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Abstract

Recent advances in immune therapy have fundamentally changed the landscape of cancer
treatment by leveraging the specificity and selectivity of the adaptive immune system to kill
cancer cells. These successes have ushered in a new wave of research aimed at understanding
immune recognition with the hope of developing newer immunotherapies. The advent of CRISPR
technologies and advancement of multi-omics modalities have greatly accelerated the discovery
process. Here, we review the current literature surrounding CRISPR screens within the context

of tumor immunology, provide essential components need to conduct immune-specific CRISPR
screens, and present avenues for future research.
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Introduction

Due to our continuous interaction with the external world, epithelial and mucosal barriers
are constantly exposed to ultraviolet radiation and carcinogenic metabolites that can initiate
the oncogenic process [1,2]. This is further exacerbated upon pathogenic infection whereby
proinflammatory mediators like reactive oxygen and nitrogen species, which are used to
eliminate pathogens, are also highly mutagenic [3]. Immune detection and elimination of
metaplastic and dysplastic cells is critical in preventing tumor development. But as these
cells continue to grow and proliferate, they can acquire additional mutations that enable
them to evade immune detection, metastasize, and disrupt normal physiological processes

[4].

Established research has shown that immune checkpoint blockade (ICB) neutralizes some
of these evasion mechanisms, leading to increased survival rates in previously untreatable
cancers [5]. Therefore, understanding how tumors develop over time in the setting of
antitumor immunity is critical for the discovery of immune regulators and the development
of new oncotherapeutics. Clustered regularly interspaced palindromic repeat (CRISPR)
provides an unparalleled ability towards identifying novel immune mediators in a high-
throughput fashion either through pooled CRISPR screens or multiplexed arrays to assess
individual gene perturbations.

Here, we discuss the types of currently available CRISPR technologies and different
methods of CRISPR library readouts to serve as a primer for understanding immune-related
CRISPR screens (Graphic Abstract / Figure 1). In Table 1, we outline experimental
parameters and readout for pivotal CRISPR screens performed in the context of tumor
immunology and provide a supplemental table with all CRISPR screens discussed in this
paper (see Table S1). We then place each CRISPR screen within its immunological context
to highlight the importance of each screen. Finally, we provide some guiding principles for
conducting CRISPR screens.

Brief Primer of CRISPR technologies and Multi-omic Advancements

CRISPR encodes an adaptive immune response that protects bacteria against prior
bacteriophage infections [6]. This system is comprised of Cas9 nuclease, trans-activating
CRISPR RNA (tracrRNA) scaffold, and CRISPR RNA (crRNA) spacer sequence that
function in tandem to selectively mutagenize DNA sequences complementary to the crRNA
[7]. Fusion of crRNA with tracrRNA to generate single guide RNAs enables highly efficient
gene-editing in mammalian cells [8,9] (Figure 2). The specificity and efficiency of CRISPR-
Cas9, along with the generation of crRNA libraries targeting every gene in the genome,
create a robust platform that enables genomic screening in mammalian cells [10-16]. On
top of single-gene perturbation, combinatorial CRISPR-screens were developed to dissect
gene interaction networks [16,17] (Figure 2). Beyond loss-of-function screen, fusion of
catalytically inactive Cas9 to different epigenetic modifiers (such as histone acetylation by
p300 or DNA demethylation by TET dioxygenases) enables CRISPR activation (CRISPRa)
screens [18-23] or CRISPR interference (CRISPRI) screens [24], which can be used in
cancer immunology (later in text) (Figure 3).
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In order to identify relevant genes, pooled CRISPR screens require well-characterized
phenotypic assays to differentiate genetic mutants from wild-type and/or nontargeting
crRNA controls. Examples of such techniques include survival assays [25-27], the
upregulation of critical effector molecules [28], or engineered promoters and transcription
factor fusion proteins [29-32]. Often, these types of experiments require library readouts of
enriched gene-specific crRNAs, followed by individual gene validation.

