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Tumor necrosis factor-α (TNFα) is a master cytokine which induces expression of
chemokines and adhesion molecules, such as intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), in endothelial cells to
initiate the vascular inflammatory response. In this study, we identified neuropilin-
1 (NRP1), a co-receptor of several structurally diverse ligands, as a modulator of
TNFα-induced inflammatory response of endothelial cells. NRP1 shRNA
expression suppressed TNFα-stimulated leukocyte adhesion and expression of
ICAM-1 and VCAM-1 in human umbilical vein endothelial cells (HUVECs).
Likewise, it reduced TNFα-induced phosphorylation of MAPK p38 but did not
significantly affect other TNF-induced signaling pathways, such as the classical
NFκB and the AKT pathway. Immunofluorescent staining demonstrated co-
localization of NRP1 with the two receptors of TNF, TNFR1 and TNFR2. Co-
immunoprecipitation further confirmed that NRP1 was in the same protein
complex or membrane compartment as TNFR1 and TNFR2, respectively.
Modulation of NRP1 expression, however, neither affected TNFR levels in the
cell membrane nor the receptor binding affinities of TNFα. Although a direct
interface between NRP1 and TNFα/TNFR1 appeared possible from a protein
docking model, a direct interaction was not supported by binding assays in
cell-free microplates and cultured cells. Furthermore, TNFα was shown to
downregulate NRP1 in a time-dependent manner through TNFR1-NFκB
pathway in HUVECs. Taken together, our study reveals a novel reciprocal
crosstalk between NRP1 and TNFα in vascular endothelial cells.
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Introduction

Induced expression of cell-surface adhesion molecules,
including vascular cell adhesion molecule 1 (VCAM-1),
intercellular adhesion molecule 1 (ICAM-1), and endothelial
leukocyte adhesion molecule (E-selectin), is a major feature of
endothelial cell activation and it promotes leukocyte recruitment,
vascular permeability, clotting and antiviral response in diverse
pathological processes (Szmitko et al., 2003; Pober and Sessa,
2007; Liao, 2013; Jin et al., 2020). The pleiotropic effects of
tumor necrosis factor-α (TNFα), one of the major pro-
inflammatory cytokines, on vascular endothelial cells have been
extensively studied (Pober, 2002; Zhang et al., 2009; Jeucken et al.,
2019). As a result, intensive studies have been performed to reduce
TNFα levels and its downstream signaling pathways to improve
endothelial cell function. Although anti-TNFα therapies have
revolutionized the management of autoimmune diseases, they
have demonstrated controversial effects in cardiovascular
functions (Rolski and Blyszczuk, 2020; Singh et al., 2020). Thus,
a deeper understanding of TNFα-stimulated signaling pathways
offer the chance to identify specific targets for the inflammatory
process affecting vascular endothelial cells.

Neuropilin-1 (NRP1) is known as a co-receptor of several
structurally diverse ligands, including vascular endothelial growth
factor (VEGF) (Soker et al., 1998) and semaphorins (He and Tessier-
Lavigne, 1997; Kolodkin et al., 1997), and plays an essential role in
developmental and pathological angiogenesis, arteriogenesis, and
vascular permeability (Kitsukawa et al., 1995; Kitsukawa et al., 1997;
Soker et al., 1998; Kawasaki et al., 1999; Roth et al., 2016). Our recent
studies showed that NRP1 mediates interferon-γ-induced
chemokine expression in brain microvascular endothelial cells
(Wang et al., 2016), implicating NRP1 in the inflammatory
response of endothelial cells. Previous studies reported
contrasting effects of TNFα stimulation at 24 h on the expression
of NRP1 in endothelial cells (Giraudo et al., 1998; Yang et al., 2004).
Therefore, the relevance of TNF for NRP1 expression is not fully
clear and the molecular details of the crosstalk between NRP1 and
TNFα remain unclear.

In this study, we define the role of NRP1 in the inflammatory
response induced by TNFα in vascular endothelial cells. We found
that knockdown of NRP1 attenuates TNFα-induced expression of
adhesion molecules, leukocyte adhesion and activation of MAPK
p38 in endothelial cells. NRP1 co-localized with TNFRs in the same
protein complex but did not affect the expression levels of TNFRs
and their binding affinities to TNFα. Furthermore, we defined a
time-dependent regulation of NRP1 expression by TNFα in
endothelial cells. Collectively, our results reveal a novel reciprocal
crosstalk between NRP1 and TNFα which contribute to the
inflammatory response of endothelial cells.

Materials and methods

Cells and reagents

HUVECs (Lonza) were purchased and cultured in EBMmedium
with the EGM-MV Bulletkit (Lonza) and authenticated by
expression of CD31/105, von Williebrand Factor VIII, and

positive uptake of acetylated low-density lipoprotein by the
manufacture. THP-1 cells were purchased from ATCC
(Manassas, VA, United States) and cultured in RPMI 1640
(Gibco) with 10% FBS supplemented with penicillin and
streptomycin. No cell lines listed in the database of misidentified
cell lines maintained by ICLAC was used in this study. All the cells
were negative for mycoplasma. shRNA for human NRP1 and
controls were from Open Biosystems (Huntsville, AL). The NRP1
shRNA targeting sequence was CCCTGTTGGTTTCATTTGAATA.
The NRP1 shRNA-2# targeting sequence was TAAGAATGAGGA
TAACCAG. Lentivirus for NRP1 shRNA and control shRNA was
prepared in 293T cells, which were transfected with targeted gene
(pGIPZ-NRP1 shRNA and pGIPZ-control shRNA), pGag.Pol, and
pVSV-G (encoding the cDNAs of the proteins that are required for
virus packing) as previously described (Wang et al., 2003; Cao et al.,
2008). After infection, 2 μg/mL of puromycin was added to the
medium for antibiotic selection for 48 h and then cells were used for
further experiments. Retrovirus of NRP1 and LacZ were prepared
and used as previously described (Wang et al., 2003). Dynasore
hydrate was purchased from Sigma-Aldrich and SB203580 were
purchased from Tocris Bioscience.

Recombinant TNFα (Final concentration: 5 ng/mL), antibodies
against NRP1 (#3725), TNFR1 (#3736), NFκB p65 (#4764) and its
phosphorylated form (#3033), IκBα (#4814), p38 MAPK (#9212),
phosphorylated p38 MAPK (Thr180/Tyr182, #9215), ERK1/2
(#9102), phosphorylated ERK1/2 (Thr202/Tyr204, #9101), AKT
(#4691) and phosphorylated AKT (Ser473, #4060), JNK (#9258)
and phosphorylated JNK (Thr183/Tyr185, #4668), and EEA1
(#2411) were purchased from Cell Signaling Technology, Inc.
(Danvers, MA). β-Actin antibody (A2228) was purchased from
Sigma-Aldrich (St. Louis, MO). TNFR2 antibody (19272-1-AP,
Proteintech), TNFR1 antibody (AF225-SP, R&D) and
NRP1 antibody (AF3870, R&D) were purchased from R&D and
used for immunofluorescent staining. Neutralizing antibodies of
TNFR1, TNFR2 and control IgG were from R&D.

qPCR, western blotting,
immunoprecipitation, and
immunofluorescent staining

Total mRNA was isolated from cells and tissues using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) and was reverse-
transcribed by using oligo (dT) priming using the iScript cDNA
Synthesis kit (Bio-Rad). qPCR analyses were performed using the
ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City,
CA) and SYBR Green PCR Master Mix (Applied Biosystems,
Warrington, United Kingdom). The results were normalized to
the β-actin gene (human). These are the primer sequences: NRP1
forward: 5′-GACTGGGGCTCAGAATGG-3′, NRP1 reverse: 5′-
CTATGACCGTGGGCTTTTCT-3′, VCAM1 forward: 5′-ATG
ACA TGC TTG AGC CAG G-3′, VCAM1 reverse: 5′-GTG TCT
CCT TCT TTG ACA CT-3′, ICAM1 forward: 5′-GCTGACGTG
TGCAGTAATACTGG-3′, ICAM1 reverse: 5′-TTCTGAGACCTC
TGGCTTCGT-3′, β-actin forward: 5′-CCAACCGCGAGAAGA
TGA-3′, β-actin reverse: 5′-CCAGAGGCGTACAGGATAG-3’.

For total protein lysate extraction, HUVECs were lysed in RIPA
buffer supplemented with proteinase and phosphatase inhibitors.
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For immunoprecipitation, cells were lysed with lysis buffer (HEPES
50 mM, NaCl 125 mM, CHAPS 0.5%, EDTA 1 Mm) supplemented
with DTT (2 mM), PMSF (0.2 mM) and proteinase inhibitors. Cell
lysates were incubated with primary antibodies conjugated with
Magnetic Dynabeads Protein G (#1003D, ThermoFisher) over night.

