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The human body comprises rich populations of cells, which are arranged into tissues and organs with
diverse functionalities. These cells exhibit a broad spectrum of phenotypes and are often organized as a
heterogeneous but sophisticatedly regulated ecosystem — tissue microenvironment, inside which every
cell interacts with and is reciprocally influenced by its surroundings through its life span. Therefore, it is
critical to comprehensively explore the cellular machinery and biological processes in the tissue micro-
environment, which is best exemplified by the tumor microenvironment (TME). The past decade has seen
increasing advances in the field of spatial proteomics, the main purpose of which is to characterize the
abundance and spatial distribution of proteins and their post-translational modifications in the microenvi-
ronment of diseased tissues. Herein, we outline the achievements and remaining challenges of mass
spectrometry-based tissue spatial proteomics. Exciting technology developments along with important
biomedical applications of spatial proteomics are highlighted. In detail, we focus on high-quality
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resources built by scalpel macrodissection-based region-resolved proteomics, method development of
sensitive sample preparation for laser microdissection-based spatial proteomics, and antibody reco-
gnition-based multiplexed tissue imaging. In the end, critical issues and potential future directions for
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1. Introduction

The human body comprises a massive number of cells, which
are in turn arranged into tissues and organs with diverse func-
tionalities for each compartment." Driven by the internal
molecular features such as genetic codes, cells exhibit a broad
spectrum of phenotypes and are often organized as a hetero-
geneous but harmonious ecosystem - tissue microenvi-
ronment inside the human body. Within the tissue microenvi-
ronment consisting of various cell types, subpopulations, and
substructures, every cell interacts with and is reciprocally influ-
enced by its surroundings through its entire life span.
Therefore, it is critical to interrogate the tissue microenvi-
ronment for a comprehensive understanding of the cellular
machinery and inner biological processes, for example, in the
field of cancer biology.>” Generally, solid tumors are made up
of neoplastic cells together with stromal parts including extra-
cellular matrix (ECM), cancer-associated fibroblasts (CAFs),
endothelial cells, immune cells, etc.°”® Spatiotemporal hetero-
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spatial proteomics are also discussed.

geneity within the tumor microenvironment (TME) has been
proven to play a critical role in tumor initiation, progression,
metastasis, therapeutic response, and drug resistance.'®™"?
Hence, systematic characterizing and accurate assessing this
intricate network is considered as a prerequisite for decipher-
ing the ecological and evolutionary nature of cancer as well as
developing effective therapies."*"® In recent years, efforts have
been contributed to map the molecular features in TME with
the help of a diversity of analytical and biological approaches.
Among which, immunohistochemistry (IHC) staining of tissue
sections has now become a routine technique in clinical diag-
nosis and biomedical research.'® THC and other histochemical
staining methods allow visual assessment of the tissue mor-
phology, cell type distribution and expression level of endogen-
ous molecules such as proteins. Nonetheless, the traditional
IHC protocol is quantitatively imprecise and limited by a low
throughput for measuring multiple targets in the same slide at
the same time."”

Under this circumstance, the concept of single-cell analysis
has emerged for dissecting the cellular heterogeneity in single-
cell resolution in the past decade.'®'® In order to make single-
cell suspensions, tissue samples are usually disaggregated
enzymatically. Afterwards, the cells are sorted based on anti-
body recognition or diluted using microfluidic chips following
by single-cell analysis.”® Besides single cells, this procedure
can also produce high-purity cell subpopulations, however, it
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will inevitably cause the loss of spatial information and impor-
tant TME components such as ECM. In addition, whether
results from single-cell analysis can well represent the cell
states in the real TME is still controversial. Taking advantage
of the advanced sequencing technologies with increased
throughput and sensitivity in the past decade, it has become
routinely available for performing in-depth transcriptome pro-
filing at single-cell resolution. For example, the combination
of single-cell sequencing technologies with traditional histo-
logical imaging has now enabled multiplexed and spatially
resolved transcriptome analysis of the same tissue section by
unbiased mRNA capture using spatially barcoded microarray
of printed spots (55-100 pm in diameter) or densely packed
beads (2-10 pm in diameter).*’>> These strategies, such as
Spatial Transcriptomics technology,® have now made it feas-
ible to characterize the TME in higher dimension by measur-
ing spatial patterns of gene expression in cryosections.?”°
Despite the extraordinary achievements of spatial transcrip-
tomics in methodology developments and biomedical appli-
cations, it is worth noting that proteins rather than DNA or
RNA control virtually all cellular processes and execute biologi-
cal functions. Often, the genomic or transcriptomic datasets
are used to predict the phenotype on the basis of the central
dogma, however, poor correlations have been observed
between mRNA copy number and protein abundance in
several systematic and comparative studies.*'*