To increase throughput, CRISPR screens have been applied in conjunction with multi-omics
modalities to facilitate simultaneous phenotypic assessment for a given gene perturbation.
For example, Pro-code is a technology that enables simultaneous proteomic analyses with
CRISPR screening via mass spectrometry [33]. This method demarcates the causative
crRNA with a unique epitope signature within a library of combinatorically concatenated
epitope tags. Conversely, unique barcodes placed immediately downstream of lentiviral/
retroviral reporters [34] and poly-A tails attached to the crRNAs themselves [35] make
CRISPR screening compatible with single cell RNA sequencing (scRNAseq). (EC)CITE
seq permits simultaneous analyses of the proteome, transcriptome, and gene perturbation
from an individual cell via ScCRNAseq by covalently binding unique DNA barcodes

to commercially available antibodies and utilizing sScRNAseq-compatible crRNAs [36].
Meanwhile, CRISPR screens targeting nuclear and epigenetic factors can be read out using
scRNAseq that captures the crRNA, proteome, and epigenetic landscape of an individual cell
[37]. The limitation of these studies is the total number of cells that can be analyzed. Recent
developments have increased scRNAseq throughput 100-fold by first indexing methanol-
fixed cells with a first set of primers prior to overloading ScRNAseq chip [38].

Application of these technologies in tumor cell lines and immune cells has been shown
to successfully identify known mediators and novel regulators, which highlights the
overwhelming success of these technologies.

Contextualization of Cancer Immune-Related CRISPR screens

Innate immune detection, activation, and antigen presentation

Underlying the epithelium and mucosa are innate and adaptive immune cells. Of note, tissue
resident macrophages and dendritic cells (DCs) play a central role detecting pathogens

and tissue damage, initiating the adaptive immune response, and clearing cellular debris
[39,40]. In the context of cancer, tumor apoptosis and necrosis triggers the release of
different chemotactic agents that attract resident macrophages and DCs [41,42]. Upon

their arrival, these cells clear cellular debris using various phagocytic receptors and

survey the composition of the debris using pattern recognition receptors (PRRs) that can
detect common molecular patterns associated with microbial pathogens (PAMPS) and

tissue damage (DAMPs). PRRs then initiate a signaling cascade to upregulate various
inflammatory mediators, cytokines, chemokines, and effector molecules that triggers DCs to
process antigens, present antigenic epitopes via major histocompatibility complexes (MHC)
and activate T cells.

Malignant cells adapt a multitude of ways to evade innate immune recognition. One
mechanism is by modifying glycosylation patterns to enhance lectin receptor binding,
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which often inhibits immune activation. Siglecs are a major class of lectin receptors

that are preferentially expressed on immune cells. To find genes that enhance Siglec-
binding, researchers have stained library-infected K562 cells with recombinant Siglec-7-
Fc and sorted on Siglec-7-Fc-negative cells, reasoning that gene perturbations to glycan
modifying genes would prevent Siglec-7-binding [43]. Readout of this study identified
CDA43. Subsequent knockout and antibody-neutralization studies of CD43 in K562 cells
displayed enhanced NK cell-mediated tumor lysis [43]. To further elucidate the role

of glycan-modifying enzymes in tumor evasion, computational analyses of five different
CRISPR screens found that crRNASs targeting the glycan-modifying enzyme, ManZal, were
depleted under immune selection [44]. Validation studies performed in mice showed that
genetic perturbation of ManZ2al resulted in robust antitumor responses [44]. While these
studies identified the importance of glycosylation patterning and secondary modifications to
the surface proteome for innate immune evasion, these signals are balanced by coexisting
immunostimulatory cues in the tumor microenvironment derived from tissue damage and
apoptotic debris [42].

Tumor cells undergo or necrosis if they outgrow their nutritional or oxygen supply. Resident
macrophages express an array of scavenger receptors, phosphatidyl serine receptors,
integrins, and complement receptors that aid in debris detection and clearance. Recent
CRISPR-knockout and activation screens performed in tumor cells have identified genes
that enhance and resist phagocytic clearance by macrophages [45]. This study highlighted
the role of mutated adipocyte plasma membrane-associated protein (APMAP) gene and its
ability to synergize with pro-phagocytic therapies, which augmented cancer cell uptake by
macrophages [45]. Avoiding macrophage- and dendritic cell-mediated phagocytosis prevent
malignant cell antigens from being displayed on antigen presenting cells, resulting in an
inability to initiate the adaptive T cell response.

