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Highlights

¢ |Interval-based secretomics enables extended time course analysis.

e Time-resolved acute phase response in liver model systems HepG2 and HepaRG.
e |L1b response clusters in three phases.

e Cell surface shedding is amplified during acute-phase response.

e ADAM inhibition dampens secretion of inflammatory cytokines.
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Interval-Based Secretomics Unravels Acute-
Phase Response in Hepatocyte Model Systems

Sascha Knecht® , H. Christian Eberl ©, and Marcus Bantscheff

Mass spectrometry-based secretomics approaches
frequently utilize serum-free culture conditions to circum-
vent serum-induced interference and to increase analytical
depth. However, this can negatively affect a wide range of
cellular functions and cell viability. These effects become
particularly apparent when investigating transcriptionally
regulated secretion events and feedback-loops in response
to perturbations that require 48 h or more to fully manifest.
We present an “interval-based” secretomics workflow,
which determines protein secretion rates in short serum-
free time windows. Relative quantification using tandem
mass tags enables precise monitoring of time-dependent
changes. We applied this approach to determine temporal
profiles of protein secretion in the hepatocyte model cell
lines HepG2 and HepaRG after stimulation of the acute-
phase response (APR) by the cytokines IL1b and IL6.
While the popular hepatocarcinoma cell line HepG2
showed an incomplete APR, secretion patterns derived
from differentiated HepaRG cells recapitulated the ex-
pected APR more comprehensively. For several APR
response proteins, substantial secretion was only observed
after 72 h, a time window at which cell fitness is substan-
tially impaired under serum-free cell culture conditions. The
interval-based secretomics approach enabled the first
comprehensive analysis of time-dependent secretion of
liver cell models in response to these proinflammatory cy-
tokines. The extended time range facilitated the observa-
tion of distinct chronological phases and cytokine-
dependent secretion phenotypes of the APR. IL1b
directed the APR toward pathogen defense over three
distinct phases—chemotaxis, effector, clearance—while
IL6 directed the APR toward regeneration. Protein shed-
ding on the cell surface was pronounced upon IL1b stim-
ulation, and small molecule inhibition of ADAM and matrix
metalloproteases identified induced as well as constitutive
shedding events. Inhibition of ADAM proteases with TAPI-
0 resulted in reduced shedding of the sorting receptor
SORT1, and an attenuated cytokine response suggesting a
direct link between cell surface shedding and cytokine
secretion rates.

Hepatocytes are the key functional cells in the liver (1).
Besides their essential roles in metabolism and detoxification,

hepatocytes are true protein secretion factories with key
immunological functions (1-3). In steady state, hepatocytes
constitutively express and secrete a large variety of proteins
into the bloodstream that perform pivotal body functions in
transport, homeostasis, and innate immunity. Perturbations,
such as inflammatory processes induce proinflammatory sig-
nals such as cytokines IL-1 and IL-6 that initialize the acute-
phase response (APR) in hepatocytes and stimulate secre-
tion of proteins (acute-phase proteins, APP) with immuno-
modulatory functions to support defense against pathogens
and to restore homeostasis (4-9).

The secretome of a cell or an organism consists of proteins
secreted by the endoplasmic reticulum (ER)-Golgi secretory
pathway and other direct or vesicle-based mechanisms
(10-12). In addition, ectodomains of membrane proteins can
be proteolytically released into the extracellular environment.
The comprehensive and unbiased identification and quantifi-
cation of proteins that constitute this subproteome is of
particular interest as secreted proteins facilitate intercellular
communication, function as cytokines, growth factors, hor-
mones, or drug targets and can provide insights into disease
states and physiological processes. However, the systematic
investigation of secreted proteins by mass spectrometry-
based proteomics faces several technical and biological
challenges. The high dilution of secreted proteins in the cell
culture medium often requires protein concentration steps
prior to LC-MS analysis. The low abundance and high dy-
namic range of secreted proteins (13, 14) further complicates
the analysis, especially when cells are maintained in serum-
supplemented media. A variety of experimental strategies
have been proposed to address these challenges. On one
hand, metabolic labeling approaches by either the amino acid
analog azidohomoalanine or azido sugars (15-19) enable
enrichment of metabolically labeled proteins from the serum-
supplemented cell culture supernatant and thus allow the
focused and sensitive analysis of de-novo synthesized and
secreted proteins. However, not all cell systems are compat-
ible with these approaches and the required labeling reagents
lead to metabolic stress and may impair protein function
further narrowing down biological relevance of perturbation-

From the Cellzome GmbH, GlaxoSmithKline (GSK), Heidelberg, Germany
*For correspondence: Marcus Bantscheff, marcus.x.bantscheff@gsk.com; H. Christian Eberl, hans-christian.h.eberl@gsk.com.

SASBMB

Mol Cell Proteomics (2022) 21(6) 100241 1

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.mcpro.2022.10024 1


Delta:1_given name
https://orcid.org/0000-0003-4514-9610
Delta:1_surname
https://orcid.org/0000-0002-4159-5958
Delta:1_given name
mailto:marcus.x.bantscheff@gsk.com
mailto:hans-christian.h.eberl@gsk.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mcpro.2022.100241&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mcpro.2022.100241

Interval-Based Secretomics Unravels Acute-Phase Response

induced secretomes. Direct proteomics analysis of cell su-
pernatants using serum-free cell culture conditions is an
alternative popular approach (20-22). However, serum-free
cell culture conditions can affect cell viability and function,
which limits the timeframe in which secretion may be probed
without substantially impairing essential cell functions and
response to stimuli. Thus, most published studies focused on
monitoring protein secretion only for a few hours (20, 23, 24).

Hepatocytes interact with the immune system by expres-
sion and secretion of proteins with immunomodulatory func-
tions. However, a detailed characterization of the secretome
of hepatocytes in response to inflammatory stimuli is missing
and could advance the understanding of liver inflammatory
conditions. Different hepatocyte model systems have been
established to facilitate studying liver biology (25). Among
these, hepatoma cell lines like HepG2 cells are routinely used
in in-vitro studies but their translational value is limited due to
an abnormal hepatic phenotype which is reflected in perturbed
signaling pathways, low expression levels of key metabolic
enzymes, or impaired responses to cytokines and growth
factors (25). HepaRG cells are a valuable alternative to hepa-
toma cell lines featuring major hepatocyte-specific functions
that resemble those of primary human hepatocytes that are
currently the gold standard for the study of liver biology (26,
27). HepaRG cells have gained growing interest especially for
their use in in vitro hepatotoxicity studies (28-32). Established
from a hepatocellular carcinoma of a patient with hepatitis C
infection (27), undifferentiated HepaRG cells proliferate for
approximately 7 days until complete confluency. From this
point on, the monolayer develops into two distinct cell pop-
ulations. After 14 days, the cell culture is continued in the
presence of 2% dimethyl sulfoxide (DMSO) for further 14 days
to induce a full differentiation into functional hepatocyte- and
biliary-like cells. Differentiated cells exhibit a hepatocyte-like
metabolism, secretory activity, and expression levels of
structural constituents which is comparable to primary human
hepatocytes and which render HepaRG cells a superior cell
system (26). As such, we set out to study the effect of IL1b
and IL6 on the secretion in differentiated HepaRG (dHepaRG)
cells.

Here, we present an “interval-based” secretomics workflow
that addresses some of the shortcomings of the common
serum-free secretomics approach, by probing the secretion in
short serum-free time windows. Minimizing the time in serum-
free medium extents the time range within which stimulus-
dependent secretion can be monitored and limits the impact
of serum starvation on signaling and viability. We performed
standard serum-free and interval-based secretomics to char-
acterize the time-dependent secretion of proteins in the he-
patocyte model systems HepG2 and HepaRG after
stimulation of the APR. Relative quantification using tandem
mass tags (TMTs) enabled the quantitative monitoring of dy-
namic changes in the secretome and revealed distinct cell
type- and cytokine-dependent differences during the

stimulation of the APR. The extension of the experimental time
range uncovered distinct time-dependent phases of protein
secretion during the APR and showed that IL1b and IL6 direct
the APR toward different directions. Finally, inhibition of ADAM
and matrix metalloproteinases (MMPs) with small molecule
inhibitors allowed to identify induced as well as constitutive
shedding events linking the ADAM-mediated shedding of the
endosomal sorting receptor SORT1 to activation of the early
cytokine response.

