PERSPECTIVE

"3\) Journal of
<@ QD Experimental
\,39 Medicine

Next-generation CRISPR screens enable causal

systems immunology

Hao Shi'@® and Hongbo Chi'®

Mapping the causal circuits that shape the phenotypic and functional landscape of immune cells remains a formidable
challenge. Recent advances in pooled CRISPR-based screens, coupled with multiplexed single-cell profiling and imaging-based
spatial readouts, make this goal increasingly attainable. In this Perspective, we discuss how CRISPR-based genetic screens
will fundamentally transform our understanding of immunobiology. We highlight the applications of state-of-the-art, high-
throughput pooled perturbation approaches, including emerging methodologies for bulk, single-cell, and spatial CRISPR
screens, to advance our understanding of immunity and in vivo biology. Additionally, we summarize new strategies to
address the complexity of combinatorial perturbations to uncover genetic interactions and mechanistic drivers of immunity at
unprecedented scale and resolution. By integrating CRISPR screening data with experimental insights, we advocate a new
framework in immunology research that leverages perturbation-driven regulatory effects and networks to discover new
therapeutic targets and establish causal systems biology and immunology for advancing immunological knowledge and

therapeutic application.

Introduction

CRISPR screens have emerged as powerful tools for functional
genomics, enabling the dissection of mechanisms governing im-
mune cell differentiation and function, as well as the identification
of regulators mediating cell-cell interactions, particularly in
physiologically relevant settings in vivo (Shi et al., 2023). However,
the intrinsic heterogeneity of immune cell populations and the
context-dependent rewiring of gene regulatory networks present
challenges for traditional bulk CRISPR screens. Single-cell CRISPR
(scCRISPR) and spatial CRISPR approaches help overcome these
limitations by generating rich, multimodal datasets with tran-
scriptomics, chromatin accessibility, proteomics, or spatial infor-
mation following genetic perturbations at scale. Altogether, we
propose that these technologies will facilitate the discovery of
master regulator genes, elucidation of downstream mechanisms,
mapping of causal biological circuits, and exploration of non-
cell-autonomous effects, thereby accelerating therapeutic engi-
neering and clinical translation (Fig. 1 A).

New platforms for bulk CRISPR screens in
immune cells

New CRISPR technologies uncover regulators of T cell-
mediated immunity

CRISPR/Cas-based technologies have allowed for precise per-
turbations across the genome (Anzalone et al., 2020), epigenome

(Nakamura et al., 2021), and transcriptome (Villiger et al., 2024),
including in immune cells (Shi et al., 2023). These tools were
effectively applied to primary T cells in vitro (Shi et al., 2023),
where bulk CRISPR knockout (KO) screens focused on robust
readouts, such as T cell activation, proliferation, mTORCI sig-
naling, cytokine release, and lineage-defining factor (e.g.,
Foxp3) expression (Arce et al., 2024; Carnevale et al., 2022; Chen
et al., 2025b; Long et al., 2021; Shifrut et al., 2018; Umhoefer
et al., 2025) (Fig. 1 B). In contrast to KO screens, gene activa-
tion or repression via CRISPR activation (CRISPRa) or CRISPR
interference (CRISPRi) in primary T cells, which requires stable
expression of endonuclease-dead Cas9 (dCas9) that binds DNA
without cleaving it, has proven more challenging due to limi-
tations in efficient lentiviral delivery (Schmidt et al., 2022). One
study addressed this bottleneck by optimizing protocols for
high-titer lentiviral production, enabling the effective delivery
of the molecular machinery permissive for CRISPRi or CRISPRa
screens in T cells to identify regulators of cytokine production
(Schmidt et al., 2022). Another study used a more compact dCas9
variant from Staphylococcus aureus to improve its packaging into
adeno-associated virus and subsequent delivery into human
T cells, compared with the Streptococcus pyogenes-derived dCas9
commonly used for CRISPRi/a screens (McCutcheon et al.,
2023). Furthermore, catalytically dead guide RNAs have been
employed in Cas9-expressing primary T cells to allow for high-
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Biological applications of CRISPR perturbations
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Figure 1. Biological applications of CRISPR perturbations and expanded modalities of bulk CRISPR screens in T cells. (A) Biological applications of
CRISPR perturbations include the discovery of master regulator genes, identification of downstream mechanisms through genetic interaction screens, mapping
of causal biological circuits via single-cell perturbation screens, and investigation of non-cell-autonomous effects through spatial screening approaches, which
collectively help facilitate therapeutic engineering. (B) Bulk CRISPR-based screening approaches, including CRISPR KO, CRISPRi, and CRISPRa screens, have
been widely used in T cells to probe key functional readouts, such as activation (e.g., CD69 and CD25 expression), proliferation, mTORC1 signaling, cytokine
production, and Foxp3 expression. Emerging screening strategies, including ORF overexpression, targeted knock-in, base editing, prime editing, and RNA
editing, are adding new layers of functional interrogation to these platforms. sKO, single knockout; NTC, nontargeting control; dgRNA, catalytically dead guide
RNA; pegRNA, prime editing guide RNA; HA-GD2-28( CAR, GD2-targeting CAR with HA tag and CD28-CD3( signaling domain.

throughput, gain-of-function screening for factors that enhance
their effector functions (Ye et al., 2022). Collectively, these in-
novations have expanded the CRISPR toolkit for functional in-
terrogation of primary T cells via loss- and gain-of-function
approaches that uncover key regulators of T cell activation and
function.