For Western blotting, equal amounts of protein were loaded
onto SDS-PAGE and transferred onto PVDF membranes.
Membranes were incubated with specific antibodies at 4°C
overnight, and then with HRP-conjugated secondary antibodies
(Santa Cruz technology Inc., Dallas, Texas) for 1 h at room
temperature. Immunodetection was performed with the Clarity™
Western ECL Blotting Substrates Substrate (Biorad, Hercules, CA)
using either X-ray films or a ChemiDoc imaging system (Biorad,
Hercules, CA).

For immunofluorescent staining, cells were fixed in pre-warmed
4% paraformaldehyde for 10 min, blocked in 3% BSA for 30 min at
room temperature and then incubated with primary antibodies
overnight at 4°C. Then cells were washed with PBS 3 times for
5 min, incubated with Alexa Fluor-labeled secondary antibodies
(Invitrogen, Eugene, Oregon) at room temperature for 1 h, rinsed
with PBS 5 min for 3 times and then mounted in DAPI-containing
aqueous mounting media (Vector Laboratories Inc., Burlingame,
CA). Images were taken using a Zeiss LSM880 confocal microscopy
(Carl Zeiss AG, Oberkochen, Germany).

EC-leukocyte adhesion assay

THP-1 cells comprise a human acute monocytic leukemia cell
line and were used in this study as a model of peripheral blood
monocytes. The adhesion assay was performed as previously
described with minor modification (Fan et al., 2008). THP-1 cells
were labeled with CellTracker™ Orange CMTMR Dye (#C2927,
Thermo Fisher Scientific), which was diluted in RPMI 1640 culture
medium at a final concentration of 10 μM, for 20 min at 37°C and
then THP-1 cells (1.5*105/mL) were co-cultured with control or
TNFα-stimulated (5 ng/mL, 20 h) HUVECs in a 24-well plate for
30 min at 37°C. Unbound THP-1 cells were removed by gently
rinsing with warm culture medium for three times. Fresh medium
was added, and images were acquired with an EVOS cell imaging
system (Life Technologies). Four to six images at ×10 magnification
were acquired per well and adhered THP-1 cells were manually
counted. The experiments were performed in triplicates each time
and independently repeated for 3 times.

Binding assay of GpL-TNFα fusion protein to
receptors in HUVECs

The binding assay was performed as previously described with
minor modifications (Lang et al., 2016). The recombinant GpL-
TNFα and FLAG-TNFα were cloned and produced as previously
described (Lang et al., 2016). Control and NRP1 knockdown
HUVECs were counted and plated in a 24-well plate (5*104/well),
and the binding assay was performed 2 h later to minimize the
interference of potentially different cell proliferation between two
groups. To determine the non-specific binding, half of the wells
were pre-incubated with an excess of conventional FLAG-TNFα

(5 μg/mL) for 1 h at 37°C, then all the wells were incubated with the
indicated concentrations of GpL-TNFα for 30 min at 37°C.
Unbound GpL-TNFα was removed by 3 rapid washes in ice-cold
PBS and 3 rapid washes in room-temperature PBS, and cells were
scratched with a mini cell scraper in 100 μL PBS. The GpL activity
was measured in a 96-well plate using a Spectramax i3x system
(Molecular Devices, Sunnyvale, CA) with one injector loaded with
Gaussia luciferase substrates (Gaussia luciferase kit, New England
Biolabs, Ipswich, MA).

Binding assay of NRP1-Fc-GpL and GpL-
TNC-TNFα fusion proteins to plastic
immobilized TNFR2-Fc

TNFR2-Fc was used for determining total binding and
TRAILR1-Fc was for the determination of unspecific binding.
They were solved in coating buffer (2 μg/mL) and immobilized at
4°C overnight on black 96-well plastic plates. After 3 washes with
PBST, wells were blocked with 10% FCS in PBS for 1 h at room
temperature. After additional three washes with PBST, the wells
were incubated pairwise for 2 h at 37 with the indicated
concentrations of GpL-TNC-TNF and NRP1-Fc-GpL. After
removal of unbound molecules by 10 washes with ice-cold PBS,
wells were filled with 50 µL/well 0.5% FCS in RPMI 1640 medium.
GpL activities were determined after adding 25 µL/well GpL
substrate (1.5 μM coelenterazine in PBS) and measured with
LUmo luminometer (anthos Mikrosysteme GmbH, Frieoythe,
Germany). Specific binding-values were calculated by subtracting
the unspecific binding-values derived of the TRAILR1-Fc coated
wells from the total binding-values derived of the corresponding
TNFR2-Fc coated wells. Specific binding-values of GpL-TNC-TNF
were fitted to a one-side specific binding plot by non-linear
regression in GaphPad Prism 5 Software (San Diego, CA,
United States) to derive maximal binding (Bmax). To average the
results of independent experiments specific binding-values of each
experiment were normalized against the Bmax-value derived of the
corresponding GpL-TNC-TNF specific binding curve. Specific
binding-values in % of Bmax from the independent blots were
then averaged and analyzed again by non-linear regression to
determine the KD-value from the averaged data.

Binding assay of NRP1-Fc-GpL and GpL-
TNC-TNFα fusion proteins to cells
expressing GPI-anchored TNFRs

HEK293 cells were transiently transfected with expression
plasmids encoding the GPI-anchored ectodomains of TNFR1 and
TNFR2 or with empty vector (EV) using polyethylenimine (PEI).
The expression vectors encoding fusion proteins of the TNFR1 and
TNFR2 ectodomain with a GPI-anchoring tag are a kind gift of Prof.
Pascal Schneider (University of Epalinges, Switzerland) and are
described elsewhere in details (Bossen et al., 2006). After 2 days,
receptor transfectants and empty vector transfected cells were
harvested and aliquoted (100 µL with 5 × 105 cell) in RPMI
medium, 10% FCS. Receptor- and EV-transfected cells were then
incubated pairwise for 2 h at 37 celsius with the indicated
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concentrations of GpL-TNC-TNF and NRP1-Fc-GpL. After
removal of unbound molecules by 3 washes with 1 mL ice-cold
PBS, cells were resuspended in 50 µL 0.5% FCS in RPMI medium
and transferred to black 96-well plates to measure GpL activity as
described above. Specific binding-values were obtained by
subtracting the unspecific binding-values derived of the EV
transfected cells from the total binding-values derived of the
TNFR1-and TNFR2-GPI expressing transfectants. Specific
binding of GpL-TNC-TNF were again fitted to a one-side specific
binding plot by non-linear regression (GaphPad Prism 5 Software).
The resulting Bmax-value was again used to normalize the specific
binding-values. Finally, the normalized specific binding-values of
each experiment were averaged and reanalyzed by non-linear
regression to determine the KD-value from the averaged data.

To analyze the effect of soluble TNF on the interaction of NRP1-
Fc-GpL and GpL-TNC-TNFα with TNFR1-GPI and TNFR2-GPI,
aliquots with the corresponding receptor transfectants were
incubated with 100 ng/mL of GpL-TNC-TNF and NRP1-Fc-GpL
in the absence and presence of 200 ng/mL TNF. After removal of
unbound molecules (3 washes, 1 mL ice-cold PBS) cells were
resuspended in 50 µL 0.5 FCS in RPMI medium and transferred
to black 96-well plates to measure GpL activity.

Molecular docking

The docking analysis was performed as previously described
(Coban et al., 2021). The proteins sequences were used to generate
a complete structural model, and were constructed based on multiple
alignments, in which each domain was modeled as a separate unit,
which were then assembled into a final composite hybrid model. The
model was generated from consensus between the programs PHYRE
(Kelley et al., 2015), PRIME (Prime v3.0, Schrodinger, LLC, New
York, NY) (Jacobson et al., 2002; Jacobson et al., 2004), and YASARA
SSP/Homology/PSSM Method (Hooft et al., 1996a; Hooft et al.,
1996b; King and Sternberg, 1996; Qiu and Elber, 2006). The
variable loops and gaps were filled using homology and
knowledge-based potentials with YASARA. Each missing loop was
modeled using the Loop Search module in Sybyl 8.0 or with YASARA
loop modeler (Hooft et al., 1996a; Hooft et al., 1996b; King and
Sternberg, 1996; Muckstein et al., 2002; Canutescu et al., 2003; Qiu
and Elber, 2006; Krieger et al., 2009). The selection of final loops was
based on highest homology, as well as lowest root mean square
deviations (RMSDs). The side chains and rotamers were adjusted
with empirical potentials, simulated annealing with explicit solvent,
and small equilibration simulations using YASARA’s refinement
protocol. These were verified by WHAT-IF and PROCHECK
(Hodsdon et al., 1996). Refinement of the hybrid model was
carried out using a limited molecular dynamics-based refinement
in YASARA consisting of the Secondary Structure Prediction (SSP)
for YASARA parameterization, pKa assignment, solvation and
simulated annealing and pre-equilibration setup, and energy
minimizations. Both homology and fold recognition were
considered, and a final refinement with the entire model was
completed using YASARA for 250 ps of MD embedded in an
empirical force field. The model was then subjected to energy
optimization with Polak-Ribiere conjugate gradient (PRCG) with
an R-dependent dielectric for finalization. Subsequent relaxation

MD simulations of long length (10–100X longer) were completed
to get complexes with optimal fit and inter-/intra-molecular
arrangement for interrogation of protein-protein and protein
draggability assessments.

