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Abstract: In endothelial cells (ECs), stimulation of Toll-like receptor 4 (TLR4) by the endotoxin
lipopolysaccharide (LPS) induces the release of diverse pro-inflammatory mediators, beneficial in
controlling bacterial infections. However, their systemic secretion is a main driver of sepsis and
chronic inflammatory diseases. Since distinct and rapid induction of TLR4 signaling is difficult to
achieve with LPS due to the specific and non-specific affinity to other surface molecules and receptors,
we engineered new light-oxygen-voltage-sensing (LOV)-domain-based optogenetic endothelial cell
lines (opto-TLR4-LOV LECs and opto-TLR4-LOV HUVECs) that allow fast, precise temporal, and re-
versible activation of TLR4 signaling pathways. Using quantitative mass-spectrometry, RT-qPCR, and
Western blot analysis, we show that pro-inflammatory proteins were not only expressed differently,
but also had a different time course when the cells were stimulated with light or LPS. Additional
functional assays demonstrated that light induction promoted chemotaxis of THP-1 cells, disruption
of the EC monolayer and transmigration. In contrast, ECs incorporating a truncated version of
the TLR4 extracellular domain (opto-TLR4 ∆ECD2-LOV LECs) revealed high basal activity with
fast depletion of the cell signaling system upon illumination. We conclude that the established
optogenetic cell lines are well suited to induce rapid and precise photoactivation of TLR4, allowing
receptor-specific studies.

Keywords: endothelial cells; Toll-like receptor 4; lipopolysaccharide; optogenetic control; proinflammatory
proteins; quantitative mass-spectrometry; chemotaxis; transmigration

1. Introduction

Endothelial cells (ECs) line the inner wall of blood vessels and are located at the
interface between circulating blood and the surrounding tissue. Thus, endothelial cells
are the first cells exposed to invading pathogens circulating in the blood stream. The en-
dotoxin lipopolysaccharide (LPS) is derived from the outer cell wall of gram-negative
bacteria and triggers endothelial activation through a receptor complex consisting of
the Toll-like receptor 4 (TLR4), CD14, and MD2 [1]. Subsequent recruitment of the adap-
tor proteins Toll/interleukin 1-receptor (TIR)–domain-containing (TRIAP) and myeloid
differentiation factor (MyD88) initializes the MyD88-dependent pathway leading to
early activation of the nuclear factor κB (NF-κB) and the mitogen-activated protein
kinases (MAPK) [2,3]. Sequential binding of the TIR-domain-containing adaptor-
inducing interferon-β (TRIF) and the TRIF-related adaptor molecule (TRAM) to the TIR
domain of TLR4, and the subsequent dynamin-controlled endosomal translocation of
TLR4, characterize the MyD88-independent pathway, which culminates in a late-phase
activation of NF-κB [4]. The final production of various pro-inflammatory mediators is
beneficial in controlling bacterial infections; however, their systemic secretion is a main
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driver of sepsis and chronic inflammatory diseases [5,6]. The molecular and regulatory
mechanisms of LPS/TLR4-induced signaling events have been extensively studied
in recent years, accelerating the identification of negative regulators of LPS signaling
cascades [7–9]. Common strategies for studying physiological processes in inflamma-
tion often rely on genetic manipulation of the proteins under study, or the treatment of
cells with agonists or antagonists. However, these strategies often lead to irreversible
phenotypes in the target cells, or to unintended cytotoxicity and signaling crosstalk
due to off-target or pleiotropic effects. Using light to manipulate signaling processes in
living cells is one of the most elegant techniques developed in recent years. It involves
integrating light-sensitive protein domains of photoreceptors into effector proteins in
order to direct them with light stimuli in a spatiotemporal and minimally invasive man-
ner [10]. A multitude of optogenetic switches have already been designed to control
the activation, inactivation, localization, stabilization, or destabilization of signaling
pathways [11]. In this study, we fused the light-oxygen-voltage (LOV)-sensing domain,
isolated from the yellow-green algae Vaucheria frigida aureochrome 1, C-terminally to the
full-length TLR4, as well as to different versions in which the extracellular domain of
TLR4 was deleted (∆ECD), in order to enable blue-light-induced homodimerization and
subsequent activation of TLR4-related pro-inflammatory signaling pathways [12,13].
Since this photoreaction is reversible, endothelial cells with stable integrated TLR4-
LOV constructs allow a very specific investigation of the underlying molecular and
regulatory mechanisms of the receptor with spatial and temporal precision.

2. Materials and Methods
2.1. Cells and Cell Culture

The 293Ta (GeneCopoeiaTM, Rockville, MD, USA; LT008) (RRID: CVCL_BT05)
were maintained in a DMEM growth medium (Thermo Fisher Scientific, Vienna, Aus-
tria; 31053044) supplemented with 100 U/mL penicillin/streptomycin (Thermo Fisher
Scientific, Vienna, Austria; 15140-122), 2 mM L-glutamine (Thermo Fisher Scientific,
Vienna, Austria; 25030-24) and 10% heat-inactivated fetal calf serum (Thermo Fisher
Scientific, Vienna, Austria; A5256801). Human lymphatic endothelial cells (LECs)
immortalized by ectopic expression of telomerase reverse transcriptase [14], human
umbilical vein endothelial cells (HUVECs) (provided by the Medical University of
Graz), and primary peripheral blood mononuclear cells (PBMCs) (ATCC®, Manassas,
VD, USA; PCS-800-011™) (RRID:CVCL_WR41) were cultivated in a huMEC medium
(InSCREENex, Braunschweig, Germany; INS-ME-1012) supplemented with 100 µg/mL
Normocin (InvivoGen, Toulouse, France; ant-nr-1). LECs with stable integrated NF-
κB-Gluc reporters and stable integrated TLR4-LOV or TLR4 ∆ECD2-LOV constructs
were cultivated with 100 µg/mL hygromycin B (Thermo Fisher Scientific, Vienna,
Austria; 10687010) and 1 µg/mL puromycin dihydrochloride (Thermo Fisher Scien-
tific, Vienna, Austria; A1113803), respectively. THP-1 (ATCC®, Manassas, VD, USA;
TIB-202) (RRID: CVCL_0006) was cultivated in RPMI-1640 (Thermo Fisher Scientific,
Vienna, Austria; 32404014), supplemented with 100 U/mL penicillin/streptomycin,
2 mM L-glutamine, and 10% fetal calf serum (Thermo Fisher Scientific, Vienna, Austria;
10270106). Monocytes (THP-1) were differentiated into monocyte-derived macrophages
(THP-1 M0) by adding 4 ng/mL phorbol-12-myristat-13-acetate (PMA) (THP, Vienna,
Austria; HY-18739) to a complete medium for 24 h and incubating for a further 24 h in
a complete medium without PMA. Cells were passaged when a confluency of 90% was
reached. For detachment of adherent cells, 0.25% Trypsin-EDTA (Thermo Fisher Scien-
tific, Vienna, Austria; 25200-056) was used. Cell culture flasks (Sarstedt, Nümbrecht,
Germany; 83.3911.002) for the maintenance of ECs were pre-coated with 0.5% gelatin
(InSCREENex, Braunschweig, Germany; INS-SU-1015).
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2.2. Engineering Light-Oxygen-Voltage-Based Optogenetic TLR4 Constructs and NF-κB Reporter

The cloning strategy of the TLR4-LOV constructs and NF-κB-TRE-Gluc reporter used
was performed as previously described [13]. TLR4 ∆ECD2/15/21/36-LOV was engi-
neered using the following primers: Forward: 5’-AATTTCGGATGGC-3’ (∆ECD2); 5’-
TTCAATGGCATCTT-3’ (∆ECD15); 5’-TGGATCAAGGACCA-3’ (∆ECD21); 5’-ACACCTC-
AGATAAGC-3’ (∆ECD36); and reverse: 5’-[phos]CTTCTCAACC-3’ (∆ECD2/15/21/36).

2.3. Transfection

The 293Ta was transiently co-transfected with 7.5 µg of NF-κB-TRE-Gluc, Hygro re-
porter plasmid (THP, Vienna, Austria; CS-NF-κB-02) or AP-1 cis-Reporting System (Agilent
Technologies, Santa Clara, CA, USA; 219073), and 7.5 µg of the engineered TLR4, TLR4-
LOV, or TLR4 ∆ECD2/15/21/36-LOV plasmid, respectively, in 10 cm Petri dishes using the
calcium phosphate precipitation technique [15]. Then, 24 h later, cells were re-seeded and
treated as described in Section 2.4. For stable transfection of engineered TLR4-LOV, TLR4
∆ECD2/15/21/36-LOV, and NF κB-TRE-Gluc, Hygro (THP, Vienna, Austria; CS-NF-κB-02),
a lentiviral transfection system was performed as previously described [13].

2.4. Substance Treatment and Blue Light Stimulation

The 293Ta and ECs were seeded into 96-well plates (Sarstedt, Nümbrecht, Germany;
83.3924300) (NF-κB/AP-1 reporter assay), black 96-well plates with an optical bottom
(Thermo Fisher Scientific, Vienna Austria; 165305) (p65 localization), 6-well plates (Sarstedt,
Nümbrecht, Germany; 83.3920300) (real-time quantitative PCR, Western blotting) or 8-well
chambers (ibid, Gräfelfing, Germany; 80841) pre-coated with 0.5% gelatin (InSCREENex,
Braunschweig, Germany; INS-SU-1015) (TLR4 localization), and they were grown in a
complete medium until they were confluent. Cells were starved in a complete medium
supplemented with 2% fetal calf serum for 2 h. Conventional TLR4 activation was induced
with 100 ng/mL LPS from Escherichia coli 026:B6 (Thermo Fischer Scientific, Vienna, Aus-
tria; 00-4976-03). For light-induced TLR4-LOV activation, cells were exposed to blue light
(470 nm, 8 V) using the Amuza LED assay system 10335 (San Diego, CA, USA). To block
TLR4 signaling, cells were treated with 1, 10, or 100 µM TAK-242 (resatorvid; Merck, Darm-
stadt, Germany; 614316-5MG), whereas NF-κB inhibition was provoked by the addition of
0.3, 3, or 30 µM parthenolide (Abcam, Cambridge, United Kingdom; ab120849).

2.5. Gaussia Luciferase and Firefly Luciferase Reporter Gene Assay

NF-κB activation was quantified by measuring gaussia luciferase (Gluc) reporter using
the Secrete-PairTM Gaussia Luciferase Dual Luminescence Assay Kit (THP, Vienna, Austria;
LF062) according to the manufacturer’s instructions. AP-1 activation was determined by
measuring firefly luciferase (Fluc) reporter using the Luc-PairTM Firefly Luciferase HT
Assay Kit (THP, Vienna, Austria; LF018) according to the manufacturer’s instructions. Rela-
tive luminescence units (RLU) were measured in a plate reader (SpectraMaxi3x, Molecular
Devices, LLC, San Jose, CA, USA; Luminescence Glow, Lum 384 cartridge), and normalized
to the cell count generated with an imaging cytometer (Mini Max 300, Molecular Devices,
LLC, San Jose, CA, USA).

