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Abstract

Acute kidney injury (AKI) causes distant organ dysfunction through yet

unknown mechanisms, leading to multiorgan failure and death. The lungs are

one of the most common extrarenal organs affected by AKI, and combined

lung and kidney injury has a mortality as high as 60%–80%. One mechanism

that has been implicated in lung injury after AKI involves molecules released

from injured kidney cells (DAMPs, or damage‐associated molecular patterns)

that promote a noninfectious inflammatory response by binding to pattern

recognition receptors (PRRs) constitutively expressed on the pulmonary

endothelium. To date there are limited data investigating the role of PRRs and

DAMPs in the pulmonary endothelial response to AKI. Understanding these

mechanisms holds great promise for therapeutics aimed at ameliorating the

devastating effects of AKI. In this study, we stimulate primary human

microvascular endothelial cells with DAMPs derived from injured primary

renal tubular epithelial cells (RTECs) as an ex‐vivo model of lung injury

following AKI. We show that DAMPs derived from injured RTECs cause

activation of Toll‐Like Receptor and NOD‐Like Receptor signaling pathways as
well as increase human primary pulmonary microvascular endothelial cell

(HMVEC) cytokine production, cell signaling activation, and permeability. We

further show that cytokine production in HMVECs in response to DAMPs

derived from RTECs is reduced by the inhibition of NOD1 and NOD2, which

may have implications for future therapeutics. This paper adds to our

understanding of PRR expression and function in pulmonary HMVECs and

provides a foundation for future work aimed at developing therapeutic

strategies to prevent lung injury following AKI.

KEYWORD S

innate immunity, pulmonary endothelium, vascular inflammation/leak

Pulmonary Circulation. 2024;14:e12379. wileyonlinelibrary.com/journal/pul2 | 1 of 17
https://doi.org/10.1002/pul2.12379

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2024 The Authors. Pulmonary Circulation published by John Wiley & Sons Ltd on behalf of Pulmonary Vascular Research Institute.

http://orcid.org/0000-0001-8486-5885
http://orcid.org/0000-0002-7401-2480
mailto:sedewolf@health.ucsd.edu
https://onlinelibrary.wiley.com/journal/20458940
http://creativecommons.org/licenses/by-nc/4.0/


INTRODUCTION

Acute kidney injury (AKI) causes distant organ dys-
function through yet unknown mechanisms, leading to
multiorgan failure and death. The lungs are one of the
most common extrarenal organs affected by AKI,1–3 and
combined lung and kidney injury has a mortality
between 60% and 80%.4–6 The mechanisms leading to
lung injury after AKI are poorly understood and
represent a potential avenue for new therapeutics aimed
at ameliorating the devastating effects of AKI.

One mechanism that has been recognized to play a
role in kidney/lung cross‐talk involves molecules
released from injured kidney cells (DAMPs, or damage‐
associated molecular patterns). DAMPs promote a sterile
inflammatory response in the lung by binding to pattern
recognition receptors (PRRs) constitutively expressed in
the pulmonary endothelium.7–15 We recently showed
that DAMPs generated from injured renal tubular
epithelial cells (RTECs) cause upregulation of PRRs,
increase production of inflammatory mediators, and
activate pro‐inflammatory signaling pathways in healthy
renal tubular epithelium.16 DAMPs, which contribute to
injurious inflammation after renal ischemia–reperfusion
injury (IRI), are likely released into the circulation where
they encounter PRRs constitutively expressed in pulmo-
nary endothelium. Binding of DAMPs to PRRs is thought
to propagate inflammatory injury and cell death in the
lung,7,17–22 leading to pulmonary edema and respiratory
failure.

Animal studies have demonstrated that HMGBI, a
well‐characterized DAMP, is increased in the circulation
after AKI, and blockade of HMGB1 can reduce pulmo-
nary inflammation following experimental AKI.7 Despite
these important advances, a more detailed understanding
of PRR expression, function, and response to DAMPs in
human pulmonary microvascular endothelial cells is
needed. In the current study, we focus on NOD1, NOD2,
NLRP3, Toll‐Like Receptor (TLR)2, and TLR4 as we and
others have shown that these PRRs are critical to AKI
after renal IRI.23–28 We postulate that these PRRs might
also provide an important link in our understanding of
kidney–lung crosstalk.

METHODS

Cells and cell culture

Human primary pulmonary microvascular endothe-
lial cells (HMVECs) were obtained from two sources‐
purchased from Lonza and isolated in house from
human lungs not used for transplantation. The

HMVECs were grown in EBM‐2 basal media (CC‐
3156; Lonza) with the addition of Microvascular
Endothelial Cell Growth Medium SingleQuots sup-
plements (CC‐4147; Lonza). Cells were passed at 1:5
dilution and used between passage number 2–6 for all
experiments.

