[bookmark: _GoBack]Title: CRISPR/Cas9 guided genome and epigenome engineering and its therapeutic applications in immune mediated diseases
Authors: Desh Deepak Singh1, R. David Hawkins2, Riitta Lahesmaa3 and Subhash K. Tripathi3,4* 
Affiliations: 
1Amity Institute of Biotechnology, Amity University Rajasthan, Jaipur, India-303002.
2Departments of Medicine and Genome Sciences, University of Washington School of Medicine, University of Washington, Seattle, USA 98195.
3Turku Centre for Biotechnology, University of Turku and Åbo Akademi University, FI-20520 Turku, Finland. 
4CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, A-1090 Vienna, Austria

* Corresponding author: Dr. Subhash K. Tripathi - sukutr@utu.fi and subhash.tripathi@cemm.oeaw.at 

Key words: CRISPR/Cas9, genome and epigenome engineering, immune mediated diseases

Content
1. Abstract
2. Introduction 
3. CRISPR/Cas9 Genome Editing System

· Development of the CRISPR/Cas9 system
· Challenges and improvements in the CRISPR/Cas9 editing system
4. CRISPR/Cas9 High-Throughput Genetic Screening 
5. CRISPR/Cas9 and Immunotherapy
· Chimeric antigen receptor (CAR) -T cell therapy
· CRISPR/Cas9 in autoimmunity
6. CRISPR/Cas9 Epigenome Editing in Immune Cells
7. CRISPR/dCas9 Genome-wide Epigenome Editing Screen 
8. CRISPR/Cas9 Engineering to Investigate the Molecular Function of Disease-associated SNPs Overlapping Gene Regulatory Elements
9. Conclusions and Future Outlook


Abstract:
The recent developments in the nucleic acid editing technologies have provided a powerful tool to precisely engineer the genome and epigenome for studying many aspects of immune cell differentiation and development as well as several immune mediated diseases (IMDs) including autoimmunity and cancer. Here, we discuss the recent technological achievements of the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-based RNA-guided genome and epigenome editing toolkit and provide an insight into how CRISPR/Cas9 (CRISPR Associated Protein 9) toolbox could be used to examine genetic and epigenetic mechanisms underlying IMDs. In addition, we will review the progress in CRISPR/Cas9-based genome-wide genome and epigenome screens in various cell types including immune cells. Finally, we discuss the potential of CRISPR/Cas9 in defining the molecular function of disease associated SNPs overlapping gene regulatory elements. 








Introduction
The immune system defends the host against various invading pathogens and tumor cells [1–3]. The immune system is divided into two branches: the innate immune system, which mounts non-specific immune responses to pathogens and provides immediate assistance; and the adaptive immune system, which executes more immediate and systematic immune responses in a robust manner [1,4]. Innate immunity is initiated upon antigen recognition by innate immune receptors (such as Toll-like receptors (TLRs) [5] , Pattern recognition receptors (PRRs), host-derived damage-associated molecular patterns (DAMPs)) on innate immune cells leading to the activation of downstream signalling molecules, transcription factors (TFs) and secretion of cytokines [6–8]. The key innate immune cells include neutrophils, macrophages and dendritic cells. Moreover, natural killer (NK) cells and newly characterized innate lymphoid cells (ILCs) were also shown to play a key role in mediating innate immunity [9,10]. Adaptive immunity in turn is initiated by activation of immune receptors on adaptive immune cells such as B and T cells that stimulate downstream signalling pathways leading to activation of TFs and secretion of inflammatory cytokines [11,12]. The regulation and function of distinct adaptive immune cells has been discussed earlier [13]. The precise regulation of both innate and adaptive immune response is critical for normal function of the immune system and their abnormal activation can result in several IMDs including inflammation due to pathogenic infections and autoimmunity as well immune mediated cancers [14,15].