Statistics

All analysis were performed with GraphPad Prism 5 (GraphPad
Software Inc., La Jolla, CA, United States). Experiments were routinely
repeated at least three times, and the number was increased according
to effect size or sample variation. Values were expressed asmean ± SD.
Statistical differences were determined to be significant at p < 0.05. For
comparison between two groups, an unpaired two-tailed Student’s
t-test was performed. For comparison among three or more groups,
one-way ANOVA followed by Tukey test was used.

Results

Knockdown of NRP1 attenuates TNFα-
induced inflammatory responses in
endothelial cells

To examine the effect of NRP1 on TNFα-induced endothelial
cell inflammatory responses, HUVECs were infected with lentivirus
expressing control shRNA (Lenti-Csh) or NRP1 shRNA (Lenti-
Nsh), selected with puromycin, and then stimulated with TNFα. As
shown in Figure 1A, B, knockdown of NRP1 attenuated TNFα-
induced expression of the adhesion molecules ICAM-1 and VCAM-
1, both at the mRNA and protein levels.

As adhesion molecules mediate the rolling and association of
leukocytes onto endothelial cells, leukocyte adhesion assays were
performed to examine whether knockdown of NRP1 inhibits the
adhesion of leukocyte THP-1 cells to ECs upon TNFα stimulation.
Cell-tracker labeled THP-1 cells were co-cultured with control and
NRP1 knockdown HUVECs, which were stimulated with control or
TNFα for 20 h, respectively. As shown in Figure 1C, D, THP-1
observed adhesion was minimal in both control shRNA and
NRP1 shRNA groups under basal conditions. Upon TNFα
stimulation, significantly increased THP-1 adhesion was observed.
NRP1 knockdown resulted in significantly decreased leukocyte
adhesion (90.8 ± 9.1 cells/field in the control shRNA group versus
57.0 ± 8.6 cells/field in the NRP1 knockdown group, p < 0.05).
HUVECswere also infected with lentivirus expressing an independent
NRP1 shRNA to confirm that knockdown of NRP1 in HUVECs
reduced the leukocyte adhesion upon TNFα stimulation (114.5 ±
14.5 cells/field in the control group versus 55.7 ± 11.0 cells/field in the
NRP1 knockdown group, p < 0.05, Supplementary Figure S1). These
results suggested that NRP1 is directly involved in the regulation of
TNFα-induced inflammatory responses in endothelial cells.

Knockdown of NRP1 decreases TNFα-
stimulated phosphorylation of p38 MAPK

To understand the molecular mechanisms of the enhancing
effect of NRP1 on TNF signaling in endothelial cells, we
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examined the activation of TNFα-stimulated signaling
pathways. As shown in Figure 2A, B; Supplementary Figure
S2, TNFα induced the degradation of IκBα and phosphorylation
of p38 MAPK, JNK, ERK1/2 and AKT in endothelial cells.
Compared with the control group, TNFα-induced
phosphorylation of p38 MAPK 10–30 min post stimulation
was reduced while the other signaling pathways remained
unaffected. This analysis suggests that knockdown of
NRP1 selectively suppressed TNF-induced activation of
p38 MAPK in endothelial cells. To examine the relevance of
p38 MAPK for the reduced inflammatory response of
NRP1 knockdown cells, the inhibitor SB203580 was
administered prior to TNFα stimulation. SB203580 further
reduced the mRNA expression of VCAM1, E-selectin, but not
ICAM-1 in NRP1 knockdown cells (Supplementary Figure S3),
suggesting that activation of MAPK p38 is partially involved in
the regulation of adhesion molecules in NRP1 knockdown
endothelial cells.

NRP1 and TNFR1 are in the same protein
complex in endothelial cells

TNFα binds to its two cognate membrane receptors TNFR1 and
TNFR2 to activate downstream signaling pathways. Given that
NRP1 is predominantly localized in the cell membrane and acts
as a co-receptor for many receptors, we explored the possibility of a
direct or indirect interaction between NRP1 and the two TNFRs. As
shown in Figure 3A, The NRP1-TNFR1 and NRP1-TNFR2
associations were confirmed by immunoprecipitation experiments
with polyclonal anti-TNFR1 and anti-TNFR2 antibodies,
respectively. NRP1 coimmunoprecipitated with TNFR1 as well as
TNFR2 both in HUVEC with endogenous NRP1 expression and
HUVECs cells stably expressing increased levels of NRP1. The
association of NRP1 with TNFR1 and TNFR2 was largely
independent from TNF (Figure 3A; Supplementary Figure S4).

Notably, Western blotting and cellular binding studies with
HUVEC cells and GpL-TNFα(24), a TNF fusion protein with

FIGURE 1
Knockdown of NRP1 attenuated TNFα-induced expression of adhesion molecules in endothelial cells. (A, B) Control and NRP1 knockdown Human
Umbilical Vein Endothelial Cells (HUVECs) were stimulated with recombinant human TNFα (5 ng/mL) for 20 h and then subjected to qPCR (A) and
Western blotting (B). N = 3-5 per group in Fig.1A and the results in Fig.1B are represented from three independent experiments. (C,D) Control and
NRP1 knockdown HUVECs at 80% confluency were stimulated with recombinant human TNFα (5 ng/mL) for 20 h, then co-cultured with CMTMR-
labeled THP-1 cells for 30 min. Unbounded THP-1 cells were removed by gently rinsing with warm culturemedium. Images were acquired using an EVOS
cell imaging system (C). Representative images are from four to six images per group. The adhered THP-1 cells were manually counted and analyzed (D).
The experiments were performed in triplicates and independently repeated for 3 times. Scale bar, 400 μm *, p < 0.05, **, p < 0.01, in unpaired T-test.
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Gaussia princeps luciferase as an easily quantifiable reporter domain,
showed that neither overexpression nor knockdown of
NRP1 affected the cell surface accessible levels of the two TNFRs
nor their affinity for TNFα (Figure 3B–D). Thus, NRP1 is not
functioning as a primary receptor for TNFα.

Endocytosis and intracellular trafficking play critical roles in the
degradation, recycling, and signal transduction of TNFRs
(Schneider-Brachert et al., 2004; Choi et al., 2014).
Immunofluorescent staining was performed to examine the co-
localization of NRP1, TNFR1 and early endosome antigen 1
(EEA1), a marker of early endosome, which serve as sorting
stations for the degradation and recycling of internalized
membrane receptors. The co-localization of NRP1 with
TNFR1 was predominantly in cytoplasm of HUVECs
(Figure 3E). In contrast, there was no prominent co-localization
of NRP1 and TNFR2 (Supplementary Figure S4C). Importantly,
upon TNFα stimulation for 15 min, more NRP1 and TNFR1 co-
localized with EEA1, suggesting that NRP1 is involved in the
intracellular trafficking of TNFR1. To further define the role of
intracellular trafficking for the reduced expression of adhesion
molecules in NRP1 knockdown cells, control and
NRP1 knockdown HUVECs were pre-treated with dynasore, an
inhibitor of internalization of membrane receptors. Interestingly,
in the presence of dynasore, the mRNA expression of ICAM-1, but
not VCAM-1 or E-selectin, was reversed in NRP1 knockdown
HUVECs (Supplementary Figure S5), suggesting that the anti-

inflammatory effect of NRP1 knockdown partially relies on
endocytosis.

NRP1 does not affect TNF-TNFR interaction
or directly bind to TNFα/TNFRs

To further examine the molecular details of the crosstalk
between NRP1 and TNFR, the potential for NRP1 to couple
as a co-receptor to the TNF/TNFR complexes was assessed using
a computational protein docking model. Based on the crystal
structures, a potential binding area was assigned for docking of
NRP1 in the presence of TNFR1. The greatest scored docking
pose showed three domains that could mediate contacts between
NRP1 and TNFR1 (Figure 4A). To examine a possible direct
interaction between NRP1 and the TNFRs, we evaluated the
binding of an NRP1-Fc-GpL fusion protein to microplate wells
coated with TNFα and TNFR2-Fc. We did not observe an
increased binding of NRP1-Fc-GpL to TNFα and TNFR2-Fc
while an efficient binding between TNFα and TNFR2 was
observed (Figure 4B; Supplementary Figure S6A). We also
performed cellular binding studies with cells transiently
expressing constructs encoding GPI-anchored variants of
TNFR1 and TNFR2. While the GpL-TNF fusion protein
showed again strong dose dependent binding, there was no
evidence for binding of NRP1-Fc-GpL (Figure 4C). We also