2.6. Immunostaining for Fluorescence Microscopy

For TLR4 and p65 localization, EC monolayers were chemically fixed with 4% paraform-
aldehyde at room temperature for 30 min at the specified stimulation time points and
permeabilized with 0.1% Triton-X-100 (Merck, Darmstadt, Germany; 11332481001) at room
temperature for 15 min. ECs were gently washed with PBS and unspecific binding was
blocked by incubation with 1% bovine serum albumin (Thermo Fisher Scientific, Vienna,
Austria; 15260037) in PBS overnight at 4 ◦C. Subsequently, ECs were stained with primary
antibodies anti-TLR4, h-Toll, CD284 (US Biological, Salem, MA, USA; 042879; 1 to 50 in PBS
with 1% bovine serum albumin), or anti-NF-κB p65 antibody (Abcam, CA, USA; ab16502;
5 µg/mL in PBS with 1% bovine serum albumin) at room temperature for 2 h. After
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washing with PBS-T (0.05%), ECs were incubated with secondary antibody Alexa Fluor
488 goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific, Vienna, Austria; A11008; 4 µg/mL
in PBS-T (0.05%)) at room temperature for 1 h. Cell nuclei were stained with Hoechst 33342
(Thermo Fisher Scientific, Vienna, Austria; H1399; 2 µg/mL in PBS-T (0.05%)) at room
temperature for 10 min before being washed with PBS-T (0.05%). For TLR4 localization, ECs
were mounted with Roti®-Mount Fluor Care (Carl Roth, Karlsruhe, Germany; HP19.1) on
high-precision microscope cover glasses (1.5H, Marienfeld, Lauda-Königshofen, Germany;
0107242). Fluorescent images were acquired with a confocal laser scanning microscope
(TCS SP8, Leica, Mannheim, Germany) using a 63X glycerol objective (numerical aperture
1.3). Images were analyzed with the Leica Application Suite Version X 3.5.7.23225 software.
For p65 localization, fluorescent images of ECs were directly taken from the 96-well plate
with an inverted microscope (DMI6000 B, Leica, Mannheim, Germany) using a 63X objec-
tive and analyzed with the Leica Application Suite Version X 3.8.0 software. To quantify
nuclear localization of NF-κB, the mean ratio of the fluorescence intensity of stained p65 in
the nucleus to the cytoplasm was computed using ImageJ [16].

2.7. Real-Time Quantitative PCR (qPCR)

Total RNA was extracted and purified using the RNeasy® Mini Kit (Qiagen, Vienna,
Austria; 74104) and 1 µg RNA was reverse transcribed using the Hight Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Vienna, Austria; 4368814) according
to the manufacturers’ instructions. For target gene quantification following pre-designed
TaqMan® Gene Expression Assays, a pair of unlabeled PCR primers, a TaqMan® probe with
a FAM dye label on the 5’-end, a minor groove binder, and a nonfluorescent quencher on the
3’-end, were used: TLR4: Hs00152939_m1, IL-6: Hs00985639_m1, CXCL-8: Hs00174103_m1,
CXCL-10: Hs00171042_m1, and IPO8: Hs00183533_m1 (control gene). The qPCR reaction
mix contained a final volume of 10 µL of TaqMan® Gene Expression Master Mix (Thermo
Fisher Scientific, Vienna, Austria; 4369016), 1 µL of TaqMan® Gene Expression assay, 5 µL
of nuclease free water (Ambion, Austin, TX, USA; AM9937), and 4 µL of cDNA template
diluted 1:10. All qPCRs were run on the Quant Studio 7 Flex (Applied Biosystems, Foster
City, CA, USA; QSTUDIO7FLEX) using the following cycling conditions: 10 min at 95 ◦C
for initial denaturation followed by 45 cycles of 95 ◦C for 20 s and 60 ◦C for 1 min. Data
were analyzed using the Quant Studio Real-Time PCR Software v1.3 (Applied Biosystems,
Foster City, CA, USA). Relative gene expression levels were calculated according to the
comparative CT method (2-∆∆CT) [17]. The mRNA target gene expression levels were
computed relative to the endogenous control gene (IPO8).

2.8. Western Blotting

Cells were washed once with PBS and collected in 100 µL ice-cold lysis buffer
(500 mM NaCl (Merck, Darmstadt, Germany; S5150), 50 mM Tris-HCl pH 7.4, (Thermo
Fisher Scientific, Vienna, Austria; 15568-025), 0.1% SDS (Carl Roth, Karlsruhe, Germany;
1057.1), 1% NP-40 (VWR, Radnor, PA; USA; M158), 1U DNase I (Thermo Fisher Scientific,
Vienna, Austria; 89836), 1 U protease, and a phosphatase inhibitor cocktail (Thermo Fisher
Scientific, Vienna Austria; 1860932, 78428)). Cell lysates were shaken for 20 min on ice,
followed by centrifugation at 12,000 rpm for 20 min at 4 ◦C. The total protein concentration
of the supernatant was determined using a BCA protein assay (Thermo Fisher Scientific,
Vienna, Austria; 23227) according to the manufacturer’s manual. A 4x Laemmli sample
buffer (Bio-Rad, CA, USA; 1610747) containing 10% ß-mercaptoethanol (Merck, Darmstadt,
Germany; M7522) was added to 1 µg protein and incubated at 70 ◦C for 10 min. For
the investigation of transmembrane proteins (TLR4), lysates must not be heated. Protein
extracts were subsequently loaded onto 7.5% Mini-PROTEAN TGX Precast Protein Gels
(Bio-Rad, CA, USA; 456-1023) and run at 100 V before protein bands were electro-blotted
onto nitrocellulose membranes (Bio-Rad, CA, USA; 1704155) using the Trans-Blot® TurboTM

Blotting System (Standard, 35 min). Unspecific binding was blocked with 5% non-fat dry
milk (New England Biolabs, Frankfurt, Germany; 9999) in PBS-T (0.1%) buffer on a shaker
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overnight at 4 ◦C. The primary and secondary antibodies used are specified in Table 1.
Membranes were incubated with primary antibodies following secondary antibodies at the
stated dilution and diluent at room temperature for 2 h each. Immunoblots were developed
by applying the Clarity Western ECL Substrate (Bio-Rad, CA, USA; 1705060) according
to the manufacturer’s instructions. Proteins were visualized with the chemiluminescence
detector of the ChemiDoc MP platform (Bio-Rad, CA, USA; 17001402).

Table 1. List of antibodies for Western blotting. Cell Signaling (Danvers, MA, USA), Santa Cruz
(Dallas, TX, USA), US Biological (Salem, MA, USA), Abcam (Cambridge, UK). ICAM-1, intracellular
adhesion molecule 1; ERK1/2, extracellular-signal regulated kinase; HRP, horseradish peroxidase;
p, phosphorylated.

Target Cat# Dilution Diluent Host Company

Vinculin sc-73614
HRP 1:200 PBS-T (0.1%) Mouse Santa Cruz

Biotechnology
TLR4 042879 1:1000 PBS-T (0.1%) Rabbit US Biological

p-p65 sc-136548 HRP 1:200 PBS-T (0.1%) Mouse Santa Cruz
Biotechnology

p65 ab16502 1:1000 PBS-T (0.1%) Rabbit Abcam
ICAM-1 ab109361 1:1000 PBS-T (0.1%) Rabbit Abcam
p-ERK1/2 9101 1:1000 PBS-T (0.1%) Rabbit Cell Signaling
ERK1/2 9102 1:1000 PBS-T (0.1%) Rabbit Cell Signaling
HRP
anti-rabbit 7074 1:1000 PBS-T (0.1%) Goat Cell Signaling

2.9. Quantitative Mass-Spectrometry

Opto-TLR4-LOV LECs were seeded in T25 cell culture flasks (Sarstedt, Nümbrecht,
Germany; 83.3910.002) and grown in a complete medium until confluent. EC monolayers
were subsequently washed twice with PBS and stimulated with LPS or blue light, or left un-
treated as described in Section 2.4, in 3 mL huMEC medium (InSCREENex, Braunschweig,
Germany; INS-ME-1012) without fetal calf serum. After incubation at 37 ◦C for 2 h, 6 h, or
16 h, the medium was collected and the proteins contained were precipitated using cold
ethanol (ROTIPURAN® ≥99.8%, p.a., Carl Roth, Karlsruhe, Germany; 9065.1) and stored
at −20 ◦C. After centrifugation at 3500 ×g, 4 ◦C for 30 min, the supernatant was discarded
and the proteins were dried and dissolved in an 80 µL lysis buffer (8 M Urea, 50 mM
NH4HCO3). After subsequent further centrifugation at 2000 ×g for 10 min, the supernatant
was transferred and stored at −20 ◦C until further use. The protein concentration was
determined using a BCA protein assay (Sigma-Aldrich, Vienna, Austria; 71285-3) according
to the manufacturer’s instructions. A total of 20 µg of protein per sample was reduced and
alkylated using TCEP and IAA and digested successively using Lys-C (FUJIFILM Wako
Chemicals U.S.A. Corporation, Richmond, VA, USA; 125-05061) for one hour and Trypsin
(Promega, Walldorf, Germany; V5113) for 16 h. Peptides were cleaned using Sep-Pak tC18
1 cc Vac Cartridges (Waters, Vienna, Austria; WAT054960), then dried and stored at −20 ◦C.

For HPLC-MS/MS analysis, samples were analyzed using an Ultimate 3000 RSLC-
nano system coupled to a Orbitrap Eclipse Tribrid mass spectrometer (both Thermo Fisher
Scientific, Vienna, Austria). The dried samples were dissolved in 40 µL mobile phase A
(98% H2O, 2% ACN, 0.1% FA) and measured in duplicates. A total of 2 µL was injected
onto a PepMap 100 (C18 0.3 × 5mm) TRAP column and analyzed using a PepMap RSLC
EASY-Spray column (C18, 2 µm, 100 Å, 75 µm × 50 cm, Thermo Fisher Scientific, Vienna;
ES903). Separation occurred at 300 nL min-1 with a flow gradient from 2% to 35% mobile
Phase B (2% H2O, 98% ACN, 0.1% FA) within 60 min, resulting in a total method time of
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80 min. The mass spectrometer was operated with the FAIMS Pro System in the positive
ionization mode at CV-45. The scan range was 375–1500 m z-1 using a resolution of 120,000
at 200 m z-1 on MS1 level. Isolated peptides were fragmented using HCD at a collision
energy of 30% NCE and fragments were analyzed in LIT using rapid scan mode. For
protein identification and quantification, FragPipe (v18.0) was used selecting the LFQ-MBR
workflow, and employing MSFragger (v3.5) [18] and IonQuant (v1.8.0) [19]. For statistical
evaluation, Perseus (v2.0.6.0) [20] was used. Measurement duplicates were averaged, and
protein groups were filtered according to their treatment, demanding at least three out of
four values to be valid in at least one group. The remaining missing values were replaced
with a down shift of 1.8 and a width of 0.3 to allow statistical testing for all remaining
protein groups. ClueGO application [21] in Cytoscape [22] was used to group proteins
according to GO terms. The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE [23] partner repository with the dataset
identifier PXD038764.