EXPERIMENTAL PROCEDURES
Cytokines and Small Molecules

Recombinant human IL1b and recombinant human IL6 were pur-
chased from PeproTech Inc. Broad-band MMP inhibitor llomastat and
ADAM17 inhibitor TAPI-0 were purchased from Tocris Bioscience.

Cell Culture

Human hepatoma cell line HepG2 (obtained from ATCC) was
maintained in minimal essential medium (Thermo Fisher) supple-
mented with 10% fetal calf serum, 2 mM glutamine, 1% nonessential
amino acids, and 1 mM sodium pyruvate. Undifferentiated human
HepaRG cells (HPR101056, Biopredic International) were cultured and
differentiated according to the supplier's instructions. Briefly, cry-
opreserved cells were thawed and maintained in William's E-medium
(Thermo Fisher) supplemented with HepaRG Growth medium with
antibiotics (ADD710, Biopredic International). Growth medium was
exchanged twice a week. After 2 weeks in HepaRG growth medium,
fully confluent HepaRG cells were trypsinized and passaged to
maintain the cell line or seeded into 12-well plates with a density of
2.7 x 10* cells/cm?. After 2 weeks of proliferation in 12-well plates,
HepaRG growth medium was replaced by differentiation medium with
antibiotics (ADD720, Biopredic International), which causes the cells
to differentiate to hepatocyte colonies and primitive biliary cells within
2 weeks. dHepaRG cells were maintained in differentiation medium
until use for a maximum of four further weeks. All cell lines were
maintained at 37 °C in a humidified atmosphere of 5% COs,.

Cell Treatments and Preparation of Secretome Samples

Secretomics experiments were conducted in 12-well plates. HepG2
cells were used at 90% confluency. All wash steps and treatments
were performed with prewarmed media. For cumulative-based
secretomics experiments, cell culture medium was removed, and
the cells were carefully washed three times with serum- and phenol
red-free medium. HepG2 cells were washed and treated in minimal
essential medium. HepaRG cells were washed and treated in William's
E-medium. APR was stimulated by addition of 1 ml prewarmed serum-
and phenol red-free medium containing either 50 ng/ml recombinant
human IL1b, 50 ng/ml recombinant human IL6, or treated with pre-
warmed serum- and phenol red-free medium without stimulant as the
control. Cells were incubated for the indicated time points at 37 °Cin a
humidified atmosphere of 5% CO..

For interval-based secretomics experiments, differentiation medium
was exchanged with fresh differentiation medium containing 50 ng/mi
recombinant human IL1b, IL6, or differentiation medium only. HepaRG
cells were incubated for the indicated time points at 37 °C in an at-
mosphere of 5% CO,. Two hours before the end of a time point, the
differentiation medium was removed, and the cells were washed
carefully three times with serum- and phenol red-free William's E-
medium. Cells were incubated for an additional 2 h in serum- and
phenol red-free William's E-medium with 50 ng/ml recombinant
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human IL1b or IL6 or without stimulant. Cell supernatants from all
samples were carefully collected, and 230 pl supernatant was trans-
ferred into a 0.45 pm 96-well filter-plate (Durapore, low protein-binding
PVDF membrane, Merck Millipore) to remove detached cells and cell
debris. Supernatants were cleared by centrifugation (2 min at 100g)
and collected in a 96-well polypropylene plate. Two hundred microliter
cleared supernatants were then transferred into a fresh 96-well poly-
propylene plate and subsequently sealed and stored at —80 °C.

For shedding experiments with protease inhibitors, the HepaRG
differentiation medium was removed, and cells were carefully washed
three times with William's E-medium. Samples were either mock
treated (DMSO) as control, 50 ng/ml IL1b alone, inhibitor, or the
combination of inhibitor and 50 ng/ml IL1b. The final DMSO concen-
tration was set to 0.5%. All treatments were performed in phenol red-
and serum-free William's E-medium, with 1 ml final volume per well.
Protease inhibitors were used at the following concentrations: lloma-
stat was used at 10 pM, and TAPI-0 was used of 50 pM. Cells were
incubated for 8 h at 37 °C in a humidified atmosphere of 5% CO,.
After 8 h, cell supernatants were carefully collected and processed as
described above.

LDH-Assay

Cell viability was assessed by determination of lactate dehydro-
genase (LDH) release into cell culture supernatants using the LDH-Glo
cytotoxicity assay (Promega) following the manufacturer’'s in-
structions. The maximal LDH activity was determined by the addition
of 20 pl 10% Triton X-100 to the wells of the control cells.

Sample Preparation for Mass Spectrometry

Frozen secretome samples were dried in vacuo. Pellets were
resuspended in 115 pl resuspension buffer (2% SDS, 0.5% IGEPAL
CA-630) and incubated for 15 min at room temperature on an orbital
shaker (Heidolph Titramax 1000) at 800 rpm. Hundred microliter
resuspended samples were processed through a modified version of
the single pot solid-phase sample preparation (SP3) protocol as
described in ref (33). Briefly, proteins in resuspension buffer were
bound to paramagnetic beads (SeraMag Speed beads, GE Healthcare,
CAT#45152105050250, CAT#651521050502) by addition of 160 pl
cleanup solution (130 pl ethanol, 27.5 pl 15% formic acid, 2.5 pl bead
slurry) to a final ethanol concentration of 50%. Beads were washed four
times with 200 pl 70% ethanol. Proteins were digested by resus-
pending in 40 pl 0.1 mM Hepes (pH 8.5) containing 1.25 mM TCEP,
5 mM chloroacetamide, 5 ng/ul trypsin, and 5 ng/pl LysC following
overnight incubation. Peptides were labeled with isobaric mass tags
(TMT-10/11, Thermo Fisher Scientific). The labeling reaction was per-
formed in 100 mM Hepes (pH 8.5) 50% acetonitrile at 22 °C and
quenched with 2.5% hydroxylamine. Labeled peptide extracts were
pooled and purified using C18SCX stage-tips as described in ref (33).

LC-MS/MS Analysis

TMT-labeled samples were fractionated into eight fractions prior to
LC-MS/MS analysis using the high pH reversed-phase peptide frac-
tionation kit (Thermo Fisher Scientific) following the manufacturer’s
instructions. Fractionated and lyophilized samples were resuspended
in 0.05% TFA in water and 30% of each sample was injected into an
Ultimate3000 nanoRLSC (Dionex) coupled to a Q Exactive (Thermo
Fisher Scientific) or an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific). Peptides were separated on custom-made
50 cm x 100 pm (ID) reversed-phase columns (C18, 1.9 pm, Reprosil-
Pur, Dr Maisch) at 55 °C. Gradient elution was performed from 2%
acetonitrile to 40% acetonitrile in 0.1% formic acid and 3.5% DMSO
over 65 min at a flow rate of 350 nl/min. Samples were online injected
into the mass spectrometer. The Q Exactive Plus was operated in a

data-dependent top ten acquisition method. MS spectra were ac-
quired using 70,000 resolution and an ion target of 3 x 10° for MS1
scans. Higher energy collisional dissociation (HCD) scans were per-
formed with 35% normalized collision energy at 35,000 resolution (at
m/z 200), and ion target setting was set to 2 x 10° so as to avoid
coalescence (34). The instruments were operated with Tune 2.4 and
Xcalibur 3.0 build 63. The Orbitrap Fusion Lumos operated with a fixed
cycle time of 3 s. MS1 spectra were acquired at a resolution of 60,000
and an ion target of 4 x 10°. HCD fragmentation was performed at
38% normalized collision energy at a resolution of 30,000 and an ion
target 1 x 10°. The instrument was operated with Tune v.2.1.1565.23
and Xcalibur v.4.0.27.10.