FIGURE 2
Knockdown of NRP1 reduced TNFα-stimulated phosphorylation of p38 MAPK in endothelial cells. (A, B) HUVECs were infected with lentivirus
expressing control shRNA or NRP1 shRNA, selected with puromycin for 48 h, and then stimulated with TNFα (5 ng/mL) for the indicated times, protein
lysates were collected and subjected toWestern blotting. Results are representative of 3 independent experiments. Densitometry of the immunoblots of
p38 MAPK was performed using ImageJ software (B). *, p < 0.05, ##, p < 0.01, ###, p < 0.001 in One-way ANOVA test.
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FIGURE 3
NRP1 and TNFRs are in the same protein complexes. (A) HUVECs were infected with retrovirus expressing NRP1 or LacZ as a control, and then
stimulated with TNFα (5 ng/mL, 15 min). Cell lysates were immunoprecipated with anti-TNFR1 or TNFR2 antibodies and immunoprecipates were
analyzed for the presence of the TNFRs and NRP1 by Western blotting (left panels). Cell lysates were immunoblotted as load control (right panel). (B)
HUVECs were infected lentivirus expressing control-shRNA and NRP1-shRNA, respectively, selected with puromycin for 48 h, stimulated with TNFα
and then subjected to Western blotting. (C, D)HUVECs (5*104/well) were plated into a 24-well plate. Half of the wells were pre-incubated with an excess
of “non-GpL” TNFα (2 μg/mL) to determine the non-specific binding of Gaussia. princeps luciferase TNFα (GpL-TNFα). Then all the wells were incubated
with GpL-TNFα at different concentrations for 30 min at 37°C. The non-specific binding values of the “non-GpL” TNFα groups were subtracted from the
corresponding total binding values. The data were analyzed by a non-linear regression to a single site using the GraphPad Prism 5 software. The
experiments were performed in duplicates and independently repeated for 3 times. (E)HUVECswere stimulated with TNFα (5 ng/mL) for 15 min and then
subjected to immunofluorescent staining with the indicated antibodies. Nuclei were counterstained with DAPI. Co-localization of NRP1 and TNFR1 in
both plasmal membrane (arrow) and cytoplasm were observed. Scale bar, 10 μm.
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analyzed binding between TNFR1-and TNFR2-GPI and NRP1-
Fc-GpL in the presence of TNF. Again, there was no
evidence for a direct TNFR-NRP1 interaction (Figure 4D).
Furthermore, to validate the binding of TNFα to cell surface
NRP1 which is in an oligomeric state (Chen et al., 1998;
Nakamura et al., 1998; Takahashi et al., 1998; Wajant et al.,
2003; Kalliolias and Ivashkiv, 2016), HEK293 cells were
transfected with plasmids to overexpress TNFR1,
TNFR2 and NRP1, respectively, and then co-cultured with
GpL-TNFα. While TNFR1-and TNFR-2 overexpressed
HEK293 cells exhibited extensive increase of luciferase

activity, indicatives of binding of GpL-TNFα,
NRP1 overexpressed cells showed limited increase of
luciferase activity (Supplementary Figure S6B).

TNFα decreases NRP1 expression in
endothelial cells through TNFR1-NFκB
dependent mechanism

Previous studies described potential regulation of TNFα on
NRP1, however, higher dose of TNFα at 20 ng/mL or longer time

FIGURE 4
NRP1 does not directly bind to TNFα/TNFRs. (A)Molecular docking model of NRP1, TNFα and TNFR1. (B) Specific binding of GpL-TNC-TNF (TNFα-
GpL) and NRP1-Fc-GpL (NRP1-GpL) to plastic immobilized TNFR2-Fc. Data shown have been averaged from four independent experiments, in which
specific binding values have been normalized against the calculated Bmax of TNFα-GpL binding. (C) Specific binding of TNFα-GpL and NRP1-GpL to
HEK293 cells transiently expressing the GPI-anchored ectodomains of TNFR1 (left panel) and TNFR2 (right panel). Data shown have been averaged
from five independent experiments, in which specific binding values have been normalized against the calculated Bmax of TNFα-GpL binding. (D)
HEK293 cells transiently expressing the GPI-anchored ectodomains of TNFR1 and TNFR2were incubated with 100 ng/mL of TNFα-GpL andNRP1-GpL in
the absence and presence of 200 ng/mL TNF. Total binding values after 2 h at 37°C are shown and were derived from three independent experiments.
The TNFα-GpL and NRP1-GpL total binding-values plus minus TNF were analyzed in each case by two-tailed T-test. ***, p < 0.001; n. s., not significant, in
unpaired T-test.
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point of 24 h were used (Giraudo et al., 1998; Yang et al., 2004). To
examine the effect of TNFα on NRP1 expression, HUVECs were
stimulated with TNFα (5 ng/mL) and the mRNA and protein levels
of NRP1 were analyzed at different time points. As shown in
Figure 5A, B and Supplementary Figure S7, both NRP1 mRNA
and protein levels were decreased after a 4 h treatment with TNFα,
continued to decline at 8 h, began increasing at 12 h, and had nearly
returned to baseline levels after 24 h (Figure 5A&B). Adenovirus-
mediated overexpression of a truncated form of NFκB p65, which
lacked the transactivation domain and significantly blocked TNFα-
induced NFκB transactivation activity in an NFκB reporter assay
(Supplementary Figure S8), rescued NRP1 from TNFα-induced
downregulation (Figure 5C, D). Furthermore, neutralizing
antibodies against TNFR1 efficiently inhibited TNFα-induced
suppression of NRP1 while blocking TNFR2 exhibited a little
effect (Figure 5E). The combination of TNFR1 and
TNFR2 neutralizing antibodies did not further potentiate the
effect of TNFR1 neutralizing antibody, suggesting that
predominantly TNFR1 mediates the effect of TNFα on
NRP1 expression. Taken together, these results suggest that
TNFα downregulates NRP1 expression in a TNFR1-NFκB
dependent manner.

Discussion

In this study we studied the role of NRP1, a co-receptor of
several structurally diverse ligands, in TNFα-induced inflammatory

responses in endothelial cells. A crucial role of NRP1 in the TNFα-
induced endothelial inflammatory responses was evident from
decreased leukocyte adhesion and reduced expression of adhesion
molecules, including ICAM-1 and VCAM-1, upon
NRP1 knockdown in endothelial cells (Figure 1). Notably, TNFα
induced two species of ICAM-1 molecules with two different
molecular weights, which likely reflect different glycosylation
forms of ICAM-1 (Scott et al., 2013), and both forms were
reduced by NRP1 knockdown. As the recruitment of leukocytes
to endothelium is an initial stage in inflammatory diseases (Steyers
and Miller, 2014), including atherosclerosis (Gimbrone and Garcia-
Cardena, 2016), our results suggest that NRP1 could potentially be
modulated to maintain vascular health. In line with the previous
studies of NRP1 in cultured dendritic cells and a mouse chronic
bladder inflammation model (Grage-Griebenow et al., 2007; Saban
et al., 2010), the role of NRP1 in the regulation of inflammation is
also consistent with our previous study demonstrating knockdown
of NRP1 in endothelial cells reduced inflammation in a murine
experimental allergic encephalomyelitis model (Wang et al., 2016).
Meanwhile, NRP1 was recently shown to have an immune
suppressive role in CD4+ T cells and regulatory T cells in
immune diseases and tumor immunity (Solomon et al., 2011;
Kumanogoh and Kikutani, 2013; Overacre-Delgoffe et al., 2017).
Interestingly, a recent study demonstrated that reducing endothelial
NRP1 increases inflammatory cytokine expression and leukocyte
rolling through a mechanism involving shear stress-mediated
interaction with vascular endothelial-cadherin (VE-cadherin) and
transforming growth factor-β receptor II (Bosseboeuf et al., 2023),

FIGURE 5
TNFα downregulates NRP1 in a TNFR1-NFκB dependent mechanism. (A, B) HUVECs were stimulated with TNFα (5 ng/mL) at the indicated time
points and then subjected to Western blotting (A) and qRT-PCR. (C, D) HUVECs were infected with adenovirus mutant p65 or adenovirus GFP as control
and then treated with TNFα for 8 h. Expression of NRP-1, p65, and β-actin were analyzed with Western blotting (C) and qRT-PCR (D). (E) HUVECs were
pretreated with TNFR1 neutralizing antibody, TNFR2 neutralizing antibody or Isotype control for 1 h and then stimulated with TNFα for 8 h. Total
protein was harvested and subjected toWestern blotting. *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS, not significant, in one-way ANOVA followed by Tukey
test (B) or T-test (D).
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suggesting the complex roles of NRP1 in different contexts. Our
results provide insights into elucidation of the distinct role of
NRP1 in various cell types in the pathogenesis of inflammatory
diseases. Notably, endocytosis inhibitor Dynasore was shown to
reverse the mRNA levels of ICAM-1 whereas an inhibitor of
p38 MAPK further reduced the expression of VCAM-1 and
E-selectin in NRP1 knockdown cells (Supplementary Figures S3,
S5), supporting the idea that multiple mechanisms including
endocytosis and p38 MAPK are involved in the reduced
inflammatory response of NRP1 knockdown cells.

