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Abstract

Background: Inflammation is a key driver of cardiovascular pathology, and many systemic
autoimmune/rheumatic diseases are accompanied by increased cardiac risk. In the K/B.g7

mouse model of coexisting systemic autoantibody-mediated arthritis and valvular carditis, valve
inflammation depends on macrophage production of TNF and IL-6. Here we sought to determine
if other canonical inflammatory pathways participate and to determine whether TNF signaling
through TNFR1 on endothelial cells is required for valvular carditis.

Methods: We first asked if type 1, 2, or 3 inflammatory cytokine systems (typified by

IFN7y, IL-4, and IL-17, respectively) were critical for valvular carditis in K/B.g7 mice, using

a combination of /n vivo monoclonal antibody blockade and targeted genetic ablation studies.
To define the key cellular targets of TNF, we conditionally deleted its main pro-inflammatory
receptor, TNFR1, in endothelial cells. We analyzed how the absence of endothelial cell TNFR1
affected valve inflammation, lymphangiogenesis, and the expression of pro-inflammatory genes
and molecules.

Results: We found that typical type 1, 2, and 3 inflammatory cytokine systems were not required
for valvular carditis, apart from a known initial requirement of IL-4 for autoantibody production.
Despite expression of TNFR1 on a wide variety of cell types in the cardiac valve, deleting
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TNFR1 specifically on endothelial cells protected K/B.g7 mice from valvular carditis. This
protection was accompanied by reduced expression of vascular cell adhesion molecule (VCAM1),
fewer valve-infiltrating macrophages, reduced pathogenic lymphangiogenesis, and diminished
pro-inflammatory gene expression.

Conclusions: TNF and IL-6 are the main cytokines driving valvular carditis in K/B.g7 mice.
The interaction of TNF with TNFR1 specifically on endothelial cells promotes cardiovascular
pathology in the setting of systemic autoimmune/rheumatic disease, suggesting that therapeutic
targeting of the TNF: TNFR1 interaction could be beneficial in this clinical context.
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INTRODUCTION

Inflammation is a key contributor to many cardiovascular diseases 1-4. Cardiac valve
involvement is well known to occur in systemic autoantibody-mediated diseases such as
systemic lupus erythematosus, antiphospholipid syndrome, and rheumatic heart disease
(RHD) °. Autoimmune valvular carditis is characterized by inflammation and fibrotic
remodeling of left sided heart valves, primarily the mitral valve 6. This can culminate
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in valvular insufficiency and/or regurgitation and increases susceptibility to bacterial
endocarditis 7- 8. RHD results from untreated group A Streptococcus infection and
disproportionately affects low-income countries; it is a major cause of cardiovascular death
in young patients with limited access to health services % 19, More broadly, inflammatory
cardiovascular pathology including atherosclerosis is the main source of morbidity and
mortality among patients with rheumatic diseases 1.

The immunological mechanisms that mediate cardiovascular inflammation in these settings
remain incompletely defined. Our group uses the K/B.g7 mouse model of spontaneous,
co-existing autoantibody-driven arthritis and valvular carditis to dissect these mechanisms.
This model consists of a transgene-encoded T-cell receptor that recognizes peptides from
the ubiquitously expressed enzyme glucose-6-phosphate isomerase (GPI) presented by the
MHC class Il molecule 1-A97. Subsequently, activated B-cells produce pathogenic anti-GPI
autoantibodies 12. The resulting autoantibody-induced joint and valve inflammation are
mediated by distinct immunological effector pathways, allowing us to parse out valve-
specific immune mediators 13,

We have previously shown that Fc receptor-mediated macrophage activation and subsequent
IL-6 and TNF production are required for valvular carditis in this model 1415, We have
further shown that expression of TNFR1 on radioresistant stromal cells is critical for the
development of valvular carditis, whereas blockade of TNFR2 actually exacerbated disease
severity 15, Here we explored many other cytokines and macrophage effector molecules and
conclude that IL-6 and TNF are the predominant players; canonical type 1, 2, and 3 cytokine
systems appear dispensable. Due to the pleiotropic and potent nature of TNF 16, we sought
to determine its key cellular targets. Since TNF is well known to elicit endothelial activation
16,17 we focused on TNFR1-expressing endothelial cells (ECs). Using an EC-specific
(Cdh5) inducible Cre to conditionally delete TNFR1, we show that the interaction of TNF
with TNFR1 on ECs is required for valvular carditis in K/B.g7 mice.

MATERIALS AND METHODS

Data Availability

Animals

The authors will make data and study materials supporting these findings available upon
reasonable request. Please see the Major Resources Table in the Supplement.

Animal studies were approved by the University of Minnesota Institutional Animal Care
and Use Committee (IACUC protocols 1805-35885A, 1506-32700A and 1207A17481).
Standard specific pathogen free (SPF) housing was used. Male and female mice were

used in approximately equal numbers. KRN T cell receptor (TCR) transgenic (‘KRN’) and
C57BL/6:1-Ag7 MHC class Il congenic (‘B.g7’) were gifts from D. Mathis, C. Benoist,
and the Institut de Génétique et Biologie Moléculaire et Cellulaire (IGBMC), llIkirch-
Graffenstaden, France. //4ra™f (* l/4ra-floxed’, mice with floxed //4raalleles, subsequently
backcrossed onto the C57BI/6 genetic background) 18 have been previously described.
1117a/f”~ (mice with genetic deletion of both //17aand //17f were a gift from Immo Prinz
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and have been previously described 1°. //17ra7~ (mice with deletion of the gene encoding
IL17RA) were a gift from Amgen. The following lines were purchased from The Jackson
Laboratory: B6J.B6N(Cg)- Cx3cr1im1-1(cre)lung)y (+ Cx3cri-Cre’, stock # 025524), C57BL/
6-Irf5MIPPT/y (< frf51> “Irf5floxed’, stock # 017311), B6.129S7-1fng™1Ts/3 (“ /fng ™,
stock # 002287), B6(Cg)-TIr4tm1-2Karpg (¢ 77471 7 stock # 029015), B6.129P2-Nos2tmikauy]
(‘Nos2™ =, stock #002609), C57BI/6-114™INNYj (< /14— stock # 002518), C57BI/6 (stock #
000664), and ROSAMT/MG (stock # 007676).

