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CRISPR screening is a powerful tool that links specific genetic alterations to corresponding phenotypes, thus allowing for high-throughput identification of novel gene functions. Pooled CRISPR screens have enabled discovery of innate and adaptive immune response regulators in the setting of viral infection and cancer. Emerging methods couple pooled CRISPR screens with parallel high-content readouts at the transcriptomic, epigenetic, proteomic, and optical levels. These approaches are illuminating cancer immune evasion mechanisms as well as nominating novel targets that augment T cell activation, increase T cell infiltration into tumors, and promote enhanced T cell cytotoxicity. This review details recent methodological advances in high-content CRISPR screens and highlights the impact this technology is having on tumor immunology.
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Introduction

Genetic perturbation provides biological insight. The development of genetic tools such as RNA interference (RNAi) have opened the door for genome-wide targeted perturbation enabling understanding of cancer cell and immune cell dependencies (1, 2). However, RNAi screening can be limited by incomplete protein knockdown and off-target effects (3–6). Discovery of CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-associated Cas9 nuclease has revolutionized perturbation approaches by enabling knock out at the DNA level (7–10). Furthermore, the CRISPR-Cas9 system has enabled pooled genetic screening to be performed in an efficient manner compared to arrayed screens (11, 12). While arrayed screens use multiwell plates to separately target genes (13), pooled screens perturb a pool of genes in a single population of cells for increased throughput. Critical modules in performing a CRISPR screen include selection of an endonuclease system and guide library, screen phenotype selection, and hit evaluation. CRISPR-Cas9 screens have substantially advanced our understanding of innate and adaptive immune responses in the setting of infection and cancer (14–18). Furthermore, significant advances are being made in high-content phenotypic readouts at the transcriptomic, epigenetic, proteomic, and optical levels to increase resolution and overcome screening bottlenecks (19–22). This review highlights the critical modules necessary to perform a pooled CRISPR-Cas9 screen as well as discusses the recent development of high-content CRISPR screening systems. Furthermore, we detail how use of this technology is enabling discovery of novel therapeutic targets in the field of tumor immunology.



CRISPR-Cas9 system

The Cas9 protein, derived from Streptococcus pyogenes, is the most commonly used Cas protein for CRISPR genome editing (23) due to its ability to introduce blunt double-stranded breaks (DSBs) in a cell’s genome at designated target sites. Error-prone non-homologous end joining (NHEJ) repair of these DSBs introduces a coding region frameshift through nucleotide insertion or deletion (indel) mutations which result in permanent gene silencing (7, 8). Cas9 is RNA-guided and can be programmed by guide RNAs (gRNA) to target specific genomic regions of interest, thus permitting robust loss-of-function studies (11–13). However, a limitation to the use of Cas proteins includes the inherent immunogenicity of this bacterial protein, which may reduce its efficacy when introduced in vivo (24).

More recently, the CRISPR system has been adapted for CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa) studies (25–30). These methods utilize a catalytically inactivated Cas9 protein (dCas9) (7) that binds to genomic regions but is unable to cleave its target sequence for generation of DSBs. Fusion of dCas9 to activator or repressor domains results in targeted transcriptional activation or suppression at endogenous promotors, respectively. VP64 is a common transcriptional activator utilized for this system. Meanwhile, the Kruppel-associated box (KRAB) repressor domain can be coupled to Cas9 for transcriptional suppression (31). Thus, multiple CRISPR systems exist for genetic knockout, activation, or suppression studies and have become an appreciable tool for biological discovery.


Designing a guide RNA library

The development of pooled single guide RNA (sgRNA) sequence libraries for CRISPR has enabled genome-wide functional screens which are scalable as well as cost- and time-efficient. When it comes to designing a pooled sgRNA library for a CRISPR screen, there are three general decisions to make. First, target genes must be selected. Smaller subpool libraries can be used to target a specific biological function, pathway, or gene family at greater depth. Alternatively, if there are no specific genes targets in mind, genome-wide library pools may be used to perturb any given gene in the genome. However, this approach requires more cells and increased sequencing cost and analysis time. Both subpool and genome-wide libraries are commonly used for in vitro and ex vivo screens; meanwhile, targeted subpool libraries are currently favored for in vivo immune cell screens rather than genome-wide libraries (22, 32, 33). The second step in this design process is to determine the library size, which can range from of 103 to 105 total sgRNA, with 2-10 redundant sgRNA targeting each gene. The specific numbers are arbitrary and depend on multiple factors. For instance, if cell count is limited or multiple models must be screened at once, one might opt to use 2-4 sgRNA per gene. On the other hand, if cost is not a concern, one can use 6-10 sgRNA per gene to observe weaker phenotypes with increased statistical confidence (34). Increased library size enhances screen resolution; for instance, the second-generation genome-wide Toronto KnockOut (TKO) library contains ~177 thousand sgRNA with up to 12 sgRNA per gene. This complex library has been used to screen for cancer cell fitness genes at increased resolution (35).

The final decision in this process is whether to use a custom or premade commercial sgRNA library. In a custom library, the screen can be tailored to genes of interest in a specific model. If conducting a CRISPR-knockout (KO) screen on protein-encoding genes, it is important to design custom sgRNA that target exon sequences. It is suggested to target transcripts within the first 50% of the coding sequence and also avoid proximity to the amino and carboxy terminus to prevent the use of alternative start codons or incomplete nullification, respectively (36). On the other hand, CRISPRi and CRISPRa screens often target promotors and regulatory elements. Although design tools are available to aid in this process, such as CrisprRGold, this process of guide design can be time-intensive (37). Premade commercial libraries alleviate this burden; however, they may not be validated or specific to a chosen model since they are intended to be simplified and generalizable. One approach to library selection is to conduct a primary screen with a commercial genome-wide library, then further investigate hit genes with a smaller custom library specific to a chosen model (34).

An important consideration when designing a sgRNA library is the potential for off-target effects. It has been shown that the Cas9 nuclease can still cleave a target DNA sequence even if it contains insertions, deletions, or mismatches to the guide RNA (38, 39). Methods have been developed to detect and quantify off-target cleavage by Cas9 including GUIDE-seq, HTGTS, BLESS, and Elevation (40–46). Titration of Cas9 and sgRNA concentration, as well as the inclusion of multiple redundant gRNAs per gene, can be implemented to minimize these off-target effects (38). Once library design is complete, the next step is to introduce the library into a target system.



Introducing Cas9 and guide RNA into target cells

The CRISPR system can be delivered into a target cell by several routes. The most common method uses a retroviral or lentiviral (LV) vector, due to their large packaging size and permanent integration into the genome of dividing and non-dividing cells for long-term, robust expression of the CRISPR system (47). In comparison, adenovirus (AdV) and adeno-associated virus (AAV) are vectors that rarely integrate into the genome (48), which can limit off-target integration effects, although expression of the CRISPR system is less stable. Furthermore, the significantly reduced size of the AAV particle (~20 nm diameter) limits its ability to carry large insertions compared to the larger LV and AdV vectors (80-100 nm diameter) (49). Selection through antibiotic resistance reporter genes can improve the purity of transduced cells.

Delivery with viral vectors is more efficient than with lipid nanoparticles, which can encapsulate the Cas9 and sgRNA genetic material or sgRNA : Cas9 ribonucleoprotein (RNP) complexes. Viral vectors deliver the genetic material directly into the cytosol for immediate utilization, whereas lipid nanoparticles become endocytosed, and their contents may be degraded through the lysosomal pathway (49). As a result, lentiviral vectors serve as the most efficient and well-known means to stably introduce the CRISPR system into target cells. In the case of pooled CRISPR screens, a low multiplicity of infection (MOI) (~0.3) is often used to ensure that each cell is infected with only one virus, and thus only contains one perturbation (50–52). On the other hand, a high MOI may be used to induce multiple perturbations per cell for the study of genetic interactions (53, 54).

The Cas9 protein is quite large (~160 kDa), which may reduce viral packaging efficiency. Therefore, an important component to consider when gene editing is the delivery of Cas9 into target cells. If it is possible to generate Cas9-expressing cells, such as when screening a stable cell line, it is common to first transduce cells with a vector containing only Cas9, then transduce with a separate vector containing the gRNA. This method is known as a two-plasmid system (55, 56). However, it is difficult to stably express Cas9 in primary cells before gRNA introduction (57). Therefore, if screening animal primary cells, transgenic Cas9-expressing animals can be used. Alternatively, a single-plasmid system containing the genetic material of both Cas9 and sgRNA may be optimal when screening primary cells (56). In this setting, the challenges associated with transducing such a large protein can be circumvented through electroporation of Cas9 RNPs (58, 59). An additional advantage of electroporation is the elimination of genome integration induced by retroviral and lentiviral vectors, which may prevent the disruption of off-target genes and introduction of confounding variables.

Interestingly, delivery of Cas9 RNP complexes via electroporation has displayed higher efficiency than plasmid DNA, mRNA, or microinjection delivery (60) for inducing mutagenesis in mouse zygotes, induced pluripotent stem cells, and Jurkat T cells (61–63). Electroporation of Cas9 RNP complexes in an arrayed format has successfully edited the genomes of mouse primary CD8+ T cells and hematopoietic stem/progenitor cells (64, 65), as well as human primary CD4+ T cells, monocyte-derived DCs, and hematopoietic stem/progenitor cells (65–68). However, Cas9 RNP electroporation does not integrate the sgRNA into the genome, posing a problem for pooled screens whose readouts track integrated sgRNA. To enable pooled screening, lentiviral delivery of a sgRNA library can accompany Cas9 RNP electroporation to incorporate the sgRNA into the genome. For instance, a technique known as Guide Swap has successfully coupled RNP electroporation with pooled CRISPR screening (69). Guide Swap demonstrated that initial transduction with a pooled lentiviral gRNA library followed by electroporation of non-targeting RNPs induces efficient editing. This system has been validated in human primary CD4+ T cells and additionally introduced into hematopoietic stem and progenitor cells to uncover novel regulators of hematopoiesis including an actin-related protein (ACTR6) and corepressor complex (RCOR1) (69). Thus, the CRISPR-Cas9 system can be introduced into cells through electroporation alongside a lentiviral gRNA library to conduct pooled screens on primary immune cells.

One alternative to electroporation for delivery of Cas9 RNPs into target cells is the use of engineered virus-like particles (VLPs) (70–74). VLPs are pre-packaged with the Cas9 protein fused to a virion-targeted protein, and the presence of gRNA alongside these Cas9-VLPs allows for transient entry and editing by RNPs. This approach has been used to edit immune cell populations such as human monocyte and lymphocyte cell lines (72, 75, 76), primary mouse bone marrow cells (77), and primary human CD4+ T cells (72, 78) and monocyte-derived dendritic cells (71). VLPs have additionally been used for pooled screening of human induced pluripotent stem cell-derived macrophages (79). Notably, VLPs have successfully engineered chimeric antigen receptor (CAR)-expressing human CD4+ T cells without the use of ex vivo electroporation, highlighting their potential therapeutic application (73). Furthermore, addition of different glycoproteins or antibodies to VLP envelopes can mediate cellular tropism to induce selective editing of specific cell types and may be applied in vivo (73, 74, 80). For instance, addition of the CD4-tropic HIV-1 envelope glycoprotein enables selective editing of human CD4+ T cells, demonstrating targeted delivery of Cas9 RNPs (73). Engineered nanoparticles have likewise been used for in vivo delivery of RNPs to edit macrophages present within the liver and spleen of mice (81). Therefore, several approaches exist to introduce the CRISPR system into target cells for the purpose of screening, including primary immune cells.




Conventional CRISPR screens in tumor immunology

Conventional pooled CRISPR screens in numerous studies have uncovered genes that regulate the cancer immunity cycle (82) and may improve the antitumor response (83) (Figure 1). Readouts of these screens include cell survival, cell expansion, and phenotypic selection with fluorescence-activated cell sorting (FACS) based on fluorescent reporter or marker expression (84–86), followed by sequencing to identify enriched and depleted gRNAs. CRISPR screening of antigen-presenting cells (APCs) may detect genes regulating APC stimulation and antigen presentation efficiency to T cells (Figure 1A). For instance, a pooled screen in mouse primary bone marrow-derived dendritic cells (DCs) has identified factors controlling Tumor Necrosis Factor (TNF)α production in response to lipopolysaccharide (LPS) stimulation (86). These factors include the previously uncharacterized oligosaccharyltransferase (OST) complex and PAF transcription complex (86). Likewise, screens in immortalized and primary murine macrophages have similarly uncovered regulators of LPS-induced pathways (52, 87). For instance, Mettl3-mediated m6A RNA modification has been found to positively regulate LPS-induced macrophage activation to control tumor growth (87). Furthermore, autocrine TNF signaling has been surprisingly identified as a negative regulator of NF-κB (52). Overall, these screens used readouts of TNFα and NF-κB reporter expression (52, 86, 87). This screening approach may be applied in the future to investigate DC stimulation in response to tumor antigens. Finally, a pooled CRISPRi screen in the THP-1 human monocyte cell line using a cyclic dinucleotide (CDN)-inducible reporter system has revealed a CDN transporter, SLC19A1, as required for activation of the stimulator of interferon genes (STING) pathway (88). Importantly, induction of the STING pathway in antigen-presenting cells enhances antitumor responses (89).