Cellular debris that is taken up can be detected by membrane-bound Toll-like receptors
(TLRs) and cytosolic Rig-like receptors, cyclic GMP-AMP synthase (cGAS), and NOD-
like receptors in macrophages and DCs [42]. These PRRs activate critical transcriptional
programs that initiate the localized immune response through the upregulation of
chemokines, cytokines, proinflammatory mediators, and antigen processing machinery.
Pooled knockout screens have identified genes that modulate the expression of PRRs

[46] as well as their downstream mediators [47-50], by enriching for either: a) genetic
perturbations in negative regulators with heightened PRR expression, or, b) positive
regulator perturbations with attenuated PRR expression. TLR signaling transduced either
by MyD88 or TRIF, ultimately converges on NF-kB and IRF signaling [51]. Screens have
identified how the NF-kB pathway is regulated at the genetic, protein, and post-translational
level [29,32,52-54].

Although PRR screens in myeloid cells have largely centered around TLR signaling
pathways, innate immune detection of apoptotic tumor cells has been attributed to the
CGAS-STING pathway [55-57]. In order to elucidate how the cGAS-STING pathway
is initiated in the tumor microenvironment, CRISPR screens were performed in human
macrophage cell lines in the presence of cGAMP, a cGAS agonist, which identified
SLC19A1[28,58]. Further studies are needed to determine the range of dinucleotide
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transporters expressed in other myeloid populations that can trigger cGAS-STING
activation. Of note, CD8 conventional dendritic cells (DCs) are purportedly critical for
eliciting anti-tumor CD8 T cell responses [59,60]. Therefore, knockout studies performed
specifically in CD8 DCs will be critical at identifying both upstream and downstream
mediators of cGAS-STING pathways in tumor models. These studies can provide
mechanistic insight as to how antitumor innate immune responses are initiated in an
immunosuppressive tumor microenvironment.

Although engagement of PRRs can initiate transcription of downstream effectors, full
activation of macrophage and DCs also require concomitant proinflammatory cytokine
signaling [42]. Once activated, these innate immune cells increase their cytokine production,
phagolysosome capacity, and proinflammatory metabolite production. To identify genes
involved with phagolysosome maturation, pH-sensitive and pH-insensitive reporters were
used to delineate different stages of phagolysosome maturation and identify genes that
serve important roles in each process [61,62]. These studies showed that crRNAs targeting
SLC4A7were depleted in cells with mature phagolysosomes [62]. Follow-up studies
revealed that S.. C4A7was involved with bicarbonate transport and required for phagosome
acidification [62]. In a parallel study, researchers used antigens conjugated to ferrous
nanoparticles to enrich for cells that were either able to or unable take up antigen when
placed in a magnetic field [63]. This study identified a number of genes involved with
cytoskeletal rearrangement, lipid metabolism, and protein recycling pathways [63]. Once
phagocytosed by macrophages, these antigens are thoroughly digested using several acidic
hydrolases for nutrient recycling [64]. The ability of macrophages to phagocytose senescent
and pathogenic cells and digest these cells into their principle components makes these cells
an important target for immunotherapy. Previous studies have shown that CD40-mediated
activation of infiltrating macrophages can eliminate pancreatic ductal adenocarcinoma cells
ina T cell-independent manner [65]. Understanding which macrophage effector function(s)
contributes to this tumoricidal activity is crucial for the expansion of macrophage-directed
immunotherapy.

Initiation of the adaptive T cell response

Tumor-specific adaptive immune responses require antigens that are uniquely expressed
by tumors. These neoantigens can be derived from missense mutations and translocations
that generate new functional proteins, viral oncogenes, re-expression of neonatal antigens
and/or enhanced expression of tissue-specific antigens driven by global hypomethylation
[66]. Due to the plethora of FDA-approved HDAC inhibitors, CRISPR screens specifically
targeting epigenetic modifiers have been designed to identify epigenetic modulators that
inhibit neoantigen expression in animal models of lung adenocarcinoma and pancreatic
ductal carcinoma [67,68]. Subsequent knockdown experiments demonstrated enhanced T
cell tumor infiltration and attenuated tumor growth in response to immune checkpoint
blockade (ICB) therapy when compared to control, highlighting the therapeutic potential
of using epigenetic modifiers in conjunction with ICBs. Further studies and clinical trials
are needed to confirm these findings in patients. Additionally, whole-genome and focused
library-based CRISPR activation (CRISPRa) studies have been performed in mouse models
of triple-negative breast cancer, pancreatic cancer, and melanoma, which resulted in robust
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antitumor immunity [69]. Although the suggested mechanism of these studies collectively
points towards enhanced T cells responses driven by the augmented neoantigen presentation,
the exact mechanism underlying the heightened T cell activity is yet to be determined.

