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Abstract

:

Recent developments in bioinformatics technologies have led to advances in our understanding of how oncogenic viruses such as the human papilloma virus drive cancer progression and evade the host immune system. Here, we focus our review on understanding how these emerging bioinformatics technologies influence our understanding of how human papilloma virus (HPV) drives immune escape in cancers of the head and neck, and how these new informatics approaches may be generally applicable to other virally driven cancers. Indeed, these tools enable researchers to put existing data from genome wide association studies, in which high risk alleles have been identified, in the context of our current understanding of cellular processes regulating neoantigen presentation. In the future, these new bioinformatics approaches are highly likely to influence precision medicine-based decision making for the use of immunotherapies in virally driven cancers.
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1. Introduction


Human papilloma virus (HPV) has garnered public health attention, as HPV infection has been associated with 99.7% of all cases of cervical cancer [1]. However, HPV is also highly associated with head and neck squamous cell carcinoma (HNSCC). HNSCC affects epithelial cells in the region of the mouth and throat spanning the nasal cavity and oral cavity, through the larynx [2]. The region of the head and neck that is most commonly infected by HPV is the oropharynx. In meta-analysis, approximately 20% of all HNSCC cases are HPV-positive, and the overall incidence of HNSCC in young patients continues to rise [3,4]. In the oropharynx, however, 40–60% of all cancers are associated with HPV infection [5] and the proportion of HPV-related HNSCC cases in the United States is increasing, which is thought to be due to changes in both sexual behaviors and smoking habits [6]. Importantly, however, the molecular mechanisms by which HPV infected cells evade the host immune system have only recently begun to come into the limelight, which is largely due to the recent emergence of novel bioinformatics techniques.



Over 100 HPV strains have been found in humans; however, only a few strains have been associated with an increased cancer risk, which are termed high-risk strains [7]. The most frequent of these types is HPV-16, which is associated with 80–90% of all HPV-positive HNSCC cases [5,8]. In the oral mucosa of cancer-free women, infections of low-risk HPV strains are quickly cleared, while infections of high-risk strains, such as HPV-16, continue to linger [9]. Therefore, the factors utilized by high-risk HPV to circumvent efficient immune clearance are thought to contribute to the oncogenic activity of high-risk HPV types.



Several potential mechanisms may contribute to HPV-driven immune evasion. For example, while HPV-positive HNSCC is characterized by decreased presentation of the major histocompatibility complex, class I (MHC class I) on the cell surface, the molecular mechanisms leading to MHC class 1 suppression have only recently begun to emerge [10]. The dysregulation of MHC class I presentation has a profound impact on the T cell-mediated anti-tumor immune response, as MHC class I expression is directly correlated with cytotoxic T cell and natural killer cell infiltration in solid tumors [11,12]. HPV-positive tumors are associated with increased cytotoxic T lymphocyte infiltration [13]. HPV-positive HNSCC tumors also have an increased cytotoxic T lymphocyte-mediated anti-tumor immune response compared to HPV-negative tumors; however, this immune response is negatively correlated with expression of the HPV E7 protein [14,15]. HPV-positive tumors are also associated with other immune changes that are not seen in HPV-negative tumors [16,17]. For example, B cells are less active in HPV-positive HNSCC tumors, and, interestingly, while B cell infiltration is increased in HPV-positive tumors, B cell-mediated antibody production is decreased [18]. HPV positivity is associated with decreased activity in multiple immune cell types. Therefore, recovery of the anti-HPV immune response could improve anti-tumor MHC class I mediated immune response.



Recovery of MHC class I presentation may be poised as an ideal target for immunotherapy for HPV driven cancers, as this increased immune activity could improve tumor clearance. However, previous studies have been limited by the genomic complexity of the MHC class I region. As bioinformatics and sequencing techniques tailored to the MHC genetic locus have been recently developed and improved, and as publicly available MHC class I variation data has expanded over time, these limitations have decreased. Therefore, this review focuses on understanding how recently developed tools and resources impact our understanding of the mechanisms by which high risk HPV drives cancer development and impacts MHC class I presentation.