The burden of IMDs has increased during past decades [16,17]. Disrupting the balance of immune cell homeostasis by external and internal factors likely leads to IMDs [18]. The characterisation of molecular mechanisms responsible for the dysregulation of immune cell function is required to identify drivers of IMDs [17,19,20]. Thus, pinpointing key factors and signalling pathways that regulate immune cell function at the early stages of disease processes is likely to offer attractive diagnostic and therapeutic perspectives, such as novel biomarkers and therapeutic targets for IMDs [21,22].
In recent years, a range of genetic engineering methods have been developed [23], such as generation genetically modified mice through homologous recombination technologies [24]. Due to ease of operation and effectiveness, RNA interference (RNAi) technology became widely used to determine gene functions [25]. Although RNAi technology has shown great potential for loss-of-function genetic experiments, it has several drawbacks such as the mode of delivery, temporary inhibition of gene function due to limited stability of short hairpin RNAs (shRNAs) or short interfering RNAs (siRNAs), and off-target effects [26–29]. However, Hannus et al., have suggested that off-target of siRNAs can be eliminated by using enzymatically generated siRNA pools. They showed that transfected siRNA pools have transcriptome with minimal off-target effects [30].
The discovery of engineered non-specific nucleases such as zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) [31] resulted in development of powerful tools for genome engineering [32,33] . Hetero dimeric version of ZFNs are more specific and efficient than monomeric ZFNs [34,35]. Adeno associated virus (AAV) has been used to improve the efficiency for ZFN mediated HDR delivery system [36]. Efficiency of packaging of AAV have been observed upto 4.2 KB expression cassettes which is sufficient to both ZFN and TALEN. Gaj T, et al. has reported purified zinc-finger nuclease proteins, which is able to penetrate the cell membrane. 
However, the breakthrough in the field was achieved by exploiting a defense system used by bacteria and archaea as a part of adaptive immunity - the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas)-systems [37]. CRISPR/Cas system consists of a Cas9 endonuclease and a guide RNA (gRNA) that directs Cas9 endonuclease to cleave the target sequence in the genome [38]. The gRNA is composed of two naturally occurring components: crispr RNA (crRNA), ~20-base RNA sequence complementary to the target DNA sequence, and a noncoding trans-activating crRNA (tracr RNA), which serves as a homing device necessary for Cas9 loading to execute target DNA cleavage. However, the development of chimeric single guide RNAs (sgRNAs) containing both components has greatly simplified the workflow for CRISPR/Cas9 gene editing. A schematic representation of CRISPR/Cas9 technology is shown in Figure1. The CRISPR/Cas9 system overcomes the challenges with ZFNs and TALENs because of ease of design and use, and high efficiency [39,40]. 
Applying genome editing to IMDs will provide unique insight. Genome-wide association studies (GWAS) have identified variations in the genome that are associated with various complex diseases including IMDs [17,41]. These genetic variants can alter gene expression profiles depending on the significance of the genetic loci in the genome [42]. For example, an assessment of GWAS associated single nucleotide polymorphisms (SNPs) has revealed that the majority are enriched in intronic and intergenic regions that harbour regulatory sites capable of influencing gene expression programs [43,44]. We and others have shown that SNPs associated with autoimmune diseases lie at transcription factor binding sites and influence the ability to bind to these regulatory sites [45–48]. However, knowing which genetic variants can alter expression of target genes is still an enigma due to lack of appropriate functional validation. Highly efficient gene editing methods such as CRISPR/Cas9 will advance our understanding of the molecular mechanisms involved.
Comprehensive functional mapping of transcriptional and epigenetic machineries of distinct cells covering different arms of the immune system is vital for our understanding of underlying immunological processes in various IMDs. Recent developments in the nuclease-based technologies such CRISPR/Cas9 have allowed researchers to screen the functional relevance of these molecular machineries in various cell types [38,49]. This in turn will be important for characterizing molecular pathways altered during disease processes leading to IMDs. 