Primary pulmonary HMVEC isolation from human
lung in house was performed according to previously
published methods.29,30 The lungs used for research were
provided by our local organ bank, LifeSharing™. They
were discarded/not eligible for transplant, and were
deidentified, thus not subject to Institutional Review
Board review (per National Institute of Health Human
Subjects guidelines). All lungs were tested for pathogens
by nucleic acid testing per organ bank protocol. Any
lungs found harboring pathogens or any public health
service high‐risk donors were not used. The pulmonary
arteries of the donor lungs were flushed with 2 L of
50 units/mL of heparin diluted in saline intraoperatively.
The lungs were then stored in 2 L of ice cold Servator P
(Global Transplant Solutions) until time of dissection.
After removal of the visceral pleura, 1–2 cm sections of
peripheral lung tissue were removed and placed in 10mL
of ice cold M199 solution. The lung tissue was minced
using scissors and digested in enzyme solution (2 mg/mL
collagenase I, 0.6 units/mL dispase, 50 units/mL DNase,
10 μg/mL vancomycin/meropenem, 2.5 μg/mL ampho-
tericin in M199 media) for 1 h at 37°C and 5% CO2. Every
15min, cells were passed up and down through a 16 G
then 18 G needle to break up cell clumps. Cells were
washed with 10mL 10% fetal bovine serum (FBS) in
M199 and strained through a 100 μm filter. Cells were
then washed with 10% FBS in M199 x2 and strained
through a 70‐μm filter. The cells were then resuspended
in 1mL of buffer 3 (1% FBS, 1 mM CaCl2, 5 mM MgCl2),
and magnetic bead isolation carried out using the
Cellection Biotin Binder Kit (Invitrogen) according to
manufacturers instructions. Antihuman CD31 antibody
(clone O92E4) was obtained from BioLegend. Cells were
plated into 35 mm biocoat plates in prewarmed (37°C)
growth media and grown to 70% confluency. A second
round of purification was then performed using the
Cellection Biotin Binder Kit (Invitrogen) and the same
anti‐CD31 magnetic beads. To confirm the pulmonary
HMVEC phenotype, FACS was performed and showed
that cells were >95% pure based on cell surface staining
(CD31+ VEcadherin+ GSL1+ Carbonic Anhydrase
4+).31,32

Human primary RTECs were isolated from human
kidneys not used for transplantation. The kidneys used
for research were provided by our local organ bank,
LifeSharing™, were discarded, and deidentified, thus not
subject to Institutional Review Board review (per
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National Institute of Health Human Subjects guidelines).
All kidneys were tested for pathogens by nucleic acid
testing per organ bank protocol. Any kidneys found
harboring pathogens or any public health service high‐
risk kidneys were not used. Following procurement, the
kidneys were transported to the laboratory in University
of Wisconsin preservative solution (Bridge to Life) at 4°C
and processed immediately. The RTECs were isolated
using our published methods.27,28 Briefly, the cortex was
dissected under aseptic conditions and minced, and the
slurry was suspended in 1mg/mL solution of sterile
collagenase (Sigma‐Aldrich). Cells were then strained
through a 100‐μm filter (Fisher Scientific), and RTECs
were isolated by Percoll gradient centrifugation. RTE
phenotype was confirmed by FACS (CD133+, AQP1+,
and CA4+).

RTECs were cultured on collagen‐coated Biocoat
plates (Becton Dickinson) in Dulbecco's Modified Eagle
Medium (DMEM):F12 + glutamine +HEPES (Gibco)
with the addition of 1% v/v insulin, transferrin, selenium
(Invitrogen), 0.05 μM hydrocortisone (Sigma‐Aldrich),
20 ng/mL epidermal growth factor (Sigma‐Aldrich),
32 ng/mL triiodothyronine (Sigma‐Aldrich), and 0.5%
heat‐inactivated fetal bovine serum (Genesee Scientific).

Generation of necrotic supernatant from
renal tubular epithelial cells

Necrotic supernatant from injured renal tubular
epithelial cells was prepared as has been described
in our previous work.16 RTECs were stimulated with
0.1 mM hypoxanthine (Sigma) and 2.5 mU/mL of
xanthine oxidase (Sigma) in RPMI for 2 h, washed
three times with 30 mL sterile phosphate‐buffered
saline (PBS) and then resuspended in EBM‐2 basal
media (Lonza) at a concentration of 106cells/100 μL
media. The cell mixture was then transferred to a
sterile Eppendorf tube and frozen at −80°C. The cells
were then freeze‐thawed overnight three times and
then vortexed to cause membrane rupture and release
of intracellular DAMPs. The cell debris was then
removed by centrifugation at 17,000g for 30 s and the
supernatant transferred to a fresh Eppendorf tube.
The supernatant was tested for protein content and
diluted with fresh EBM‐2 media to a concentration of
1 mg/mL total protein. A frozen EBM‐2 control was
used by adding equal volumes of EBM‐2 media to an
Eppendorf tube and freeze thawing three times. An
additional control was performed in preliminary
experiments where we used media that had been
incubated with healthy hRTE to stimulate HMVEC.
This supernatant was used to control for any secreted

factors from hRTE under physiologic conditions (see
Supporting Information S2: Figure 1).