Mass spectrometry (MS)-based proteomics has now become
a major tool to explore the structure and function of proteome
owing to the great progress for the development of sample
preparation and fractionation methods, high-performance
instruments and data analysis algorithms.>*™° During the past
decade, substantial efforts have been made for characterizing
the proteome landscapes in different cell lines,”” body
fluids,*® organs from healthy or diseased mammals.>**!
Typically, the tissue proteome is profiled by analyzing protein
lysates extracted from bulk tissues which often contain
massive number of cells. This streamlined workflow is very
robust and can usually produce high-quality resources of thou-
sands of proteins together with their post-translational modifi-
cations (PTMs) status.*> However, the homogenization process
will inevitably result in an average effect by blurring the spatial
and cell-type information.*® To this end, the past decade has
seen increasing advances in the field of spatial proteomics, the
purpose of which is to characterize the abundance and spatial
distribution of proteins and their PTMs in tissue to describe
and understand the TME in a systematic manner.***® In
general, the analytical strategies of spatial proteomics for
tissue can be divided into three categories: (1) physical dissec-
tion, (2) antibody recognition, and (3) mass spectrometry
imaging (MSI). Among these strategies, the most prevalent and
direct one is physical dissection by separating the hetero-
geneous organ or tissue sections into spatially resolved pieces
by scalpel or pulsed laser with spatial resolutions ranging from
millimeter to sub-micrometer based on the precision of dis-
secting tools. The dissection-based proteomic experiments can
reach a depth of hundreds to thousands of proteins identified
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with their spatial information. Akin to conventional IHC stain-
ing, the second class of strategies depend on the recognition
of targeted proteins on tissue sections by antibodies which
should carry special reporters for downstream detection such
as fluorescent groups for multiplexed imaging or metal-
labeled complexes for mass cytometry. As for MSI, such as
matrix-assisted laser desorption/ionization (MALDI)***° de-
sorption electrospray ionization (DESI),>' and secondary ion
MS(SIMS)-based technologies,”® have been widely used to
unbiasedly measure the spatial localization and abundance of
a variety of analytes mainly including peptides, metabolites,
and drug molecules in tissue sections in a high-throughput
manner. Taking advantage of the fast scan speed of these
in situ analytical technologies, efforts have been made to
apply MSI to characterize the TME mainly based on the spatial
distribution of small molecules such as lipids.>® However, the
proteome coverage and quantification precision of MSI is
very limited due to its inherent technical shortages
including ionization suppression, complicated procedure for
proteomics sample preparation, and absence of efficient
peptide separation. To this end, several strategies including
on-tissue digestion,>"*® liquid extraction surface analysis
(LESA)*®®” and utilization of ion mobility-based separation®®
have been tested by coupling to MSI, but large-scale
in situ peptide identification in tissue still remains challenging
by far.

In this review, we outline the achievements and remaining
challenges of MS-based tissue spatial proteomics. Exciting
technology developments along with important biomedical
applications of spatial proteomics are highlighted (Table 1). In
addition, several novel technologies with great potential for
spatial proteomics are also discussed. Since this is a technical
review, the following parts are organized according to the
analytical methods, including scalpel macrodissection, laser
microdissection, and antibody recognition (Fig. 1). As for MSI,
we only discuss it here as an annotation tool for laser micro-
dissection-based spatial proteomics in section 3, because lots
of comprehensive reviews introducing the latest progress of
MSI and its application have been published with different
highlights in the past decade.>*>%"%3

2. Scalpel macrodissection-based,
region-resolved proteomics

In anatomy, organs and tissues in mammalian body can often
be divided to different compartments. For instance, the
human muscle is mostly composed of belly part and tendon
part with distinct morphological characteristics and comp-
lementary functions during muscle movement. The initial
attempts of spatial proteomics started with MS-based proteo-
mic analysis of different anatomic regions dissected from
organs using scalpel by clinical experts. Often, tens to hun-
dreds of micrograms of starting material can be obtain from
scalpel-based macrodissected tissues, therefore the experi-
mental protocols used in this section is quite standard includ-
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Fig. 1 Scheme illustration of spatial proteomics technologies for
understanding the tissue microenvironment.

ing tissue lysis, protein digestion, desalting, peptide fraction-
ation, and liquid chromatography (LC)-MS analysis. Herein, we
highlighted several recent works which provided rich proteo-
mic resources of important organs with high data quality.
Brain is the most important part in mammalian central
nervous system and has a highly complex structural and func-
tional organization. To understand the development and func-
tion of brain, several groups have profiled the global pro-
teomes of major anatomic regions and cell types in human
and mouse brain. In 2015, Sharma et al. performed an in-
depth proteomic and transcriptomic analysis of eight major
regions and four cell types isolated from adult mouse brain
samples.®® Taking advantage of the match-between-runs
(MBR) algorithm embedded in MaxQuant software,® an
average of ~11 000 proteins for each brain region and cell type
were identified with high reproducibility. In the proof-of-
concept analysis, a class of cell surface proteins were found
over-expressed and then defined as cell-type-specific markers.
This large-scale resource provided a successful example for the
following efforts on the establishment of spatial- and cell-type-
resolved brain proteomic landscapes. Two years later, the same
group profiled the soluble and insoluble proteome of four
brain regions in wild-type mouse and Huntington’s disease
(HD) mouse model at three different stages of disease pro-
gression to investigate the mechanisms of neurodegeneration
from a spatiotemporal view. By using the raw files produced in
their previous work®® as an additional spectral library to gain
matching peptide identifications with MBR algorithm, over
8000 proteins were confidently quantified across different
samples. Genetically engineered animal models are often con-
sidered unable to cover the entire proteome changes that
occur in the human specimen, so several other works also pro-
filed the spatial- and cell-type-resolved proteome in human
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brain samples. In 2017, Carlyle et al. conducted a comprehen-
sive proteomic survey of seven regions in postnatal human
brains of sixteen individuals at varied ages.* About 5000 pro-
teins in total were reliably quantified with MBR algorithm.
Given that a more comprehensive proteomic atlas of human
brain would promote the understanding of brain diseases
such as neurodegeneration and dementia, the Coon group
recently identified an average of ~7000 proteins in nine ana-
tomic regions in three aged human brains using high-pH
reversed-phased (HpRP) fractionation and an Orbitrap Fusion
Lumos MS.%°

In addition to brain, heart is another life-control organ in
human body, which can be dissected into four cavities, four
valves with four major cell types. In 2017, the Mann group
established a spatial- and cell-type-resolved proteome map of
healthy human heart with three fresh samples from postmor-
tem.®” Employing their high-sensitivity sample preparation
and fractionation toolkit (inStageTip®® and loss-less nano-frac-
tionator®), over 10000 protein groups were quantified from
low-microgram protein lysates extracted from sixteen anatomic
human heart regions and four cell types. By systematic com-
parison between these proteomes, regional differences in
human heart and potential protein markers for atrial fibrilla-
tion were found. With the development of instrumentation, it
has become much easier to obtain high-quality datasets.
Recently, the same group generated the first spatial proteomic
atlas of healthy human skin and over 10 000 protein groups
were quantified with location and cell-type information by a Q
Exactive HF-X MS’® Due to the complex structures in the
human skin, the authors employed curettage, biopsy punch,
and fluorescence-activated cell sorting (FACS) to separate
different tissue layers and cell types. By initial analysis of the
atlas, an interesting spatial proteomic gradient phenomenon
across different human skin layers was discovered and novel
cell-type-specific structural and functional proteins were
defined (Fig. 2).

