichen planus with oral dysplastic lesions, Flores-Hidalgo et al. demonstrated that CD8+ T cells tracked the malignant transformation zones in dysplastic lesions (15). Similarly, Gannot et al. demonstrated increased CD4+, CD8+ and CD19+/CD20+ lymphocyte infiltration in dysplastic lesions compared to normal epithelium indicating that dysplastic lesions are accompanied by increased cytotoxic and helper T cells as well as B cells (16). Since these studies only quantified infiltrating lymphocytes, it remains unclear if these TILs are functional and target the dysplastic epithelial cells or more indicative of the general inflammatory microenvironment. However, other reports showed infiltrating plasms cells and other B lymphocytes decreased with high grades of dysplasia and less differentiated OSCCs (17). Similarly, in a 4-nitroquinoline 1-oxide (4-NQO) chemical carcinogenesis mouse model, lymphocytic infiltration was associated with dysplastic and invasive lesions (18).

The role of CD8+ T cell infiltrating OPLs remain unclear. Similar to invasive disease, it remains unclear what antigens these cytotoxic lymphocytes recognize. Over 40% of progressing OPLs expressed at least one of the shared MAGE cancer testis antigens (19). Similarly, common shared antigens such as NY-ESO-1 and MUC1 have been observed in murine OPL (20). Although on average OPL has 167,809 variants per sample, there did not appear to be any differences in mutational burdens between progressing and non-progressing premalignant lesions using a small series of 13 patients (21). Furthermore, the role of neo-antigens form by somatic mutations as targets for infiltrating lymphocytes in OPL remains understudied. Finally, some of these TILs may represent bystander T cells that do not recognize cognate antigens in OPL as seen in other cancers (22). Therefore, OPL does express tumor antigens but the specificities of the TILs remain understudied.

Given the increased lymphocytic infiltration observed in OPLs and OSCCs, immunosuppressive mechanisms are likely required to facilitate the progression of normal epithelium to dysplasia and invasive cancer. To this end, Zhao et al. demonstrated increased regulatory T cells (Tregs), as measured by CD4+CD25+FoxP3+ markers, were sequentially increased in the lymph nodes and in the peripheral blood of rats with worsening grades of dysplasia and OSCC (23). Similarly, increased Tregs and decreased IFNγ signaling were observed in the development of oral leukoplakia, oral lichen planus and OSCCs (24). Immunosuppressive molecules may also prevent infiltrating lymphocytes from clearing pre-malignant lesions. A meta-analysis of 9 studies demonstrated that PD-L1 may be enriched in OPL as 48.25% of lesions expressed PD-L1 which was on average 1.65-fold greater than normal mucosa (25). PD-L1 expression in both epithelial cells and tumor associated macrophages (TAMs) was also correlated with malignant transformation (7). In a 4-NQO model of chemical carcinogenesis, Chen et al. observed a nearly 2-fold increase in PD-1 expression on infiltrating CD8+ and CD4+ T cells. PD-1 inhibition reduced MDSCs as well as downregulated PD-1 on TIL that was associated with a 2.27-fold increase in activated TIL (26). Finally, upregulation of the adenosine receptor (A2AR) also likely suppresses anti-tumor lymphocytes as A2AR expression correlated with pathological grade, lymph node status (27). Consequently, OPLs may recruit immunosuppressive Tregs and/or express immunosuppressive checkpoint molecules such as PD-L1 to evade potential rejection by cytotoxic lymphocytes.