To elicit antitumor adaptive immune responses, PRR-activated DCs upregulate antigen
presentation machinery and lymph node-homing receptors, so that they can efficiently
present antigenic peptides on major histocompatibility complex class | (MHCI) and class

Il (MHCII) to naive CD8 and CD4 T cells, respectively [41,42]. More specifically, activated
DCs incompletely digest phagocyted neoantigens into short peptides that can then be loaded
on MHCII to activate CD4 T cells in draining lymph nodes. In order to identify genes
involved with MHCII antigen presentation, antigen presenting cells were cultured with
SteD, a bacterial effector that negatively regulates MHCII expression, and enriched for
cells that were still able to express MHCII [70]. TMEM127and WWP2were both found

to be required by SteD to ubiquitinate MHCII, resulting in attenuated MHCII expression
[70]. In contrast, MHCI antigen presentation commonly requires processed antigens to be
expressed in the cytosol of infected cells where they can be processed by the proteosome.
The resulting peptides are then shunted into the ER via TAP-mediated transport and loaded
on to MHCI before it can be presented to CD8 T cells. CD8 DCs possess the unique

ability to present exogenous antigen on MHCI through a process called cross presentation
[71]. However, it is not entirely known how exogenous antigens are translocated into the
cytosol to be processed by the proteosome. To address this issue, a select library of genes
uniquely expressed in cross-presenting DCs was created and cloned in a 96-well format in
order to study single-gene perturbations in DCs using multiplexed arrays [72]. Mutant DCs
were then cultured with cell-associated antigen to facilitate antigenic cross presentation, and
subsequently cultured with antigen-specific CD8 T cells. Perturbations to genes involved
with cross presentation impaired CD8 T cell proliferation. These assays helped identify
Widfy4, a BEACH domain-containing protein that is involved in surface membrane and
endosomal trafficking [72].

The purpose of dividing antigen presentation into two different classes of MHC is to direct
critical resources to necessary immune cells. For cancer-specific responses, CD8 T cells
mount crucial responses against cytosolic antigens presented on MHCI, which is expressed
on most nucleated cells. CD4 T cells, on the other hand, secrete out IFN-gamma to enhance
local NK cell and CD8 T cell activity as well as increase the phagocytic capacity of
macrophages. This is mediated by T cell antigen receptor (TCR) recognition of neoepitopes
presented on MHCII by resident DCs. In other immune contexts, the composition of signals
generated by DCs varies to generate different types of CD4 and CD8 T cell responses, which
are out of scope for this review.

Initiation of B cell responses

Neoantigens can be transported to the lymph node via two pathways — active transport
to the lymph node by DCs or passive diffusion through lymphatic channels. Once in the
lymph node, soluble antigens can either be taken up by subcapsular macrophages and
transferred to B cells, or they can be taken up directly by B cells from the conduits of
the lymph node [73]. Upon binding to their cognate antigen, B cells initiate a signaling
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cascade that ultimately results in its activation, proliferation, and differentiation. This
response is augmented if B cells receive T cell help, which is partially mediated by CD40-
CDA40L costimulation. CRISPR screening has unraveled the role of post-translational RNA
modification in negatively regulating CD40 expression as well as the role of the ubiquitin
ligase FBX011 at heightening CD40 expression by attenuating regulators of CD40 [74].
Having received both the antigenic and costimulatory signals, B cells are able to generate
highly specific antibodies directed against these neoantigens.

Researchers have developed therapeutic antibodies that target antigens like CD20 (B cell
lymphomas, multiple sclerosis, and rheumatoid arthritis), CD52 (chronic lymphocytic
leukemia), EGFR (colon cancer, head and neck cancers), and HER?2 (breast and gastric
cancers). These antibodies promote tumor cell death through antibody-dependent cell
cytotoxicity by NK cells, as well as by direct tumor lysis through complement-mediated
formation of the membrane attack complex. Engineered neoantigen-specific antibodies

can also serve as a protein carrier for potent chemotherapeutic drugs. To determine

the mechanisms by which these therapeutic antibodies work, enrichment screens were
conducted to confirm that genes involved in complement activation sensitize cancer cells to
therapy, and depletion screens confirmed that regulators of the endolysosome protect cancer
cells from therapy [75,76]. These neoantigen-specific antibodies can also be bioengineered
to have multiple targets, the most common example being bispecific antibodies targeting
the neoantigen and CD3zeta chain. These bispecific antibodies bypass the specificity of

the T cell receptor by having the neoantigen directly engage the TCR signaling component
(CD3zeta), which has been shown to elicit T cell-mediated killing. In order to identify genes
that confer resistance to CD20xCD3 bispecific antibody killing, CRISPRa survival screens
have been performed in human mantle lymphoma cells treated with CD20xCD3 bispecific
antibody under CD8 T cell selection pressure. These studies identified genes involved with
protein glycosylation [77] and fucosylation [78] can reduce the therapeutic effectiveness of
bispecific antibodies.