Mass spectrometry

Necrotic supernatant from injured RTECs was prepared
as above and 100 μg of total protein added to 400 μL of
1:1 methanol:acetonitrile. Protein mixture was placed at
4°C overnight, then spun down at 17,500g for 10 min and
supernatant removed. Protein was then analyzed using
tandem mass spectrometry (MS/MS) on the ESI‐TRAP
instrument. The MASCOT search results based on
protein family summary were assessed and the filters
used for the search were a significance threshold of
p< 0.05 and an Ion cutoff of 48. Three replicates were
analyzed and 138 proteins found to be in common
between two of the three replicates. Using these 138
proteins, we searched the literature to identify which of
these proteins are known to interact with PRRs.

Flow cytometery analysis

50,000 HMVECs were seeded into 35mm Biocoat
(Corning) plates. Media was changed every day and on
Day 3 postseeding the growth media was removed and
replaced with 1.5 mL of basal EBM‐2 media or necrotic
supernatant. Cells were placed back in the incubator for
16 h and then FACS analysis performed. For intracellular
proteins, cells were fixed for 15 min at 37°C using 1 mL
BD Cytofix Fixation Buffer (BD Biosciences) then
permeabilized with Perm Wash Buffer (Biolegend)
according to manufacturer's instructions. For extracel-
lular staining, cells were not fixed and 1:100 Fc block
(Biolegend) was applied for 5 min before staining.
Antibodies were used at a final dilution of 1:100.
NOD1‐Alexa Fluor 750 was purchased from Novus
Biologics. NOD2‐mouse IgG1 was from Santa Cruz,
clone 2D9 followed by antimouse IgG1 AlexaFluor 488
(Biolegend). NLRP3‐APC was from R&D systems. TLR2‐
PE and TLR4‐BV421 were from Biolegend.

qPCR

HMVECs were seeded at a concentration of 100,000 cells
per well into 12 well plates. Media was changed every
day and stimulated 48 h after seeding. Growth media was
removed and replaced with 1000 μL of EBM‐2 control
media and cells placed back in incubator for 1 h to
quiesce. After 1 h, EBM‐2 media was removed and
replaced with 500 μL of EBM‐2 control or necrotic
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supernatant. Cells were placed in incubator for 3 h,
washed x2 with 2 mL room temperature PBS then lysed
with 300 μL of RNA lysis buffer (Zymo Research).
Lysates were stored at −80°C until analysis was
performed.

RNA was created using the Zymo Research Quick
RNA mini prep (Zymo Research), according to the
manufacturer's instructions. cDNA was created using the
SuperScript III First Strand Synthesis System (Thermo
Fisher). cDNA concentrations were standardized to
200 ng/μL using DPEC‐treated water (Thermo Fisher).
All primers were purchased from Genecopoeia. Master
mix was created using the following formula: 1 μL
primer + 5 μL PowerUp SYBR green master mix (Thermo
Fisher). 6 μL of this master mix was added to 4 μL of
cDNA in a 96‐well PCR reaction plate (Thermo Fisher).
Quantitative reverse‐transcription polymerase chain
reaction (RT‐qPCR) was then run on a Quant Studio 3
Real‐Time PCR system (Thermo Fisher). Reactions were
run in triplicates. Data was analyzed on the Quant Studio
software. GAPDH was used as a housekeeping gene.

RNA seq

Cells were stimulated and RNA isolated as described
under qPCR. Total RNA samples were prepared into
RNAseq libraries using the NEBNext Ultra Directional
RNA Library Prep Kit for Illumina following manufac-
turer's recommended protocol. Briefly, for each sample
500 ng total RNA was polyA selected, converted to
double‐stranded cDNA followed by fragmentation and
ligation of sequencing adapters. The library was PCR
amplified 12–15 cycles using barcoded PCR primers,
purified and size selected using AMPure XP Beads and
loaded onto an Illumina NextSeq. 2000 for 100 base
single read sequencing at an average of 61 million reads
per sample (range 54–68 million reads). The data analysis
was conducted using a custom RNA‐seq pipeline for
alignment with STAR to the Hg38 reference genome and
read quantification using Salmon to estimate the
abundance of transcripts. Differential gene expression
analysis was carried out using edgeR. Pathway analysis
was done using Advaita iPathway guide (Advaitabio).