Figure 1 | CRISPR screens can identify regulators of the Cancer-immunity cycle. The cancer-immunity cycle is a framework which describes the sequential generation of antitumor immune responses. High-throughput CRISPR screening can be used to screen cells in each step of this cycle to discover regulatory genes and their corresponding phenotypic effect. (A) In this cycle, tumor antigens are first released by cancer cells and sampled by antigen-presenting cells (APCs), such as dendritic cells, that may release cytokines in response to stimulation. APCs can then process and present captured antigens using major histocompatibility complex proteins on their surface. Trafficking of APCs to nearby lymph nodes allows for presentation of cancer antigens to naïve T cells for subsequent T cell activation. Screens on APCs can uncover genes regulating APC stimulation in response to tumor antigens and antigen presentation efficiency to T cells. (B) T cells that receive antigen stimulation become primed and activated towards a given tumor antigen. T cell screens can identify genes that mediate activation efficiency. (C) Primed T cells, such as cytotoxic T lymphocytes, can then egress from the lymph node, migrate through the blood, and infiltrate the tumor as tumor infiltrating lymphocytes (TILs). In vivo T cell screens can discover genes that promote TIL trafficking and infiltration. (D) Within the tumor, T cells are finally able to recognize their cognate cancer-specific antigen and induce tumor cell killing. T cell screens can identify genes that enhance tumor-killing activity. (E) Meanwhile, screening of tumor cells can uncover genes that mediate resistance to T cell killing. Positive regulators discovered at each step using CRISPR screens are shown in red, while negative regulators are shown in blue.



Regulators of T cell activation have also been discovered by pooled CRISPR screens (16, 90, 91) (Figure 1B). Formation of the immunological synapse between T cells and APCs requires cytoskeletal remodeling to provide a proper signaling scaffold for T cell activation (92). A CRISPR screen in the immortalized Jurkat T cell line has uncovered FAM49B as a previously uncharacterized negative regulator of this cytoskeleton reorganization in response to TCR stimulation (90). Furthermore, known regulators of TCR signaling and proliferation have been confirmed in primary human CD8+ T cells (16), including the negative regulators SOCS1, CBLB, CD5, and RASA2, and positive regulator LCP2. CRISPRa screening has additionally been used to identify a novel stimulation-dependent IL-2Rα enhancer, Cns2, which influences T cell polarization. Deletion of this enhancer impaired regulatory T (Treg) development and favored differentiation into a pro-inflammatory T helper (Th) 17 state (91). Expression of common activation and proliferation features such as CD69, IL2Rα, and CSFE (16, 90, 91), have been used as a screen readout by these studies, followed by sorting and gRNA sequencing.

CD4+ T cells differentiate into distinct phenotypes in response to extracellular signals such as cytokines. Th1 cells are pro-inflammatory and enhance antitumor immunity. On the other hand, anti-inflammatory Th2 cells constrain Th1 response and Treg cells suppress immune functions to promote cancer progression (93). Pooled CRISPR screens in these T cell populations have revealed factors controlling their differentiation (94–98). An in vivo proliferation screen has identified Socs1 as a negative regulator of CD4+ T cell proliferation, survival, and effector function indicative of a functional Th1 response. Notably, depletion of Socs1 in CAR T cells enhanced antitumor immunity (94). Meanwhile, transcription factors Pparg and Bhlhe40 identified by an in vitro screen have been revealed to mediate Th2 differentiation (95). Regulators of Foxp3 expression in Treg cells have also been pinpointed by in vitro screens. Positive regulators of Foxp3 include ubiquitin-specific peptidase 22 (Usp22) (a member of the SAGA complex) and the Brd9-containing ncBAF complex, while Rnf20, an E3 ubiquitin ligase, has been identified as a negative regulator (96, 97). Finally, mTORC1 signaling in Treg cells has been found to be promoted by Sec31a and the SWI/SNF complex and inhibited by the Ccdc101-containing SAGA complex (98. Inactivation of Usp22, Brd9, and Ccdc101 enhanced antitumor immunity but also led to spontaneous inflammation in some cases (96–98). Thus, regulators of CD4+ T cell differentiation may be targeted to skew the balance towards a beneficial Th1 effector phenotype.

In vivo CRISPR screens have revealed mechanisms controlling tumor infiltration by CD8+ T cells in models of triple-negative breast cancer, glioblastoma, and melanoma (85, 99, 100) (Figure 1C). To do this, library-transduced CD8+ T cells were adoptively transferred into tumor-bearing mice and tumors were then sequenced. Depletion of factors identified by these screens have been shown to control CD8+ T cell effector function (Figure 1D) including ribonuclease Regnase-1, RNA helicase Dhx37, and ER-associated protein Pdia3 (85, 99, 100), as well as the Fli1 transcription factor identified by an in vivo LCMV Clone 13 infection screen (101). Modulation of effector function includes increased degranulation and tumor cell killing during in vitro co-culture, production of effector cytokines, expression of effector markers, as well as expression of inhibitory receptors (85, 99–101). Furthermore, adoptive transfer of CD8+ T cells deficient in these factors has been shown to reduce tumor growth and increase survival in murine tumor models. Notably, one of these studies has engineered regulator-depleted CAR T cells possessing Pdia3 knockout to demonstrate potential clinical application (100).

Many T cell CRISPR screens involve ex vivo stimulation and transduction of isolated T cells; however, this process may disturb their homeostasis and differentiation. To address this issue, Sharpe et al. has developed an in vivo CRISPR-Cas9 delivery system, termed CHIME (CHimeric IMmune Editing) (102). CHIME consists of transducing bone marrow stem cells with a gRNA library ex vivo, followed by transfer into irradiated mice. In this manner, both innate and adaptive immune cell lineages can be rapidly screened in vivo without disrupting differentiation. This screening system has been applied in the context of LCMV Clone 13 infection (102) and may be implemented in future immunology screens to identify regulators of antitumor immunity.

Finally, multiple screens have elucidated mechanisms mediating resistance of cancer cells to CD8+ T cell killing and immune checkpoint blockade (ICB) (84, 103–106) (Figure 1E). To identify genes regulating resistance, cancer cells were first transduced with a gRNA library followed by either co-culture with CD8+ T cells in vitro or transplantation in vivo with or without ICB. Surviving cancer cells were then sequenced to identify genes that mediate resistance or susceptibility to the screening conditions. Screens in human melanoma cells have revealed mechanisms mediating susceptibility to in vitro CD8+ T cell killing, including an apelin receptor (APLNR) required for interferon gamma (IFNγ) susceptibility and components of the TNF pathway including TRAF2 (84, 105). Alternatively, in vitro and in vivo screens have identified the SWI/SNF complex and a protein tyrosine phosphatase Ptpn2 as mediators of resistance against the IFNγ response pathway, with inactivation of these factors enhancing the efficacy of ICB (103, 106). Moreover, an in vitro screen of CD19+ acute lymphoblastic leukemia cells co-cultured with CD19-targeted CAR T cells has found that deficiency in the death receptor apoptotic signaling pathway mediates cancer cell resistance and induces CAR T cell dysfunction (104). On the other hand, factors controlling macrophage antibody-dependent cellular phagocytosis (ADCP) have additionally been discovered by CRISPR-KO and CRISPRa screening of a B lymphocyte cell line (107). These factors include known ADCP regulators CD47 and CD20, as well as a previously undescribed enzyme adipocyte plasma membrane-associated protein (APMAP). In this study, screened immortalized B lymphocytes were co-cultured with stimulated macrophages and anti-CD20/CD47 antibodies to induce ADCP, then surviving cancer cells were sequenced. Loss of APMAP in cancer cells was shown to synergize with monoclonal antibody therapy and sensitize multiple tumor models to macrophage phagocytosis. Furthermore, a complementary genome-wide screen in macrophages revealed intercellular regulators of APMAP-deficient cancer cell uptake by macrophages, specifically the G-protein coupled receptor GPR84 (107).

Conventional CRISPR screens have also been performed in an arrayed format to investigate regulators of the tumor-immunity cycle. For instance, arrayed CRISPR screening has been used to discover factors necessary for cross-presentation of tumor-antigens by conventional DC1s (cDC1s), most notably Wdfy4 (15) (Figure 1A). In this study, primary murine CD8+ T cells were co-cultured in vitro with screened cDC1s, and T cell proliferation was measured as a readout of cross-presentation efficiency. Importantly, mice lacking Wdfy4 were unable to suppress tumor growth (15). Furthermore, an arrayed screen in human monocyte-derived DCs (moDCs) has identified known regulators or Toll-like receptor (TLR) and MyD88 signaling in response to LPS from the human microbiome (67). Future screens may similarly investigate regulators of moDC signaling in response to tumor antigens. Finally, arrayed screening has revealed p38 kinase as a regulator of CD8+ T cell activation (Figure 1B). Inhibition of p38 in CD8+ T cells resulted in increased cell expansion and expression of the memory marker CD62L, as well as reduced ROS and DNA damage. Furthermore, CAR T cells depleted in p38 kinase using a small molecule p38 inhibitor exhibited enhanced effector function, shown by increased IFNγ production and cytolytic activity ex vivo (64) (Figure 1D). Thus, pooled and arrayed CRISPR screening is a tremendous tool used to uncover key regulators of the cancer-immunity cycle that may potentially be targeted in a clinical setting to improve therapeutic response.



Coupling CRISPR screens to transcriptomic readouts


Barcoded systems

As previously mentioned, conventional pooled CRISPR screen readouts are unable to distinguish complex phenotypes that may require further deconvolution, which can be time-consuming. To address this issue, multiple groups have developed barcoded systems for pooled high-content CRISPR-Cas9 phenotyping (Table 1). The first of these systems have been termed Perturb-seq, CRISP-seq, and Mosaic-seq (51, 54, 108, 109) and couple CRISPR screening to a high-content single-cell RNA sequencing (scRNA-seq) readout using a “barcoded” vector library (Figure 2). To generate this library, barcode oligonucleotides are first cloned into a lentiviral vector near the 3’ polyadenylation (poly-A) tail. Close proximity of the barcode to the poly-A tail ensures detection by microfluidic scRNA-seq. After barcode cloning, gRNA oligonucleotides are further cloned into the vector and sanger sequencing is performed to pair each gRNA to its unique barcode within a single construct. As a result, cells transduced with this barcoded vector will be labeled with a barcode tied to the specific gRNA-induced genetic perturbation. This barcode identifies the gRNA, or combinations of gRNA, that infect each single cell during scRNA-seq analysis (51, 54, 108, 109).


Table 1 | High-content CRISPR screening systems.






Figure 2 | Steps in high-content CRISPR screening. (A) For systems that use barcodes or Pro-Codes, these oligonucleotides are first cloned into a viral vector, followed by guide RNA (gRNA) oligonucleotides to create unique paired gRNA-barcode/Pro-Code constructs that are recognized during sequencing. Meanwhile, systems that use the non-barcoded CROP-seq vector contain gRNA sequences that are directly sequenced without the need for barcodes. Furthermore, Direct-capture Perturb-seq and CRISPRa Perturb-seq vectors contain capture sequences within gRNA scaffold regions that are recognized during sequencing. In Spear-ATAC vectors, adapters used in ATAC-seq flank the gRNA sequence for direct amplification from the genomic DNA during ATAC-seq. (B) Introduction of the CRISPR-Cas9 system into cells for pooled content-rich screening can occur in multiple ways. Pooled vectors can be used to generate lentivirus, which then transduce and integrate into target cell genomes in the presence of Cas9. If Cas9 is not simultaneously transduced or expressed by target cells, SLICE (sgRNA lentiviral infection with Cas9 protein or electroporation) may be employed to introduce Cas9. Furthermore, the PoKI-seq system can be used for pooled knockin screening by simultaneously electroporating a gRNA : Cas9 ribonucleoprotein complex with a non-viral barcoded homology directed repair template library. (C) Phenotypic readouts of high-content CRISPR screens include transcriptomic, proteomic, epigenetic, and microscopy data. ECCITE-seq specifically adds gRNA scaffold-targeted primers to detect the gRNA during scRNA-seq. Perturb-ATAC uses pooled primers to target flanking regions of the barcode or gRNA during ATAC-seq. Meanwhile, in the CRISPR-sciATAC system, gRNA and ATAC fragments are labeled with combinatorial barcodes for detection during ATAC-seq. Finally, optical readouts include imaging followed by spatial transcriptomics. (D) The CRISPR-Cas9 system is a significant tool for clinical advancement. CRISPR-Cas9 editing may be used to target genes identified by immune cell CRISPR screens controlling antitumor functions. Autologous or allogeneic engineered cells, such as chimeric antigen receptor (CAR) T cells, may then be adoptively transferred into patients.