2.10. Chemotaxis Assay

The chemotactic response of THP-1 cells to the medium of LPS or blue-light-stimulated
opto-TLR4-LOV LECs was performed using Transwell® 96-well permeable supports
(Merck, Darmstadt, Germany; CLS3388) and Transwell® 24-well permeable supports
(Szabo-Scandic, Vienna, Austria; COS3421). Thereafter, opto-TLR4-LOV LECs were seeded
in T25 cell culture flasks (Sarstedt, Nümbrecht, Germany; 83.3910.002) and grown in a
complete medium until confluent. EC monolayers were subsequently washed twice with
PBS and stimulated with LPS or blue light, or left untreated as described in Section 2.4, in
3 mL huMEC medium (InSCREENex, Braunschweig, Germany; INS-ME-1012) without
fetal calf serum. After incubation at 37 ◦C for 6 h, the medium was collected and applied
to the lower chamber of the transwell plates (100 µL to the 96-transwell plates and 600 µL
to the 24-transwell plates). THP-1 cells were stained with Hoechst 33342 (Thermo Fisher
Scientific, Vienna, Austria; H1399, 2 µg/mL) at 37 ◦C for 10 min and resuspended at a
density of 1,000,000 c/mL in a huMEC medium without fetal calf serum, then applied
to the upper chamber of the Transwell plates (50 µL to the 96 permeable supports and
100 µL to the 24 permeable supports). Post-incubation at 37 ◦C for 2 h, the remaining
THP-1 cells of the upper chamber that did not migrate through the filters of the permeable
supports were aspirated. THP-1 cells attached on the upper side of the filter were gently
removed with a cotton swab. THP-1 cells that migrated through the filters of the 96-well
permeable supports were quantified by measuring relative fluorescence units with a plate
reader (SpectraMaxi3x, Molecular Devices, LLC, San Jose, CA, USA; Fluorescence Intensity
cartridge; excitation 350 nm, emission 461 nm) in a well scan manner, whereas THP-1 cells
that migrated through the filter of the 24-well permeable supports were visualized with an
inverted microscope (DMI6000 B, Leica, Mannheim, Germany) using a 40X objective and
analyzed with the Leica Application Suite Version X 3.8.0 software.

2.11. Electrical Cell-Substrate Impedance Sensing Technology

An EC monolayer breakdown (transmigration) assay was performed using the elec-
trical cell-substrate impedance sensing (ECIS) model 9600Z (Applied BioPhysics, Troy,
NY, USA). Opto-TLR4-LOV LECs, opto-TLR4 ∆ECD2-LOV LECs and opto-TLR4-LOV
HUVECs were seeded at a density of 40,000 cells/100 µL of complete medium onto a
96-well plate containing 20 gold film electrodes per well (96W20idf PET; ibidi, Gräfelfing,
Germany; 72098) pre-coated with 1 mg/mL neutralized rat tail collagen type I (Thermo
Fisher Scientific, Vienna, Austria; A1048301) at room temperature for 10 min, and 2 µg/mL
bovine plasma fibronectin (Thermo Fisher Scientific, Vienna, Austria; 33010018) at 37 ◦C
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for 45 min. A small-amplitude AC signal (4000 Hz) (I) was imposed across the electrodes,
onto which cells were attached, resulting in a potential (V) across the electrodes that was
measured using the ECIS instrument [24]. The impedance (Z) was determined by Ohm’s
law Z=V/I. ECs were grown to confluent monolayers for 27 h before being treated with
blue light, LPS (100 ng/mL), 50,000 c/well THP-1, 50,000 c/well THP-1 M0, 50,000 c/well
PBMC, combinations of blue light or LPS, and the mentioned cell types, or left untreated.
EC breakdown was assessed by continuous resistance measurement for 3 h.

2.12. Statistical Analysis

All experimental figures show data from at least two technical replicates, while n
represents the number of biological replicates. The mean ± standard deviation of all
data was computed and graphically displayed using GraphPad Prism version 9.3.0 for
Windows (GraphPad Software, San Diego, California USA, www.graphpad.com). Post-
ANOVA multiple comparisons relative to the control were performed using Dunnett’s or
Šidák’s tests and they are specified in the figure legend. Probability values of p < 0.05 were
considered statistically significant.

3. Results
3.1. LPS and Blue Light Induces NF-κB and AP-1 Activation of Designed TLR4-LOV Constructs

To investigate signaling pathways and target gene expression, we developed different
TLR4 (full-length, ∆ECD) constructs as an optogenetic tool that allowed precise temporal
and reversible stimulation of the TLR4 signaling pathway activation and target gene expres-
sion. We first fused the light-oxygen-voltage domain (LOV), a blue light-sensing protein
domain isolated from the yellow-green algae Vaucheria frigida aureochrome 1 (VfAU1-LOV),
to the C-terminus of TLR4 (TLR4-LOV). Next, we engineered TLR4-LOV constructs with dif-
ferent truncation variants of the extracellular domain. TLR4 ∆ECD2-LOV contains a deleted
LPS/MD2 interaction domain and TLR4 ∆ECD15/21/36-LOV are constructs with different
LPS/MD2 interaction domain and dimerization domain deletions (Figure 1a). Previously,
the blue-light-sensitive TLR4-LOV chimeric gene stably integrated into a PANC-1 reporter
cell line has been shown to be activated by blue light and turned off in the dark in a time-
and dose-dependent manner [13] Another article demonstrated that the ectodomain of
TLR4 served as an inhibitor to prevent spontaneous, ligand-independent dimerization [25].
To test blue-light-inducible dimerization and downstream signaling of these chimeras,
293Ta cells were transiently co-transfected with NF-κB-Gluc (gaussia luciferase) or AP-1
cis reporter and TLR4, TLR4-LOV, or TLR4 ∆ECD2/15/21/36-LOV constructs using the
calcium phosphate precipitation technique (Figure S1a,b) and stimulated with 100 ng/mL
LPS, blue light (470 nm), or left untreated for 6 h. Robust NF-κB and AP-1 activation
upon blue light exposure could be seen in cells transfected with TLR4-LOV, but not in
TLR4 transfected cells. In contrast, LPS stimulation provoked an upregulation of NF-κB
and AP-1 in both TLR4-LOV and TLR4 transfected cell lines (Figure 1b,c). Importantly,
cells co-transfected with different truncation variants of the TLR4 extracellular domain
(TLR4 ∆ECD2/15/21/36-LOV) and reporter plasmids showed high basal NF-κB and AP-1
activation even without stimulation (Figure 1b,c). Additionally, LPS and blue light stimu-
lation triggered an increase in p65 and ERK1/2 phosphorylation in cells transfected with
TLR4-LOV, whereas constitutive NF-κB and ERK1/2 signaling could be observed in cells
transfected with TLR4 ∆ECD2/15/21/36-LOV, reflected in their high basal activity of
unstimulated cells (Figure 1d). No significant difference in NF-κB and ERK1/2 signaling
activity could be detected between the different TLR4 ∆ECD2/15/21/36-LOV constructs
transfected in 293Ta cells (Figure 1b–d).
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Figure 1. Design and function of TLR4-LOV constructs. (a) Schematic drawing of the full-length
TLR4, TLR4-LOV and truncated TLR4 ∆ECD2/15/21/36-LOV constructs. Toll-like receptor 4 consists
of an extracellular domain (signal peptide (SP), TLR4-LPS/MD2 interaction domain and dimerization
domain), a transmembrane domain (TMD), and an intracellular domain (ICD). TLR4-LOV and
deletion constructs comprise a photosensitive LOV domain fused to the C-terminus. TLR4 ∆ECD2-
LOV contains a deleted LPS/MD2 interaction domain. TLR4 ∆ECD15/21/36-LOV are constructs
with distinct LPS/MD2 interaction domain and dimerization domain deletions. (b,c) The 293Ta
cells were transiently co-transfected with TLR4, TLR4-LOV, or TLR4 ∆ECD2/15/21/36-LOV with
(b) NF-κB-Gluc or (c) AP-1 cis reporter for 24 h and luciferase activity measured 6 h post-LPS
(100 ng/mL) or blue light (470 nm) stimulation, or no treatment. Activation is expressed as induction
of (b) gaussia luciferase reporter gene (NF-κB) or (c) firefly luciferase reporter (AP-1) and normalized
to the cell count. Mean values ± standard deviation were graphically displayed in bar charts
(n = 6). Post-ANOVA, multiple comparisons relative to the control were performed using Šidák’s test
(ns = not significant, **** p < 0.0001). (d) Western blot analysis of phospho-p65, p65, phospho-ERK1/2,
and ERK1/2 expression 6 h post-LPS (100 ng/mL) or blue light (470 nm) stimulation, or no treatment
of transient transfected 293Ta cells. Vinculin was used as loading control.
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3.2. NF-κB Oscillates in Response to LPS and Blue Light in Engineered Endothelial Cells