2. Normal MHC Class I Activity


The MHC class I, which in humans is occasionally also referred to as the human leukocyte antigen (HLA), presents antigens on the surface of normal nucleated cells [19]. The closely related complex MHC class II is involved in antigen-presenting immune cells, and is beyond the scope of this review. The MHC class I presents antigens generated from either endogenous or exogenous peptides on the surface of the cell. When exogenous antigens are presented, such as antigens generated from viral proteins, or neoantigens generated from mutated proteins, the immune system mounts a cytotoxic T lymphocyte and natural killer cell mediated immune response [19]. This was first described in the context of viral infection, where it was demonstrated that antigens generated from viral proteins would trigger an immune response, but only when they are presented by the MHC class I [20]. The MHC class I contains a heavy chain and a light chain; the light chain is transcribed by the B2M gene, while the heavy chain is transcribed from either the HLAA, HLAB, or HLAC genes [19].



Once expressed, MHC class I resides in the endoplasmic reticulum, where small antigens associate with MHC class I. The MHC-antigen complex is subsequently shuttled into the Golgi apparatus, and then continues to the cell surface [21]. At the cell surface, the MHC class I interacts with either the T cell receptor presented by cytotoxic T lymphocytes, or the killer immunoglobulin-like receptor on natural killer cells. If the lymphocyte or natural killer cell recognizes the antigen as exogenous, and therefore potentially pathogenic, the cell will then mount an immune response targeting the exogenous antigen [14]. In a normal cell, T lymphocytes will interact with viral antigens, killing the host cell. Therefore, downregulation of the MHC class I is one strategy by which virus-infected cells can avoid immune attack. In the case of oncogenic viruses, this could cause decreased efficacy of the anti-tumor immune response.




3. Neoantigen Identification Using Bioinformatics Methods


Recent advances in bioinformatics techniques have shed light on interactions between various HPV types and neoantigen presentation. The considerations for neoantigen prediction software have been previously reviewed [22,23,24,25,26,27]. Many neoantigen prediction pipelines are available, using a variety of prediction methods (Table 1). The most common method of neoantigen prediction, used in programs such as NetMHC, focuses on modeling the interaction between a predicted neoantigen and the MHC class I molecule [28]. This method uses a neural network to predict the binding affinity of putative neoantigens, based on the HLA allelotype of the sample. Alternative methods include predicting location of peptide cleavage, and interaction with TAP proteins [29,30,31]. Recently developed programs, including NeoPredPipe and NetTepi, use both MHC class I binding affinity and T cell receptor affinity, which leads to improved prediction accuracy [32,33]. In addition, multiple pipelines have been developed that integrate each step of neoantigen prediction into a single workflow, including TIminer, CloudNEO, and pVAC-seq [34,35,36]. Some of these pipelines are specialized to identify neoantigens from specific types of mutations. For example, ScanNEO identifies neoantigens caused by insertion and deletion mutations, while INTEGRATE-Neo was developed to identify neoantigens caused by gene fusions [37,38].



However, each prediction technique has limited efficacy, and predicted neoantigens are not reliably detected in vivo [39]. This is largely because most programs perform neoantigen predictions based on limited aspects of the neoantigen presentation pathway. For example, the widely used prediction program NetMHC predicts neoantigens based on binding affinity to the MHC class I, but does not include neoantigen interaction with T cell receptors, RNA expression of putative neoantigens, or interactions with the neoantigen loading machinery. Programs that integrate multiple neoantigen prediction techniques, such as NeoPredPipe and NetTepi, may increase stringency of the prediction. However, additional pipelines are needed, which can improve prediction accuracy by incorporating additional neoantigen loading pathways into the neoantigen prediction algorithm. Therefore, in vivo validation of predicted neoantigens is necessary. In addition, it has been previously noted that because less binding data is available for rarer HLA haplotypes, often neoantigen prediction for these haplotypes is less accurate [23]. This problem is the motivation for programs such as NetMHCcons, which uses binding information from highly similar peptides to inform the binding patterns of less common haplotypes, which results in a modest increase in prediction accuracy [40]. Recent advances have been made to increase the accuracy of neoantigen prediction tools, though additional methods are still needed.




