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Genetic perturbations go spatial
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Tissue-tumor interactivity is the culmination of cell intrinsic features and their extrinsic interactions with the
environment. Recently in Cell, Dhainaut and Rose et al. established a strategy to track pooled CRISPR-modi-
fied cells in vivo using protein barcodes (Pro-Codes) and measure their impact on the tumor microenviron-
ment through multiplexed imaging and spatial transcriptomics of intact tissues.’

Our understanding of cancer is continu-
ally evolving and now aims to include
external environments and internal,
spatially distinct clones and niches. Half
of the established cancer hallmarks
involve direct tumor-environment interac-
tions, and these are tightly intertwined
with intracellular hallmarks and drivers.”
The study of extrinsic hallmarks initiated
the development of therapeutics targeting
angiogenesis and immune exhaustion or
avoidance and has generated cell-based
immunotherapies. However, the preva-
lence of therapeutic resistance has high-
lighted various mechanisms by which tu-
mors alter their environment and how
intra-tumor heterogeneity requires the
targeting of all subclones and cellular en-
vironments in order to move from treat-
ments to cures.®

Technological advances are facilitating
the comprehensive study of the cellular
components of tissues and tumors
through transcriptome-wide measurement
of cell phenotypes with single-cell RNA
sequencing and their organization by
spatial transcriptomics.” Simultaneously,
high-throughput CRISPR screening strate-
gies have enabled unbiased but precise
methods to identify genes causally driving
specific phenotypes.” Pooled CRISPR
screens paired with single-cell transcrip-
tomic readouts, such as Perturb-seq, are
powerful tools to understand the function
of unknown genes or test the impact of
cancer-associated mutations.® Unfortu-
nately, these approaches can be costly,
require enrichment of cellular phenotypes
of interest, and are dependent on physi-
cally dissociated single cells. Therefore,
genetic perturbation studies are limited to

cell-intrinsic phenotypes and lack the abil-
ity to link single genes to their impact on
multi-cellular tissues, internal and external
environments, and association with clini-
cally relevant histopathology classifica-
tions of cellular organization.

To study both cell-intrinsic and
-extrinsic features, Dhainaut and Rose
et al. developed Perturb-map, a combina-
tion of pooled in vivo CRISPR screening,
protein barcodes (Pro-Codes) to track
CRISPR-modified cells, and spatially
resolved transcriptomics and single-cell
measurements to quantify the location,
organization, and extrinsic alterations
arising from genetic perturbations’ (Fig-
ure 1). This strategy was used to investi-
gate how genes that are associated with
immunotherapy outcomes modify the tu-
mor microenvironment in a mouse model
of lung cancer. This is especially impor-
tant for tumor immunity as immune cell
composition and localization within and
around tumors affect immunotherapy
response and patient outcome.’

From their library of 35 immune cell inter-
action genes, the authors identified both
positive and negative regulators of tumor
growth. Image analysis of entire lung lobes
from only 11 mice facilitated the quantifica-
tion of >8 million CRISPR-modified cells,
their organization, and immune environ-
ments in ~1,750 lesions. The area and
number of cells imaged were limiting fac-
tors, since combinations of antigen tags
(Pro-Codes) are able to provide thousands
of potential barcodes. The ability to mea-
sure single cells with increased throughput
enabled identification of both enriched and
depleted genes and phenotyping of varia-
bly sized lesions. Measurement of immune

cell infiltration or exclusion at lesion
boundaries showed that two of the largest
and most enriched genes had contrasting
immune microenvironments. Loss of
Tgfbr2 resulted in immune-deserted envi-
ronments containing only myeloid cells,
whereas Socs7-deficient lesions were im-
mune hot, containing allimmune cell types
measured. Other gene deletions resulted
in immune-cell-type-specific infiltration or
exclusion, with various perturbations im-
pacting infiltration distance. This indicates
the potential of this approach to interro-
gate cytokine- and chemokine-specific im-
mune recruitment and inform how diverse
immune cell networks arise in spatially
distinct regions of human tumors.