Validation and application of the first high-content transcriptomic CRISPR screening systems has been conducted in both primary immune cells and cell lines and may be translated to a tumor immunology setting in the future. For instance, Perturb-seq screening with a pooled library targeting transcription factors has uncovered regulators of the LPS-stimulation response in murine bone-marrow-derived dendritic cells (BMDCs) (54). Importantly, coupled scRNA-seq analysis allows for classification of distinct transcription factor modules based upon individual perturbation effects on the transcriptome. Furthermore, identification of gene programs altered by these perturbations are indicative of differentiating cell states. For instance, a transcription factor module containing Cebpb, Rela, and JunB perturbations was shown to downregulate the LPS response gene program in BMDCs (54). Similarly, CRISP-seq has been performed on murine BMDCs with a pooled library targeting known transcription factors upregulated by LPS stimulation (108). This study uncovered the effect of these perturbations on monocyte lineage differentiation and the LPS-induced inflammatory response. Moreover, an in vivo CRISP-seq screen of hematopoietic progenitor cells in mice injected with LPS was performed to confirm in vitro results. Results of this study revealed that Cebpb promotes myeloid differentiation towards a monocytic state; meanwhile, Irf8 promotes DC development. Furthermore, deletion of Rela and Stat2 results in reduced expression of inflammatory and antiviral pathways, respectively. Going forward, this high-content screening approach may similarly be used to identify gene modules and programs mediating DC stimulation in response to tumor antigens (Figure 1A), as well as immune cell differentiation in vivo.

The original high-content transcriptomic screening systems have also been implemented in immortalized chronic myeloid leukemia K562 cells. Perturb-seq screening with a pooled library targeting cell-cycle regulators has characterized perturbation effects on cancer cell fitness by linking each perturbation to resulting cell-cycle phase gene signatures and fitness-related gene programs (54). Similarly, Mosaic-seq has applied CRISPRi to screen K562 cells with a pooled library targeting known enhancers. In this screen, coupled transcriptome profiling has identified enhancer target genes whose expression was altered in response to KRAB-mediated enhancer repression. Distinct constituents within super-enhancer regions were shown to control the expression of a leukemic oncogene, PIM1 (109). This study additionally performed Mosaic-seq using a high MOI to investigate the effect of combinatorial perturbations on enhancer function. As a result, dual repression of certain enhancer constituents was shown to inhibit PIM1 expression. Thus, pooled CRISPR screen studies have utilized transcriptome-coupled approaches to detect and characterize factors that mediate cancer cell fitness and oncogenic potential. In the future, high-content screens in tumor cells may alternatively reveal regulators of cancer immune evasion (Figure 1E).

Barcoded high-content transcriptomic screening has also been applied in human T cells using pooled knockin sequencing (PoKI-seq) (32) (Figure 2B), which consists of simultaneous electroporation of a gRNA : Cas9 RNP with a non-viral barcoded homology directed repair (HDR) template library followed by transcriptome sequencing. PoKI-seq has been used to engineer and phenotype human T cells expressing chimeric receptors inserted within the endogenous T cell receptor α constant (TRAC) locus. For instance, TGF-βR2-derived CAR T cells expressing an extracellular TGFβ synthetic receptor linked to intracellular stimulatory domains can convert inhibitory stimuli into stimulatory signals in the presence of TGFβ. PoKI-seq revealed that TGF-βR2-derived CAR T cells stimulated with TGFβ are similar in cell state to control cells stimulated without TGFβ, indicated by expression of genes related to proliferation and cytotoxicity (32). Moreover, in vivo PoKI-seq screening of engineered CAR T cells in human melanoma tumor-bearing mice has shown increased accumulation of TGF-βR2-derived tumor-infiltrating lymphocytes (TILs) within the tumor (Figure 1C). Transcriptome analysis further revealed that TGF-βR2-41BB TILs exhibit an effector cell state with increased expression of IL-2 and IFNγ, resulting in enhanced tumor clearance in vivo (32) (Figure 1D).

More recently, Modular Pooled Knockin screening coupled with transcriptome sequencing (ModPoKI-seq) has modified PoKI-seq to reduce template switching (110). To achieve this, barcoded adaptors are included on both the 5’ and 3’ ends of the knockin gene, resulting in increased proximity of the barcode to the gRNA (Figure 2B). This system allows for flexible perturbation identification at the DNA or mRNA level. ModPoKI-seq has been used to assess transcriptomic signatures of repeatedly stimulated CAR T cells possessing transcription factor knockin constructs within the TRAC locus. For instance, CAR T cells with BATF, BATF3, and TFAP4 knockins are enriched within a proliferation-associated cluster, indicating improved persistence and function even in the presence of repeated stimulation. Notably, dual BATF-TFAP4 expressing CAR T cells display enhanced antitumor function in vitro and in vivo (110) (Figure 1D). Therefore, high-content screenings systems such as PoKI-seq and ModPoKI-seq can be used to engineer and phenotype CAR T cells in an efficient manner.

Overall, these paramount approaches illustrate the potential application of barcoded pooled CRISPR systems to uncover complex phenotypes when coupled to scRNA-seq, as compared to conventional CRISPR screening. This emerging approach is promising for the field of tumor immunology to identify genes affecting immune cell antitumor function in the future (Figure 2).



Non-barcoded systems

Despite the influential innovation of barcoded vectors such as Perturb-seq, CRISP-seq, and Mosaic-seq (51, 108, 109), recombination of gRNA and barcode during pooled lentiviral packaging presents a challenge when matching barcodes to corresponding gRNAs (122, 123). To circumvent gRNA-barcode recombination, non-barcoded systems have been developed for direct detection of gRNAs (Table 1). One system known as CROP-seq (19) inserts the gRNA cassette next to the 3’ poly-A tail (Figure 2A). As a result, the gRNA is included in the poly-adenylated transcripts detected by scRNA-seq instead of a separate barcode. CROP-seq pooled screening has been validated in Jurkat T cells by generating T cell activation signatures and identifying known genes important for T cell receptor signaling, such as LCK and ZAP70 (19) (Figure 1B). CROP-seq has also been applied with SLICE (sgRNA lentiviral infection with Cas9 protein electroporation) (Figure 2B) to phenotype primary human T cells screened with a library targeting stimulation response regulators (16). Unsurprisingly, perturbation of negative proliferation regulators such as SOCS1, CBLB, CD5, and RASA2 resulted in an enriched transcriptional program associated with cell-cycle and effector genes, as well as increased tumor cell killing in vitro (Figures 1B-D). Thus, CROP-seq has displayed appreciable potential for future studies involving primary immune cell pooled CRISPR screening with high-content readout.

A similar technique, known as direct-capture Perturb-seq, also directly sequences gRNA for identification in single-cell transcriptomes (111). To do this, direct-capture Perturb-seq introduces guide-specific primers that bind to capture sequences within gRNA constant regions during scRNA-seq (Figure 2A). Importantly, direct-capture Perturb-seq can detect different gRNA within a single cell. Thus, unlike CROP-seq, direct-capture Perturb-seq can be used in combinatorial pooled CRISPR-scRNA-seq screens that use libraries containing multiple gRNA for discovery of epistatic interactions. This approach was initially implemented with CRISPRi to identify DNA repair genes in human K562 cells (111), and has additionally been applied to a genome-wide combinatorial CRISPRi screen of K562 and retinal pigment epithelial (RPE1) cell lines (112). Using transcriptional profiles, novel regulators of the mitochondrial stress response, erythroid and myeloid differentiation, and aneuploidy were revealed (112). In the context of immune cells, in vivo direct-capture Perturb-seq has identified INO80 and cBAF chromatin remodeling complexes as regulators of CD8+ T cell exhaustion (33). This study shows that loss of Arid1a in murine TILs, a member of the cBAF complex, reduces exhaustion-associated genes and instead promotes an effector phenotype to enhance antitumor immunity following adoptive cell transfer (Figure 1D). More recently, Schmidt et al. has also developed a similar platform for direct capture of gRNA by incorporating a capture sequence in the gRNA scaffold region. This system, referred to as “CRISPRa Perturb-seq,” (Figure 2A) has been used to characterize pooled CRISPRa screen hits of stimulation-response cytokine regulators in primary human T cells (113) (Figure 1B). Coupling of CRISPRa to scRNA-seq has enabled analysis of cytokine expression, activation gene signatures, and cell states that are altered in response to individual perturbations. As a result, genes controlling NF-κB signaling have been identified, such as 4-1BB, OX40, CD27, and CD40. Therefore, direct-capture Perturb-seq may be implemented in the future to characterize regulators of immune cell function.

High cost and insufficient sensitivity for low expression genes remain shortcomings of single-cell sequencing screens. This has led to the development of targeted Perturb-seq (TAP-seq) (114) (Figure 2A) which combines the CROP-seq vector with gene-specific primers to amplify transcripts of interest following the reverse transcription step of scRNA-seq. This technique has been applied with CRISPRi to phenotype human K562 cells for enhancer-target gene pairs using a pooled library targeting active enhancers, then selectively detecting the resulting expression of nearby genes. This study revealed that the majority of enhancers are located proximal to their target genes, and that strong enhancer-target pairs contain higher levels of active chromatin marks (114). In the future, TAP-seq may be implemented in high-content CRISPR screen studies to detect rare gene targets in immune cell subsets at a more economical cost.

In summary, CROP-seq, direct-capture Perturb-seq, and TAP-seq methods exemplify direct gRNA capture as a means to identify CRISPR perturbations from scRNA seq data, as opposed to the use of barcoded gRNA vectors. These methods alleviate gRNA-barcode recombination to ensure accurate barcode assignment and may be employed in immune cell screens to generate high-content phenotypes.




Coupling CRISPR screens to epigenetic readouts

Multiple techniques have been developed that couple CRISPR screens to epigenetic analyses (Table 1). Although these systems originally investigated contexts not pertaining to tumor immunology, future studies could use these methods to probe for epigenetic regulators of anti-tumor immunity in primary immune cells. For instance, CRISPRi and CRISPR-KO screens performed in an arrayed format have been linked with epigenetic data using Perturb-ATAC (115). Perturb-ATAC builds upon ATAC-seq (Assay for Transposase-Accessible Chromatin with sequencing), a method that implements the hyperactive Tn5 transposase with DNA sequencing to assess epigenetic profiling (124). To perform Perturb-ATAC, individual cells are captured on an integrated fluidic circuit and ATAC-seq is performed following pooled screening. The addition of pooled primers that target regions flanking the barcode or gRNA allows for simultaneous amplification of both ATAC-seq fragments and the barcode or gRNA linking the epigenetic data with the CRISPR-induced genetic perturbation (Figure 2C). Arrayed CRISPRi screening with Perturb-ATAC has been implicated in human immortalized B lymphoblasts to identify factors that induce nucleosome structure alterations, such as the chromatin regulator DNMT3A (115).

However, a limitation to Perturb-ATAC is that it is performed in an arrayed format and requires a fluidics platform which can only capture ninety-six cells. More recently, development of CRISPR-sciATAC, which uses the CROP-seq vector, has eliminated the need for a fluidics platform and instead implements 96 barcoded transposases for combinatorial barcoding of ATAC and gRNA fragments in 96-well plates (116) (Figures 2A-C). Pooled CRISPR-sciATAC screening has been used to screen chromatin-related genes in human myelogenous leukemia K562 cells. Linkage of specific gene perturbations to ATAC-seq data reveals changes in chromatin accessibility. For instance, loss of a SWI/SNF complex component, ARID1A, results in reduced accessibility at JUN and FOS transcription factor binding sites (116).