The TNFR1 floxed mice ( 7nfrsf1dm3-1Gkl) were generated by George Kollias and
obtained from EMMA/INFRAFRONTIER (stock 07099) 20. The VE Cadherin-Cre line
for tamoxifen-inducible Cre-recombinase expression under regulation of the vascular
endothelial cadherin promoter (Cah5-CreERT2YKUP) has been previously described 21 and
was a gift from Dr. Yoshiaki Kubota. Endothelial cell lineage-tracing was performed using
K/B.g7 Cah5-Cre/ERT2 ROSAMT/MG mice with either fully floxed (TNFR1/f) or control
(TNFRIWUTy mice.

Tamoxifen administration

Cre-recombinase expression was induced via intraperitoneal injection of 200 pg tamoxifen
(T5648, Sigma-Aldrich) dissolved in corn oil (C8267, Sigma-Aldrich) vehicle. Animals
were treated once daily for three days starting at 3 or 6 weeks of age, and harvested 5
weeks later. Tamoxifen was dissolved overnight in 37°C incubator and kept in 4°C between
injections. Suspension was warmed in 37°C incubator prior to injection.

Monoclonal antibody (mAb) blockade studies

The monoclonal anti-1L-4 antibody (clone 11B11) for /n vivo use was purchased from
BioXcell. Anti-IL-13 (Tanox IL-13 (M0):9517) was a gift from Genentech, Inc (South
San Francisco, CA, USA). Isotype control antibodies were purchased from Jackson
Immunoresearch, Inc. Antibodies were diluted to 1 mg/ml in phosphate-buffered saline
(PBS) and 0.2 ml (200 ug) was injected intraperitoneally twice weekly.

Mouse heart collection, sectioning, and histology

Immediately following euthanasia, the chest cavity was opened, descending aorta was
severed to allow blood to exit, and hearts were perfused with 10 mL cold PBS. Hearts were
removed, embedded in OCT medium, and frozen in a slurry of dry ice and 2-methyl-butane.
Lineage-traced Cah5-Cre/ERT2 ROSAMT/MG hearts were fixed in 4% paraformaldehyde
(PFA) for one hour immediately after removal. Hearts were washed in PBS and then
incubated in a 15% sucrose solution overnight at 4°C and then transferred to a 30% sucrose
solution for 4 hours at 4°C. Hearts were washed in PBS before embedding in OCT and
frozen over a dry ice slurry.

Frozen murine hearts were cryosectioned in the coronal plane to 7 or 8 um thick slices
(Leica CM3050 S) and transferred to glass slides (12-550-15, Thermo Fisher Scientific).
Sections were stored at —80°C until use.
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Frozen sections were allowed to air dry and were fixed in cold acetone prior to hematoxylin
and eosin (H&E) staining (Vector, H-3404) according to manufacturer’s protocol. Mitral
valve thickness was measured using H&E stained sections as described previously 22,
Trichrome staining (abcam, ab150686) was performed following 4% PFA fixation according
to manufacturer’s protocol. Histologic sections were cleared in xylene and mounted with
VectaMount permanent mounting media (\Vector, H-5000). CellSens imaging software
(Olympus) and an Olympus BX51 microscope were used for brightfield image acquisition.

Immunofluorescent staining of mouse tissue

Sections of mouse cardiac tissue were prepared for immunofluorescent (IF) staining as
described previously 13. Fresh frozen mouse cardiac sections were fixed with cold 4% PFA
for 10 minutes then washed in three changes of PBS. Non-specific binding was blocked
with 5 ug/ml anti-CD16/32 (rat monoclonal [2.4G2], Tonbo Biosciences) diluted in a rinse
buffer of 2% BSA, 5% normal donkey serum (NDS), and 0.1% Tween-20. For biotinylated
antibodies, this blocking step was followed by biotin blocking (E21390, Invitrogen) per
manufacturer’s protocol. Antibodies were diluted in rinse buffer described above and
incubated overnight at 4°C. The following day sections were washed in PBS and secondary
antibody diluted in rinse buffer and incubated at room temperature for 45 minutes. Nuclei
were stained with 1 pg/mL Hoechst (33342, Thermo Fisher Scientific). Slides were washed
in PBS and mounted with VECTASHIELD Plus Antifade mounting medium (H-1900).
Images were acquired within 24 hours of mounting on a Leica DM6000B epi-fluorescence
microscope with LAS X (Leica) software. A 20x objective lens was used to acquire between
10-18 focal planes (z-axis) with tile-scan mode employed to image the entirety of each
valve. Exposure times were matched to species-matched isotype control samples. Primary
and secondary antibodies used are listed in the Online Supplement. Representative images
displayed in figures were selected based on the continuous tissue morphology and the valve
thickness measurements being near the average thickness of the group.

Immunofluorescent staining of human tissue

De-identified human cardiac valve samples were acquired by CardioStart International
during charitable missions in countries with high incidences of RHD. Additional de-
identified non-rheumatic control valve samples obtained from patients undergoing surgical
correction for non-inflammatory valve conditions. The samples were collected following
the patient consent procedures approved by University of Minnesota IRB protocol
1307M39481. Human mitral valve tissue was processed as described previouslyl®. Valve
samples were formalin fixed and paraffin embedded prior to sectioning. Slides were
deparaffinized in 2 changes of xylene for 10 minutes each, or until paraffin had dissolved
completely. Sections were rehydrated for 5 minutes each in 100%, 95%, 70%, 50% ethanol:
dH,0 gradient and rinsed twice in dH,0. Antigen retrieval was performed in citrate
buffer (10mM Citric acid anhydrous, 0.05% Tween-20, pH 6.0) for 30 minutes at 95°C.
Sections were allowed to cool in buffer at room temperature for 30 minutes, washed in
PBS, permeabilized in 0.1% Tween-20 for 10 minutes, and washed again. Endogenous Fc
receptor expression was blocked (Innovex Biosciences, NB309) for 40 minutes at room
temperature. Primary antibody was diluted in the same rinse buffer described above and
incubated on sections overnight at 4°C. The next day, slides were washed in PBS prior to
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adding secondary antibody diluted in rinse buffer for 1 hour at room temperature. Secondary
antibody was washed off with PBS before nuclear counterstain with Hoechst. Slides were
washed again in PBS before being coverslipped with Vectashield plus. Coverslipped sections
were chilled for 30 minutes in 4°C prior to imaging. Exposure times were matched to
species-matched isotype control samples. Representative images of human valve tissue were
selected based on the sample’s proximity to the average measurement.