CRISPR/Cas9 Genome Editing System
Development of the CRISPR/Cas9 system
CRISPR/Cas9-based mechanisms are naturally found in bacteria where they provide immunity against bacteria-killing viruses by eradicating viral genetic material [50]. Despite the discovery of CRISPRs in the 1980s in E. coli [51], their function was established only in 2007 by Barrangou and colleagues, who were first to unveil the role of a type II CRISPR system as an adaptive immune system. They demonstrated by integrating a viral genome fragment into a CRISPR locus of Streptococcus thermophilus bacteria that the bacteria became resistant to a bacteriophage [50].  A series of studies further established the CRISPR-mediated adaptive immune system in bacteria [52,53]. Later, two studies reported in bacterial system that for genome editing three basic components are essential for the reconstitution of the native type II CRISPR nuclease system - Cas9 endonuclease, crRNA, and a noncoding trans-activating crRNA (tracrRNA), in order to edit any genome [54,55]. In 2012, Virginijus Siksnys, Jennifer Doudna and Emmanuelle Charpentier demonstrated that in vitro cleavage of target DNA by purified bacterial Cas9 was guided by crRNA/sgRNA [56,57]. Subsequently, studies showed the type II CRISPR systems could be engineered from different bacterial strains and showed that in mammalian cells heterologous expression of either mature crRNA-tracrRNA hybrids or sgRNA can direct Cas9 cleavage of the mammalian genome and employ non-homologous end-joining (NHEJ) or homology-directed repair (HDR) for genome editing [38,55,58]. Afterwards, CRISPR/Cas9 was adapted by several laboratories as a genome editing tool for a variety of model systems [59,60].
Challenges and improvements in the CRISPR/Cas9 editing system
Though the CRISPR/Cas9 system has advanced the gene editing field, there are several factors that affect its efficiency and specificity, which have been described [61]. The major challenge of the CRISPR/Cas9 system is target specificity, as the frequency of off-target mutations has been reported to be high [62,63]. Recent improvements for reducing off-target mutations have been made via introducing sgRNA with two additional guanine (G) nucleotides at the 5´ end or by the use of Cas9 paired nickases [54,62–64]. The nickase enzyme induces double stranded breaks in the target DNA and creates only single nicks in off-target locations resulting in minimal off-target mutations [40]. Additional strategies based on the modification of Cas9 nuclease activity for minimizing off-target genomic effects include use of mutated Cas9 nuclease enzyme [65], structure-guided engineered variants of Streptococcus pyogenes Cas9 (SpCas9) [66] and catalytically inactive Cas9 fused with Fokl nuclease domain (fCas9) that cleaves target DNA sites with more than a hundred-fold higher specificity than wild-type Cas9 [67]. A recent study discovered a single RNA endonuclease, Cpf1 from Acidaminococcus species, that performs DNA cleavage with features distinct from Cas9. Cpf1 does not require the tracrRNA for loading onto the DNA target site, but utilizes a T-rich PAM on the 5’ side of the crRNA [68].  More recently, generation of partial DNA replacement guided Cpf1-crRNA showed reduced off-target activity in human cells [69]. Moreover, a strategy that promotes HDR activity via blocking the alternative DNA repair pathway, NHEJ, showed increased target specificity of the HDR-mediated CRISPR/Cas9 editing both in mammalian cell lines and mice [70]. Efforts have also been made to identify efficient unique CRISPR target sites with minimal matched off-target sites throughout genome to reduce off-target potential [63]. Furthermore, strategic design of sgRNAs and assessment of off-target activity is critical for reducing off-target activity. In silico computational and deep-sequencing methods have been developed for the precise design of specific sgRNAs and off-target assessment to reveal potential off-target sites and have been discussed earlier [39,63,71]. 