For gain-of-function screens, besides CRISPRa approaches,
large-scale open reading frame (ORF) and modular knock-in (KI)
libraries have been applied in primary T cells. For instance, the
overexpression of ~12,000 barcoded human ORFs in T cells
identified lymphotoxin-p receptor, a receptor typically absent in
lymphocytes, as a potent driver of transcriptional and epi-
genomic remodeling to enhance T cell effector function (Legut
et al., 2022). Furthermore, a study introduced a modular pooled
Kl screening platform that employs two libraries—one targeting
100 transcription factors and the other targeting 129 surface
receptors—allowing for the combinatorial screening of thou-
sands of synthetic constructs integrated at defined genomic loci
alongside clinically relevant T cell receptor (TCR) or chimeric
antigen receptor (CAR) genes. These screens identified multi-
gene pairs, such as TFAP4 and BATF, whose combined KI en-
hances T cell fitness (Blaeschke et al., 2023). Overall, these
studies highlight large-scale, gain-of-function screens as pow-
erful methods to discover key drivers capable of reprogramming
T cell states with enhanced durability and therapeutic functions.

Recently, pooled base editor and prime editor screens have
emerged as tools for in situ mutational scanning (Anzalone et al.,
2019; Lue and Liau, 2023; Rees and Liu, 2018; Ren et al., 2023).
These approaches allow for precise nucleotide substitutions at
gRNA-targeted loci without introducing double-strand breaks or
relying on homology-directed repair (HDR). In human T cells,
base editing is permissive for multiplexed gene deletion while
minimizing the risk of chromosomal translocations associated
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with double-strand break-based methods, advancing their util-
ity in clinical-stage CAR T cell products (Diorio et al., 2022). A
recent CRISPR base editor screen targeting protein-coding re-
gions in 385 genes revealed functional insights into specific
protein domains and amino acid residues that regulate T cell
activation and cytokine production (Schmidt et al., 2024). In
parallel, advances in prime editing have improved editing effi-
ciency in immune cells. For instance, fusing the prime editor
protein PE7 to the RNA-binding domain of the exonuclease
protection factor La markedly enhances prime editing mediated
by gRNAs in human T cells (Yan et al., 2024). Moreover, ongoing
efforts include the use of base editing (Katti et al., 2024) and
prime editing (Ely et al., 2024) to introduce somatic mutations in
mouse models, laying the groundwork for future in vivo func-
tional screening in immune cells.

Compared with DNA-targeted CRISPR screens, gRNA-based
tools for manipulating RNAs have emerged more recently
(Abudayyeh et al., 2017). Unlike CRISPR-mediated genome ed-
iting, Casl3d-mediated transcriptome perturbation, which is
achieved without introducing DNA breaks, offers a potentially
safer and more precise alternative. Recently, screens using the
multiplexed effector guide array screening platform, which al-
lows for programmable and scalable regulation of the tran-
scriptome via CRISPR/Casl3d, uncovered paired regulators of
T cell function (Tieu et al., 2024). Of note, T cells can produce
pro-inflammatory cytokines upon recognition of Casl3d, which
should be taken into consideration when applying Cas13d-based
therapeutic strategies (Tang et al., 2022).