In situ zymography

Fresh frozen mouse cardiac tissue was used to assess active MMP2/9 activity. DQ gelatin
with fluorescein conjugate (D12054, Invitrogen) was diluted to a working concentration
of 2 ug/mL in MMP activity buffer (100 mM NaCl, 10 mM CaCl2, 20 pM ZnCl, 0.05%
Tween-20 and 100 mM Tris-HCI at pH 7.5). Control slides were incubated with substrate
dilution containing 20 mM EDTA to inhibit MMP activity. Following two 5-minute PBS
washes, an equal amount of diluted substrate was added to each section. Slides were
incubated in a dark humidity chamber at 37°C for 1 hour. Following incubation, substrate
was rinsed off of slides with dH,0. Slides were washed in two changes of PBS for 5 minutes
each and fixed in 10% formalin for 5 minutes. Following fixation, slides were washed

in dH,0 and PBS as previously described. Slides were mounted with VECTASHIELD
containing DAPI (H-2000) for nuclei staining. Slides were viewed on Leica DM6000B
epi-fluorescence microscope and 20x images were taken for analysis.

Image analysis

The Fiji distribution of ImageJ (NIH) was used for image analysis. The image analyses are
based on methods described previously 1°. Species-matched isotype control samples were
analyzed in parallel. Greyscale maximume-intensity z-projections were generated for each
channel of interest. Linear adjustments of brightness were applied equally to all images and
isotype control images. Using the maximum-intensity projection in 8-bit image format, the
mitral valve leaflet region of interest (ROI) was outlined manually for subsequent analysis.

Expression of VCAM-1 staining as a percent of MV area was quantified as described
previously 23, Briefly, images were converted to a binary format and then positive area
within the MV ROI was calculated in FIJI.

The numbers of CD64+ cells and total cells were quantified using FIJI. Within FIJI, images
were subjected to minimal background subtraction with rolling ball (radius of 15 pixels for
CD64 and 10 for DAPI channels) to reduce background signal. The threshold function was
applied to convert images to a binary, with the same parameters applied to all images of

the same channel. CD64 binary images were additionally reduced of non-specific signal
applying FIJI’s “despeckle” processing. The binary watershed mask was applied to the
DAPI channel to ensure proper division of individual cells. The analyze particles function in
F1J1 was applied with the pixel*2 size set at 20-infinity for CD64 and 0-infinity for DAPI.
These parameters differ slightly due to the more irregular morphology of CD64 staining.
Cell counts for each ROI within the image were recorded. This method was employed for all
immunofluorescent imaging data depicting cell counts.
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Caspase-3 cell counts were performed on images merging cleaved caspase-3 and nuclei
channels. Lymphatic vessel formation was assessed with merged LYVE-1, VEGFR3, and
nuclear staining channels. Vessels were counted as a minimum of three consecutive cells
co-expressing LYVE-1 and VEGFR-3.

Signal intensity of images was measured in F1JI using 8-bit grayscale images. Following
selection of the mitral valve ROI, the “measurements” feature was used to collect the mean
gray value of the pixels within the ROI.

Cardiac tissue digestion

After euthanasia, hearts were perfused with 5 mL cold PBS, excised, and placed in 0.5

mL cold RPMI medium containing GlutaMAX supplement (Thermo Fisher Scientific)

with added 3% fetal bovine serum (FBS, Thermo Fisher Scientific), and 10 mM HEPES
(Thermo Fisher Scientific). The mitral valve was isolated as previously described 15.

Tissue of interest was placed in 1 mL of RPMI/ FBS/ HEPES buffer with 500 U/ml
collagenase-2 (Worthington Biochemical) and 20 U/ml DNase | (Worthington Biochemical),
pre-warmed to 37°C for digestion. Heart was quickly minced in solution with scissors
before being incubated in dry bath at 37°C for 1-hour with intermittent trituration using

a P-1000 pipette to digest tissue. Samples were centrifuged for 5 minutes at 300xg at

4°C. Pellets were washed once with 2% BSA. Erythrocytes remaining in the pellet were
lysed using 0.3 ml ammonium chloride-potassium (ACK) lysis buffer (150 mM NH,4CI, 10
mM KHCOj3, 0.10 mM EDTA) at room temperature for 3 minutes and quenched with

1 mL 2% BSA. The samples were centrifuged at 300xg for 5 minutes at 4°C. Cells

were resuspended in 1 mL 2% BSA and filtered through 70-micron filters. Samples were
centrifuged and filtered through 40- micron filters and counted. Cells were resuspended in
90 pL of 0.5% BSA and 10 pL of CD45 MicroBeads (130-052-301, Miltenyi Biotech) were
added and processed according to manufacturer’s protocol. Magnetically labeled cells were
added to an LS Column (130-042-401, Mitenyi Biotech) on a MidiMACS™ Separator to
deplete CD45-positive cells. CD45* cells were flushed from column for further downstream
processing. Remaining cells were then incubated with CD31 MicroBeads (130-097-418,
Miltenyi Biotech) according to manufacturer’s protocol. Cells were added to LS column to
enrich CD31* endothelial cells. 200,000 cells from a pool before any sorting and a pool
following CD45* depletion and CD31" enrichment were taken for flow cytometric analysis.
The remaining samples proceeded to RNA isolation and cDNA generation.

Flow cytometric analysis of sorted cells

Sorted samples were added to a 96-well plate and were washed with 0.5% BSA and
centrifuged at 300xg for five minutes at 4°C. Samples were resuspended in 5 pg/mL anti-
CD16/32 (rat monoclonal [2.4G2], Tonbo Biosciences) in a total of 200 pL 0.5% BSA for
15 minutes on ice. Following block, antibodies were added and incubated on ice protected
from light for 30 minutes (antibodies used are listed in Online Supplement). Samples were
centrifuged and resuspended in a 1:1000 dilution of viability dye for 15 minutes on ice.
Samples were washed and fixed (Cytofix/Cytoperm, BD Biosciences) before a final wash
and resuspension in 2% BSA. A Fortessa X-30 H0081 (BD Biosciences) cytometer with
FACSDiva software was used for data acquisition. Compensation was configured using

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Faragher et al.

