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Abstract

Recent advances in chemical, molecular, and genetic approaches have pro-
vided us with an unprecedented capacity to identify drug-target interactions
across the whole proteome and genome. Meanwhile, rapid developments
of single-cell and spatial omics technologies are revolutionizing our un-
derstanding of the molecular architecture of biological systems. However,
a significant gap remains in how we align our understanding of drug actions,
traditionally based on molecular affinities, with the in vivo cellular and spa-
tial tissue heterogeneity revealed by these newer techniques.Here,we review
state-of-the-artmethods for profiling drug-target interactions and emerging
multiomics tools to delineate the tissue heterogeneity at single-cell resolu-
tion. Highlighting the recent technical advances enabling high-resolution,
multiplexable in situ small-molecule drug imaging (clearing-assisted tissue
click chemistry, or CATCH), we foresee the integration of single-cell and
spatial omics platforms, data, and concepts into the future framework of
defining and understanding in vivo drug-target interactions andmechanisms
of actions.
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1. INTRODUCTION

Most drugs in clinical use are small-molecule compounds, often developed through screens to
identify bioactive compounds that elicit a desired therapeutic effect. After candidates for develop-
ment are nominated through such a route, a key downstream step is identifying the biomolecules
(typically proteins) that interact with the compound. These so-called drug-target interactions
(DTIs) provide information about the mechanism of action (MOA) of compounds, reveal ad-
ditional molecular components in the drug signaling pathway, and uncover potential off-target
effects. Historically, DTIs have largely been described at the molecular level, in terms of which
biomolecule(s) engages with the drug (1–4). As our ability to directly assess changes in the levels
of native biomolecule abundance at both the transcriptional and translational levels has expanded,
our understanding of drug MOAs across genomics and proteomics has substantially increased.

In recent years, biology has begun to take another leap forward following the development
of new technologies for cataloging and perturbing biomolecules at the level of single cells and
with in-depth spatial resolution. Findings from the applications of these new tools to mammalian
biology highlight the high degree of heterogeneity across cell types in different tissue compart-
ments and even call into question the idea of a cell type (5). Single-cell and spatial omics methods
that provide high-resolution intratissue localization of cell types and even subcellular localiza-
tion of transcripts and proteins are revitalizing many areas of biology, including developmental
biology, immunology, oncology, and neuroscience (6–8).These methods also present an enormous
opportunity for pharmacology—integrating single-cell and spatial information into our under-
standing of drug interactions will dramatically accelerate drug development and inform rational
drug design (9–11).

In this review, we briefly describe established methods for profiling DTIs as well as tracing
in vivo drug distribution. We then discuss new opportunities and gaps in our existing knowledge
revealed by single-cell and spatial omics techniques (Figure 1). Finally, we highlight emerging
capacities that would allow us to understand drug actions in a spatially resolved, cell type– and
molecular marker–defined context. Such additional information has the potential to guide the
design of therapies with superior efficacy and reduced toxicity.

2. OVERVIEW OF ESTABLISHED METHODS TO IDENTIFY DTIs

Classic approaches for matching a bioactive compound with its target often relied on in vitro affin-
ity methods (12, 13). Following the development of advanced mass spectroscopy and a collection
of genomic/proteomic tools, a whole arsenal of technologies are now being deployed to decipher
DTIs (14–17). We discuss here three broad classes of these tools: chemoproteomics, label-free
target identification methods, and molecular biology profiling. Additional methods and further
details about these tools and approaches are reviewed elsewhere in depth (18–20).

2.1. Chemoproteomic Strategies

Chemoproteomic approaches seek to identify differences in the proteome in cell or tissue ex-
tracts in response to the addition of the compound of interest (21). These approaches typically
rely on mass spectrometry for proteome analysis, and as mass spectrometry methods have ad-
vanced, chemoproteomics has become a widespread, powerful approach to identify protein-drug
interactions. Beyond simply screening for proteomic changes in the presence or absence of the
drug (global chemoproteomics), there are sophisticated approaches that derivatize the drug com-
pound in order to better capture interacting partners. In these approaches, the drug is used
as the starting point to design a probe that contains (a) a recognition group that interacts
with specific proteins or classes of proteins (e.g., kinases), (b) a reactive group that covalently
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The gap between the conventional view of DTIs and the emerging heterogeneous architecture of mammalian tissues. Typically,
targeting identification is based on drug-protein interactions in homogenized cell or tissue lysates with little cellular or spatial
information, whereas newer technologies are rapidly revealing the importance of single-cell and spatial organizations in endogenous
biological systems. Compared to the advanced methods for visualizing protein/DNA/RNA, there is a significant gap in how we
visualize drugs and align them with spatially resolved molecule targets in vivo. Therefore, understanding in vivo drug actions with high
cellular and spatial resolution remains an unmet challenge. Abbreviations: ABPP, activity-based protein profiling; CETSA, cellular
thermal shift assay; CRISPR, clustered regularly interspaced short palindromic repeat; DTI, drug-target interaction; MOA, mechanism
of action; RNAseq, RNA sequencing; siRNA, small interfering RNA; TPP, thermal proteome profiling.