Another challenge with CRISPR/Cas9 editing is the delivery into cells [72–74]. CRISPR efficiency can differ based on the choice of the delivery approach and the type of cell.  A variety of ex vivo methods have been employed to deliver proteins and nucleic acids into mammalian cells including lipid-based transfection, electroporation or nucleofection, viral transduction, and cationic peptides among others [75–77]. However, ex vivo modes of delivery have been challenging for the hematopoietic stem cells (HSCs) and some primary cells, including B cells and T cells, demanding the need for exploring other methods [72,75]. Engineered viral variants can offer delivery into different cell and tissue types, both in vitro and in vivo, however, they can be limited by the size of the foreign DNA molecule [40,73,78]. In addition, other delivery methods such as Hydrodynamic injection (HDI) of plasmid DNA encoding Cas9 and sgRNAs into the mouse tail vein[77], direct injection of Cas9 mRNA and sgRNA into zygotes or embryo of mouse for germline genome editing [79,80], and direct delivery of the Cas9:sgRNA complex by cationic lipids [81] have shown promise for the delivery of editing agents. 
CRISPR/Cas9 High-Throughput Genetic Screening 
The CRISPR/Cas9 technology presents an efficient tool to engineer null alleles in mice and for genetic screening in somatic cells [82]. For CRISPR/Cas9 screening, two kind of approaches have been implemented; one based on a multi-well plate format and another one based on a barcoded pool of sgRNAs (also called barcode screening), which implement lentiviral-based sgRNA library delivery (Figure 2) [83]. Several studies have utilized high-throughput CRISPR screens for coding and non-coding genomic sites for functional genomics [84]. Moreover, recent studies have combined CRISPR/Cas9-based screening with single cell transcriptomics, enabling genome-wide functional assessment of genes and genetic elements in different cell populations including immune cells [85–87]. The majority of these genome-scale CRISPR/Cas9 screens allowed detailed interrogation of cellular and biological processes, but were limited to cell lines or Cas9 expressing knockin mice and may not completely reflect human biology. Alternatively, human primary cells can serve as excellent model to mimic the in vivo biology more accurately than these alternative systems; however, CRISPR/Cas9 genome editing in primary human cells has been challenging. 
Recently, studies have made significant use of this powerful system directly in primary human cells, especially in hematopoietic progenitor and immune cells [88–90], They have successfully enabled efficient CRISPR/Cas9 editing in primary CD34+HSCs and CD4+ T cells on a limited scale. Further, considerable effort has been invested to establish an efficient genome-wide CRISPR/Cas9 genetic screening approach in human primary cells to allow investigation of cellular and biological processes at large scale [91,92]. Snead and colleagues developed a method, Guide Swap, for global CRISPR/Cas9 screening in human primary CD4+ T cells and HSCs that is based on an unexpected observation that lentiviral delivered targeted sgRNAs showed enhanced editing efficiency when Cas9 protein is precomplexed with a non-targeting sgRNA [91]. Later, Marson and colleagues developed a new tool ‘SLICE (sgRNA lentivirus infection Cas 9 protein electroporation)’ and showed efficient and specific cleavage of target genes in CD8+ and CD4+ T cells. Moreover, they coupled SLICE with single cell RNA sequencing (scRNA-seq) to identify new genes involved in activation and regulation of human T cell programs [92]. In future, SLICE- and Guide-Swap pooled screens could potentially be adapted to other immune cells and for scoring more complex phenotypes including in vivo functions for immune cell therapies. 