Luminex for cell signaling molecules

HMVECs were seeded at a concentration of 85,000 cells
per well into 12 well plates. Media was changed every
day and stimulated 72 h after seeding. Growth media was
removed and replaced with 1000 μL of EBM‐2 basal
media and cells placed back in incubator for 1 h to

quiesce. After 1 h, EBM‐2 media was removed and
replaced with 500 μL of EBM‐2 control or necrotic
supernatant. Cells were placed in incubator for indicated
time points, washed x2 with 2mL room temperature PBS
then lysed with 300 μL of protein lysis buffer. Lysates
were stored at −80°C until analysis was performed and
then standardized to 200 μg/mL total protein. Phospho‐
proteins were detected using the Bio‐Rad MAPK 9plex
cell signaling kit (Bio‐Rad), and Millipore NF‐kb 6plex
assay (Millipore) according to the manufacturer's instruc-
tions. The fluorescence was standardized using β‐actin
(Bio‐Rad) or GAPDH (Millipore). The units are presented
as units of phosphorylated‐protein fluorescence/β‐actin
or GAPDH fluorescence.

Luminex for cytokine levels

HMVECs were seeded at a concentration of 50,000 cells
per well into 24‐well plates. Media was changed every
day and stimulated 72 h after seeding. Growth media was
removed and replaced with 400 μL of EBM‐2 control or
necrotic supernatant. 400 μL of necrotic supernatant was
added to a separate well that contained no cells to act as
an internal control. Cells were placed in the incubator
(37°C, 5% CO2) for designated time points, washed two
times with 2mL room temperature PBS then lysed with
150 μL of protein lysis buffer. Lysates were stored at
−80°C until analysis was performed. Lysates were tested
for protein content and then analyzed using a Procarta-
Plex Luminex panel (Thermo Fisher) according to the
manufacturer's instructions. Analytes were measured
using the BioPlex Magpix instrument (BioRad),

Endothelial permeability assay

HMVEC permeability was measured via fluorescein isothio-
cyanate (FITC)‐dextran movement through a permeable
support chamber as has been described previously.33 3 μm
pore size permeable supports (Falcon) were placed into a 24‐
well plate and coated with 1:3 diluted Matrigel (BD
Bioscences) in DMEM:F12 (Gibco). The diluted Matrigel
was quickly removed and the support chamber allowed to
dry at room temperature for 15min. 100,000 HMVECs in
500μL of growth media were then placed in the upper
chamber of each well. 800 μL of growth media was placed in
the lower chamber. The media was changed the following
day. Two days postseeding, the media was removed and
replaced with EBM‐2 basal media or necrotic supernatant
(400 μL in upper chamber, 700 μL in lower chamber). Cells
were placed in the incubator for 24 h after which point the
upper chamber was placed into fresh wells containing
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1200 μL of prewarmed EBM‐2 basal media. 500 μL of
20 μg/mL of 4 kDalton FITC‐dextran (Sigma), diluted in
EBM‐2, was then added to the upper chamber and the cells
returned to the incubator for 4 h. Fluorescent intensity of the
lower chamber was then measured at 485 nm excitation and
535 nm emission.

NOD inhibitor assay

25,000 HMVECs were seeded into 24‐well plates in triplicate.
Media was changed every day and experiments performed
on Day 3 postseeding. Growth media was removed and
replaced with 400 μL of prewarmed EBM‐2 basal media or
NOD inhibitors diluted in EBM‐2. NOD1 inhibitor was
10uM Nodinitib‐1 and NOD2 inhibitor was 20 μM GSK717
(MedChemExpress). Cells were placed back in the incubator
for 90min and then stimulated with 1:4 diluted necrotic
supernatant in the presence or absence of inhibitor for 12 h.
After 12 h, supernatant was removed and ELISA performed
on the supernatant for IL6, IL8, and MCP1. 1:4 diluted
necrotic supernatant was added to wells not containing cells
and the absorbance of this control well was subtraced from
the absorbance of any wells containing necrotic supernatant
to adjust for any cytokines already present in the necrotic
supernatant.

3‐(4,5‐Dimethyl‐2‐thiazolyl)‐2,5‐diphenyl‐
2H‐tetrazolium bromide (MTT) assay for
HMVEC viability

HMVECs were seeded in 200 μL of growth media into a
96‐well Biocoat (Corning) plate (5000 cells per well for
NOD1 inhibitor experiment, 10,000 cells per well for
NOD2 inhibitor experiment). Media was changed the
following day. Two days after seeding, growth media was
removed and replaced with 200 μL of EBM basal media
or inhibitor at the stated concentrations. Cells were
placed back in the incubator overnight and MTT assay
was then performed using the Promega CellTiter 96 MTT
assay according to manufacturer instructions.