captures target proteins through direct irreversible binding or photo-crosslinking, and (c) a re-
porter tag (i.e., biotin, fluorophore, and clickable alkyne/azide, etc.) that allows for the enrichment
and identification of the target interacting proteins (15, 22). This type of approach is exemplified
by activity-based protein profiling (ABPP), where activity-based probes (ABPs) are designed to
read out the target proteins (22–24). ABPs can be obtained directly based on the compound of
interest. Such a compound-centered strategy provides a global readout of drug binding targets.
Upon ABP binding, the probe-target interaction can be stabilized via direct covalent bond forma-
tion or photo-crosslinking. Captured proteins can then be identified by gel or mass spectrometry
analysis (Figure 2a). This direct ABPP strategy has been successfully adopted to uncover the
binding profiles of the neurotoxic compound BIA10-2474 (25, 26), the anti-inflammatory drug
aspirin (27), and the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib (28). A variation on this
approach, competitive ABPP, provides a conceptually simple yet efficient alternative (Figure 2a).
In competitive ABPP, the proteome is first treated with the drug of interest to occupy the probe
binding site. A global ABP with broad proteome coverage is then applied to read out the competed
targets. Initial efforts involving global ABPs were primarily associated with enzyme and kinase ac-
tive sites (29–31) and have since expanded to reactive amino acid side chains (15, 31–35). Based
on the ABP chosen, such a competitive approach provides the opportunity to profile drug binding
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Figure 2

The general principles of ABPP and CATCH. (a) Schematics of a typical ABPP workflow. An ABPP probe consists of a recognition
group guiding the probe to target molecules, a reactive group that forms a covalent bond between the probe and the molecular targets,
and a reporter group (i.e., alkyne, biotin, or fluorophore) to profile probe binding. Cell culture or proteome lysates are treated with the
ABPP probe and can undergo gel-based or MS analysis to profile molecular targets with probe binding. (b) A general workflow of in
vivo CATCH using tissue clearing and click chemistry to fluorescently visualize target-bound drugs/probes in situ. The same ABPP
probes in panel a can be directly adopted for CATCH. (c) Similar to ABPP, CATCH can be used in direct labeling and competitive
configurations to quantitatively measure probe or parent drug binding. Abbreviations: ABPP, activity-based protein profiling; CATCH,
clearing-assisted tissue click chemistry; MS, mass spectrometry.

proteins within a protein class. Finally, this strategy can be easily adopted to screen for selective
ligands or peptide fragments that bind challenging proteins and even targets previously deemed
undruggable (19, 36).

2.2. Label-Free Target Identification Methods

DTIs can also be measured based on changes to the biophysical properties of the interacting
proteins. Based on the principle that ligands can induce protein stability changes, cellular thermal
shift assays (CETSAs) were developed tomonitor drug-target engagement (37). Initially,CETSAs
relied on gel and western blot analysis for quantification (37). By combining CETSAs with quan-
titative mass spectrometry, thermal proteome profiling (TPP) was later developed for global DTI

510 Pang • Cravatt • Ye



PA64CH25_Ye ARjats.cls December 6, 2023 17:25

profiling (38). The major advantage of TPP over most chemoproteomic strategies is that it does
not require compound modification. TPP has been extensively employed to profile on- and off-
target drug interactions in different cell cultures (39–42). More recently, TPP has been further
developed to study DTIs in intact tissue and blood obtained from drug-treated animals (43). In
addition to thermal stability, proteolytic and oxidative stability can also be used to measure drug-
protein interactions (16). For a comprehensive discussion of the progress in and utilities of these
strategies, we direct readers to reviews on these exciting technologies (see 4, 40, 44).

2.3. Profiling Methods Based on Molecular Genetics

These methods are based on loss-of-function or overexpression screens of endogenous proteins
in the presence of a drug to infer MOAs. Early large-scale screening approaches relied on small
interfering RNA (siRNA) libraries to identify genes that, when knocked down, altered the cel-
lular response to a drug (45, 46). More recently, the RNA-guided CRISPR-Cas9 system has
been developed to enable pooled genome-wide gene activation and repression screening (47–
49). The integration of genomic perturbation and drug treatment can readily identify genes that
are sensitive to drug treatment, thereby opening exciting opportunities for MOA elucidation and
target deconvolution. For example, genome-wide CRISPR-Cas9 knockout screening was used
to identify genes involved in resistance to the melanoma drug vemurafenib (47). Other advances
in molecular biology profiling, such as the development of quantitative transcriptomics and pro-
teomics tools, have provided the opportunity to globally investigate drug-induced changes at both
transcriptional and translational levels. By screeningmultiple compounds and cross comparing the
drug-induced changes and pathways involved, one can identify bothmessenger RNA (mRNA) and
protein signatures associated with individual compounds, thereby inferring potential drug MOAs
(17, 51, 52).