4. Neoantigens in HNSCC


In addition to presenting viral antigens at the cell surface, the MHC class I proteins also present tumor neoantigens. These neoantigens are typically an eight to eleven amino acid peptide sequence that are generated from proteins containing either missense mutations or alternative splicing events [23]. These then undergo antigen loading onto the MHC class I, via similar pathways used in viral antigen loading. In many cancers, identification of neoantigens has attractive therapeutic implications because the presentation of these neoantigens can elicit an anti-tumor immune response. In addition, vaccines that target these neoantigens are an attractive immunotherapy, and have been shown improve T cell mediated immune response in melanoma patients [41,42]. Clinical trials have been started for neoantigen vaccines in many additional cancer types, including glioma, bladder carcinoma, non-small cell lung cancer, pancreatic cancer, and triple negative breast cancer, (summarized in Chu et al. [43]).



Neoantigen identification in HNSCC is an attractive target because HNSCC tumors have a moderately high mutational burden in comparison with other cancers [44,45], so a high number of putative neoantigens are possible [46]. Indeed, HNSCC is found to have increased tumor mutational burden, as well as increased predicted neoantigen burden, when compared to other solid tumor types [47]. This study predicts putative neoantigens across a large patient cohort using the prediction program NetMHCpan, identifying neoantigens that are predicted to bind to the MHC class I with high affinity. However, studies such as this one are limited by the prediction methods currently available. Programs such as NetMHCpan use a neural network to predict antigen binding efficiency to the MHC class I, but do not predict other aspects of neoantigen processing, such as peptide cleavage, and neoantigen-T cell interaction. The specific putative neoantigens identified have not been shown to be biologically relevant, as it is not known if they will activate T cells, triggering a T cell-mediated anti-tumor immune response. Only a small fraction of these predicted neoantigens will actually play a role in immune regulation, so the actual biological role of specific neoantigens must be validated. One recent study identified neoantigens in ten HNSCC patients. Neoantigens were predicted using a similar pipeline as the previous study, but then each neoantigen was validated by testing each neoantigen’s ability to activate patient CD8+ T cells [48]. While 15 predicted neoantigens were identified, this study found that only two are able to trigger an immune response. Another study identified predicted neoantigens in HNSCC tumor samples, and treated patient T cells with these neoantigen peptides [49]. They then measured T cell activation to determine the immunogenicity of each neoantigen. The authors described one specific neoantigen, the result of a gene fusion, that elicits an immune response, of all predicted neoantigens tested. These results suggest that gene fusion-derived neoantigens cause an increased immune response, compared to missense-derived neoantigens. Each of these studies successfully identify patient-specific neoantigens in HNSCC, which could be useful in future studies developing personalized immunotherapies, including neoantigen vaccines. However, they also illustrate current limitations in predicting the biological relevance of specific neoantigens, which is largely due to the complexity of both neoantigen presentation and neoantigen-mediated T cell activation.




5. MHC Class I Genotype May Affect HPV Antigen Presentation


As part of normal MHC function, HPV antigens are generated from translated peptides, then loaded onto the MHC class I antigen binding groove for surface presentation. Individual allelotypes have unique binding affinities to HPV antigens, and, therefore, HPV neoantigen load is also expected to vary between individual patients. In fact, recent studies have shown that the frequency and prognosis of HPV-positive cervical cancers are both associated with specific HLA haplotypes. For example, an association between HLA-B*07 and HPV-positive cervical cancer has been identified in multiple ethnic groups [50,51,52]. This association has been identified in three independent populations, which each perform PCR sequence typing to identify HLA types present in each individual: 42 British cervical cancer patients and 946 healthy controls; 50 cervical cancer patients and 89 healthy controls from the Hubei province in China; and 141 high grade, 202 low grade, and 202 HPV-positive healthy patients in the United States. This led to the hypothesis that specific haplotypes may be more amenable to transition to HPV-driven cancer following HPV infection because certain haplotypes may not present as many HPV peptides on the cell surface.