Unleashing the full potential of in vivo CRISPR screening

In vivo CRISPR screens face additional challenges beyond
those encountered in vitro, including bottlenecks imposed by
engraftment efficiency and clonal representation, which can
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substantially limit effective library coverage (Shi et al., 2023).
These constraints are particularly pronounced in hematopoietic
stem and progenitor cell-based systems, where only a small frac-
tion of transplanted cells successfully engraft, self-renew, and
contribute to long-term hematopoiesis, amplifying stochastic
loss of gRNAs early in the experiment. Furthermore, biological
variability is often increased in vivo due to heterogeneous
microenvironments, niche competition, immune interac-
tions, and host-dependent factors, complicating quantitative
interpretation. The development of Cas9 KI mice was highly
instrumental for performing in vivo KO screens (Chu et al.,
2016; Platt et al., 2014). Among immune cells, the majority of
in vivo CRISPR screens have been performed in T cells, often
leveraging adoptive transfer models of antigen-specific T cells
followed by antigen stimulation to induce robust expansion
and selection of donor-derived T cells (Shi et al., 2023). In CD8*
T cells, bulk CRISPR screens have been employed to uncover
regulators of T cell accumulation and antitumor activity
(Baxter et al., 2023; Belk et al., 2022; Chen et al., 2021; Dong
et al,, 2019; Guo et al., 2022; Huang et al., 2021; LaFleur et al.,
2025; Raynor et al., 2024; Wei et al., 2019; Ye et al., 2019).
Similar approaches have been used to study CD4* T cell dif-
ferentiation (Fu et al., 2021; Huang et al., 2022; Sugiura et al.,
2022; Sutra Del Galy et al., 2021) and migration (Kendirli et al.,
2023). More recently, an in vivo CRISPR screen in primary
human T cells utilized tumor cells overexpressing a CD3 scFv,
which facilitates efficient expansion and recovery of adoptively
transferred human T cells from immunodeficient mice, thereby
achieving high-cell-coverage screening with genome-scale li-
braries (Liu et al., 2025a, Preprint). Beyond T cells, in vivo
CRISPR screens have been extended to natural killer (NK) cells,
dendritic cells (DCs), and macrophages. CAR-NK therapies have
demonstrated clinical success against hematological malignan-
cies and show efficacy in preclinical solid tumor models (Peng
et al., 2024b), with genome-scale CRISPR screening already per-
formed in primary human NK cells in vitro to identify targets for
enhancing antitumor potency (Biederstadt et al., 2025). Moreover,
in vivo CRISPR screens uncover key genetic checkpoints (e.g.,
CALHM?2) that modulate CAR-NK cell activity against tumors
(Peng et al., 2024a). In addition, genome-wide, in vivo CRISPR
screening in bone marrow-derived DCs transferred into tumors
has revealed key modulators (e.g., PDE5) of DC migration to boost
antitumor function (Tang et al., 2025a). Moreover, in vivo CRISPR
screening targeting cytokine signaling pathways has uncovered
genes that regulate the migration and polarization of macrophages
in mouse models of multiple sclerosis (de la Rosa et al., 2026).
Together, these studies highlight the growing utility of in vivo
CRISPR screening in adoptive cell transfer models to uncover key
regulators of immune cell function and therapeutic efficacy.
Beyond CRISPR screens via adoptive transfer systems, direct
in vivo CRISPR screens offer opportunities to establish gene
function in immune cell types that are challenging to manipulate
ex vivo. A major limitation of this approach, however, lies in the
efficient and cell type-specific delivery of genetic materials,
including Cas9 and gRNAs, as no single delivery system is uni-
versally applicable. To expand the range of immune cell types
amenable to in vivo CRISPR screens, the chimeric immune
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editing (CHIME) approach was developed using bone marrow-
derived hematopoietic stem cells from Cas9-expressing mice to
facilitate gene deletion in both innate and adaptive immune cell
lineages (LaFleur et al., 2019). For example, CHIME has identi-
fied master regulators in tumor-infiltrating Treg cells, which are
typically rare and challenging to study (Obradovic et al., 2023).
The new X-CHIME platforms, including L-CHIME for lineage-
specific gene deletion and I-CHIME for inducible temporal gene
perturbation, further extend the original strategy (LaFleur
et al., 2024). In addition, in vivo CRISPR delivery, such as
inducible mosaic animal for perturbation (iMAP), stream-
lines the gRNA preparation and delivery steps and allows for
simultaneous assessment of genetic perturbations in vivo
under the homeostatic state (Liu et al., 2022). These tools
will be highly instrumental for expanding the applications
of in vivo CRISPR screens to endogenous T and B cells, along
with macrophages and neutrophils.

scCRISPR screens to uncover immune
heterogeneity and causal

systems immunology

The immune system is characterized by cellular diversity and
heterogeneity governed by a multitude of extrinsic and intrinsic
factors in vivo (Chi et al., 2024). scCRISPR screening technolo-
gies now facilitate systematic dissection of cellular heterogene-
ity, allowing researchers to map gene regulatory networks and
uncover how distinct perturbations influence diverse cellular
states at high resolution (Fig. 2).

