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In Brief

The secretome encompasses a
biologically highly relevant and
understudied class of proteins
that are either actively released
by the cell or reach the
extracellular milieu via tissue
leakage. Due to its
comprehensive and unbiased
nature, LC-MS-based
proteomics is an indispensable
tool for secretome
characterization but requires
specific and tailored workflows.
This review illustrates the
analytical challenges associated
with LC-MS-based secretomics,
provides a broad survey of
established and emerging
concepts of secretome analysis,
and gives examples of
biomedical applications.
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The active release of proteins into the extracellular space
and the proteolytic cleavage of cell surface proteins are
key processes that coordinate and fine-tune a muititude of
physiological functions. The entirety of proteins that fulfill
these extracellular tasks are referred to as the secretome
and are of special interest for the investigation of bio-
markers of disease states and physiological processes
related to cell-cell communication. LC-MS-based prote-
omics approaches are a valuable tool for the compre-
hensive and unbiased characterization of this important
subproteome. This review discusses procedures, oppor-
tunities, and limitations of mass spectrometry-based
secretomics to better understand and navigate the com-
plex analytical landscape for studying protein secretion in
biomedical science.

Multicellular organisms depend on the dynamic interplay of
different organs, tissues, and cell types to sense and respond
adequately to changes in the environment. The organization
and orchestration of such responses is dependent on an
efficient communication of signals between cells. On the
molecular level, proteins play a major role as signaling cues for
the transmission and reception of signals and can herby act
either close by or in far distance.

As such, an important class of proteins are those that are
either actively released by a cell into the extracellular envi-
ronment or reach the extracellular milieu via tissue leakage.
The entirety of these proteins in the extracellular space are
designated as the secretome (1). Functionally, secreted pro-
teins make up a diverse group of proteins covering growth
factors, extracellular matrix constituents, cytokines, or
hormones.

According to the UniProtKB (accessed December 2022,
keyword: secreted), 2097 of 20,401 reviewed proteins in total
are annotated as secreted, suggesting that approximately
10% of the human proteome are potentially released via the
classical secretory pathway or unconventional secretion pro-
cesses. However, a growing number of experimental data

have shown that protein secretion can be uncoupled from the
classical endoplasmic reticulum (ER)-Golgi pathway, sug-
gesting that unconventional protein secretion is an important
factor which contributes to the active release of proteins into
the extracellular space under certain conditions (2-11).
Secreted proteins are in the center of modified signaling
pathways of numerous diseases, such as cancer (12, 13),
cardiovascular (14), neurodegenerative (15), and chronic liver
diseases (16) or obesity (17) and constitute important targets
for drugs and diagnostic procedures to track pathogenic
processes, disease progression, or pharmacological re-
sponses (1).

The systematic investigation of proteins that are actively
and passively released by cells is therefore the subject of
secretomics. In this review, we provide a broad survey of
established and emerging concepts of LC-MS-based secre-
tomics, illustrate the challenges that are associated with the
analysis of secreted proteins, and give examples of biomed-
ical applications.

CHALLENGES OF SECRETOME ANALYSIS

LC-MS-based proteomics has proven to be a key analytical
tool for biomedical research and for the investigation of
intracellular signaling pathways, protein—protein interactions
or for the identification of drug targets, and posttranslational
modifications (PTMs). However, a systematic investigation of
secreted proteins and intercellular signaling by LC-MS-based
proteomics has been less frequently performed because of
technical and biological challenges. Nonetheless, LC-MS-
based proteomics is a valuable tool for the characterization
and in-depth analysis of secretomes, as it gives access to an
unbiased and comprehensive view of the entirety of secreted
proteins. The possibility to identify thousands of proteins and
simultaneously obtain quantitative data differentiates LC-MS-
based secretomics approaches from antibody-based read-
outs that only allow the analysis of a predefined set of proteins
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and require prior knowledge of the proteins in the sample. A
successful investigation of secreted proteins by mass spec-
trometry, however, requires a deeper understanding of the
challenges and limitations which are inherently connected with
secretome analysis in general and with the analysis by mass
spectrometry in particular. Here, we provide an overview of
the main technical and biological challenges that need to be
considered for the analysis of secretomes.

Experimental Design

A major challenge of secretomics experiments is the
distinction of truly secreted proteins from the substantial
number of background proteins, potentially masking the true
biology of the experiment. Data analysis and the interpretation
of results therefore benefit from a thoughtful experimental
design that should include time-matched untreated control
samples. The experimental design should furthermore be
based on a well-controlled treatment to call treatment-specific
effects and to be able to rule out the impact of cell death. A
direct comparison of treated samples with their time-matched
controls then allows to evaluate which proteins were differ-
entially released upon a stimulus and which are basally
secreted or have leaked into the sample. The experimental
design has also a critical influence on the depth and sensitivity
of the analysis. For example, hepatocyte model cell lines such
as HepaRG cells are highly secretory active upon cytokine
treatments (18), allowing the execution of serum-free secre-
tomics experiments in a 12-well plate format and still enable
the identification of a multitude of different acute-phase
response proteins (ng/ml range). However, the identification
and quantification of cytokines, for example, which are usually
only present in very low abundances (pg/ml range), may
require millions of immune cells to adjust to the detection limit
for the LC-MS instrumentation and therefore might require the
use of big culture dishes. Protein quantification across
different experimental conditions or over different time points
to a stimulus or perturbation is another important design
element for secretomics experiments. The toolbox of quanti-
tative proteomics approaches includes label-based methods,
which are reliant on the labeling with stable isotopes, and
label-free strategies, both comprising advantages and disad-
vantages as reviewed in (19, 20). For protein identification,
mass spectrometers are mostly operated in a data-dependent
acquisition (DDA) mode in which the most abundant peptides
are selected during the MS1 scan for the subsequent frag-
mentation and MS2 analysis. Depending on the cell type and
the biological background of the secretomics experiment,
digestion of proteins with low molecular weight and low
abundance, such as secreted cytokines, typically result in low
peptide numbers. Accordingly, in DDA mode, the low abun-
dance of peptides may result in a low signal intensity in the
MS1 scan that prevents the selection for a subsequent frag-
mentation and MS2 analysis. Data-independent acquisition
(DIA) approaches (21, 22) such as SWATH-MS (23) are gaining

increasing popularity and have also been successfully applied
in secretomics experiments (24). In DIA, all peptides within a
defined mass-to-charge (m/z) window are subjected to frag-
mentation, thus enhancing proteome coverage and
reproducibility.

Cell Death and the Background Proteome

A common observation of secretomics experiments is the
presence of hundreds of intracellular proteins, while only a
small fraction of proteins are annotated as secreted or extra-
cellular (5, 25). Even under the best culture conditions, the cell
culture will never have a 100% viability and a small but not
neglectable number of cells will undergo apoptosis or necro-
sis, which might lead to interferences with the analysis.
Sample handling and treatment, for example, excessive
washing steps, can further aggravate this problem promoting
membrane leakage or cell death. Achieving high cell viability is
mandatory for secretomics assays and the contribution of cell
death and membrane leakage to the secretome should be
monitored. Assessment of the culture quality can be done
through quantification of lactate dehydrogenase release into
the cell culture supernatant or through trypan-blue staining of
cells (25). Furthermore, it has been suggested to use the
contribution of highly abundant intracellular proteins to the
overall mass spectrometry (MS) signal intensity in the secre-
tome sample, such as structural ribosomal proteins or cyto-
skeleton components (ACTB, TUBB), as an internal quality
measure (2, 26, 27). Increased MS signal intensities of intra-
cellular proteins can be an indication for the contamination of
the secretome due to apoptotic processes or compromised
cell membranes.

