Linking CRISPR Perturbations to Transcriptomic and Live-Cell Phenotypes
at Single-Cell Resolution in Primary Immune Cells
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Fig 2. Developing a CRISPR screening assay to study multi-modal outcomes of perturbing
CD40 and PD-L1 proteins are NF-kB in BMDMs (A) NF-kB pathway links pathogenic signals and cellular danger signals organizing
upregulated upon LPS stimulation cellular resistance to invading pathogens. NF-kB induces the expression of various pro-inflammatory
genes, including those encoding cytokines and chemokines, inflammasome regulation, and cell
survival. (B) Monocytes and macrophages are key components of the innate immune system, playing
critical roles in inflammation, immunity, and tissue homeostasis. Macrophages reside in every tissue
We address this gap with a novel high-throughput platform that enables longitudinal, multi-modal profiling of single cells by linking CRISPR perturbations to cellular function, and exhibit remarkable plasticity, enabling them to adopt distinct phenotypic states and switch
morphology, and transcriptomics in a single, integrated assay. Using this system, we screened perturbations in immune signaling pathways in murine bone marrow-derived between pro-inflammatory roles, such as pathogen elimination, and anti-inflammatory/pro-resolving
macrophages (BMDMs) under inflammatory stimulation. Specifically, BMDMs were CRISPR-edited to target 153 genes including 13 in the NF-kB signaling pathway using four roles that promote downregulating inflammation and tissue repair. This complicates their classification
sgRNAs per gene, alongside 40 non-expressed gene controls and 60 non-targeting controls, enabling robust statistical analysis of perturbation effects. as strictly pro- or anti-inflammatory. In-depth, multi-modal characterization of the macrophage states
can provide insights into how to engineer macrophages toward more beneficial functions. (C)
Representative images of BMDMs stained with CD40 and PD-L1 on the Cellanome instrument. (D)
Bone marrow was collected from Cas9 transgenic mice and differentiated into BMDMs. 3 days post
collection, the cells were transduced with a lentiviral pool targeting 153 genes (4 guides per gene), 60
non targeting controls and 40 non expressed genes. A MOI of 0.2 was obtained. Transduced cells

Following 12 hours of lipopolysaccharide (LPS) stimulation, BMDMs within CCEs were stained and imaged to quantify expression of inflammatory surface marker CD40 and PD-LA1, underwent selection with puromycin treatment. 10 days post-transduction, the cells were seeded onto
along with cellular morphology. The same cells were then lysed to simultaneously recover polyadenylated sgRNAs and single-cell mMRNA. After separate sequencing, the guide and the Cellanome flow cell and treated with 100ng/ml LPS for 12 hrs. Following treatment, the cells were

cDNA libraries were integrated with matched phenotypic data at the CCE level, enabling precise mapping of each perturbation to its corresponding transcriptomic and functional - - then stained for CD40 and PD-L1, imaged, and mRNA and sgRNA molecules were captured and
signatures. converted to barcoded cDNA molecules. (E) Distribution of antibody staining intensity per lane and

\ / LPS treatment condition. For treated lanes (2 through 4), each lane represents a replicate.

ABSTRACT

Current CRISPR screens typically require tradeoffs between scale and complexity of cellular phenotypes. High-scale approaches are optimized for narrow phenotypic readouts, making it
challenging to integrate functional, morphological, and genomic data at the resolution of individual cells, whereas plate-based approaches that integrate multiple readouts are low-
scale. These limitations hamper comprehensive insights into the effects of genetic perturbations - especially in complex, heterogeneous cell systems. CD40

Central to this approach is the use of CellCage™ Enclosures (CCEs)—light-guided, biocompatible hydrogel compartments that dynamically enclose tens of thousands of live single cells
or co-cultures per run. CCEs support concurrent execution of multiple phenotypic assays—including longitudinal, high-content imaging of morphology and surface markers, followed by
transcriptomic and single guide RNA capture—on the same individual cells. This unified workflow generates rich, multi-dimensional datasets comprising matched imaging and sequencing
data at scale.
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To interpret these large, high-dimensional datasets, the platform provides an integrated computational pipeline that leverages advanced tools from deep learning, computer vision, data
compression, and genomics. This enables robust association of CRISPR edits with diverse and complex phenotypes, including cell-extrinsic effects, across tens of thousands of single