Page 8

single-stain compensation beads (UltraComp eBeads Compensation Beads, Thermo Fisher
Scientific). Flow cytometric data were analyzed using FlowJo software (v 10.8.1).

RNA isolation and cDNA generation

RT-gPCR

Following the preparation of a single cell suspension, cells were pelleted and resuspended
in 1 mL of TRIzol (Invitrogen, catalog #15596026) and RNA isolation was performed
according to manufacturer’s protocol (MAN0001271). RNA Aogo/280 ratio was assessed
with a NanoDrop OneC (Thermo Scientific). cDNA synthesis was then performed using
the SuperScript™ 1V First-Strand synthesis system (Thermo Fisher, 18091050) following
manufacturer’s protocol (MAN0013442). cDNA samples were stored at —20°C until use.

Real time, quantitative PCR (qPCR) was used to quantify gene expression. 3 uM of forward
and reverse primers (sequences in Major Resources Table in Supplement) were combined
with cDNA from each sample and FastStart Universal SYBR Green with ROX (Roche)
according to manufacturer’s protocol (version 06) in 384-well plates (Bio-Rad HSP3805).
PCR reactions were run using a Bio-Rad CFX384 with an annealing temperature of 60°C for
all primer sets. Samples were run in duplicate, and values were averaged for analysis. Data
were calculated by the AACt method and expressed in arbitrary units normalized to -actin
levels.

ScRNA sequencing analysis

Following valve isolation and tissue processing to a single cell suspension as described
above, live, single cells were sorted and prepared using a Single Cell 3° Reagent Kit
following the manufacturer’s protocol (10x Genomics). Sequencing was conducted with the
NovaSeq 6000 Sequencing System (lllumina) and a MiSeq instrument was used to assess
sequencing quality. All sequencing and post-sequencing data clean-up and processing was
conducted by the University of Minnesota Genomics Center (UMGC).

Alignment, barcode assignment, and UMI counting with Cell Ranger (version 3.1.0) 24 were
used for count matrix generation. For alignment, a Mus musculus genome mm10-3.0.0 was
used as a reference. Barcodes in all samples that were considered to represent noise and
low-quality cells were filtered out using the default knee-inflection approach available in
default Cell Ranger analysis.

For downstream analysis, Seurat package (version 3.1.0) 2528 was used. Genes expressed in
less than 3 cells were filtered from the expression matrices along with cells that expressed
less than 200 genes. Finally, cells with a mitochondrial percentage more than highest
confidence interval for scaled mitochondrial fraction were filtered out.

Each sample was normalized using the SCTransform function with mitochondrial

fraction as a variable to regress out in a second non-regularized linear regression. For
integration purposes, highly variable genes across the samples were identified using the
SelectIntegrationFeatures function with the number of features equal to 2000. Then the
object was prepared for integration (PrepSCT Integration function), the anchors were found
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(FindIntegrationAnchors function) and the samples were merged into the whole object
(IntegrateData function).

Dimensionality was reduced by principal component analysis (PCA), and the first 20
principal components were used further to generate uniform manifold approximation and
projection (UMAP) dimensionality reduction. The clustering procedure was performed by
FindNeighbors and FindClusters (resolution 0.6). Some of the output clusters were manually
merged based on the marker genes' expression (e.g., 7¢f21+ clusters were labeled as the
Tcr21+ fibroblasts) after biological annotation of each cluster (e.g., Cah5+ clusters were
annotated as VECs, the Ca3d* cluster as T cells, proliferating cells were identified based on
the expression of Mki67, etc.).

Sequencing data has been uploaded to the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO) for public access under accession code
GSE221197.

Arthritis assessment

Clinical arthritis scoring and mouse ankle thickness assessments were performed weekly
beginning at three weeks of age. Arthritis scoring was conducted using a 12-point system
as previously described 22. Ankle thickness was measured using a dial gauge (Kéafer, model
J15) following a previously described method 33.

Evaluation of anti-glucose-6-phosphate isomerase antibody titers and serum TGF- p1

levels

Statistics

Following euthanasia, blood was collected and centrifuged at 300xg for 5 minutes for
plasma collection. Anti-GPI antibody titers were quantified using an enzyme-linked
immunosorbent assay (ELISA) as described previously34 35, A 96-well plate was coated
overnight at 4°C with 5 ug/mL of GPI diluted in PBS. The following day, plate was
blocked for 1 hour at room temperature with 2% BSA. Serum samples were diluted to
1:100 in PBS and incubated for 1 hour at room temperatures. Following incubation, plate
was washed three times with 0.5% BSA and washed once in PBS. Secondary antibody;,
alkaline phosphatase anti-mouse 1gG, was diluted 1:2500 in PBS and incubated for 1 hour
at room temperature. Following incubation, plate was washed as previously described. A
phosphatase substrate tablet was dissolved in AP buffer and added to the plate to develop
color. Plate was read on a microplate reader (BioRad iMark) at 415nm . Samples were plated
in duplicate and averaged for analysis. The average of the "blank” wells were subtracted
from each sample. Absorption values were normalized by setting the average of the control
group to one. Mouse sera were assayed for circulating levels of TGF-B1 via a solid phase
sandwich ELISA (DY1679, R&D Systems) following manufacturer’s instructions. Assay
was read at 450 nm on a microplate reader.

Statistical analyses were done on GraphPad (Prism v. 9.4.0). Because of small sample
sizes, normality was not presumed and therefore nonparametric tests were used. For
comparing two groups at a single time point, Mann-Whitney tests were used. For three
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groups, a Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used. For
longitudinal arthritis data, two-way repeated measures ANOVA with Geisser-Greenhouse
correction was performed, followed by a Sidak multiple comparisons test. Statistical
significance was defined as p<0.05. Exact P values are reported in figures, rounded to two
significant digits.

Typical Type 1, 2, 3 inflammatory signals are dispensable for arthritis and cardiac valve
disease in K/B.g7 mice.