Serum and the Dynamic Range Problem in MS-Based
Secretomics

The majority of secretome studies are performed in vitro (28,
29) using mammalian cell culture systems. These cells rely on
the addition of (bovine) serum or serum-like supplements to
provide a favorable environment for cell growth and normal
cellular functions. However, the presence of serum or media
supplements poses a major challenge as it leads to a large
dynamic range of protein abundances with several orders of
magnitude that need to be covered by the mass spectrometer.
Highly abundant serum proteins, such as albumin with con-
centrations of up to 5 g/L in the medium, hamper the detection
of cell-derived secreted proteins that typically feature con-
centrations in a range of low ng/ml (30, 31). To circumvent the
dynamic range limitation, the standard approach for secre-
tomics analysis is serum-free cell culture (5, 25, 27, 30, 32).
However, a shift from serum-supplemented to serum-free cell
culture conditions still bears the risk of residual serum proteins
that contaminate the secretome. Even after extensive washing
of cells, serum proteins can still be present in the secretome
potentially masking very-low abundant proteins. Additionally,
it should be considered that residual bovine-derived proteins
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bear the risk of distorting the results when the raw data are not
properly filtered and quantitative information of bovine-derived
peptides are included in the downstream analysis. To further
improve data reliability, stable isotope labeling with amino
acids in cell culture (SILAC) can be applied to label the cellular
proteome (33). SILAC is a metabolic labeling strategy that
employs stable isotope-labeled amino acids which are added
to the cell culture medium and incorporated into proteins by
the endogenous protein translational machinery. The appli-
cation of SILAC labeling (34) can help to discriminate between
residual serum contaminants and cell-derived proteins (2, 35)
but does not solve the dynamic range problem. However,
SILAC labeling requires the use of dialyzed serum to achieve
comprehensive labeling of proteins, which was reported to
potentially change the cellular proteome (36). Nevertheless,
metabolic labeling approaches, like azidohomoalanine (AHA)
(87) or labeling of secreted proteins with azido sugars, have
been developed that allow for the selective enrichment of
secreted proteins under serum-containing cell culture condi-
tions, which thus help to overcome the dynamic range issue.
The different secretomics approaches will be discussed later.
Another strategy to allow deeper secretome analysis and to
overcome the dynamic range issue is the removal of highly
abundant serum proteins like albumin by immunoaffinity-
based depletion (38) prior to MS analysis. However, deple-
tion of highly abundant proteins can be accompanied by a
nonspecific loss of cytokines and other sticky protein species
(89), narrowing down the biological relevance of such secre-
tome data. The sample complexity can be further reduced by
standard protein fractionation methods using high pH, strong
cation exchange, or strong anion exchange fractionation (40,
41). Besides the presence of serum, secretome analysis is
further complicated by the complex composition of the basal
cell culture medium. The presence of different medium in-
gredients such as salts, carbohydrates, vitamins, and amino
acids can interfere with subsequent sample processing steps
and the MS analysis leading to signal suppression. The high
dilution and sample complexity often requires high volumes of
cell culture supernatant that can be used for subsequent
protein concentration and clean-up steps prior to LC-MS
analysis. Different strategies have been used to address
these challenges: protein precipitation with TCA (30, 42) or
SP3 (18), ultrafiltration with low-molecular weight cut-off filters
(2) but also lyophilization or speed vacuum centrifugation to
concentrate the sample (43) have been applied. However, all
these different strategies have strengths and shortcomings.
TCA precipitation for example can lead to protein loss, co-
precipitation of contaminants like salts or lipids, and can
introduce protein modifications. However, TCA precipitation is
relatively fast, requires minimal incubation time, it is easily
scalable, cost effective, and compatible with a variety of
sample types. The use of low-molecular weight cut-off filter
can cause protein loss due to selective retention of larger
proteins. If proteins of interest have a molecular weight close

to the filter's cutoff, they might partially or completely pass the
filter, leading to reduced protein yield. This can be particularly
problematic for low abundance proteins. In terms of speed,
scalability, throughput, and compatibility with chemical-
labeling approaches for relative quantification, an SP3-based
sample preparation workflow might be beneficial. However,
SP3 can lead to loss of low-abundant proteins.

Posttranslational Modifications

PTMs affect many biological processes and are of impor-
tance for the functional diversity of the proteome. Hence it is
not surprising that PTMs, such as glycosylations, phosphor-
ylations, sulfations, and citrullinations, also play a crucial role
for secreted proteins and changes in PTM decoration are
associated with numerous diseases, such as cancer (44),
inflammation (45-47), or congenital (48) and neurological dis-
orders (49). As most PTMs can only be found in the sample in
substoichiometric levels, PTM analysis requires an enrichment
of the modified proteins or peptides. Whereas glycosylations
are well-known PTMs on secreted proteins, the function and
biological significance of other PTMs for the extracellular
proteome, such as phosphorylations, is understudied and still
enigmatic.

By far, protein glycosylation is the most abundant PTM of
proteins that is found in all eukaryotic cells and which is
involved in a multitude of biological processes such as protein
folding, protein solubility, or cell-cell communication (50). As
protein glycosylation is a whole field on its own which rapidly
evolves, we will only cover this briefly. The attachment of
glycan structures with multiple hydroxy groups increases the
hydrophilicity of proteins and provides crucial structural and
functional properties that are of high significance for diverse
biological processes such as blood clotting, cross-linking of
cells, or the immune response (51). Alterations in glycosylation
profiles are associated with many diseases with diverse clin-
ical representations, such as the congenital disorders of
glycosylation or cancer, where glycoproteins are used as
biomarkers (52-54). Hence, the investigation and character-
ization of the glycan structures in health and disease have
become more and more relevant. Even though glycosylations
are not a unique feature of secreted proteins and can also be
found on intracellular proteins, approximately 66% of all
secreted proteins and 87% of type | and type Il trans-
membrane proteins (34) are glycosylated. In contrast, many
unconventional secreted proteins (not containing the respec-
tive signal peptide) are not glycosylated, which needs to be
considered when choosing a suitable secretomics assay,
since not all of the presented workflows also allow the
exploration of unconventional protein secretion.

LC-MS-based techniques have advanced glycoproteomics
research, but challenges remain due to glycan heterogeneity.
An overview about common glycoproteomics methods,
including different affinity-enrichment techniques and MS
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workflows to obtain information about the peptide sequence,
glycosylation site, and the glycan structure, are reviewed
elsewhere (55-63).