Collectively, the methods discussed above provide a rich toolbox for deciphering DTIs with
high throughput, coverage, and resolution, especially in vitro.TPP andmolecular profiling strate-
gies have the advantage of not needing additional chemical modification of the candidate drugs
and can provide a global view of DTIs. However, changes observed in the presence of the drug
in these studies can stem from indirect mechanisms rather than direct drug-target binding. Affin-
ity or activity-based chemoproteomic methods provide more direct evidence about drug-target
binding and actions, but they generally require extensive work to design and validate the probe
to ensure it maintains the identical activity of the original drug. One universal aspect of all these
methods, however, is that they are most often conducted on bulk populations in either cell lysates
or in cultured cells. Thus, these approaches are typically restricted to understanding DTIs in a ho-
mogenous, averaged, or diluted setting, which can obscure the identification and understanding
of more complex interactions between a drug and its targets across different tissues and cell types.

3. CURRENT METHODS FOR STUDYING THE SPATIAL
DISTRIBUTION OF DRUGS

It has long been recognized that the spatial distribution of drugs has a major impact on efficacy
and toxicity. Insufficient drug exposure in target tissues and/or unwanted accumulation in other
tissues can reduce potency and lead to potential side effects. Thus, in parallel to developing ap-
proaches to identify DTIs, there have also been efforts to capture spatial information about drug
distribution. In a typical distribution analysis, blood is drawn, and individual organs are harvested
and homogenized and then used to determine the drug concentration across the organ versus
plasma. Organ lysate approaches, however, are low throughput, low resolution, and destructive.
Alternatively, positron emission tomography (PET) can be used, which provides in vivo, real-time
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measurements of drug distribution in the body (53). PET relies on radioisotopemodification (such
as 11C or 17F) to replace certain groups on the drug molecule to enable tracing. Because these sub-
stitutions minimally perturb the structure of the native drug, they typically have low or no impact
on the original drug’s activity. Currently, PET is widely utilized in preclinical studies and clinical
diagnosis, and it is considered the gold standard for mapping drug distribution (54–57). However,
the short half-life of the radioisotopes makes it technically challenging and expensive to synthesize
the probe and perform imaging experiments in the limited time window before the radioisotope
decays. It is also difficult to differentiate free versus target-bound drugs, complicating the inter-
pretation of the results (58, 59). In terms of spatial resolution, PET can reveal differences at the
level of the organ, and some intraorgan enrichment in larger organs, but it is difficult to observe
cellular structure or differentiate single cells (59, 60). Finally, it is difficult to combine or mul-
tiplex PET-based imaging with mainstream cell identification methods, molecular markers, or
other spatial omics methods, limiting the information that it can provide to relatively low depth
and resolution.

4. CONCEPTUAL UPDATES ON TISSUE BIOLOGY AND PATHOLOGY
THAT AFFECT THE UNDERSTANDING OF DRUG ACTIONS

We are now at an inflection point, once again transitioning to a new way of identifying DTIs in
light of our updated understanding of tissue biology and pathology,which has come from applying
new tools that can resolve differences at the level of single cells as well as capture spatial informa-
tion (61–65). Over the past several years, single-cell and spatial omics data have provided a refined
view of cellular function, leading to a reexamination of several assumptions about cell biology that
are pertinent to understanding drug action, which we discuss below.

First, it used to be thought that one gene or protein could largely represent a specific cell
type or even a specific organ (66), which led to the assumption that if a drug is specific to a certain
highly expressed protein target, it would achieve specific cell type targeting. Although this concept
is practical when bulk tissue or whole organs are analyzed and a list of top expressed genes is used
for comparison (67), it has become clear that there is a substantial amount of heterogeneity in
gene expression levels across all cells. In practical terms, this means that a tissue that appears to
have low expression of a gene A in a bulk or averaged analysis could still contain cells or subtissue
structures that express high levels of A. Thus, if a drug interacted with A, this type of localized
off-target effect might not have been anticipated.

Second, it was previously assumed that one can use a so-called dominant cell type such as a
hepatocyte or cardiomyocyte to represent the whole organ. This is the basis for classical in vitro
models for studying drug efficacy and toxicity.We now recognize, however, the diverse roles that
resident cells, blood vessels, immune cells, and neurons may have, despite being less abundant
populations in an organ. Thus, the one cell type–one organ assumption needs to be revised. In a
corollary to the above point, every tissue contains numerous molecularly diverse populations, and
their engagement and interaction with drugs could have different implications.