TNF and IL-6 are critical drivers of autoimmune valvular carditis in the K/B.g7 mouse
model. We have shown previously that binding of immune complexes to activating Fc
receptors stimulates a Syk-dependent signaling pathway leading to macrophage TNF and
IL-6 production, and that antibody blockade of IL-6 or TNF blocks valve inflammation and
fibrosis 14 15, We first sought to define the potential contribution of other cytokines and
related pro-inflammatory molecules in this model, using the general framework of type 1
(IFN7y), type 2 (IL-4, IL-13), and type 3 (IL-17) inflammatory pathways.

We first generated K/B.g7 mice with genetic deletion of key type 1 inflammatory mediators,
including interferon gamma (/fng), toll-like receptor-4 ( 7/r4), or inducible nitric oxide
synthase (iNOS, encoded by Nos2). The severity of valvular carditis in each of these

lines was not statistically significantly different from heterozygous littermate controls
(Figure 1A-1C). Arthritis development and anti-GPI autoantibody production were also not
statistically significantly different (Online Figures S1A-F).

Irf5is a master regulator of a transcriptional program leading to ‘M1-like’ macrophage
polarization, associated with type 1 inflammatory responses 36. We have previously
demonstrated a critical role for CX3CR1-expressing macrophages in valvular carditis

15 We found that K/B.g7 mice with conditional deletion of /r#5in MNPs (Cx3cr1-

Cre*: Irf5™f) developed valve inflammation, arthritis, and anti-GPI autoantibodies that
was not statistically significantly different compared to littermate control mice lacking
Cre expression (Cx3cr1-Cre™: Irf5™f) (Figure 1D and Online Figures S1G and S1H).
Collectively, these results demonstrate that typical type 1 inflammation is dispensable for
valvular carditis and arthritis in K/B.g7 mice.

With respect to type 3 inflammation, we have previously shown that the initiation and
progression of arthritis and anti-GPI autoantibody production do not require IL-17A/F
or Tyl7 cells 37. We similarly found that K/B.g7 mice with constitutive deletion of the
genes encoding both IL-17A and IL-17F or the gene encoding their receptor, IL-17RA,
developed mitral valve inflammation not statistically significantly different from control
mice (Figure 1E and 1F). Thus, type 3 inflammatory signals are also dispensable for
systemic inflammatory disease in K/B.g7 mice, including valvular carditis.

We next asked whether type 2 inflammatory signals are required. Previous work has shown
that IL-4 is required for autoantibody production and arthritis development in this model
38 we confirmed that finding. Not surprisingly, IL-4 deficient K/B.g7 mice also did not
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develop valvular carditis, consistent with the dependence of valve disease on autoantibody
formation (data not shown). We therefore sought to interrogate the type 2 cytokine system in
K/B.g7 mice with intact autoantibody production. Using K/B.g7 mice in which spontaneous
autoantibody production had already begun, we administered blocking antibodies to I1L-13
or IL-4; these treatments had no statistically significant effect on valve inflammation (Figure
2A and 2B) nor arthritis severity scores (Online Figure S2). Similarly, the severity of
valvular carditis and arthritis was not statistically significantly different from controls in
mice with macrophage-specific deletion of either IL-4Ra,, a receptor subunit shared by the
receptors for IL-4 and IL13, or of Arginase-1, a key driver of type 2 (M2) macrophage
polarization 39 (Figure 2C and 2D and Online Figures S2 and S3). Thus, we conclude that
type 2 cytokine signaling, despite being required for initial autoantibody production in this
model, is dispensable for the later development of arthritis and valvular carditis in mice with
intact autoantibody production.

These findings demonstrate that canonical type 1, 2, and 3 cytokine signaling pathways are
not required for valvular carditis in K/B.g7 mice. Based on these findings and our prior
studies, we conclude that the binding of immune complexes to activating FcRs is a main
macrophage activation pathway in this model, and that TNF and IL-6 are the dominant
pro-inflammatory cytokines at play.

TNFR1 on endothelial cells is critical for valvular carditis

We therefore sought to identify the key cell type(s) responding to TNF to drive valvular
carditis. We showed previously that expression of TNFR1 on radioresistant cells was
necessary for mitral valve inflammation, whereas expression of TNFR1 on bone marrow-
derived cells was not 15. Single cell RNASeq analysis of isolated mitral valves revealed

a heterogeneous cellular makeup (Figure 3A), as expected. Figure 3B demonstrates the
expression of Cahb, the gene encoding the endothelial cell Cre driver we used to
conditionally delete TNFR1. Expression of 7nfrsfia, the gene encoding the p55 subunit

of TNFR1, was observed on numerous cell types including endothelial cells, fibroblasts, and
immune cells (Figure 3C). In contrast, expression of TNFR2 (encoded by 7nfrsfib) was
much more restricted (Figure 3C). Expression of the gene encoding TNF itself was limited
primarily to myeloid cells, identified by expression of CD45 (encoded by Ptorc) and Fegrl
which encodes CD64 (Figure 3D, E). In contrast, expression of IL-6, the other key cytokine
driving valvular carditis, was more widespread (Figure 3E).

We next examined TNFR1 expression in mitral valves from human patients with RHD as
well as controls without inflammatory valve disease. We found expression of TNFR1 near
the endothelial surface of the valves, as well as deeper in the interstitium (Online Figure
S4A-D). As expected based on expression of TNFR1 on many cell types, the fraction of total
cells that expressed TNFR1 did not differ between rheumatic and non-rheumatic samples
(Online Figure S4E). However, the density of TNFR1+ cells, i.e. the number of TNFR1+
cells/valve area, was significantly greater in the rheumatic samples, consistent with the
presence of an inflammatory infiltrate (Online Figure S4F).

Because endothelial cells are radioresistant, are a predominant cell type in non-inflamed
cardiac valves, and are key contributors to other types of cardiovascular inflammation,
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we asked whether endothelial cell expression of TNFR1 was required for valvular

carditis to develop. We generated K/B.g7 mice allowing conditional ablation of TNFR1

in endothelial cells, using tamoxifen-inducible vascular endothelium cadherin (VE-Cad,
Cah5)-driven CreERT2 and floxed alleles of the gene encoding TNFR1 ( 7nfrsfla), here
termed TNFR1ACANS | jttermate K/B.g7 mice expressing two floxed alleles encoding
TNFR1 with no Cre construct were used as controls (TNFR1/f). The Cafh5-Cre construct
targets all Cah5-expressing endothelial cells in the mouse; using a fate-reporting mouse, we
verified that Cah5-Cre-mediated deletion occurs in endothelial cells situated on the valve
surface (Online Figure S5). Using Magnetic Activated Cell Sorting (MACS) followed by
gPCR, we verified that tamoxifen administration resulted in deletion of 7nfrsfiain CD31+
endothelial cells but not in other cell types (Figure 4A). Prior to and following magnetic
sorting, cells were evaluated via flow cytometry for purity of the endothelial cell population
(Online Figure S6).