Furthermore, Pierce et al. has also increased throughput capacity by developing Spear-ATAC (Single-cell perturbations with an accessibility read-out using scATAC-seq) (20), derived from scATAC-seq (125). Since scATAC-seq is droplet-based, it allows for higher throughput and compatibility with pooled screens. In Spear-ATAC-seq, to detect each perturbation, adapters used in ATAC-seq are also inserted around the gRNA sequence (Figure 2A). Therefore, both ATAC-seq fragments and the gRNA are directly amplified from the genomic DNA, as compared to typical gRNA detection from RNA transcripts. Consequently, each gRNA perturbation can be easily paired to epigenetic data without the use of a barcoded vector system. Spear-ATAC coupled with pooled CRISPRi screening has been used to phenotype human K562 leukemia and MCF7 breast cancer cell lines, as well as GM12878 B lymphoblasts (20). By perturbing key transcription factors, Spear-ATAC has identified epigenetic alterations to transcription factor binding sites in K562 cells with increased throughput and reduced cost as compared to Perturb-ATAC (115). For instance, GATA1 deletion resulted in increased accessibility of hematopoietic transcription factor binging regions such as RUNX, SPI1, and IRF1 (20). Hence, these systems may be applied in future high-content pooled CRISPR screens to reveal potential epigenetic regulation relevant to antitumor immunity in various immune cell types.



Coupling CRISPR screens to proteomic readouts

Proteomic data can be coupled to pooled CRISPR screens (Table 1), and this technology has exhibited promise in the field of tumor immunology. ECCITE-seq (Expanded CRISPR-compatible cellular indexing of transcriptomes and epitopes by sequencing) has been adapted from CITE-seq for the purpose of pooled CRISPR screening (117). CITE-seq functions to pair single-cell transcriptome data with protein epitope and TCR clonotype data using barcoded oligonucleotide tags conjugated to protein-specific antibodies that are simultaneously detected during scRNA-seq (126). ECCITE-seq builds off this concept by introducing an additional gRNA scaffold-specific primer to the scRNA-seq reverse transcription reaction (Figure 2C). Therefore, the gRNA sequence is directly captured and allows for linkage of transcriptomic, proteomic, and TCR clonotype data to gRNA-specific perturbations introduced during pooled CRISPR screens (117). ECCITE-seq was initially shown to be compatible with small-scale CRISPR screening in K562 cells using a small sub-pool library targeting known cell surface markers and intracellular signaling molecules (117). Recently, ECCITE-seq has identified both transcriptional and post-transcriptional regulators of PD-L1 expression in human monocyte leukemia THP-1 cells. Results from this study illustrate that PD-L1 upregulation following interferon IFNγ signaling is mediated by NRF2 and KEAP1 (118). Additionally, ECCITE-seq has been implemented in human cutaneous T-cell lymphoma samples to reveal transcriptional profiles indicative of malignancy in different T cell clonotypes, as well as transcriptional and proteomic differences in the skin microenvironment of CTCL patients compared to the blood (119).

More recently, Frangieh et al. has developed Perturb-CITE-seq for large-scale pooled screens by combining a modified CROP-seq vector with CITE-seq, as well as a computational framework for analysis of the perturbation data (21) (Figure 2A). Notably, Perturb-CITE-seq has been used to screen patient-derived melanoma cells with a library consisting of genes previously associated with ICI resistance. Melanoma cells are cultured with autologous TILs to identify known mechanisms of ICI resistance (Figure 1E), such as impaired IFNγ-JAK/STAT and antigen presentation pathways, as well as novel mechanisms such as CD58 downregulation. Importantly, simultaneous scRNA-seq and CITE-seq phenotyping employed by Perturb-CITE-seq has revealed perturbation-induced effects at both the RNA and protein level in this model system.

Protein-level phenotyping of pooled CRISPR screens has also been achieved through high-throughput CyTOF mass cytometry (120). To do this, protein-encoding barcodes (termed Pro-Codes) are generated consisting of triplet combinations of linear epitopes that are detectable by known antibodies. These Pro-Code sequences are then paired with gRNA sequences within the lentiviral vector (Figure 2A). Following transduction, metal-conjugated antibodies specific to the linear epitopes detect each Pro-Code reporter by CyTOF mass cytometry to report the corresponding genetic perturbation of each cell. Since CyTOF allows for detection of up to 45 distinct conjugated antibodies, numerous phenotypic targets can be matched to these Pro-Codes. This system has been implemented in breast cancer 4T1 cells to screen for positive and negative regulators of breast cancer immune evasion. This study has revealed that knockout of two interferon-stimulated genes, Psmb8 and Rtp4, contribute to cancer cell resistance to T cell killing and that Socs1 negatively regulates PD-L1 expression (120) (Figure 1E). Overall, ECCITE-seq, Perturb-CITE-seq, and CyTOF proteomic screening methods have demonstrated their potential in cancer cell line screens to reveal tumor immune-related mechanisms. However, additional studies are needed to apply these techniques for screening of immune cell populations.



Coupling CRISPR screens to optical readouts

Pooled CRISPR screens can additionally be linked to single-cell optical phenotypes in fixed and live cells (Table 1). Initial work done by Feldman et al. (121, 127) details the use of barcoded single gRNA libraries as well as non-barcoded CROP-seq libraries for this purpose (Figure 2A). Following a pooled CRISPR screen, immunostaining and microscopy is employed to delineate single cells in a region of interest prior to in situ amplification and sequencing. This method can even detect multiple perturbations per cell for potential genetic interaction studies. Optical pooled screening has been applied to multiple human cancer cell lines and successfully screened human cervical cancer (HeLa) cells for NF-κB regulators in response to IL-1β or TNFα stimulation. To do this, p65 nuclear localization was used as an optical readout. In this study, MED12 and MED24 were found to be previously unknown negative regulators of p65 translocation and NF-κB activation (121). Therefore, this approach can uncover regulators controlling tumor cell responses to immune stimuli and may be applied to additional cell types in the future.

Pooled optical screens show promise for in vivo settings as well. Induction of CRISPR perturbations in vivo followed by imaging and in situ gRNA sequencing of extracted tissues allows for characterization of native spatial phenotypes, such as the tumor microenvironment (TME). Moreover, additional implementation of spatial transcriptomics can link genetic alterations with both optical and transcriptomic data. This approach has been recently exemplified by the Perturb-map system (22) (Figure 2A) that specifically uses Pro-Codes (120) to detect each perturbation and has been used to screen lung adenocarcinoma cells in vivo with a pooled library of known cytokine signaling regulators. Perturb-map has enabled visualization of immune cell infiltration and identification of molecular signatures in extracted lung tumors in response to specific perturbations (22). Notably, loss of TGFβ receptor (TGFβR2) in tumor lesions led to T cell exclusion and enrichment of a TGFβ-activated lung fibroblast signature, indicating stroma remodeling and a more immunosuppressive TME (22). Thus, Perturb-map is an exciting new avenue to uncover spatial regulators of the native TME.



Analysis of high-content CRISPR screens

When conducting a conventional pooled CRISPR screen, quality control evaluations, including determination of the gRNA coverage and correlation between biological replicates are essential (128, 129). Inclusion and evaluation of negative non-target control guides can assist in limiting false positive discovery. To determine which genes are most relevant to the screened phenotype, numerous analysis tools have been developed (130, 131) including MAGeCK (132), HiTSelect (133), and CasTLE (134). Broadly, these tools evaluate the enrichment or significance of each sgRNA to deduce gene level analyses and rankings.

The primary readout of a high-content pooled CRISPR screen is sequencing data containing barcode or gRNA counts, which can then be used to detect and match each perturbation to a corresponding cell. Furthermore, transcriptome data is generated for scRNA-seq-based screens, microscopy data for optical screens, or cytometry data for CYTOF proteomic screens. Many bioinformatic methods have been developed to analyze scRNA-seq-coupled CRISPR screen data, such as FBA, LRICA, MELD, MIMOSCA, MILO, Mixscape, MUSIC, Normalisr, SCEPTRE, and scMAGeCK (118, 135–141).

The initial step to analyzing a pooled scRNA-seq CRISPR screen is processing the raw sequencing data. This can be done by using standard scRNA-seq analysis tools, or tools tailored for scRNA-seq-CRISPR screens such as FBA and scMAGeCK (135, 141) utilizing the barcode or gRNA sequences to demultiplex cells. Multiple analysis pipelines have been developed including aggregating cells based on gRNA expression followed by differential gene analysis of transcriptome profiles (109), or assignment of transcriptome signatures to each gRNA perturbation using principal component analysis (19). Low-rank independent component analysis (LRICA) can also distinguish components with distinct genetic perturbations (51). Conversely, unsupervised clustering can instead first group cells based on transcriptome profile, followed by analysis of enriched gRNA within each cluster (16, 108, 113). The effect of a given perturbation can then be calculated by comparing the average transcriptome profile of perturbed to control cells (108). A more specific analysis tool, MIMOSCA (Multi-Input-Multi-Output-Single-Cell-Analysis), was additionally created for analysis of Perturb-seq data (54). Furthermore, perturbation modules and affected gene programs can be visualized using heat maps (54).

More recently, defined packages have been created to analyze scCRISPR screen data including FBA, MELD, MILO, Mixscape, MUSIC, Normalisr, SCEPTRE, and scMAGeCK (118, 135–141). These tools include additional CRISPR-specific quality control steps, such as removing unperturbed cells or cells with invalid edits (138–140), filtering a minimum number of cells per perturbation (138), or detecting off-target effects (139). A feature barcoding analysis (FBA) package can be used to process and cluster cells based on their perturbations (135). Manifold learning algorithms and dimension reduction algorithms that estimate and visualize the relative likelihood ratios of perturbations influencing phenotypes have also been developed (136, 142). Furthermore, the MELD algorithm uses manifold learning to generate relative likelihood scores that may then be used for vertex frequency clustering (VFC) of perturbed cells (136). Finally, differential expression analysis can be performed on clusters or neighborhoods to obtain perturbation signatures.

Packages that have been validated with CRISPRi, such as SCEPTRE, Normalisr, and scMAGeCK, can additionally detect gene enhancer links and regulatory networks (139–141). scMAGeCK’s linear regression-based method, scMAGeCK-LR, is capable of simultaneously analyzing the expression of all genes in a cell to deduce networks, including cells possessing multiple perturbations. Meanwhile, the Robust Rank Aggregation (RRA) component, scMAGeCK-RRA, identifies regulatory relationships by ranking cells based on expression of a certain gene of interest, which is then linked to the cell’s corresponding perturbation (141). Finally, specific perturbations may be ranked according to their effect on a cell’s phenotype using the MUSIC algorithm (138). This ranking may be according to an overall perturbation effect, a functional topic-specific effect, or a relationship between different perturbations. These emerging algorithms are promising tools to ease analysis of high-throughput single-cell CRISPR screens evaluating tumor immunology in the future.



Discussion and conclusion

Elucidation of gene function is key to the discovery of prospective therapeutic targets in many disease contexts. The CRISPR-Cas9 system has become a central tool in this search by enabling genetic screens to be easily performed at the genome scale. Recent studies have effectively coupled CRISPR screens to content-rich phenotypes using transcriptomic, epigenetic, proteomic, and optical readouts. These systems can deconvolute genotypic phenotypic relationships and have successfully identified regulators of numerous contexts including T cell stimulation and exhaustion, ICI resistance, and cancer immune evasion.

In recent years, CRISPR technology has been extended to the clinic (143–145) (Figure 2D). Initial proof-of-concept clinical trials in advanced esophageal (NCT03081715), metastatic non-small cell lung (146), and advanced, refractory cancer (NCT03399448) (147) have demonstrated CRISPR-Cas9 editing of autologous CAR T cells prior to adoptive transfer to be safe and feasible. Ongoing Phase I clinical trials have used CRISPR editing to remove disadvantageous genes from autologous CAR T cells, such as HPK1 (NCT04037566) or TGFβR (NCT04976218), to improve the T cell antitumor immune responses. CRISPR-Cas9 editing has also been used in allogeneic CAR T cells to diminish immunogenicity through the deletion of β2 microglobulin as well as enable precise insertion of the CAR construct into the endogenous TRAC locus (NCT04035434, NCT04557436, NCT04637763, NCT04244656, NCT04502446). The PoKI-seq and ModPoKI-seq studies highlight the potential of high-content CRISPR screens to enhance CAR T function (32, 110). In the future, high-content CRISPR screens in immune cells can be used to identify genes controlling antitumor activity, such as activation or effector functions (Figure 1). These scientific advances can be rapidly translated into immune cell therapeutics with the potential to improve cancer care (Figure 2D).

Despite its influential application in gene discovery, there remain limitations to CRISPR screening. While in vitro genome wide screens can be performed in immune cells and have discovered novel regulators of T cell activation and proliferation (16, 90, 91), these readouts only partially approximate T cell biology. Pooled in vivo T cell screens can offer a more holistic evaluation of T cell function, but the low number of tumor-infiltrating lymphocytes can contribute to dropouts and false negatives (99). Additionally, many analysis tools for high-content CRISPR screens have yet to be extensively implemented, warranting future validation in the context of tumor immunology. Furthermore, although pooled CRISPR screens have been used to elucidate intercellular regulators governing cell-to-cell interactions (107), screens that focus on intercellular regulators remain largely unexplored. In the future, additional pooled CRISPR screens which focus on intercellular regulators are needed to better dissect the complexities of interactions within the tumor microenvironment.