Third, histology (i.e., imaging) has been a cornerstone for diagnosis and biomarker readout
for treatment efficacy, whereas assaying molecular interactions (affinity/binding to protein) was
mainly used for determining DTIs and drug MOAs. Historically, these two domains have been
studied in isolation. However, with the advent of spatial omics, it is feasible to assay both in the
same context (68, 69) and in the same sample and to causally link these two aspects. For example,
we can now determine whether a certain histological feature, such as cell morphology, is associated
with the expression of a particular gene, protein, or variant in that cell and capture information
about the specific location of that cell within the organ or larger structure (70, 71).
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The higher resolution afforded by single-cell and spatial omics tools is overcoming technical
barriers and improving our understanding of cell function. There is thus an enormous potential
to capitalize on these tools to rethink the basis of understanding drug actions and establish a new
framework for studying them.

5. SINGLE-CELL AND SPATIAL OMICS TOOLS ARE
TRANSFORMING BIOLOGY

The ideas discussed above are supported by studies using newly developed single-cell and spatial
omics methods. These methods have the power to catalog molecular heterogeneity and diversity
across tissues. More importantly, they provide quantitative experimental access to measure and
manipulate such diversity and begin to directly associate molecular changes and drug-target en-
gagement with dynamic histological andmorphological architectures (72–74). It is fair to state that
biology is rapidly entering a new era underpinned by spatially resolved omics data across differ-
ent classes of biomolecules (DNA, RNA, proteins, metabolites), and it is critical that we consider
drug interventions within this rapidly updating framework of general biology. Below, we provide
a brief overview of some of these new tools and highlight their relevance to studying disease and
developing drug treatments.

Perhaps the most widespread single-cell method is single-cell RNA sequencing (scRNAseq),
which was developed over a decade ago (75, 76). scRNAseq provides in-depth transcriptional pro-
filing across millions of cells at the scale of the whole genome and has revealed substantial levels
of heterogenicity across all organs (7, 76). It has been applied to determine cell identity (77, 78);
define transcriptional signatures (79); and assess gene expression changes in response to a pertur-
bation or treatment, such as a drug response (80). One caveat of scRNAseq is that it loses spatial
information as cells are dissociated prior to sequencing. There are also a number of extensions
of scRNAseq such as Div-Seq, which assays transcripts in individual dividing cells (81); ATAC-
Seq, which captures chromatin accessibility and transcript expression in the same cell (82); and
Perturb-Seq, which integrates CRISPR screens with scRNAseq (83), to name just a few.

In parallel, and being amplified by scRNAseq techniques, spatial omics methods have been
developed at an amazing speed. These methods can now resolve cellular, subcellular, and even
single-molecule distributions of biomolecules in situ, allowing researchers to understand cellular
functions and interactions within their native environments (73, 84). The most commonly used
spatial omics methods include spatial transcriptomics (ST), which allows for the measurement of
gene expression within individual cells or tissue regions (85), and spatial proteomics (SP), which
enables the mapping of protein localization within tissues (86). Recent advances in spatial omics
techniques have expanded their capabilities, including the development of spatial metabolomics
and spatial lipidomics (87–89).Although these omicsmethods are quickly approaching untargeted,
whole-genome/transcriptome/proteome-scale profiles (by in situ sequencing) of certain organs
[e.g.,mouse brain (90)],most practical applications of these methods rely on targeted probes based
on scRNAseq analysis (corresponding to specific clusters or cell type markers). By combining
several dozens of these probes, users can achieve spatial omics profiles of their tissue of interest.

Within the realm of drug development, we highlight here two key areas that exemplify the
benefits of spatial omics methods: the tumor microenvironment (TME) and the central ner-
vous system (CNS). Tumors are a complex tissue composed of tumor cells with varying genetic
signatures; stromal cells, including fibroblasts, endothelial cells, and immune cells; and blood vas-
culature, and this heterogeneity is a critical challenge for effective cancer treatment (91). Early
applications of scRNAseq provided the first quantitative measure of this heterogeneity (92–94).
We have continued to expand our understanding of the TME with spatial omics techniques to
uncover detailed molecular changes across this complex environment (95). For example, spatially
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resolved metabolic modeling of prostate cancer TMEs revealed that fatty acid desaturase (SCD1)
and prostaglandin transporter (SLCO2A1) are potential therapeutic targets (96). By combining
ST and multiplexed ion beam imaging, Ji et al. (97) revealed a tumor-specific keratinocyte pop-
ulation critical for intercellular communication in squamous cell carcinoma. Based on these and
many other recent findings (98, 99), it is clear that a detailed understanding of drug actions in tu-
mor tissues at this new level of resolution can provide critical insights for evaluating drug efficacy
and potential therapeutic resistance (100, 101).