scCRISPR screens using transcriptome changes as readouts

Pioneering scCRISPR screening methods—such as Perturb-seq
(Adamson et al., 2016; Dixit et al., 2016), CRISP-seq (Jaitin et al.,
2016), and Mosaic-seq (Xie et al., 2017)—expanded screening
readouts beyond simple measurements (e.g., cell fitness or re-
porter expression) to high-resolution profiling of transcrip-
tional states. These methods typically utilize a separate
barcode sequence with a poly(A) tail to indirectly capture the
gRNAs. However, one major obstacle was undesirable re-
combination during lentiviral packaging and delivery, which
could uncouple gRNA sequences from their corresponding
barcodes (Hill et al., 2018; Xie et al., 2018). To circumvent this
constraint, CROP-seq was developed as an alternative strat-
egy; itallows gRNA expression and polyadenylated transcript
detection by 3’-based single-cell RNA-sequencing (scRNA-
seq) (Datlinger et al., 2017). However, the long terminal re-
peat modifications in CROP-seq may reduce viral titers,
potentially requiring further optimization to perform effec-
tive screening in biological applications (Liscovitch-Brauer et al.,
2021). Furthermore, gRNA capture efficiency remains a major
limitation, with recent studies reporting capture rates of ~30%,
increasing to ~50% with optimization in mouse T cells using
droplet-based platforms (Enk et al., 2024). To overcome these
challenges, newer strategies such as ECCITE-seq (Mimitou et al.,
2019) and direct-capture Perturb-seq (Replogle et al., 2020) have
been developed. These methods conduct direct sequencing of
gRNAs together with transcriptome profiling via multiple
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Multimodal phenotyping in scCRISPR screening
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Figure2. Multimodal phenotyping in scCRISPR screening and analysis. (A) scCRISPR screening technologies differ in their strategies for capturing gRNAs.
Indirect gRNA capture methods use a separate barcode sequence with a poly(A) tail to infer gRNA identity. CROP-seq improves upon this method by integrating
the U6 promoter and gRNA cassette into the 3’ long terminal repeat of the lentiviral vector, which is duplicated upon integration, enabling both functional gRNA
expression and direct detection of a polyadenylated transcript. In contrast, direct gRNA capture methods allow simultaneous sequencing of gRNAs and
transcriptomes using (1) specific primers codelivered with capture beads (5’ strategies), (2) capture sequences linked to oligo-dT beads (3’ strategies), or (3)
probe hybridization, as used in the Flex assay. scCRISPR platforms can incorporate diverse readouts, including mRNA expression, chromatin accessibility, V(D)
sequencing of TCRs, and protein abundance. Platforms with multiomic readouts are highlighted. (B) scCRISPR screening of transcription factors paired with
transcriptome profiling identifies cofunctional gene modules that regulate differentiation trajectories of CD8* T cell subsets in cancer, including precursor

exhausted-like state 1 (Tpex1), Tpex2, terminal exhausted-like state 1 (Tex1), and Tex2 populations. GBC, guide barcode; RT, reverse transcription.

strategies, including incorporating specific capture primers along-
side the beads (5’ strategies), linking capture sequences to oligo-dT
beads (3’ strategies), or probe hybridization in the 10X Genomics
Flex assay (Saunders et al., 2025). These direct-capture ap-
proaches greatly enhance gRNA detection efficiency (Zhou
et al., 2023), improving the scalability and resolution of
scCRISPR screens (Fig. 2 A).

scCRISPR screens decode immune cell heterogeneity and
causal networks

In innate immunity, Perturb-seq and CRISP-seq studies were
performed to map transcriptional regulatory circuits underlying
bone marrow-derived myeloid cell responses upon LPS stimu-
lation and in vivo myeloid cell development. By grouping genetic
perturbations based on their global effects on downstream gene
programs rather than relying on predefined markers, these
studies revealed how transcription factors drive myeloid cell
heterogeneity (Dixit et al., 2016; Jaitin et al., 2016). In addition,
an arrayed scCRISPR screening platform in primary mouse
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macrophages was established to reveal causal regulatory circuits
and master switches (e.g., Zeb2) of tumor-associated macro-
phages (Sheban et al., 2025). Recently, integrated CROP-seq and
CITE-seq assays in a mouse macrophage cell line enabled in-
depth dissection of gene regulatory programs in response to
Listeria infection (Traxler et al., 2025). In human cells, a CROP-
seq screen using an iPSC-derived microglial differentiation
model identified distinct regulators of microglial developmental
states (Drager et al., 2022), highlighting that scCRISPR-based
approaches unravel complexities of innate immune responses.
CROP-seq has been successfully applied for scCRISPR screens
in human T cells (Datlinger et al., 2017; Datlinger et al., 2025;
Shifrut et al., 2018; Tsuchida et al., 2023; Chen et al., 2025b) and
mouse CD4* T (Enk et al., 2024) and CD8* T cells (Pretto et al.,
2025). More recently, direct gRNA capture methods have be-
come increasingly prevalent in T cell studies (Belk et al., 2022;
Schmidtetal., 2022; Zhou et al., 2023; Liu et al., 2024; Fagerberg
etal., 2025; Knudsen et al., 2025). These single-cell perturbation
approaches have primarily focused on identifying regulators of
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T cell activation and Foxp3 expression in vitro, as well as ex-
haustion and effector/memory differentiation in vivo. For exam-
ple, targeting negative regulators of T cell proliferation, such
as CD5, RASA2, and SOCSI, enhances expression of activation
markers, cell cycle genes, and effector molecules in response to
TCR stimulation (Shifrut et al., 2018). To improve gRNA delivery in
mouse T cells for in vivo screening, we modified the standard
lentiviral system to a retroviral vector, enabling efficient gRNA
transduction and direct capture in mouse CD8* T cells. This plat-
form was used to dissect transcription factor-mediated regulatory
networks underlying stemness, proliferation, effector differenti-
ation, and exhaustion of intratumoral CD8* T cells, as well as key
transcriptional checkpoints for CD8* T cell differentiation in tu-
mors (Zhou et al., 2023). Our findings highlight two central
strategies for enhancing antitumor immunity: promoting the exit
of precursor exhausted cells from quiescence and enriching the
proliferative exhausted cell state. Our study also provides a causal
systems biological framework to integrate cell fate regulomes
with reprogrammable determinants of T cell function in cancer
(Fig. 2 B). Beyond tumor models, scCRISPR screens have also been
used to generate a “differentiation space map” of individual CD8*
T cells in acute infection. This approach elucidated relationships
between T cell states and identified key regulators of the mem-
ory-to-effector lineage trajectory, such as KLF2 that maintains
effector lineage fidelity (Fagerberg et al., 2025). Notably, current
scCRISPR studies have been largely limited to T cells. There
continues to be strong potential to extend these approaches to
other lymphocyte subsets and myeloid populations to further
elucidate immune regulation across diverse contexts.