Since the initial experiments suggested that this system was capable of activating TLR4-
dependent signaling pathways (Figure 1), we next tested the spatiotemporal expression
and localization of TLR4 and the ability of the TLR4-LOV chimeric constructs to induce
NF-κB activity in endothelial cells. Therefore, the engineered full-length TLR4-LOV and
TLR4 ∆ECD2-LOV constructs were stably integrated into human lymphatic endothelial
cells (LECs), immortalized by ectopic expression of telomerase reverse transcriptase [14],
and into human umbilical vein endothelial cells (HUVECs), using a lentiviral transfection
system. Stable integration of full-length TLR4-LOV and TLR4 ∆ECD2-LOV was verified by
an upregulation of TLR4 mRNA expression levels in engineered target cell lines compared
to the wild type, and the change in molecular weight of the TLR4 due to the fusion of
the LOV domain or additional truncation of the extracellular domain was verified via
western blot analysis (Figure S1c,d,g,h). Temporal TLR4 mRNA expression level analysis of
opto-TLR4-LOV LECs during 0-24 h of LPS and blue light treatment revealed a significant
elevation after 6 h compared to unstimulated cells. Interestingly, after 24 h of blue light
induction, a significant decline in TLR4 mRNA expression compared to unstimulated cells
was found, which was not observed in cells treated with LPS. Here, no difference in TLR4
mRNA expression levels compared with the control was detected (Figure S1f). Figure S1e
shows microscopic fluorescent images localizing stable integrated full-length TLR4-LOV
in LEC. We next tested whether we could measure signaling activity downstream of the
optogenetic TLR4 constructs, and sought to investigate the temporal kinetics of p65 and
ERK after blue light or LPS induction. When endothelial cells with a stable integrated TLR4-
LOV construct were exposed to 470 nm of blue light, a more than seven-fold p65 nuclear
localization could be observed within 15 min, whereas nuclear localization could only be
seen after 30 min when cells were stimulated with LPS, illustrating the fast activation of the
receptor due to the optogenetic approach. After 15 (light) or 30 (LPS) min, a continuous
decrease in the nuclear localization of p65 could be found in LPS and blue-light-induced
optogenetic cells. In comparison, cells with the truncated version TLR4 ∆ECD2-LOV
showed a high nuclear translocation even without stimulation (two-fold compared to
TLR4-LOV), which slightly decreased 15 min after stimulation, before returning to the basal
level within one hour. (Figure 2a–d). To investigate whether the nuclear translocation of
opto-TLR4-LOV LECs coincides with p65 and ERK1/2 phosphorylation, we next performed
western blot analysis. After blue light or LPS stimulation, a peak phosphorylation of p65
was observed at 15 to 30 min, which could no longer be detected after 1 h. Interestingly,
phosphorylation was stronger when cells were illuminated with blue light than when
stimulated with LPS. In contrast, strong phosphorylation of ERK1/2 was detected 30 min
after blue light or LPS treatment and attenuated after 1 h when cells were exposed to blue
light, but not after LPS stimulation.

Because we detected peak phosphorylation of p65 and ERK1/2 at 15 to 30 min after
stimulation with LPS or blue light that leveled off after 1 h, we investigated longer exposure
times and if there are differences when cells are illuminated with blue light continuously
or only for short time. The opto-TLR4-LOV LECs (Figure 3a,c) and opto-TLR4-LOV
HUVECs (Figure 3d) were continuously stimulated with 100 ng/mL LPS or blue light
(470 nm), or were exposed to blue light for 30 min and incubated for a further 24 h in the
dark (Figure 3b). Protein expression of phospho-p65 and phospho-ERK1/2 was analyzed
3 h, 6 h, and 24 h after the first stimulation with LPS or blue light, respectively. As is
shown in Figure 3a–c, strong phosphorylation of p65 could be detected 3 h post-treatment
when cells were illuminated with blue light, but not when they were stimulated with
LPS. Similarly, ERK1/2 phosphorylation occurred much later when cells were treated with
LPS compared to blue light, but they were still strongly activated after 24 h. Upon blue
light exposure, peak phosphorylation was seen at 3 to 6 h, which then leveled off by 24 h.
Interestingly, continuous blue light exposure caused decreased phosphorylation of p65
after 24 h, which could not be seen in cells that underwent short light or LPS stimulation
(Figure 3a–d). In LECs with stable transfected TLR4 ∆ECD2-LOV, both p65 and ERK1/2
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were already strongly phosphorylated without stimulation. Continuous blue light exposure
increased p65 phosphorylation after 24 h, but decreased ERK1/2 phosphorylation over
time (Figure 3e).

Figure 2. Spatiotemporal kinetics of p65. Intracellular localization of the p65 subunit of NF-κB was
detected by immunofluorescence staining in opto-TLR4-LOV LECs treated with (a) LPS (100 ng/mL)
or (b) blue light (470 nm) for 30 min or in (c) blue-light-treated opto-TLR4 ∆ECD2-LOV. Then,
p65 was stained using rabbit anti-p65 as the primary antibody and AF488-conjugated goat anti-
rabbit IgG as the secondary antibody (green). Cell nuclei were stained using Hoechst 33342 (blue).
Immunofluorescence images were acquired every 15 min for one hour. Arrows indicate promi-
nent p65-NF-κB immunostaining in cell nuclei, while arrowheads display nuclei with deficient p65
labelling. Scale bar = 50 µm. (d) Quantitative evaluation of p65-NF-κB nuclear translocation. The
mean ratio of relative fluorescence units of stained p65 in the nucleus to the cytoplasm ± standard
deviation was graphically displayed in a bar chart (n = 6). Post-ANOVA, multiple comparisons
relative to the control were performed using Šidák’s test (ns = not significant, * p < 0.05, ** p < 0.01,
*** p < 0.001). (e) opto-TLR4-LOV LECs were continuously stimulated with LPS (100 ng/mL) or ex-
posed to blue light (470 nm) for 1h. Western blots of whole-cell extracts were probed with antibodies
against phospho-p65 (p-p65), p65, phospho-extracellular-signal-regulated kinase 1/2 (p-ERK1/2),
ERK1/2, and vinculin as a loading control.
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Figure 3. Temporal kinetics of NF-κB and ERK1/2 phosphorylation. (a–e) Opto-TLR4-LOV LECs
were (a) continuously stimulated with LPS (100 ng/mL), (b) exposed to blue light (470 nm) for 30 min
and then put into dark, or (c) continuously exposed to blue light (470 nm). (d) Opto-TLR4-LOV
HUVECs were continuously treated with LPS (100 ng/mL) or illuminated with blue light (470 nm)
for 24 h. (e) Opto-TLR4 ∆ECD-LOV LECs were exposed to blue light (470 nm) for 24 h. Western
blots of whole-cell extracts were probed with antibodies against phospho-p65 (p-p65), p65, phospho-
extracellular-signal-regulated kinase 1/2 (p-ERK1/2), ERK1/2, and vinculin as a loading control.

3.3. Blue Light as a Potent Reactivator of NF-κb Signaling

To investigate the time-dependent activation of the optogenetic receptor constructs,
we next stably integrated the NF-κB-TRE-Gluc reporter in both opto-TLR4-LOV LEC full-
length and ∆ECD constructs using the lentiviral delivery system and selected reporter
positive cells using hygromycin B. Next, opto-TLR4-LOV LECs (Figure 4a–c) and opto-
TLR4 ∆ECD2-LOV LECs (Figure 4d–f) were starved for 24 h with 2% serum overnight
and stimulated with 100 ng/mL LPS, illuminated with blue light at 470 nm for 1–360 min
or left untreated (wo); NF-κB signaling was quantified by measuring Gluc 6 h after the
first stimulation (Figure 4a,d). As depicted in Figure 4a, NF-κB signaling in opto-TLR4-
LOV LECs with the integrated full-length construct showed a time-dependent increase
peaking (4-fold) at 6 h of continuous blue light induction (Figure 4a). In comparison, the
truncated version (∆ECD2) showed no enhanced NF-κB activity compared to the control
when cells were illuminated for 1-30 min and only a 1.5-fold increase after 6 h (Figure 4d).
To investigate whether this blue-light-induced effect was TLR4-specific, cells were left
untreated (dark), treated with LPS, or exposed to blue light for 24 h with 0–100 µM TAK-
242 or 0–30 µM parthenolide. As depicted in Figure 4b,c, both the TLR4 inhibitor TAK-242,
and the NF-κB inhibitor parthenolide, showed a concentration-dependent downregulation
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of NF-κB-induced Gluc expression in LPS and blue-light-stimulated opto-TLR4-LOV LECs.
Interestingly, although NF-κB-Gluc activity was higher with blue light induction than with
LPS, TAK-242 inhibited NF-κB activity more than two-fold when cells were illuminated
with blue light, compared to after LPS stimulation, indicating a very specific TLR4 activation
by blue light (Figure 4b). Even if the NF-κB reporter activity of the opto-TLR4 ∆ECD2-LOV
LECs showed only a four-fold elevation after blue light induction, a very specific and dose-
dependent inhibition by TAK-242 and parthenolide could be detected (Figure 4e and f).
For comparative time-curve and reactivation analyses, we next starved the opto-TLR4-
LOV LECs with medium (2% serum) for 16 h, before cells were continuously stimulated
(time point 0) with LPS or exposed to blue light for 96 h. The medium was changed
every 24 h after the Gluc measurement. As is depicted in Figure 4g, LPS-stimulated cells
showed the highest peak after 24 h, which continuously decreased over time, implying
that reactivation decreased even after renewed LPS stimulation. Cells illuminated with
blue light also peaked after 24 h but could not be reactivated thereafter. After 72 h, there
was a slight continuous increase again, but after 96 h, it was half as strong as after 24 h,
suggesting that the blue light stimulation exhausted the cell signaling system faster than
LPS stimulation. A similar but lower NF-κB-Gluc activity could be observed when cells
were only illuminated for 30 min every 24 h (Figure 4h). When cells were stimulated with
LPS for 24 h, then incubated for a further 24 in a normal medium, no significant Gluc
activity could be detected, even at the time point of 48 h (Figure 4i). In summary, we
conclude that the established optogenetic cell lines—opto-TLR4-LOV LECs and opto-TLR4-
LOV HUVEC—were very suitable to induce rapid and precise activation of the TLR4. In
contrast, due to the truncated extracellular domain, the opto-TLR4 ∆ECD2-LOV LECs had
a higher basal activity, which also required longer blue light induction to obtain significant
additional Gluc activity.

Figure 4. Time- and dose-dependent NF-κB-Gluc reporter activation. (a) Opto-TLR4-LOV LECs were
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continuously stimulated with LPS (100 ng/mL), illuminated with blue light (470 nm) for 6 h, exposed
to blue light for 1 min, 5 min, 10 min, 30 min and then put into dark until a total incubation of 6 h
was reached, or left untreated (wo). (b,c) Cells were continuously stimulated with LPS (100 ng/mL)
or blue light (470 nm) ± different concentrations of (b) TAK-242 (1, 10, 100 µM) or (c) parthenolide
(0.3, 3, 30 µM), or left untreated for 24 h. (d) Opto-TLR4 ∆ECD2-LOV LECs were exposed to blue
light (470 nm) as in (a). (e–f) Opto-TLR4 ∆ECD2-LOV LECs were stimulated with blue light and
different concentrations of (e) TAK-242 (1, 10, 100 µM) or (f) parthenolide (0.3, 3, 30 µM), or left
untreated. (a–f) NF-κB activation was expressed as induction of gaussia luciferase reporter gene
and normalized to the cell count. Mean values ± standard deviation were graphically displayed in
bar charts (n = 6). Post-ANOVA, multiple comparisons relative to the control were performed using
Dunnett’s test (ns = not significant, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (g) Opto-TLR4-LOV LECs
were continuously stimulated with LPS (100 ng/mL) or illuminated with blue light (470 nm), and the
medium was changed after every 24, 48, 72 and 96 h post-gaussian-luciferase measurements. (h) Cells
were exposed to blue light for 30 min at time points 0, 24, 48, 72 and 96 h after Gluc measurement, and
then further incubated in the dark up to 24 h. (i) Cells were stimulated with LPS (100 ng/mL) for 24 h
and medium was changed every 24 h post-luciferase measurements. (g–i) Mean values ± standard
deviation were graphically displayed in bar charts (n = 6). Comparative time-curve and reactivation
analyses were calculated by subtracting relative luminescence units of the untreated cells at each
time point, and normalized to the cell count. Post-ANOVA, multiple comparisons relative to the
control were performed using Dunnett’s test (ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001).