Oral dysplastic lesions may also recruit immunosuppressive myeloid cells to evade immune recognition. In many types of solid tumors, TAMs and MDSCs correlated with poor prognosis and progression to invasive cancers (12, 16, 28–31). OPL progression has been associated with increased MDSC and TAM infiltration as well as the polarization of TAM from so-called M1 (tumor-suppressing) to M2 (tumor-promoting) phenotypes in murine models and human cancers. Both pro-tumorigenic M2 tumor associated macrophages (TAM) and myeloid-derived suppressor cells (MDSC) may be a key regulator for governing these pro-tumorigenic and anti-tumorigenic immune responses in OPL by suppressing adaptive T cell immunity and by producing inflammatory cytokines to promote tumor proliferation and angiogenesis (24). Abnormal proliferation of epithelial cells may promote TAM and myeloid cell infiltration. Kawsar et al. demonstrated that human beta-defensin 3 (hBD-3) but not hBD-1 or hBD-2 colocalized to proliferating basal cells in normal epithelium as well as in dysplastic lesions. Furthermore, the increased hBD-3 in dysplastic lesions increased macrophage recruitment in oral dysplastic lesions as well as increased macrophage chemotaxis in vitro (32). Consequently, epithelial proliferation that is intrinsic in OPL recruit immunosuppressive myeloid subsets.

Paradoxically, TAMs in OPLs have been shown to display both tumoricidal macrophages and tumorigenic functions. In 58 OPLs and 258 OSCCs, Wang et al. demonstrated that increase CD163+ M2 TAMs were associated with OSCC progression and survival (33). Similarly, Kouketsu et al. found increasing numbers of M2 TAMs, using both the CD163 and CD204 markers for the M2 phenotype, and regulatory T cells with higher grades of OPL (8). Yagyuu et al. demonstrated that dermal M2 macrophages, identified by the CD163 marker, correlated with increased dysplasia (7). However, some groups indicate that TAMs may inhibit OPL regardless of M1 or M2 phenotype. Bouaoud et al. used immune cell deconvolution and enrichment algorithms for RNAseq as well as immunohistochemistry on OPL to observe that M2 macrophages were associated with dysplasia and OSCC even though 3 M2 TAM signatures were associated with better oral cancer-free survival (34). By contrast, Mori et al. demonstrated that the M2 canonical marker CD163 may identify TAMs with an inflammatory rather than immunosuppressive phenotype. CD163+ TAMs in OPLs displayed increased STAT1 and CXCL9 expression suggesting an inflammatory tumoricidal phenotype (31). The authors stipulated that this M1 phenotype was likely driven by TH1 CD4+ T cells producing IFN to drive this anti-tumorigenic phenotype (35). This contrasts with other reports demonstrating that CD163+ TAMs in oral dysplasia expressing immune suppressive cytokines such as IL-10 (36). One possibility to rectify these observations is that the TAM phenotype transitions from a tumoricidal M1-like phenotype to a tumorigenic M2-like phenotype during OPL progression. In 201 OPL specimens, Weber et al. examined both M1 and M2 TAM phenotypes using the canonical markers CD68 and CD163, respectively (37). Increased TAM infiltration, TAM localization to the epithelial compartment and M2 polarization was associated with progression of OPL to invasive cancer. Therefore, TAM phenotypes may represent a dynamic state as OPLs progress to invasive lesions.

Several environmental and/or immune changes may dictate the dynamic changes in TAM phenotype during OPL progression. One potential mediator linking this immune switch during OPL progression is inducible nitric oxide synthase (iNOS), which recruits MDSCs and TAMs as well as polarizes TAMs to the pro-tumorigenic M2 subtype (38–40). iNOS has multiple pleiotropic and contradictory roles in promotion and suppression of cancer development. iNOS is a well-described driver of oncogenic signaling and immune evasion mechanisms in established cancers.

However, iNOS can also act as a mechanism of M1 macrophage anti-tumor activity, and when expressed in CD4+ T cells can inhibit their differentiation to Treg (41) or Th17 cells (42). These contradictory roles for iNOS highlight the importance of assessing iNOS function in a cell type and context specific manner. iNOS expression and immune suppressive myeloid populations (M2 macrophages and MDSC) have both been shown to increase during progressive stages of dysplastic transformation and to be associated with future risk of transition to invasive cancer. iNOS can play different pro-tumor and anti-tumor roles depending on timing of expression and in which cell types. iNOS is known to be expressed by M1 (anti-tumor) TAM where it exerts a tumoricidal function through inducing tumor cytolysis. We have also shown that iNOS expression in myeloid cells acts paradoxically as a negative feedback mechanism to suppresses M1 macrophage polarization (43). However, iNOS (along with Arginase and PD-L1 expression) is a major immune suppressive mechanism of MDSC. We have also shown an important role for tumor-expressed iNOS in orchestrating the induction of tumor-infiltrating myeloid cells and acquisition of MDSC suppressive function in established cancer (39, 44). The apparent paradoxical pleiotropy and cell type specificity of iNOS expression and function highlights the importance of distinguishing between tumor- and myeloid cell-expressed iNOS functions.