An important issue that attracts much attention is whether
the molecular characteristics in anatomic-different tissue
regions are distinct as well. In 2018, Ni et al. performed a
global proteome profiling of mucosa samples from healthy
human stomach.”” Anatomically, the human stomach
mucosa can be divided into seven regions, but the generated
regional-resolved proteomes in their study can only be classi-
fied into two clusters in the principal component analysis
(PCA). This interesting result well demonstrated the complex-
ity of the tissue microenvironment and the necessity for
spatial proteomics technology with higher resolution. The
precision of tissue dissecting tool determines the resolution
of generated spatial proteome map. The scalpel-based macro-
dissection can achieve millimeter resolution by experienced
hands,”* and several newly-introduced sampling technologies
including hydrogel extraction®®® and LESA®® can only
reach sub-millimeter resolution with low proteome coverage.
To this end, single-cell resolution dissecting tools are
required to interrogate the cellular heterogeneity in tissue
microenvironment.
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3. Laser microdissection-based
spatial proteomics

Laser microdissection was first described by Emmert-Buck
et al”® in 1996 as the laser capture microdissection (LCM)
system following by the development of its different upgraded
7475 At present, LMD has become a universal platform
for cell enrichment at sub-micrometer resolution.”®’” LMD
enables isolation and collection of regions of interest (ROIs)
on tissue section in any shape by laser cutting with micro-
scopic visualization.”® Then, the collected ROI pieces can be
used for various downstream analysis including MS-based pro-
teomics.”® Datasets derived from these samples can then be
annotated with their original location, thus preserving spatial
and cell type information.®® Although LMD has been success-
fully integrated into MS-based proteomics workflow, there are
two major bottlenecks for the implementation of LMD-based
spatial proteomics: (1) the lack of overall sensitivity in conven-
tional MS-based proteomics workflow for low cell amounts,
and (2) histopathological evaluation of tissue sections
especially clinical samples usually requires guidance from
experienced pathologists. Substantial efforts have been
devoted to addressing these two technical problems, respect-
ively. To increase the overall sensitivity, a variety of integrated
sample preparation approaches have been developed and
adapted to LMD-based spatial proteomics workflow. To
improve the feasibility of histopathological evaluation, several
automated and precise annotation methods have been intro-
duced and combined with LMD-based cell isolation. The
advance of these technologies has facilitated the in-depth pro-
teome profiling of small-size tissue under convenient gui-
dance. In this section, technical achievements and representa-
tive applications of LMD-based spatial proteomics are high-
lighted and discussed.

versions.

3.1 Integrated sample preparation for higher sensitivity

Currently, the latest LC-MS/MS systems have achieved remark-
able sensitivity for analyzing nanogram-level cell digests.®'
Compared to the development of commercially available
instrumentations and bioinformatic tools, proteomics sample
preparation has largely lagged behind. For conventional pro-
teomics workflow, multi-step manual operations are required
and reactions often happen in large-volume solution. This pro-
tocol is very robust and works well with hundreds of micro-
grams of tissue lysates. However, when handling small
amounts of sample such as LMD-collected tissues, consider-
able sample loss would lead to decreased proteome coverage
with low reproducibility. For this reason, sample preparation
technologies with miniaturized devices or integrated work-
flows have been developed to increase the overall sensitivity of
LMD-based spatial proteomics.** These technologies often
differ in workflow according to tissue preservation methods.
Fresh-frozen tissue is the ideal starting material for in-
depth proteomic analysis because the modification, inter-
action, and structure of proteins can be well preserved once

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 In-depth analysis of skin layers by macrodissection-based spatial proteomics. (a) Compartments and cell types in human skin. (b—c) Sample
preparation and MS analysis workflow. (d—e) Protein identification number and PCA of different skin layers and cell types. Reproduced from ref. 70

with permission from the Springer Nature, copyright 2020.

the tissue is immersed into liquid nitrogen and stored at
—80 °C. For a balance of protein recovery and spatial resolu-
tion, fresh-frozen tissue for LMD is often cut into cryosections
of 10-15 pm in thickness using a microtome to make theore-
tical single-cell layers. To prevent tissue from protein degra-
dation, a quick fixation with ice cold organic solvents (e.g.,
acetone and methanol) is performed following by staining and
dehydration. Since the protein components can be well pre-
served by the above procedures, the lysis buffer and sample
preparation workflows designed for low-amount cell samples
can also be used to process LMD-isolated cryosections with
little modifications. However, the much tight and complex
structure of these samples significantly increase the difficulty
for extracting the protein components.

In 2018, our group combined LCM with the simple and
integrated proteomics sample preparation technology

This journal is © The Royal Society of Chemistry 2021

(SISPROT) for processing rare clinical tissue samples.®* The
SISPROT device is composed of ion exchange beads and
C18 SPE disks in tandem within the same spintip. All the
sample preparation steps including protein enrichment,
reduction, alkylation, digestion, desalting, and high pH RP-
based peptide fractionation can be carried out in one
single tip within 2-3 hours.® This unique design enables
efficient processing of sub-microgram protein samples and
removal of chemical dyes from hematoxylin and eosin
(H&E) stained tissue slides (Fig. 3a). Four cell types in
colon cancer tissue slice with 5 mm? in area and 10 pm in
thickness were collected by LCM and profiled by SISPROT-
based proteomics with up to 5000 proteins identified.
Furthermore, a proof-of-concept three-dimensional spatial
and cell-type-resolved proteomic map of human colon
tumor was generated.