The CNS is another highly complex organ orchestrated by various brain regions, cell types,
and connections (102). Different ST techniques have been extensively employed to uncover the
heterogeneity of themammalianCNS (63–65, 103–105).More importantly, beyond advancing our
understanding of circuit connections and regional/cell type functions, ST has become immensely
valuable in uncovering mechanisms underlying neurological diseases. For example, ST revealed
a plaque-induced gene network in tissues surrounding amyloid plaques, which was also observed
in other neurodegenerative diseases (106). By combining ST and protein detection, Zeng et al.
(107) found disease-associated microglia in close contact with amyloid plaques in a mouse model
of Alzheimer’s disease. The ever-expanding single-cell and spatial omics toolbox will allow us to
characterize a wide range of, if not all, disease conditions with unparalleled resolution, generating
information that will be highly relevant to drug discovery and optimization.

The molecular and spatial heterogeneity of biological systems revealed by these new methods
suggest several scenarios that can benefit from resolving drug target engagement at a cellular
level, mirroring the proposed concepts in Section 4. (a) Target gene/protein expression can vary
across cells/cell types within the same organ. (b) Less abundant cells within the organ can have
highly distinct expression patterns, information that is blunted by taking the average expression of
the whole organ, yet these cells could have disproportionally large biological roles. (c) The same
protein target can have different intracellular signaling in different cell types depending on the
expression of downstream pathway components or scaffold/partner proteins. (d) Even for protein
targets in the same cell type, with the same downstream signaling pathways, the result of a drug
interaction with this target can still result in a different physiological or pathological response
depending on where the cell is (e.g., hitting a protein target on a T cell in the spleen versus a
T cell in the gut could have different consequences; similarly, targeting GABAergic neurons can
inhibit different parts of the brain leading to distinct behavioral outcomes).

Examples of such relevant heterogeneity are already documented in the brain and TME, and
it is reasonable to expect that it will be found in other organs and tissues as ST and SP technolo-
gies are quickly being adopted to reveal the molecular and morphological details of native tissue
architecture (108–110). Given these rapid advances in understanding cellular function in healthy
and diseased states, it is imperative to develop matching abilities to map drug actions on this new
landscape of tissue architecture.

6. VISUALIZING TARGET-BOUND DRUG MOLECULES IN SITU

As wemove toward having both an omics- and in situ spatial-level understanding of native biology,
it is important to understand how drug perturbations affect tissues at the same scale and resolu-
tion. One current approach is to use cellular and spatial gene expression changes to measure drug
response and infer the MOAs. For example, immunostaining and histology of immediate early
genes (like cFos) are commonly used to assay the cellular response to certain drugs in the CNS
(111–114). Although these methods have sufficient resolution to characterize cellular and
spatial heterogeneity, they are indirect and rely on the performance of the biomarker to report
the actions of the drug. This may or may not be the primary response or even a direct response
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(e.g., biomarker activity can be confounded by other compensatory cells or signaling mechanisms
or subject to the temporal rebound of the primary drug action).

Ideally, a more precise way to achieve high resolution of drug activity would be to directly
observe the primary binding site of the drug molecules. With recent advances in optical imaging
resolution, which can now achieve single-molecule resolution for DNA and proteins (115–117),
it should now be possible to image target-bound drug molecules in situ at their primary binding
sites. Such an ability would enable researchers to register binding site with cellular identification,
organization, morphology, tissue microenvironment, and so on, as well as with gene expression
data in situ to directly characterize drug MOAs.

Fluorescence imaging forms the foundation for imaging-based spatial omics methods. This is
done by adding a fluorescent tag to an endogenous protein or mRNA (via genetic encoding) and
to an affinity probe (antibody or oligo) targeting endogenous molecules. There are two major
barriers to employing this strategy for small-molecule drugs. First, the relatively large size of
the fluorescent tag (hundreds to thousands of daltons) compared to the size of a typical drug
molecule (<500 Da) means that the tag is very likely to affect the affinity, stability, and ultimately
in vivo biological activity of the drug. Thus, it is hard to use a fluorophore-tagged drug as a
surrogate for the parent drug, especially for in vivo DTI discovery. Second, the tag added to the
drug needs to be inert in the biological system under study (both in vivo and during the imaging
process) to ensure it does not react with native molecules or cause endogenous molecules to
confound the imaging readout (this is the key idea of the concept of bioorthogonality) (118).
Nevertheless, this approach has been used, notably, to couple fluorophore-tagged drugs with
stochastic optical reconstruction microscopy (STORM) in a method called PharmacoSTORM
(119). However, it can be challenging to ensure the fluorescence probe equivalently captures the
in vivo behaviors and actions of the parent drugs.