In addition, linking environmental risk factors with TAM phenotypes in OPLs, Zhu et al. demonstrated that cigarette smoke extract increased M2 macrophage OPL infiltration and polarization, increased immunosuppressive cytokines including arginase-1 and IL-10 and decreased pro-inflammatory markers TNFα and iNOS (45). Furthermore, this group proposed that smoking activated glutamine transport and metabolism in TAM to promote epithelial proliferation and inhibit apoptosis.

Myeloid derived suppressor cells (MDSCs) which have been shown inhibit anti-tumor immunity also correlate with OPL progression. Both CD33+ tumor infiltrating and circulating MDSC are increased in oral leukoplakia patients with increasingly severe dysplasia (9, 46). In a chemical carcinogenesis model of OPL, P. gingivalis colonization, common in oral cancer patients, further increased MDSC accumulation which was associated with increases in the chemokines CXCL2 and CCL2 as well as the cytokines IL-6 and IL-8 (47). Treating aged mice with 4-NQO increased oral dysplasia that was associate with increased MDSCs and Tregs in tongue lesions that was in part dependent on dectin-1, a surface pattern receptor involved in fungal immunity (48). Although Wen et al. suggested that granulocytic MDSCs mediated local immune suppression, the direct lineage of these MDSCs remains unclear. Therefore, MDSCs represent another immunosuppressive mechanism to facilitate the progression of OPLs.

Other myeloid and/or granulocytic cell types may have lesser appreciated roles for OPL progression. The inflammatory microenvironment evoked by neutrophils may facilitate OPL progression. Elevated neutrophil-to-lymphocyte ratios have been associated with poor survival in multiple head and neck cancer subsites including OSCC conferring a 1.56-fold worse survival (49). Furthermore, OSCCs displayed significantly elevated neutrophil infiltration and TNFα in patients’ saliva (50). Chadwick et al. demonstrated that TNFα was necessary for OPL formation and progression in a 4-NQO model of oral carcinogenesis (50). OPLs displayed increased neutrophil infiltration that was lost with TNFα blockade. Furthermore, eosinophils infiltration was elevated in OSCC compared to dysplastic lesions suggesting that eosinophils may be necessary for malignant transformation (51). Similarly, both mast cells and eosinophil infiltration were increasingly elevated during the progression from normal epithelium to dysplasia to invasive cancer (52–55). Currently, it remains unclear how other granulocytic cells alter the tumor microenvironment to facilitate the development pre neoplastic lesions and their transition to invasive cancer. Hydroxy radical species produced by granulocytes and myeloid cells has been shown to cause DNA damage in vitro, which may enhance the number of genomic lesions necessary for OPLs to become cancer (56). Furthermore, neutrophils and/or other granulocytic cells can induce immune suppression in various cancers (57, 58). Therefore, the myeloid and granulocytic cell populations may contribute to OPL progression by both promoting the genetic changes necessary for malignant transformation as well as directly suppressing cytotoxic T cells that would otherwise clear abnormal cells.