Analyst, 2021,146, 3777-3798 | 3781
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Apart from developing novel devices, studies have been
undertaken to optimize the performance of the conventional
in-solution workflow. For example, Davis et al. recently tested
different combinations of sample collection methods, lysis
buffers, and digestion methods to maximize the proteome cov-
erage with small-size tissue sample.®* In their optimized work-
flow, the LMD collection tube cap was pre-filled with trifluoro-
ethanol (TFE) lysis buffer so that the tissue pieces can be
directly lysed without the risk of sample loss during tube
inverting and centrifugation. This in situ method showed good
sensitivity for identifying 1500 protein groups from human
brain tissue of 0.06 mm® in area and 10 pm in thickness by
using an Orbitrap Fusion Lumos MS.

The two examples above represent high sensitivity of
sample preparation by manual operation on easy-to-use plat-
forms while sophisticatedly designed microfluidic chip system,
such as the nanodroplet processing in one pot for trace
samples (nanoPOTS) platform, was also applied for processing
LCM tissue samples.®® The original design of nanoPOTS has a

3782 | Analyst, 2021,146, 3777-3798

glass chip fabricated with hydrophilic reaction vessels sur-
rounded by a hydrophobic surface. Inside each vessel, several
to hundreds of cells can be lysed and digested in nanodroplet
before the peptides are concentrated and stored in a solid
phase extraction (SPE) column for online desalting. For proof
of concept, nanoPOTS was applied to profile the spatial pro-
teomes of single human islet section and tomato tissue
pieces.’” Later on, the nanoPOTS platform was further opti-
mized by pre-populating dimethyl sulfoxide (DMSO) in the
reaction vessels to improve tissue capture efficiency.®® Very
recently, a combinatory strategy was reported by integrating
LCM-nanoPOTS with an image processing software called
Trelliscope which is capable to correlate the histological image
with spatial proteomic datasets.’® In this report, “proteome
imaging” was performed to investigate the tissue microenvi-
ronment in mouse uterus with ~2000 protein groups identi-
fied from each “tissue voxel” of 0.01 mm? in area and 12 pm in
thickness on a modified Q Exactive Plus MS system (Fig. 4).
Although the LCM-nanoPOTS system has shown extraordinary

This journal is © The Royal Society of Chemistry 2021
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sensitivity, on the other hand, the nanowell design may limit
its performance in terms of potential contamination by pre-
populating organic solvent and sample loss by hydrophobic
surface and off-line sample transfer to SPE column. Also, in-
solution protocols are incapable of removing chemical dyes
from H&E staining which have been proven detrimental to MS-
based peptide identification.’® In addition to the approaches
mentioned above, several other sample preparation techno-
logies including immobilized enzyme reactor (IMER)®' and
liquid handler-based processing platform®” have also been
developed and applied for LMD-based spatial proteomics with
fresh-frozen tissue sections in recent years.

Despite the advantages of fresh-frozen tissue for MS-based
proteomics, the preservation of frozen tissue or cryosection is
less preferred for long-term low-temperature storage. On the
other hand, poor rigidity of morphology is generally found in
fresh-frozen tissue due to the formation of ice crystals during
the freezing process.”® Therefore, formalin-fixed paraffin-
embedded (FFPE) tissue specimens are more common as
archives in clinical practice for more than a century.’* Clinical
information, which is critical for linking proteomics data with
corresponding clinical outcomes, is well documented for FFPE
samples. Formalin (aqueous solution of formaldehyde) can
form inter-molecular cross-links between proteins and intra-

This journal is © The Royal Society of Chemistry 2021

molecular chemical modifications with high reactivity and per-
meability, thus effectively preserve protein structure and tissue
morphology in an ambient condition for decades.”® To make
better use of the FFPE specimens in archives worldwide,
numerous protocols have been developed to extract the protein
contents in formalin-fixed tissues.’® Although the mechanism
is not fully elucidated so far, protein fixation with formalin
has been proven partially reversible in various extraction
buffers (e.g., 6 M guanidine hydrochloride,”” 300 mM Tris-
HCL?® 1 M hydroxylamine hydrochloride,” 4% SDS,’® and
50% TFE') and extraction conditions (e.g., heating,'*" high
pressure,'®> and ultrasonication'®®). In an attempt to apply
LMD-based spatial proteomics to FFPE tissue specimens,
efficient protein extraction protocols in combination with inte-
grated sample preparation technologies have been reported in
recent years.

The combination of pressure cycling technology and
sequential window acquisition of all theoretical fragment ion
spectra-MS (PCT-SWATH) was first reported by the Aebersold
group in 2015 attempting to convert tissue biopsy samples into
“digital proteome maps” in an integrative and high-through-
put fashion.'®* Different from other protocols, the PCT
method employs cycles between ultra-high and ambient
pressure which enables in situ tissue homogenization, protein
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extraction, and tryptic digestion in about three hours.'®® Since
detergents are not required in the PCT workflow, the digested
peptides can be directly injected for SWATH-MS analysis after
C18 SPE desalting.'*® In 2019, Zhu et al. integrated the acidic
and alkaline hydrolysis steps into the PCT-SWATH workflow to
process FFPE biopsies efficiently.'®> Very recently, the
FFPE-PCT protocol was well applied to profile the proteomic
characteristics in different organs from COVID-19 patients.""”
Because the PCT-SWATH method is designed for a few hun-
dreds to thousands of micrograms of starting materials,'*®
further optimization might be adopted to facilitate its use in
spatial proteomics by increasing the sensitivity.