The role of phosphorylations on secreted proteins is still
elusive (64, 65). However, owing to the fact that protein
phosphorylations are involved in virtually every intracellular
signaling process, the appearance of phosphorylations on
secreted proteins suggests that these are also associated with
specific functions which still need to be discovered. The
majority of the extracellular phosphoproteome is generated by
a single intracellular kinase, FAM20C (66), which regulates
cargo sorting in the TGN through Cab45 (67). However, also
extracellular protein phosphorylation has been observed in
both health and disease (68-70). FAM20C kinase substrates
are involved in various biological processes including tumor
growth, metastasis (71, 72), extracellular protease activity,
biomineralization (73), cell motility, proteolytic cleavage, and
protease inhibition (74, 75) and were suggested as biomarker
candidates for breast cancer (76). A loss-of-function mutation
of FAM20C (67) results in the Raine syndrome and is
associated with increased ossification resulting in skeletal
malformations (71). In contrast, extracellular protein phos-
phorylations have been observed in the nervous system,
where, for example, the phosphorylation of the extracellular
protein repulsive guidance molecule b by the secreted tyro-
sine kinase vertebrate lonesome kinase controls the accurate
formation of nervous system circuitry (72). Due to the low
abundance of phosphoproteins, specific enrichment steps are
required prior to LC-MS analysis. Frequently used and well-
established phosphopeptide enrichment techniques are
immobilized metal affinity chromatography and metal oxide
affinity chromatography (73).

Protein tyrosine sulfations were, so far, only observed on
secreted and transmembrane proteins and are catalyzed by
Golgi-resident tyrosylprotein sulfotransferases (77). Sulfations
increase the polarity and enable electrostatic interactions with
basic residues in proteins (78), which plays an important role in
protein—protein interactions, cell signaling, adhesion, and
immune response (77, 79, 80). They can be enriched using
immunoaffinity-based techniques like metal oxide affinity
chromatography or strong anion exchange chromatography.

Citrullinations, catalyzed by peptidylarginine deiminases,
cause loss of positive charge leading to conformational
changes and altered protein—protein interactions (81). Citrulli-
nated proteins, including secreted ones like keratins and fi-
bronectins, play a significant role in immunological processes
such as neutrophil extracellular traps formation (81). Analyzing
citrullinated proteins via MS is challenging due to small mass
shifts caused by arginine deimination (74). Enrichment tech-
niques include immunoaffinity-based methods and chemical
derivatization followed by solid-phase extraction, liquid-liquid
extraction (82, 83), or streptavidin pulldown (75).

Cell Surface Shedding—Cell surface shedding of trans-
membrane proteins, for example, through ADAM proteases, is

a major event that contributes to protein secretion in different
cell types (68). Additional proteolytic events can be executed
through secreted matrix metalloproteinases and cathepsins
(69). As such, proteolysis constitutes an important and irre-
versible PTM that modulates biological processes such as
inflammation and innate immunity, adding an additional reg-
ulatory level during acute and chronic inflammation by modi-
fication of cytokines and chemokines (69, 70). A minor issue
that can arise from extensive extracellular proteolysis is the
formation of semitryptic peptides which can hamper the
identification and quantification of proteins (84) in the secre-
tome. Database searching for all potential nontryptic or
semitryptic peptides, for example, with Mascot, Proteome
Discoverer, MaxQuant, SEQUEST, or X!Tandem can be time
consuming due to an extensive increase of the search space.
The integration of computational tools like PROSIT (85) into
database search pipelines can help in the identification of
nontryptic peptides, thus alleviating this issue.

Another challenge is the identification of soluble protein
substrates that are cleaved by secreted proteases, such as
MMPs, which is an important posttranslational mechanism to
activate or inactivate secreted proteins. Standard secretomics
approaches will miss out on such proteolytic events as they
do not lead to abundance changes of the protein substrates.
This issue can be bypassed through other proteomics ap-
proaches, such as chemical enrichment of protein substrates
(CHOPS) (86), terminal amine-based isotope labeling of sub-
strates (TAILS) (32), or high-efficiency undecanal-based N
termini EnRichment (HUNTER) (87). TAILS enables the iden-
tification of proteases and substrates by the analysis of
changes in the abundances of protein N termini. Proteolytic
cleavage generates protein fragments. One fragment com-
prises the natural N terminus of the protein and the other
fragment comprises the novel protease-generated N terminus.
Natural and novel protease-generated N termini as well as
e-amino groups of lysine residues are chemically blocked by
dimethylation at the protein level, using light or heavy
formaldehyde which allows subsequent mixing of different
samples. Mixed samples are then digested with trypsin, hence
generating peptides with free N termini, which can be
subsequently removed from the sample via a reaction with
an aldehyde-derivatized polymer. Peptides of protease-
generated neo-N-termini remain in the sample as their
dimethyl labeling blocks the reaction with the polymer and are
analyzed via LC-MS/MS. In contrast to TAILS, HUNTER uses
a chemical called undecanal to label the free N termini of
proteins. Proteins are first purified via a SP3 clean-up pro-
cedure, followed by protein dimethyl labeling. Excess of
dimethyl labeling reagent is then removed with a second SP3
clean-up followed by protein digestion. Resulting peptides are
then labeled with undecanal, and undecanal-tagged peptides
are removed with a C18 column, while the flowthrough
containing peptides of protease-generated neo-N-termini is
analyzed by mass spectrometry (87). Even though classic
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secretomics approaches are limited in their possibility to
identify protease substrates, secretomics can aid in the
identification of ADAM substrates (77, 78). By taking advan-
tage of the inhibitory effect of the endogenous ADAM prote-
ase inhibitor TIMP3, potential ADAM substrates could be
identified through comparison of secretomes from TIMP-3
overexpressing cells with secretomes of WT cells. Over-
expression of TIMP-3 led to higher TIMP-3 levels in the
secretome than the WT cells, while potential ADAM substrates
were reduced compared to the WT cells. A similar approach
was used to identify BACE1 substrates by overexpression of
the protease (79). However, overexpression systems contain
the inherent risk of identifying artificial substrates due to
overexpression of artifacts like mislocalization.

Identification of Unconventional Secretion Events

The identification of unconventional secretion events rep-
resents a further challenge during secretome analysis. The
classical secretion of proteins is based on a short signal
peptide (80) that allows for translocation into the ER, the
subsequent transport to the Golgi, and the packaging into
transport vesicles. Hence, proteins that are secreted via the
classical secretory pathway can be predicted by computa-
tional tools such as SignalP (81). Unconventional secreted
proteins lack a signal sequence and bypass the ER-Golgi
compartment (82); the signal peptide hypothesis (80) does
not hold true in unconventional protein secretion and com-
plicates a prediction. Interestingly, studies have shown that
unconventional protein secretion is a non-neglectable
contributor to a cell’s secretome with functional implications
in the extracellular space (2, 18, 83, 88). For example, HMGB1
was found to be secreted in vesicles, acting as pro-
inflammatory factor in the extracellular space (89). Other un-
conventional secreted proteins like ER-localized chaperones
HSP90B1, HSPA5, DNAJCS3 have been reported to be trans-
ported to the extracellular space during inflammatory condi-
tions (90-92). However, the verification of an active secretion
of such proteins remains challenging as their release can also
be a result of cell death and cellular contamination. Different
attempts have been made to increase the confidence of such
potentially secreted proteins and to exclude contaminants.
Most often, a dual approach was applied, in which secretome
and proteome data were compared, either in a label-free
manner (93, 94) or upon SILAC or iTRAQ labeling (95, 96).
The rationale behind this approach is the assumption that
actively secreted proteins should have a higher abundance in
the secretome than the cellular proteome. Further confidence
can be achieved through the comparison of samples with their
time-matched controls.