Spatial screening confirmed tumor-pro-
moting roles of both innate and adaptive
immune checkpoints (PD-L1 and CDA47)
and the need for major histocompatibility
complex class | presentation for adaptive
immune control. Furthermore, Perturb-
map clarified the role of IFNy signaling
and Tgfbr2. Through upregulation of
PD-L1, the IFNy pathway was shown
to promote tumor growth even in the
presence of extensive immune influx.
Similarly, Tgfbr2 functionally regulated tu-
mor growth, histopathology, and the tu-
mor immune microenvironment. Tgfbr2
mutations are present in numerous human
cancers and are associated with immune
checkpoint inhibitor resistance in lung
cancer,® but the functional role of this
gene mutation is unknown. Tgfbr2
knockout generated large lung tumors
with fibro-mucinous histopathology and
T cell exclusion and unexpectedly resulted
in increased TGFB signaling. Utilizing
spatially resolved measurements, the
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Figure 1. Probing novel cancer biology through spatial methods

Kras®'?P p53~/~ (KP) lung cancer cells were infected with a protein-barcoded (Pro-Code) lentiviral library
targeting genes regulating cytokine signaling and injected by tail vein into mice. Lung tissue was harvested
for multiplexed imaging, histopathological analysis, and spatial transcriptomics. With this innovative
Perturb-map approach, Dhainaut and Rose et al. were able to track modified cells and investigate their
interactions with the surrounding tumor microenvironment." This study emphasizes the need to study
cancer within intact tissues to acquire a more comprehensive view of tumor biology.

authors determined that this activated
TGFB signature likely originated from sur-
rounding fibroblasts and suggest that in
the absence of Tgfbr2, increased TGFp
availability created a pro-tumorigenic
microenvironment. This highlights that in
situ measurements from models that reca-
pitulate tissue structure and cellular inter-
actions reveal counterintuitive feedback
loops and intercompartment signaling,
which drives distinct phenotypes and his-
topathologies.

Socs1- and Tgfbr2-deficient clones
maintained distinct immune-hot or -cold
microenvironments even in close prox-
imity to each other. Such clonal- or sub-
clonal-specific activity may be respon-
sible for distinct immune environments
observed in human metastases and
spatially distinct regions of primary tu-
mors. Subclonal cooperation can alter
the immune environment to promote tu-
mor progression and metastasis,’® and
even early human lesions contain multiple
interacting clones.'® Although this could
not be investigated in the predominantly
clonal model of lung cancer used here,
the authors detailed the ability of Per-
turb-map to quantify interacting tumor
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clones and their patterns of organization
and dispersion. This feature could be uti-
lized for lineage tracing, tracking clones
spatially within a tumor or between sites
during metastasis, and investigating
clonal interactions.

Here, and in any transplantation-based
tumor model, bottlenecks in cancer cell
seeding could impact tumor outgrowths,
and though no immune response was de-
tected against Pro-Code antigens, central
tolerance against all tags may be neces-
sary in some cases as unintended immu-
nogenicity against tags has been shown
to influence metastatic progression."’

As tissue architecture is key to our un-
derstanding of complex tissues, there is
a growing requirement for methods that
functionally test modifiers of cellular
recruitment and organization. Perturb-
map moves spatial profiling tools from
only identifying associations to function-
ally testing multiple hypotheses using a
targeted systems biology approach. Its
compatibility with many multiplexed im-
aging technologies for single-cell prote-
omics and Visium spatial transcriptomics
was shown, and we expect that other
spatial methods will work with this sys-
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tem.” Here, imaging methods had sin-
gle-cell resolution but were limited to
<50 antibodies, and Visium sequencing
of arrayed spots measured viral integra-
tions within whole-transcriptome mea-
surements, but not specific Pro-Codes
and without single-cell resolution. With
improvements in spatial sequencing tech-
nologies and single-cell methods, future
work will likely extend this approach to
enable spatial readouts of whole-genome
CRISPR screens by measuring single
guide RNAs within multimodal ‘omics’
readouts. We predict that functional
spatial genomics will contribute key in-
sights in the study of secreted proteins,
extracellular signaling, and cell interaction
networks that control tumor microenvi-
ronments, immune avoidance, and immu-
notherapy response.
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