Filter-aided sample preparation (FASP) is a widely-used pro-
teomics sample preparation technology to remove low-mole-
cular-weight detergent from tens of microgram of protein
lysates and perform protein digestion on the filter.'*>"'° In
order to increase the sensitivity for analyzing LMD-collected
FFPE tissue samples, the FASP method was improved by
adding 0.5% polyethylene glycol (PEG) in cell lysates as a
carrier substance to reduce sample loss from nonspecific
adsorption."'’ In combination with SDS-based de-cross-
linking/protein extraction and multi-enzymatic digestion strat-
egy, as many as ~10000 protein groups were surprisingly
identified from 110 nL microdissected FFPE human colonic
adenoma tissue sample using SAX-StageTip-based fraction-
ation and a Q-Exactive MS.""? Later on, the FFPE-FASP protocol
was applied to profile the proteomes of normal area, cancer
cells, and metastases isolated from FFPE colon cancer tissue
by LMD with about 8000-10 000 protein groups quantified and
the proteome remodeling phenomenon was investigated
between different cell types.'**''* From the results above, the
advantage for addition of PEG to reduce sample loss is
obvious, however, PEG is also well-known as a detrimental con-
taminant in LC-MS analysis.

Single-pot, solid phase-enhanced sample-preparation (SP3)
technology was developed by Hughes et al. in 2014 and
became a popular proteomics sample clean-up approach due
to its ease of use and good compatibility."***"” The SP3
enables organic solvent precipitation-based physical capture of
proteins and removal of interference components in lysis
buffer using paramagnetic beads.''® In 2016, Hughes et al.
reported a protocol termed SP3-Clinical Tissue Proteomics
(SP3-CTP) by combining SDS-based decrosslinking/protein
extraction, SP3 protein processing, tandem mass tags (TMT)
labeling, HpRP fractionation, and MS3-based quantifi-
cation.""® Buczak et al.'*° and Griesser et al.’® further opti-
mized and applied the SP3-CTP protocol to LMD-based spatial
proteomics, respectively. In these two technical notes, similar
performance was achieved with ~5000 protein groups quanti-
fied from microgram-level starting materials by Orbitrap
Fusion Lumos MS.

Although TMT-based isobaric labeling strategy is much pre-
ferred to increase the quantification precision and sensitivity
in a lot of proteogenomic studies,">"'** potential drawbacks of
TMT such as additional steps of sample preparation and in-
accuracy (or ratio compression) caused by co-elution of peptides
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from different TMT channels'*® have hindered its wider appli-
cation in LMD-based spatial proteomics.'** To this end,
several other MS data acquisition strategies such as data-inde-
pendent acquisition (DIA) combined with integrated sample
preparation technologies have been developed to increase the
overall performance for analyzing LMD-collected FFPE tissue
sample towards clinical needs. For example, the Mann group
described a 96-well-based in-solution proteomics sample
preparation protocol for performing DIA-based MS analysis of
large FFPE tissue cohorts from histopathology glass slides or
LMD-collected samples.'® Due to the large amount of FFPE
specimen storage worldwide, high-throughput sample proces-
sing platforms with single-shot DIA analysis provide a good
opportunity for broader applications of LMD-based spatial
proteomics.

3.2 In-depth spatial PTM profiling in tissue section

In addition to the expression level of the whole proteome, it is
ideal to measure the protein PTM at the same time. Indeed,
MS-based analysis of important PTMs such as phosphoryl-
ation, glycosylation, and ubiquitylation has now become a
widely-used technique via robust PTM protein/peptide enrich-
ment strategies.'*® Typically, at least hundreds of micrograms
of protein lysates are required to perform an in-depth PTM
profiling by MS because of the low stoichiometry of major
PTMs in normal cell lines or tissue samples. To this end,
global profiling of PTM in tissue section faces great challenges
of the overall sensitivity. Up to now, there are very few reports
for LMD-based spatial and in-depth PTM profiling in tissue
sections. Under this circumstance, we and others set out to
develop novel MS-based PTM profiling strategies with higher
sensitivity for limited starting material such as LMD-collected
tissue pieces.

Protein glycosylation mediates various cellular processes
including cell-cell communications, immune response, cell
adhesion and so on.'?° It is attractive to investigate the spatial
distribution of glycome in clinical tissue specimens. In 2017,
Hinneburg et al. reported a sensitive and glycan isomer-selec-
tive method for simultaneous N- and O-glycome profiling from
FFPE tissue sections by immobilizing glycoproteins on PVDF
membrane, releasing the N-glycan and O-glycan sequentially,
and analyzing with porous graphitized carbon LC-MS."*” For
proof of concept, N- and O-glycan profiles were determined
from 2000 cells isolated from FFPE human liver tissue sections
by LMD and significant global glycome changes were observed
in comparison between tumor and non-tumor areas.

One major challenge to enrich glycoproteins from limited
starting material is low glycoprotein recovery due to multiple
sample transfer steps in conventional methods. To address
this challenge, our group developed a fully integrated spintip-
based glycoproteomic approach (FISGlyco) which integrated
the glycoproteomic sample preparation workflow including
glycoprotein enrichment, digestion, deglycosylation, and
desalting in a spintip device.'”® Taking advantage of the
C18 matrix as a “switchable control” by SDS,"* the FISGlyco
method greatly reduced processing time and sample loss
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resulted from unspecific adsorption by performing all the
steps in a single tip (Fig. 5). For sensitivity assessment, ~600
N-glycosylation sites were quantified from as low as 5 pg of
mouse brain protein lysates. Moreover, the FISGlyco method
was applied for LMD-based spatial glycoproteomics profiling
to establish the first spatial-resolved N-glycoproteome profiling
of four mouse brain regions with over 1000 N-glycosites identi-
fied using fresh-frozen tissue sections. For future perspective,
sensitive technologies to profile other PTMs such as phos-
phorylation can also be possible for dedicatedly optimizing
specific protocols for LMD samples.