3.4. LPS and Blue Light Induce a Temporal Different Pro-Inflammatory Response in
Endothelial Cells

Activation of TLR4 and distinct downstream signaling pathways such as NF-κB, AP-
1, and IRF3 are known to mediate the transcription of pro-inflammatory cytokine and
chemokine genes [26]. Therefore, the supernatant of opto-TLR4-LOV LECs were collected
2 h, 6 h and 16 h after LPS (100 ng/mL) or blue light (470 nm) stimulation, or no treatment
(control), and processed for quantitative mass spectrometric analysis. The abundance of
over 1000 proteins of four biological replicates at all three time points was determined using
a label-free quantification (LFQ) approach (Table S1) and compared to the control (wo)
(Figure 5a–f). A significant increase in early pro-inflammatory proteins secreted into the cell
supernatant (CXCL-1, CCL-5, IL-6 and CXCL-8) was already found 2 h after LPS stimulation
and remained elevated in abundance throughout the 16 h time course. A similar increase in
the same pro-inflammatory proteins could be detected after blue light induction. However,
protein expression was generally somewhat weaker and therefore not significant for all
proteins except CCL-5 after 2 h. In contrast, other proteins such as the chemokine CXCL-10
were found to be highly significant in the supernatant just 6 h after blue light induction,
which could not be seen when cells were treated with LPS. The adhesion molecule ICAM-1
was only slightly increased after 2 h of blue light or LPS stimulation, but reached significant
elevation after 6 h and 16 h, respectively. Interestingly, after 16 h of continuous blue light
illumination, the supernatant protein levels of IL-6 showed a detectable decrease compared
to LPS-stimulated cells, whereas the protein levels of other pro-inflammatory mediators
such as CXCL-1, CCL-5, CXCL-8, CXCL-10, and the adhesion molecule ICAM-1, remained
significantly high after both blue light and LPS stimulation. The temporal accumulation
of the pro-inflammatory mediator IL-6, CXCL-8 (IL-8) and CXCL-10 in the supernatant
coincided with their augmented mRNA levels measured by RT-qPCR. Here, the target gene
expression levels of stimulated opto-TLR4-LOV LECs had already peaked after 2 h (LPS:
IL-6; blue light: IL-6, IL-8) or 6 h (LPS: IL-8, CXCL-10; blue light: CXCL-10), and decreased
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sequentially (Figure 5g–i). Importantly, augmented target gene expression of IL-6, IL-8, and
CXCL-10 after 2 h of LPS/blue light stimulation could be confirmed in HUVECs with stable
integrated TLR4-LOV (Figure S2a–c). Interestingly, upregulation of these pro-inflammatory
genes was also observed in opto-TLR4 ∆ECD2-LOV LECs after 2 h of LPS or blue light
treatment, which then leveled off after 6 h and increased again after 24 h (Figure S2e–g). The
adhesion molecule ICAM-1 is a main driver for leukocyte adhesion and trans-endothelial
migration. It is expressed at a low level on the vascular endothelium and is increased by
inflammatory stimuli [27]. Therefore, temporal ICAM-1 protein expression was analyzed
upon LPS or blue light treatment during 0–24 h in engineered endothelial cell lines. Opto-
TLR4-LOV LECs and opto-TLR4-LOV HUVECs were continuously stimulated with LPS
(100 ng/mL) or blue light (470 nm), or opto-TLR4-LOV LECs were additionally exposed
to blue light for 30 min and incubated for a further 24 h in the dark. Protein expression of
ICAM-1 was analyzed 0–24 h after stimulation with LPS or blue light, respectively. Strong
ICAM-1 expression could be detected 3–6 h post-LPS or blue light treatment, which then
remained elevated throughout the 24 h time course (Figure 5j–m). In LECs with stable
integrated TLR4 ∆ECD2-LOV, high basal (0 h) ICAM-1 expression was found, which was
slightly decreased after 24 h of continuous blue light treatment (Figure S2h).

3.5. Blue Light and LPS Stimulation Promote Chemotactic Migration, Endothelial Barrier
Disruption and Trans-Endothelial Migration

To monitor key cellular processes that play an important role during inflammation,
different functional assays were performed to measure the chemoattraction of THP-
1, barrier function, and the transmigration of leukocytes through the endothelial cell
monolayer. To determine whether opto-TLR4-LOV LECs induced the chemoattraction
of monocytic cells after blue light or LPS stimulation, THP-1 cells were stained with
Hoechst 33342 and seeded into the upper chamber of Transwell® 96-well permeable
supports and Transwell® 24-well permeable supports and allowed to migrate through
the 5 µM pore-size filters for 2 h towards a medium of opto-TLR4-LOV LECs stimulated
with LPS (100 ng/mL), blue light (470 nm), or left untreated for 6 h, in the lower
chambers of the transwells. THP-1 cells that migrated through the filter of the 96-well
permeable supports were quantified by measuring relative fluorescence units with a
plate reader in a well scan manner, whereas THP-1 cells that migrated through the filter
of 24-well permeable supports were visualized by fluorescence microscopy. As such,
we found that the media of LPS- and blue-light-treated opto-TLR4-LOV LECs triggered
a chemotactic response on THP-1 cells, with the highest migration detected with blue
light (Figure 6a,b). To study whether LPS and blue light induce the breakdown of the
EC monolayer and infiltration of monocytes in opto-TLR4-LOV LECs and opto-TLR4-
LOV HUVEC, we applied the ECIS technology. Consequently, endothelial monolayer
resistance, which is proportional to endothelial barrier function, can be monitored in
real time by means of measuring the impedance over time. First, opto-TLR4-LOV LECs
and opto-TLR4-LOV HUVECs were cultured onto ECIS arrays and allowed to grow to
a monolayer before they were challenged with LPS (100 ng/mL), blue light (470 nm),
and/or with different differentiated monocytic cell lines (THP-1 cells, THP-1 M0 cells)
and PBMCs (50,000 cells/well). Endothelial barrier function was subsequently assessed
by continuous resistance measurement. LPS and blue light treatment significantly
enhanced the disruption of the opto-TLR4-LOV LEC and opto-TLR4-LOV HUVEC
monolayers Figures 6c and S3a. Trans-endothelial migration of the monocytic cell lines
or PBMCs through the opto-TLR4-LOV LEC and opto-TLR4-LOV HUVEC monolayers
could be increased with additional LPS or blue light treatment. (Figures 6d–f and S3b).
Similar effects upon illumination were observed using opto-TLR4 ∆ECD2-LOV LECs
(Figure S3c–f). These results clearly show that blue light, like LPS, promotes not only the
chemotactic but also trans-endothelial migration of monocytic cell lines and PBMCs.
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Figure 5. Temporal proteomic and genomic expression analysis of pro-inflammatory mediators.
Volcano plots show the regulation of over 1000 proteins in the supernatant of opto-TLR4-LOV
LECs after 2 h, 6 h, and 16 h of (a–c) LPS (100 ng/mL) or (d–f) blue light (470 nm) stimulation
compared to the untreated cells. The difference in LFQ protein abundance between treatment and
control (wo) (x-axis) was plotted against its significance (-log p-value) (y-axis) (n = 4). Representative
cytokines/chemokines (CXCL-1, CCL-5, IL-6, CXCL-8, and CXCL-10) (blue) and the typical adhesion
molecule ICAM-1 (green) were annotated with their corresponding gene name. Relative (g) IL-6,
(h) IL-8, and (i) CXCL-10 mRNA expression in opto-TLR4-LOV LECs 2 h, 6 h, and 24 h post-LPS
(100 ng/mL) or blue light (470 nm) stimulation. The mRNA target gene expression levels were
calculated according to the comparative CT method (2-∆∆CT). Mean values ± standard deviation
were graphically displayed in bar charts (n = 3). Post-ANOVA, multiple comparisons relative to
the control were performed using Dunnett’s test (ns=not significant, ** p < 0.01, **** p < 0.0001).
Opto-TLR4-LOV LECs were (j) continuously stimulated with LPS (100 ng/mL), (k) exposed to blue
light (470 nm) for 30 min and then put into dark, or (l) continuously exposed to blue light (470 nm).
(m) Opto-TLR4-LOV HUVECs were continuously treated with LPS (100 ng/mL) or illuminated with
blue light (470 nm) for 24 h. Western blots of whole-cell extracts were probed with antibodies against
ICAM-1 and vinculin as a loading control.
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Figure 6. Chemotactic and trans-endothelial migration. (a,b) THP-1 cells stained with Hoechst 33342
were seeded in the upper chamber of (a) Transwell® 24-well permeable supports or (b) Transwell®

96-well permeable supports and allowed to migrate through the 5 µm pore-size filters for 2 h towards
endothelial medium of opto-TLR4-LOV LECs stimulated with LPS (100 ng/mL), illuminated with
blue light (470 nm), or left untreated for 6 h. Migrated THP-1 cells were (a) visualized by fluorescence
microscopy or (b) measured by multiplate reader. (a) Scale bar = 50 µm. (b) Bar charts representing
mean values ± standard deviation of the well scan of relative fluorescence units (n = 3). Post-ANOVA,
multiple comparisons relative to the control were performed using Dunnett’s test (*** p < 0.001,
**** p < 0.0001). (c–f) LPS-, blue light- and monocytic-cell-line-induced EC monolayer breakdown in
opto-TLR4-LOV LECs. ECs were seeded onto ECIS arrays (96W20idf PET) and allowed to grow to
a monolayer before being (c) treated with LPS (100 ng/mL), blue light (470 nm), or left untreated.
Addition of 50,000 (d) THP-1 cells/well, (e) THP-1 M0 cells/well, or (f) PBMCs/well. (c–f) Changes
in endothelial monolayer resistance, which is proportional to endothelial barrier function, were
recorded in real time using the ECIS system (9600Z) and mean values ± standard deviation (n = 8)
were plotted in a time-curve diagram. Post-ANOVA, multiple comparisons relative to the control 3 h
after treatment (T30h) were performed using Dunnett’s test (* p < 0.05, ** p < 0.01).