Antitumor humoral responses presently are a highly under-investigated area in cancer
immunology. Understanding how B cell maturation is affected by immunosuppressive
environments, such as by comparing B cell populations in the tumor draining lymph nodes
to non-draining lymph nodes, can offer some insight. Characterizing the antibody repertoire
in these environments may provide the best insight as to how the tumors shape the humoral
immune response.

Cell-mediated Antitumor Responses

Once activated, CD8 T cells migrate to the tumor site where they selectively target tumor
cells expressing their cognate peptide on MHCI. This interaction initiates the formation of
the immunological synapse, which concentrates and directs the cytotoxic payload towards
the targeted tumor cell [79]. Early CRISPR screens used human T cell lines to reidentify
genetic pathways involved with T cell activation [80] and PD-1 expression [81]. These
screens were followed by similar screens performed in primary human CD8 T cells

[82]. Although these human CRISPR screens identified important modulators of CD8 T
cell signaling and PD-1 expression, these studies were performed in the absence of an
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experimental tumor model, which may influence the types of genes identified. To address
this issue, subsequent CD8 T cell screens were performed using primary murine CD8 T
cells that were tumor-specific [83-86]. The Cas9-transgenic mice [12] was utilized and
crossed it to the OT-1 TCR which recognizes the SIINFEKL peptide of chicken ovalbumin
[87], in order to generate OT-1;Cas9 double transgenic animals [83]. These animals allowed
rapid isolation of OT-1;Cas9 T cells, which was transduced with a whole genome library
[83]. Dong et al. performed converging /n vivoand in vitro screens to identify genes that
enhanced the ability of the T cells to infiltrate into the tumors and augment antigen-induced
degranulation [83]. This study identified D/x37and Odc1 as new regulators of T cell
activity with DAx37-knockout CD8 T cells demonstrating the most robust antitumor efficacy
[83].

Subsequent screens have been designed to identify: metabolic regulators that negatively
impact CD8 T cell persistence [85]; kinases that modulate CD8 T cell memory, cytotoxicity,
and expansion [84]; and genes that positively or negatively impact T cell responses to
chemotherapy [88,89]. Although CD8 T cells are directly able to kill tumor cells, successful
antitumor responses still require CD4 T cell-help [90]. Performing CRISPR screens in CD4
T cells remains difficult because their effects are mediated by other cell types. Identifying
which cytokine(s) and effector molecule(s) that are important for these effects may serve as
the first step towards designing a CRISPR screening assay.

As tumors grow and infiltrate into adjacent tissues, they acquire mutations that enable

them to evade immune detection [91]. Critical effectors have been identified through
forward genetic approaches [92-94]. The discovery of these evasion mechanisms has greatly
accelerated with CRISPR screening, which identified pathways involved in the upregulation
of checkpoint inhibition [36,95,96], downregulation of MHC processing [70,95,97] altered
cytokine signaling [98-101], and autophagy [102]. In their landmark paper, Manguso and
colleagues performed a series of /7 vivo CRISPR screens in 7cra”~ and C57BL6 mice
treated with either irradiated tumor vaccine (GVAX) or GVAX + anti-PD-1 to determine
which mutants contribute to immune escape [101]. They identified a number of genes
involved in interferon signaling that when genetically perturbed aid in resistance to T

cell responses [101]. Conversely, depletion screens performed using similar tumor models
revealed that mutations in chromosomal modifiers and cytosolic regulators of antiviral
sensing can sensitize tumors cells to immunotherapy [103,104]. These observations were
later confirmed using multiple tumor cell lines derived from different organs [102].