Due to the high cost of scCRISPR screens, many studies have
applied these approaches in a limited scale, following bulk
CRISPR screens to validate the transcriptomics effects of top
candidate genes in T cells (Belk et al., 2022; Chen et al., 2025b;
Knudsen et al., 2025; Schmidt et al., 2022; Shifrut et al., 2018).
Recent advances in scCRISPR technologies have expanded the
scale of these experiments to screening thousands of genes
(Geiger-Schuller et al., 2023, Preprint) or the entire genome
(Replogle et al., 2022). Experimental scalability is further en-
hanced through new strategies, such as targeted Perturb-seq
(Schraivogel et al., 2020; Song et al., 2025), and by incorporat-
ing dual gRNAs within a single vector to improve gene pertur-
bation efficiency (Replogle et al., 2020; Zhou et al., 2023). In
parallel, recent innovations in combinatorial indexing and next-
generation sequencing have allowed for the study of combina-
torial perturbations at single-cell resolution (Datlinger et al.,
2021; Jiang et al., 2025). Other approaches introduce multiple
gRNAs into individual cells via increased multiplicity of infec-
tion (Gasperini et al., 2019; Yao et al., 2024). Whether these
approaches can be effectively used in primary immune cell
screening remains to be determined.

scCRISPR screens using epigenome or proteome changes

as readouts

Beyond scRNA-seq, the functional readouts for scCRISPR
screens include changes in chromatin accessibility—such as
Perturb-ATAC (Rubin et al., 2019), CRISPR-sciATAC (Liscovitch-
Brauer et al., 2021), and Spear-ATAC (Pierce et al., 2021) —as well
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as protein abundance, as demonstrated by CyTOF-based screens
(Wroblewska et al., 2018). Recent advances have permitted joint
profiling of transcriptomes with additional modalities for mul-
tiomic readouts of cell states, such as protein expression via
Perturb-CITE-seq (Frangieh et al., 2021), ECCITE-seq (Mimitou
etal., 2019; Papalexi et al., 2021), Perturb-icCITE-seq (Chen et al.,
2025b), and CaRPool-seq (Wessels et al., 2023), or chromatin
accessibility via Perturb-SHARE-seq (Otto et al., 2023), Multiome
Perturb-seq (Metzner et al., 2025), or CAT-ATAC (Shevade et al.,
2025). These integrative approaches provide deeper insights into
how genetic perturbations influence gene regulation, chromatin
remodeling, and protein expression at single-cell resolution,
thereby advancing our understanding of cellular responses to
perturbation across regulatory layers (Fig. 2 A).

Multimodal scCRISPR approaches are powerful tools to study
the interplay between epigenetic regulation, protein expression,
and immune function in different contexts. For example, Per-
turb-CITE-seq, which integrates transcriptomics and surface
protein profiling, uncovered regulatory circuits underlying tu-
mor cell responses to IFN-y treatment and T cell-mediated
killing (Frangieh et al., 2021). This study revealed both IFN-
y-JAK/STAT-dependent and IFN-y-JAK/STAT-independent
cofunctional modules, including a notable role of CD58 in me-
diating immune resistance independently of IFN-y signaling
(Frangieh et al., 2021). In addition, the recently developed Per-
turb-icCITE-seq platform was applied in primary human T cells
to target candidate genes while simultaneously profiling >300
surface and intracellular epitopes to identify regulators of
FOXP3 and other Treg cell-associated proteins (Chen et al.,
2025b). Further, Perturb-ATAC identified key regulators of
chromatin accessibility, transcription factor occupancy, and
nucleosome positioning in human B cells, uncovering the hier-
archical network of trans-factors that control B cell state tran-
sitions (Rubin et al., 2019). To expand the accessibility and
resolution of scCRISPR using ATAC-seq as the readout, two
studies leveraging the 10X Genomics Multiome platform have
substantially improved gRNA transcript recovery, including
Multiome Perturb-seq, which uses an optimized CROP-seq
vector (Metzner et al., 2025), and CAT-ATAC, which employs
a direct-capture Perturb-seq dual-guide vector (Shevade et al.,
2025). These innovations hold promise for the systematic dis-
covery of novel epigenetic regulators of immune cell function.