4. Discussion

This study aimed to examine how TLR4 activation is processed downstream in en-
dothelial cells, focusing mainly on the temporal organization of signaling pathways and
target gene expression.

Carrying out these measurements requires fast and precise activation of the receptor,
which is difficult to achieve with ligands such as LPS due to the often slow and poorly con-
trollable specific and non-specific binding to receptors and other surface molecules [28,29].
Furthermore, there are hardly any processes in which LPS can be isolated with high
purity, triggering various cell activations [30]. Therefore, we engineered new light-oxygen-
voltage (LOV)-sensing domain-based optogenetic endothelial cell lines with full-length
TLR4 (opto-TLR4-LOV LEC and HUVEC) to allow precise temporal and reversible acti-
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vation of TLR4 signaling pathways and target gene expression. TLR4 homodimerization
in the engineered ECs relies on the LOV domain isolated from the yellow-green algae
Vaucheria frigida aureochrome 1 (VfAU1-LOV) fused C-terminally to TLR4. VfAU1-LOV non-
covalently binds a flavin chromophore, which upon blue light (470 nm) absorption, initiates
a photochemical reaction leading to the formation of a covalent adduct between the con-
served cysteine and the flavin ring. The result is a conformational change that allows the
dimerization of the LOV domains [31]. Since flavin nucleotides (FMN) are readily available
in mammalian cells, no addition of exogenous molecules is required. Previously, we have
described a technically similar engineered pancreatic adenocarcinoma cell line (opto-TLR4
PANC-1) that allows time- and voltage-dependent TLR4 activation by blue light, which
can be switched off again in the dark. Low intensity blue light (8 V) was shown to be
sufficient for the activation of the engineered TLR4-LOV construct and does not produce
phototoxicity [13].

In this study, we demonstrated that 293Ta transiently transfected with TLR4-LOV but
not with TLR4 lacking the LOV domain was able to activate NF-κB and AP-1 reporter ac-
tivities upon blue light exposure. In contrast, NF-κB and AP-1 expression was significantly
elevated after LPS stimulation in both TLR4 and TLR4-LOV transfected cells. Additionally,
the newly engineered optogenetic endothelial cell lines were found to initiate TLR4-specific
signaling events much faster and stronger upon illumination with blue light compared
to the stimulation with LPS. It is well known that TLR4 signaling triggers the translo-
cation of the pro-inflammatory transcription factor NF-κB from the cytoplasm into the
nucleus to initiate gene transcription. In the nucleus, the newly synthesized protein IκBα
(inhibitor of nuclear factor kappa B) deactivates NF-κB and facilitates its export back to
the cytoplasm [32,33]. Oscillation of NF-κB in and out of the nucleus upon stimulation is
reported to contribute considerably to the pattern of inflammatory gene expression [34].
Consistent with other studies [35,36], we found that LPS stimulation causes rapid (30 min)
and transient translocation of p65 into the nucleus in opto-TLR4-LOV LECs. However,
blue light illumination provoked an even faster and stronger p65 nuclear translocation
(seven-fold and within 15 min) compared to LPS treatment, which also declined within an
hour. Moreover, peak phosphorylation of p65 and ERK1/2 in opto-TLR4-LOV endothelial
cells was measured 15 to 30 min after LPS or blue light stimulation, and again after 3 h and
6 h when cells were stimulated with light or LPS, respectively. On the other hand, we also
found that the light-induced TLR4 signaling system was exhausted much quicker compared
to LPS treatment. Studies have highlighted LPS as an agonist for receptors other than TLR4,
including Toll-like receptor 2 (TLR2) [37], nucleotide-binding oligomerization domain
(NOD)-like receptor 1 [38], and retinoic acid-inducible gene 1 (RIG-1)-like receptor [39], all
of which are reported to induce NF-κB activity. TLR4–TLR2 cross talk was reported to be
mediated by MyD88, resulting in the amplification and stable expression of NF-κB and
ICAM-1 [40]. In addition, the cytosolic receptors NOD1 and RIG-1 are described to be acti-
vated upon internalization of LPS [41–43]. The resulting downstream signal transduction
of the NF-κB and MAPK pathways amplifies the transcription of inflammatory cytokines
and chemokines, which are also induced by TLR4 signaling [44,45]. Notably, RIG-1 was
found to be a key factor in the autoloop cascade for late MyD88-independent activation
of NF-κB, thereby maintaining sustained secretion of pro-inflammatory mediators [43,46].
Here, we show that continuous light exposure decreased phosphorylation of p65 after 24 h,
which could not be seen when cells were permanently LPS stimulated, indicating a specific
activation of TLR4 by light. Furthermore, by performing reporter analysis, we showed that
NF-κB activation was much less repressed after TAK-242 (TLR4 inhibitor) treatment than
after light induction. This is due to the binding of LPS to additional receptors other than
TLR4 that amplify the NF-κB signal. In addition to the fast light-induced depletion, we
were also able to demonstrate that the signaling pathways can be reactivated after a certain
period, as demonstrated with the NF-κB-TRE-Gluc reporter assay. Here, exhaustion of the
NF-κB signaling was observed between 48 and 72 h, with both continuous and recurrent
illumination for 30 min every 24 h. Blue-light-induced TLR4 and NF-κB reactivation could
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be detected again after 72 h (continuous illumination) and 96 h (30 min every 24 h), respec-
tively. In contrast, with continuous LPS treatment, NF-κB decreased slightly over the time
course (4.5–2.5-fold), but remained relatively high even after 96 h. This phenomena has
been studied extensively in monocytes and macrophages [44,47], but has also previously
been reported in endothelial cells [48].

Panter and Jerala (2011) have clearly demonstrated that the ectodomain of TLR4
prevents constitutive receptor activity, since truncation of the TLR4 ectodomain from its
N-terminus ultimately resulted in persistent active receptor variants [25]. They further
showed that the ectodomain exhibits strong regulatory properties enabling a controlled
ligand receptor activation by providing proper localization and inhibition of spontaneous,
ligand-independent receptor dimerization. Consistent with this study, we found that
transient transfection of different TLR4 ∆ECD-LOV variants compared with the TLR4-full
length-LOV into 293Ta were already relatively strongly activated prior to light stimulation.
Here, no difference in NF-κB activity and p65 or ERK1/2 phosphorylation could be detected
between TLR4 ∆ECD2-LOV (with a deleted LPS/MD2 domain) and ∆ECD15/21/36-LOV
(with a deleted LPS/MD2 and dimerization domain). Stable integration of TLR4 ∆ECD2-
LOV into LECs revealed a high basal activity with fast depletion of the cell signaling system
upon additional blue light stimuli, as evidenced by p65 and ERK1/2 phosphorylation, and
nuclear translocation of NF-κB. NF-κB reporter activity and mRNA gene expression of
pro-inflammatory genes were found to exert a slight activation potential with fast depletion
of the TLR4 signaling system. Of note, it was also observed in TLR4 ∆ECD2-LOV that the
mRNA gene expression of pro-inflammatory genes (IL-6, IL-8, and CXCL-10) was elevated
after 2 h of light induction, but it was depleted 6 h later and could be reactivated after 24 h.

Because the endothelium forms a strong barrier that separates circulating blood from
tissue, access to potential sites of infection requires the expression of different genes [49].
By performing functional assays using opto-TLR4-LOV LECs and HUVEC, we were able
to show that TLR4 stimulation with blue light promoted chemotaxis of THP-1 cells, dis-
ruption of the EC monolayer, and transmigration that was faster and stronger compared
to treatment with LPS. A higher EC-monolayer break-up and transmigration could also
be seen in the TLR4 ∆ECD2-LOV after light induction. Of note, proteomic analysis of
opto-TLR4-LOV LECs revealed a temporal elevation of secreted disintegrin and metallo-
proteinase with thrombospondin motifs 4 (ADAMTS4) and the matrix metalloproteinase
10 (MMP10), both contributing to the degradation of the extracellular matrix and thus
facilitating trans-endothelial migration [50–53].

Since LPS activates receptors other than TLR4, as already described, we assumed
higher transcription rates of pro-inflammatory genes. As such, CXCL-1, CXCL-8, and IL-6
were found in higher concentration in the supernatant after 2 h of LPS stimulation compared
to light induction. We further found that the protein level of IL-6 in the supernatant showed
a detectable decrease after 16 h of continuous blue light illumination, which was not seen
with LPS stimulation. However, a significant increase in known secreted pro-inflammatory
mediators (CXCL-1, CCL5, IL-6, and CXCL-8) was observed 6 h after LPS or blue light
stimulation, consistent with published studies on LPS-activated endothelial cells [54–56].
In addition, a strong and persistent expression of ICAM-1 as a transmembrane protein and
secretion has been found in activated endothelial cells [48,57,58]. Time-course analysis of
target mRNA expression levels of IL-6, IL-8 and CXCL-10 confirmed a generally stronger
and more persistent expression of pro-inflammatory mediators when optogenetic cells were
treated with LPS compared to light exposure. Interestingly, the chemokine CXCL-10 was
found to be highly significant in the supernatant as early as 6 h after light induction, which
was not seen when cells were treated with LPS. In addition, CXCL-10 mRNA expression in
optogenetic endothelial cell lines was already higher when exposed to blue light for 2 h
compared to LPS treatment. A recent temporal proteomic analysis of pro-inflammatory
mediators in LPS-induced THP-1 cells revealed a significant upregulation of CXCL-10 6 h
post-stimulation [59].
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5. Conclusions

In summary, we conclude that the newly-engineered optogenetic cell lines elicit faster
and more precise TLR4 activation under blue light illumination compared to LPS stimu-
lation. Gene expression of pro-inflammatory target genes is, however, reduced and less
persistent. In contrast, due to the truncated extracellular domain, opto-TLR4 ∆ECD2-LOV
LECs show a high basal activity with fast depletion of the cell signaling system upon
additional blue light stimuli.

Attaining deeper insights into the molecular and regulatory mechanisms of pro-
inflammatory TLR4 signaling events in endothelial cells with spatiotemporal precision will
expedite the establishment of novel therapeutic strategies beneficial for the treatment of
sepsis and chronic inflammatory diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
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analysis. Figure S2: Pro-inflammatory gene expression analysis. Figure S3: Pro-inflammatory
gene expression analysis. Figure S4: Trans-endothelial migration analysis. Table S1: Temporal
proteomics data.