Regulation of the Immune Microenvironment by Genomic Changes in OPLs

OSCC progression model describes the step-wise evolution of normal epithelium to hyperplasia to dysplasia to cancer (Figure 2). Large scale profiling has identified the most common genomic alterations that occur in OSCC (59), but modern genomic tools have not been used to understand the detailed evolution of those alterations during OPL progression. Early studies in OPL lesions examined loss of heterozygosity (LOH) at 10 microsatellite markers by PCR analysis and identified 9p (CDKN2A), 3p, and 17p (TP53) loss as the earliest events and 11q, 13q (RB1), 14q loss and others as relatively later events (Figure 2) (60). This general order of events was also identified in recent whole genome sequencing analyses of bulk HNSCC tumor samples that mapped the evolutionary history of the tumors (5). These studies identified many of the most common genomic alterations in OSCC (TP53 mutant, CDKN2A mutant/LOH, NOTCH1 mutant) as early events that can be detected in OPL.




Figure 2 | Current OPL progression model. Schematic diagram showing the relative timing of genomic events during OPL progression. The stages are labeled early, middle, and late because the data are not well associated with specific histology. LOH, loss of hetorozygosity; WGS, whole genome sequencing; SNV, single nucleotide variant; CNA, copy number alteration. Modified from Califano and Gerstung. Created with BioRender.com.



Early studies of the genomic landscape of HNSCC led by our group and others and confirmed by The Cancer Genome Atlas (TCGA), demonstrated that mutations and deletions of the TP53 and CDKN2A are the tumor suppressor genes most frequently altered somatically in HNSCC, as TP53 and CDKN2A alterations are seen in up to 85% and 58% respectively of non-human papilloma virus associated (HPV negative) HNSCC (61–63). This highlights the importance of TP53 and CDKN2A alterations are the most frequent genetic events occurring in the early stage of HNSCC development (63).

Another important concept to understand regarding to the early genomic alterations in OPL is field cancerization (64). Field cancerization is where genomic alterations are present throughout regions of histologically normal epithelium. These abnormal epithelial cells may not be macroscopically visible and only detectable under a microscope. In these cases, HNSCC may appear to occur de novo. Alternatively, patches of abnormal epithelium, which can occur in individuals with OPL lesions such as leukoplakia or erythroplakia, with macroscopically detectable lesions. The concept of field cancerization also helps describe the multicentric nature of HNSCC that either frequently recur after complete excision or new primaries that arise along the respiratory tract epithelium. may occur over time. as abnormal epithelial cells may not be.

LOH and TP53 mutations have been detected in histologically normal oral epithelium and demonstrate that field cancerization can occur with OPL and OSCC. NOTCH1 mutations are frequently detected in histologically normal sun exposed skin epithelium. Because of the similarities between cutaneous SCC mutation profiles and the biology of squamous epithelium, it is likely NOTCH1 mutations will also be detected in tobacco exposed oral epithelium. The sum total of these mutations is to drive abnormal cellular proliferation and invasion by disarming the self-destruct signals that are activated by uncontrolled proliferation. Unfortunately, there are still many gaps in our knowledge about how these genomic alterations drive OPL progression.

Transcriptomic analysis demonstrated the possibility to select for gene expression profiles of OPL more prone to malignant transformation. Saintigny et al. used gene expression microarrays to identify a 29 gene signature that predicted the progression of OPL to invasive cancer. However, many of these genes were not canonical drivers of carcinogenesis suggesting that this gene signature reflected changes of genes expression that did not likely cause malignant transformation. Sathasivam et al. used a 42 targeted gene Nanostring panel to identify an 11 gene expression signature associated with malignant progression (65). Importantly, this signature employed genes commonly altered during HNSCC carcinogenesis including TP53, NOTCH1 and CDKN2A which increases the likelihood of this signature being robust across multiple cohorts. To this end, this signature was validated using an external OPL dataset with a Hazard Ratio of 2.3. Overall, transcriptomic changes likely reflect the malignant phenotypes that arise in OPLs during malignant progression.