In conclusion, high-content screens are likely to become a core approach for the future of CRISPR. The application of this technology to the tumor immunology field has the potential to reveal genes that regulate antitumor function. These genes may be therapeutically targeted in a clinical setting to improve patient outcome.



Author contributions

EH and MG conceptualized this review and drafted the original manuscript. AP, KJ, AT, JJ, LJ, and AH contributed to the writing and critical revision. All authors have approved the final submission.



Funding

Funding was provided to EH by the Immunology Training Program. Funding was provided to KJ by the Pharmacological Sciences Training Program (PSTP) T32 Training Grant (GM007767), the Rackham Merit Fellowship, and the Rackham Graduate School Research Grant. Funding was provided to AP by NIAID Training Grant T32 (AI007413). Funding was provided to MG by the Lung Precision Oncology Program (VA 150CU000182), LUNGevity, Veterans Affairs (I01 BX005267), Melanoma Research Alliance (MRA689853), NCI (CA252010), and the Breast Cancer Research Foundation.



Acknowledgments

Figures were created with BioRender.com.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Tsherniak, A, Vazquez, F, Montgomery, PG, Weir, BA, Kryukov, G, Cowley, GS, et al. Defining a cancer dependency map. Cell (2017) 170(3):564–76.e16. doi: 10.1016/j.cell.2017.06.010

2. Crotty, S, and Pipkin, ME. In vivo RNAi screens: concepts and applications. Trends Immunol (2015) 36(5):315–22. doi: 10.1016/j.it.2015.03.007

3. Jackson, AL, Bartz, SR, Schelter, J, Kobayashi, SV, Burchard, J, Mao, M, et al. Expression profiling reveals off-target gene regulation by RNAi. Nat Biotechnol (2003) 21(6):635–7. doi: 10.1038/nbt831

4. Jackson, AL, Burchard, J, Schelter, J, Chau, BN, Cleary, M, Lim, L, et al. Widespread siRNA "off-target" transcript silencing mediated by seed region sequence complementarity. RNA (2006) 12(7):1179–87. doi: 10.1261/rna.25706

5. Birmingham, A, Anderson, EM, Reynolds, A, Ilsley-Tyree, D, Leake, D, Fedorov, Y, et al. 3' UTR seed matches, but not overall identity, are associated with RNAi off-targets. Nat Methods (2006) 3(3):199–204. doi: 10.1038/nmeth854

6. Echeverri, CJ, Beachy, PA, Baum, B, Boutros, M, Buchholz, F, Chanda, SK, et al. Minimizing the risk of reporting false positives in large-scale RNAi screens. Nat Methods (2006) 3(10):777–9. doi: 10.1038/nmeth1006-777

7. Jinek, M, Chylinski, K, Fonfara, I, Hauer, M, Doudna, JA, and Charpentier, E. A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science (2012) 337(6096):816–21. doi: 10.1126/science.1225829

8. Jinek, M, East, A, Cheng, A, Lin, S, Ma, E, and Doudna, J. RNA-Programmed genome editing in human cells. Elife (2013) 2:e00471. doi: 10.7554/eLife.00471

9. Cong, L, Ran, FA, Cox, D, Lin, S, Barretto, R, Habib, N, et al. Multiplex genome engineering using CRISPR/Cas systems. Science (2013) 339(6121):819–23. doi: 10.1126/science.1231143

10. Mali, P, Yang, L, Esvelt, KM, Aach, J, Guell, M, DiCarlo, JE, et al. RNA-Guided human genome engineering via Cas9. Science (2013) 339(6121):823–6. doi: 10.1126/science.1232033

11. Wang, T, Wei, JJ, Sabatini, DM, and Lander, ES. Genetic screens in human cells using the CRISPR-Cas9 system. Science (2014) 343(6166):80–4. doi: 10.1126/science.1246981

12. Shalem, O, Sanjana, NE, Hartenian, E, Shi, X, Scott, DA, Mikkelson, T, et al. Genome-scale CRISPR-Cas9 knockout screening in human cells. Science (2014) 343(6166):84–7. doi: 10.1126/science.1247005

13. Shalem, O, Sanjana, NE, and Zhang, F. High-throughput functional genomics using CRISPR-Cas9. Nat Rev Genet (2015) 16(5):299–311. doi: 10.1038/nrg3899

14. Yeung, ATY, Choi, YH, Lee, AHY, Hale, C, Ponstingl, H, Pickard, D, et al. A genome-wide knockout screen in human macrophages identified host factors modulating. mBio (2019) 10(5):e02169–19. doi: 10.1128/mBio.02169-19

15. Theisen, DJ, Davidson, JT, Briseño, CG, Gargaro, M, Lauron, EJ, Wang, Q, et al. WDFY4 is required for cross-presentation in response to viral and tumor antigens. Science (2018) 362(6415):694–9. doi: 10.1126/science.aat5030

16. Shifrut, E, Carnevale, J, Tobin, V, Roth, TL, Woo, JM, Bui, CT, et al. Genome-wide CRISPR screens in primary human T cells reveal key regulators of immune function. Cell (2018) 175(7):1958–71.e15. doi: 10.1016/j.cell.2018.10.024

17. Moraes, L, Trentini, MM, Fousteris, D, Eto, SF, Chudzinski-Tavassi, AM, Leite, LCC, et al. CRISPR/Cas9 approach to generate an auxotrophic BCG strain for unmarked expression of LTAK63 adjuvant: A tuberculosis vaccine candidate. Front Immunol (2022) 13:867195. doi: 10.3389/fimmu.2022.867195

18. Klein, K, Hölzemer, A, Wang, T, Kim, TE, Dugan, HL, Jost, S, et al. A genome-wide CRISPR/Cas9-based screen identifies heparan sulfate proteoglycans as ligands of killer-cell immunoglobulin-like receptors. Front Immunol (2021) 12:798235. doi: 10.3389/fimmu.2021.798235

19. Datlinger, P, Rendeiro, AF, Schmidl, C, Krausgruber, T, Traxler, P, Klughammer, J, et al. Pooled CRISPR screening with single-cell transcriptome readout. Nat Methods (2017) 14(3):297–301. doi: 10.1038/nmeth.4177

20. Pierce, SE, Granja, JM, and Greenleaf, WJ. High-throughput single-cell chromatin accessibility CRISPR screens enable unbiased identification of regulatory networks in cancer. Nat Commun (2021) 12(1):2969. doi: 10.1038/s41467-021-23213-w

21. Frangieh, CJ, Melms, JC, Thakore, PI, Geiger-Schuller, KR, Ho, P, Luoma, AM, et al. Multimodal pooled perturb-CITE-seq screens in patient models define mechanisms of cancer immune evasion. Nat Genet (2021) 53(3):332–41. doi: 10.1038/s41588-021-00779-1

22. Dhainaut, M, Rose, SA, Akturk, G, Wroblewska, A, Nielsen, SR, Park, ES, et al. Spatial CRISPR genomics identifies regulators of the tumor microenvironment. Cell (2022) 185(7):1223–39.e20. doi: 10.1016/j.cell.2022.02.015

23. JJ Ferretti, DL Stevens, and VA Fischetti eds. Streptococcus pyogenes: Basic biology to clinical manifestations. Oklahoma City (OK: University of Oklahoma Health Sciences Center (2016).

24. Mehta, A, and Merkel, OM. Immunogenicity of Cas9 protein. J Pharm Sci (2020) 109(1):62–7. doi: 10.1016/j.xphs.2019.10.003

25. Qi, LS, Larson, MH, Gilbert, LA, Doudna, JA, Weissman, JS, Arkin, AP, et al. Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression. Cell (2013) 152(5):1173–83. doi: 10.1016/j.cell.2013.02.022

26. Gilbert, LA, Larson, MH, Morsut, L, Liu, Z, Brar, GA, Torres, SE, et al. CRISPR-mediated modular RNA-guided regulation of transcription in eukaryotes. Cell (2013) 154(2):442–51. doi: 10.1016/j.cell.2013.06.044

27. Bikard, D, Jiang, W, Samai, P, Hochschild, A, Zhang, F, and Marraffini, LA. Programmable repression and activation of bacterial gene expression using an engineered CRISPR-cas system. Nucleic Acids Res (2013) 41(15):7429–37. doi: 10.1093/nar/gkt520

28. Larson, MH, Gilbert, LA, Wang, X, Lim, WA, Weissman, JS, and Qi, LS. CRISPR interference (CRISPRi) for sequence-specific control of gene expression. Nat Protoc (2013) 8(11):2180–96. doi: 10.1038/nprot.2013.132

29. Zalatan, JG, Lee, ME, Almeida, R, Gilbert, LA, Whitehead, EH, La Russa, M, et al. Engineering complex synthetic transcriptional programs with CRISPR RNA scaffolds. Cell (2015) 160(1-2):339–50. doi: 10.1016/j.cell.2014.11.052

30. Konermann, S, Brigham, MD, Trevino, AE, Joung, J, Abudayyeh, OO, Barcena, C, et al. Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex. Nature (2015) 517(7536):583–8. doi: 10.1038/nature14136

31. Kampmann, M. CRISPRi and CRISPRa screens in mammalian cells for precision biology and medicine. ACS Chem Biol (2018) 13(2):406–16. doi: 10.1021/acschembio.7b00657

32. Roth, TL, Li, PJ, Blaeschke, F, Nies, JF, Apathy, R, Mowery, C, et al. Pooled knockin targeting for genome engineering of cellular immunotherapies. Cell (2020) 181(3):728–44.e21. doi: 10.1016/j.cell.2020.03.039

33. Belk, JA, Yao, W, Ly, N, Freitas, KA, Chen, YT, Shi, Q, et al. Genome-wide CRISPR screens of T cell exhaustion identify chromatin remodeling factors that limit T cell persistence. Cancer Cell (2022) 40(7):768–86.e7. doi: 10.1016/j.ccell.2022.06.001

34. Doench, JG. Am I ready for CRISPR? A user's guide to genetic screens. Nat Rev Genet (2018) 19(2):67–80. doi: 10.1038/nrg.2017.97

35. Hart, T, Chandrashekhar, M, Aregger, M, Steinhart, Z, Brown, KR, MacLeod, G, et al. High-resolution CRISPR screens reveal fitness genes and genotype-specific cancer liabilities. Cell (2015) 163(6):1515–26. doi: 10.1016/j.cell.2015.11.015

36. Doench, JG, Hartenian, E, Graham, DB, Tothova, Z, Hegde, M, Smith, I, et al. Rational design of highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation. Nat Biotechnol (2014) 32(12):1262–7. doi: 10.1038/nbt.3026

37. Chu, VT, Graf, R, Wirtz, T, Weber, T, Favret, J, Li, X, et al. Efficient CRISPR-mediated mutagenesis in primary immune cells using CrispRGold and a C57BL/6 Cas9 transgenic mouse line. Proc Natl Acad Sci U S A (2016) 113(44):12514–9. doi: 10.1073/pnas.1613884113

38. Hsu, PD, Scott, DA, Weinstein, JA, Ran, FA, Konermann, S, Agarwala, V, et al. DNA Targeting specificity of RNA-guided Cas9 nucleases. Nat Biotechnol (2013) 31(9):827–32. doi: 10.1038/nbt.2647

39. Lin, Y, Cradick, TJ, Brown, MT, Deshmukh, H, Ranjan, P, Sarode, N, et al. CRISPR/Cas9 systems have off-target activity with insertions or deletions between target DNA and guide RNA sequences. Nucleic Acids Res (2014) 42(11):7473–85. doi: 10.1093/nar/gku402

40. Tsai, SQ, and Joung, JK. Defining and improving the genome-wide specificities of CRISPR-Cas9 nucleases. Nat Rev Genet (2016) 17(5):300–12. doi: 10.1038/nrg.2016.28

41. Tsai, SQ, Zheng, Z, Nguyen, NT, Liebers, M, Topkar, VV, Thapar, V, et al. GUIDE-seq enables genome-wide profiling of off-target cleavage by CRISPR-cas nucleases. Nat Biotechnol (2015) 33(2):187–97. doi: 10.1038/nbt.3117

42. Chiarle, R, Zhang, Y, Frock, RL, Lewis, SM, Molinie, B, Ho, YJ, et al. Genome-wide translocation sequencing reveals mechanisms of chromosome breaks and rearrangements in b cells. Cell (2011) 147(1):107–19. doi: 10.1016/j.cell.2011.07.049