Tumor cells commonly mutate genes involved with antigen presentation to evade CD8 T

cell detection. To guard against this, our immune system deploys NK cells, which express

a panoply of inhibitory [105] and activation receptors that enable these cells to target cells
that downregulate MHCI expression [106]. CRISPR screens have been performed to identify
mutated genes that confer NK cell resistance [107] as well as enhanced sensitization to

NK cell killing [108]. Individual CRISPR screens using either NK cell selection or T

cell selection have been compared to identify cytotoxic resistance genes [109] but screens
applying simultaneous and/or sequential NK cell- and T cell-mediated selection are needed
to determine how tumors evolve over time under different selection conditions. Although
these cells have developed mechanisms to evade cell-mediated immunity, additional studies
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could determine if these selection mechanisms also confer resistance to other tumoricidal
cells, such as macrophages and NKT cells.

Adoptive T cell therapies

Bioengineering of CD8 T cells have been of tremendous interest to the scientific community
due to their unique ability to selectively target tumor cells. The most successful therapy
to-date are chimeric antigen receptors (CARs), which integrate vital components of the TCR
signaling complex with the antigenic specificity of well-characterized antibodies. This has
enabled clinicians to direct the cytotoxicity of CD8 T cells to surface-bound neoantigens that
are selectively expressed on pathogenic tumor cells. CAR-T cells have achieved tremendous
success in patients with hematopoietic malignancies, but poor to moderate success in
patients with solid tumors [110]. In order to enhance the efficacy of these therapies,
researchers have employed CAR-T cell screens have identified that genetic perturbations

to 7LE4and /KZF2enhanced CAR-T cell killing while suppressing exhaustion programs
[111]. Activation screens in CAR-T cells will need to be performed in different tumor
models to determine which genes are important for stabilizing the immunological synapse
in both liquid and solid tumors. Additional activation and knockout screens are needed to
determine which genetic circuits are necessary to generate durable and effective CAR-T cell
responses.

Due to the success of CAR-T cell therapy, many CARs have been developed to either target
different antigens on the same cell type or to modify the composition of the cytoplasmic
signaling domains. To compare the efficacy of the various CAR-T cells head-to-head,
pooled knock-in CAR screens have utilized CRISPR to determine the therapeutic efficacy
of each CAR construct simultaneously [112]. Newer CAR therapies have been focused on
identifying TCRs that are neoantigen-specific with minimal responsiveness to autologous
(self) and allogenic (non-self) MHC alleles to create off-the-shelf-CAR therapies. In a
cleverly designed study, Crowther and colleagues isolated a primary human T clone
(MC.7.G5) that could expand when cocultured with multiple human cell lines that was
independent of allogenic MHC recognition [113]. They then employed CRISPR screens

in HEK293T cells, which identified the MHC class I-like protein MR1 as the ligand for
MC.7.G5 T cells, demonstrating that CRISPR can serve as a potent tool to identify ligands
for orphan receptors and antibody targets [113].

Immunotherapeutic Screening Design

Continued investigation into CRISPR technologies is necessary to expand our knowledge of
tumor immunology as well as identifying additional regulators for therapeutic intervention.
As such, we provide four essential considerations, along with recommendations for publicly
available resources, below to help facilitate future immunotherapeutic screens.

Genome-Integrating Pseudovirus

The first component is a genome-integrating pseudovirus, like integrase-expressing
lentivirus or retrovirus, which enable the causative genes to be identified in pooled CRISPR
sequences via next generation sequencing (NGS). Each crRNA contains a unique 20 base
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pair sequence that targets Cas9 to complementary gene segments to facilitate gene editing.
Therefore, the identity of the gene is intricately linked to the sgRNA or crRNA sequence.
Integrating pseudoviral systems propagates the sSgRNA or crRNA sequence with each
cellular division, enabling the identification of genetic perturbations. In order to expand
the pseudoviral systems that enable CRISPR-based screening, Ye et al. has generated a
transposon-based sleeping beauty system that was adapted into the nonintegrating adeno-
associated virus (AAV) system in order to enable genomic integration and readout enriched
sgRNASs / crRNAs in a screen setting [86].