We administered tamoxifen to 3-week-old mice to determine if the absence of TNFR1 on
endothelial cells could prevent the development of valvular carditis and to 6-week-old mice
to determine if it would reduce the severity of established disease (Figure 4B). With each
regimen, we found that the absence of TNFR1 on endothelial cells significantly reduced

the degree of mitral valve thickening (Figure 4C and D, right), though not entirely to the
thickness of mitral valves in littermate control non-arthritic mice lacking the KRN TCR
transgene 13, This was accompanied by reduced collagen deposition (Figure 4C and D,

left), indicating reduced fibrosis. We verified that this protection from valvular carditis and
fibrosis was not due to impaired anti-GPI autoantibody production (Figure 4E and 4F, right).
Intriguingly, despite the well-known role of TNF in promoting arthritis in some mouse
models, it is not a key driver of arthritis in the K/B.g7 model or its derivative, serum
transferred arthritis 15 4042, Consistent with this, the absence of TNFR1 on endothelial cells
did not result in a statistically significant difference in the severity of arthritis in this model
(Figure 4E and 4F, left). Thus, the TNF:TNFR1 interaction is required for the pathogenesis
of valvular carditis but not arthritis in this model. Furthermore, despite expression of TNFR1
on many cell types in the cardiac valves (see Figure 3), its expression specifically on
endothelial cells is critical for disease pathogenesis.

In the course of these studies, we also evaluated other endothelial cell receptors that
might promote valvular carditis and/or fibrosis. Consistent with our other results, K/B.g7
mice lacking IL-4Ra on endothelial cells developed valvular carditis, arthritis, and anti-
GPI autoantibodies that were not statistically significantly different from controls (Online
Figures S7TA-D). Additionally, we investigated TGFBR2, a driver of fibrosis in many
systems; expression of TGFBR2 on endothelial cells was also not required for valvular
carditis, nor did it significantly affect circulating levels of TGFp (Online Figures S7E-I).

TNFR1 activates endothelial cells to promote valve inflammation and lymphangiogenesis

TNF stimulates vascular endothelial cells to upregulate expression of adhesion molecules,
resulting in extravasation of immune cells into tissues. We have previously shown that the
VLA-4:VCAMLI interaction is required for valvular carditis in this model 1°. In K/B.g7 mice
lacking TNFR1 on endothelial cells, the expression of VCAM1 was reduced (Figure 5A and
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Online Figures S8A and S10A). Additionally, infiltration of macrophages was significantly
reduced (Figure 5B and Online Figures S8B, S9A, and S10B). These findings suggest

that TNF binding to TNFR1 on endothelial cells upregulates expression of VCAML1 to
promote influx of key inflammatory cells, primarily macrophages in this model. We have
previously demonstrated that mitral valve inflammation is accompanied by accumulation

of apoptotic cells 23, Consistent with this, the number of cleaved caspase-3 apoptotic cells
was significantly reduced in TNFR12CdS mice compared to controls (Figure 5C and Online
Figures S8C and S10D).

Furthermore, we have recently discovered that valvular carditis is accompanied by the
growth of new lymphatic vessels into the valve interstitium and that blockade of lymphatic
formation reduces the severity of valve inflammation (Osinski et al, submitted). Given the
established role of TNFR1 in regulating lymphatic growth and function 43, we asked if the
absence of TNFR1 on endothelial cells impacted lymphangiogenesis in K/B.g7 mice. We
found significantly reduced numbers of lymphatic vessels in K/B.g7 mice lacking TNFR1
on endothelial cells relative to control mice (Figure 5D and Online Figures S8D, S9B-C, and
S10C). It is possible that TNF directly promotes lymphangiogenesis by binding to TNFR1
on endothelial cells or that lymphangiogenesis is stimulated indirectly by other factors
present in the inflamed cardiac valve.

Endothelial TNFR1 induces inflammatory and vascular remodeling genes

We next analyzed how the absence of TNFR1 on endothelial cells affected expression of
genes involved in matrix remodeling, inflammation, and vascular remodeling, since each of
these processes occurs in the inflamed mitral valves.

Matrix metalloproteinases (MMPs) act to degrade extracellular matrix, but also act on
matrix associated proteins like growth factors, cytokines, and chemokines. MMP activity

is balanced by tissue inhibitors of matrix metalloproteinases (TIMPs). Despite reduced
collagen deposition in the absence of endothelial TNFR1 expression (see Figure 4),
expression of genes encoding MMPs and TIMPs was not statistically significantly different
compared to controls (Figure 6A). Multiple testing correction was not used for statistical
analysis. Using in situ zymography, we found that the activity of MMP2 and MMP9 in

the valve was not significantly altered in the absence of endothelial cell TNFR1 expression
(Online Figures S11A-D). Similarly, phosphorylation of SMAD2, which occurs downstream
of TGFp receptor signaling, was not statistically significantly different in mice lacking
endothelial cell TNFR1 expression compared to controls (Online Figures S11E-H). These
findings suggest that the reduction in fibrosis in this setting is not primarily due to effects on
matrix remodeling pathways.

With respect to induction of inflammatory genes, we found reduced expression of 1L-6

in mitral valves of TNFR1ACdNS mice relative to controls, consistent with TNF and IL-6
acting in series. Endothelial cell TNFR1 is a well-known activator of the pro-inflammatory
transcription factor NF-xB, and mitral valves from TNFR1ACdNS mice had significantly
reduced expression of Nfkb1 and the gene encoding its active co-unit RelA (Figure

6B). NF-xB controls endothelial activation by inducing adhesion molecule expression. In
concordance with our immunofluorescent staining (see Figure 5A and Online Figure S8A),
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Vicam1 transcript levels were reduced in the mitral valves of TNFR12CAhS mice relative to
controls (Figure 6B).