43. Frock, RL, Hu, J, Meyers, RM, Ho, YJ, Kii, E, and Alt, FW. Genome-wide detection of DNA double-stranded breaks induced by engineered nucleases. Nat Biotechnol (2015) 33(2):179–86. doi: 10.1038/nbt.3101

44. Crosetto, N, Mitra, A, Silva, MJ, Bienko, M, Dojer, N, Wang, Q, et al. Nucleotide-resolution DNA double-strand break mapping by next-generation sequencing. Nat Methods (2013) 10(4):361–5. doi: 10.1038/nmeth.2408

45. Ran, FA, Cong, L, Yan, WX, Scott, DA, Gootenberg, JS, Kriz, AJ, et al. In vivo genome editing using staphylococcus aureus Cas9. Nature (2015) 520(7546):186–91. doi: 10.1038/nature14299

46. Listgarten, J, Weinstein, M, Kleinstiver, BP, Sousa, AA, Joung, JK, Crawford, J, et al. Prediction of off-target activities for the end-to-end design of CRISPR guide RNAs. Nat BioMed Eng (2018) 2(1):38–47. doi: 10.1038/s41551-017-0178-6

47. Dong, W, and Kantor, B. Lentiviral vectors for delivery of gene-editing systems based on CRISPR/Cas: Current state and perspectives. Viruses (2021) 13(7):1288. doi: 10.3390/v13071288

48. Mitani, K, and Kubo, S. Adenovirus as an integrating vector. Curr Gene Ther (2002) 2(2):135–44. doi: 10.2174/1566523024605591

49. Lino, CA, Harper, JC, Carney, JP, and Timlin, JA. Delivering CRISPR: A review of the challenges and approaches. Drug Deliv (2018) 25(1):1234–57. doi: 10.1080/10717544.2018.1474964

50. Zhu, S, Zhou, Y, and Wei, W. Genome-wide CRISPR/Cas9 screening for high-throughput functional genomics in human cells. Methods Mol Biol (2017) 1656:175–81. doi: 10.1007/978-1-4939-7237-1_11

51. Adamson, B, Norman, TM, Jost, M, Cho, MY, Nuñez, JK, Chen, Y, et al. A multiplexed single-cell CRISPR screening platform enables systematic dissection of the unfolded protein response. Cell (2016) 167(7):1867–82.e21. doi: 10.1016/j.cell.2016.11.048

52. Covarrubias, S, Vollmers, AC, Capili, A, Boettcher, M, Shulkin, A, Correa, MR, et al. High-throughput CRISPR screening identifies genes involved in macrophage viability and inflammatory pathways. Cell Rep (2020) 33(13):108541. doi: 10.1016/j.celrep.2020.108541

53. Zhu, S, Cao, Z, Liu, Z, He, Y, Wang, Y, Yuan, P, et al. Guide RNAs with embedded barcodes boost CRISPR-pooled screens. Genome Biol (2019) 20(1):20. doi: 10.1186/s13059-019-1628-0

54. Dixit, A, Parnas, O, Li, B, Chen, J, Fulco, CP, Jerby-Arnon, L, et al. Perturb-seq: Dissecting molecular circuits with scalable single-cell RNA profiling of pooled genetic screens. Cell (2016) 167(7):1853–66.e17. doi: 10.1016/j.cell.2016.11.038

55. Wasels, F, Jean-Marie, J, Collas, F, López-Contreras, AM, and Lopes Ferreira, N. A two-plasmid inducible CRISPR/Cas9 genome editing tool for clostridium acetobutylicum. J Microbiol Methods (2017) 140:5–11. doi: 10.1016/j.mimet.2017.06.010

56. Giuliano, CJ, Lin, A, Girish, V, and Sheltzer, JM. Generating single cell-derived knockout clones in mammalian cells with CRISPR/Cas9. Curr Protoc Mol Biol (2019) 128(1):e100. doi: 10.1002/cpmb.100

57. Yip, BH. Recent advances in CRISPR/Cas9 delivery strategies. Biomolecules (2020) 10(6):839. doi: 10.3390/biom10060839

58. Kim, S, Kim, D, Cho, SW, Kim, J, and Kim, JS. Highly efficient RNA-guided genome editing in human cells via delivery of purified Cas9 ribonucleoproteins. Genome Res (2014) 24(6):1012–9. doi: 10.1101/gr.171322.113

59. Lin, S, Staahl, BT, Alla, RK, and Doudna, JA. Enhanced homology-directed human genome engineering by controlled timing of CRISPR/Cas9 delivery. Elife (2014) 3:e04766. doi: 10.7554/eLife.04766.010

60. Cho, SW, Lee, J, Carroll, D, and Kim, JS. Heritable gene knockout in caenorhabditis elegans by direct injection of Cas9-sgRNA ribonucleoproteins. Genetics (2013) 195(3):1177–80. doi: 10.1534/genetics.113.155853

61. Liang, X, Potter, J, Kumar, S, Zou, Y, Quintanilla, R, Sridharan, M, et al. Rapid and highly efficient mammalian cell engineering via Cas9 protein transfection. J Biotechnol (2015) 208:44–53. doi: 10.1016/j.jbiotec.2015.04.024

62. Wang, W, Kutny, PM, Byers, SL, Longstaff, CJ, DaCosta, MJ, Pang, C, et al. Delivery of Cas9 protein into mouse zygotes through a series of electroporation dramatically increases the efficiency of model creation. J Genet Genomics (2016) 43(5):319–27. doi: 10.1016/j.jgg.2016.02.004

63. Alghadban, S, Bouchareb, A, Hinch, R, Hernandez-Pliego, P, Biggs, D, Preece, C, et al. Electroporation and genetic supply of Cas9 increase the generation efficiency of CRISPR/Cas9 knock-in alleles in C57BL/6J mouse zygotes. Sci Rep (2020) 10(1):17912. doi: 10.1038/s41598-020-74960-7

64. Gurusamy, D, Henning, AN, Yamamoto, TN, Yu, Z, Zacharakis, N, Krishna, S, et al. Multi-phenotype CRISPR-Cas9 screen identifies p38 kinase as a target for adoptive immunotherapies. Cancer Cell (2020) 37(6):818–33.e9. doi: 10.1016/j.ccell.2020.05.004

65. Gundry, MC, Brunetti, L, Lin, A, Mayle, AE, Kitano, A, Wagner, D, et al. Highly efficient genome editing of murine and human hematopoietic progenitor cells by CRISPR/Cas9. Cell Rep (2016) 17(5):1453–61. doi: 10.1016/j.celrep.2016.09.092

66. Schumann, K, Lin, S, Boyer, E, Simeonov, DR, Subramaniam, M, Gate, RE, et al. Generation of knock-in primary human T cells using Cas9 ribonucleoproteins. Proc Natl Acad Sci U S A (2015) 112(33):10437–42. doi: 10.1073/pnas.1512503112

67. Jost, M, Jacobson, AN, Hussmann, JA, Cirolia, G, Fischbach, MA, and Weissman, JS. CRISPR-based functional genomics in human dendritic cells. Elife (2021) 10:e65856. doi: 10.7554/eLife.65856.sa2

68. Hendel, A, Bak, RO, Clark, JT, Kennedy, AB, Ryan, DE, Roy, S, et al. Chemically modified guide RNAs enhance CRISPR-cas genome editing in human primary cells. Nat Biotechnol (2015) 33(9):985–9. doi: 10.1038/nbt.3290

69. Ting, PY, Parker, AE, Lee, JS, Trussell, C, Sharif, O, Luna, F, et al. Guide swap enables genome-scale pooled CRISPR-Cas9 screening in human primary cells. Nat Methods (2018) 15(11):941–6. doi: 10.1038/s41592-018-0149-1

70. Lyu, P, Wang, L, and Lu, B. Virus-like particle mediated CRISPR/Cas9 delivery for efficient and safe genome editing. Life (Basel) (2020) 10(12):366. doi: 10.3390/life10120366

71. Berger, G, Durand, S, Goujon, C, Nguyen, XN, Cordeil, S, Darlix, JL, et al. A simple, versatile and efficient method to genetically modify human monocyte-derived dendritic cells with HIV-1-derived lentiviral vectors. Nat Protoc (2011) 6(6):806–16. doi: 10.1038/nprot.2011.327

72. Indikova, I, and Indik, S. Highly efficient 'hit-and-run' genome editing with unconcentrated lentivectors carrying vpr Prot.Cas9 protein produced from RRE-containing transcripts. Nucleic Acids Res (2020) 48(14):8178–87. doi: 10.1093/nar/gkaa561

73. Hamilton, JR, Tsuchida, CA, Nguyen, DN, Shy, BR, McGarrigle, ER, Sandoval Espinoza, CR, et al. Targeted delivery of CRISPR-Cas9 and transgenes enables complex immune cell engineering. Cell Rep (2021) 35(9):109207. doi: 10.1016/j.celrep.2021.109207

74. Banskota, S, Raguram, A, Suh, S, Du, SW, Davis, JR, Choi, EH, et al. Engineered virus-like particles for efficient in vivo delivery of therapeutic proteins. Cell (2022) 185(2):250–65.e16. doi: 10.1016/j.cell.2021.12.021

75. Gee, P, Lung, MSY, Okuzaki, Y, Sasakawa, N, Iguchi, T, Makita, Y, et al. Extracellular nanovesicles for packaging of CRISPR-Cas9 protein and sgRNA to induce therapeutic exon skipping. Nat Commun (2020) 11(1):1334. doi: 10.1038/s41467-020-14957-y

76. Lyu, P, Javidi-Parsijani, P, Atala, A, and Lu, B. Delivering Cas9/sgRNA ribonucleoprotein (RNP) by lentiviral capsid-based bionanoparticles for efficient 'hit-and-run' genome editing. Nucleic Acids Res (2019) 47(17):e99. doi: 10.1093/nar/gkz605

77. Mangeot, PE, Risson, V, Fusil, F, Marnef, A, Laurent, E, Blin, J, et al. Genome editing in primary cells and in vivo using viral-derived nanoblades loaded with Cas9-sgRNA ribonucleoproteins. Nat Commun (2019) 10(1):45. doi: 10.1038/s41467-018-07845-z

78. Choi, JG, Dang, Y, Abraham, S, Ma, H, Zhang, J, Guo, H, et al. Lentivirus pre-packed with Cas9 protein for safer gene editing. Gene Ther (2016) 23(7):627–33. doi: 10.1038/gt.2016.27

79. Navarro-Guerrero, E, Tay, C, Whalley, JP, Cowley, SA, Davies, B, Knight, JC, et al. Genome-wide CRISPR/Cas9-knockout in human induced pluripotent stem cell (iPSC)-derived macrophages. Sci Rep (2021) 11(1):4245. doi: 10.1038/s41598-021-82137-z

80. Hamilton, JR, Chen, E, Perez, BS, Sandoval Espinoza, CR, and Doudna, JA. Cell type-programmable genome editing with enveloped delivery vehicles. bioRxiv (2022), 505004. doi: 10.1101/2022.08.24.505004

81. Lee, YW, Mout, R, Luther, DC, Liu, Y, Castellanos-García, L, Burnside, AS, et al. In vivo editing of macrophages through systemic delivery of CRISPR-Cas9-Ribonucleoprotein-Nanoparticle nanoassemblies. Adv Ther (Weinh) (2019) 2(10):1900041. doi: 10.1002/adtp.201900041

82. Chen, DS, and Mellman, I. Oncology meets immunology: the cancer-immunity cycle. Immunity (2013) 39(1):1–10. doi: 10.1016/j.immuni.2013.07.012

83. Buquicchio, FA, and Satpathy, AT. Interrogating immune cells and cancer with CRISPR-Cas9. Trends Immunol (2021) 42(5):432–46. doi: 10.1016/j.it.2021.03.003

84. Patel, SJ, Sanjana, NE, Kishton, RJ, Eidizadeh, A, Vodnala, SK, Cam, M, et al. Identification of essential genes for cancer immunotherapy. Nature (2017) 548(7669):537–42. doi: 10.1038/nature23477

85. Wei, J, Long, L, Zheng, W, Dhungana, Y, Lim, SA, Guy, C, et al. Targeting REGNASE-1 programs long-lived effector T cells for cancer therapy. Nature (2019) 576(7787):471–6. doi: 10.1038/s41586-019-1821-z

86. Parnas, O, Jovanovic, M, Eisenhaure, TM, Herbst, RH, Dixit, A, Ye, CJ, et al. A genome-wide CRISPR screen in primary immune cells to dissect regulatory networks. Cell (2015) 162(3):675–86. doi: 10.1016/j.cell.2015.06.059