Statistics

The number of replicates for each experiment is stated in the
figure legends. A student's T‐test was used to compare
treatments, and a p value of < 0.05 was considered signifi-
cant. In the comparisons between groups for RNA sequenc-
ing, a fold change cutoff corrected for multiple testing using
the Benjamini–Hochberg correction for false discovery rate
of greater than 1.25 was applied. Pathways were also

corrected for false discovery rate using a q‐value cutoff
of 0.05.

RESULTS

Necrotic supernatant derived from injured
RTECs contains DAMPs

We have previously shown that necrotic supernatant
from injured RTECs contains heat shock proteins and
pro‐inflammatory cytokines.16 We now tested whether
DAMPs known to stimulate PRRs that we and others
have established play a key role in AKI 23,24,26–28,34–37 are
also present in necrotic supernatant from injured RTECs.
RTECs were treated with reactive oxygen species via
xanthine oxidase/hypoxanthine, lysed via freeze‐thaw
cycles, and then mass spectrometry performed on the
lysate. Screening via an unbiased approach revealed 11
proteins which are known to interact with PRRs. Each
DAMP is listed underneath the PRR with which it
interacts (Figure 1).38–54 A complete list of all proteins
identified is available in Supporting Information S3:
Table 1.

Supernatant from injured RTECs activates
genes in the NLR and TLR signaling
pathways

NOD‐like receptors (NLRs) and toll‐like receptors
(TLRs) are present in pulmonary endothelial cells and
are known to signal in response to DAMPs.8,12–14,55

We, therefore, asked whether genes in the NLR or
TLR signaling pathways were differentially expressed
in pulmonary HMVECs that were stimulated with
supernatant from injured RTECs. Using bulk RNA
sequencing we found a total of 2785 differentially
expressed genes between HMVECs treated with
necrotic supernatant vs media alone (Figure 2a). Each
dot represents a differentially expressed gene, with
blue dots representing downregulated genes and red
dots representing upregulated genes. Degree of
upregulation or downregulation is represented by
log fold change (LogFC) on the x axis. We used
Advaita iPathway® software analysis to identify
biological pathways that were enriched by stimulation
with necrotic supernatant. We found that 46 genes in
the NLR signaling pathway (Figure 2b) and 23 genes
in the TLR signaling pathway were differentially
expressed (Figure 2c), suggesting that NLRs and TLRs
may be involved in the HMVEC response to DAMPs
derived from RTECs.
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Supernatant from injured RTECs causes
upregulation of NOD2 and TLR2 in
HMVECs

Given our findings that necrotic supernatant caused
upregulation of NLR and TLR related genes in HMVECs,
we next asked whether necrotic supernatant could affect
PRR expression in HMVEC cells. HMVECs stimulated with
necrotic supernatant had a marked increase in mRNA
expression for TLR2, while TLR4 expression remained
unchanged. NOD1 mRNA expression was unchanged while
NOD2 mRNA expression increased signifcantly (Figure 3a).
FACS analysis was performed to determine upregulation of
PRRs at the protein level (Figure 3b). TLR2 expression was
increased in HMVECs treated with necrotic supernatant,
matching the mRNA trend. TLR4 protein expression was
minimal, both at baseline and when stimulated with necrotic
supernatant. There was significant baseline NOD1 expres-
sion but no observed increase with necrotic supernatant

stimulation. NOD2 protein level was minimal and similar
between the two groups despite the substantial increase seen
in NOD2 mRNA, suggesting a complex transcriptional
regulation that will be explored in future studies. NLRP3
was highly expressed at baseline but did not change
significantly when HMVECs were stimulated with necrotic
supernatant.

Necrotic supernatant activates MAPKs
and NFkB

Ligation of PRRs induces inflammation and cell death
through a cascade of signaling events induced by
mitogen‐activated protein kinases (MAPKs) such as
p38, ERK, and JNK.56 We asked whether necrotic
supernatant from injured RTECs activated MAPK
signaling and NFkB phosphorylation in HMVECs. As
shown in Figure 4, ERK1/2 as well as its upstream