Another important entity that contributes to the unconven-
tional release of proteins are extracellular vesicles (EVs). The
generic term EVs describe a heterogeneous group of secreted
membrane-enclosed vesicular structures with different sizes,
morphologies, and diverse cargo compositions. Based on

their intracellular biogenesis, EVs can be broadly categorized
into exosomes with a size of 30 to 100 nm and microvesicles
with a size of 100 to 1000 nm (97). Initially described as a
means of cellular waste disposal (98), EVs are now recognized
as an important signal transduction route between cells
(99-101). The isolation and characterization of EVs from cell
culture supernatants requires specific purification steps.
Frequently applied isolation techniques involve differential ul-
tracentrifugation, density gradient centrifugation, precipitation
with PEG, immunoaffinity-based techniques, and size-
exclusion chromatography (102). Even though different EV
enrichment techniques exist and have been successfully
applied, the analysis of EVs is not trivial. Typically, high cell
numbers are required and the EV yields strongly depend on
the cell type and the applied isolation techniques. Moreover,
EV analysis demands serum starvation or use of EV-depleted
serum. The growing interest in EVs and the shortcoming in
retrieving information about their respective cargos lead to the
development of online repositories, which collect experimental
data from EV studies and allow to query EV-based cargo.
ExoCarta is a manually curated compendium of exosomal
cargos, comprising 41,860 protein entries from different spe-
cies (103). Whereas ExoCarta is limited to exosomal cargo,
Vesiclepedia covers cargo from all classes of EVs (104),
comprising 349,988 protein entries from 41 different species.

ANALYTICAL APPROACHES FOR PROBING THE SECRETOME
Serum-Free Secretomics

As discussed in the previous section, the majority of
secretome studies are performed in vitro using mammalian
cell cultures that are usually grown in the presence of up to
20% fetal calf serum, which poses an analytical challenge for
LC-MS-based read-outs. The most widespread approach for
the analysis of secretomes via LC-MS-based proteomics is
the direct quantification of proteins from serum-free cell cul-
ture supernatants (5, 18, 25, 27, 30, 32) (Fig. 1 and Table 1).
Cells are cultured in the presence of serum, and protein
secretion is probed under serum-free conditions by shifting
the serum-containing culture medium to the basal medium
without fetal calf serum. For the removal of residual serum
proteins, it is advisable to wash the cells two to three times
carefully with the prewarmed basal medium prior to incuba-
tion. Label-free secretomics experiments are carried out using
phenol-red—free medium, to further minimize analytical inter-
ference during the LC-MS/MS analysis as phenol-red, when
not removed through appropriate sample preparation
methods, can lead to a charged peak in the chromatogram.
The conditioned medium containing the released proteins is
then collected and either centrifuged or filtered to remove
detached cells and cellular debris. The main determinant of
the incubation time in serum-free medium is to find a balance
between achieving good proteomic coverage and reducing
the negative impact of nutrient and growth factor deficiency
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centrifugation or by using a 0.45 um syringe filter. @ Proteins are digested, and the resulting peptide samples are ® analyzed by LC-MS/MS.

on protein expression. Label-free secretomics experiments
are easily scalable from dishes to multiwell plates, depending
on the cell type, cell number, stimulus, and the secretory ac-
tivity of the cells and are thus suitable for experiments using,
for example, primary or FACS sorted cells (105). However, of
utmost importance for the experimental design is the imple-
mentation of suitable controls, for example, unstimulated or
untreated cells, which help to differentiate basal secretion
events from stimulus-induced secretion. Additionally, secre-
tome samples from untreated cells help to judge the cell
health and viability and as such, the secretome quality by
comparison of the quantitative lactate dehydrogenase values
between the controls and the treated samples. The proteins
are then subjected to a bottom-up proteomics sample prep-
aration workflow (Fig. 1). The downstream processing of the
secretome samples can be done through different ap-
proaches, such as protein precipitation or ultrafiltration.
However, the selection of sample preparation methods relies
on the experimental setup and the sample volume. In general,
precipitation-based methods such as classical TCA precipi-
tation or carrier-aided TCA precipitation were successfully
applied, for example, for macrophages and dendritic cells for
the investigation of secretion upon activation with lipopoly-
saccharides (LPS) (30). But also filter-aided sample prepara-
tion, SP3, and urea-based methods have been robustly used
for secretome studies of murine islets of Langerhans, liver cell
lines, and LPS-stimulated macrophages (5, 18, 41, 106, 107).

The omission of serum improves the dynamic range and
facilitates the identification of low abundant secreted proteins
that would be otherwise masked by high abundant serum
proteins. However, the analytical improvements that come
along with serum deprivation are at the same time a burden for
the cells: serum-free cell culture conditions can lead to
alterations in protein secretion, phosphorylation, and expres-
sion levels of proteins, or in general compromise cell viability
and result in a stressed cell state (2, 37, 108-110). Another
major drawback is the time limitation in which the secretion

can be probed, usually covering timeframes of only a few
hours. Prolonged incubation times in serum-free medium can
compromise cellular integrity, narrowing down the biological
relevance of such secretome data (2, 5, 111). The analysis of
cellular responses that are exceeding those time limitations,
for example, transcriptional dependent processes, is therefore
limited. To address these limitations, an interval-based
secretomics approach has been proposed as an elegant
alternative for current serum-free secretomics methods (18).
The interval-based secretomics approach allows secretomics
analysis from cells treated in the presence of serum by
probing the protein secretion rate into the supernatant in short
intervals of serum-free medium (Fig. 2). The limited time win-
dow in which cells are maintained in serum-free medium ex-
tends the experimentally covered time range to multiple days
without a negative impact on cell viability. Moreover, the
interval-based secretomics approach employs a tandem mass
tag (TMT)-based isobaric labeling strategy, allowing the
combination of multiple time points, treatments, or treatment
combinations into one TMT experiment, thus ensuring com-
plete quantitative data for all identified proteins at all
conditions.

Secretome Analysis Utilizing Metabolic Labeling
Approaches

To mitigate the shortcomings of serum-free cell culture,
metabolic labeling approaches were developed that are
compatible with the use of serum and do only minimally
interfere with cellular processes. Metabolic labeling exploits
the cellular enzyme machinery to label proteins with affinity
tags that can then be used to selectively separate those
proteins from the high abundant serum proteins in the cell
culture medium. Basically, two protein labeling strategies are
commonly used for the selective enrichment of secreted
proteins in serum-containing media, pulsed azidohomoalanine
(PAHA) labeling (Fig. 3), and labeling with azido sugars (Fig. 4).
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TaBLE 1
Mass spectrometry—based approaches for probing the secretome

Turn-around Required Compatible Special
Secretome approach . number . Strengths and disadvantages References
time with FCS reagents
of cells
Serum-free ~2 days ~10° No Phenol-red—free - ease of implementation, no requirement of elaborate and so- (4, 5, 18, 25, 105,
basal medium phisticated enrichment techniques 106, 131-133)
- allows testing of multiple biological conditions in a short period
of time
- easily scalable from dishes to multiwell cell culture plates
- versatile, compatible with different cell numbers, sample prep-
aration methods (TCA precipitation, FASP, SP3), and SILAC
labeling
- Facilitates the analysis of cell surface shedding and uncon-
ventional secretion events
- requires shift to serum-free culture conditions
- only partly suitable for tracking of transcriptional dependent
processes
- serum-free conditions may affect cell viability and
responsiveness
- activation of cells with proteins or ligands that require serum
can be difficult
- only partly suitable for primary cells
- requires optimization of medium supplements
AHA labeling ~3-4 days ~10° Yes Azidohomoalanine - Compatible with serum, thus also suitable for primary cells (37, 115, 134,
- Facilitates the analysis of cell surface shedding 136, 138)