The above two barriers are not new or unique to imaging applications; during the development
of ABPP/chemoproteomics, bioorthogonal click reactions were adapted specifically to address
these problems (15, 120). Instead of a bulky fluorophore tag, ABPs introduce a small click handle
(alkyne, azide, etc.) tominimize the impact on native drug activity.The addition of the fluorophore
tag only happens after the in vivo target-drug binding occurs and is stabilized either by a cova-
lent mechanism or by additional crosslinking, thereby enabling readout. This click-ABP strategy
is well established and offers several unique advantages: (a) minimal changes to the properties of
the drug; (b) high versatility compatible with imaging, gel, or mass spectrometry analysis as dif-
ferent functional additions can be added afterward to the target-bound drug, and (c) the doses and
sequence of parent drug–click probe combinations can be easily modified to acquire quantitative
binding information through competitive binding assays (Figure 2a). As summarized above, these
methods have been widely and successfully used to identify DTIs in cell lysates.

Several attempts have been made to adopt chemoproteomic probes for fluorescence imaging,
for example, in cell culture systems, flow cytometry applications, and in vivo live imaging (121–
125). These pioneering works provided powerful tools for studying protease activities (124, 126,
128, 129) and hormone (130) and kinase signaling (28, 131, 132), as well as for guiding tumor mar-
gins during surgery (126, 133, 134).However, it is not clear whether the resolution and multiplex-
ing compatibility of these methods can match that of spatial omics imaging approaches in tissues.
A major challenge is that the signal-to-noise ratio of the click reaction in dense mammalian tissue
is relatively low.

In a recent report by Pang et al. (135), we identified that a key enabling step for allowing
highly efficient, in situ tissue click chemistry is to delipidate the tissues before the reaction, which
can be achieved by a series of recently developed tissue-clearing techniques [such as CLARITY—
readers are referred to other reviews on the topic (136, 137)]. By integrating delipidation and
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Figure 3

CATCH for region/cell type–specific drug binding identifications. (a,b) CATCH allows for brain-wide drug binding profiling. Images
show FAAH inhibitor PF7845 (a) and MAO inhibitor pargyline (b) binding. (c,d) CATCH is compatible with additional marker staining
for cell type characterizations. Images show zoomed-in views with NeuN antibody staining for neuron and lectin staining for blood
vessels. (c) PF7845-yne binds to neurons but not blood vessels. (d) Pargyline-yne shows pervasive blood vessel binding and strong
neuronal engagement in the hypothalamus. Abbreviations: CATCH, clearing-assisted tissue click chemistry; CB, cerebellum; FAAH,
fatty acid amide hydrolase; HPC, hippocampus; MAO, monoamine oxidase; NeuN, neuronal nuclei; OB, olfactory bulb. Figures
adapted from Reference 135.

ligand optimization procedures prior to click reactions, we developed clearing-assisted tissue click
chemistry (CATCH) (Figure 2b,c). This allowed us to visualize covalent drug binding at subcel-
lular resolution in situ in mouse brain tissues (Figure 3a,b). Because CATCH is compatible with
mainstream histological methods such as immunostaining and in situ hybridization (Figure 3c,d),
it can identify where and which cell types within an organ are quantitatively bound by a specific
drug, revealing heterogeneous intraorgan drug engagement.

We applied CATCH to investigate the spatial behaviors of multiple drugs in the CNS. We
found that PF7845 and BIA10-2474, two fatty acid amide hydrolase (FAAH) inhibitors, primarily
target neurons in the brain, whereas pargyline, a monoamine oxidase inhibitor,mostly binds blood
vessels. In agreement with previous findings that another FAAH inhibitor, BIA10-2474, is less
specific (26), we observed that BIA10-2474 exhibited off-target binding in a small nucleus in the
pons. Finally, we saw that as the dose of the monoacylglycerol lipase inhibitor MJN110 increased,
it spread from the axonal to the soma compartment through off-target binding to the FAAH.

In addition to revealing drug binding across cell types in a dose-dependent manner, CATCH
has two important advantages. First, CATCH directly utilizes and is natively compatible with
any ABPP click probes. This not only allows for use of ABPP proteomic data to infer and
interpret CATCH imaging results, linking molecular and cellular affinity through the shared
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probes, but also, and more importantly, allows both direct CATCH and competitive CATCH
to be used for dose-dependent quantification of DTI, mirroring the comparative ABPP versus
competitive ABPP complementation (Figure 2c). Such a two-way interrogation ensures the fi-
delity of target profiling and improves its quantitative capabilities. Second, because CATCH is
rooted in polymer-based volumetric tissue clearing and imaging, it is natively compatible with
multiplexed molecular characterization (spatial omics ready)—for example, we demonstrated that
immunostaining reagents (used for cell type identification) can be washed away, and the tissue can
be restained with several rounds of additional marker stains. It is conceivable that CATCH can
be extended and combined with sequential labeling/multiplex/in situ sequencing methods such
as spatially resolved transcript amplicon readout mapping (STARmap) (138) (which also shares
its roots with CLARITY). Through these extensions, CATCH could serve as a bridge to link
molecular-level omics drug affinity to tissue-level, cellular-resolution spatial omics imaging data.