FIGURE 1 Necrotic supernatant from primary RTECs contains DAMPs that interact with PRRs. Mass spectrometry was performed on
necrotic supernatant generated from injured RTECs. Protein hits were screened for previously described DAMPs. DAMPs are listed next to
the PRR with which they have been reported to interact. DAMPs, damage‐associated molecular patterns; HSP, heat shock protein; IFP53,
tryptophanyl‐tRNA synthetase; NLR, nod‐like receptor; NM23, nonmetastatic protein 23; RAGE, receptor for advanced glycation
endproducts; RTECs, renal tubular epithelial cell; TLR, toll‐like receptor. Created using BioRender®.
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FIGURE 2 (See caption on next page).
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FIGURE 2 Necrotic supernatant from renal tubular epithelial cells causes activation of NLR and TLR signaling pathways in HMVECs.
HMVECs were stimulated for 3 h with necrotic supernatant or media and bulk RNA seq performed on cell lysates. Raw data was run
through Advaita Pathway Analysis software and biologically relevant pathways with differentially expressed genes were analyzed. (a) 2785
significantly differentially expressed (DE) genes are represented in terms of their measured expression change (x‐axis) and the significance
of the change (y‐axis). (b) Differentially expressed genes in the NOD‐like receptor, and (c) toll‐like receptor signaling pathways are displayed
with upregulation in red and downregulation in blue. HMVECs, human primary pulmonary microvascular endothelial cells; NLRs, NOD‐
like receptors; TLRs, toll‐like receptors.

FIGURE 3 (a) Necrotic supernatant derived from renal tubular epithelial cells causes upregulation of TLR2 and NOD2 mRNA in
HMVEC. Primary human microvascular endothelial cells were stimulated with media vs necrotic supernatant for 3 h and PRR mRNA
upregulation measured via qPCR. Error bars represent standard deviation. N= 4. (b) Necrotic supernatant causes upregulation of TLR2
protein. HMVEC were stimulated with media versus necrotic supernatant and then PRR expression measured via FACS. Histograms are
representative of three separate experiments. Solid black line indicates unstained cells. Solid grain line indicates stained cells that were
treated with media. Dashed line indicates stained cells treated with DAMPs from injured RTECs. FACS, fluorescence activated cell sorting;
HMVECs, human primary pulmonary microvascular endothelial cells; PRR, pattern recognition receptor; qPCR, quantitative polymerase
chain reaction; TLRs, toll‐like receptors.
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regulator MEK1 were activated by necrotic supernatant.
The transcription factor Signal Transducer and Activa-
tion of Transcription 3 (Stat3), which is downstream of
ERK,57 was also significantly induced in HMVECs
exposed to RTEC DAMPs. There was a statistical
difference in JNK and p38 activation, but the absolute
differences were negligible. We also tested for NFkB
pathway activation and found that NFkB as well as its
upstream regulator IkB were significantly induced when
stimulated with necrotic supernatant. These results
suggest that the MAPK response to renal derived DAMPs
in HMVECs does not involve the MAPKs JNK and p38,
but does involve ERKs.

HMVECs produce pro‐inflammatory
cytokines and upregulate cell adhesion
molecules in response to necrotic
supernatant from injured RTECs

Microvascular inflammation is a hallmark of ARDS and
contributes to respiratory failure by contributing to fluid
leak into the alveolar space.58 We tested whether

HMVECs produced inflammatory mediators in response
to necrotic supernatant and found that HMVECs
stimulated over time produced significantly more IL6,
IL8, MCP1, and GM‐CSF compared to media alone as
well as a nonsignificant increase in MIP1β expression.
We did not observe a significant increase in TNFa
(Figure 5a). We also analyzed HMVECs for expression of
selectins and adhesions molecules. We found a signifi-
cant increase in E‐Selectin after stimulation with necrotic
supernatant and a nonstatistically significant increase in
P‐selectin. There was also an increase in VCAM
expression at 6 h post stimulation, but this result was
not statistically significant (Figure 5b).

Necrotic supernatant from injured RTECs
causes increased permeability in
pulmonary HMVECs

We investigated whether exposure to RTEC‐derived DAMPs
enhanced HMVEC permeability using a FITC‐dextran‐based
model. This model measures FITC‐dextran movement
through an HMVEC monolayer from the upper chamber

FIGURE 4 Necrotic supernatant derived from renal tubular epithelial cells causes activation of MAP kinase and NFkb signaling
pathways in HMVEC. Primary human microvascular endothelial cells were quiesced for 1 h by replacing growth media with basal media
without growth factors and then stimulated with basal media vs necrotic supernatant for the indicated time points. Cells were washed twice
with PBS and then immediately lysed in the plate. Phosphorylated MAP kinases and NFkb pathway proteins were analyzed using Luminex.
Data is presented as fluorescent intensity of phosphorylated protein divided by the fluorescent intensity of a housekeeping gene that was
used as a loading control (either GAPDH or beta actin). p values represent media versus necrotic supernatant. N= 3. Error bars represent
standard deviation. HMVECs, human primary pulmonary microvascular endothelial cells; MAP, mitogen‐activated protein.
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FIGURE 5 Necrotic supernatant derived from renal tubular epithelial cells causes increased (a) cytokine and (b) adhesion
molecule expression in pulmonary HMVECs. HMVECs were stimulated for indicated time points with media versus necrotic
supernatant. Cells were washed then lysed in the plate. Cytokines and adhesion molecules were measured via Luminex and values
standardized to total protein content. N = 4. p values represent necrotic supernatant versus media for each time point. HMVECs,
human primary pulmonary microvascular endothelial cells.
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of a permeable support chamber into the lower chamber.
HMVECs were stimulated for 24 h in media or necrotic
supernatant and FITC‐dextran permeability was measured
using a fluorometer. HMVECs treated with necrotic super-
natant had significantly greater permeability than those
treated with media alone (Figure 6).