Modulation of NRP1 expression did not significantly alter the levels
of TNFRs or the binding affinities of TNFRs to TNFRs in these cells
(Figure 3), consequently, knockdown of NRP1 did not lead to a
universal inhibition on the signaling pathways induced by TNFα
(Figure 2). Instead, a specific reduction of p38
MAPK phosphorylation was observed in the NRP1 knockdown
HUVECs (Figure 2). NRP1-mediated activation of p38 MAPK was
shown previously to determine the divergent response of endothelial
cells to different VEGF isoforms, including VEGF165 and VEGF121,
both of which stimulate the similar levels of VEGFR2 phosphorylation
(Kawamura et al., 2008). However, the mechanism through which
NRP1 mediates the phosphorylation of MAPK p38 requires future
study. In this study, we examined the activation of these signaling
pathways within 30 min after TNFα stimulation. While activation of
MAPKs typically returns to baseline within 1 h, oscillation of NFκB
activation persists hours after TNFα stimulation (Nelson et al., 2004).
Knockdown of NRP1 did not significantly alter the IκBα levels at
30 min (Figure 2) or NFκB reporter luciferase activity 24 h after TNFα
stimulation (data not shown). However, given the long-term effect of
TNFα on several other pathways, regulating, e.g., epigenetic remodeling,
cholesterol synthesis, etc., (Mechtcheriakova et al., 2001; Orr et al., 2005;
Fowler et al., 2022), our current data does not exclude the possibilities
that NRP1 may affect such pathways in ECs.

The immunoprecipitation data (Figure 3) support that
NRP1 and TNFRs are in the same protein complex in
HUVECs. Immunoprecipitation data (Figure 3) show that
NRP1 and TNFRs are part of a protein complex in HUVECs.
TNFR2 displayed a stronger signal in immunoprecipitation but
was less prominent in the co-localization assay (Supplementary
Figure S4C), likely due to different antibody clones used.
Approaches such as quantitative proteomic analysis of
NRP1 immunoprecipitates could be used to compare the levels
of TNFR1 and TNFR2 in the future studies. Importantly, cellular
binding assays do not support a direct interaction of the
ectodomains of NRP1 and TNFRs (Figure 4). These data do not
exclude the possibility that a third protein/factor is involved and
mediates the interaction between NRP1 and TNFRs. It is also
possible that the NRP1-TNFR1 interaction requires the
transmembrane and/or intracellular domains. Although
NRP1 has a short membrane-spanning domain with 23 amino
acids and a small cytoplasmic domain with 44 amino acids, its
C-terminal SEA motif interacts with the PDZ protein synectin/
GIPC1 to mediate protein trafficking (Cai and Reed, 1999). A
recent study reveals a new beta hairpin structure in the
NRP1 cytosolic tail, which interacts with endosomal SNX-BAR
sorting complex promoting exit 1 to facilitate the endosomal
trafficking of the SARS-CoV-2 spike protein (Simonetti et al.,
2022). Given the co-localization of TNFRs and NRP1 in

endothelial cells, our results do not exclude the possibility that
NRP1 and TNFRs are part of the same plasma membrane
compartment such as lipid rafts and intracellular organelles
including endosomes, which were not disrupted efficiently by
the immunoprecipitation buffer. Although a binding interface
between NRP1 and TNFα/TNFRs was predicated in the protein
docking model, the binding assays in cell-free microplates and
cultured cells did not support the direct binding of NRP1 to TNFα/
TNFRs (Figure 4). Taken together, the current study does not
support that NRP1 act as co-receptor of TNFα.

Given the known role of NRP1 in intracellular trafficking and
the observed co-localization of NRP1 and TNFRs in both plasmal
membrane and cytoplasm, it is likely that NRP1 is involved in the
endocytosis and endosomal sorting of TNFRs, a process necessary
for modulating the magnitude of TNFα signaling (Choi et al., 2014)
and subsequently regulating the expression of adhesion molecules.
Indeed, the co-localization of TNFR1 and NRP1 in endosome was
observed following TNFα stimulation (Figure 3). A limitation of this
study is examining NRP1 and TNFR co-localization only in
subconfluent HUVECs. Confluent and subconfluent ECs exhibit
significant differences in plasma membrane structure and functions
(Corvera et al., 2000), which could potentially alter the co-
localization of TNFRs and NRP1. Indeed, a recent study reported
that NRP1 forms a complex with VE-cadherin to stabilize adherens
junction in ECs (Bosseboeuf et al., 2023). Future studies should
investigate how NRP1 coordinates interactions with various cell
membrane proteins in different contexts, such as under shear stress.
Importantly, the endocytosis inhibitor dynasore reversed the
expression of ICAM-1, but not VCAM-1 or E-selectin, in
NRP1 knockdown cells (Supplementary Figure S5), indicating the
involvement of both endocytosis-dependent and -independent
mechanisms in the downregulation of adhesion molecules in
NRP1 knockdown cells. Interestingly, retrovirus-mediated
overexpression of NRP1 did not show any pro-inflammatory
effect or significantly affected TNFα-induced phosphorylation of
MAPK p38 (Supplementary Figure S9). It is likely that endogenous
NRP1 levels are sufficient to saturate the NRP1-TNFR crosstalk, and
additional NRP1 does not enhance this effect. Future studies could
investigate the impact of NRP1 overexpression and knockdown
under conditions with varying levels of TNFRs. Our results
demonstrated that TNFα downregulated the expression
NRP1 through a TNFR1-NFκB dependent mechanism in
endothelial cells (Figure 5). Previous studies have reported the
controversial regulation of long-term stimulation TNFα on
NRP1, which is accompanied with the different angiogenetic
actions of TNFα (Sainson et al., 2008). It is likely that TNFα
dynamically controls the expression of NRP1 to induce
pleiotropic signaling pathways in inflammatory response
initiation and resolution, and angiogenesis. The doses of TNFα
could also potentially affect the crosstalk between NRP1 and TNFRs.
Considering that higher doses of TNFα, such as 20 ng/mL, have
consistently been shown to induce cytotoxicity in HUVECs (Zhou
et al., 2017; Wang et al., 2020), we opted not to investigate the
difference between control and NRP1 knockdown cells under TNFα
stimulation doses, which is a limitation of the current study. The
mutant form of NFκB p65 reversed the levels of NRP1, suggesting
that the activation of NFκB p65 represses NRP1 expression. The
repressive effect of NFκB p65 is likely mediated by its methylation at
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lysine 310 (Levy et al., 2011), miRNAs (Lee et al., 2014; Lukiw, 2022)
and interactions with other transcriptional factors such as FOXO
(Belguise and Sonenshein, 2007; Liu et al., 2008; Hwang et al., 2010)
etc., which still need further investigation. In this study, the
TNFR1 neutralizing antibody more effectively reversed TNFα-
induced NRP1 reduction compared to the TNFR2 antibody. The
combination of both antibodies showed no additive effect, suggesting
the redundant role of TNFR2 in this context. As a downstream target
of both TNFRs, NFκB can be activated by redundant signaling
molecules (Wajant and Scheurich, 2011). Additionally, soluble
TNFα binds both TNFRs but strongly activates only TNFR1,
which may explain the predominant effect of TNFR1 on
NRP1 downregulation (Wajant and Siegmund, 2019).

In conclusion, our results suggest that NRP1 is required for
TNFα-induced p38 activation and thus the TNFα-stimulated
inflammatory response in endothelial cells. TNFα further
downregulates the expression of NRP1 through the classical
NFκB pathway constituting a potential negative feedback loop to
limit p38 signaling. Our results will help to understand the
molecular basis of TNFα-mediated induction of adhesion
molecules in endothelial cells and provide insights to prevent and
treat cardiovascular diseases caused by endothelial cell dysfunction.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

Conceptualization: DM, YW, HW, CK. Validation: YW, EW,
MA, SF, SD, LH, SK, TC, YHH; Resources: BJ, SM, CV, HW;
Writing-Original Draft: YW; Writing-Review and Editing: LHH,
SM, C.W.V., HW, DM; Funding Acquisition: DM, YW, BJ, HW;
Supervision: YW, DM. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported by National Institutes of Health
[HL140411 (DM), HL148339 (YW), DK117910 (BJ and YW),
HL098967 and DK135407 (SM)], Florida Department of Health
Cancer Research Chair’s Fund Florida [grant number#3J-02 to DM],
American Heart Association (19CDA34700013) and Mayo Clinic
Center for Clinical and Translational Science (CCaTS) (Ted and
Loretta Rogers Cardiovascular Career Development Award
Honoring Hugh C. Smith) and Mayo Clinic CV Prospective
Award to YW This work was also supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)–
projects WA 1025/31-1 and 324392634-TRR 221 (project
B02) to HW.