Robust Reporter Gene

The second component is being able to identify cells that have been genetically perturbed.
This is mediated through an antibiotic resistance gene, a fluorescent reporter, or a congenic
marker that can be detected and enriched using commercially available antibodies and kits.
These reporters enable researchers to accurately calculate library representation, which is
particularly important due the variability in targeting efficiency between guides [14,16]. A
successfully pooled genetic screen should aim for sufficient library coverage (e.g. 300x)
of each crRNA across replicates to ensure consistent representation of each mutant within
the cellular pool. Unlike antibiotic resistance-based reporters, fluorescent-based reporters
and congenic markers give the added benefit of being able to calculate relative protein
expression through flow cytometric analysis. Between the two, congenic-based reporters
are superior to fluorescent-based reporters due to the flexibility provided by available
antibodies, as well as the ability to enrich for infected cells via bead-based purification.

crRNA Library Construction and Pre-Screen Considerations

The third component is the crRNA library. Whole genome crRNA libraries for both mice
and humans are available on Addgene [16,114]. For more tailored libraries, the Broad
Institute has created CRISPick, a publicly available online tool that provides crRNA
sequences for genes of interest [114,115]. crRNA libraries can be constructed based on
signaling pathways [80], enzymatic families [84], metabolic function [85], and cellular
localization [86]. For simple gene lists, gene ontology lists can be utilized to identify
relevant genes of interest. Additionally, more rigorous computational approaches can be
employed to design more stringent gene lists [44,116]. Such approaches will include
expressed and non-expressed genes. If the goal is, instead, to identify the contributions

of expressed genes only, then consideration should be given to designing crRNA libraries
based on carefully curated RNA sequencing data [117]. Most importantly, when designing
customized libraries, it is important to ensure that ~10% of all crRNAs within the library
are non-targeting controls (NTCs) or guides targeting unexpressed proteins. These controls
serve as internal computational benchmarks to see if an crRNA is enriched or not [16,115].
Prior to performing a screen, it is also important to confirm that the cells of interest
respond uniformly to selection pressure and appropriately across a range of dose responses.
During the screen, there should be a discernable difference between library infected cells
compared to vector control, since reliable detection of infected cells increases the likelihood
of identifying causative genes.
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Cell-type of Interest

The fourth component is the cell type of interest. Adaptive immune cells contain a vast
array of antigenic receptors due to somatically recombining their antigen receptor loci,
which enables these cells to mount pathogen-specific responses. Therefore, for adaptive
immune screens, CARs, TCR-constructs (e.g. NY-ESO), and mouse transgenic lines (OT-I,
OT-Il, PMEL, MD4) should be used to fix the TCR and BCR repertoires to ensure that the
observed phenotype is due to gene perturbation as opposed to the specificity of the TCR or
BCR. Unlike the adaptive immune system, the innate immune system expresses genetically
encoded PRRs that detect PAMPs and DAMPs. Consequently, CRISPR screening of innate
immune cells does not require transgenic systems. However, there are inborn errors of
innate immune signaling that may confound innate immune screens [118]. Outbreeding of
C567BL6-Cas9 transgenic mice can help address these issues.

Concluding Remarks

Tumor immunology encompasses more than just the responses mounted by macrophages,
DCs, T cells, B cells, and NK cells. Largely, screens have been centered around these

cell types because of their prevalence in circulation, their direct relevance towards tumor
immunotherapy, and established protocols that allow these cells to be cultured ex vivo.
However, there are other immune cell types with shorter half-lives, as well as other tissue-
resident cell types that may have a comparable affect to antitumor responses. To study

the effect of different genes in short lived immune cells, small library screens can be
performed in HSCs to give rise to most hematopoietic lineages, though these efforts have
primarily looked at T cell responses [119]. Due to the potential for gene toxicity at different
hematopoietic developmental stages, temporal regulation of Cas9-mediated gene editing can
facilitate more refined immunogenetic studies [120]. Applications of these approaches to the
study of neutrophils and MDSCs may be of tremendous interest.

The study of tissue resident immune cells as well as complex immune cell networks presents
a more difficult challenge for CRISPR screening due issues of scarcity and pleiotropic
effects, respectively. The advent of CRISPR activation (CRISPRa) and interference
(CRISPRI) screens may aid these studies when used in conjunction with complex genetic
mouse models that are able to evaluate cell-cell interaction [121]. CRISPR-ko, CRISPRa,
CRISPRI, as well as various combinatorial screens may be used for immunotherapy gene
and genetic network discovery in the future (Figure 3).

Another limitation present in the current body of knowledge are that they are largely
performed using orthotopic tumor cells to which the recipient mice are immunologically
naive. Therefore, immunotherapeutic screens should be performed using genetic models that
have already undergone immune editing, to make the tumor models more physiologic. This
may display different results from published screens.

