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ABSTRACT: Many disease states can be understood by elucidating small-scale biomolecular protein interaction networks, or
microenvironments. Photoproximity labeling methods, like ZMap, have recently emerged as high-resolution techniques for mapping
spatial relationships within subcellular architectures. However, in vitro models typically utilized lack the cell-type heterogeneity and
three-dimensional structure essential for translating findings to clinical settings. To this end, formalin-fixed paraffin-embedded
(FFPE) tissues are invaluable model systems for biomedical research, as they preserve complex multicellular interaction networks in
their natural environment. While identifying microscale interactions in these samples could provide critical clinical insights, chemical
modifications introduced during formalin-fixation and de-cross-linking are incompatible with standard photoproximity labeling
techniques. Herein, we introduce pMap-FFPE, a new labeling system that enables comparison of the CD20 interactome across

healthy cells, cancerous cells, and preserved patient tissues.

B iological interaction networks—comprising complex asso-
ciations of proteins, nucleic acids, and metabolites—
orchestrate cellular processes like signal transduction and gene
expression. Dysregulation of these networks underlies disease
phenotypes, making the elucidation of signaling pathways highly
relevant for drug development.' ™ Yet, mapping these in vivo
connections is complicated, as protein—protein interactions can
differ drastically between reductionist laboratory-based model
systems—often homogeneous, immortalized cell lines—and
patients in the clinic.”~” Typical cellular models fail to
adequately capture key in vivo features of tissue, such as cell
type heterogeneity and three dimensionality. The ability to
profile these attributes in clinical samples would greatly enhance
personalized medicine and aid in the translation of potent cell-
based therapeutics to approved drugs.” High-resolution inter-
rogation of these protein interaction networks in primary patient
tissue could also facilitate drug target validation and drive the
development of precision therapeutics.'’

Photocatalytic proximity labeling is an emerging technology
capable of probing microscale interactions.'* Many labeling
platforms have been introduced, enabling the exploration of
interactomes in a variety of biological contexts."> However, most
methods are developed specifically for simple cellular model
systems and often require genetic engineering to install the
labeling ensemble,'*~"" precluding their use in tissue samples.
Although some methods have been shown to be compatible with
complex biological samples such as whole blood," there is a
dearth of high-resolution techniques applicable to human tissue.
Recently, Fadeyi and co-workers disclosed a near-infrared
proximity labeling system capable of tagging whole tissue
using fluoroalkyl iodides and an organic photocatalyst.'” Similar
advancements demonstrated the tractability of tissue photo-
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labeling with Ir or porphyrin-based catalysts, yet these
techniques utilize freshly harvested tissue samples for spatial
proteomics. This feature significantly limits applications, as the
most readily available forms of human tissue are formalin-fixed
paraffin-embedded (FFPE) samples. Unlike fresh tissue, FFPE
samples are stable for decades.” Estimates of worldwide FFPE
samples range from 400 million to >1 billion, across thousands
of diseases, representing a wealth of clinical information.”***
However, fixation fundamentally alters the molecular identity of
the sample, greatly complicating sample preparation and analysis
with traditional LC-MS/MS techniques, and the effect of
fixation on photoproximity labeling mechanisms is poorly
understood.”® Thus, we set out to develop a photoproximity
labeling platform capable of generating spatial proteomic
information within FFPE biological samples (Figure 1). After
establishing a labeling manifold for FFPE samples and studying
its labeling mechanism, we examined the CD20 interactome, a
B-cell marker and the target of multiple FDA-approved
monoclonal antibodies,””*® in human tissue. We also compared
CD20s interaction network across single cell type cultures and
tissues, identifying fundamental differences in the interactomes
between model systems. Finally, we validated novel CD20
proximal proteins identified by uMap-FFPE using super-
resolution microscopy (STED).>”
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uMap-FFPE - protein interaction profiling in primary tissue
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Can we successfully proximity label targets and obtain MS/MS
proteomic data within formaldehyde cross-linked tonsil tissue?

Figure 1. Development of #Map-FFPE.