Interestingly, to put the hypotheses generated by these papers in context using recently developed informatics tools, we used the NetMHC 4.0 to define the distribution of HPV peptide neoantigen presentation load across all known HLA haplotypes. Indeed, the predicted HPV16-based antigen load was highly dependent on the HLA allelotype of the infected individual (Figure 1). Surprisingly, however, the number of predicted neoantigens did not necessarily correlate the reported increased risk of HPV-positive cervical cancer (Figure 1) as different high risk haplotypes had a widely varying predicted neoantigen load. This lack of a correlation could be due to many factors. For example, intergenic variants or pathway mutations may play a role in neoantigen presentation that is not described by the HLA haplotype alone. Also, recent research has also shown that HPV oncoproteins also directly regulate MHC expression as described below, as such it is possible that certain HPV haplotypes are also more stringently regulated by HPV oncoproteins. Therefore, additional research is necessary to determine the role of individual mutations, and their effects on HLA regulation.




6. The Role of MHC Class I Changes in HNSCC


Early studies have documented that the MHC class I is lost in approximately 50% of HNSCC tumors [55]. Though these studies do not classify HPV status, more recent studies have identified MHC class I loss in both HPV-positive and HPV-negative HNSCC, as HPV-positive tumors had a lower surface level of MHC class I than HPV-negative tumors [10]. This study measured MHC class I surface expression by immunohistochemistry of paraffin-embedded biopsies, using 27 HPV-positive and 68 HPV-negative tumors. There is some debate, however, about the prognostic effects of MHC class I loss [10,56]. Despite these initial data, large-scale studies, as well as meta-analyses, are still necessary to determine the association of MHC class I expression and prognosis. Although the studies completed to date demonstrate that MHC class I loss is detected in HNSCC, regardless of HPV status, the specific mechanism of MHC class I loss in both tumor subtypes remains incompletely understood. Thus, further work is also necessary to determine the processes involved in MHC loss, and the differences between HPV-positive and negative MHC loss.



Recent sequencing analysis of HNSCC tumors has identified one mechanism of MHC inactivation. Somatic mutations in both HLA proteins and related pathway proteins have been documented in HNSCC. In a large HNSCC patient cohort published by the TCGA cancer atlas (n = 515), 9% (45/515 of all HNSCC patients have somatic mutations in the MHC class I heavy chain genes (HLA-A, HLA-B, and HLA-C), or the MHC class I light chain gene (β-2 microglobulin, B2M) (Figure 2). These mutations include nonsense mutations, which lead to loss of the MHC class I, as well as several missense mutations. Of particular note, 61% (11/18) from this cohort have missense mutations found in the antigen binding groove of the MHC class I protein, which are predicted to lead to altered neoantigen binding specificity within the tumor (Figure 2).



In multiple types of cancer, including HNSCC, enrichment of loss-of-function mutations, including missense mutations in the antigen binding groove and nonsense mutations, has been documented [47,65]. Moreover, in multiple cancer types, MHC class I loss-of-function mutations, including mutations in the HLA genes and β-2 micro-globulin, are associated with decreases in markers of CD8+ T cell activity [47], suggesting that the mutations identified in the HNSCC TCGA project as well as in HNSCC cell line panels [66,67] also lead to decreased CD8+ T-cell activity in this tumor type.



In addition to mutations in the MHC class I protein, mutations in the pathways that control transcriptional regulation, neoantigen loading, or protein trafficking of the MHC class I have been found in 21% of HNSCC patients in the TCGA cancer atlas (106/515) (Figure 2). These mutations could putatively affect MHC class I expression or antigen binding, but many have not yet been individually validated. As such, additional studies are needed to generate a comprehensive list of all proteins involved with MHC class I gene expression, especially in squamous tissues, as it has been shown that a wide variety of transcription factors are involved in HLA regulation and that the role of these transcription factors is highly dependent on cell type [64]. Consequently, the role of these neoantigen pathway mutations in MHC class I-mediated processes, such as neoantigen presentation, has not been fully described. Moreover, bioinformatics tools predicting the effect of these pathway mutations on antigen presentation are not currently available. Therefore, additional studies are needed to determine the specific transcription factors that are necessary for HLA transcriptional regulation in HNSCC and to determine the functional role of antigen presentation pathway mutations.