Peptide and Protein Identification

Raw data were processed using an in-house pipeline based on the
isobar quant package (35). Mascot 2.5 (Matrix Science) was used for
protein identification. In a first search, 30 ppm peptide precursor mass
and 30 mDa (HCD) mass tolerance for fragment ions was used for
recalibration according to Cox et al. (36) followed by search using a
10 ppm mass tolerance for peptide precursors and 20 mDa (HCD)
mass tolerance for fragment ions. Enzyme specificity was set to
trypsin with up to three missed cleavages. The search database
consisted of the SwissProt sequence database (SwissProt Human
release December 2018, 42,423 sequences) combined with a decoy
version of this database created using scripts supplied by Matrix
Science. Carbamidomethylation of cysteine residues and TMT modi-
fication of lysine residues were set as fixed modification. Methionine
oxidation, N-terminal acetylation of proteins, and TMT modification of
peptide N-termini were set as variable modifications.

Unless stated otherwise, we accepted protein identifications as
follows. (i) For single spectrum-to-sequence assignments, we required
this assignment to be the best match and a minimum Mascot score of
31 and a 10x difference of this assignment over the next best
assignment. Based on these criteria, the decoy search results indi-
cated <1% false discovery rate (FDR). (i) For multiple spectrum-to-
sequence assignments and using the same parameters, the decoy
search results indicate <0.1% FDR. All identified proteins were
quantified; FDR for quantified proteins was below 1%.

Peptide and Protein Quantification

Reporter ion intensities were read from raw data and multiplied with
ion accumulation times (the unit is milliseconds) so as to yield a
measure proportional to the number of ions; this measure is referred to
as ion area (37). Spectra matching to peptides were filtered according
to the following criteria: mascot ion score >15, signal-to-background
of the precursor ion >4, and signal-to-interference >0.5 (38). Fold
changes were corrected for isotope purity as described and adjusted
for interference caused by coeluting nearly isobaric peaks as esti-
mated by the signal-to-interference measure (39). Protein quantifica-
tion was derived from individual spectra matching to distinct peptides
by using a sum-based bootstrap algorithm; 95% confidence intervals
were calculated for all protein fold changes that were quantified with
more than three spectra (37). Only proteins quantified with more than
one quantified spectrum (qusm) and more than one unique peptide
(qupm) were considered for downstream analysis.

Experimental Design and Statistical Rationale

Protein annotations were based on the UniProtKB database
(November 14, 2019). Data analysis and visualizations were performed
in R (version 4.0.2). All experiments were performed using a TMT-
labeling strategy. Identified proteins were filtered for qusm >1 and
qupm >1. For secretomics time course experiments, each biological
replicate of cytokine treatment and the corresponding time-matched
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controls for each of the five time points were combined into one mul-
tiplexed TMT-10 experiment. All treatments were performed in biolog-
ical triplicates resulting in three multiplexed analyses per cell system
and cytokine. The triplicate MS experiments were merged for further
analysis. Summed up ion areas of each TMT-channel and each repli-
cate were log2 transformed and normalized to the median of the
density maxima of all samples. The normalization factors of each TMT-
channel and each replicate were used to calculate a median of
normalization factors for every TMT channel across the replicate
measurements. A TMT-channel was identified as an outlier, if (1) the
normalization factor of this individual TMT-channel was greater than 2
and (2) the median normalization factor of the triplicates from this
treatment was greater than 1.5 due to this individual TMT-channel.
Statistical analysis was done separately for each time point by con-
trasting treatment to the time-matched control using LIMMA (40). Only
proteins identified at least in two of the three replicates were considered
for LIMMA analysis. Proteins were considered as significant when
passing the following cut-offs: two times the median SD of ratios be-
tween replicates of each time point and treatment and by a p-value cut-
off of 0.05 using Benjamini-Hochberg corrected p-values as described
n (41). In the interval-based secretome analysis of IL6-treated dHe-
paRG cells, TMT channel 128L (IL6 treatment at 4 h) from replicate
experiment 2 was excluded from the analysis as it did not meet the
above described quality parameters for normalization factors. For the
inhibition of extracellular proteases with the small molecule inhibitors
llomastat or TAPI-0, two biological replicates of DMSO-treated control
samples and three biological replicates of each treatment (IL1b only,
inhibitor only or IL1b + inhibitor) were combined into one sample for
mass spectrometric analysis per inhibitor using TMT-11 isobaric mass
tags. K-means clustering across all time points was trained in a first
step only with proteins annotated as secreted in their subcellular
localization. The number of clusters was determined in an iterative
process by manually testing different numbers of clusters. As starting
point, we assigned eight clusters and reduced the number of clusters
step by step, until no redundant clusters were left. Clusters were
considered as redundant, when a calculated spearman correlation
coefficient, based on the mean log2 fold changes of clusters, was
greater than 0.90. In a second step, the clue R package (42) was used
to assign all other proteins of the dataset to one of the defined clusters
from step 1. Gene ontology enrichments were obtained using the
topGO package in R (43). The enriched gene ontology (GO)-Terms were
filtered for Benjamini-Hochberg corrected p-values of <0.05.

RESULTS

Acute-phase proteins are mainly produced by hepatocytes
in response to proinflammatory cytokines. To analyze the
time-dependent release of proteins during the APR in hepa-
tocyte model systems, we adapted a mass spectrometry—
based secretomics approach using serum-free medium (20)
to an isobaric mass tag-based chemical labeling strategy
(TMT) to enable the precise quantification of time-dependent
changes. Cells were treated with the proinflammatory cyto-
kines IL1b or IL6 to stimulate the APR and serum-free cell
culture supernatants were collected after 1, 2, 4, 8, and 12 h.
One replicate of cytokine treatment and time-matched control
for each of the five time points were labeled with TMT re-
agents and combined for multiplexed mass spectrometric
analysis. All treatments were performed in triplicates resulting
in three multiplexed mass spectrometric experiments per cell
system and cytokine.

A total of 3882 proteins were identified from the superna-
tants of IL1b-treated HepG2 cells across the replicate exper-
iments with 277 proteins being annotated as secreted or
extracellular in UniProt (supplemental Table S1). While abun-
dances of the majority of these proteins remained unaltered, 9,
6, 12, 13, and 13 proteins were significantly changing at the 1,
2, 4, 8 and 12 h time points, respectively (Fig. 1A and
supplemental Table S1). As commonly observed in label-free
secretomics analyses (20, 23), most identified proteins are
predicted to be intracellular, likely resulting from cell death.
These proteins mask the identification of secreted and
shedded proteins. For example, upon cytokine stimulation.
Hence, it is critical to keep cell death at the absolute minimum
within the desirable experimental timeframe.

IL1b induced the early release of cytokines and
inflammation-related proteins from HepG2 cells, including the
chemotactic factors CCL20, CX3CL1, CXCL8 (IL-8), CSF1,
SDC4, the IL-1b receptor antagonist IL1RN, and the
urokinase-type plasminogen activator PLAU (Fig. 1B). LCN2
was the only APP among the significantly changing proteins
within the observed timeframe of 12 h (Fig. 1B), while the
majority of known acute-phase proteins were either not
detected or did not change in secretion rate (supplemental
Fig. S1B). Additionally, we observed the release of the
epidermal growth factor receptor ligand AREG, the growth/
differentiation factor-15 (GDF-15), and the matricellular protein
THBS1 that are related to inflammatory processes (44-46).