TNF is known to induce vascular remodeling in a variety of disease contexts 44 45,

and we have observed increased angiogenesis and lymphatic growth in inflamed K/B.g7
mitral valves (Osinski et al, submitted). Vascular endothelial growth factor C (VEGF-C)
signals through the receptors VEGFR-3 and neuropilin-2 to induce and maintain lymphatic
vessels 46, Angiopoietin-1 and its receptor (encoded by 77eZ) also contribute to angio-
and lymphangiogenic processes and more broadly act to maintain endothelial stability
and permeability 47- 48, Expression of the genes encoding each of these molecules was
significantly reduced in TNFR1ACdNS mitral valves compared to controls (Figure 6C). We
therefore conclude that the reduction in fibrosis seen in the absence of endothelial cell
TNFR1 expression stems more from effects on inflammatory and vascular remodeling
pathways rather than on matrix remodeling ones.

DISCUSSION

We have shown that TNFR1 expression on endothelial cells is required for valvular
carditis in K/B.g7 mice. The absence of TNFRL1 resulted in lower expression of VCAM1,
fewer infiltrating cells, decreased lymphangiogenesis, and reduced expression of multiple
inflammatory genes.

We explored many other inflammatory pathways that might contribute to valvular carditis in
this model. We used a rigorous combination of /n7 vivo antibody blockade of key cytokines
plus whole animal and conditional knockout of critical genes involved in type 1, type 2, and
type 3 cytokine responses. Through this extensive search, we discovered that these canonical
pathways, exemplified by IFNvy, IL-4, and IL-17, are not required for valvular carditis in
this model. Based on our findings here regarding TNFR1 and our prior work 1415, we
therefore conclude that TNF and IL-6 produced by macrophages are the key cytokine drivers
of valvular carditis.

TNFR1 is widely expressed, including as we have shown on most cell types in the cardiac
valve (see Figure 3A), and TNF affects the biology of most cell types 6. The finding that
the absence of TNFR1 exclusively on endothelial cells was sufficient to protect against

the development of valvular carditis was therefore somewhat surprising. We interpret this
finding to indicate that TNF stimulation of endothelial cells via TNFR1 acts very early
during the disease process, for instance by promoting upregulation of VCAM1 and the
initial recruitment of inflammatory cells. This finding does not indicate, however, that

the interaction of TNF with TNFR1 on other cell types, including immune cells and
fibroblasts, is not important in the pathogenesis of valvular carditis. Indeed, the TNF: TNFR1
interaction may subsequently promote or sustain macrophage and/or fibroblast activation

to drive chronic inflammation and fibrosis 49-°1, and we are currently investigating these
possibilities. However, without the disease-initiating activity of TNF:TNFR1 on endothelial
cells, these downstream events are substantially impaired.
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Our finding that endothelial cell expression of TNFRL1 is critical for valvular carditis but
not arthritis in the same mice is at first glance unexpected, given the well-recognized

role of TNF in many forms of inflammatory arthritis in both humans and mice. The

TNF independence of arthritis seems to be a peculiarity of the K/B.g7 mouse, however
15,40-42 \\fe therefore suspect that models of inflammatory arthritis that do depend on TNF,
endothelial cell TNFR1 expression could be important for arthritogenesis.

We have previously shown that blockade of IL-6 reduces the severity of valvular carditis and
diminishes VCAM1 expression in the valve, similar to the effects of TNF blockade 1°. I1L-6
is a well-known activator of the vascular endothelium 52, so we expect that TNF and IL-6
may both promote endothelial activation to drive valvular carditis in K/B.g7 mice, though
apparently in a nonredundant fashion. It is possible that the cytokines act in series, with the
TNF:TNFR1 interaction promoting additional endothelial cell production of IL-6 5253, The
receptors and signaling modes utilized by IL-6 are complex, including trans-presentation of
IL-6 by membrane-bound IL-6 receptor as well as trans-signaling mediated via a soluble
IL-6 receptor 52, in addition to classical receptor:ligand signaling; all of these signaling
modes depend on the gp130 receptor subunit shared by several other cytokine receptors.
Thus, ablating IL-6 signaling in one specific cell type (as we have done here for TNFR1

in endothelial cells) is essentially impossible without affecting other cytokines that use

the gp130 signaling molecule. Our finding that deletion of TNFR1 on endothelial cells
significantly reduces mitral valve thickness but not entirely to that of non-arthritic control
mice (Figure 4) is consistent with a model in which both IL-6 and TNF promote valvular
carditis, with the action of TNF on endothelial cells serving a critical initiating role 1°.

Although there are inherent limitations in extrapolating from specific mouse models to
human disease states, our findings most directly inform our understanding of human
autoimmune valvular carditis, for instance in the context of RHD. More broadly,

many forms of inflammatory arthritis, including rheumatoid arthritis, lead to accelerated
atherosclerosis and other forms of inflammatory cardiovascular disease 11+ 5. TNF appears
to be a driver of this increased cardiac risk, by promoting endothelial dysfunction, and

a meta-analysis has demonstrated that TNF inhibitor therapy can improve endothelial
function in patients with rheumatoid arthritis 5. Thus, understanding how the TNF: TNFR1
interaction promotes inflammatory cardiovascular pathology in the setting of systemic
rheumatic diseases is directly relevant to improving long-term cardiac outcomes for patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NONSTANDARD ABBREVIATIONS AND ACRONYMS

A absorbance

AU arbitrary units

EC endothelial cell

GPI glucose-6-phosphate isomerase

LA left atrium

LV left ventricle

ML mural leaflet

MV mitral valve

RHD rheumatic heart disease

ROI region of interest

SL septal leaflet
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Highlights

. Endothelial cell-specific deletion of TNFR1 reduced the severity of
autoimmune valvular carditis.

. Absence of TNFR1 on endothelial cells led to reduced expression of
VCAM-1, macrophage infiltration, and pro-inflammatory gene expression.

. Typical type 1, 2, and 3 inflammatory pathways were not required for valvular
carditis to develop.

. TNF and IL-6 are key drivers of autoimmune valvular carditis, and TNF
acting on endothelial cells is a critical initiating event.
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Figure 1. Canonical activators of type 1 and type 3 inflammation are not required for valvular
carditis in K/B.g7 mice.