7. Considerations for MHC Class I Mutations


Limitations in describing the genetic regulation of the MHC class I are often due to the high density of variants in the MHC genetic region. Additional whole-genome sequencing studies are needed to identify somatic mutations that affect the activity of MHC class I in HNSCC patients. While exonic mutations certainly play a role in the activity of the MHC class I peptide, it has been shown that intergenic mutations and variation play a significant and complex role in the transcriptional regulation of the MHC class I [64]. The role of variation within the MHC genomic region is incompletely understood, which is partially due to unique technical considerations when studying this genomic region.



The MHC genomic region refers to a four megabase portion of chromosome 6 that contains all MHC class I genes, as well as the MHC class II, which is involved in a separate pathway of antigen presentation by immune cells. This region is one of the most genetically complicated regions of the human genome, with a high density of variation between individuals. MHC genetic variation is generalized into named haplotypes for each MHC gene; currently, 13,680 validated MHC class I gene haplotypes have been described worldwide [68]. Moreover, the MHC genomic region is characterized by a complex network of gene regulation, which is highly dependent on MHC genetic variation [64,69]



In HNSCC, the effect of MHC class I genetic variation on anti-cancer immune activity and HPV-MHC interactions has not been described. In addition, transcriptional regulation of MHC class I is highly cell type-specific, so many known mechanisms of MHC class I transcriptional regulation have not been validated in the context of HNSCC [64]. Interesting future directions of study to characterize this regulation include: functionally relevant intergenic somatic mutations, the effect of HLA haplotypes in HNSCC neoantigen presentation, and the transcription factors involved in MHC class I regulation in HNSCC. Before the role of HPV proteins can be fully described in individual patients, the role of intrinsic variation between individuals will have to be considered.




8. HPV E7 Inhibits MHC Class I Gene Expression


MHC class I loss in HPV-positive cancers could be directly caused by specific HPV proteins with the MHC genetic locus. Two HPV proteins, E6 and E7, are important oncogenes, and play a role in the development of HNSCC. HPV E6 and E7 are constitutively expressed throughout viral infection [70]. E6 degrades p53, an important tumor suppressor gene critical for cell cycle arrest [71]. Interestingly, in HPV-negative HNSCC tumors, which lack E6 activity, p53 loss of function mutations occur at a much higher frequency than in HPV-positive cases [72]. In addition, E7 interacts with retinoblastoma protein (RB), another tumor suppressor [73]. However, E7 protein also has a significant role in aberrant gene regulation of infected cells, and E7 is directly linked to dysregulation of MHC class I transcription.



In HEK-293 cell lines infected with high-risk HPV strains, MHC mRNA levels are much lower than in samples infected with low-risk HPV strains [74]. Moreover, E7 proteins from high-risk HPV strains are directly associated with MHC class I expression [12]. HPV E7 is reported to bind to, and repress, HLA promoters [75,76]. However, these reports were published before high-throughput techniques revealed a complex network of trans-regulation in the MHC class I genetic region [64]. Therefore, the implications of these promoter binding patterns must be reconsidered in the greater context of complicated regulation that is the hallmark of the MHC region. For example, E7 may interact with distal enhancers, as well as the HLA promoters. Alternatively, proteins or mutations at these distal enhancers may play a role in regulating E7 inhibition of HLA gene expression.