Upon treatment of HepG2 cells with the prototypic APR
inducer IL6, we did not observe any changes in protein
secretion (supplemental Fig. S1C and supplemental Table S1).
Previous cell surface proteome mapping of these cells (47) did
not identify the IL6 receptor, which could explain the lack of a
biological response to IL6 treatment. In our data, we also did
not detect the release of IL6 upon IL1b treatment, a biologi-
cally important reaction of hepatocytes to different stimuli,
which is known to modulate the APR in an autocrine and
endocrine fashion (48). The limited response of HepG2 cells
toward the proinflammatory cytokines IL1b and IL6 raised the
question whether this hepatocyte cell system reflects the true
biology of the APR, hence, we chose dHepaRG cells as an
alternative hepatic model cell line.

The secretomics analysis of IL1b-treated dHepaRG cells
identified a total of 4131 proteins across triplicates and five
time points (Fig. 1C and supplemental Table S1); 306 proteins
had a subcellular location annotation as secreted or being
extracellular. Across the time course, 5, 8, 25, 40, and 56
proteins displayed significantly altered secretion rates after 1,
2,4, 8, and 12 h, respectively (Fig. 1C). The secretome of IL1b-
treated dHepaRG cells was characterized by an early release
of chemokines and MMPs within the 12 h time window
(Fig. 1D). In the first 2 h, we observed the release of CXCLS8 (IL-
8) and IL-6 in the supernatants, followed by further chemo-
kines and pattern recognition molecules such as CCL20,
CXCL1, CCL2 (MCP-1), CSF1, and LBP, within 4 h (Fig. 1D
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jamini-Hochberg) < 0.05 and log, fold change > 2x SD of the individual treatment) are colored in orange, acute-phase response proteins are
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and supplemental Fig. S2C). The long pentraxin PTX3 was the
first acute-phase protein showing significant abundance in-
crease in cell culture supernatants within 4 h, followed by the
acute-phase proteins CRP, LCN2, LBP, SERPINAS3, CFB, and
SERPINE1 starting at 8 h post stimulus (Fig. 1D and
supplemental Fig. S2B).

The secretomics analysis of IL6-treated dHepaRG cells
identified a total of 3859 proteins across triplicates and five
time points (supplemental Fig. S2D and supplemental
Table S1) with 283 proteins being annotated as secreted or
extracellular. In the time course, strong stimulus-dependent
secretion was observed after 4 to 8 h (supplemental
Fig. S2Q), indicating an earlier onset of APP release as
compared to IL1b treatment. However, IL6-induced secretion
was characterized by fibrinogens (FGA, FGB, FGG), CRP,
LBP, and SERPINAS3 but not an early release of chemokines
(supplemental Fig. S2, F and G). This suggests that IL6
signaling is crucial for the secretion of APP in dHepaRG cells
and further explains the delayed APP secretion upon IL1b
stimulation.

In summary, the early phase of the IL1b-induced APR is
characterized by the concerted secretion of chemokines and
MMPs. In contrast to IL1b, IL6 treatment did not provoke the
release of a chemotactic answer but stimulated the release of
APP more directly. The direct comparison of the secretome
data of IL1b- and IL6-treated HepG2 and dHepaRG cells
featured a more diverse secretory response in dHepaRG cells
than in HepG2 and comprised the biologically important
secretion of IL-6 and the inflammation marker CRP (9). Based
on these observations, we concluded that HepG2 cells are not
a suitable model system to study the APR in-vitro.

However, even with the dHepaRG system, only seven
acute-phase proteins were differentially secreted into the cell
culture supernatant during this early inflammatory phase,
while the majority of acute-phase proteins were either not
secreted or did not change their secretion rate upon IL1b
treatment. This made us hypothesize that these APP are either
not responsive to the IL1b stimulus at all or the secretion of
these proteins takes much longer than the 12 h timeframe that
was monitored.

To evaluate whether an extension of the serum-free
collection time would be feasible, we assessed the viability
of dHepaRG cells in serum-free basal medium for up to 72 h
by measurement of LDH (n = 3), a marker for plasma

membrane damage, in cell culture supernatants (Fig. 1E). We
observed a time-dependent increase of LDH by up to 15%
within 72 h. Light microscopic examination revealed a marked
disruption of the monolayer after 48 h in serum-free medium
(Fig. 1F) consistent with increased levels of cell death that will
hamper secretomics analysis. Furthermore, irrespective of
effects on cell viability, prolonged incubation of cells in serum-
free medium may result in changes of transcript and expres-
sion levels of proteins, altered protein phosphorylation, a
reduction in the basal activity of signaling pathways, and can
negatively impact protein secretion (15, 23, 49-51). To control
for this, sampling times are preferred that are significantly
shorter than the typical protein half-life.

Interval-Based Secretomics Enables Longer-Term
Secretomics Experiments and Covers the Full Spectrum of
the APR

To address these challenges, we conceived an experi-
mental design which allows secretome studies over multiple
days (Fig. 2) by performing treatments in presence of serum,
followed by 2-h incubation intervals in serum-free medium to
collect secreted proteins. We reasoned that the interval-based
incubation scheme would have two advantages: first, probing
the secretion in intervals will no longer measure total protein
amounts as this is the case with typical cumulative secre-
tomics workflows but rather measures protein secretion rates
and thus allows determining changes in protein secretion
rates over time. Hence, basal, stimulus-independent secretion
events are easier to detect as no change is expected. Second,
minimizing the serum-free time window to 2 h should provide
a good balance between achieving decent proteomic
coverage and reducing the negative impact of nutrient and
growth factor deficiency on protein expression.

To cover early secretion events as well as late secretion
events elicited by secondary, indirect mechanisms, we
monitored secretion over 72 h. Upon stimulation of the APR
in-vivo, changes in the plasma concentrations of acute-phase
proteins, such as CRP or SAA, typically peak at 2 to 3 days
(52). To cover and resolve the early response upon IL1b
treatment, we included the time points 2, 4, and 8 h. For the
four remaining channels of the TMT-10 plex experiment, we
chose a mid-time point (24 h) to cover early transcription-
dependent secretion events of proteins and a late time point
(72 h) to also cover slow and indirect effects.

colored in purple, and acute-phase proteins passing the significance thresholds are indicated as triangles. IL1b is colored in blue and indicated
with name. 2-fold increase in abundance is indicated by horizontal bars. B, heatmap of all proteins significantly secreted in HepG2 cells upon
IL1b treatment for at least one time point. Displayed are mean log, fold changes to the respective time-matched control. Statistically significant
changes as described in (A) are denoted with asterisks (*) in the respective cells. Bold names label known acute-phase proteins. C, same as (A)
for differentiated HepaRG cells. D, same as (B) for proteins significantly secreted in HepaRG cells upon IL1b treatment. Due to the large number
of significant proteins, only those proteins are displayed which show a log, fold change >1.5. E, determination of LDH levels in the supernatant of
HepaRG cells cultured in serum-free medium using a enzymatic assay at multiple time points (each time point in n = 3). Percentage of cell death
is determined as percentage to the maximal LDH activity by lysing the cells with Triton X-100 at time point 0 h. F, light microscopic examination
of differentiated HepaRG cells kept in serum-free medium for up to 72 h. White arrows denote areas with disruptions of the monolayer. LDH,

lactate dehydrogenase.
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Fic. 2. Schematic representation of the secretomics workflow with both collection schemes: the standard serum-free ‘cumulative’
and the ‘interval-based’ approach. @®, cumulative experimental design: protein secretion is probed by collecting cell culture supernatants
under serum-free conditions for a defined time range with the treatment. Interval experimental design: treatments are performed in presence of
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MS/MS. TMT, tandem mass tag.

In total, we identified 4131 proteins across three replicates
and five time points (2, 4, 8, 24 and 72 h) in the supernatants of
IL1b-treated dHepaRG cells, of which 219 proteins were an-
notated to be secreted or extracellular (Fig. 3A and
supplemental Table S3). Across the time course, 0, 0, 21, 80,
and 162 proteins displayed significantly altered secretion rates
after 2, 4, 8, 24, and 72 h, respectively.