We first attempted photolabeling FFPE cancer cells with
p#Map-Blue, which uses a 2° antibody-Ir catalyst conjugate to
activate a diazirine probe upon blue-light irradiation."!
Surprisingly, irrespective of labeling, washing, and epitope
retrieval protocols, significant background labeling was observed
by microscopy. Strikingly, when the Ir catalyst was omitted, we
observed nonspecific, blue-light mediated photoactivation of the
diazirine probe (1) (Figure 2a, conditions C). Diazirenes are not
activated by blue-light wavelengths, as they only absorb UV-
light. This implicates an endogenous photosensitizing capability
of the FFPE sample, potentially arising from the fixation process
itself. Indeed, similar results were obtained via Western blot in
HEK293T cells after formalin-cross-linking (Figure S1). This
suggests a formalin-induced formation of a blue-light photo-
sensitizer, rendering yMap-Blue techniques incompatible with
FFPE samples. Interestingly, this background activation was
wavelength-dependent; it was not observed with our yzMap-Red
platform, which uses a conjugated Sn-chlorin catalyst and azide
probe (2) (Figure 2a)."® Using uMap-Red, we sought to identify
the interactors of CD20 in FFPE human tonsils with proximity
labeling using label-free proteomics. This requires mechanically
harvesting, chemically de-cross-linking, and solubilizing the
tissue,®° then enriching the biotinylated proteins with
streptavidin-coated beads. Many methods exist for reconstitut-
ing FFPE tissue: we sought to identify conditions that maximize
recovery of free CD20 and total protein.”’ We tested several
protocols and bufter solutions and found that 4% SDS, 80 mM
HEPES, 80 mM DTT, pH 8 (“buffer B”) was optimal, yielding
minimized protein aggregation and better resolved protein
migration via electrophoresis (Figure $2).** Furthermore,
formalin-fixed cells that were de-cross-linked using these
conditions gave identical band patterns to unfixed cells by
Western blot (Figure S3), indicating reconstitution to a “native-
like” state, a requirement for successful identification by MS-MS
techniques.”® However, when this protocol was applied to
p#Map-Red-labeled samples, significant biotinylation was
observed by Western blot for all conditions where Bt-Az (2)
was added (Figure 2b, lanes A-D). Given the contrast to our
microscopy studies, we hypothesized that the conditions utilized
for de-cross-linking (95 °C) promotes thermal activation of
residual Bt-Az probe, forming a nitrene (3)**** that labels
proteins nonspeciﬁcally,35’3’6 eliminating spatiotemporal infor-
mation (Figure 2c). Unfortunately, attempts to wash away
residual probe before de-cross-linking were unsuccessful.
Recognizing the incompatibility of our photolabeling systems
with FFPE samples, we sought to redesign uMap-Red to
overcome these challenges. Typically yuMap-Red functions by
converting 2 to the active aminyl radical (4) via reduction by

photogenerated Sn(III) followed by N, loss and protonation.'®

Cognizant of the key intermediacy of an aminyl radical, we
questioned if this species could instead be generated by
reductive quenching of the excited Sn'" catalyst (Sn'*/Sn'™
E,,”™ = 1.25 V vs Ag/AgCl) with a biotin aniline conjugate, §
(Bt-An, E,, = 0.71 V vs Ag/AgCl). We speculated that a
thermally stable aniline probe could avoid nonspecific labeling
during heat-induced de-cross-linking (Figure 2c). We evaluated
the relative thermal stability of Bt-Az (2) and Bt-An (5) under
de-cross-linking conditions. Predictably, 5 showed minimal
thermal activation whereas 2 displayed significant thermal
labeling (Figure 2d). Furthermore, when the Sn/aniline system
was utilized for proximity labeling of CD20 in FFPE human
tonsil slides, labeling (after extraction) was only observed in the
presence of the Sn photocatalyst. Thus, a thermally stable,
photoproximity labeling system (y#Map-FFPE) was successfully
realized. Further optimization of conditions improved targeted
labeling above background (lane A vs B) to ~2:1 (SI Section
14). Gratifyingly, yMap-FFP-labeled samples show strong
biotinylation at germinal centers in tonsil (consistent with the
localization of B-cells in tissue, Figure 2e).%’

With a new probe in hand, we next evaluated the mechanism
of activation and labeling (see Supporting Information (SI) for
extended discussion). Pleasingly, Bt-An labeling was also under
photonic control as labeling was seen only during short pulses of
irradiation (2 min), implicating the catalytic relevance of
Sn(IV)* (Figure 3a). However, in vitro labeling studies on
bovine serum albumin (BSA) and carbonic anhydrase (CA)
convoluted our mechanistic analysis. Presuming a redox
mechanism is operative, a sacrificial oxidant, like oxygen, is
required to turn over the photocatalyst. Interestingly, labeling
was observed under N, for BSA, though not CA. This finding
suggests an alternative pathway, wherein interchain disulfide
bonds (E; ;"¢ > — 0.71 V vs SCE),*® present in BSA but not CA,
can serve as oxidants (Figure 3b). This hypothesis is supported
by the restoration of CA labeling under anaerobic conditions
when proteins with disulfide bonds are added (Figure S4),
suggesting a redox labeling mechanism under N,. However, our
analysis for aerobic conditions is complicated by an additional,
well-characterized proximity labeling mechanism.'®'>*%~**
This alternative pathway relies on sensitization of *0, (8) by
the excited state catalyst (7). Next, 'O, (9) covalently modifies
nearby residues, such as histidine (10), via [4 + 2] cycloaddition
and ring opening to furnish an electrophile (11). Upon
nucleophilic attack by Bt-An covalently tagged 12 is generated. ™
Given the different residue modifications obtained by each
labeling mechanisms (+Bt-An vs + Bt-An-O-H,), we sought to
implicate the primary pathway by detecting the adduct with
DDA LC-MS/MS proteomics using open residue modification
search. Interestingly, only mass shifts corresponding to the 'O,
pathway were identified (+Bt-An-O-H,), implicating O,
sensitization as the dominant labeling pathway (Figure 3c).
However, we cannot rule out a mixed redox/sensitization
mechanism given the successful labeling of BSA under N,. Thus,
we propose that under air, 'O, is the primary reactive
intermediate, while under N, the aminyl radical is responsible
for labeling (Figure 3d).