The genetic changes occurring in OPL may also dictate immune microenvironmental changes that promote malignant progression. Using immune cell deconvolution of gene expression datasets from OPL, 2 different OPL subtypes were identified: (1) an immune subtype with increased T cell and immune cell infiltrate and (2) a classical subtype with LOH at 3p14, 17p13 and TP53. However, the progression to invasive cancer was not known in these subtypes (10). One study using multiplex immunofluorescence in 188 OPL patients found that OPL with high risk LOH displayed increase epithelial PD-L1 expression and increased TAM PD-L1 expression. Furthermore, PD-L1 expression was associated with increased cancer progression (66). Therefore, global genomic changes that drive OPL progression also likely dictate immunosuppressive changes in the microenvironment that are necessary for malignant progression. In addition to chromosomal changes associated with the immune microenvironment, specific genes, which are commonly mutated in OSCCs, have been implicated in dictating immune changes in OPLs and invasive cancers. The major drivers of OSCC and their impact on the immune microenvironment are detailed below (Figure 3):




Figure 3 | Mutational changes that potentially alter the tumor microenvironment. Schematic diagram showing the common mutational changes in OPL can impact the immune microenvironment. TP53 mutants can activate NF-kB or inhibit the STING pathway to alter cytokine expression, increase TAM recruitment, increate Treg recruitment. CDKN2A mutants has been associated with immunogenic cold tumors through currently unknown mechanisms. NOTCH1 mutants was associated with altered MMP expression and decreased TAM infiltrations. Created with BioRender.com.




TP53

Studies have shown that TP53 alterations result in biallelic loss of wild-type TP53 function. These alterations can include mutations in one or both alleles, mutation of one allele and deletion of the other allele, mutation of one allele conferring a dominant-negative impact on the wild-type allele, or mutations which provide new functions to TP53, termed “gain-of-function” (GOF). The GOF properties impact cellular processes including proliferation, metabolism, invasion, metastasis, inflammation, drug resistance, and survival through transcription-dependent or -independent mechanisms (63, 67–74). Different studies have shown that TP53 is frequently mutated in oral premalignant lesions and is associated with progression to invasive carcinoma (75–78). Premalignant epithelial cells expressing mutant TP53 increased the production and secretion of inflammatory mediators. Mutant p53 mice exposed to dextran sulfate sodium developed severe chronic inflammation and persistent tissue damage. These mice displayed a rapid onset of dysplastic lesions that progress to invasive carcinoma with an increased NFκB activation compared to wild-type mice, recapitulating features observed in human colitis-associated colorectal cancer (79). Furthermore, TP53 also mediated an immune escape mechanism for dysplastic lesions by recruiting tumor associated macrophages, which maintained the immunosuppressive state within the tumor microenvironment (80). In this model, GOF mutant TP53 correlated with increased iNOS, NF-κB activation leading the increased production of multiple cytokines including IL-6, CXCL5, TNF-α and CCL2. Mutant TP53 also directly interacts with NF-κB to modulate the diverse transcriptional regulators in response to chronic immune signaling (81). These biological mediators generated an inflammatory microenvironment that further increased cell survival of the transformed cells, as well as promoted angiogenesis and evasion of protective immune responses (82).

Other studies have demonstrated that loss of p53 and cooperation of KRAS in cancer cells can modulate the tumor-immune microenvironment to avoid immune destruction. Inactivation of p53 promotes the infiltration of suppressive myeloid CD11b+ cells and Tregs with an increased expression of CCR2-associated chemokines and macrophage colony-stimulating factor (M-CSF), leading to attenuated T cell responses (83). A recent study, demonstrates that TP53 missense mutations generates immune-excluded tumor microenvironments in pancreatic ductal adenocarcinoma (PDCA) mouse model, these findings correlate with clinical data in PDAC patients with a poor survival outcome (84). Since p53 plays an important role in modulating the tumor immune microenvironment, p53 mutations in OPLs suggest an important immunosuppressive role to evade immune rejection.