We observed secretion of multiple acute-phase proteins
starting at 8 h post stimulus (Fig. 3B). Protein release upon
IL1b treatment was not limited to acute-phase proteins. Out of
the 162 proteins that showed significantly changing secretion
rates after 72 h, 106 proteins featured a significantly higher
secretion rate. Out of these 106 proteins, 40 proteins were
annotated as “secreted with signal peptide”, eight proteins
were annotated as “secreted without signal peptide”, and 57
proteins were not annotated as secreted at all including nine
transmembrane proteins with extracellular domains (Fig. 3C
and supplemental Table S3). These observations suggest that
a substantial fraction of proteins might be released via

nonclassical secretion pathways, a phenomenon which was
previously described for cancer cell lines (23). Of note, among
the proteins that were annotated as “not secreted with signal
peptide”, we found 18 ER-localized proteins such as the ER
stress associated chaperones HSP90B1, HSPA13, HSPA5,
and cochaperones DNAJB11, DNAJC3, the protein disulfide-
isomerases PDIA3, PDIA4, PDIAG6, TXNDC5, and the oxido-
reductase ERO1A.

The interval-based secretome analysis of IL6-treated dHe-
paRG cells identified 4417 proteins across triplicates of which
215 proteins were annotated as secreted or extracellular
(Fig. 3D and supplemental Table S3). The nonconventional
protein secretion was less pronounced upon treatment with
IL6 as compared to IL1b (Fig. 3E). We observed significantly
different protein secretion rates starting at 24 h post stimulus
including the acute phase proteins ORM1, CP, APCS, HP,
SERPING1, CFB, SAA1 (Fig. 3F). The extended time range of
the interval-based protocol not only allowed the character-
ization of positive secretion events, it now also enabled
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Fic. 3. Interval-based secretomics analysis of the acute-phase response triggered by IL1b or IL6 in differentiated HepaRG cells for up
to 72 h. A, interval-based secretomics analysis of IL1b-treated HepaRG cells. All identified proteins are depicted with their mean log, fold
change (n = 3) against the time-matched controls at the indicated time points. Proteins passing the significance thresholds (p(Benjamini
Hochberg) < 0.05 and log, fold change > 2x standard deviation of the individual treatment) are colored in orange, acute-phase response proteins
are colored in purple, and acute-phase proteins passing the significance thresholds are indicated as triangles. IL1b is colored in blue and
indicated with name. 2-fold increase in abundance is indicated by horizontal bars. B, all acute-phase proteins identified in the secretomes of
IL1b-treated differentiated HepaRG cells across different time points irrespective of their significance. Displayed are log, fold changes to the
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pinpointing the downregulation of protein secretion such as in
case of the negative acute-phase proteins ALB, TF, and TTR
(Fig. 3, B and F). Next, k-means clustering was used to
characterize the time dependencies of the APR (Fig. 4 and
supplemental Table S4). We first filtered the datasets for
proteins annotated as secreted only to cluster the data and
then matched the time-dependent secretion profiles of all
remaining proteins to these clusters. The individual clusters
mirror the different waves of the APR and help to pinpoint the
major differences between the two inflammatory stimuli.

The early phase of the IL1b-induced inflammatory response
was characterized by a fast release of chemotactic factors
(Fig. 4A Cluster 1, Fig. 4C and supplemental Table S4), MMPs,
and antimicrobial proteins showing a steep increase in
secretion rates within the first 4 h. This data is in agreement
with the cumulative IL1b dataset (supplemental Fig. S3 and
supplemental Table S2) that identified CXCL8, CXCL1,
CCL20, and CCL2 as well as MMP1, MMP3, MMP10, and
MMP2 and the cytokine IL6 for the cytokine and MMP cluster.
However, lower proteomic coverage was achieved likely due
to compromises made to balance early and late time points
and shorter collection times for secreted proteins.

The early chemotactic response was followed by the
secretion of effector molecules (Fig. 4A, cluster 2) with
strongly increased secretion rates from 8 h to 72 h. Several
proteins of this effector cluster such as HP, LCN2, ORM1,
ORM2, SERPINA3, and SERPINB3 are mapping to the
neutrophil degranulation pathway or have further immuno-
modulatory effects like, for example, ORM1 that can enhance
the secretion of several cytokines (53). Of note, the three
nonacute-phase proteins SERPINB3/B4 and CHI3L2 were
among the APP in Cluster 2 and are associated with inflam-
matory processes (54, 55). In summary, our data characterize
SERPINB3/B4 and CHI3L2 as additional acute-phase proteins
in the context of an IL1b response.

Cluster 3 (late response) contained proteins with moderately
increased secretion rates including complement factors (C1R,
C1S, C3, C4BPA, CFH), fibrinogens (FGA, FGB, FGG), and the
proteins S100A8/A9 as well as the chaperones HSP90B1,
HSPA13, HSPAS5, the cochaperones DNAJB11, DNAJC3, the
protein disulfide-isomerases PDIA3, PDIA4, PDIAG, TXNDC5,
and the oxidoreductase ERO1A. Among the members with the
strongest changes in this cluster, we found several proteins
with anti-inflammatory or protease inhibitory properties, such
as PLA2G2A or SLPI. With GO terms “extracellular matrix
organization” and “blood coagulation, fibrin clot formation”
being enriched in cluster 3, the composition and time profile of
this cluster suggest it to represent the regeneration and

clearance phase of inflammation that involves enzymes such
as BA4GALT1, BMP1, and COLGALT1 and constituents of the
extracellular matrix (ECM) such as COL5A1, FBLN1, and FN1.
Additionally, after 72 h, the secretion rate of MMPs (MM3,
MMP?7, (cluster 1)) was equal to the time-matched controls
and as such reached the basal secretion rate again (Fig. 4C).
We also found CHI3L1 to be secreted 72 h post stimulus
which is known to influence tissue remodeling by inhibition of
IL1-induced MMP secretion and regulation of MMP activity
(56, 57). Of note, TNFAIP2 was among the proteins with the
highest abundance relative to the time-matched control within
this cluster and which is known to modulate the inflammatory
response by inhibition of NFkB activity.

Approximately, 30% of the proteins in this group were
neither annotated as secreted nor contained a signal peptide
(supplemental Table S4). However, the secretion profiles of
these proteins suggest a release via a nonclassical secretion
pathway rather than cell death, since they are clearly sepa-
rated from the background cluster 5 (supplemental Fig. S5)
that contained high abundant intracellular proteins like LDHA.
Consistent with this, the majority of these proteins matched
with the vesiclepedia database (58) including TNFAIPS,
B4GALT1, and NFKB2 that were previously found to be un-
conventionally released via extracellular vesicles (59-61).
Additionally, ER-localized chaperones such as HSP90B1,
HSPA5, DNAJC3 have been reported to be transported to the
extracellular space during inflammatory conditions (62-64).

Cluster 4 consisted of proteins for which secretion is
downregulated upon IL1b treatment, such as the known
negative acute-phase proteins ALB, TF, TTR, SERPINCA1,
RBP4. Of note, cluster 4 also contained proteins that were
observed to be downregulated in plasma of patients with liver
cirrhosis (65), (e.g., F2, SERPINC1, SERPIND1, CPB2, C6,
RBP4, and TTR) the final stage of hepatic disarrangement in,
for example, response to chronic inflammatory conditions. We
also observed a downregulation of proteins mapping to tri-
glyceride metabolism and transport, such as APOA1, APOB,
APOCS3, reflecting a change in lipoprotein particles and
consistent with a change in serum lipid profiles upon inflam-
mation. It was shown that the APR is associated with changes
in lipoproteins, for example, APOA1 plasma levels are reduced
and APOAT1 is displaced in high density lipoprotein particles
by SAA1 (66-68). Of note, we observed increased secretion
rates of SAA1.