87. Tong, J, Wang, X, Liu, Y, Ren, X, Wang, A, Chen, Z, et al. Pooled CRISPR screening identifies m. Sci Adv (2021) 7(18):eabd4742. doi: 10.1126/sciadv.abd4742

88. Luteijn, RD, Zaver, SA, Gowen, BG, Wyman, SK, Garelis, NE, Onia, L, et al. SLC19A1 transports immunoreactive cyclic dinucleotides. Nature (2019) 573(7774):434–8. doi: 10.1038/s41586-019-1553-0

89. Jiang, M, Chen, P, Wang, L, Li, W, Chen, B, Liu, Y, et al. cGAS-STING, an important pathway in cancer immunotherapy. J Hematol Oncol (2020) 13(1):81. doi: 10.1186/s13045-020-00916-z

90. Shang, W, Jiang, Y, Boettcher, M, Ding, K, Mollenauer, M, Liu, Z, et al. Genome-wide CRISPR screen identifies FAM49B as a key regulator of actin dynamics and T cell activation. Proc Natl Acad Sci U S A (2018) 115(17):E4051–E60. doi: 10.1073/pnas.1801340115

91. Simeonov, DR, Gowen, BG, Boontanrart, M, Roth, TL, Gagnon, JD, Mumbach, MR, et al. Discovery of stimulation-responsive immune enhancers with CRISPR activation. Nature (2017) 549(7670):111–5. doi: 10.1038/nature23875

92. Burkhardt, JK, Carrizosa, E, and Shaffer, MH. The actin cytoskeleton in T cell activation. Annu Rev Immunol (2008) 26:233–59. doi: 10.1146/annurev.immunol.26.021607.090347

93. Basu, A, Ramamoorthi, G, Albert, G, Gallen, C, Beyer, A, Snyder, C, et al. Differentiation and regulation of T(H) cells: A balancing act for cancer immunotherapy. Front Immunol (2021) 12:669474. doi: 10.3389/fimmu.2021.669474

94. Sutra Del Galy, A, Menegatti, S, Fuentealba, J, Lucibello, F, Perrin, L, Helft, J, et al. In vivo genome-wide CRISPR screens identify SOCS1 as intrinsic checkpoint of CD4. Sci Immunol (2021) 6(66):eabe8219. doi: 10.1126/sciimmunol.abe8219

95. Henriksson, J, Chen, X, Gomes, T, Ullah, U, Meyer, KB, Miragaia, R, et al. Genome-wide CRISPR screens in T helper cells reveal pervasive crosstalk between activation and differentiation. Cell (2019) 176(4):882–96.e18. doi: 10.1016/j.cell.2018.11.044

96. Cortez, JT, Montauti, E, Shifrut, E, Gatchalian, J, Zhang, Y, Shaked, O, et al. CRISPR screen in regulatory T cells reveals modulators of Foxp3. Nature (2020) 582(7812):416–20. doi: 10.1038/s41586-020-2246-4

97. Loo, CS, Gatchalian, J, Liang, Y, Leblanc, M, Xie, M, Ho, J, et al. A genome-wide CRISPR screen reveals a role for the non-canonical nucleosome-remodeling BAF complex in Foxp3 expression and regulatory T cell function. Immunity (2020) 53(1):143–57.e8. doi: 10.1016/j.immuni.2020.06.011

98. Long, L, Wei, J, Lim, SA, Raynor, JL, Shi, H, Connelly, JP, et al. CRISPR screens unveil signal hubs for nutrient licensing of T cell immunity. Nature (2021) 600(7888):308–13. doi: 10.1038/s41586-021-04109-7

99. Dong, MB, Wang, G, Chow, RD, Ye, L, Zhu, L, Dai, X, et al. Systematic immunotherapy target discovery using genome-scale in vivo CRISPR screens in CD8 T cells. Cell (2019) 178(5):1189–204.e23. doi: 10.1016/j.cell.2019.07.044

100. Ye, L, Park, JJ, Dong, MB, Yang, Q, Chow, RD, Peng, L, et al. In vivo CRISPR screening in CD8 T cells with AAV-sleeping beauty hybrid vectors identifies membrane targets for improving immunotherapy for glioblastoma. Nat Biotechnol (2019) 37(11):1302–13. doi: 10.1038/s41587-019-0246-4

101. Chen, Z, Arai, E, Khan, O, Zhang, Z, Ngiow, SF, He, Y, et al. In vivo CD8(+) T cell CRISPR screening reveals control by Fli1 in infection and cancer. Cell (2021) 184(5):1262–80.e22. doi: 10.1016/j.cell.2021.02.019

102. LaFleur, MW, Nguyen, TH, Coxe, MA, Yates, KB, Trombley, JD, Weiss, SA, et al. A CRISPR-Cas9 delivery system for in vivo screening of genes in the immune system. Nat Commun (2019) 10(1):1668. doi: 10.1038/s41467-019-09656-2

103. Pan, D, Kobayashi, A, Jiang, P, Ferrari de Andrade, L, Tay, RE, Luoma, AM, et al. A major chromatin regulator determines resistance of tumor cells to T cell-mediated killing. Science (2018) 359(6377):770–5. doi: 10.1126/science.aao1710

104. Singh, N, Lee, YG, Shestova, O, Ravikumar, P, Hayer, KE, Hong, SJ, et al. Impaired death receptor signaling in leukemia causes antigen-independent resistance by inducing CAR T-cell dysfunction. Cancer Discovery (2020) 10(4):552–67. doi: 10.1158/2159-8290.CD-19-0813

105. Vredevoogd, DW, Kuilman, T, Ligtenberg, MA, Boshuizen, J, Stecker, KE, de Bruijn, B, et al. Augmenting immunotherapy impact by lowering tumor TNF cytotoxicity threshold. Cell (2019) 178(3):585–99.e15. doi: 10.1016/j.cell.2019.06.014

106. Manguso, RT, Pope, HW, Zimmer, MD, Brown, FD, Yates, KB, Miller, BC, et al. In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy target. Nature (2017) 547(7664):413–8. doi: 10.1038/nature23270

107. Kamber, RA, Nishiga, Y, Morton, B, Banuelos, AM, Barkal, AA, Vences-Catalán, F, et al. Inter-cellular CRISPR screens reveal regulators of cancer cell phagocytosis. Nature (2021) 597(7877):549–54. doi: 10.1038/s41586-021-03879-4

108. Jaitin, DA, Weiner, A, Yofe, I, Lara-Astiaso, D, Keren-Shaul, H, David, E, et al. Dissecting immune circuits by linking CRISPR-pooled screens with single-cell RNA-seq. Cell (2016) 167(7):1883–96.e15. doi: 10.1016/j.cell.2016.11.039

109. Xie, S, Duan, J, Li, B, Zhou, P, and Hon, GC. Multiplexed engineering and analysis of combinatorial enhancer activity in single cells. Mol Cell (2017) 66(2):285–99.e5. doi: 10.1016/j.molcel.2017.03.007

110. Blaeschke, F, Chen, YY, Apathy, R, Li, Z, Mowery, CT, Nyberg, WA, et al. Modular pooled discovery of synthetic knockin sequences to program durable cell therapies. bioRxiv (2022). doi: 10.1101/2022.07.27.501186

111. Replogle, JM, Norman, TM, Xu, A, Hussmann, JA, Chen, J, Cogan, JZ, et al. Combinatorial single-cell CRISPR screens by direct guide RNA capture and targeted sequencing. Nat Biotechnol (2020) 38(8):954–61. doi: 10.1038/s41587-020-0470-y

112. Replogle, JM, Saunders, RA, Pogson, AN, Hussmann, JA, Lenail, A, Guna, A, et al. Mapping information-rich genotype-phenotype landscapes with genome-scale perturb-seq. Cell (2022) 185(14):2559–75.e28. doi: 10.1016/j.cell.2022.05.013

113. Schmidt, R, Steinhart, Z, Layeghi, M, Freimer, JW, Bueno, R, Nguyen, VQ, et al. CRISPR activation and interference screens decode stimulation responses in primary human T cells. Science (2022) 375(6580):eabj4008. doi: 10.1126/science.abj4008

114. Schraivogel, D, Gschwind, AR, Milbank, JH, Leonce, DR, Jakob, P, Mathur, L, et al. Targeted perturb-seq enables genome-scale genetic screens in single cells. Nat Methods (2020) 17(6):629–35. doi: 10.1038/s41592-020-0837-5

115. Rubin, AJ, Parker, KR, Satpathy, AT, Qi, Y, Wu, B, Ong, AJ, et al. Coupled single-cell CRISPR screening and epigenomic profiling reveals causal gene regulatory networks. Cell (2019) 176(1-2):361–76.e17. doi: 10.1016/j.cell.2018.11.022

116. Liscovitch-Brauer, N, Montalbano, A, Deng, J, Méndez-Mancilla, A, Wessels, HH, Moss, NG, et al. Profiling the genetic determinants of chromatin accessibility with scalable single-cell CRISPR screens. Nat Biotechnol (2021) 39(10):1270–7. doi: 10.1038/s41587-021-00902-x

117. Mimitou, EP, Cheng, A, Montalbano, A, Hao, S, Stoeckius, M, Legut, M, et al. Multiplexed detection of proteins, transcriptomes, clonotypes and CRISPR perturbations in single cells. Nat Methods (2019) 16(5):409–12. doi: 10.1038/s41592-019-0392-0

118. Papalexi, E, Mimitou, EP, Butler, AW, Foster, S, Bracken, B, Mauck, WM, et al. Characterizing the molecular regulation of inhibitory immune checkpoints with multimodal single-cell screens. Nat Genet (2021) 53(3):322–31. doi: 10.1038/s41588-021-00778-2

119. Herrera, A, Cheng, A, Mimitou, EP, Seffens, A, George, D, Bar-Natan, M, et al. Multimodal single-cell analysis of cutaneous T-cell lymphoma reveals distinct subclonal tissue-dependent signatures. Blood (2021) 138(16):1456–64. doi: 10.1182/blood.2020009346

120. Wroblewska, A, Dhainaut, M, Ben-Zvi, B, Rose, SA, Park, ES, Amir, ED, et al. Protein barcodes enable high-dimensional single-cell CRISPR screens. Cell (2018) 175(4):1141–55.e16. doi: 10.1016/j.cell.2018.09.022

121. Feldman, D, Singh, A, Schmid-Burgk, JL, Carlson, RJ, Mezger, A, Garrity, AJ, et al. Optical pooled screens in human cells. Cell (2019) 179(3):787–99.e17. doi: 10.1016/j.cell.2019.09.016

122. Xie, S, Cooley, A, Armendariz, D, Zhou, P, and Hon, GC. Frequent sgRNA-barcode recombination in single-cell perturbation assays. PloS One (2018) 13(6):e0198635. doi: 10.1371/journal.pone.0198635

123. Adamson, B, Norman, TM, Jost, M, and Weissman, JS. Approaches to maximize sgRNA-barcode coupling in perturb-seq screens. bioRxiv (2018) 298349. doi: 10.1101/298349

124. Buenrostro, JD, Giresi, PG, Zaba, LC, Chang, HY, and Greenleaf, WJ. Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat Methods (2013) 10(12):1213–8. doi: 10.1038/nmeth.2688

125. Satpathy, AT, Granja, JM, Yost, KE, Qi, Y, Meschi, F, McDermott, GP, et al. Massively parallel single-cell chromatin landscapes of human immune cell development and intratumoral T cell exhaustion. Nat Biotechnol (2019) 37(8):925–36. doi: 10.1038/s41587-019-0206-z

126. Stoeckius, M, Hafemeister, C, Stephenson, W, Houck-Loomis, B, Chattopadhyay, PK, Swerdlow, H, et al. Simultaneous epitope and transcriptome measurement in single cells. Nat Methods (2017) 14(9):865–8. doi: 10.1038/nmeth.4380

127. Feldman, D, Funk, L, Le, A, Carlson, RJ, Leiken, MD, Tsai, F, et al. Pooled genetic perturbation screens with image-based phenotypes. Nat Protoc (2022) 17(2):476–512. doi: 10.1038/s41596-021-00653-8

128. Chen, S, Sanjana, NE, Zheng, K, Shalem, O, Lee, K, Shi, X, et al. Genome-wide CRISPR screen in a mouse model of tumor growth and metastasis. Cell (2015) 160(6):1246–60. doi: 10.1016/j.cell.2015.02.038

129. Henkel, L, Rauscher, B, Schmitt, B, Winter, J, and Boutros, M. Genome-scale CRISPR screening at high sensitivity with an empirically designed sgRNA library. BMC Biol (2020) 18(1):174. doi: 10.1186/s12915-020-00905-1