cells. Composition of CRISPR library vs. detected sgRNA across CCEs

This platform enables us to extend the phenotypic scope of our BMDM CRISPR screen, allowing for high-resolution, multiplexed analysis of primary immune cells. It accelerates both
discovery and validation of genotype-to-phenotype relationships in immunogenomics by enabling comprehensive linkage of perturbations to specific cells and their associated
MRNA profiles, morphology, and surface marker expression.
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Effect of CRISPR perturbation on gene expression
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(BMDM, adherent) on DO and D1, respectively. (D) Fluorescent imaging of BMDM cells in CCEs following staining with CD40-PE, Annexin-FITC, PD-L1-APC, and NK92 cells stained with : 8 et T lkbkg

DAPI. (E) Reagents can be diffused through semi-permeable CCE walls. This feature can be used to deliver nutrients, small molecules, and antibodies to all CCEs at once, at any point of ' . . h Inf dunb

the experiment. (F) Cells within CCEs are serially imaged for longitudinal, multi-functional analysis, before being processed within the CCEs for transcriptomic analysis. This enables the B | | 2 Map3k7 o
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EStabIIShmg a novel CRISPR screen assaying morphology, proteln, and transcri ptomlcs Fig 4. Multi-modal CRISPR screen in BMDMs reveals branch-aligned transcriptomic clustering (A) UMAP embedding corrected by Harmony integration, highlighting mock-

o e treated (LPS-, grey) and stimulated (LPS+, red) conditions. Violin plots illustrating the distributions of LPS response and NF-kB signature scores derived from non-targeting controls

N (NTC). Highly significant differences between LPS— and LPS+ conditions are indicated by significance (FDR < 0.05, log2FC > 0.5). (B) Volcano plots showing results from the viability
assays comparing gene perturbations to NTC, normalized by baseline sgRNA distributions in lentivirus; left and right plots represent LPS- and LPS+ conditions, respectively. Statistical
significance was determined using a two-sided Wilcoxon rank sum test, with p-values adjusted for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR)
correction method (FDR < 0.05, log2FC > 0.5). (C) Heatmap illustrating Pearson correlations between gene perturbations in LPS— and LPS+ conditions, based on PCA of the collapsed

(raoo R'”}\ Mypas S _ g i beta-matrix. Hierarchical clustering annotations of sgRNA categories are indicated at the top of the heatmap.
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T < \ % - r., expression, and cellular morphology from the same cells. This multi-modal integration provides a powerful approach to dissect complex signaling networks.
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adapted from Austermann, J et al, 2022 Cells il el s o i T e o . Key FindingS:

J LPS-Induced Protein Expression: LPS stimulation in bone marrow-derived macrophages (BMDMs) increased the expression of PD-L1 and CD40 compared to
unstimulated cells. Ongoing studies aim to define specific stimulation effects on PD-L1 and CD40 levels.

y Experimental workflow for CRISPR screen with Cellanome’s Technology sgRNA Enrichment Analysis: We identified genetic perturbations that negatively affect cell viability: Interested in
®88 « In both LPS-stimulated and unstimulated cells: Ikbkb, Map3k7, Irak1 (core NF-kB pathway components). collaborating? Please

Primary bone marrow cell Primary bone marrow Cell seeding and LPS Cell surfgce gtaining CCE-matched whole « In LPS-stimulated cells only: MyD88, Tab1 (upstream signaling adaptors in the NF-kB pathway). reach out
Active NFB golecion macrophage transduction [N <08l leig)iig IEITSErpUo® EEfEilLE - Identified that perturbations promoting cellular proliferation were more frequently observed in unstimulated cells, suggesting that inflammatory stress
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N el sureival transgenic mice ) selection 5 g * single guide [ibrary Our CRISPR screen in BMDMs demonstrates the ability of the Cellanome platform to reconstruct NF-kB pathway topology and identify inflammation-specific
S inflammation essential genes. This technology’s integration of transcriptomic, proteomic, and morphological data offers a comprehensive framework to unravel complex cellular
signaling networks, advancing our understanding of inflammation and immune responses.
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