In summary, these scCRISPR methods support perturbation
mapping of genotype-phenotype relationships at large scale and
single-cell resolution, thereby enabling causal systems biology
and immunology. Nonetheless, their performance in immune
cells and in vivo settings is influenced by several technical
considerations. For example, these platforms are limited by data
sparsity arising from less optimal mRNA (or chromatin acces-
sibility) capture, gRNA barcode loss, inefficient perturbation-
barcode linkage (Hill et al., 2018; Xie et al., 2018), and variable
editing efficiency across targets. In addition, size effects (sys-
tematic differences in total molecular readouts, e.g., total RNA
counts, per cell), library complexity, and cell state-dependent
transcriptional variability introduce structured noise that in-
creases false negatives and reduces sensitivity for detecting
regulators with moderate effects. These factors may collectively
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contribute to systematic biases that complicate perturbation
assignment and hit identification. Recent experimental
(Replogle et al., 2020; Replogle et al., 2022; Zheng et al., 2025;
Zhou et al., 2023; Zhu et al., 2025, Preprint) and computa-
tional (Braunger and Velten, 2024; Heumos et al., 2025; Liu
et al., 2025b) advances continue to improve perturbation
assignment, noise modeling, and analytical robustness, sup-
porting scalable and more reliable application of scCRISPR-
based frameworks.

Spatial CRISPR screens to identify non-cell-
autonomous regulators in the TME

The above-described scCRISPR assays can reveal causal gene
regulatory networks, albeit without spatial resolution, thereby
limiting the ability to decipher non-cell-autonomous regulation
within tissues in vivo. For example, inter- or intratumor het-
erogeneity in cancer cell clones and/or TME composition is
likely a major factor for immunotherapy resistance in lung and
ovarian cancers (Chen et al., 2025a; Vazquez-Garcia et al., 2022;
Wu et al.,, 2021; Zhang et al., 2018), yet the mechanisms con-
trolling such heterogeneity or tumor-immune interactions are
not fully understood. Building on Pro-Code, a combinatorial
protein barcode system for identifying gRNA expression in in-
dividual cells (Wroblewska et al., 2018), the spatial functional
genomics platform Perturb-map was developed to interrogate
how tumor clonality influences the spatial organization of the
TME in a lung cancer model. This approach revealed that Tgfbr2
deficiency in cancer cells promotes TME remodeling and im-
mune exclusion (Dhainaut et al., 2022) (Fig. 3). Beyond TGF-f
and its receptor, cancer cells also interplay with the TME via
additional ligand-receptor interactions. A Perturb-map screen
focused on putative ligands and receptors involved in tumor-
macrophage communication revealed that interleukin-4 pro-
motes resistance to anti-PD-1 therapy (Mollaoglu et al., 2024).
Therefore, heterogeneous TMEs emerge from localized changes
in the expression of specific cancer-derived extracellular factors
that establish distinct immune neighborhoods.