Author Contributions: C.W. developed the concept of this study. C.W. and A.S. are the main
contributors to writing the manuscript. A.S., K.C. and B.N. performed the experiments, analyzed
data, and prepared figures. C.W., A.S., H.H. and F.H. revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Lower Austrian FTI Program, grant number K3-F-744/005-
2019. FH and BN are funded/supported by the GFF NÖ with means of the Province of Lower Austria
(Stiftungsprofessur “Clinical Proteomics Krems”).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available on request from the corre-
sponding authors.

Acknowledgments: We want to thank the Medical University of Graz for kindly providing us human
umbilical vein endothelial cells.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jaffe, E.A. Cell biology of endothelial cells. Hum. Pathol. 1987, 18, 234–239. [CrossRef]
2. Fitzgerald, K.A.; Palsson-McDermott, E.M.; Bowie, A.G.; Jefferies, C.A.; Mansell, A.S.; Brady, G.; Brint, E.; Dunne, A.; Gray, P.;

Harte, M.T.; et al. Mal (MyD88-adapter-like) is required for Toll-like receptor-4 signal transduction. Nature 2001, 413, 78–83.
[CrossRef]

3. Yamamoto, M.; Sato, S.; Hemmi, H.; Sanjo, H.; Uematsu, S.; Kaisho, T.; Hoshino, K.; Takeuchi, O.; Kobayashi, M.; Fujita, T.; et al.
Essential role for TIRAP in activation of the signalling cascade shared by TLR2 and TLR4. Nature 2002, 420, 324–329. [CrossRef]

4. Kagan, J.C.; Su, T.; Horng, T.; Chow, A.; Akira, S.; Medzhitov, R. TRAM couples endocytosis of Toll-like receptor 4 to the induction
of interferon-β. Nat. Immunol. 2008, 9, 361–368. [CrossRef] [PubMed]

5. Medzhitov, R. Toll-like receptors and innate immunity. Nat. Rev. Immunol. 2001, 1, 135–145. [CrossRef]
6. Pinsky, M.R. Dysregulation of the Immune Response in Severe Sepsis. Am. J. Med. Sci. 2004, 328, 220–229. [CrossRef]
7. Kanzler, H.; Barrat, F.J.; Hessel, E.M.; Coffman, R.L. Therapeutic targeting of innate immunity with Toll-like receptor agonists and

antagonists. Nat. Med. 2007, 13, 552–559. [CrossRef]
8. Fitzgerald, K.A.; Kagan, J.C. Toll-like Receptors and the Control of Immunity. Cell 2020, 180, 1044–1066. [CrossRef] [PubMed]
9. Lu, Y.-C.; Yeh, W.-C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [CrossRef]
10. Emiliani, V.; Entcheva, E.; Hedrich, R.; Hegemann, P.; Konrad, K.; Lüscher, C.; Mahn, M.; Pan, Z.-H.; Sims, R.; Vierock, J.; et al.

Optogenetics for light control of biological systems. Nat. Rev. Methods Prim. 2022, 2, 55. [CrossRef]
11. Kolar, K.; Weber, W. Synthetic biological approaches to optogenetically control cell signaling. Curr. Opin. Biotechnol. 2017,

47, 112–119. [CrossRef] [PubMed]
12. Hisatomi, O.; Nakatani, Y.; Takeuchi, K.; Takahashi, F.; Kataoka, H. Blue Light-induced Dimerization of Monomeric Aureochrome-

1 Enhances Its Affinity for the Target Sequence *. J. Biol. Chem. 2014, 289, 17379–17391. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells12050697/s1
https://www.mdpi.com/article/10.3390/cells12050697/s1
http://doi.org/10.1016/S0046-8177(87)80005-9
http://doi.org/10.1038/35092578
http://doi.org/10.1038/nature01182
http://doi.org/10.1038/ni1569
http://www.ncbi.nlm.nih.gov/pubmed/18297073
http://doi.org/10.1038/35100529
http://doi.org/10.1097/00000441-200410000-00005
http://doi.org/10.1038/nm1589
http://doi.org/10.1016/j.cell.2020.02.041
http://www.ncbi.nlm.nih.gov/pubmed/32164908
http://doi.org/10.1016/j.cyto.2008.01.006
http://doi.org/10.1038/s43586-022-00136-4
http://doi.org/10.1016/j.copbio.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28715701
http://doi.org/10.1074/jbc.M114.554618
http://www.ncbi.nlm.nih.gov/pubmed/24790107


Cells 2023, 12, 697 20 of 21

13. Stierschneider, A.; Grünstäudl, P.; Colleselli, K.; Atzler, J.; Klein, C.T.; Hundsberger, H.; Wiesner, C. Light-Inducible Spatio-
Temporal Control of TLR4 and NF-κB-Gluc Reporter in Human Pancreatic Cell Line. Int. J. Mol. Sci. 2021, 22, 9232. [CrossRef]
[PubMed]

14. Amatschek, S.; Lucas, R.; Eger, A.; Pflueger, M.; Hundsberger, H.; Knoll, C.; Grosse-Kracht, S.; Schuett, W.; Koszik, F.;
Maurer, D.; et al. CXCL9 induces chemotaxis, chemorepulsion and endothelial barrier disruption through CXCR3-mediated
activation of melanoma cells. Br. J. Cancer 2011, 104, 469–479. [CrossRef]

15. Calcium phosphate–mediated transfection of eukaryotic cells. Nat. Methods 2005, 2, 319–320. [CrossRef]
16. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.

[CrossRef]
17. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108.

[CrossRef]
18. Kong, A.T.; Leprevost, F.V.; Avtonomov, D.M.; Mellacheruvu, D.; Nesvizhskii, A.I. MSFragger: Ultrafast and comprehensive

peptide identification in mass spectrometry–based proteomics. Nat. Methods 2017, 14, 513–520. [CrossRef]
19. Yu, F.; Haynes, S.E.; Nesvizhskii, A.I. IonQuant Enables Accurate and Sensitive Label-Free Quantification With FDR-Controlled

Match-Between-Runs. Mol. Cell. Proteom. 2021, 20, 100077. [CrossRef]
20. Tyanova, S.; Temu, T.; Sinitcyn, P.; Carlson, A.; Hein, M.Y.; Geiger, T.; Mann, M.; Cox, J. The Perseus computational platform for

comprehensive analysis of (prote)omics data. Nat. Methods 2016, 13, 731–740. [CrossRef]
21. Bindea, G.; Mlecnik, B.; Hackl, H.; Charoentong, P.; Tosolini, M.; Kirilovsky, A.; Fridman, W.-H.; Pagès, F.; Trajanoski, Z.; Galon, J.

ClueGO: A Cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. Bioinformatics
2009, 25, 1091–1093. [CrossRef] [PubMed]

22. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

23. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 2019, 47, D442–D450. [CrossRef] [PubMed]

24. Wegener, J.; Keese, C.R.; Giaever, I. Electric Cell–Substrate Impedance Sensing (ECIS) as a Noninvasive Means to Monitor the
Kinetics of Cell Spreading to Artificial Surfaces. Exp. Cell Res. 2000, 259, 158–166. [CrossRef] [PubMed]

25. Panter, G.; Jerala, R. The ectodomain of the Toll-like receptor 4 prevents constitutive receptor activation. J. Biol. Chem. 2011,
286, 23334–23344. [CrossRef] [PubMed]

26. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
[PubMed]

27. Yang, L.; Froio, R.M.; Sciuto, T.E.; Dvorak, A.M.; Alon, R.; Luscinskas, F.W. ICAM-1 regulates neutrophil adhesion and transcellular
migration of TNF-α-activated vascular endothelium under flow. Blood 2005, 106, 584–592. [CrossRef] [PubMed]

28. Mühlhäuser, W.W.D.; Fischer, A.; Weber, W.; Radziwill, G. Optogenetics—Bringing light into the darkness of mammalian signal
transduction. Biochim. Et Biophys. Acta (BBA) Mol. Cell Res. 2017, 1864, 280–292. [CrossRef]

29. Nunes-Alves, C. New LPS receptors discovered. Nat. Rev. Immunol. 2014, 14, 583. [CrossRef]
30. Rutledge, H.R.; Jiang, W.; Yang, J.; Warg, L.A.; Schwartz, D.A.; Pisetsky, D.S.; Yang, I.V. Gene expression profiles of RAW264.7

macrophages stimulated with preparations of LPS differing in isolation and purity. Innate Immun. 2011, 18, 80–88. [CrossRef]
31. Swartz, T.E.; Corchnoy, S.B.; Christie, J.M.; Lewis, J.W.; Szundi, I.; Briggs, W.R.; Bogomolni, R.A. The Photocycle of a Flavin-binding

Domain of the Blue Light Photoreceptor Phototropin *. J. Biol. Chem. 2001, 276, 36493–36500. [CrossRef]
32. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like receptors. Nat. Immunol.

2010, 11, 373–384. [CrossRef] [PubMed]
33. Hayden, M.S.; Ghosh, S. Signaling to NF-kappaB. Genes Dev. 2004, 18, 2195–2224. [CrossRef]
34. Nelson, D.E.; Ihekwaba, A.E.C.; Elliott, M.; Johnson, J.R.; Gibney, C.A.; Foreman, B.E.; Nelson, G.; See, V.; Horton, C.A.; Spiller,

D.G.; et al. Oscillations in NF-κB Signaling Control the Dynamics of Gene Expression. Science 2004, 306, 704–708. [CrossRef]
[PubMed]

35. Kaufman, P.A.; Weinberg, J.B.; Greene, W.C. Nuclear expression of the 50- and 65-kD Rel-related subunits of nuclear factor-kappa
B is differentially regulated in human monocytic cells. J. Clin. Investig. 1992, 90, 121–129. [CrossRef]

36. Bagaev, A.V.; Garaeva, A.Y.; Lebedeva, E.S.; Pichugin, A.V.; Ataullakhanov, R.I.; Ataullakhanov, F.I. Elevated pre-activation basal
level of nuclear NF-κB in native macrophages accelerates LPS-induced translocation of cytosolic NF-κB into the cell nucleus. Sci.
Rep. 2019, 9, 4563. [CrossRef]

37. Faure, E.; Thomas, L.; Xu, H.; Medvedev, A.; Equils, O.; Arditi, M. Bacterial lipopolysaccharide and IFN-gamma induce Toll-like
receptor 2 and Toll-like receptor 4 expression in human endothelial cells: Role of NF-kappa B activation. J. Immunol. 2001,
166, 2018–2024. [CrossRef] [PubMed]

38. Inohara, N.; Ogura, Y.; Chen, F.F.; Muto, A.; Nuñez, G. Human Nod1 Confers Responsiveness to Bacterial Lipopolysaccharides *.
J. Biol. Chem. 2001, 276, 2551–2554. [CrossRef]