Inhibition of NOD1 or NOD2 decreases
cytokine production in HMVECs treated
with necrotic supernatant

Because we saw differential expression of genes in the
NLR signaling pathways in response to RTEC DAMPs,
we next asked whether inhibition of NOD1 or NOD2
influenced pro‐inflammatory cytokine production in
HMVECs stimulated with necrotic supernatant from
injured RTECs. HMVECs were stimulated for 12 h in
the presence or absence of NOD1 and NOD2 inhibitors
(Nodinitib‐1 10 μM and GSK717 20 μM, respectively)
and the supernatant assessed for secreted cytokines.
We found that NOD2 inhibition caused significantly
less IL‐6, IL‐8, and MCP‐1 production, and NOD1
inhibition caused significantly less IL‐6 and MCP‐1
production when compared with HMVECs stimulated
without inhibitors (Figure 7a). We performed an MTT
assay to ensure that the inhibitors were not affecting
cell viability and found that neither the NOD1 nor the
NOD2 inhibitor caused an increase in cell death
(Figure 7b).

DISCUSSION

Lung injury following AKI increases mortality and the
molecular mechanisms behind kidney/lung interaction
remain poorly understood. In the current study, we have
shown that DAMPs generated from primary human
RTECs cause PRR upregulation, inflammatory cytokine
production, cell signaling activation, and increased
permeability in primary human microvascular endothe-
lial cells. We chose to focus on microvascular endothelial
cells because these cells have high exposure to circulating
DAMPs and are critical for the pathogenesis of ARDS.59

The lung receives 100% of the cardiac output, all of which
is traveling through slow‐moving capillary networks.
This slow‐moving blood increases the chances of DAMP‐
PRR interaction, making the lung particularly susceptible
to any renal‐derived DAMPs that may be in the
circulation.

The study employs human primary renal tubular
epithelial cells for the derivation of damage‐associated
molecular patterns, and as such offers an opportunity to
investigate the impact of RTEC‐derived DAMPs on
human primary microvascular endothelial cells. Previous
studies of lung injury after AKI have used renal
ischemia–reperfusion models in mice19,60–64 or serum
derived from rodents who have undergone AKI to treat
pulmonary endothelial cells.17,21 Our study adds to the
understanding of kidney–lung interaction as it shows
that human pulmonary microvascular cells respond to
DAMPs derived from human renal tubular cells.

Our data also add to our understanding of PRR
expression in human pulmonary microvascular endothe-
lial cells. There are very few reports that we are aware of
which show definitive expression of NLRP3 and TLR2 in
human pulmonary MVECs 14,65–67 and the only available
data regarding NOD1 and NOD2 in pulmonary HMVECs
is based on response to synthetic ligands rather than
protein expression.8 Our data show expression of TLR2,
NOD1, and NLRP3 protein, which suggests future work
may benefit from focus on these PRRs. There was a trend
towards downregulation of NOD1 in the necrotic
supernatant group in our RNA seq data, which is the
opposite of what we had expected. However, the qPCR
data showed no significant difference between media and
necrotic supernatant. qPCR is more accurate than RNA
seq to detect small changes in mRNA expression, so we
believe the qPCR data is more reflective of the true
transcriptional changes, or lack thereof. However, this
trend is intriguing, especially in the context of our NOD1
inhibitor data, and this finding will be further explored in
our future work.

We found that necrotic supernatant from renal
tubular epithelial cells caused activation of specific

FIGURE 6 Necrotic supernatant derived from renal tubular
epithelial cells causes increased permeability in HMVECs.
HMVEC cells were seeded into the upper chamber of a 3‐μm
pore permeable support chamber to create a confluent
monolayer. Cells were then stimulated with media versus
necrotic supernatant for 24 h and then permeability measured
via translocation of FITC‐dextran into the lower chamber. Data
is presented as fluorescent intensity of FITC in the lower
chamber. Experiments were run in triplicate. Graph represents
three separate experiments. Error bars represent standard
deviation. FITC, fluorescein isothiocyanate; HMVECs, human
primary pulmonary microvascular endothelial cells.
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MAP kinase pathways, namely the MEK/ERK pathway.
This specificity is similar to what we have reported in
renal tubular epithelial cell response to necrotic super-
natant,16 indicating there may be a common cell
signaling pathway between the two cell types. This has
implications for developing therapeutics if a shared
putative pathway could be identified, given that the
ideal treatment would target both sides of the kidney‐
lung axis.