Acknowledgments

We thank Dr. Laura Lewis-Tuffin at the Mayo Clinic
Jacksonville Histopathology Facility for providing the technical
support of confocal microscopy.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1210944/
full#supplementary-material

References

Belguise, K., and Sonenshein, G. E. (2007). PKCtheta promotes c-Rel-driven
mammary tumorigenesis in mice and humans by repressing estrogen receptor alpha
synthesis. J. Clin. Invest. 117 (12), 4009–4021. doi:10.1172/JCI32424

Bosseboeuf, E., Chikh, A., Chaker, A. B., Mitchell, T. P., Vignaraja, D.,
Rajendrakumar, R., et al. (2023). Neuropilin-1 interacts with VE-cadherin and
TGFBR2 to stabilize adherens junctions and prevent activation of endothelium
under flow. Sci. Signal 16 (786), eabo4863. doi:10.1126/scisignal.abo4863

Bossen, C., Ingold, K., Tardivel, A., Bodmer, J. L., Gaide, O., Hertig, S., et al. (2006).
Interactions of tumor necrosis factor (TNF) and TNF receptor family members in the
mouse and human. J. Biol. Chem. 281 (20), 13964–13971. doi:10.1074/jbc.M601553200

Cai, H., and Reed, R. R. (1999). Cloning and characterization of neuropilin-1-
interacting protein: a PSD-95/Dlg/ZO-1 domain-containing protein that interacts

with the cytoplasmic domain of neuropilin-1. J. Neurosci. 19 (15), 6519–6527.
doi:10.1523/JNEUROSCI.19-15-06519.1999

Canutescu, A. A., Shelenkov, A. A., and Dunbrack, R. L. (2003). A graph-theory
algorithm for rapid protein side-chain prediction. Protein Sci. 12 (9), 2001–2014. doi:10.
1110/ps.03154503

Cao, Y., Wang, L., Nandy, D., Zhang, Y., Basu, A., Radisky, D., et al. (2008).
Neuropilin-1 upholds dedifferentiation and propagation phenotypes of renal cell
carcinoma cells by activating Akt and sonic hedgehog axes. Cancer Res. 68 (21),
8667–8672. doi:10.1158/0008-5472.CAN-08-2614

Chen, H., He, Z., Bagri, A., and Tessier-Lavigne, M. (1998). Semaphorin-neuropilin
interactions underlying sympathetic axon responses to class III semaphorins.Neuron 21
(6), 1283–1290. doi:10.1016/s0896-6273(00)80648-0

Frontiers in Cell and Developmental Biology frontiersin.org11

Wang et al. 10.3389/fcell.2024.1210944

https://www.frontiersin.org/articles/10.3389/fcell.2024.1210944/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2024.1210944/full#supplementary-material
https://doi.org/10.1172/JCI32424
https://doi.org/10.1126/scisignal.abo4863
https://doi.org/10.1074/jbc.M601553200
https://doi.org/10.1523/JNEUROSCI.19-15-06519.1999
https://doi.org/10.1110/ps.03154503
https://doi.org/10.1110/ps.03154503
https://doi.org/10.1158/0008-5472.CAN-08-2614
https://doi.org/10.1016/s0896-6273(00)80648-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1210944


Choi, H., Nguyen, H. N., and Lamb, F. S. (2014). Inhibition of endocytosis exacerbates
TNF-α-induced endothelial dysfunction via enhanced JNK and p38 activation. Am.
J. Physiol. Heart Circ. Physiol. 306 (8), H1154–H1163. doi:10.1152/ajpheart.00885.2013

Coban, M. A., Morrison, J., Maharjan, S., Hernandez Medina, D. H., Li, W., Zhang, Y.
S., et al. (2021). Attacking COVID-19 progression using multi-drug therapy for
synergetic target engagement. Biomolecules 11 (6), 787. doi:10.3390/biom11060787

Corvera, S., DiBonaventura, C., and Shpetner, H. S. (2000). Cell confluence-
dependent remodeling of endothelial membranes mediated by cholesterol. J. Biol.
Chem. 275 (40), 31414–31421. doi:10.1074/jbc.M001708200

Fan, Y.,Wang, Y., Tang, Z., Zhang, H., Qin, X., Zhu, Y., et al. (2008). Suppression of pro-
inflammatory adhesion molecules by PPAR-delta in human vascular endothelial cells.
Arterioscler. Thromb. Vasc. Biol. 28 (2), 315–321. doi:10.1161/ATVBAHA.107.149815

Fowler, J. W.M., Zhang, R., Tao, B., Boutagy, N. E., and Sessa,W. C. (2022). Inflammatory
stress signaling via NF-kB alters accessible cholesterol to upregulate SREBP2 transcriptional
activity in endothelial cells. Elife 11, e79529. doi:10.7554/eLife.79529

Gimbrone, M. A., Jr., and Garcia-Cardena, G. (2016). Endothelial cell dysfunction and
the pathobiology of atherosclerosis. Circ. Res. 118 (4), 620–636. doi:10.1161/
CIRCRESAHA.115.306301

Giraudo, E., Primo, L., Audero, E., Gerber, H. P., Koolwijk, P., Soker, S., et al. (1998).
Tumor necrosis factor-alpha regulates expression of vascular endothelial growth factor
receptor-2 and of its co-receptor neuropilin-1 in human vascular endothelial cells.
J. Biol. Chem. 273 (34), 22128–22135. doi:10.1074/jbc.273.34.22128

Grage-Griebenow, E., Loseke, S., Kauth, M., Gehlhar, K., Zawatzky, R., and Bufe, A.
(2007). Anti-BDCA-4 (neuropilin-1) antibody can suppress virus-induced IFN-alpha
production of plasmacytoid dendritic cells. Immunol. Cell Biol. 85 (5), 383–390. doi:10.
1038/sj.icb.7100048

He, Z., and Tessier-Lavigne, M. (1997). Neuropilin is a receptor for the axonal
chemorepellent Semaphorin III. Cell 90 (4), 739–751. doi:10.1016/s0092-8674(00)80534-6

Hodsdon, M. E., Ponder, J. W., and Cistola, D. P. (1996). The NMR solution structure
of intestinal fatty acid-binding protein complexed with palmitate: application of a novel
distance geometry algorithm. J. Mol. Biol. 264 (3), 585–602. doi:10.1006/jmbi.1996.0663

Hooft, R. W., Sander, C., Scharf, M., and Vriend, G. (1996a). The PDBFINDER
database: a summary of PDB, DSSP and HSSP information with added value. Comput.
Appl. Biosci. 12 (6), 525–529. doi:10.1093/bioinformatics/12.6.525

Hooft, R. W., Vriend, G., Sander, C., and Abola, E. E. (1996b). Errors in protein
structures. Nature 381 (6580), 272. doi:10.1038/381272a0

Hwang, I., Choi, Y. S., Jeon, M. Y., and Jeong, S. (2010). NF-κB p65 represses β-
catenin-activated transcription of cyclin D1. Biochem. Biophys. Res. Commun. 403 (1),
79–84. doi:10.1016/j.bbrc.2010.10.118

Jacobson, M. P., Friesner, R. A., Xiang, Z., and Honig, B. (2002). On the role of the
crystal environment in determining protein side-chain conformations. J. Mol. Biol. 320
(3), 597–608. doi:10.1016/s0022-2836(02)00470-9

Jacobson, M. P., Pincus, D. L., Rapp, C. S., Day, T. J., Honig, B., Shaw, D. E., et al.
(2004). A hierarchical approach to all-atom protein loop prediction. Proteins 55 (2),
351–367. doi:10.1002/prot.10613

Jeucken, K. C. M., Koning, J. J., Mebius, R. E., and Tas, S. W. (2019). The role of
endothelial cells and TNF-receptor superfamily members in lymphoid organogenesis
and function during Health and inflammation. Front. Immunol. 10, 2700. doi:10.3389/
fimmu.2019.02700

Jin, Y., Ji, W., Yang, H., Chen, S., Zhang, W., and Duan, G. (2020). Endothelial
activation and dysfunction in COVID-19: from basic mechanisms to potential
therapeutic approaches. Signal Transduct. Target Ther. 5 (1), 293. doi:10.1038/
s41392-020-00454-7

Kalliolias, G. D., and Ivashkiv, L. B. (2016). TNF biology, pathogenic mechanisms and
emerging therapeutic strategies. Nat. Rev. Rheumatol. 12 (1), 49–62. doi:10.1038/
nrrheum.2015.169

Kawamura, H., Li, X., Goishi, K., van Meeteren, L. A., Jakobsson, L., Cebe-Suarez, S.,
et al. (2008). Neuropilin-1 in regulation of VEGF-induced activation of p38MAPK and
endothelial cell organization. Blood 112 (9), 3638–3649. doi:10.1182/blood-2007-12-
125856

Kawasaki, T., Kitsukawa, T., Bekku, Y., Matsuda, Y., Sanbo, M., Yagi, T., et al. (1999).
A requirement for neuropilin-1 in embryonic vessel formation. Development 126 (21),
4895–4902. doi:10.1242/dev.126.21.4895

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., and Sternberg, M. J. (2015). The
Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10 (6),
845–858. doi:10.1038/nprot.2015.053

King, R. D., and Sternberg, M. J. (1996). Identification and application of the concepts
important for accurate and reliable protein secondary structure prediction. Protein Sci. 5
(11), 2298–2310. doi:10.1002/pro.5560051116