With a better understanding of the yMap-FFPE platform, we
performed LC-MS/MS proteomics on CD20 in human tonsil
slides. Pleasingly, CD20 and other known interactors were
highly enriched (Figure 4A),** including SRC kinases (LYN/
FYN), which associate with B-cell surface receptors to enable
signaling,** and many HLAs (DRA, DRB1/4).*° Additionally,
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CD19, CD40, and CD79—known neighbors of CD20—were
greatly enriched.*”** To benchmark our platform against
established enzymatic proximity labeling methods, we targeted
CD20 in tonsils with APEX labeling.*”** Gratifyingly, CD20
and several known interactors were enriched in both data sets.

However, APEX captures only 14.3% of enriched proteins
identified by uMap-FFPE, likely driven by altered labeling
mechanisms and radii (ST Section 18).”" To probe differences
between pMap platforms, we performed pMap-Blue with
human peripheral blood mononuclear cells (PBMCs) targeting
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CD20 (Figure 4B). Gratifyingly, CD20 and other top hits
(CD40/MHCs) were enriched in both data sets. Despite this
overlap, certain proteins that were highly enriched in tonsils
were not observed in PBMCs, underscoring fundamental
differences in B-cells between cells and tissue. These altered
microenvironments are attributed to changes in model type,
rather than labeling platform, as yMap-FFPE-labeled SUDHL4
cells (DLBCL line) and DLBCL tissue show a similarly low
degree of overlap (Figure SS). We then conducted an extensive
comparison between tissue and cells, as well as healthy and
diseased model systems (using yMap-Blue/FFPE). Interest-
ingly, CD20 and other neighbors were enriched across all data
sets, supporting a common interactome. Yet, significant
differences were also observed among model types. For example,
CD38 and TRIM21 were uniquely enriched in cellular models,
whereas CD22/79, ADAM10, LYN, and CD6 were only seen in
tissues. Certain tissue-specific interactors can be explained by
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cell type heterogeneity, as CD6 is a common T-cell marker.>”

Furthermore, intracellular interactors (i.e., LYN), are identified
in tissue as these samples have been permeabilized, enabling
diffusion of the labeling intermediate across the membrane.
Finally, disease-specific proximal proteins were found in DLCBL
tissue and cancer cell lines, illustrating #Map’s ability to discover
interactions of potential pathological relevance (Figure 4C).
To validate novel proteins found in the tonsil CD20
microenvironment, we utilized STED microscopy. As a positive
control, we examined the known interaction of CD20/IgD,
which showed colocalization in tonsils (r = 0.669).>® Across
triplicate CD20 yMap-FFPE experiments in tonsils, 10 proteins
were consistently enriched, including known interactors like
HLAs. Yet, this data set also contained proteins that, to our
knowledge, have not been identified within the CD20
microenvironment (ADAM10, CD21/45, and RASAL3).***
Using STED, we validated the colocalization of all these proteins
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Figure S. Validation of novel CD20 neighbors in FFPE tonsil using STED (r = Pearson’s Coefficient).

with CD20 (r = 0.524—0.779),>* establishing uMap-FFPE’s
ability to identify novel protein microenvironments in FFPE
samples (Figure S). These interactions were further validated by
proximity ligation assay (PLA, Figure S6). The CD20/
ADAMIO0 interaction is of interest, as ADAMI0 is a metal-
loprotease that cleaves membrane-bound proteins, generating
their soluble form. The loss of membrane-bound CD20, driven
by a range of mechanisms,> is a well-characterized resistance
pathway for treatments targeting CD20. Although further
functional studies are required, understanding this interaction
may suggest an orthogonal, ADAMI0-mediated resistance
pathway.

In conclusion, we have developed a photoproximity labeling
technique, uMap-FFPE, compatible with the vast libraries of
preserved tissue samples. Utilizing a red-light-activated catalytic
manifold and thermally stable probe was key to the realization of
this hypothesis-generating technology. Furthermore, we illus-
trated key differences between biological model systems,
identifying differential interaction networks between types.
Finally, new CD20 interactors were validated by STED/PLA.
Collectively, yMap-FFPE is a new tool within the field of
proximity labeling, situated to prosecute protein interactions in
FFPE samples across biological contexts and disease states.
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