E7 has been shown to interact with the HLA-A promoter, and could interact with other promoters and enhancers in the HLA genetic region. While directly interacting with the promoters of HLA genes, E7 could recruit specific epigenetic editor proteins, such as histone deacetylases or DNA methyltransferases, which directly alter the epigenetic patterns at each HLA promoter, which would result in repressed transcription of each HLA gene. E7 has been shown to recruit histone deacetylases, which remove open chromatin marks, reducing the region’s openness to transcription [74]. In addition, transcriptional repression of MHC class I genes can be reversed by treatment with a DNMT1 inhibitor [77]. DNMT1, or DNA methyltransferase 1, maintains DNA methylation patterns, and also produces de novo methylation events. Because HLA transcription increases after DNMT1 inhibition, HLA transcriptional repression could be mediated, at least partially, by DNA methylation. Moreover, this same study describes that after recovery of MHC class I expression by DNMT inhibitor treatment, immunotherapy efficacy improves in a mouse HPV-16-positive tumor model [77]. These promising results demonstrate that recovery of MHC class I presentation is an attractive target for improving immunotherapy treatments.




9. The Next Steps of HPV-Targeting Therapies


High-risk strains of HPV have been shown to inhibit MHC class I surface presentation in cervical cancer. Constitutively expressed viral proteins E6 and E7 inhibit expression of MHC class I proteins, while E5 prevents trafficking of the MHC class I to the cell membrane. Decreased MHC class I presentation on the cell surface then interferes with immune attack of the infected cell. However, it remains unclear how this interference with immune response can be rescued in the context of HNSCC. These studies have the potential to improve treatment of HPV, through the identification and inhibition of HPV-specific pathways. For example, increasing expression of the MHC class I by inhibition of HPV proteins E5 or E7 could improve patient outcomes.



Previous studies describing the role of HPV in MHC class I regulation have been successful in proposing specific mechanisms, but they have been limited by the variability of both the MHC protein and the MHC genomic region. These issues have been addressed by recent bioinformatics techniques, including sequence alignment workflows and antigen binding affinity predictions. By implementing these methods, future studies will be able to characterize the effect of HPV within the complex MHC class I regulatory network that has been described. However, new tools are also needed to improve antigen prediction accuracy and to further address limitations caused by MHC genetic variability. Therefore, the use of bioinformatics and sequencing methods developed for working with the MHC may better inform treatment for HPV-positive cancers.
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Abbreviations




	HLA
	human leukocyte antigen.



	B2M
	β-2 microglobulin.



	NFKB
	nuclear factor κ b.



	IRF
	interferon regulatory factor.



	SP
	specificity protein.



	NLRC
	NLR Family CARD Domain Containing.



	RFX
	Regulator factor X.



	USF
	upstream transcription factor.



	BCAP
	B cell receptor associated protein.



	CANX
	calnexin.



	CALR
	calreticulin.



	PDIA
	Protein Disulfide Isomerase Family A.



	TAP
	Transporter associated with antigen processing.