130. Bodapati, S, Daley, TP, Lin, X, Zou, J, and Qi, LS. A benchmark of algorithms for the analysis of pooled CRISPR screens. Genome Biol (2020) 21(1):62. doi: 10.1186/s13059-020-01972-x

131. Colic, M, and Hart, T. Common computational tools for analyzing CRISPR screens. Emerg Top Life Sci (2021) 5(6):779–88. doi: 10.1042/ETLS20210222

132. Li, W, Xu, H, Xiao, T, Cong, L, Love, MI, Zhang, F, et al. MAGeCK enables robust identification of essential genes from genome-scale CRISPR/Cas9 knockout screens. Genome Biol (2014) 15(12):554. doi: 10.1186/s13059-014-0554-4

133. Diaz, AA, Qin, H, Ramalho-Santos, M, and Song, JS. HiTSelect: a comprehensive tool for high-complexity-pooled screen analysis. Nucleic Acids Res (2015) 43(3):e16. doi: 10.1093/nar/gku1197

134. Morgens, DW, Deans, RM, Li, A, and Bassik, MC. Systematic comparison of CRISPR/Cas9 and RNAi screens for essential genes. Nat Biotechnol (2016) 34(6):634–6. doi: 10.1038/nbt.3567

135. Duan, J, and Hon, G. FBA: feature barcoding analysis for single cell RNA-seq. Bioinformatics (2021) 37(22):4266–8. doi: 10.1093/bioinformatics/btab375

136. Burkhardt, DB, Stanley, JS, Tong, A, Perdigoto, AL, Gigante, SA, Herold, KC, et al. Quantifying the effect of experimental perturbations at single-cell resolution. Nat Biotechnol (2021) 39(5):619–29. doi: 10.1038/s41587-020-00803-5

137. Dann, E, Henderson, NC, Teichmann, SA, Morgan, MD, and Marioni, JC. Differential abundance testing on single-cell data using k-nearest neighbor graphs. Nat Biotechnol (2022) 40(2):245–53. doi: 10.1038/s41587-021-01033-z

138. Duan, B, Zhou, C, Zhu, C, Yu, Y, Li, G, Zhang, S, et al. Model-based understanding of single-cell CRISPR screening. Nat Commun (2019) 10(1):2233. doi: 10.1038/s41467-019-10216-x

139. Wang, L. Single-cell normalization and association testing unifying CRISPR screen and gene co-expression analyses with normalisr. Nat Commun (2021) 12(1):6395. doi: 10.1038/s41467-021-26682-1

140. Barry, T, Wang, X, Morris, JA, Roeder, K, and Katsevich, E. SCEPTRE improves calibration and sensitivity in single-cell CRISPR screen analysis. Genome Biol (2021) 22(1):344. doi: 10.1186/s13059-021-02545-2

141. Yang, L, Zhu, Y, Yu, H, Cheng, X, Chen, S, Chu, Y, et al. scMAGeCK links genotypes with multiple phenotypes in single-cell CRISPR screens. Genome Biol (2020) 21(1):19. doi: 10.1186/s13059-020-1928-4

142. Norman, TM, Horlbeck, MA, Replogle, JM, Ge, AY, Xu, A, Jost, M, et al. Exploring genetic interaction manifolds constructed from rich single-cell phenotypes. Science (2019) 365(6455):786–93. doi: 10.1126/science.aax4438

143. Ghaffari, S, Khalili, N, and Rezaei, N. CRISPR/Cas9 revitalizes adoptive T-cell therapy for cancer immunotherapy. J Exp Clin Cancer Res (2021) 40(1):269. doi: 10.1186/s13046-021-02076-5

144. Xu, Y, Chen, C, Guo, Y, Hu, S, and Sun, Z. Effect of CRISPR/Cas9-edited PD-1/PD-L1 on tumor immunity and immunotherapy. Front Immunol (2022) 13:848327. doi: 10.3389/fimmu.2022.848327

145. Chen, XZ, Guo, R, Zhao, C, Xu, J, Song, H, Yu, H, et al. A novel anti-cancer therapy: CRISPR/Cas9 gene editing. Front Pharmacol (2022) 13:939090. doi: 10.3389/fphar.2022.939090

146. Lu, Y, Xue, J, Deng, T, Zhou, X, Yu, K, Deng, L, et al. Safety and feasibility of CRISPR-edited T cells in patients with refractory non-small-cell lung cancer. Nat Med (2020) 26(5):732–40. doi: 10.1038/s41591-020-0840-5

147. Stadtmauer, EA, Fraietta, JA, Davis, MM, Cohen, AD, Weber, KL, Lancaster, E, et al. CRISPR-engineered T cells in patients with refractory cancer. Science (2020) 367(6481):eaba7365. doi: 10.1126/science.aba7365



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Holcomb, Pearson, Jungles, Tate, James, Jiang, Huber and Green. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        High-content CRISPR screening in tumor immunology

      

        		

          Introduction

        



        		

          CRISPR-Cas9 system

        

          		

            Designing a guide RNA library

          



          		

            Introducing Cas9 and guide RNA into target cells

          



        



        



        		

          Conventional CRISPR screens in tumor immunology

        



        		

          Coupling CRISPR screens to transcriptomic readouts

        

          		

            Barcoded systems

          



          		

            Non-barcoded systems

          



        



        



        		

          Coupling CRISPR screens to epigenetic readouts

        



        		

          Coupling CRISPR screens to proteomic readouts

        



        		

          Coupling CRISPR screens to optical readouts

        



        		

          Analysis of high-content CRISPR screens

        



        		

          Discussion and conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-1041451-g001.jpg
Trafficking & Infiltration

Transduction ‘
‘ ‘ & Stimulation
Activation Q 7" * ‘
X # ! win B Q
@ @ fel Cds, Rasaz, p38 kinase

Transduction &
Stimulation

Dhx37, Pdia3,
Aridla

*&&Ah 5,

TiLs Tumor

CART cells

TGF-BR2-41BB  Regnase-t, @i g
Transfer

Effector function

00

Z" .ﬁ,‘ .‘: Transduction
:‘: '.’: :’: & Stimulation
Regnase-1, Dhx37, Pdia3,
Flil, Socs, Cblb, Cd5,
TGF-BR2-418B Sl
Vil RasaZ, p3gkinase, Arid1a
CART cells

Slc19a, Wafy4
TNF signaling

Transduction
& Stimulation

a

l. ®
Transduction

o5

Death receptor signaling,
Al”"’é m’gﬁ;‘ﬂfz lex 'PNV-JAK/STAT. Cdsg,
Apmap, SWI/SNF complex " g, ping

Cancer Immune Resistance

(e)

APC Tcell Cancer Lentivirus Enhanced
cell function






OEBPS/Images/fimmu-13-1041451-g002.jpg
A Library generation

Barcode/Pro-Code oligos

ooﬁi{oo

L/ 555

gRNA

oligos
grna QO ¢
library OO

Perturb-seq gRNA barcode poly A
CRISP-seq

MOSAIC-seq  —I—{N-i—
CROP-seq. GRNA poly A

Peruntsi7E-seq —{ -

CRISPR-sciATAC
Feldman et al. capture

sequence gRNA  poly A
Direct-capture Perturb-seq

CRISPRa Perturb-seq

ATAC
adapter gRNA adap(ey poly A
Spear-ATAC

Ppro-code'cyroF _9RNA_ Pro-Code poly A

Perturt-map = I~

B Screen

OO gRNA
OO library

Cas9

Electroporation
Pooled
Non-viral HDR

template library

Ientlwrus ﬂ

@@

PoKi-seq _—_
SLICE %MadPnKl i —

\/

|

* Screened
cells

C High-content phenotyping
Transcriptomics & Proteomics

ECCITE-seq
gRNA scaffold

—E

=

@ ®m w0 w0 @ W
e

Perturb-ATAC Epigenetics
S 9RNA/barcode

=

CRISPR-SCIATAC
gRNA
fragment

combinatorial ATAC-seq

barcodes

Spatial

Microscopy € .
transcriptomics

D Clinical Application

Allogeneic

Autologous cells
. cells

CRISPR- Lentivirus

englneerlng
. # @ o
:@: T
CART cells .\z ’\"% CRISPR

screen hits

CRISPR-Cas9

Yo






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Readout Description

Transcriptomic readout
Barcoded systems

Perturb-seq  gRNA-specific barcodes proximal to poly-A tail are
recognized during scRNA-seq

CRISP-seq

Mosaic-seq

PoKI-seq ‘Pooled knockin sequencing’
Electroporation of RNP with a non-viral barcoded
homology-directed repair template library coupled to
scRNA-seq

ModPoKI-  ‘Modular pooled knockin screening’

seq Modified PoKI-seq to reduce template switching

Non-barcoded systems

CROP-seq  gRNA is proximal to poly-A tail for direct sequencing
during scRNA-seq
CROP-seq paired with SLICE
Direct- gRNA-specific primers bind to capture sequences in
capture gRNA constant regions during scRNA-seq

Perturb-seq

CRISPRa
Perturb-seq

Capture sequences in gRNA scaffold regions are
recognized during scRNA-seq

TAP-seq “Targeted Perturb-seq’

Gene-specific primers amplify transcripts of interest
during CROP-seq

Epigenetic readout

Perturb- Pooled primers target flanking regions of barcode or
ATAC gRNA during ATAC-seq;
Micro-well fluidics platform
CRISPR- gRNA and ATAC fragments are labeled with
sciATAC combinatorial barcodes for detection during ATAC-
seq;
CROP-seq vector; Micro-well-based
Spear- Pre-integrated adaptors flank gRNA for direct
ATAC amplification from genomic DNA during scATAC-

seq;
Droplet-based

Proteomic readout

ECCITE-seq ‘Expanded CRISPR-compatible CITE-seq’
gRNA scaffold-specific primers detect gRNA during
scRNA-seq

Perturb- CROP-seq coupled with CITE-seq

CITE-seq

‘Pro-code’ Protein-encoding barcodes (Pro-Codes) couple
CYTOF CRISPR screens with mass cytometry

Optical readout

Feldman Barcoded or non-barcoded

et al. CRISPR screens coupled with imaging

Perturb- Protein-encoding barcodes (Pro-Codes) couple
map CRISPR screens with imaging and transcriptomics

Model

Murine BMDCs,
Human K562 cells
in vitro

Human K562 cells
in vitro

Murine BMDCs
in vitro and in vivo
Human K562 cells
in vitro

Primary human T
cells

in vivo

Primary human T
cells

in vitro and in vivo

Jurkat T cells

in vitro

Primary human T
cells

in vitro

Human K562 cells
in vitro

Human K562 cells,
Human RPEI cells
in vitro

Murine TILs

in vivo

Primary human T
cells

in vitro

Human K562 cells
in vitro

Human GM12878
lymphoblastic cells
in vitro
Human K562 cells
in vitro

Human K562 cells,
GM12878
lymphoblastic cells,
MCEF7 breast cancer
cells

in vitro

Human K562 cells
in vitro

THP-1 monocyte
leukemia cells

in vitro

Human cutaneous
T-cell lymphoma
samples

in vitro
Patient-derived
melanoma cells
in vitro

Breast cancer 4T1
cells

in vitro

Hela cells

in vitro

Lung
adenocarcinoma
cells

in vivo

System studied

LPS stimulation response,

Transcription factor functions,

Cell fitness

Unfolded protein response

Monocyte lineage differentiation and LPS-induced
inflammatory response

Enhancer target genes,
Combinatorial enhancer activity

Engineer and phenotype CAR T cells

Engineer and phenotype CAR T cells

T cell receptor signaling

T cell stimulation regulators

Genetic interactions between cholesterol biosynthesis and
DNA repair genes

Mitochondrial stress response, ribosome biogenesis,
integrator complex, erythroid and myeloid differentiation,
and aneuploidy

Chromatin remodeling complexes in T cell exhaustion

Stimulation-response cytokine regulators

Enhancer-target gene pairs

Nucleosome structure alterations

Chromatin accessibility

Epigenetic alterations to transcription factor binding sites

Small sub-pool validation screen targeting known cell
surface markers and intracellular signaling molecules

Transcriptional and post-transcriptional regulators of PD-
L1 expression

Malignancy of different T cell clonotypes,
Characteristics of skin vs blood microenvironment

Mechanisms of ICI resistance

Regulators of breast cancer immune evasion

Regulators of NF-kB signaling

Regulators of TME

Reference

(54)

(109)

(32)

(110)

(19)

(16)

(111)

(112)

(33)

(113)

(114)

(115)

(116)

(20)

(117)

(118)

(119)

(1)

(120)

(121)

(22)





OEBPS/Images/fimmu.2022.1041451_cover.jpg
’ frontiers l Frontiers in Immunology

High-content CRISPR screening
in tumor immunology