Top panels, H&E stained sections of representative mitral valve (MV) sections from K/B.g7
mice with indicated genotypes. Bottom panels, MV thickness measurements in the same
mice. Orientation of left atrium (LA) and left ventricle (LV) across all panels is the same

as denoted in A; all scale bars represent 50 um. Data were analyzed using a two-tailed
Mann-Whitney test. Data are represented as mean + SD; p-values are displayed in each
panel.
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Figure 2. Type 2 inflammatory pathways are not required for valvular carditis in K/B.g7 mice.
Top panels, H&E staining of K/B.g7 MVs from mice that received indicated antibody

blockade treatment and corresponding isotype control antibody mouse 19G (mlIgG) or

rat 19G (rlgG) or indicated Cx3Cr1-Cre mediated receptor deletion. Bottom panels, MV
thickness measurements in the same mice. Orientation of left atrium (LA) and left ventricle
(LV) across all panels is the same as denoted in A; all scale bars represent 50 um. Data
were analyzed using a two-tailed Mann-Whitney test. Data are represented as mean + SD;
p-values are displayed in each panel.
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Figure 3. Single-cell RNA sequencing shows heterogenous expression of TNFR1 and confined

expression of TNF.

A, Uniform Manifold Approximation and Projection (UMAP) visualization of SCRNA

sequenced K/B.g7 and B.g7 mitral valves (MVs). Cells were obtained from 3-, 8-, and 25-
week-old mice (n=2 per age group from K/B.g7 and B.g7) MVs. Cell types characterizing

each cluster are listed to the right of UMAP plot. Three endothelial cell clusters are

distinguished by expression of Vwf (3), Prox1 (7), Hap/n1 (11). Cluster 2 “SMCs” denote
smooth muscle cells, cluster 9 “RBCs”; red blood cells. B, Transcript expression of Cah5
(VE Cadherin or CD144) overlayed on UMAP plot. C, 7nfrsfia(encodes TNFR1, top) and
Tnfrsflb (encodes TNFR2, bottom). D, Expression of Piprc (CD45, top) and Fcgrl (CD64,
bottom). E, Expression of cytokines 7nf(TNF, top) and //6 (IL-6, bottom).
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Figure 4. Endothelial deletion of TNFR1 prevents and reverses mitral valve disease.
A, qRT-PCR analysis of 777/77 mRNA levels in TNFR1/fl (closed circle) and TNFR1ACd5

(open circle) mitral valve (MV) tissue from sorted CD45~CD31~ cells, sorted hematopoietic
(CD45%) cells only, or sorted endothelial cells (CD31+) only. B, Schematic depiction

of intraperitoneal (IP) tamoxifen (TAM) injections and end-point analysis for K/B.g7
TNFR1f and TNFR1AC975 mice. Cre expression was induced by administration of
tamoxifen (TAM) at 3 weeks (preventative) or 6 weeks of age (therapeutic). Hearts

were analyzed 5 weeks after initiation of TAM. C-D, Trichrome stain of representative

MV section from preventative (C) and therapeutic (D) Cre induction in TNFR1/ (top
image) and TNFR1A¢475 (hottom image) mice. Scale bars represent 100 pm. Left atrium
(LA) and left ventricle (LV) are indicated, surrounding the mural leaflet. MV thickness
measurements from non-inflamed (KRN-neg) and inflamed (TNFR1f/T littermate control
mice are reported alongside TNFR12C%% mijce (right). E-F, Average change in ankle
thickness (left) and anti-GP1 IgG titers (right) from preventative Cre (E) and therapeutic Cre
(F). Anti-GP1 IgG titers were read at an absorbance (A) of 415 nm and reported in arbitrary
units (AU). MV thickness were analyzed with a non-parametric Kruskal-Wallis followed

by Dunn’s multiple comparisons. Anti-GPI titers were analyzed with a non-parametric two-
tailed Mann-Whitney test. Change in ankle thickness was analyzed with a 2-way repeated
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measures ANOVA with Sidak’s multiple comparisons. Data are represented as mean + SD;
p-values are displayed in each panel.
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Figure 5. TNFR1ACANS mice have reduced endothelial activation, immune cell infiltration,
apoptotic cells, and lymphatic vessel development.

Representative immunofluorescent staining in MVs (white outline) from control TNFR1/fl
(left image) and TNFR1AC95 (right image) from therapeutic Cre induction. A, VCAM-1
(yellow) expression in mitral valve (MV). Area of positive VCAML1 signal as a percent

of total MV area is quantified at right. Total images analyzed for preventative TNFR1/fl
TNFR1AC5 and therapeutic TNFR1/T TNFR1AC975 a5 follows: n=6, n=8, n=9, n=12.
B, CD64 (red) and DAPI (blue) staining in MV. Total CD64 cells as a percent of total

cell nuclei quantified. Total images analyzed as follows (n=12, n=11, n=11, n=11). C,
VEGFR3 (red) and LYVEL (green) staining. Colocalized signal (yellow) of both markers
are lymphatic vessels (white arrows). Total number of lymphatic vessels is reported. Total
images analyzed as follows (n=8, n=12, n=9, n=10). D, Cleaved caspase-3 (green) staining
for apoptotic cells (white arrows). Total caspase-3+ cell count reported. Total images
analyzed as follows (n=12, n=14, n=12, n=10). Data points may represent averaged image
quantification from same specimen. Exposure set using a species-matched isotype control.
Scale bars represent 100 um. Left atrium (LA), left ventricle (LV), mural leaflet (ML),

and septal leaflet (SL) are indicated. Orientation in A applies to all panels unless indicated
otherwise. Data were analyzed using a two-tailed Mann-Whitney test. Data are represented
as mean + SD; p-values are displayed in each panel.
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Figure 6. Deletion of endothelial TNFR1 reduces expression of genes associated with
inflammatory and lymphangiogenic processes.

MVs from preventative Cre-induced TNFR1A¢%%5 and control mice were analyzed via
gRT-PCR for gene transcripts generally associated with A, Extracellular matrix remodeling;
B, inflammation; C, angio- and lymphangiogenesis. Expression normalized to B-actin and
27"AACT values are displayed. Statistical analyses performed with unpaired, nonparametric
Mann-Whitney test. Red bar indicates mean; p-values are displayed in each panel.
Correction for multiple testing was not performed.
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