Recently, it has been reported that mutant p53 interferes with the cGAS-STING signaling pathway a cytoplasmic DNA sensing machinery that activates the innate immune response. Only mutant p53, binds to TANK-binding protein kinase 1 (TBK1) and prevents the protein complex between TBK1, STING, and IRF3, which is required for the transcriptional activation of IRF3. This innate immune signaling alteration by mutant p53 alters cytokine production, resulting in immune evasion (85). We have characterized the 4-Nitroquinoline 1-oxyde (4NQO) oral carcinogenesis in C57BL/6 mouse model to study the role of mutant p53 in the alteration of immune infiltrates at different stages of oral cancer. This carcinogenesis model exhibits similar histological, molecular and chromosomal alterations as observed in human oral carcinogenesis (86, 87). We and others have recently reported that 4NQO induced oral lesions expressing mutant Trp53-R172H contain a higher infiltration of FoxP3+ T regulatory cells (Tregs) compared to Trp53 wild-type mice (88, 89). It is known that Tregs are suppressors of antitumor responses that disrupt the maturation of dendritic cells (DC) and prevent the activation of CD4+ effector and CD8+ cytotoxic cells in the tumor microenvironment (90). This strongly indicates that the oncogenic activity of Trp53 influence the environment to promote a higher infiltration of immune suppressor cells not only at early stages but also are detected in invasive carcinoma. Furthermore, we detected that the protein levels of STING were significantly lower in OPLs expressing mutant Trp53-R172H compared with wild-type Trp53. In addition, we observed a significant reduction of infiltrated DC cells in OPLs expressing mutant p53 (88). While infiltrating immune cells retain wild-type p53 and have normal STING, mutant p53 OPLs have decreased immune cell infiltration and may not compensate for reduced STING expression in lesions with mutant TP53. Thus, OPLs with an altered cGAS-STING signaling will prevent the secretion of type I interferons (IFN), which are induced early during tumor development (91, 92). IFNs activate dendritic cells (DCs) and promote induction of adaptive CD4+ and CD8+ T-cell antitumor immune responses (93).

These studies indicate that early genomic alterations in the Trp53 gene of oral epithelial cells promote immunosuppressive pathways that disrupt antitumor immunity mechanisms, preventing the activation of innate and adaptive immune response and leading to high-grade lesions promoting oral neoplastic progression.



CDKN2A

CDKN2A controls the cell cycle by inhibiting the ability of cyclin D-CDK 4/6 to phosphorylate the retinoblastoma protein (pRb) (94). pRb phosphorylation by the cyclin-CDK 4/6 leads to the dissociation of the pRb/E2F complex and progression of the cell into S phase (95, 96). The release of E2F activates CDKN2A transcription, as CDKN2A levels increase, its binding to CDK4 and CDK6 increases, inhibiting the kinase activity of cyclin D-CDK 4/6 (97). CDKN2A has been classified as a tumor suppressor, methylation studies have detected promoter hypermethylation of CDKN2A in oral and oropharyngeal cancer tissue as well in OPL; therefore CDKN2A inactivation is in part due to promoter methylation (98–102). Recently, The Cancer Genome Atlas (TCGA) data shows that 57% of HPV-negative HNSCC contains a mutation or loss of the CDKN2A gene (59), this demonstrates that additional genomic alterations on CDKN2A others than methylation are involved at early events of oral cancer development.

Other studies indicate that loss of CDKN2A significantly correlates with immune deserts, defined by a profile of 394 immune transcripts (103). These pieces of evidence suggest that low CDKN2A expression both impacts the number and the activity of the intratumoral immune cells. Additionally, some tumors lose CDKN2A expression as a result of the deletion of chromosome 9p21 locus. Interestingly, the deletion of adjacent genes including the α and β interferon cluster have been linked with decreased infiltration of immune cells and decreased cGAS-STING signaling in melanoma (104, 105). Recently, immunogenic analysis of clinical specimens from TCGA study and immune checkpoint trials across various cancer types and demonstrates 9p21 loss as a ubiquitous genomic correlate of the “cold” tumor-immune phenotype and primary resistance to immune checkpoint therapy (106, 107). Recently, Cdkn2a null mice exposed with 4NQO developed faster and more pronounced oral lesions compared to control mice; and proliferation of tumor cells with Cdkn2a gene deletion was associated with the progression of OSCC in mice (108). More studies are necessary in this mouse models to confirm the role of Cdkn2a in the immune surveillance mechanism of OPLs.