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Chimeric antigen receptor (CAR) -T cell therapy

The first experimental evidence of CAR-T cell usage in combating tumors came to light in the late 1980s, when a group of researchers genetically manipulated T cells to generate a functional chimeric T-cell receptor (TCR) gene consisting of TCR constant domain (C domain) fused with the variable (V) domain of an antibody. These CAR-T cells showed antibody-like specificity, were able to specifically recognize hapten molecules on antigens, and effectively execute their effector function [93,94]. Two decades later, Carl June and colleagues provided the first clinical use of CAR-T cells in a case study where autologous anti-CD19 CAR-T cells (CART19) showed an effective response in the patients with chronic lymphoid leukemia (CLL) [95]. The findings from this study have revolutionized cancer immunology, and various iterations of CARs for immunotherapy have been designed and examined for their efficacy in clinical studies [96–99]. CAR-T cells have shown promising clinical results in cancer patients such as non-Hodgkin’s lymphoma, acute lymphoblastic leukemia (ALL) and other blood cancers [100–103]. Despite the early success, this immunotherapy has not met overarching medical demand due to the narrow range of target antigen choices, insufficient anti-tumor responses against solid tumors, and the complex manufacturing process [96–98,101,104]. Yet, CAR-T cell therapies using gene editing tools have been employed for the assessment anti-tumor activity in in vitro functional assays and mouse xenograft models [105]. CRISPR/Cas9 engineered human CAR-T cells with deficient PD-1 showed enhanced antitumor response against lentiviral expressed PD-L1 positive tumor cells in different tumor models [106–109]. Though a number of previous studies have targeted cell surface proteins such as PD-1 and CTLA4 for immune blockage, a recent study used CRISPR/Cas9 engineering to amplify CAR-T cell activity by potentiating CD3 signaling through targeted disruption of diacylglycerol kinase (DGK), an enzyme that is required for conversion of diacylglycerol to phosphatic acid [110]. Another recent study reported a fast and efficient one-shot CRISPR/Cas9 multiplex genome editing procedure to generate edited CAR-T cells with antitumor potential [111,112]. Although CRISPR/Cas9 edited CAR-T cells have shown efficient antitumor activity in pre-clinical set-up, there are a number of factors that may affect its in vivo therapeutic clinical potential and need to be addressed in the future. For example, constitutive expression of Cas9 could be problematic for clinical trials because of associated immunogenicity due to its foreign origin. In the future, CAR-T cell therapy can be applied to target multiple molecules on a particular cancer by using CRISPR/Cas9 technology. Moreover, CAR-T cell therapy has the potential to replace stem cell transplants and chemotherapy due to its target specificity [113]. A simplistic view of CRISPR/Cas9-based CAR-T cell therapy is shown in Figure 3. 
CRISPR/Cas9 in autoimmunity
The majority of chronic human inflammatory and autoimmune disorders require indefinite therapy. Despite major efforts in developing therapies for IMDs during the past several decades, a large number of deaths and long-term illness have prevailed due to these diseases. Emerging gene editing-based immunotherapies offer the promise of more specific and long-lasting treatments for IMDs. 
Development of CRISPR/Cas9-based specific targeting can be utilized to manipulate the function of immune cells during pathogenic settings, which can further provide a basis for treating IMDs [38]. A recent report demonstrated how CRISPR/Cas9 editing can be applied selectively to particular cells to target regulatory elements controlling intracellular processes related to cytokine signalling, cell migration and activation and inflammation [114]. With the success of CAR-T cells in treating certain types of cancers, a recent study engineered T cells with CRISPR/Cas9 to express chimeric autoantibody receptors (CAARs) composed of PV autoantigen, desmoglein (Dsg)3, fused to CD137-CD3 zeta signalling domains. CAARs direct T cells to kill autoreactive B cells that express antibodies against desmoglein3, and showed decrease inflammatory response in the antibody-mediated autoimmune disease pemphigus vulgaris (PV) [115]. This suggests that CAART cells may be an effective strategy for targeting autoreactive B cells in antibody mediated autoimmune diseases and that the use of CRISPR/Cas9 will be helpful in enhancing the specificity and efficacy of CAAR T cells. 
Moreover, Simeonov et al., used CRISPR activation (CRISPRa) that required synthetic recruitment of transcriptional activator to the genomic sites surrounding two important autoimmune risk variant loci of CD69 and IL2RA. They discovered several CRISPRa-responsive cis-regulatory sites enhancer function, including an IL2RA enhancer that contain a risk variant corresponding to autoimmunity such as insulin dependent diabetes and Inflammatory bowel diseases. This study really able to unlock the fundamental circuitry of immune cell regulation [116]. Moreover, Wu et al., have used CRISPR /Cas9 editing to generate cell lines with genetic deletions in a candidate causal variant associated with multiple autoimmune diseases, rs6927172 that affect the expression of several genes including IL-20RA and TNFAIP3 genes. Thus, this study provided new mechanisms for IL-20RA gene as a risk factor for multiple autoimmune diseases [117]. Furthermore, the medullary thymic epithelial cells (mTECs) required for thymocyte adhesion, a key process for the negative selection of autoreactive thymocytes in the thymus. This process is critical for central tolerance of self-components and thus controls the commencement of autoimmune diseases. A group of researchers at the University of São Paulo (USP) in Brazil used CRISPR/Cas9 editing for mTEC associated gene Aire. They demonstrated that Aire plays key role in mTEC-thymocyte adhesion [118].