Kitsukawa, T., Shimizu, M., Sanbo, M., Hirata, T., Taniguchi, M., Bekku, Y., et al.
(1997). Neuropilin-semaphorin III/D-mediated chemorepulsive signals play a crucial
role in peripheral nerve projection in mice. Neuron 19 (5), 995–1005. doi:10.1016/
s0896-6273(00)80392-x

Kitsukawa, T., Shimono, A., Kawakami, A., Kondoh, H., and Fujisawa, H. (1995).
Overexpression of a membrane protein, neuropilin, in chimeric mice causes anomalies

in the cardiovascular system, nervous system and limbs. Development 121 (12),
4309–4318. doi:10.1242/dev.121.12.4309

Kolodkin, A. L., Levengood, D. V., Rowe, E. G., Tai, Y. T., Giger, R. J., and Ginty, D. D.
(1997). Neuropilin is a semaphorin III receptor. Cell 90 (4), 753–762. doi:10.1016/
s0092-8674(00)80535-8

Krieger, E., Joo, K., Lee, J., Lee, J., Raman, S., Thompson, J., et al. (2009). Improving
physical realism, stereochemistry, and side-chain accuracy in homology modeling: four
approaches that performed well in CASP8. Proteins 77 (9), 114–122. doi:10.1002/prot.
22570

Kumanogoh, A., and Kikutani, H. (2013). Immunological functions of the neuropilins
and plexins as receptors for semaphorins. Nat. Rev. Immunol. 13 (11), 802–814. doi:10.
1038/nri3545

Lang, I., Fullsack, S., Wyzgol, A., Fick, A., Trebing, J., Arana, J. A., et al. (2016).
Binding studies of TNF receptor superfamily (TNFRSF) receptors on intact cells. J. Biol.
Chem. 291 (10), 5022–5037. doi:10.1074/jbc.M115.683946

Lee, K. S., Kim, J., Kwak, S. N., Lee, K. S., Lee, D. K., Ha, K. S., et al. (2014). Functional
role of NF-κB in expression of human endothelial nitric oxide synthase. Biochem.
Biophys. Res. Commun. 448 (1), 101–107. doi:10.1016/j.bbrc.2014.04.079

Levy, D., Kuo, A. J., Chang, Y., Schaefer, U., Kitson, C., Cheung, P., et al. (2011).
Lysine methylation of the NF-κB subunit RelA by SETD6 couples activity of the histone
methyltransferase GLP at chromatin to tonic repression of NF-κB signaling. Nat.
Immunol. 12 (1), 29–36. doi:10.1038/ni.1968

Liao, J. K. (2013). Linking endothelial dysfunction with endothelial cell activation.
J. Clin. Invest. 123 (2), 540–541. doi:10.1172/JCI66843

Liu, G. H., Qu, J., and Shen, X. (2008). NF-kappaB/p65 antagonizes Nrf2-ARE
pathway by depriving CBP from Nrf2 and facilitating recruitment of HDAC3 to MafK.
Biochim. Biophys. Acta 1783 (5), 713–727. doi:10.1016/j.bbamcr.2008.01.002

Lukiw, W. J. (2022). NF-kB (p50/p65)-Mediated Pro-Inflammatory microRNA
(miRNA) Signaling in Alzheimer’s Disease (AD). Front. Mol. Neurosci. 15, 943492.
doi:10.3389/fnmol.2022.943492

Mechtcheriakova, D., Schabbauer, G., Lucerna, M., Clauss, M., De Martin, R., Binder,
B. R., et al. (2001). Specificity, diversity, and convergence in VEGF and TNF-alpha
signaling events leading to tissue factor up-regulation via EGR-1 in endothelial cells.
FASEB J. 15 (1), 230–242. doi:10.1096/fj.00-0247com

Muckstein, U., Hofacker, I. L., and Stadler, P. F. (2002). Stochastic pairwise
alignments. Bioinformatics 18 (2), S153–S160. doi:10.1093/bioinformatics/18.suppl_
2.s153

Nakamura, F., Tanaka, M., Takahashi, T., Kalb, R. G., and Strittmatter, S. M. (1998).
Neuropilin-1 extracellular domains mediate semaphorin D/III-induced growth cone
collapse. Neuron 21 (5), 1093–1100. doi:10.1016/s0896-6273(00)80626-1

Nelson, D. E., Ihekwaba, A. E., Elliott, M., Johnson, J. R., Gibney, C. A., Foreman, B.
E., et al. (2004). Oscillations in NF-kappaB signaling control the dynamics of gene
expression. Science 306 (5696), 704–708. doi:10.1126/science.1099962

Orr, A. W., Sanders, J. M., Bevard, M., Coleman, E., Sarembock, I. J., and Schwartz, M.
A. (2005). The subendothelial extracellular matrix modulates NF-kappaB activation by
flow: a potential role in atherosclerosis. J. Cell Biol. 169 (1), 191–202. doi:10.1083/jcb.
200410073

Overacre-Delgoffe, A. E., Chikina, M., Dadey, R. E., Yano, H., Brunazzi, E. A., Shayan,
G., et al. (2017). Interferon-gamma drives treg fragility to promote anti-tumor
immunity. Cell 169 (6), 1130–1141. doi:10.1016/j.cell.2017.05.005

Pober, J. S. (2002). Endothelial activation: intracellular signaling pathways. Arthritis
Res. 4 (3), S109–S116. doi:10.1186/ar576

Pober, J. S., and Sessa, W. C. (2007). Evolving functions of endothelial cells in
inflammation. Nat. Rev. Immunol. 7 (10), 803–815. doi:10.1038/nri2171

Qiu, J., and Elber, R. (2006). SSALN: an alignment algorithm using structure-
dependent substitution matrices and gap penalties learned from structurally aligned
protein pairs. Proteins 62 (4), 881–891. doi:10.1002/prot.20854

Rolski, F., and Blyszczuk, P. (2020). Complexity of TNF-α signaling in heart disease.
J. Clin. Med. 9 (10), 3267. doi:10.3390/jcm9103267

Roth, L., Prahst, C., Ruckdeschel, T., Savant, S., Westrom, S., Fantin, A., et al. (2016).
Neuropilin-1 mediates vascular permeability independently of vascular endothelial
growth factor receptor-2 activation. Sci. Signal 9 (425), ra42. doi:10.1126/scisignal.
aad3812

Saban, M. R., Sferra, T. J., Davis, C. A., Simpson, C., Allen, A., Maier, J., et al. (2010).
Neuropilin-VEGF signaling pathway acts as a key modulator of vascular, lymphatic, and
inflammatory cell responses of the bladder to intravesical BCG treatment. Am.
J. Physiol. Ren. Physiol. 299 (6), F1245–F1256. doi:10.1152/ajprenal.00352.2010

Sainson, R. C., Johnston, D. A., Chu, H. C., Holderfield, M. T., Nakatsu, M. N.,
Crampton, S. P., et al. (2008). TNF primes endothelial cells for angiogenic sprouting by
inducing a tip cell phenotype. Blood 111 (10), 4997–5007. doi:10.1182/blood-2007-08-
108597

Schneider-Brachert, W., Tchikov, V., Neumeyer, J., Jakob, M., Winoto-Morbach, S.,
Held-Feindt, J., et al. (2004). Compartmentalization of TNF receptor 1 signaling:
internalized TNF receptosomes as death signaling vesicles. Immunity 21 (3),
415–428. doi:10.1016/j.immuni.2004.08.017

Frontiers in Cell and Developmental Biology frontiersin.org12

Wang et al. 10.3389/fcell.2024.1210944

https://doi.org/10.1152/ajpheart.00885.2013
https://doi.org/10.3390/biom11060787
https://doi.org/10.1074/jbc.M001708200
https://doi.org/10.1161/ATVBAHA.107.149815
https://doi.org/10.7554/eLife.79529
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1074/jbc.273.34.22128
https://doi.org/10.1038/sj.icb.7100048
https://doi.org/10.1038/sj.icb.7100048
https://doi.org/10.1016/s0092-8674(00)80534-6
https://doi.org/10.1006/jmbi.1996.0663
https://doi.org/10.1093/bioinformatics/12.6.525
https://doi.org/10.1038/381272a0
https://doi.org/10.1016/j.bbrc.2010.10.118
https://doi.org/10.1016/s0022-2836(02)00470-9
https://doi.org/10.1002/prot.10613
https://doi.org/10.3389/fimmu.2019.02700
https://doi.org/10.3389/fimmu.2019.02700
https://doi.org/10.1038/s41392-020-00454-7
https://doi.org/10.1038/s41392-020-00454-7
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1182/blood-2007-12-125856
https://doi.org/10.1182/blood-2007-12-125856
https://doi.org/10.1242/dev.126.21.4895
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1002/pro.5560051116
https://doi.org/10.1016/s0896-6273(00)80392-x
https://doi.org/10.1016/s0896-6273(00)80392-x
https://doi.org/10.1242/dev.121.12.4309
https://doi.org/10.1016/s0092-8674(00)80535-8
https://doi.org/10.1016/s0092-8674(00)80535-8
https://doi.org/10.1002/prot.22570
https://doi.org/10.1002/prot.22570
https://doi.org/10.1038/nri3545
https://doi.org/10.1038/nri3545
https://doi.org/10.1074/jbc.M115.683946
https://doi.org/10.1016/j.bbrc.2014.04.079
https://doi.org/10.1038/ni.1968
https://doi.org/10.1172/JCI66843
https://doi.org/10.1016/j.bbamcr.2008.01.002
https://doi.org/10.3389/fnmol.2022.943492
https://doi.org/10.1096/fj.00-0247com
https://doi.org/10.1093/bioinformatics/18.suppl_2.s153
https://doi.org/10.1093/bioinformatics/18.suppl_2.s153
https://doi.org/10.1016/s0896-6273(00)80626-1
https://doi.org/10.1126/science.1099962
https://doi.org/10.1083/jcb.200410073
https://doi.org/10.1083/jcb.200410073
https://doi.org/10.1016/j.cell.2017.05.005
https://doi.org/10.1186/ar576
https://doi.org/10.1038/nri2171
https://doi.org/10.1002/prot.20854
https://doi.org/10.3390/jcm9103267
https://doi.org/10.1126/scisignal.aad3812
https://doi.org/10.1126/scisignal.aad3812
https://doi.org/10.1152/ajprenal.00352.2010
https://doi.org/10.1182/blood-2007-08-108597
https://doi.org/10.1182/blood-2007-08-108597
https://doi.org/10.1016/j.immuni.2004.08.017
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1210944