Cluster 5 with 3374 protein members reflected the back-
ground proteome and included secreted proteins that were
IL1b independent (supplemental Fig. S5). As reflected by the
GO enrichment, this cluster contained mainly high abundant

respective time-matched control. Statistically significant changes are denoted with asterisks (*). C, proteins released at 72 h of treatment with
IL1b grouped by their subcellular location annotation (based on UniProt annotation). Gray: all proteins, blue: proteins with an extracellular
domain, teal: proteins without a signal peptide (S. P.) and not annotated as secreted, purple: proteins with signal peptide and not annotated as
secreted, yellow: proteins without signal peptide and annotated as secreted, pink: proteins with signal peptide and annotated as secreted. D-F,

same as (A), (B), and (C) but for IL6-treated differentiated HepaRG cells.
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Fic. 4. Time-dependent clustering of protein secretion discriminates early- and late-secretion events during the acute-phase
response. A, time-resolved k-means cluster analysis of the interval-based secretomes of IL1b-treated HepaRG cells. Left panel, k-means
clustering of all identified proteins (only clusters with time-dependent changes are shown here, for all clusters see supplemental Fig. S5).
Clustering was performed by using proteins annotated to be secreted as training dataset. Colored ribbons indicate the mean log, fold change +
SD in each cluster. Right panel, GO-term enrichment analysis showing the top ten biological processes for each cluster (brown bars indicate
significant GO terms with p(Benjamini-Hochberg corrected) < 0.05). B, same as (A) for IL6 (only clusters with time-dependent changes are shown
here, for all clusters see supplemental Fig. S6). C, heatmaps of time-dependent abundance change of all proteins grouped into cluster 1 and 2
from panel A of IL1b-treated HepaRG cells. Displayed are log, fold changes to the respective time-matched control. Statistically significant
changes are denoted with asterisks (*). D, same as (C) for IL6-treated HepaRG cells. GO, gene ontology.

intracellular proteins such as ribosomal proteins, splicing
factors, and structural proteins, for example, ACTB, TUBB,
and the LDH subunit A.

K-means clustering of the IL6 interval-secretome data
revealed a fundamentally different response compared to the
IL1b dataset (Fig. 4B and supplemental Table S4). Within the
first 24 h, dHepaRG cells mainly responded to IL6 stimulation
with the secretion of fibrinogens (FGA, FGB, FGG), HP,
SERPINAS, CP, and LBP (Fig. 4B, Cluster 1) and the GO term
“blood coagulation, fibrin clot formation” was strongly
enriched. The late response (Fig. 4B, cluster 2) resembles the

proposed regeneration and clearance phase of cluster 3 of the
IL1b treatment (Fig. 4A). Among the highest abundant proteins
in this group, we found ORM1/2 to be secreted after 24 h.
Increased levels of ORM1 were observed after hepatectomy in
humans and a ORM1 KO in mice was reported to impair liver
regeneration (69). ORM1/2 are also mapping to the GO-term
“platelet degranulation”, which was under the top three
enriched GO terms of cluster 2. Furthermore, and consistent
with previous reports, IL6 reduced the secretion of the nega-
tive acute-phase proteins ALB, TF, TTR, RBP4 (Fig. 4B cluster
3) (70, 71).
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Fic. 5. Constitutive and IL1b-induced ectodomain shedding in HepaRG can be modulated by metalloprotease inhibitors and leads to
secondary effects on cytokine and metalloprotease secretion. A, proteins released by IL1b-treated differentiated HepaRG cells compared to
time-matched controls at indicated time points (same dataset as in Fig. 3A). Transmembrane proteins containing an extracellular domain are
indicated in blue, matrix metalloproteinases are indicated in pink. 2-fold increase in abundance is indicated by horizontal bars. B, schematic
illustration of the shedding experiments. Differentiated HepaRG cells in 12-well plates were treated with IL1b, inhibitor, the combination or
DMSO control. Tested inhibitors were llomastat (10 pM) and TAPI-0 (50 pM). Supernatants were harvested after 8 h, and the samples were
combined into one sample for mass spectrometric analysis individually per inhibitor using TMT-11 isobaric mass tags. C, changes in protein
secretion patterns upon addition of the broadband MMP inhibitor llomastat after 8 h treatment. Displayed proteins are filtered for transmembrane
proteins containing an extracellular domain with a significant change (p(Benjamini Hochberg) < 0.05 and log, fold change > 2x SD of the in-
dividual treatment) upon inhibitor treatment in at least one of the indicated treatments. Asterisks indicate significance for the respective contrast.
Bold names indicate known ADAM targets. D, same as (C) for the ADAM17 inhibitor TAPI-0. E, abundance change of SORT1 in the supernatant
in the TAPI-0 experiment. Displayed is log, protein fold change of the indicated contrasts. F and G, inhibition of ectodomain shedding by TAPI-
0 reduces the IL1B-induced secretion of (F) cytokines and (G) MMPs into the cell culture supernatant. Asterisks indicate a significant difference in
the comparison of IL1b versus control to IL1b stimulation in presence of TAPI-0 versus control (n = 3): *p < 0.05; **p < 0.01; **p < 0.001. MMP,
matrix metalloproteinase; TMT, tandem mass tag.

IL1b Stimulation Induced Ectodomain Shedding in proteins with extracellular domains (Fig. 5A). As all identified

HepaRG Cells peptides mapped to the extracellular domains (supplemental
Closer inspection of proteins released by dHepaRG cells Fig. S7A) and, in addition, the IL1b treatment induced the
upon IL1b stimulation revealed several transmembrane release of several MMPs, we hypothesized that those proteins
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are released into the secretome via proteolytic cleavage of the
ectodomains. Ectodomain shedding is an important post-
translational modification with implications in a variety of
cellular processes, such as cell adhesion, proliferation, dif-
ferentiation, migration, apoptosis, necroptosis, and inflam-
mation (72-76). To further investigate induced ectodomain
shedding during the APR in dHepaRG cells, we studied the
effect of inhibition of extracellular proteases of the ’'a dis-
integrin and metalloprotease’ (ADAM)- family and MMPs by
two small molecule inhibitors. Cells were either treated with
10 pM of the broad spectrum MMP inhibitor llomastat
(GM6001) or with 50 pM of the ADAM17 and MMP inhibitor
TAPI-0. The nonmembrane permeable inhibitor TAPI-0 was
used at 50 pM to ensure effective inhibition of a wide range of
known targets within the ADAM and MMP families. Samples
were treated with a combination of IL1b and TAPI-0 or llo-
mastat to specifically inhibit IL1b-induced shedding events.
Moreover, the treatment with TAPI-O or llomastat alone
allowed for identification of potential constitutive shedding
events. As controls, we included time-matched mock-treated
samples (DMSO) as well as samples that were only treated
with IL1b (Fig. 5B). Supernatants were harvested after 8 h, and
the samples for each inhibitor were encoded with isobaric
mass tags and combined for mass spectrometric
analysis(Fig. 5B). In the cumulative secretome data of IL1b-
treated HepaRG cells, high levels of the proteases MMP-1,
MMP-3, MMP-7, MMP-10, MMP-12, and MMP-13 were
detected already at 8 h post stimulus, suggesting that this
time point would provide good sensitivity and coverage of the
relevant biology.

First, we investigated whether cell surface shedding con-
tributes to the constitutive secretome of dHepaRG cells. We
compared the secretomes of cells treated with inhibitor alone
to the secretomes of the untreated cells. Upon treatment with
the broad spectrum MMP inhibitor llomastat which has also
been described to inhibit the activity of ADAM10 and ADAM17
(77), 24 proteins were significantly reduced in abundance in
these cell culture supernatants (supplemental Table S5).
Among these, we found 14 annotated transmembrane pro-
teins with extracellular domain, such as the membrane asso-
ciated chemokine CX3CL1, for which constitutive and induced
shedding by ADAMs and MMPs has been previously
described (78). Treatment with the ADAM17 and MMP inhib-
itor TAPI-0 significantly affected the release of 36 proteins
compared to the untreated controls, with 21 annotated
transmembrane proteins with extracellular domains being in
this group. Of these, ten transmembrane proteins with extra-
cellular domain were overlapping as hits in experiments with
llomastat and TAPI-0 (supplemental Fig. S7B).