3.3 Annotation methods for LMD-based proteomics

For LMD-based proteomics, prior knowledge of molecular pat-
terns or cell type distribution in tissue is mandatory to select
ROI for downstream analysis. Often, it is evaluated using H&E
by experienced pathologists. This strategy works well in region-
resolved spatial proteomics studies mentioned above, whereas
it is time-consuming and potentially imprecise for single-cell-
resolved spatial analysis of large-area slides. Despite that IHC
can provide more accurate spatial information about specific
cell type by antibody recognition, most of the LMD-based
spatial proteomics studies mentioned above used H&E-stained
slides which is mainly because the high-abundance antibodies
incubated on the tissue sections could interfere the proteomic
analysis especially for low-input study. In order to make use of
the easy-to-use IHC assay as an accurate guidance for LMD-
based spatial proteomics, our group recently established the
IHC-SISPROT approach for cell-type resolved proteome analysis
of formalin-fixed tissue sample."*® Three major improvements
were made by IHC-SISPROT compared to previous
LCM-SISPROT technology: (1) IHC instead of H&E staining was
used to define the sampling area for LMD to discriminate
different cell types with higher accuracy by antibody reco-
gnition; (2) the SISPROT buffer was confirmed to enable
efficient de-crosslinking and protein extraction by heating; and
(3) superior sensitivity and reproducibility was achieved by
using single-shot DIA analysis to alleviate the interference by

This journal is © The Royal Society of Chemistry 2021

antibodies. Using a Q Exactive HF-X MS, over 3500 protein
groups were identified from formalin-fixed human liver cancer
tissue section of 0.2 mm? in area and 12 pm in thickness.
Furthermore, cell type-specific ligands, receptors, and poten-
tial-novel cell-cell communication events were identified by
analyzing liver cancer cells and CAFs enriched by LMD
(Fig. 3b).

In addition to IHC, two annotation methods including
MALDI-imaging and artificial intelligence (AI)-image reco-
gnition have been also developed aiming to assist manual
evaluation for higher precision and throughput in LMD-based
spatial proteomics. MSI enables profiling the spatial distri-
bution of a diversity of analytes directly in biological tissues in
a label-free manner. Among MSI technologies with different
ion sources, MALDI-MSI has become a widely-used tool to
characterize the tissue morphology at molecular scale as a
complementary dimension to histology.>® Using this feature, a
MALDI-MSI-guided LMD-based spatial proteomics workflow
was designed, in which MALDI-MS images of peptide distri-
bution were used to defined and isolate the ROI by the LMD
system. Recently, MALDI-MSI and LMD-based spatial proteo-
mics were combined to study the FFPE human breast cancer
tissue sections with a good correlation found between the
datasets derived from two methods.*" In 2019, Dewez et al.
systematically assessed the accuracy of co-registration of
spatial annotation provided by MSI in the LMD system with
error controlled less than 13 pm.'*? In order to further
improve the performance and robustness of MSI-guided LMD-
based spatial proteomics, the same group recently explore the
feasibility of performing the MSI and in-depth LC-MS analysis
on the same timsTOF-fleX instrument equipped with a hybrid
source.'*® The MALDI source allowed rapid MSI scanning and
the electron spray ionization (ESI) source enabled high-sensi-
tivity MS/MS acquisitions. With the state-of-art MS platform,
~2000 protein groups were quantified from tissue segments
comprising 2000 cells isolated by LMD.

Artificial intelligence (AI) and machine learning tools have
been widely used in digital pathology including cell type anno-
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tation in the last decade.™* In 2018, Brasko et al. established a
computer-assisted microscopy isolation (CAMI) pipeline to
recognize individual cells in tissue section and automatically
guide LMD-based cell isolation by combining high-throughput
microscopy, image analysis algorithms (to identify and
segment cells), and machine learning software (to recognize
cell phenotypes).'*® The CAMI pipeline was then successfully
applied to single-cell genome/transcriptome profiling. Very
recently, the Mann group reported a “Deep Visual Proteomics
(DVP)” strategy,"*® which integrated a novel image analysis
software termed BIAS with high-performance commercial
instrumental  platforms including Zeiss Axio Scan.
Z1 microscope for high-resolution whole slide scanning, Leica
LMD?7 system for automated and precise single cell isolation,
as well as Bruker timsTOF Pro in diaPASEF mode'*” for high-
throughput proteome profiling. For proof of concept, the DVP
strategy was applied to investigate cellular heterogeneity in
FFPE tissue sample of salivary gland carcinoma.

3.4 LMD-based proteomic applications

LMD has been employed in numerous studies since robust
LMD systems and protocols were available. For example, Han
et al. identified several cell-type-specific proteins and potential
therapeutic targets in active multiple sclerosis lesions isolated
by LMD and analyzed by MS-based proteomics in 2008."*® The
Mann group developed a sensitive chromatographic system
and identified ~2400 protein groups from kidney glomeruli
isolated by LMD in 2009."*° Valleix et al. profiled the proteome
of amyloid fibrils extracted from cardiac and hepatic FFPE
specimens by LMD in 2012.'*® However, because of technical
limitations, most of these early attempts of LMD-based spatial-
or cell-type-resolved proteomics did not achieve a deep pro-
teome coverage.