We have also shown that inhibition of NOD1 and
NOD2 ameliorates the IL‐6 response to necrotic super-
natant, which suggests that NOD1/2 may be a

therapeutic target in kidney‐lung crosstalk. Klein et al.
showed that IL‐6 knockout mice were highly protected
from acute lung injury following ischemic kidney injury,
despite equivalent degrees of AKI between the two
groups.63 The findings from Klein et al. suggest that IL‐6
signaling in the lung is critical to the response to AKI and
that lung‐specific treatments targeting IL‐6 may have
therapeutic benefit. Furthermore, anti‐IL‐6 therapies
have been used in patients with ARDS and have been
associated with lower 28‐day mortality.68 In this context,
our finding that NOD1/2 inhibition in pulmonary
HMVECs protects against IL6 production is particularly

FIGURE 7 (a) Inhibition of NOD1 or NOD2 decreases cytokine secretion in response to necrotic supernatant. HMVECs were
stimulated with necrotic supernatant for 12 h in the presence or absence of NOD1 (10 μMNodinitib‐1) and NOD2 inhibitor (20 μMGSK717).
IL6, IL8, and MCP1 were then measured in the cell supernatant. Experiments were run in triplicate. Graph is representative of three
separate experiments. Error bars represent standard deviation. p values are in comparison to necrotic supernatant without inhibitors. (b)
MTT assay measuring HMVEC viability in the presence of basal media versus varying concentrations of NOD1 and NOD2 inhibitor.
Absorbance is directly proportional to the number of viable cells. HMVECs, human primary pulmonary microvascular endothelial cells; IL,
interleukin;MTT, 3‐(4,5‐dimethyl‐2‐thiazolyl)‐2,5‐diphenyl‐2H‐tetrazolium bromide.
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important. IL‐6 is also known to be downstream of NOD
signaling,69,70 which adds biologic plausibility to our
findings. We chose to focus on NOD1/NOD2 inhibition
in our study because TLR2 signaling involves a complex
set of co‐receptors/regulators. To appropriately study the
effect of TLR2 inhibition would require much more
complex procedures involving inhibition of TLR1, TLR6,
and/or CD14.71 Cooperation with TLR4 and TLR2 is also
described 72,73 which adds a level of complexity to these
types of studies. The effect of TLR2 inhibition on
response to necrotic supernatant is an area of active
research in our lab and will be the focus of future studies.

Our study has some limitations that should be noted.
The ex vivo model is naturally limited by the lack of in vivo
dynamics. Injection of necrotic supernatant into humans is
not possible and injection into the mouse circulation would
be biased by xenogeneic immune responses. Therefore, we
believe our model is a reasonable approach for studying the
effect of human‐derived DAMPs on human HMVECs.
Another limitation of our study is that we do not explore
which specific molecules within the necrotic supernatant are
mediating the effects observed in the HMVECs. We have
characterized which proteins are found in the necrotic
supernatant using proteomics, but there are likely other
molecules such as RNA, DNA, microRNAs, or large
membrane fragments present in the necrotic supernatant
that have signaling properties as well. We have not
performed an exhaustive evaluation of all of these molecules
because we are interested in the PRR response to DAMPs
rather than the individual DAMPs themselves. We focus on
PRR signaling in the target cell rather than trying to identify
specific DAMPs for for two reasons: (1) PRRs can bind
multiple DAMPs, which suggests that therapeutic inhibition
of PRRs may have a larger effect than blockade of a single
DAMP; and (2) studying the effect of individual DAMPs
requires the use of germ‐free mice and germ‐free conditions
and is impractical for long term studies. Another limitation
of our model is possible off‐target effects and lack of
specificity of the NOD1 and NOD2 inhibitors. However, the
development of these inhibitors demonstrated high specific-
ity to NOD1 74 and NOD2 75 with no observed off‐target
effects, and these inhibitors have been used in many other
publications to investigate the roles of NOD1 76–83 and
NOD2.84–86

In summary, the data demonstrate that human
primary microvascular endothelial cells respond to
DAMPs derived from renal tubular epithelial cells and
that PRRs known to be important in AKI are present in
HMVEC and are involved in the response to these
DAMPs. This work adds to the understanding of
the mechniasms of kidney‐lung crosstalk and provides
a model for future studies aimed at developing

therapeutics that may provide benefit during acute lung
injury and multiorgan failure.
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