Second, we investigated the effect of MMP/ADAM inhibition
on surface shedding upon stimulation of the APR with IL1b. To
identify shedding events upon stimulation of the APR, the
secretomes of combined IL1b and inhibitor-treated cells were
compared to the treatment with IL1b only. Upon inhibition with

the broad spectrum MMP inhibitor llomastat, the abundances
of 37 proteins in the supernatant were significantly reduced of
which 25 are transmembrane proteins with an extracellular
domain. Treatment with the ADAM17 and MMP inhibitor TAPI-
0 led to a significant reduction of protein abundance in the
supernatant of 80 proteins compared to IL1b only. Of those
proteins, 41 were annotated as transmembrane proteins with
extracellular domain, 21 proteins were affected by both in-
hibitors, while 20 proteins were exclusively dependent on
TAPI-0 (supplemental Fig. S7C).

Upon inhibitor treatment with llomastat (Fig. 5C) and TAPIO
(Fig. 5D), several known ADAM substrates (76, 78-81) were
reduced in abundance in the supernatants such as CX3CLA1,
ALCAM, SDC4, NEO1, APP, APLP2, and CD44 consistent
with shedding of these proteins upon IL1B stimulation.
Shedding was also observed constitutively in dHepaRG cells,
as transmembrane proteins like, for example, CX3CL1,
ALCAM, NEO1, APP, or SDC4 showed a reduced abundance
upon treatment with llomastat (Fig. 5C) or TAPI-0 (Fig. 5D) in
the absence of IL1b.

Furthermore, we observed a significantly reduced abun-
dance of SORT1 (sortilin) by inhibition with TAPI-0 (Fig. 5E).
SORT1 is a VPS10 domain sorting receptor which is pre-
dominantly involved in the secretory pathway binding to
various ligands. SORT1 functions as a clearance receptor at
the cell surface where it can be shed by ADAM proteases
(82-84). Interestingly, recent studies have demonstrated that
SORT1 is involved in the regulation of lipoprotein metabolism
and cytokine secretion (85, 86). Loss of SORT1 impairs the
secretion of IL-6 and INF-y in macrophages, leading to
reduced levels of these cytokines in cell culture supernatants,
and a SORT1 KO study in mice previously observed signifi-
cantly attenuated expression levels of cholangiocyte-derived
cytokines like CXCL1, CXCL2, CCL2, and IL6 (87). A direct
interaction of SORT1 with IL6 and other cytokines has been
demonstrated by SPR analysis (86, 88) further underscoring its
involvement in cytokine trafficking and secretion. Treatment
with  TAPI-0 not only inhibited the shedding of SORT1
(Fig. 5E), it also impaired the secretion of the cytokines IL6,
CCL2, CCL20, CXCL1, CXCLS8 (Fig. 5F), and the matrix met-
alloproteinases MMP-3, MMP-10, MMP-12 (Fig. 5G). How-
ever, the release of other secreted proteins that are induced
upon IL1b treatment were not affected by TAPI-
0 (supplemental Fig. S5D). In summary, ADAM inhibition dur-
ing the early phase of the IL1b-induced APR leads to a
dampening of the early cytokine response.

DISCUSSION

The majority of in-vitro secretome studies are performed
under serum-free cell culture conditions which strongly limits
the observable time window to only a few hours as prolonged
incubation times in serum-free medium can compromise
cellular integrity, narrowing down the biological relevance of
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such secretome data. We addressed this shortcoming with a
modified experimental design that allows secretomics analysis
from cells treated in the presence of serum by probing the
protein secretion rate into the supernatant in 2-h intervals of
serum-free medium. The limited time window in which cells
are maintained in serum-free medium extends the experi-
mentally covered time range to multiple days without a
negative impact on cell viability. The interval-based secre-
tomics approach enables the study of protein secretion in cell
systems (i) which are highly susceptible to serum-free cell
culture conditions, (i) in which cell culture relies on specific
media compositions, for example, differentiation, or (jii) for
which the use of metabolic labeling strategies for selective
enrichment of secreted proteins, such as azidohomoalanine
(AHA) or azido sugars (15, 16, 19) is challenging due to limited
cell numbers, incompatibilities with the labeling reagents,
general toxic effects, or undesirable variations in cell growth.
Although elegant, metabolic strategies have inherent weak-
nesses which can be addressed by the interval-based proto-
col. Azidosugar-based enrichment methods work via protein
glycosylations leading to potentially false-positives if the
applied perturbations affect the cellular glycosylation ma-
chinery; and in addition, unconventional secretion events of
nonglycosylated proteins are missed. Pulsed AHA labeling
approaches are vulnerable to perturbations of the cellular
translation machinery; and proteins which were synthesized
before the AHA-pulse, for example, pre-existing secretory
granules cannot be specifically enriched. Additionally, AHA
labeling in combination with the necessary methionine star-
vation can potentially disturb cellular signaling pathways.

Protein quantification is another crucial design element for
secretomics experiments. We employed a TMT-based
isobaric labeling strategy in which up to 11 samples were
pooled into one single MS run. We combined either multiple
time points or multiple treatments and treatment combinations
into one TMT experiment. Especially for time course experi-
ments, TMT labeling ensures complete quantitative data for all
identified proteins at all time points. This data completeness,
which cannot be guaranteed with a label-free quantitative
approach, enables the identification of time-dependent pha-
ses during a cellular treatment in addition to the high precision
of relative quantification typically achieved with isobaric mass
tags (89).

We demonstrated the utility of the interval-based secre-
tomics approach by studying the APR, an indispensable re-
action of hepatocytes to inflammatory processes that is
characterized through cytokine-regulated secretion changes
of proteins that elicit pivotal functions to restore body ho-
meostasis. A hallmark of the hepatic APR is the control on the
transcriptional level (6, 90). Monitoring such regulation on
secretome level requires observation times of several days
which is incompatible with serum-free cell treatment due to
impaired cell viability. Consistent with this, short-term treat-
ments of HepG2 and HepaRG cells for up to 12 h led to

incomplete APR with marked differences between these two
hepatocyte cell lines, questioning the biological relevance of
HepG2 cells for the study of liver inflammatory conditions. The
interval-based secretomics approach enabled the character-
ization of protein secretion in dHepaRG cells over a time
period of 72 h while circumventing the detrimental effects of
prolonged serum starvation. This, for the first time allowed
studying direct early secretion events as well as indirect ef-
fects resulting from downstream transcriptional activation
providing detailed insights in the orchestration of the APR in
hepatocyte cell models upon stimulation with IL1b and IL6.

IL1b induced extensive remodeling of protein secretion
which can be classified into three consecutive phases (Fig. 4A).
First, the early release of chemokines including CXCL8, CXCLA1,
CCL20,CCL2, and IL6 as well as MMPs such as MMP1, MMP3,
MMP10, and MMP2 with only few APP (LCN2, PTX3, LBP,
SERPINA3) being secreted (Figs. 1D and 3E). This first
response to IL1b triggers the attraction and activation of the
cellular component of the innate immune system. CC chemo-
kines such as CCL20 and CCL2 promote a migration of
monocytes and lymphocytes from the bloodstream into the
tissue (91), while CXC chemokines, such as CXCL8, mobilize
neutrophils to enter the inflamed or damaged tissue (92-94).
Neutrophils are among the first cells that arrive at the site of
inflammation. The early release of CXCL8 not only functions as
cell attractant, signaling in neutrophils but also promotes the
augmentation of a respiratory burst that generates oxygen
radicals and nitric oxide and induces a discharge of neutrophilic
granules (92). The early chemokine release was accompanied
by the secretion of MMPs for the modification of the extracel-
lular matrix and diverse humoral components such as CRP,
PTX3, and CFB that bind to pathogens and are capable of
modulating inflammation through the complement system. The
concerted secretion of chemokines and ECM modifying pro-
teases, such as MMPs, stimulates trafficking of immune cells
through tissue barriers or basement membranes which is only
possible via the modification or degradation of the ECM.
Furthermore, MMP biology is not limited to ECM degradation:
MMPs are modulators of inflammation and innate immunity,
adding an additional regulatory level during acute and chronic
inflammatory processes by modification of cytokines and
chemokines (95, 96).