SILAC amino acids

Nonstandard
medium
formulation
(no methionine)
Alkyne-agarose
beads

Allows stringent washing steps to remove serum contaminants
Labeling allows distinction between cell derived and serum
proteins

allows the analysis of cell surface shedding and unconventional
secretion events

compatible with SILAC labeling

Potentially cytotoxic, demands a precise optimization of cell
culture conditions and pulsing times

methionine depletion step can disturb cells

Only newly synthesized proteins can be analyzed, not suitable
to analyze the secretion of proteins which are stored in secre-
tory granules

Limited in throughput due to more extensive sample work up
compared to serum-free approaches
copper-CLICK-chemistry-based pulldown requires long reac-
tion times of approximately 18 h

Requires high cell numbers and nonstandard media formula-
tions without methionine

vulnerable to perturbations of the cellular translation machinery
click reaction can be influenced by the complexity of the sample
matrix (plasma protein binding of reagents)
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TaBLE 1—Continued

Turn-around Required Compatible Special )
Secretome approach . number . Strengths and disadvantages References
time with FCS reagents
of cells
Azidosugar ~4 days ~10° Yes N-azidoacetyl - Compatible with serum, thus also suitable for primary cells (24, 137, 139)
labeling mannosamine- - Facilitates the analysis of cell surface shedding
(SPECS/ tetraacylated - Allows stringent washing steps to remove serum contaminants
hiSPECS) - compatible with SILAC labeling
DBCO-alkyne - Limited in throughput due to extensive sample workup
beads - Requires 48 h treatment with ManNAz to label proteins
- Requires high cell numbers
- Only glycosylated proteins can be analyzed
- Dependent on a functional protein-glycosylation machinery
- unconventional secretion events of nonglycosylated proteins
are missed
Proximity >> 7 days, ~10° Yes Plasmids or - Compatible with serum (122, 124, 125)
labeling including cell lentiviral - Compatible in vivo and with primary cells
line generation constructs - Allows investigation of organ and cell type—specific protein
secretion in live animals
Biotin - High temporal resolution due to fast labeling kinetics

Requires cloning and transfection of cells or adenoviral delivery
Labor intensive and time consuming

-Overexpression can lead to artificial high protein abundances
and mislocalizations

FCS, fetal calf serum.
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Fic. 2. Schematic representation of the interval-based secretomics workflow. @ Treatments are performed in the presence of serum and
secretion is probed in 2 hour serum-free collection windows. Serum-free supernatants are cleared to remove potential cell debris by centri-
fugation through a 0.45 pm filter plate. @ Proteins are digested; peptides are chemically labeled with isobaric TMT reagents and are subse-
quently pooled. ® Pooled peptide samples are analyzed by LC-MS/MS.

Metabolic Labeling with AHA—Eichelbaum et al. used a dual
labeling approach with AHA, an analog of methionine that
carries an azide group (37) in combination with SILAC (112)
(Fig. 3 and Table 1). The unnatural amino acid AHA is used by
the endogenous methionine tRNA and incorporated into the
protein backbone of newly synthesized proteins instead of
methionine (113). Newly synthesized proteins that are
secreted into the cell culture supernatant and that are carrying
the AHA label can be distinguished from the unlabeled (serum)
proteins and are enriched through covalent coupling to an
alkyne-activated agarose resin via a Cu(l)-catalyzed azide-
alkyne cycloaddition (CUAAC-mediated click chemistry). The
covalent coupling to the agarose resin allows stringent
washing for the removal of high abundant serum proteins and
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other contaminants. In order to enable successful introduction
of AHA, a methionine depletion step before the addition of the
AHA-containing medium (which contains AHA in high excess)
is required and thus nonstandard media formulations without
methionine will be needed. Metabolic labeling of secreted
proteins and the subsequent enrichment from the cell culture
supernatant requires more extensive sample workups which
can introduce technical variability, for example, due to sample
loss during wash steps or different efficacies during the click
reactions. Moreover, enriched samples are measured sepa-
rately in multiple runs, which reduce the throughput, limits the
measurement precision, potentially leads to data incom-
pleteness, and lowers the quantification accuracy. To mitigate
these shortcomings and to reduce the experimental error,

(3 digest @ LC-MS/MS analysis

Agarose resin
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Fic. 3. Schematic representation of the enrichment of secreted proteins using a dual labeling approach with azidohomoalanine in
combination with stable isotope labeling by amino acids in cell culture. ® To analyze proteins in serum-containing media, a pulse labeling
with AHA in combination with SILAC is performed. @ Newly synthesized proteins carrying the AHA label and that are secreted into the cell
culture supernatant are enriched through covalent coupling to an alkyne-activated agarose resin via a Cu(l)-catalyzed azide-alkyne cycloaddition
(CuAAC-mediated click chemistry). The covalent coupling to the agarose resin allows stringent washing for the removal of high abundant serum
proteins and other contaminants. ® Resin-bound proteins are digested and the resulting peptide samples are @ analyzed by LC-MS/MS. AHA,
azidohomoalanine; SILAC, stable isotope labeling with amino acids in cell culture.
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Fic. 4. Schematic representation of the enrichment of secreted proteins by metabolic-labeling with azido sugars using the hiSPECS
approach. @O Protein secretion is probed by collecting cell culture supernatants from ManNAz-labeled cells. @ Glycoproteins are first enriched
from the serum-containing cell culture medium via a lectin-based glycoprotein enrichment using concanavalin A beads. Beads are washed and
the glycoproteins are eluted through competition with methyl-alpha-D-mannopyranoside. The azido-glycoproteins are then selectively captured
from the bulk of serum-derived glycoproteins via covalent binding to magnetic dibenzylcyclooctyne (DBCO)-alkyne beads through copper-free
click chemistry, which enables a stringent wash to remove unspecific bound serum proteins. ® Bead-bound proteins are digested and the
resulting peptide samples are @ analyzed by LC-MS/MS. hiSPECS, high-performance secretome enrichment with click sugars.

improve the quantification accuracy, and data completeness,
AHA labeling is often combined with SILAC. Moreover, SILAC
labeling enhances the data reliability as it further helps to
discriminate cell-derived proteins from the contaminating
serum proteins. However, the introduction of SILAC requires
at least five cell doublings to achieve a high incorporation
state in cells (33) and thus cannot be applied to nondividing
primary cells (24). While SILAC labeling is normally well
tolerated, AHA labeling can induce cellular toxicity and thus
demands a precise optimization of cell culture conditions and
pulsing times (114).