With the advances of methodology and instrumentation for
MS-based proteomics, we have seen an increasing number of
high-quality biomedical studies employing LMD-based spatial
proteomics for investigating the TME, especially in the recent
five years. In 2016, Marakalala et al. analyzed the proteomes of
five regions of granulomas sampling from human tuberculosis
lung specimens by LMD in order to decipher the function and
formation mechanism of granulomas.'’ With a depth of
~4400 protein groups identified in total, a spatially organized
inflammatory signaling driven by functional proteins was
found by spatial proteomic analysis and further validated by
high-resolution MALDI-MSI and IHC. In 2018, Carnielli et al.
identified differentially expressed proteins in six regions iso-
lated from FFPE human oral squamous cell carcinoma tissues
by LMD.'** Using machine learning-based bioinformatic ana-
lysis, potential prognostic signatures were proposed and
further validated by IHC and SRM assay. In 2019, Eckert et al.
isolated tumor and stromal compartments from in situ and
metastatic lesions of human ovarian cancer samples by
LMD.'? Using a sensitive and label-free workflow, ~7000
protein groups were quantified from the four types of region.
By comparative analysis, an extensive expression of
N-methyltransferase (NNMT) and its related downstream pro-
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teins were found in the metastasis-associated stromal compart-
ments. Moreover, NNMT was validated as a key regulator of
CAFs in ovarian cancer. Apart from the aforesaid works, LMD
was also applied to MS-based spatial proteomic studies of
several other lethal diseases such as pancreatic ductal adeno-
carcinoma (PDAC),"**'** hepatocellular carcinoma (HCC),'*®
Alzheimer’s disease (AD),"*” Krabbe disease,"*® and mitochon-
drial myopathy.'*°

4. Antibody recognition-based
multiplexed tissue imaging

Owing to technical limitations, compromise exists between
spatial resolution and identification depth for the develop-
ment of spatial proteomics methodology at present (Fig. 1). In
addition to abovementioned MSI-based spatial proteomics
technology, several other modalities of multiplexed tissue
imaging platforms with high sensitivity have also emerged in
the past decade. All of these methods rely on available anti-
bodies, which can specifically target proteins of interest in bio-
logical contexts. Essentially, these antibody recognition-based
approaches are highly multiplexed versions of IHC staining.
Aiming to ensure both the spatial resolution and multiplexed
protein measurement, these approaches tend to fall into two
classes of sequential or simultaneous analyses based on
different instrumentations including immunofluorescence (IF)
microscopy,'>® Raman microscopy,’®" mass cytometry,’>*> and
NGS."* In this section, we briefly introduce two representative
platforms from each class.

4.1 IF-based sequential tissue imaging

IF-based tissue imaging is a routine technique for in situ
identification of single or several target proteins by chemical
fluorophore-conjugated antibodies with high resolution and
streamlined procedure.'® As an impressive example, Thul et al.
recently established a “subcellular map of the human pro-
teome” by applying 13 993 antibodies to 22 human cell lines
and created a huge resource of IF images showing the subcel-
lular localization of 12003 proteins.'* Due to emission
spectra overlap, conventional IF can only measure up to seven
targets in one experiment simultaneously."> To this end, a
simple pipeline of iterative tissue staining, IF imaging, and
antibody removal has been proposed to enhance the multiplex-
ing capability of IF-based tissue imaging."*® Yet, several factors
limit the performance of this pipeline including decay in anti-
genicity influenced by long hours of tissue processing in harsh
conditions as well as high background resulting from incom-
plete fluorescence quenching/antibody removal. Aiming for
the best fluorescent performance, different signal quenching
methods have been proposed including photobleaching of
fluorophore by strong excitation,"**"'>” chemical inactivation of
fluorescent dyes/proteins by oxidation,****°° using fluorescent
antibody with cleavable linker,'®"'®* and stripping secondary
antibody by optimized buffers.’>>'®® In another hand, several
approaches for protecting the physicochemical properties of
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tissue section during serial staining were also developed such
as system-wide control of interaction time and kinetics of
chemicals (SWITCH) by multifunctional fixatives'®* and stabi-
lization under harsh conditions via intramolecular epoxide lin-
kages to prevent degradation (SHIELD) by flexible poly-
epoxides.'®

Along with the efforts mentioned above, great progress con-
tributed by IF-based multiplexed tissue imaging methods have
been reported to characterize the TME in human samples. For
a recent example, Gut et al. designed a 40-plex iterative indirect
IF imaging (4i) workflow in an automated and high-through-
put manner by using an optimized antibody stripping
buffer.">® By measuring the localization and abundance of tar-
geted proteins in cultured cells and human tissues, different
biological processes including subcellular reorganization
upon pharmacological perturbations were visualized and
investigated.

4.2 Mass cytometry-based tissue imaging

Two mass cytometry-centric technologies were developed in
2014 and considered as the “next-generation IHC” for highly
multiplexed tissue imaging.'®® The platform of mass cyto-
metry, also known as cytometry by time-of-flight (CyTOF), is
based on an atomic MS which enables discrimination of
element isotopes with high accuracy introduced by Bandura
et al. in 2009.'®” Notably, similar concept of indirect detection
of biomolecules by ICP-MS was proposed by Zhang et al. early
in 2001."°® In 2011, the Nolan group optimized this platform
and applied it to single-cell analysis of human hematopoietic
continuum by measuring 31 target proteins simultaneously.'®
When performing a CyTOF experiment, the cell suspension is
incubated with a cocktail of antibodies conjugated to chelated
metal isotopes, and then injected to atomic MS for mass-to-
charge measurement of metal ion which serves as an indirect
proxy for the expression level of the targeted protein.'”®

The CyTOF platform was developed as a MS-based highly
multiplexed version of FACS, similarly, the same idea was soon
introduced to tissue analysis. In 2014, the Nolan group and
the Bodenmiller group reported two versions of mass cytome-
try-based tissue imaging platforms, named imaging mass cyto-
metry (IMC) and multiplexed ion beam imaging (MIBI) with
similar design and complementary features.'”"'’> These two
platforms utilize laser or ion beam to rasterize the tissue
section and generate a stream of particles which are analyzed
by atomic MS in sequence, then the mass-to-charge datasets of
all raster positions are re-constructed and visualized as two-
dimensional images matching the tissue morphology and
showing the localization and relative abundance of targeted
proteins. In IMC, a UV laser ablation system is coupled to an
inductively coupled plasma (ICP)-MS with pixel resolution of
~1 pm. In MIBI, an ion beam system is coupled to a secondary
ion (SI)-MS with pixel resolution of ~200 nm.