7. LIMITATIONS OF CURRENT CATCH METHODOLOGY
AND FUTURE DEVELOPMENTS

We have demonstrated CATCH applications primarily for covalent, irreversible drugs (i.e., ones
that form covalent bonds with their targets). Throughout the history of pharmaceutical develop-
ment, covalent drugs, including, for instance, aspirin, penicillin, and proton pump inhibitors, have
proven to be some of the most transformative drugs in medicine. Despite their proven success
and inherent advantages, however, there has been a general reluctance to develop covalent drugs
due to the concern of potential off-target toxicity across different organ systems (139). Hence, a
comprehensive understanding of in vivo targets is particularly critical for this potent class of drugs.

Recently, however, there has been renewed interest in developing covalent drugs to achieve
major goals in the drug discovery industry for targets that have proven elusive for more classi-
cal, reversible small molecules, including, for instance, the selective inactivation of oncogenic and
autoimmune kinases [BTK, epidermal growth factor receptor (EGFR), fibroblast growth factor
receptors (FGFRs), Janus kinase 3 ( JAK3)] and, most notably, the inhibition of the once-deemed
undruggable Kirsten rat sarcoma virus (KRAS) protein (140, 141). The relevance of covalent
drugs also extends to infectious disease targets, as reflected in the antiviral protease inhibitors
serving as breakthrough therapies for hepatitis C (142) and SARS-CoV-2 infections (143) (e.g.,
sofosbuvir and Paxlovid). Despite this resurgence of interest in covalent drugs across therapeutic
areas, including oncology, immunology, neuroscience, and infectious disease, improving their ef-
ficacy while minimizing toxicity by optimizing tissue selectivity, especially for the CNS, remains
challenging. CATCH has the potential to greatly accelerate this process by revealing the drug’s
cellular engagement in both on-target and off-target organs, thereby guiding lead selection and
downstream modifications.

A key remaining goal is to further develop CATCH for reversible drugs, as most current drugs
are not covalent. Recently, Nonaka et al. (144) developed a strategy termed fixation-driven chem-
ical cross-linking of exogenous ligands (FixEL), whereby a drug is modified with an amine group,
which allows the drug to be cross-linked with tissue proteins during formaldehyde fixation. How-
ever, as the primary amine can potentially react with endogenous proteins in proximity, it remains
to be determined how this linker may affect the drug activity (i.e., whether the amine-drug probe
can be considered as an equivalent of the parent drug, especially in vivo). A more common strategy
used in chemoproteomics approaches is to install a photoactivatable cross-linker (most commonly
diazirine) so that the cross-linking can only happen under additional activation, such as with ul-
traviolet (UV) light (145). It is conceivable that this strategy could be adapted to design CATCH
probes for reversible drugs, taking advantage of the rich literature and established technology on
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diazirine-based chemoproteomics. However, high-energy light usually does not penetrate deep
tissues well in vivo (it is limited to a few millimeters), thus this strategy is likely to have relatively
restricted tissue coverage in the case of whole tissues or low throughput in the case that the tissue
is sectioned before UV activation. One potential workaround to this limitation is to explore other
chemical or physical catalyst-mediated cross-linkers that may be substituted for photoactivatable
ones.

8. OUTLOOK: CATCH TO BRIDGE PHARMACOLOGY
AND SPATIAL OMICS

Based on the success to date, we foresee CATCH or other in situ high-resolution drug-imaging
methods contributing greatly to our understanding of DTIs and drug MOAs in the single-cell
and spatial omics era. Critically, CATCH has the ability to bridge traditional proteomic-level
molecular affinity information (1D omics data) with cellular-resolution spatial omics expression
(2D/3D omics) data and direct, in situ, information from the primary site of action.

Traditional DTImethods can reveal which protein(s) binds to a drug or whether the expression
of any protein(s) or biomarker(s) is altered by a drug, but they cannot tell where and in which host
cell type these responses occurred. As discussed above, variation in host cell types or their spa-
tial niches can significantly alter the biological outcomes and interpretations of DTI experiments.
Early in drug development, initial DTIs are still frequently based on lysate-based profiling (such
as affinity/activity/bio response–based methods, reviewed above). At later stages, CATCH can be
utilized to identify the primary host cell types to determine whether the binding/intervention was
on the intended cellular or subtissue structure. Such CATCH profiling can be done in individual
tissues based on their biological relevance, or it can potentially be scaled up to whole-body un-
biased screens (in rodents), as single-cell resolution, intact whole-mouse clearing and light-sheet
imaging have been shown to be feasible (146–148).