CRISPR/Cas9 Epigenome Editing in Immune Cells
The eukaryotic epigenome is instrumental in controlling the development, differentiation and maintenance of cellular identity and function [119]. Epigenomic mechanisms include complex orchestration of multiple components such as posttranslational modification of histone tails, DNA methylation, chromatin accessibility, and 3D nuclear architecture, which are tightly correlated with gene regulation in cellular processes [120–122]. The dysregulation of these mechanisms can cause aberrant changes in gene expression and development of diseases [123]. Therefore, the technological advancements in strategies that manipulate the epigenetic components would enable examination of their role in gene regulation and provide insights into the cellular function [124–129].  Studies have generated an RNA guided catalytically inactive or dead Cas9 (dCas9) resulting from mutations in the endonuclease domain of the Cas9 protein, which is then fused to epigenetic regulators (both activators and repressors). This allows their recruitment to specific target genes or cis-regulatory elements through an RNA-guided mechanism to enable either transcriptional repression (CRISPRi) or activation (CRISPRa) [130]. 
This advent in the CRISPR/Cas9 editing system has revolutionized functional epigenomics research. To date, CRISPR/dCas9 has been tethered to epigenetic factors including transcriptional regulators (activators and repressors) [127,129,131,132], chromatin modifying enzymes such as (Histone demethylases (HDM) Histone methyltransferases (HTMs) and Histone acetyltransferases (HATs) and deacetylases (HDACs), and DNA methylation modifying factors such as DNA methyltransferases (DNMTs) and DNA methylases (TET proteins), which are targeted to any genomic locus [132,133]. Noncoding RNAs (ncRNAs) presents another class of epigenetic machinery, ncRNA editing using CRISPR technology can be applied to investigate ncRNA driven gene expression mechanisms. Chromatin tagging using fluorescent tags on epigenetic factors can be implemented for visualization of chromatin dynamics (Figure 4). Moreover, CRISPRi or CRISPRa can also be used for investigating regulation of gene expression at a genome-scale [128,134]. Using CRISPR/Cas9 technology, a recent study developed an in vivo CRISPR/Cas9 target gene activation (TGA) system for epigenetic factors that utilizes shorts sgRNAs (15 bps than 20 bps normal sgRNAs) which does not allow active Cas9 to create double stranded break at target locus and hence termed as dead sgRNAs (dgRNAs). The system enables activation of endogenous gene expression of epigenetic factors resulting in induction of epigenetic remodeling at target gene loci [135]. This system was used to introduce a Cas9 transgene into a corresponding experimental mouse model to influence disease phenotypes in type 1 diabetes, acute kidney injury and Duchenne muscular dystrophy (DMD). Thus, CRISPR/Cas9 technologies would also facilitate new insights into the role of epigenetic modifications in dictating the regulation gene expression changes during cellular development and their altered regulation during disease etiology.
A comprehensive understanding of the epigenetic mechanisms regulating immunological process requires systematic manipulation of epigenetic components and regulatory elements in immune cells involved in the respective responses [92,116,136–139]. Until recently, defining the relationships between distinct chromatin states and gene transcription that regulate fate of various immune cells has remained a major challenge in the immunology field. Due to its simple design and high efficiency, CRISPR/dCas9 technologies allow for robust manipulation of chromatin states, epigenetic components and ncRNAs and facilitates further understanding of epigenetic mechanisms regulating the immune cell fate during development, differentiation and in various diseased states both in vitro and in vivo [92,140,141]. CRISPR/dCas9 epigenome editing has been applied to human primary T lymphocytes [92,116,140–142]. Most CRISPR/dCas9 editing of epigenomes in primary immune cells are based on CRISPRi and only very few studies have exploited activation of gene expression CRISPRa [116,142].