A recent study by Vargas-Diaz et al. addressed the long
reaction time and extensive sample workups required for
copper-CLICK-chemistry-based pulldown of AHA-labeled
proteins (115). They transferred the enrichment procedure to
an automated AssayMap Bravo Platform, improving speed
and reproducibility with a turnover time of 3 h. The copper-
click reaction was replaced with a copper-free alkyne-azide
click reaction using a dibenzylcyclooctyne (DBCO) moiety
([3+2] cycloaddition of the AHA-azide moiety with a strained
cycloalkyne (116)), significantly reducing the reaction time
from 18 h to 1 h. To simplify and automate the enrichment
process, they utilized a molecule connecting the DBCO group
with a Dde group and biotin group via a PEG-4 chain.

Metabolic Labeling with Azido Sugars—Azidosugar-labeling
takes advantage of the fact that approximately 66% of all
secreted proteins and 87% of type | and type Il trans-
membrane proteins are glycosylated (34). Kuhn et al. made
use of this observation and developed the secretome protein

enrichment with click sugars (SPECS) and successfully
demonstrated its compatibility with primary neurons (34).
SPECS allows the selective enrichment of secreted glyco-
proteins from the bulk of serum proteins. Cells are grown in a
culture medium in the presence of tetraacetyl-N-azidoacetyl-
mannosamine (ManNAz), which passively diffuses through the
cell membrane. In the cytosol, cellular esterases cleave off the
acetyl groups and the sugar is metabolically converted to N-
azidoacetyl-sialic acid, which is then incorporated into termi-
nal positions in N- and O-linked glycans. In the next step, cell-
derived glycoproteins in the secretome are biotinylated via a
click reaction with cycloalkyne dibenzylcyclooctyne (DBCO-
PEG12-biotin) and are subsequently enriched via a streptavi-
din pulldown (116, 117).

A disadvantage of the initial SPECS method is the require-
ment of up to 40 x 10° cells per sample, which is not always
feasible, especially when primary cells are used. Additionally,
the turnaround time of the SPECS workflow is approximately
6 days, consisting of several ultrafiltration steps to remove the
excess of free ManNAz and DBCO-PEG12-biotin and exten-
sive sample fractionation. Hence, the workflow is quite labor
intensive and the ultrafiltration leads to a loss of proteins. To
tackle these shortcomings, Tlshaus et al. set out to improve
some major steps of the SPECS method to increase the
feasibility for low sample amounts (24). The result was the
high-performance secretome enrichment with click sugars
(hiSPECS), a miniaturized version of the SPECS method that
offers higher sample throughput and reduces the required
input sample amount, from 40 x 10° cells per sample to 1 x
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10° cells per sample (24) (Fig. 4 and Table 1). After metabolic
labeling of proteins with ManNAz, the glycoproteins are first
enriched from the cell culture medium with concanavalin A
beads. The beads are washed and the glycoproteins are
eluted through  competition  with  methyl-alpha-D-
mannopyranoside. Then, the azido glycoproteins are selec-
tively captured from the bulk of serum-derived glycoproteins
via covalent binding to magnetic DBCO-alkyne beads through
copper-free click chemistry, which enables a stringent wash to
remove unspecific-bound serum proteins. After on-bead
digestion, peptides are either analyzed via DDA or via DIA.
This enabled the characterization of secretomes of primary
brain cell types from single mice.

General Constraints of Metabolic Labeling Strategies—
Although elegant, metabolic labeling strategies have inherent
weaknesses. In general, these methodologies rely on specific
media compositions and reagents that could potentially lead
to alterations in cell growth and viability (118) or are not
compatible with the chosen cell type. Moreover, they exhibit
biological limitations: Azidosugar-based enrichment methods
miss unconventional secretion events of nonglycosylated
proteins. pAHA labeling approaches are vulnerable to pertur-
bations of the cellular translation machinery and proteins
which were synthesized before the AHA pulse, for example,
pre-existing secretory granules, cannot be specifically
enriched and will be missed. Hence, AHA labeling is biased
towards proteins with high turnover rates. Additionally, AHA
labeling in combination with the necessary methionine star-
vation can potentially disturb cellular signaling pathways. AHA
can introduce changes in protein expression since its incor-
poration into proteins is slower than methionine (119). In a
recent paper, the effects of AHA labeling on gene and protein
expression were elucidated, revealing profound changes on
both transcriptome and proteome level together with AHA-
induced cellular stress, due to protein misfolding and
reduced translation rates (120). Interestingly, they also found
that more than 30% of the proteins identified in the secretome
were upregulated or downregulated, which demonstrates that
AHA labeling has significant quantitative and qualitative
impact on the secretome composition and leads to unpre-
dictable bias in the data. Technical limitations lie in the click-
chemistry—driven pulldown of labeled proteins which can be
influenced by the complexity of the sample matrix. Bio-
tinylation reagents that contain long lipophilic PEG linker be-
tween the biotin group and, for example, the DBCO-head
group can potentially bind to plasma proteins and negatively
affect the overall biotinylation reaction (121).

In summary, metabolic labeling allows the enrichment and
relative quantification of secreted proteins in the presence of
serum and is hence suitable for cell lines that are susceptible
to serum-free culture conditions, such as primary cells. The
presence of serum circumvents the negative effects of serum
starvation and improves culture quality. However, metabolic
labeling does not solve or eliminate the contribution of cell

death to the secretome, since the enrichment step will not
differentiate between truly secreted proteins and contami-
nating intracellular proteins.

Characterization of Tissue-Specific Protein Secretion in
Live Animals Using Proximity Labeling Approaches

In addition to the survey of secretomes in vitro, there is a
growing body of interest to characterize protein secretion of
distinct organs and tissues in vivo. However, current secre-
tomics approaches are limited to in vitro and ex vivo models
which are sometimes not representative for real in vivo biology
(122). The development of proximity-labeling techniques in
2012 (123) enabled the study of tissue-specific protein
secretion in animals, which has been successfully applied by
several independent research groups (122, 124-126). Prox-
imity labeling makes use of engineered enzymes that are
genetically fused to a protein of interest. The proximity label-
ing enzyme then generates intracellular short-lived reactive
molecules, like radicals or esters, from inert small-molecule
substrates that provoke an in situ labeling of proximal pro-
teins. Different proximity labeling enzymes have been engi-
neered to enable the in situ tagging of proteins, such as
ascorbate peroxidase 2 (APEX2), horseradish peroxidase, or
biotin ligases (BiolD, TurbolD, miniTurbo) (123, 127-129).
Biotinylation is a two-step reaction, where the biotin ligase
generates the reactive biotin intermediate biotinoyl-adenosine
monophosphate (biotin-5'-AMP) which reacts with lysine side
chains on proximal proteins (123, 130). Biotinylated proteins
can then be enriched using streptavidin affinity purification
and subsequently identified through mass spectrometry.
Originally, proximity labeling was developed as complemen-
tary assay to classical affinity-purification techniques allowing
the characterization of protein—protein interactions. However,
to bypass the limitation of current secretomics approaches
that are confined to in vitro or ex vivo models, proximity la-
beling has also been established to characterize protein
secretion in vivo (122, 124, 125) (Fig. 5 and Table 1). This was
achieved by targeting these biotin ligases to secretory path-
ways, for example, by tagging the translocon SEC61 in the ER
membrane or by targeting BiolD to the ER lumen, where a
biotinylation of secretory proteins can be achieved prior to
their secretion into the extracellular space. Proteins that are
tagged with biotin can then be easily tracked and enriched
from body fluids like blood plasma.