Yet, little is known about the interplay of mutant p53 and inactivation Cdkn2a genes in the immune evasion mechanism in OPLs that evolves into tumor progression and invasion. An interesting study involving double mutant mice revealed that a combined p53 gain of function and Cdkn2a inactivation generates a more aggressive skin cancer phenotype with a shorter survival and was associated to metastasis compared to single mutant mice (109). Furthermore, Cdkn2a suppresses the oncogenic activity of mutant p53 that promotes malignant progression in squamous cell carcinoma. In the same study, they analyzed HNSCC HPV-negative patients with co-occurring gain of function p53 mutations and CDKN2A homozygous deletions. Here, the survival of patients was much shorter than that of patients with tumors in which p53 mutations did not contain CDKN2A homozygous deletions, or that of patients with tumors in which homozygous CDKN2A deletions co-existed with loss-of-function mutations in p53 (109). We speculate that co-occurrence of the genomic alterations in TP53 and CDKN2A in OPLs might have a worst outcome and higher probability to develop into invasive carcinoma.



NOTCH

Another potential mutation that also alters the tumor microenvironment is loss or mutation of the NOTCH1 oncogene, which is mutated in 19% of head and neck cancers and regulates macrophage recruitment and M1/M2 macrophage polarization (59). Copy number alterations in NOTCH1 have been observed during the transition of premalignant lesions to invasive disease (110). Notch1 loss induces the expression of matrix metalloproteinases, cytokines and chemokines to alter the tumor microenvironment (111). In multiple cancers, Notch family member expression was associated increased infiltration of CD4+ T cells, macrophages, neutrophils and dendritic cells (112, 113). Similarly, we have observed that NOTCH1 loss in an autochthonous model of oral pre-malignant lesions alters the cytokines/chemokines driving immune cell infiltrate and correlates with loss of TAM infiltration. By contrast, Notch signaling in immune cells also dictates the extent of tumorigenic versus tumoricidal immune responses. Notch1 signaling promotes M1 TAM differentiation and inhibits MDSCs indicating that Notch1 signaling in immune cells promotes anti-tumor immunity in cancers (114–116). Consequently, global impact of NOTCH activity in OPLs is likely a competition between epithelial expression of NOTCH1 to regulate immune cell trafficking as well as myeloid NOTCH activity which determines TAM, MDSC and other immune cell phenotypes.




Reversing Immunosuppression in OPL

While experimental studies have identified pharmacologic or molecular targeted therapies capable of reducing risk of OPL progression to cancer, there are no preventive therapeutics in routine use. Consequently, there remains an unmet need to better understand the biological and immunological features that can differentiate pre-invasive disease from invasive cancer which can also be exploited to prevent progression to malignancy.

Targeting immunosuppressive molecules may serve as an effective strategy to treat oral dysplasia and prevent malignant progression. Treatment with PD-1 blockade decreased the incidence of dysplastic lesions and invasive OSCC in a carcinogen induced 4-NOQ OPLs model (88). The Heymach group further compared several different checkpoint inhibitors including CD40, PD-1, CTLA04 and OX40, on OPL progression during oral carcinogenesis. Of these inhibitors, CD40 treatment caused the greatest reduction in OPL and OSCC tumor incidence which was associated with increased memory CD8+ T cells and M1 macrophage infiltration (117). Furthermore, inhibition of the adenosine receptor, A2AR, inhibited tumor growth, reduced Treg populations and increased CD8+ T cell infiltration in oral carcinogenesis models (27). Similarly, carotenoid or tocopherol-based treatment was associate with increased in cytotoxic lymphocytes and TAM in murine OPLs (118, 119). Activation of the IFN pathway via STING has also shown to inhibit the growth of HNSCC tumor models; however, expression of the STING pathway is not altered in oral dysplasia or pre-malignant lesions (120). Therefore, in pre-clinical models, checkpoint blockade, inhibition of the adenosine receptor and/or activation of the STING pathway reduced OPL incidence.