CRISPR/dCas9 Genome-wide Epigenome Editing Screen 
For the past decade, a major effort in the epigenetics community has been invested in genome-wide mapping of epigenomic components that resulted in identification of millions of putative cis-regulatory sites, such as enhancer elements , in many cell types including various immune cells from both mouse and humans [45,143–150]. However, the systemic evaluations for the functional relevance of these epigenetic components and targeting of cis-regulatory genomic sites in driving gene expression changes has lagged behind due to lack of feasible and effective technologies that can manipulate the epigenomic signature at a single locus [124]. CRISPR/dCas9 epigenome editing screening has now become a routine experimental tool for both loss and gain of function screens. This has opened new opportunities to interrogate the global function of epigenetic factors and regulatory elements (e.g. promoters, silencers and enhancers) driving genome-wide regulatory programs within cells and to provide systemic understanding of cellular processes in normal and diseased state in a holistic manner (Figure 5) [124,127,132,134,151]. The majority of epigenome editing screening studies to date were performed on human and mouse embryonic and/or hematopoietic stems cells (ESCs and HSCs) or distinct cancer cell lines using pooled sgRNAs or individual sgRNAs in multiplexed plate-based format [139,152–154]. However, CRISPR/dCas9 epigenome editing screens for immune cells including primary immune cells have just started to immerge. Recent studies have used CRISPR/dCas9 to uncover the functional impact of epigenetic components in immune cell programming and functions [91,92,116]. For instance, a recent study performed a systematic evaluation of functional regulatory elements with enhancer features in primary human T cells by using CRISPR activation (CRISPRa) approach. In this method a transcription activator is recruited to the regulatory sites across large genomic region to induce gene transcription [116]. A simple scheme for a pooled CRISPR/dCas9 high-throughput epigenetic screening method is outlined in Figure 5. 
CRISPR/Cas9 Engineering to Investigate the Molecular Function of Disease-associated SNPs Overlapping Gene Regulatory Elements

Population based studies such as genome-wide associated studies (GWAS) have generated a catalogue for the single nucleotide polymorphisms (SNPs) that are associated with many complex diseases including IMDs in humans [14,17]. An assessment of GWAS demonstrated that a major fraction of SNPs are localized in intronic and intergenic regions, which are major sites for cis-regulatory elements (e.g. enhancers) [155]. When occurring at such elements, they are termed as regulatory SNPs (rSNPs) [45,156–159]. In order to identify rSNPs major efforts have been put on genome-wide profiling of chromatin state in various cells, including immune cells, to first identify regulatory elements and finally annotate disease associated regulatory variants [46,47,146,159–161]. These reports revealed the colocalization of genetic variants over transcription factor binding sites at regulatory sites suggesting they can potentially affect the function of regulatory elements and eventually affect target gene expression [45,46]. Though these studies have identified regulatory variants overlapping regulatory sites in the genome, they could not provide information about how they are linked with target genes. Another unanswered question is how disease-associated regulatory variants alter gene expression in various cell types. Addressing these challenges requires integration of distinct omics datasets such as transcriptomics, epigenomics, 3D chromatin interactomes, GWAS-derived genetic variants and functional studies using genome editing technologies (Figure 6) [48,162,163]. 