	TAPBP
	Tapasin. Mutation data retrieved from the TCGA PanCancer Atlas.
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Figure 1. The predicted HPV antigen load of all common MHC class I haplotypes. All possible antigens were generated from the canonical peptide sequences encoded from HPV16, and each antigen’s binding affinity to each HLA haplotype was predicted using NetMHC 4.0 [28]. Predicted HPV antigen load is the sum of all HPV antigens predicted to strongly bind to each MHC class I protein (binding affinity < 500 nM). All MHC haplotype available from the immune epitope database are included in this analysis [53]. Specific HLA alleles are highlighted. Red points correspond to HLA alleles associated with increased risk of cervical cancer, and blue points are protective alleles for cervical cancer [54]. 
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Figure 2. Mutation frequency and localization of MHC class I complex and related proteins. (A) mutation frequency of members of the MHC. HLA-A, B, and C, are paralogs of the MHC heavy chain, and β-2 microglobulin (B2M) forms the MHC light chain. 8% of HNSCC tumors have a somatic mutation in one or more HLA gene, and 2% have a mutation in B2M. 21% of all tumors have a somatic mutation in one or more genes associated with either MHC class I transcriptional regulation or the antigen loading pathway. NFKB, IRF1/2, SP1, NLRC5, RFX1, and USF1 are each transcription factors that have been shown to interact with the HLA promoter region in various cell types [57,58,59]. The transcription factors that regulate MHC class I have not been described in HNSCC. BCAP31 is necessary for shuttling the MHC class I from the ER to the GA, and each of the remaining proteins has a role in MHC class I folding and neoantigen loading within the ER [60,61,62,63]. Transcriptional regulation of the MHC class I has been shown to depend on a complex network of cis and trans-acting regulation, so a comprehensive list of transcription factors with a defined role in MHC class I regulation has not been fully determined [64]. (B–D) Localization of mutations detected in HNSCC patients in HLA-A (B), HLA-B (C), and HLA-C (D). Black dots represent a nonsense mutation; green dots represent a missense mutation. Peptide domains are marked on each MHC class I peptide. Green domain: MHC class I alpha 1 and 2 domains. Red: C1-set domain. Blue: C terminal domain. (E–G) Location of somatic missense mutations within the HLA protein detected in HNSCC tumors. The HLA protein consists of three α domains: α-1 and -2 contain the antigen binding groove, while the α-3 domain interacts with β-2 microglobulin. Purple: β-2 microglobulin. Grey: HLA heavy chain, including the α-1–3 domains. Blue: neoantigen peptide, located in the antigen binding groove. Red: amino acids that are subject to somatic missense mutation in one or more HNSCC patient. Mutations in HLA-A (E) are localized to the antigen binding groove, eight total missense mutations. Mutations in HLA-B (F) are present in each α domain, seven total missense mutations. Mutations in HLA-C (G) are present in the α-3 domain as well as the antigen binding groove, two total missense mutations. Mutation data retrieved from the TCGA PanCancer Atlas. 
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Table 1. Bioinformatics methods available for neoantigen prediction.
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	Program Name
	Input Data Type
	Summary
	Website





	CloudNeo
	WES or WGS
	Integrates neoantigen peptide sequence calling, HLA typing, and peptide-MHC binding affinity predictions
	https://github.com/TheJacksonLaboratory/CloudNeo



	INTEGRATE-neo
	RNA-seq
	Integrates gene fusion identification
	https://github.com/ChrisMaherLab/INTEGRATE-Neo



	NeoPredPipe
	variant call set
	Integrates putative neoantigen peptide sequence identification and MHC binding affinity prediction
	https://github.com/MathOnco/NeoPredPipe



	NetChop
	Peptide sequences
	Predicts peptide cleavage sites
	http://www.cbs.dtu.dk/services/NetChop



	NetMHC
	Peptide sequences, MHC haplotype
	Predicts neoantigen binding affinity in an MHC type-dependent manner
	http://www.cbs.dtu.dk/services/NetMHC



	NetMHCcons
	Peptide sequences, MHC DNA sequence
	Predicts antigen binding affinities of rare MHC haplotypes
	http://www.cbs.dtu.dk/services/NetMHCcons



	NetMHCpan
	Peptide sequences, MHC haplotype
	Similar to NetMHC, with more MHC types included in training data
	http://www.cbs.dtu.dk/services/NetMHCpan



	NetTepi
	Peptide sequences, MHC haplotype
	Predicts neoantigen activity by combining peptide-MHC binding affinity and stability, and T cell propensity
	http://www.cbs.dtu.dk/services/NetTepi



	Pcleavage
	Protein sequences
	Predicts peptide cleavage sites
	http://crdd.osdd.net/raghava/pcleavage



	PRED(TAP)
	Peptide sequences
	Predicts peptide-TAP binding patterns
	antigen.i2r.a-star.edu.sg/predTAP (currently unavailable)



	pVAC-Seq
	WES or WGS and RNA-seq
	Combines variant calling and RNA-seq to identify transcribed putative antigens
	https://github.com/griffithlab/pVAC-Seq



	ScanNeo
	RNA-seq
	Neoantigen sequence prediction, optimized for indel mutations
	https://github.com/ylab-hi/ScanNeo



	TIminer
	RNA-seq, somatic mutation calling
	Integrates RNA-seq and somatic mutations to predict expressed neoantigens
	https://icbi.i-med.ac.at/software/timiner/timiner.shtml







Each algorithm described in this review is included in the table. Peptide sequences are typically generated from nonsynonymous coding mut