While Perturb-map successfully integrates transcriptomics,
CRISPR perturbation, and spatial information, the use of protein
barcodes reduces compatibility with large-scale pooled screen-
ing workflows, and the limited resolution of the 10X Genomics
Visium platform may restrict its applicability to spatial CRISPR
screens that require higher resolution. There remains a need for
scalable tools that combine single-cell-resolution spatial tran-
scriptomics or other spatial readouts with in situ gRNA detec-
tion. A recently developed technology, Perturb-FISH, couples
MERFISH with localized amplification of the gRNA region, en-
abling spatial decoding of both perturbations and transcriptome
changes (Binan et al., 2025) (Fig. 3). When applied in a human
melanoma xenograft model with engrafted peripheral blood
mononuclear cells, Perturb-FISH revealed how tumor cell-in-
trinsic perturbations influence gene expression in tumor-
infiltrating lymphocytes, offering insights into mechanisms of
cancer cell-mediated T cell suppression (Binan et al., 2025).
Several additional approaches—including CRISPRmap (Gu et al.,
2024), PerturbView (Kudo et al., 2024), NIS-Seq (Fandrey et al.,
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2025), and the Perturb-DBiT (Fan et al., 2025, Preprint) and RCA-
MERFISH (Saunders et al., 2025) platforms—conduct simulta-
neous spatial transcriptome or multiplexed optical phenotyping
and gRNA detection on the same tissue section for spatial CRISPR
screening. These methods differ in how they capture gRNAs:
through engineered expression constructs with barcode posi-
tioning (Gu et al., 2024), T7 promoter-driven in situ amplifica-
tion (Binan et al., 2025; Fandrey et al., 2025; Kudo et al., 2024), or
direct detection following in situ polyadenylation (Fan et al.,
2025, Preprint). Among spatial CRISPR methods with tran-
scriptomics readouts, FISH-based approaches, such as Perturb-
FISH and RCA-MERFISH, achieve subcellular resolution and
provide higher spatial precision than Perturb-DBiT, which can be
applied at single-cell pixel resolution (10 um). Moreover, the
spatial resolution of PerturbView is dictated by the underlying
spatial transcriptomics platform (e.g., Xenium). Importantly, al-
though Perturb-DBiT does not achieve subcellular resolution, it
offers distinct advantages, including whole-transcriptome and
noncoding RNA detection, compatibility with both formalin-fixed
paraffin-embedded and fresh-frozen tissues, and scalability to
genome-wide CRISPR libraries. Notably, Perturb-DBiT using a
genome-scale CRISPR library identified enrichment of Regnase-
1 gRNAs in lymphoid structure-adjacent tumor regions with low
PD-L1 expression, suggesting that Regnase-1 loss not only boosts
CD8* T cell function (Wei et al., 2019) but may also impair
tumor immune evasion (Fan et al., 2025, Preprint). These
emerging spatial screening tools illustrate the cellular and
molecular architecture of the TME, and will be insightful for
advancing next-generation immunotherapies. While spatial
CRISPR screening platforms allow for unprecedented inte-
gration of genetic perturbation, spatial context, and cellular
state, they also face technical challenges, including ambig-
uous mapping between perturbations and cellular pheno-
types, spatial mixing and misassignment artifacts, limited
temporal resolution from static snapshots, and the inherent
difficulty of disentangling direct cell-intrinsic genetic ef-
fects from non-cell-autonomous influences. Resolving these
limitations will improve accurate mapping between genetic
perturbations and spatial phenotypes and also facilitate
systematic discovery of spatially encoded regulatory mech-
anisms that shape immune responses and therapeutic out-
comes in vivo.

Combinatory screens for multiplexed
perturbations in immunotherapy

The immunosuppressive nature of the TME necessitates com-
binatorial strategies to achieve effective immunotherapy (Havel
et al,, 2019); however, identifying optimal cotargets within tu-
mor or immune cells remains a major challenge. For instance,
uncovering synergistic interactions involving regulators of tu-
mor immune evasion or T cell effector function often requires
large- or genome-scale genetic interaction screens performed
in both wild-type and “query” mutant tumor cells to reveal
context-specific vulnerabilities (Aregger et al., 2020; Lawson
et al., 2020; Raynor et al., 2024; Wei et al., 2019; Yuan et al,,
2025). While such query-based CRISPR screens have unbiasedly
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Figure 3. Spatial CRISPR screens reveal intracellular and intercellular immune regulatory mechanisms. Building upon the Pro-Code method, Perturb-
map was developed to integrate spatial information with CRISPR perturbations, uncovering how tumor clonality shapes the composition of the TME.
CRISPRmap introduces a library of barcoded gRNAs into cells and couples in situ multiomic phenotyping (multiplexed immunofluorescence and RNA detection)
with simultaneous cyclic in situ barcode detection and amplification. RCA-MERFISH first hybridizes probes to mRNAs or gRNA barcodes in fixed cells or tissues,
ligates and performs RCA of those probes to generate localized DNA amplicons, then conducts sequential MERFISH readout cycles to image and decode
multiplexed RNA identities in situ. Perturb-FISH combines MERFISH with localized amplification of gRNA sequences, allowing spatially resolved profiling of
both perturbations and transcriptomes. PerturbView leverages IVT to amplify perturbation barcodes before ISS. Perturb-DBiT employs two methods for
capturing gRNAs. The first is polyadenylation-based capture, where enzyme-mediated in situ polyadenylation adds a poly(A) tail to the 3’ end of the gRNA,
enabling its detection. The second is direct capture, which uses a “capture” sequence complementary to the constant region of the gRNA scaffold to selectively
bind and retrieve gRNAs. NIS-Seq produces bright sequencing signals directly from nuclear genomic DNA by leveraging T7 IVT to generate multiple RNA copies
within the nucleus, followed by a cyclic ISS for readout. These spatial screening platforms support intracellular readouts in primary immune cells (optical
phenotypes and transcriptional programs) and intercellular readouts (e.g., immune cell exclusion or infiltration within tissues), offering a powerful framework
for dissecting spatially organized immune regulation and revealing biological insights in vivo. RT, reverse transcription; BC, barcode; CS, capture sequence; Trm,
polymerase Ill terminator of a gRNA expression cassette; DBiT-seq, deterministic barcoding in tissue for spatial omics sequencing; NIS-Seg, nuclear in situ

sequencing; RCA, rolling circle amplification; IVT, in vitro transcription; ISS, in situ sequencing.

identified synergistic or alleviating cotargets, their scalability is
limited, as each query gene necessitates a separate screen to
identify its corresponding partners.