The identification of cellular targets (and additional in situ molecular characterization, up to
the spatial omics level) can be particularly useful in prioritizing multiple lead compounds based on
which one has themost enriched binding in the relevant cell types (or the fewest off targets in other
cell types; see below). Moreover, we envision that the cellular target could be incorporated into
the structure-activity relationship readout to select for lead compounds with better enrichment
in the on-target cell types to optimize drug candidate selection. For example, brain-penetrating
BTK inhibitors (such as evobrutinib and tolebrutinib) are showing positive results in treatingmul-
tiple sclerosis (MS) in human trials (149, 150). However, little is known about their in vivo CNS
targets. Whether the primary targets are B cells and myeloid cells, microglia, or oligodendro-
cytes in the brain is still under debate (151, 152). Identifying the cellular and anatomical targets
of BTK inhibitors in vivo would greatly accelerate our understanding of MS. For example, one
can specifically design additional in vitro cell type–specific (based on CATCH findings) screens
to identify more effective and selective BTK inhibitors for optimizing BTK inhibitor–based MS
treatment.

Beyond initial drug discovery, CATCH can also be used to help guide precision treatment
strategies for heterogeneous cancers. For example, it was recently reported that an acquired human
epidermal growth factor receptor 2 (HER2) T798I gatekeeper mutation induced resistance to
neratinib in a patient with HER2 mutant–driven breast cancer (153). In vitro models suggest this
T798I mutant is sensitive to the irreversible EGFR inhibitor osimertinib (153). CATCH could
be used in vivo, together with nucleic acid probes, to determine whether osimertinib binds to
those cells with the T798I mutants within the heterogenous tumor tissues, providing insight into
the potential benefits of a combination strategy using neratinib and osimertinib.
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Conversely, the information revealed by CATCH can be used to identify and to filter out those
drug compounds that have higher enrichment in the off-target cell types that may be associated
with toxicity. For example,we found that the FAAH inhibitor BIA10-2474 has FAAH-independent
but enriched binding in the pons, which may be related to its neurological toxicity (135, 154).
CATCH could also be applied to improve existing treatments. For example, the covalent BTK
inhibitor ibrutinib has revolutionized the treatment and prognosis of B cell malignancies (155),
but it is associated with significant cardiovascular toxicity (156). Because such toxicity could result
from and vary across different cardiac cells (cardiomyocytes, conduction system) and noncardiac
cells (immune cells, endothelial cells, fibroblasts) (157, 158), it has been difficult to identify the
underpinning primary cell type target for the drug-associated complications. Previously, chemo-
proteomics work showed that C-terminal Src kinase (CSK) is a key off target of ibrutinib, an
interaction that has been associated with atrial fibrillation (159). However, it is unclear which cel-
lular target is responsible for this off target and its associated toxicity (and in which cells). CATCH
could potentially identify the main binding site of ibrutinib in the cardiovascular system, and addi-
tional ABPP studies could pinpoint the responsible molecular interactions leading to the toxicity.

In the near future, this reciprocal use of CATCH and ABPP (or other DTI methods) may
be the most effective strategy to guide drug development and refinement. CATCH can initially
be deployed to guide the selection of relevant tissues and cell types for in vitro screening, nar-
rowing down the search space. Then, ABPP or other chemoproteomics methods that currently
have much higher resolution, coverage, and depth across the proteome can be used to identify
molecular targets. The next round of drug candidate screening (either in vitro or in silico) would
select for or against these protein targets to enhance the desired cellular target and minimize the
undesired off targets, and the results of this screen would subsequently be validated by a second
round of in vivo CATCH. Additional iterations of this cycle could potentially further maximize
on-target selectively while abrogating any off-target effects. A combined approach like this will
take full advantage of the rich and complex biology revealed by the recent application of single-
cell and spatial omics tools and begin to integrate drug-induced perturbations into a multimodal,
multidimensional biological framework.

Ultimately, if in situ omics methods fully advance to the depth and coverage of lysate-based
sequencing and mass spectroscopy approaches, in situ proteomic-scale ABPP/chemoproteomic
methods could potentially provide all-in-one resolution to identify tissue structure, cell mor-
phology, cell type, and molecular affinity information in one unified platform without going back
and forth between in vivo and in vitro screens. As in situ multiplex imaging methods are rapidly
developing, given the high degree of native compatibility between CATCH and multiplex tissue
imaging as well as between CATCH and ABPP, we envision that future parallel development
of CATCH will play a key role in enabling this unified platform. Using such a platform will
bring our understanding of in vivo DTIs and drug MOAs into alignment with the emerging
framework of single-cell, spatially resolved biological systems, accelerating the development of
safe, efficacious therapies.
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