In practice, 30-50 targeted proteins can be measured
at the same time using commercialized platforms of IMC
(http:/www.fluidigm.com/applications/imaging-mass-cytometry).
Mass cytometry-based tissue imaging should outperforms IF
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imaging in several ways, including lower background
signal, better quantification performance, and higher
robustness.'>*'”? Taking advantage of this powerful techno-
logy, tissue microenvironments of different human samples,
including breast tumors,'”*”® diseased pancreas,'”””"’® and
squamous cell tumor'’® have been characterized by IMC and
analyzed by novel multiscale analysis algorithms.'®%"®"
Recently, the Bodenmiller group described a single-cell pathol-
ogy landscape of breast cancer by simultaneously quantifying
35 biomarkers using IMC with hundreds of highly multiplexed
tissue images produced from breast tumor samples.'”® On the
basis of this high-quality resource, the TME of breast tumor
including cellular phenotypes, organization, and heterogeneity
were characterized and applied to predict the clinical out-
comes (Fig. 6).

5. Challenges and future perspective

In the ideal scenario, genome, epigenome, transcriptome, pro-
teome, metabolome, and all the other important histological
and cellular features could be measured simultaneously with
subcellular resolution to achieve a complete characterization
and understanding of the tissue microenvironment. Even
though we are far away from this ultimate goal for now, sub-
stantial efforts have been made in the development of analyti-
cal methods and instrumentations. When it comes to spatial
proteomics discussed in this review, we have seen great pro-
gress but also challenges especially in terms of methodologies.
Herein, we highlight the remaining challenges as well as the
potential future directions as follows.

5.1 Importance of standard operating procedure (SOP)

The ischemia process starts in the tissue right after its removal
from the human body. Absent from blood supply, changes will
happen to molecular features such as protein phosphorylation
within cells which can mask the actual status of TME in the
tissue. More importantly, varied preservation protocols in
different hospitals or laboratories could further influence the
final results. For example, formaldehyde in aqueous solution
diffuse into the bulk tissue at a rate of ~1 mm per hour, which
could lead to a crosslinking gradient from surface to core, and
this phenomenon is more obvious for large specimens. Fresh-
frozen is another solution, however, the ice crystal issue and
varied cryosectioning protocol would also lead to technical
variability for morphology and high-resolution spatial omics.
Therefore, a meticulous SOP should be tested and finalized
before any spatial proteomics experiments.

5.2 Higher sensitivity for single-cell analysis

Underlying reasons for the slower pace of spatial proteomics
compared to spatial genomics/transcriptomics include the
complexity of proteome and lacking an approach to amplify
proteins or peptides in vitro in a way like PCR. In spite of the
emergence of other protein sequencing technologies such as
the nanopore in recent years,"**'®* mass spectrometry is still
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Fig. 6 High-dimensional histopathology of breast cancer by imaging mass

cytometry. (a) Workflow of acquisition and analysis of single-cell pheno-

types in tissue sections by IMC. (b) t-Distributed stochastic neighbor embedding (t-SNE) map showing clusters of twenty-seven cell types identified.
(c) Heat map showing the marker expression or distance to tumor-stroma interface of each cluster. In the left, the bar plot shows the cell counts of
each cluster and the bubble plot shows the proportion of clusters in clinical subtypes. Reproduced from ref. 176 with permission from the Springer

Nature, copyright 2020.

an indispensable and centric platform for global proteome
profiling. Owing to the progress in sample preparation
and instrumentation, single-cell proteomics has become poss-
ible on ultra-high sensitive platforms in
19184185 por the next step, attention should be
paid to increase the robustness and throughput of these plat-
forms such as the nanoliter-scale oil-air-droplet (OAD) chip'®®
and extend their use to MS-based spatial proteomics. To this
end, the LCM-nanoPOTS®® as well as the DVP platform**® have
set good examples. For the next five years, we are looking
forward to see comparable performance to spatial transcrip-
tomics would be achieved by MS-based spatial proteomics.

several
laboratories.

5.3 Opportunities for spatial multi-omics

Simultaneous measurement of mRNA and protein in the same
tissue area has been achieved by several targeted approaches
including DNA-PAINT,'®” REAP-seq,"®® CITE-seq,'® CODEX,"°
Immuno-SABER,"”"  DBiT-seq,'””®> and Digital Spatial
Profiling'®* sharing similar designs by using DNA-barcoded or
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oligonucleotide-labeled antibodies to obtain both the abun-
dance and localization information of certain epitope with
high spatial resolution. For future perspective, we consider
that more efforts should be put into developing new techno-
logies for unbiased profiling the global proteome and PTM
information in a small area of tissue section at the same time,
because changes of PTM, such as phosphorylation and glycosy-
lation, are more correlated to functional cellular events.'®?
Consequently, efficient and sensitive PTM protein/peptide
enrichment technologies should be developed and integrated
into current spatial proteomics workflow.

5.4 New chemical biological technologies for spatial
proteomics

Up to now, the realization of spatial resolution mostly relies on
using physical dissection or antibody recognition. We believe
that progress in other fields such as chemical biology also has
the potential to promote MS-based spatial proteomics. For
instance, the spatially targeted optical micro-proteomics
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(STOMP) technology was developed by Hadley et al.'®* in 2015
and automatized recently.'®> The STOMP utilized a photo-
affinity chemical probe which covalently tags neighboring pro-
teins in a diameter of 0.67 pm under two-photon excitation.
This feature leads to the possibility to label and enrich the pro-
teins within selected area of the tissue section. Inspired by
this example, we are looking forward that other powerful
chemical biological tools could also benefit the understanding
of tissue microenvironment.'*®
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