In summary, we briefly outline current CRISPR technologies and multi-omic advancements.
These advancements opened many areas of research as well as many outstanding questions
(for example, see Outstanding Questions Box). We place the currently published peer-revied
cancer immune-related CRISPR screens within its proper immunological context. Through
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our experiment with CRISPR screens, we provide four essential components for any
immune-specific screens. Finally, we discuss potential avenues of researcher for immune-
related CRISPR screens. Through this review, we hope to provide the reader with a cancer
immunology primer and essential experimental parameters for CRISPR-immune screens to
conduct their own CRISPR screen.
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Refer to Web version on PubMed Central for supplementary material.
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Outstanding Questions Box

How would CRISPR-ko screen’s performance differ from CRISPRI screen’s
in cancer immunology.

How can CRISPRa screen identify gain-of-function immune effectors in
cancer.

How to harness CRISPR activation (CRISPRa) and interference (CRISPRIi)
screens to complement the discoveries that are challenging in CRISPR
knockout screens.

How can combinatorial screens be used for the discovery of immunotherapy
genetic network and genetic interactions.

What types of other CRISPR screen technologies can come into play of tumor
immunology.

How can multi-omics open the new dimensions of CRISPR screening in
cancer immunology.

What other cell types can be studied using CRISPR screening in the tumor
microenvironment.

What other regulators will be identified from genetic screening in
macrophages, DCs, T cells, B cells, or NK cells in the context of cancer
immunity.
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Highlights

. CRISPR screens have recently been extensively utilized for cancer

immunotherapy gene discovery

. Multiple types of CRISPR screen technologies, including CRISPR-ko,

CRISPRa and CRISPRi screens are available for different modes of gene
identification

. CRISPR screens allows identification of targets in both cancer cells and

immune cells, such as T cells

. In vivo CRISPR screens enable the discovery of genetic and cellular

regulators in the tumor microenvironment
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Dendritic Cell

Figure 1.
This schematic summarizes a simplified conceptual framework of immune cell interactions

in cancer and the utility of CRISPR screen for identifying key regulators of tumor
immunology. Macrophages and dendritic cells (DCs) recognize damage-associated
molecular patterns (DAMPS) prior to the activation of the adaptive immune response via
major histocompatibility complex (MHC) antigen presentation and cytokines expression.
Neoantigens from tumor cells are presented by DCs to CD4 and CD8 T cells. CD8 T

cells would get activated and mediated malignant cells killing. CD4 T helper cells release
IFN-y to mount innate immune response against cancer cells, like cytotoxicity mediated
by natural killer cells (NK cells). B cells also get activated by tumor neoantigens and
secret antibodies against the neoantigens, which would lead to antibody-dependent cellular
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cytotoxicity (ADCC) mediated by NK cells. As genetic regulations play crucial roles across
all these immunological processes, CRISPR screens can in principle be applied in all these
cell types for each specific process.
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RNA pol I

&

CRISPRI

>dCas9 directly blocking transcription
>dCas9-KRAB (Gilbert et al.2013)
>dCas9-SALL1-SDS3 (Horizon Discovery)

Promoter

CRISPRa

>dCas9-VP64 (Perez-Pinera et al., 2013)
istic Activation Mediat etal, 2015)

ynerg SAM]
>dCas9-VP64-p65-Rta [VPR] (Chavez et al., 2015)
>SunTag system (Tanenbaum et al., 2014)
>SunTag-p65-HSF1 [SPH] (Zhou et al,, 2018)

Coding Sequence —

CRISPRko

>SpyoCas9 (Cong et al., 2013)
>SaurCas9 (Ran et al,, 2015)
>LbCas12a (Zetsche et al, 2016)
>AsCas12a (Zetsche et al., 2016)

Figure 2.

This schematic summarizes the three main modes of CRISPR gene editing or gene
expression perturbations used in mammalian cell biology including tumor immunology.
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Figure 3.
This schematic outlines the general workflow of CRISPR screen in various settings. 1)

CRISPRI, CRISPRa or CRISRPko components (guide RNA library included) can be
introduced by viral vectors like AAV, lentivirus or retrovirus into different cell types. 2)
Depending on the phenotypes of interest, either in vitro or vivo based assays can be adopted
for guide RNA selection. 3) Next generation sequencing (NGS) is then performed to check
guide RNA enrichment or deletion. 4) Top hits are then validated by cloning guide RNAs
individually to target gene of interest, followed by similar in vitro or in vivo assays used

for the screen initially. 5) The final goal of these screens is to identify targets that are

able to increase tumor cell susceptibility or to improve immune cells mediated anti-tumor
responses.
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