39. Imaizumi, T.; Aratani, S.; Nakajima, T.; Carlson, M.; Matsumiya, T.; Tanji, K.; Ookawa, K.; Yoshida, H.; Tsuchida, S.; McIntyre,
T.M.; et al. Retinoic Acid-Inducible Gene-I Is Induced in Endothelial Cells by LPS and Regulates Expression of COX-2. Biochem.
Biophys. Res. Commun. 2002, 292, 274–279. [CrossRef]

http://doi.org/10.3390/ijms22179232
http://www.ncbi.nlm.nih.gov/pubmed/34502140
http://doi.org/10.1038/sj.bjc.6606056
http://doi.org/10.1038/nmeth0405-319
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1038/nprot.2008.73
http://doi.org/10.1038/nmeth.4256
http://doi.org/10.1016/j.mcpro.2021.100077
http://doi.org/10.1038/nmeth.3901
http://doi.org/10.1093/bioinformatics/btp101
http://www.ncbi.nlm.nih.gov/pubmed/19237447
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1093/nar/gky1106
http://www.ncbi.nlm.nih.gov/pubmed/30395289
http://doi.org/10.1006/excr.2000.4919
http://www.ncbi.nlm.nih.gov/pubmed/10942588
http://doi.org/10.1074/jbc.M110.205419
http://www.ncbi.nlm.nih.gov/pubmed/21543336
http://doi.org/10.1038/sigtrans.2017.23
http://www.ncbi.nlm.nih.gov/pubmed/29158945
http://doi.org/10.1182/blood-2004-12-4942
http://www.ncbi.nlm.nih.gov/pubmed/15811956
http://doi.org/10.1016/j.bbamcr.2016.11.009
http://doi.org/10.1038/nri3736
http://doi.org/10.1177/1753425910393540
http://doi.org/10.1074/jbc.M103114200
http://doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851
http://doi.org/10.1101/gad.1228704
http://doi.org/10.1126/science.1099962
http://www.ncbi.nlm.nih.gov/pubmed/15499023
http://doi.org/10.1172/JCI115824
http://doi.org/10.1038/s41598-018-36052-5
http://doi.org/10.4049/jimmunol.166.3.2018
http://www.ncbi.nlm.nih.gov/pubmed/11160251
http://doi.org/10.1074/jbc.M009728200
http://doi.org/10.1006/bbrc.2002.6650


Cells 2023, 12, 697 21 of 21

40. Fan, J.; Frey, R.S.; Malik, A.B. TLR4 signaling induces TLR2 expression in endothelial cells via neutrophil NADPH oxidase. J. Clin.
Investig. 2003, 112, 1234–1243. [CrossRef]

41. Dauphinee, S.M.; Karsan, A. Lipopolysaccharide signaling in endothelial cells. Lab. Investig. 2006, 86, 9–22. [CrossRef]
42. Zhou, H.; Coveney, A.P.; Wu, M.; Huang, J.; Blankson, S.; Zhao, H.; O’Leary, D.P.; Bai, Z.; Li, Y.; Redmond, H.P.; et al. Activation

of Both TLR and NOD Signaling Confers Host Innate Immunity-Mediated Protection Against Microbial Infection. Front. Immunol.
2018, 9, 3082. [CrossRef]

43. Moser, J.; Heeringa, P.; Jongman, R.M.; Zwiers, P.J.; Niemarkt, A.E.; Yan, R.; de Graaf, I.A.; Li, R.; Ravasz Regan, E.; Kumpers, P.;
et al. Intracellular RIG-I Signaling Regulates TLR4-Independent Endothelial Inflammatory Responses to Endotoxin. J. Immunol.
2016, 196, 4681–4691. [CrossRef] [PubMed]

44. Biswas, S.K.; Lopez-Collazo, E. Endotoxin tolerance: New mechanisms, molecules and clinical significance. Trends Immunol. 2009,
30, 475–487. [CrossRef] [PubMed]

45. Yoneyama, M.; Kikuchi, M.; Natsukawa, T.; Shinobu, N.; Imaizumi, T.; Miyagishi, M.; Taira, K.; Akira, S.; Fujita, T. The RNA
helicase RIG-I has an essential function in double-stranded RNA-induced innate antiviral responses. Nat. Immunol. 2004,
5, 730–737. [CrossRef] [PubMed]

46. Covert, M.W.; Leung, T.H.; Gaston, J.E.; Baltimore, D. Achieving Stability of Lipopolysaccharide-Induced NF-κB Activation.
Science 2005, 309, 1854–1857. [CrossRef]

47. Cavaillon, J.-M. The nonspecific nature of endotoxin tolerance. Trends Microbiol. 1995, 3, 320–324. [CrossRef]
48. Lush, C.W.; Cepinskas, G.; Kvietys, P.R. LPS tolerance in human endothelial cells: Reduced PMN adhesion, E-selectin expression,

and NF-κB mobilization. Am. J. Physiol. Heart Circ. Physiol. 2000, 278, H853–H861. [CrossRef]
49. Muller, W.A. How Endothelial Cells Regulate Transmigration of Leukocytes in the Inflammatory Response. Am. J. Pathol. 2014,

184, 886–896. [CrossRef]
50. Davis, G.E.; Senger, D.R. Endothelial Extracellular Matrix. Circ. Res. 2005, 97, 1093–1107. [CrossRef]
51. McMahon, M.; Ye, S.; Pedrina, J.; Dlugolenski, D.; Stambas, J. Extracellular Matrix Enzymes and Immune Cell Biology. Front. Mol.

Biosci. 2021, 8, 703868. [CrossRef]
52. Vigl, B.; Aebischer, D.; Nitschké, M.; Iolyeva, M.; Röthlin, T.; Antsiferova, O.; Halin, C. Tissue inflammation modulates gene

expression of lymphatic endothelial cells and dendritic cell migration in a stimulus-dependent manner. Blood 2011, 118, 205–215.
[CrossRef]

53. Orbe, J.; Rodriguez, J.A.; Calvayrac, O.; Rodriguez-Calvo, R.; Rodriguez, C.; Roncal, C.; Martinez de Lizarrondo, S.; Barrenetxe,
J.; Reverter, J.C.; Martinez-Gonzalez, J.; et al. Matrix metalloproteinase-10 is upregulated by thrombin in endothelial cells and
increased in patients with enhanced thrombin generation. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 2109–2116. [CrossRef]

54. Sawa, Y.; Ueki, T.; Hata, M.; Iwasawa, K.; Tsuruga, E.; Kojima, H.; Ishikawa, H.; Yoshida, S. LPS-induced IL-6, IL-8, VCAM-1, and
ICAM-1 expression in human lymphatic endothelium. J. Histochem. Cytochem. 2008, 56, 97–109. [CrossRef]

55. Kang, S.; Lee, S.-P.; Kim, K.E.; Kim, H.-Z.; Mémet, S.; Koh, G.Y. Toll-like receptor 4 in lymphatic endothelial cells contributes to
LPS-induced lymphangiogenesis by chemotactic recruitment of macrophages. Blood 2009, 113, 2605–2613. [CrossRef]

56. Lu, Z.; Li, Y.; Jin, J.; Zhang, X.; Lopes-Virella, M.F.; Huang, Y. Toll-Like Receptor 4 Activation in Microvascular Endothelial Cells
Triggers a Robust Inflammatory Response and Cross Talk With Mononuclear Cells via Interleukin-6. Arterioscler. Thromb. Vasc.
Biol. 2012, 32, 1696–1706. [CrossRef]

57. Yan, W.; Zhao, K.; Jiang, Y.; Huang, Q.; Wang, J.; Kan, W.; Wang, S. Role of p38 MAPK in ICAM-1 expression of vascular
endothelial cells induced by lipopolysaccharide. Shock 2002, 17, 433–438. [CrossRef]

58. Lawson, C.; Wolf, S. ICAM-1 signaling in endothelial cells. Pharmacol. Rep. 2009, 61, 22–32. [CrossRef]
59. Mulvey, C.M.; Breckels, L.M.; Crook, O.M.; Sanders, D.J.; Ribeiro, A.L.R.; Geladaki, A.; Christoforou, A.; Britovšek, N.K.; Hurrell,

T.; Deery, M.J.; et al. Spatiotemporal proteomic profiling of the pro-inflammatory response to lipopolysaccharide in the THP-1
human leukaemia cell line. Nat. Commun. 2021, 12, 5773. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1172/JCI18696
http://doi.org/10.1038/labinvest.3700366
http://doi.org/10.3389/fimmu.2018.03082
http://doi.org/10.4049/jimmunol.1501819
http://www.ncbi.nlm.nih.gov/pubmed/27183587
http://doi.org/10.1016/j.it.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19781994
http://doi.org/10.1038/ni1087
http://www.ncbi.nlm.nih.gov/pubmed/15208624
http://doi.org/10.1126/science.1112304
http://doi.org/10.1016/S0966-842X(00)88963-5
http://doi.org/10.1152/ajpheart.2000.278.3.H853
http://doi.org/10.1016/j.ajpath.2013.12.033
http://doi.org/10.1161/01.RES.0000191547.64391.e3
http://doi.org/10.3389/fmolb.2021.703868
http://doi.org/10.1182/blood-2010-12-326447
http://doi.org/10.1161/ATVBAHA.109.194589
http://doi.org/10.1369/jhc.7A7299.2007
http://doi.org/10.1182/blood-2008-07-166934
http://doi.org/10.1161/ATVBAHA.112.251181
http://doi.org/10.1097/00024382-200205000-00016
http://doi.org/10.1016/S1734-1140(09)70004-0
http://doi.org/10.1038/s41467-021-26000-9

	Introduction 
	Materials and Methods 
	Cells and Cell Culture 
	Engineering Light-Oxygen-Voltage-Based Optogenetic TLR4 Constructs and NF-B Reporter 
	Transfection 
	Substance Treatment and Blue Light Stimulation 
	Gaussia Luciferase and Firefly Luciferase Reporter Gene Assay 
	Immunostaining for Fluorescence Microscopy 
	Real-Time Quantitative PCR (qPCR) 
	Western Blotting 
	Quantitative Mass-Spectrometry 
	Chemotaxis Assay 
	Electrical Cell-Substrate Impedance Sensing Technology 
	Statistical Analysis 

	Results 
	LPS and Blue Light Induces NF-B and AP-1 Activation of Designed TLR4-LOV Constructs 
	NF-B Oscillates in Response to LPS and Blue Light in Engineered Endothelial Cells 
	Blue Light as a Potent Reactivator of NF-b Signaling 
	LPS and Blue Light Induce a Temporal Different Pro-Inflammatory Response in Endothelial Cells 
	Blue Light and LPS Stimulation Promote Chemotactic Migration, Endothelial Barrier Disruption and Trans-Endothelial Migration 

	Discussion 
	Conclusions 
	References