APPLICATIONS OF SECRETOMICS STRATEGIES IN BIOMEDICAL
RESEARCH

The above described secretomics strategies have enabled a
systematic investigation of secreted proteins and have
contributed to a better understanding of the complexity and
the dynamics of the secretome as well as the physiological
function of secreted proteins in diverse biological settings.
This section gives an overview of key publications and the
latest advances and discoveries of quantitative secretome
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Fic. 5. Schematic representation of the enrichment of secreted proteins by proximity labeling in cell culture or animals. @ Biotin Ii-
gases (BiolD, TurbolD, miniTurbo) are targeted to the secretory pathway, for example, by tagging the translocon SEC61 in the endoplasmic
reticulum (ER) membrane or by targeting to the ER lumen using a transfection or viral transduction strategy. In the ER, secretory proteins are
biotinylated prior to their secretion into the extracellular space (cell culture medium or plasma). @ Biotinylated proteins can then be enriched
using streptavidin affinity purification. ® Bead-bound proteins are digested and the resulting peptide samples are ® analyzed by LC-MS/MS.

analysis applied in different biomedical areas. We have
collated studies where secretomics was used to answer
immunology-driven questions and to explore general
messaging principles across different cell types, helped to
identify novel biomarkers in cancer and Alzheimer’s research,
or enabled the characterization of protein secretion events
modulated in disease.

Applications of Serum-Free Secretomics Approaches

Serum-free secretomics approaches have facilitated
systems-level investigations of intercellular signaling struc-
tures and have improved our understanding of how cells ex-
change information in different biological contexts.

In 2013, Meissner et al. presented a quantitative MS-based
proteomics workflow that enabled a direct identification of
secreted proteins in serum-free cell culture supernatants from
LPS-activated bone marrow—derived mouse macrophages (5).
Through the comparison of the secreted protein repertoire of
LPS-treated WT primary macrophages with the secretomes of
MyD88-, TRIF-, or MYD88-TRIF-double KO cells, this study
enabled a systematic dissection of the TLR4 signaling
pathway. Moreover, the study underpinned the strength of
serum-free secretomics approaches to be suited for the
detection of unexpected extracellular proteins, showing that
many proteins were actually released by unconventional pro-
tein secretion pathways, including cell surface shedding
events. Furthermore, the study compared the secretome data
with transcriptome data and observed an uncoupled response
for different gene populations in their transcriptomic and
secretomic progression.

A more system-wide perspective of how immune cells
communicate to protect against pathogens was further
established by Rieckmann et al. in 2017 (105). Through a
combination of flow cytometry with serum-free secretome and

total proteome measurements, 28 human hematopoetic cell
populations derived from human donors were characterized in
steady state and during activation. The study determined
general messaging principles and found that antigen-
presenting cells are at the top of an intercellular signaling hi-
erarchy, as they increase their capacity to send information in
response to changing conditions. In contrast, cells with
cytotoxic functions decreased their hierarchy upon changing
conditions. Moreover, the study gained insights into general
messaging principles, for example, that specificity in inter-
cellular signal transduction is achieved through restriction of
communication to a limited number of sending or receiving
cell types for any given cytokine.

Another immunological application of serum-free secre-
tomics helped in the understanding of tumor necrosis factor
(TNF)-induced cell death modes such as apoptosis and nec-
roptosis (131). Chronic inflammatory TNF-induced cell death
contributes to a range of inflammatory diseases like psoriasis
or rheumatoid arthritis. A time-resolved serum-free secretome
analysis of lymphoma cell lines and primary human macro-
phages upon induction of TNF-mediated apoptosis and nec-
roptosis determined similarities and differences between
apoptotic and necroptotic cell death. While cell surface
shedding occurred in both modes of cell death, necroptotic
cells reduced their conventional secretion of cytokines but
increased the release of lysosomal proteins. In contrast to
necroptosis, apoptotic cells were marked through the release
of histones.

Secretomics has proven valuable in various areas, including
understanding cell communication and disease modulation.
Deshmukh et al. employed a serum-free secretomics
approach to investigate the skeletal muscle secretome in
C2C12 myotubes (25). They identified novel myokines and
observed distinct secretion patterns between normal and

12 Mol Cell Proteomics (2023) 22(9) 100636

SASBMB



An Introduction to Mass-Spectrometry-Based Secretomics

insulin-resistant myotubes. Insulin resistance led to the
downregulation of IGFBP7 and increased secretion of cyto-
kines, along with reduced levels of BMP1, a regulator of
muscle growth activation. In the study of human brown fat
cells, secretome analysis revealed differences in the secreted
protein repertoire between brown and white adipocytes (132).
These proteins included hormones, growth factors, extracel-
lular matrix proteins, and complements, indicating distinct
metabolic functions for each cell type. Notably, EPDR1 was
found to be differentially secreted in brown fat cells. Further
experiments using siRNA knockdown of EPDR1 demonstrated
its role in the metabolic response to adrenergic signaling.
Whole-body knockout of Epdr1 in mice confirmed its impor-
tance in the development of functional thermogenic adipo-
cytes and its endocrine impact on whole body metabolism.

While most of the serum-free secretome studies were based
on a label-free protein quantification approach to assess the
differences between two or more biological states, only a few
studies so far have implemented isotope tags for a relative
quantification of proteins, like, for example, iTRAQ or the more
popular TMT. A TMT-based labeling strategy was used by
Wang et al. who performed serum-free secretome analysis of
13 neuroendocrine (NE) tumor cells and dissected the
communication pathways that drive oncogenesis (133). The
group studied cancer secretomes of small cell lung cancer to
understand pulmonary NE tumor biology. They analyzed
secretomes from tumor cells of ASCL1high and NEURO-
D1high subtypes and found that lineage-specific transcription
factors drive distinct secretomes. The analysis identified
IGFBS5 as a direct transcriptional target of ASCL1, making it a
potential secreted marker for ASCL1high small cell lung can-
cers. This study highlights the usefulness of secretomics in
exploring potential cancer biomarkers.

Applications of Metabolic Labeling Approaches

As an alternative to serum-free secretomics approaches,
bioorthogonal metabolic-labeling approaches have been
successfully exploited for the in-depth analysis of secretomes
from various cell lines and primary cells (37, 115, 134-136).
Here, we show the latest applications of these metabolic-
labeling approaches for the analysis of secretomes.

Applications of pAHA for the Analysis of Secreted Proteins—
The pioneering application of metabolic labeling with AHA for
the selective enrichment of secreted proteins from cell culture
supernatant was introduced by Eichelbaum et al. in 2012 (37).
By comparing enriched and nonenriched samples, they
demonstrated the superiority of the enrichment step, as it
revealed a much larger number of quantified proteins (684
versus 22 human proteins). They further utilized this approach
to study the secretomes of different cell lines and observed
rapid changes in protein secretion upon serum withdrawal.
The method was also employed to investigate protein secre-
tion kinetics in LPS-stimulated macrophages, revealing both
known and previously unreported secreted proteins involved

in various biological processes. This study showcased the
versatility and potential of the metabolic-labeling approach in
studying protein secretion dynamics and identifying new
biomarkers.