Scott, D. W., Dunn, T. S., Ballestas, M. E., Litovsky, S. H., and Patel, R. P. (2013).
Identification of a high-mannose ICAM-1 glycoform: effects of ICAM-1
hypoglycosylation on monocyte adhesion and outside in signaling. Am. J. Physiol.
Cell Physiol. 305 (2), C228–C237. doi:10.1152/ajpcell.00116.2013

Simonetti, B., Daly, J. L., Simon-Gracia, L., Klein, K., Weeratunga, S., Anton-Plagaro, C.,
et al. (2022). ESCPE-1mediates retrograde endosomal sorting of the SARS-CoV-2 host factor
Neuropilin-1. Proc. Natl. Acad. Sci. U. S. A. 119 (25), e2201980119. doi:10.1073/pnas.
2201980119

Singh, S., Fumery, M., Singh, A. G., Singh, N., Prokop, L. J., Dulai, P. S., et al. (2020).
Comparative risk of cardiovascular events with biologic and synthetic disease-modifying
antirheumatic drugs in patients with rheumatoid arthritis: a systematic review and meta-
analysis. Arthritis Care Res. Hob. 72 (4), 561–576. doi:10.1002/acr.23875

Soker, S., Takashima, S., Miao, H. Q., Neufeld, G., and Klagsbrun, M. (1998).
Neuropilin-1 is expressed by endothelial and tumor cells as an isoform-specific
receptor for vascular endothelial growth factor. Cell 92 (6), 735–745. doi:10.1016/
s0092-8674(00)81402-6

Solomon, B. D., Mueller, C., Chae, W. J., Alabanza, L. M., and Bynoe, M. S. (2011).
Neuropilin-1 attenuates autoreactivity in experimental autoimmune encephalomyelitis.
Proc. Natl. Acad. Sci. U. S. A. 108 (5), 2040–2045. doi:10.1073/pnas.1008721108

Steyers, C. M., and Miller, F. J. (2014). Endothelial dysfunction in chronic
inflammatory diseases. Int. J. Mol. Sci. 15 (7), 11324–11349. doi:10.3390/ijms150711324

Szmitko, P. E., Wang, C. H., Weisel, R. D., de Almeida, J. R., Anderson, T. J., and
Verma, S. (2003). New markers of inflammation and endothelial cell activation: Part I.
Circulation 108 (16), 1917–1923. doi:10.1161/01.CIR.0000089190.95415.9F

Takahashi, T., Nakamura, F., Jin, Z., Kalb, R. G., and Strittmatter, S. M. (1998).
Semaphorins A and E act as antagonists of neuropilin-1 and agonists of neuropilin-2
receptors. Nat. Neurosci. 1 (6), 487–493. doi:10.1038/2203

Wajant, H., Pfizenmaier, K., and Scheurich, P. (2003). Tumor necrosis factor
signaling. Cell Death Differ. 10 (1), 45–65. doi:10.1038/sj.cdd.4401189

Wajant, H., and Scheurich, P. (2011). TNFR1-induced activation of the classical NF-
κB pathway. FEBS J. 278 (6), 862–876. doi:10.1111/j.1742-4658.2011.08015.x

Wajant, H., and Siegmund, D. (2019). TNFR1 and TNFR2 in the control of the life
and death balance of macrophages. Front. Cell Dev. Biol. 7, 91. doi:10.3389/fcell.2019.
00091

Wang, B., Chen, R., Gao, H., Lv, X., Chen, L., Wang, W., et al. (2020). A comparative
study unraveling the effects of TNF-α stimulation on endothelial cells between 2D and
3D culture. Biomed. Mater 15 (6), 065018. doi:10.1088/1748-605X/ab95e3

Wang, L., Zeng, H., Wang, P., Soker, S., andMukhopadhyay, D. (2003). Neuropilin-1-
mediated vascular permeability factor/vascular endothelial growth factor-dependent
endothelial cell migration. J. Biol. Chem. 278 (49), 48848–48860. doi:10.1074/jbc.
M310047200

Wang, Y., Cao, Y., Mangalam, A. K., Guo, Y., LaFrance-Corey, R. G., Gamez, J. D.,
et al. (2016). Neuropilin-1 modulates interferon-gamma-stimulated signaling in brain
microvascular endothelial cells. J. Cell Sci. 129 (20), 3911–3921. doi:10.1242/jcs.190702

Yang, H., Li, M., Chai, H., Yan, S., Zhang, R., Yao, Q., et al. (2004). Expression and
regulation of neuropilins and VEGF receptors by TNF-alpha in human endothelial cells.
J. Surg. Res. 122 (2), 249–255. doi:10.1016/j.jss.2004.05.007

Zhang, H., Park, Y., Wu, J., Chen, X., Lee, S., Yang, J., et al. (2009). Role of TNF-alpha
in vascular dysfunction. Clin. Sci. (Lond). 116 (3), 219–230. doi:10.1042/CS20080196

Zhou, P., Lu, S., Luo, Y., Wang, S., Yang, K., Zhai, Y., et al. (2017). Attenuation of
TNF-α-Induced inflammatory injury in endothelial cells by ginsenoside Rb1 via
inhibiting NF-κB, JNK and p38 signaling pathways. Front. Pharmacol. 8, 464.
doi:10.3389/fphar.2017.00464

Frontiers in Cell and Developmental Biology frontiersin.org13

Wang et al. 10.3389/fcell.2024.1210944

https://doi.org/10.1152/ajpcell.00116.2013
https://doi.org/10.1073/pnas.2201980119
https://doi.org/10.1073/pnas.2201980119
https://doi.org/10.1002/acr.23875
https://doi.org/10.1016/s0092-8674(00)81402-6
https://doi.org/10.1016/s0092-8674(00)81402-6
https://doi.org/10.1073/pnas.1008721108
https://doi.org/10.3390/ijms150711324
https://doi.org/10.1161/01.CIR.0000089190.95415.9F
https://doi.org/10.1038/2203
https://doi.org/10.1038/sj.cdd.4401189
https://doi.org/10.1111/j.1742-4658.2011.08015.x
https://doi.org/10.3389/fcell.2019.00091
https://doi.org/10.3389/fcell.2019.00091
https://doi.org/10.1088/1748-605X/ab95e3
https://doi.org/10.1074/jbc.M310047200
https://doi.org/10.1074/jbc.M310047200
https://doi.org/10.1242/jcs.190702
https://doi.org/10.1016/j.jss.2004.05.007
https://doi.org/10.1042/CS20080196
https://doi.org/10.3389/fphar.2017.00464
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1210944

	The crosstalk between neuropilin-1 and tumor necrosis factor-α in endothelial cells
	Introduction
	Materials and methods
	Cells and reagents
	qPCR, western blotting, immunoprecipitation, and immunofluorescent staining
	EC-leukocyte adhesion assay
	Binding assay of GpL-TNFα fusion protein to receptors in HUVECs
	Binding assay of NRP1-Fc-GpL and GpL-TNC-TNFα fusion proteins to plastic immobilized TNFR2-Fc
	Binding assay of NRP1-Fc-GpL and GpL-TNC-TNFα fusion proteins to cells expressing GPI-anchored TNFRs
	Molecular docking
	Statistics

	Results
	Knockdown of NRP1 attenuates TNFα-induced inflammatory responses in endothelial cells
	Knockdown of NRP1 decreases TNFα-stimulated phosphorylation of p38 MAPK
	NRP1 and TNFR1 are in the same protein complex in endothelial cells
	NRP1 does not affect TNF-TNFR interaction or directly bind to TNFα/TNFRs
	TNFα decreases NRP1 expression in endothelial cells through TNFR1-NFκB dependent mechanism

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