The early chemokine response is followed by an effector
phase, which is characterized by the secretion of proteins, that
are capable of stimulating further downstream effects on the
attracted immune cells (HP, LCN2, ORM1, ORM2, SERPINAS,
SERPINB3, and CHI3L2), such as the degranulation of neu-
trophils or the enhanced release of TNFa and other cytokines.
Of note, SERPINB3 and SERPINB4 are usually undetectable in
the liver under steady state conditions, whereas expression is
associated with chronic inflammatory conditions and hepatic
fibrosis (54, 55). The non-acute phase protein CHI3L2 has
been described to be secreted in osteoarthritis and exerts
angiogenic and monocyte chemotactic properties (97-100).
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The APP ORM1 for example can promote proinflammatory
and anti-inflammatory effects on immune cells, dependent on
its local concentration. On mononuclear cells, ORM1 induces
the secretion of cytokines, while it simultaneously inhibits the
chemotaxis of neutrophils and modulates their function (53).
The orosomucoid family member ORM2 conversely pos-
sesses anti-inflammatory and immunomodulatory properties
through, for example, the restriction of neutrophil migration
(101), hence indicating the beginning resolution of the in-
flammatory response. This process is characterized by the
local and temporal production of proresolving mediators that
aid to clear immune cells from the site of inflammation and
restore the ECM. In our secretome data, we found that the
secretion rates of such mediators, for example, PLA2G2A,
SLPI, FN1, COL5A1, FBLN1, SEMA4B, were continuously
increased, starting at 24 h after stimulation with IL1b. This
shows that proinflammatory and anti-inflammatory events
coincide at this stage.

The regeneration and clearance phase was characterized by
proteins with anti-inflammatory, protease inhibitory, or
growth-promoting properties such as phospholipase PL2G2A,
SLPI, or FGL1. Interestingly, we also found CHI3L1 to fall into
the regeneration and clearance cluster. CHI3L1 is regarded as
potential biomarker for liver fibrosis (102) and is known to
promote a transition of macrophages to the anti-inflammatory
M2 phenotype (103) that are associated with wound healing
and tissue repair. Moreover, the significant release of ER-
localized proteins upon IL1b but not upon IL6 such as the
chaperones HSP90B1, HSPA13, HSPAS5, the cochaperones
DNAJB11, DNAJC3, and the protein disulfide-isomerases
PDIAS3, PDIA4 and PDIA6 point toward a crosstalk between
IL1b-dependent inflammation and ER stress in the liver. It was
shown that inflammatory cytokines can initiate the activation
of an ER stress response and that the activation of the NFkB
pathway plays a central role within this ER stress and in-
flammatory network under different pathological conditions
(63, 64). Upon ER stress conditions, chaperones such as
HSPAS are upregulated and can be released into the extra-
cellular space where they exert specific immune modulatory
functions. Secretion of HSPA5 for example has been
described as a component of resolution-associated molecular
patterns (64).

The IL6 secretome data point toward a protective or
regenerative role in dHepaRG cells which is marked by an
early release of fibrinogens, HP, SERPINAS3, CP, and LBP. A
previous study has shown that intrahepatic fibrinogen depo-
sition and platelet accumulation is a driving force for liver
regeneration (104). Moreover, IL6 induced the release of
ORM1/2, two proteins that activate platelets and participate in
the exocytosis of platelet granules. A growing body of evi-
dence points toward a central role of platelets in liver ho-
meostasis and as regulators of liver regeneration (105-108).
Platelets have been shown to accumulate in the liver after a
resection, releasing secretory granules (106, 109) with

mitogenic proteins that are able to stimulate a regenerative
process (110). Moreover, ORM1 was shown to be secreted
after partial hepatectomy exerting growth-promoting activities
on hepatocytes (69). Consistently, besides its role as proin-
flammatory cytokine and inducer of the APR, a growing body
of evidence connects IL6 with a protective and regenerative
role in the liver (111, 112) as IL6 KO mice show impaired liver
regeneration (112) and a inhibition of IL6 signaling exacerbates
liver injury (113).

The early release of IL6 upon IL1b observed in the cumu-
lative secretome data suggests a central role for IL6 in the
development of the APR. Different studies have shown that
IL6 can be regarded as a key mediator of the hepatic APR (48),
which induces gene expression via the transcription factor
STAT3 (5), leading to transcriptional activation of the CRP
gene (114). The critical involvement of STAT3 in the synthesis
and secretion of APP was further demonstrated in mice with a
specific deletion of the gp130 signal-transducing receptor
subunit (115) that led to impaired STAT3 signaling and abro-
gation of the APP expression. There is a growing body of
evidence that suggests that IL6 is the main inducer of the APR
whereas IL1-like cytokines seem to play a modulating role by
inhibiting or enhancing the expression of various proteins (6, 8,
116-118), most likely through interaction between NF-kB and
STAT3 signaling. The fact that IL6 stimulated a different
response in dHepaRG cells compared to IL1b suggests that
both cytokines direct the APR in different directions. IL1b-
treated dHepaRG cells displayed an early release of cyto-
kines, including IL6, while only a few APP were secreted
during this timeframe. This IL1b characteristic cytokine
response was not present upon IL6 treatment, which suggests
that the secretion of cytokines in dHepaRG cells is mediated
via NFkB activation. As such, our data propose that IL1b di-
rects the APR toward defense against pathogens, whereas the
exclusive stimulation with IL6 directs the APR toward tissue
repair or regeneration processes. Moreover, our secretome
data show that the secretion of APP is (i) dependent on the
nature of the stimulus and (i) that the pattern of coacting
cytokines influences the secretion phenotype of the APR.

Finally, inhibition of ADAM proteases by TAPI-0 resulted in
reduced constitutive as well as stimulus-dependent shedding
of transmembrane proteins. This included reduced shedding
of the endosomal sorting receptor SORT1 which was
accompanied by an attenuated cytokine response suggesting
a direct link between cell surface shedding and cytokine
secretion rates. Of note, it has been demonstrated that SORT1
is involved in the exocytic trafficking of cytokines, such as IL-6
and IL-12 (88). As such, our data suggest that the cytokines
and MMPs released by dHepaRG cells upon IL1b treatment
are SORT1 ligands and ADAM-mediated shedding of SORT1
is necessary for the full secretion of those proteins. The
modulation of liver inflammatory conditions through ADAM
inhibition thus may have therapeutic potential, and
oligonucleotide-based inhibition of ADAM biosynthesis offers
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the opportunity to achieve tissue selectivity, thus limiting off
target tissue-based toxicities (119).

In summary, this study provides a deep analysis of the APR
in models of hepatocyte cells. Our results highlight the
complexity of the inflammatory secretome and provide a
comprehensive view on proteins released by hepatocytes
during inflammatory processes. Moreover, our data provide
evidence that inflammatory signaling—pathways and liver-
specific functions are functional in dHepaRG cells, rendering
this cell line an interesting surrogate to primary hepatocytes
for the study of liver biology such as liver inflammatory con-
ditions or regenerative processes. We highlight different
secretion phenotypes that are stimulated by the cytokines
IL1b and IL6 in dHepaRG cells and suggest ADAM inhibition
as a potential therapeutic strategy for liver inflammatory
conditions.

Whereas most secretome studies solely cover early secre-
tory responses to a stimulus, the here described interval
approach extents the experimental time range and enables
long-term secretome studies. This allows the analysis of the
full breath of the transcriptional regulation including feedback-
loops to study the effects of cytokines but also enables the
study of secondary compound effects, for example, as a result
of compound metabolization.
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