However, risk of systemic immunotherapies patients may outweigh the benefits in OPL patients that are healthy and may not develop invasive disease. One alternative to this treatment dilemma is local and controlled immunotherapy delivery to prevent oral cancer development. An ideal drug carrier should have satisfactory biocompatibility, biodegradability and controlled drug release at specific oral cavity sites. Furthermore, selecting the correct preclinical model is critical, as is designing delivery technologies that can feasibly be translated to patients. Identification of soluble inflammatory mediators produced by oral epithelial cells undergoing malignant progression which alter myeloid differentiation and/or trafficking can lead to new potential targets for therapeutic interventions.

Lately, multidomain peptide biomaterials have been developed and consist of self-assembled peptides that mimic the extracellular matrix by generating a nanofibrous network to create a hydrogel. The hydrogel can encapsulate drugs, cytokines, and growth factors and control their sustained release to permit a sustained payload release in oral cancer models (121, 122) A recent study by Shi et al. used the hydrogels loaded with PD1 immune checkpoint inhibitor to treat OPLs in p53 mutant and wild-type mice. Mice were expose to the 4NQO carcinogen, a model of carcinogenesis that represents all stages of human oral cancer. Next, hydrogels were implanted in three histological regions of the tongue to increase the ICI biodistribution. Interestingly, OPLs frequency was significantly reduced in p53 wild type mice, however high-risk OPLs were higher in mutant p53 mice (88). This study not only showed the capacity of the hydrogels to control the release of PD-1 antibody and reduce OPL frequency, but also provided evidence of the role of mutant p53 in the mechanism of immunosuppression in OPLs. Other immunoprevention studies using p53 mutant mice have showed similar results but required 8 doses of parental immunotherapy administration (89, 123), compared to a single hydrogel-PD1 dose (88). A recent comprehensive study of patient samples of leukoplakia identified that proliferative leukoplakia predicts a high rate of malignant transformation within 5 years of diagnosis. Interestingly, CD8+ T cell and Treg signatures with PD-L1 overexpression provides a justified approach to use anti-PD1 as immunoprevention approach in oral leukoplakia (124). Since these hydrogels are topically applied similar to TLR agonists used in melanoma, this platform provides an approach to incorporate additional immune agonists alone or to be used to increase the efficacy of checkpoint blockade. Therefore, our studies in selecting the precise preclinical mouse model was critical, and the use of hydrogel loaded with immunotherapeutic antibodies are feasible for translation immunoprevention studies.

Currently, there are only a few ongoing clinical trials studying checkpoint blockade in OPL. All of the studies use agents targeting the PD-1/PD-L1 axis including nivolumab (NCT03692325), sintilimab (NCT04065737) and avelumab (NCT04504552). Of note, these trials use both clinical and/or molecular criteria to select for patients at higher risk for progression. In these trials, clinical features such as multifocality, higher grade and/or size and/or genomic features such as LOH at 3p14 and/or 9p21 are included. Currently, these trials will add value to the role of systemic checkpoint blockade in OPL and the mechanisms for immune escape. Furthermore, there is a need to address additional immunotherapeutics that alter macrophage and/or Treg function. These studies may discover new agents for a disease with in limited therapeutic options (125).



Discussion

OPL acquire mutations that drive the transformation of normal epithelium to invasive OSCCs, a disease to which patients frequently succumb. These mutations likely alter the immune microenvironment to suppress TILs that would otherwise potentially clear pre-malignant and malignant cells. Mutations in classical HNSCC drivers including TP53, CDKN2A and NOTCH1 have been associated with an altered an immunosuppressive tumor microenvironment. These mutations likely induce Treg and MDSC infiltration as well as the phenotypic switch of M1 TAMs to M2 TAM to suppress cytotoxic T lymphocytes. Modulation of these immunosuppressive signals using checkpoint inhibitors, targeting TAM phagocytosis with CD47 inhibitors and/or altering inflammatory pathways involving adenosine or STING may promote a tumoricidal microenvironment to activate cytotoxic lymphocytes that clear the malignant cells.
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