To allow for high-throughput genetic interaction mapping,
CRISPR/Cas9 double-KO (dKO) technologies have recently
emerged, leveraging dual-guide RNA libraries designed to si-
multaneously target gene-gene pairs. Such a dual-guide CRISPR
library targeting combinations of tumor suppressor and im-
mune resistance genes was used to systematically probe genetic
interactions involved in CD8* T cell-mediated tumor cell killing
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(Park et al., 2022). These combinatorial perturbation strategies
are also being extended to scCRISPR screens, where advances in
computational frameworks now make it possible to decode
complex gene regulatory networks and identify genetic inter-
actions at single-cell resolution (Adamson et al., 2016; Norman
et al., 2019; Replogle et al., 2020). However, as the order of
combinatorial complexity increases, the number of cells re-
quired for optimal coverage in CRISPR screens grows expo-
nentially. Therefore, in vivo applications remain challenging
due to limited cell coverage, which restricts the ability of dKO
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screens to comprehensively map genetic interactions across
large gene sets. Future applications of these combinatorial ap-
proaches in immune cells are essential to systematically uncover
the mechanisms underlying genetic interactions.

Casl2a is an RNA-programmable DNA endonuclease with
intrinsic RNase activity, enabling it to process gRNA arrays for
multiplexed gene perturbation (Zetsche et al., 2015). Building on
this capability, the CRISPR-based Library-scale AAV Perturba-
tion with Simultaneous HDR KI (CLASH) system was recently
developed to facilitate high-efficiency, high-throughput KI en-
gineering in human T cells. In CLASH, Casl12a mRNA is delivered
alongside AAVs to mediate simultaneous gene editing and pre-
cise transgene insertion via massively parallel HDR (Dai et al.,
2023). Casl2a has also been used to generate transgenic mice
with conditional and constitutive LbCasl12a KI, enabling efficient
multiplexed gene editing within CD4* or CD8* T cells, B cells, and
bone marrow-derived DCs (Tang et al., 2025b). Beyond DNA-
targeting approaches, RNA-level perturbation strategies have
also been developed. For example, CaRPool-seq leverages a
cleavable CRISPR array and an associated barcode sequence
to simultaneously target multiple genes at the RNA level using
Casl3d in tumor cells (Wessels et al., 2023). Similarly, the
CRISPR/Casl13d-based Multiplex Universal Combinatorial Im-
munotherapy via Gene silencing system facilitates the silencing
of multiple endogenous immunosuppressive genes in the TME.
In one recent application, delivery of an AAV-PGGC gRNA pool
targeting PD-L1, galectin-9, galectin-3, and CD47 significantly
reduced tumor growth in four distinct mouse models that ex-
hibit varied responses to immune checkpoint blockade therapy
(Zhang et al., 2025). These emerging combinatorial CRISPR
platforms offer improved efficiency and precision in assigning
multiple perturbations to individual cells, outperforming Cas9-
based systems and facilitating the identification of candidates for
combination therapies (Wessels et al., 2023). Further optimiza-
tion, such as the identification of a DjCas13d variant (Wei et al.,
2023), is needed to minimize cellular toxicity caused by Casl3-
mediated RNA trans-cleavage activity, thereby facilitating their
broader use for comprehensive genetic interaction studies.

Conclusion

As CRISPR screening technologies continue to advance and be-
come more cost-effective, future efforts of applying functional
genomics in immunity will likely evolve to generate compre-
hensive perturbation atlases at genome-wide scale for immune
cells in homeostatic and disease contexts (Rood et al., 2024),
together with integrative computational analysis of CRISPR
screens to identify dual-action immunotherapeutic targets in
different cell types, such as tumor and T cells (Luo et al., 2025).
Bulk and single-cell-level genetic interaction screens will be
foundational for designing multiplexed genetic perturbation
strategies aimed at improving combinatorial therapeutic ap-
proaches for complex diseases. Although spatial CRISPR screens
in tumor models have illustrated how local ligand-receptor in-
teractions between tumor and adjacent immune cells influence
therapeutic responses, immune cells also engage in highly dy-
namic interactions across diverse tissue niches, and current
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methodologies to systematically identify regulators of such
intertissue communication remain underdeveloped. A re-
cent study using in vivo CRISPRa screen and niche labeling
highlighted the essential role of liver-derived signals in
supporting the seeding of disseminated tumor cells for
metastasis (Borrelli et al., 2024). Emerging technologies
such as niche-labeling systems (Nakandakari-Higa et al.,
2024; Ombrato et al., 2019) offer promising avenues for un-
covering the key regulators of immune cell interactions beyond
the tumor settings. Collectively, these next-generation CRISPR
screening strategies—spanning bulk, single-cell, spatial and
combinatorial modalities—hold tremendous potential to ad-
vance our understanding of causal systems biology and immu-
nology and to guide the rational design of more precise and
effective immunotherapies.
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