In another study, the same group used proteome, tran-
scriptome, and secretome data, to unravel the temporal
dynamics of LPS-stimulated RAW 264.7 cells (135). They
found that within a 3-h time course, macrophages undergo
rapid proteomic changes that cannot be captured by full or
pulsed SILAC (pSILAC) labeling alone. In contrast, pAHA la-
beling allowed detection of newly synthesized and secreted
proteins and revealed the correlation between protein syn-
thesis, secretion, and transcriptional response. Notably, the
study identified not only canonical pro-inflammatory proteins
but also immune-modulating proteins induced by LPS and
TLR4 downstream signaling. Some proteins showed
increased fold changes in the secretome without corre-
sponding changes in transcript or intracellular protein levels,
suggesting enhanced secretion through unconventional
pathways. The pAHA and pSILAC secretomics approach also
revealed cell surface shedding events, highlighting the
complexity of immunological responses.

The pAHA and pSILAC labeling approach was also used to
compare secreted proteins from white and brown murine
adipocytes derived from the stroma-vascular fraction (134).
AHA labeling enabled the comprehensive characterization of
secreted proteins in steady state and after stimulation with
norepinephrine (NA), which triggers physiological responses in
adipose tissue. White adipocytes primarily secreted proteins
involved in carbohydrate metabolism, while no specific protein
class dominated the secretion from brown adipocytes. NA
stimulation altered the secretory output of both cell types, with
white adipocytes shifting towards adipogenesis and oxidative
resistance proteins and brown adipocytes showing increased
secretion of known adipokines and the discovery of novel
batokine candidates. Additionally, the analysis revealed un-
expected enrichment of tricarboxylic acid proteins in NA-
treated white adipocyte secretomes.

Applications of Metabolic Glycan Labeling with Azido
Sugars for the Analysis of Secreted Proteins—The second
method that exploits metabolic labeling of proteins and
combines it with a selective CLICK-chemistry—driven pull-
down, called SPECS, was established by Kuhn et al in 2012
(84). Kuhn et al. used this approach for the characterization of
brain cell secretomes with a special focus on the determina-
tion of cell surface shedding events by the protease BACE1, a
key drug target for Alzheimer's disease.

Witzke et al. used the SPECS approach for the unbiased
secretome analysis of activated T-cells (137). The authors
found known and novel proteins to be secreted upon activa-
tion of Jurkat cells with ionomycin and phorbol-12-myristate-
13-acetate; however, classical T-cell cytokines like IL2 or IFN-
y were not identified, most likely due to their extreme low
concentration.
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A major bottleneck of the SPECS method is the requirement
of high cell numbers, which is especially challenging for the
analysis of primary cells with limited access. The original
SPECS methodology was further improved and miniaturized
by Tushaus et al. by developing the hiSPECS method (24).
hiSPECS enabled the identification of new BACE1 substrates
in the four different cell types and provided new insights into
the biology of brain cells. Protein shedding quantitatively
differed between the different brain cell types and provided an
additional layer of control. Of note, the secretome data sug-
gested that cell type—specific protein secretion contributed to
functional differences between the four cell types and
that these differences in protein secretion are not fully attrib-
utable to cell type-specific expression patterns as the
cell type-specific proteins were equally expressed in all cell
types. Moreover, the authors applied hiSPECS to cortico-
hippocampal brain slices that preserve the complexity of
diverse brain cell types and thus demonstrate that secretome
analysis can even be done with ex vivo brain slices.

Application of Proximity Labeling to Track Protein
Secretion In Vivo

The introduction of proximity-labeling techniques enabled
the first in vivo-secretome studies with tissue-specific reso-
lution. Kim et al. developed the in situ secretory protein la-
beling via ER-anchored TurbolD and applied this approach to
identify biotinylated secreted proteins in mouse blood plasma.
In situ secretory protein labeling via ER-anchored TurbolD
makes use of the expression of a fusion protein which is
composed of the ER protein Sec61 and the biotin ligase
TurbolD (Sec61b-TurbolD). They validated this approach
through labeling of liver secretory proteins and tracked liver
secretome-specific changes associated with induced sys-
temic insulin resistance. A similar analytical strategy was used
by Liu et al. to deconvolute the in vivo secretome of endo-
thelial cells and skeletal muscle in a mouse model (the
“secretome mouse”) expressing an ER-targeted TurbolD
biotin ligase (124). Wei et al. generated a proteomic atlas of
hepatocytes, myocytes, pericytes, and myeloid cell secre-
tomes by the enrichment of biotinylated-secreted proteins
from plasma samples of mice (125). Moreover, they charac-
terized liver-specific alterations of the secretome in mice that
are associated with a high-fructose, high-sucrose diet. To
study interorganellar communication structures in Drosophila
and mice, Droujinine et al. expressed the biotin ligase BirA*G3
and identified 51 muscle proteins in the Drosophila head and
over 200 fat body-secreted proteins targeted to the legs and
muscles, suggesting distal functions of these proteins as part
of an extensive interorgan communication network (126).
Moreover they translated the BirA* approach to mice by using
an ER-targeted BirA*G3 construct expressed in kidney tera-
tomas to identify known hormones and signaling proteins.

CONCLUDING REMARKS AND OUTLOOK

The characterization of secreted proteins using MS-based
proteomics approaches represents a challenging field. In this
review, the recent advances and successes in the field of
MS-based secretomics along with the challenges associated
with the analysis of secreted proteins were compiled. Different
approaches that can be applied for secretome analysis were
outlined and the different constraints that are inherently con-
nected with each of the different secretomics approaches
were discussed. In addition, we have highlighted key publi-
cations and the latest advances and discoveries in quantita-
tive secretome analysis applied in different biological settings,
such as immunology and biomarker research.

When secretome analysis is to be considered, the first deci-
sion that must be made is the choice of the secretomics strat-
egy that should be applied, considering the strengths and
shortcomings of each of the presented approaches. We believe
that a serum-free secretomics strategy is the first approach to
be tested, since it is the most versatile and provides the highest
sample throughput with the least extensive sample workup
compared to metabolic-labeling approaches. Moreover, with
the introduction of the interval-based serum-free secretomics
approach (18), some shortcomings of serum-free workflows
have been addressed, which now enables the monitoring of
transcriptionally regulated secretion processes and renders
serum-free workflows even more attractive. In addition, serum-
free secretomics approaches are suitable for covering a
broader range of different secretion events that would other-
wise be missed with metabolic-labeling approaches, including
the unconventional secretion of nonglycosylated proteins,
proteins secreted via exosomes, or the secretion of proteins
that are stored in secretory granules. Furthermore, serum-free
approaches enable the study of secondary compound ef-
fects, forexample, as a result of compound metabolization. This
can even include small molecule treatments that would nor-
mally interfere with the metabolic labeling of proteins (e.g. in-
hibition of protein glycosylation), hence preventing the use of
metabolic labeling approaches.

In conclusion, we believe that the analysis of secretomes
will become a standard approach and an essential tool to
understand the secretory environment, paracrine and auto-
crine messaging processes in health and disease, and will
provide new potential therapeutic purposes and diagnostic
perspectives. Secretomics will benefit from future advance-
ments in MS-based technology that will increase sensitivity
and throughput and will allow the analysis of secreted
proteins from fewer numbers of cells. In summary, the
development of new and the improvement of the current
secretomics approaches will open up the field for new basic
research and biomedical applications and have the potential
to markedly support and accelerate modern drug and
biomarker research.

14 Mol Cell Proteomics (2023) 22(9) 100636
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