Nonetheless, it is important to functionally validate these predictions and define molecular functions of disease-associated regulatory variants [164]. A recent study identified prostate cancer risk-associated SNPs overlapping regulatory sites (H3K27ac and CTCF occupied sites) that are important for regulating gene expression by integrating multiple omics datasets. First, they determine the location of finely mapped SNPs by mapping their location with known DNase hypersensitive sites (DHS) followed by comparison with H3K27ac and CTCF ChIP-seq peaks from prostate cancer cell lines to assign cancer risk-associated H3K27ac and CTCF sites. Second, they built genome-wide chromosome confirmation interaction maps (using in situ Hi-C) to assign regulatory variants to genes. These interactions are potentially regulated by prostate cancer risk-associated, H3K27ac- and related CTCF anchor sites. Lastly, for functional investigation, they performed CRISPR- deletion of prostate cancer risk-associated CTCF anchor regions and showed several fold increase in the expression of genes within the loops with prostate cancer risk-associated CTCF anchor sites [165]. In another study, Kellis and colleagues utilized multilayered omics data to dissect the mechanistic basis of the FTO locus showing strong association with obesity. Their analysis identified a regulatory variant rs1421085 (T/C) that disrupts the binding sites for ARID5B repressor that cause silencing of the target enhancer and inhibition of the expression of IRX3 and IRX5 genes required for adipogenesis. Expression results in increased lipid storage and body weight gain. Editing of the risk allele to the non-risk allele by CRISPR/Cas9-mediated editing in primary adipocytes from patients lead to reversal of obesity signature, highlighting the potential of CRISPR/Cas9 [166]. Other studies have also shown the potential of the CRISPR/Cas9 system in uncovering the function of GWAS-SNPs in regulating gene expression [109,162,167–169]. Recently, a few studies have utilized both CRISPRi or CRISPRa to uncover functional significance of disease-risk regulatory variants [37,170].  A recent study generated high-resolution contact maps of active enhancer elements and target genes using HiChIP in specific primary T cell subsets, and assigned molecular functions to distinct disease risk variants [142]. Additional work is required to further increase the knowledge on the association of genetic variants with additional rare immune cell types. The integration of cell-specific epigenomic profiles and use of gene editing followed by functional assays will help in unearthing the functional relevance of disease-risk variants that are associated with IMDs [37]. Thus, CRISPR based editing of genetic variants is proving to be vital for discovering the molecular function of regulatory variants and effects on gene expression profiles in specific cell system and associated diseases. However, as previously pointed out a careful consideration on the limitations of these rapidly evolving technologies should be kept in mind.  
Conclusions and Future Outlook
CRISPR/Cas9 technologies have rapidly developed into a set of tools for engineering the genome and epigenome of distinct cell systems including immune cells, and has enormous therapeutic potential. The possibilities of off-target activity of modified guide RNAs or Cas9 proteins still need to be considered. To be viable for therapeutics, CRISPR/Cas9 modifications needs to be extensively tested in proof of concept studies to verify efficiency and off-target activity through relevant in vitro cell systems and in vivo experimental models. In order to treat complex IMDs including autoimmunity, allergy and immune cancer disorders that arise due to the interplay of several factors including genetic, epigenetic, and environmental factors; high-throughput based genomic/epigenomic modulating systems will be useful to unveil molecular understanding of disease processes and for the development of targeted therapy. Yet, there are several challenges associated with CRISPR/Cas9 technology mainly associated with delivery and safety when used in clinical setting.  Development of an efficient delivery system for IMDs would facilitate the high precision and reduce the chances of off target therapy. Ethical issues and safety of living organism are high importance. It crucial to ensure that precise methods and protocols for precise genome editing are followed and are convincingly safe when applied to humans. Thus, despite the CRISPR technology presents tantalizing therapeutic potential, it will require further improvements to systematically improve its efficacy, safety and specificity. Additionally, it is recommended that long-term trials should be performed in order to secure the safety of human kind.  Once all the challenges associated with CRISPR technology would be resolved, this technology need to be accepted in clinical practice.
Figure Legend: 
Figure 1: 
Basic work flow for CRISPR/Cas9 genome editing system
Figure 2: Schematic workflow of CRISPR/Cas9 genome-wide screening
Figure 3: CAR- T cell therapy
Figure 4: CRISPR/Cs9 Epigenome editing 
Figure 5: Schematic representation of pooled CRISPR/Cas9 genome-wide epigenetic editing screen
Figure 6: CRISPR/Cas9 engineering approach to investigate the molecular function of disease associated SNPs overlapping gene regulatory elements
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