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Abstract

OBJECTIVE: Abdominal aortic aneurysm (AAA) is characterized by the progressive loss of
aortic integrity and accumulation of inflammatory cells primarily macrophages (Mgs). We
previously reported that global deletion of matricellular protein thrombospondin-1 (TSP1) protects
mice from aneurysm formation. The objective of the current study is to investigate the cellular and
molecular mechanisms underlying TSP1’s action in aneurysm.

APPROACH AND RESULTS: Using RNA fluorescent /in situ hybridization, we identified Mgs
being the major source of TSP1 in human and mouse aneurysmal tissues, accounting for over 70%
of cells that actively expressed 7/b6s1 mRNA. Lack of TSP1 in Me¢s decreased solution-based
gelatinase activities by elevating tissue inhibitor of metalloproteinases-1 (TIMP1) without
affecting the major matrix metalloproteinases (MMPs). Knocking down 7impZ restored the ability
of Thbs1™~ Mgs to invade matrix. Finally, we generated 7/bs1 flox/flox mice and crossed them
with Lyz2-cre mice. In the CaCl,-induced model of AAA, lacking TSP1 in myeloid cells was
sufficient to protect mice from aneurysm by reducing Mg accumulation and preserving aortic
integrity.

CONCLUSIONS: TSP1 contributes to aneurysm pathogenesis, at least in part, by suppressing
TIMP1 expression, which subsequently enables inflammatory Mes to infiltrate vascular tissues.
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Introduction

Aortic aneurysm is a focal dilatation of the aorta associated with substantial morbidity and
mortality as a result of complications such as aortic rupturel. Although major progresses are
achieved in diagnosis and surgical --- both open and endovascular --- aneurysm repair
surgery, curative pharmacological treatments for this condition are still lacking?: 3,
highlighting a need to expand our knowledge of the mechanisms involved in development
and progression of aortic aneurysm. Detailed pathological and imaging studies of human
abdominal aortic aneurysm (AAA) revealed several major pathological features including
extracellular matrix (ECM) degradation, loss of vascular smooth muscle cells (SMCs), and
adventitial and medial inflammatory cell infiltration* °. Innate and adaptive immune cells,
including neutrophils, macrophages (M¢s), dendritic cells, B cells, and T cells, have been
identified in aortic aneurysms and are believed to contribute to aortic aneurysm
development! 6. Mgs are the most abundant immune cells found in the aneurysmal aortic
wall of AAA7 as well as animal models of AAA8. Accumulating experimental evidence
demonstrates that Mgs contribute to the destruction of ECM and death or dysfunction of
vascular SMCs by releasing a range of proteolytic enzymes (such as matrix
metalloproteinases (MMPS) and cysteine proteases), -oxidation-derived free radicals and
cytokines.®-11,

Thrombospondin-1 (TSP1) is a member of the matricellular thrombospondin family.
Through its modules or domains, TSP1 binds to various matrix proteins, integrins, and cell
surface receptors including CD36 and CD4712, TSP1 is present at low levels in the wall of
healthy blood vessels, and its vascular expression is upregulated in animal models of
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atherosclerosis and ischemia-reperfusion injury!3 14, How levels of aortic TSP1 may be
altered in aortic aneurysm is not clear. Our group found that levels of TSP1 are elevated in
human and mouse AAA tissues'®. Upregulated aortic TSP1 was also observed in human and
experimental thoracic aortic aneurysm (TAA) by Yamashiro et al'®. However, Krishna and
colleagues reported reduced aortic TSP1 in aneurysm tissuest’. Similarly, opposing
outcomes were observed when deleting 74651 ----- the gene encodes TSP1----- in mouse
models for AAA and TAA>-17_ These controversial findings may reflect the complexity of
aneurysm pathophysiology and the multi-functionality of TSP1. Indeed, TSP1 can be both
pro- and anti-inflammatory, depending on the cell types, cellular contents, and ECM
environment which is unique to the nature and stage of any given disease18-20, For example,
Moura et al demonstrated that 7/bs1 deficiency accelerates atherosclerotic plaque
maturation and inflammation in the Apoe™~ background!4. Using a diet-induced mouse
model of obesity, Li et al reported that lacking TSP1, either globally or in myeloid cells,
reduces obesity-associated inflammation or improves insulin sensitivity? 22, 7hbs17~ mice
also showed diminished Mg recruitment into an excisional skin wound?3.

Since multiple cell types within the normal and aneurysmal aortic tissues are capable of
producing TSP1, we postulate that TSP1 expression could be modulated by the disease
process in a cell-specific manner. Here, we utilize conditional knockout approach to
demonstrate that myeloid specific 7/4bs1 deficiency protected mice from CaCl, induced
AAA formation. RNA fluorescent /n situ hybridization (RNA-FISH) further establishes Mg
being the major source of TSP1 elevation during AAA formation. /n7 vitro, 3D migration
assay showed deletion of 7/bs1 compromises matrigel invasion, which was resulted from a
decline in solution-based gelatinase activity secondary to an up-regulation of tissue
inhibitors of metalloproteinases-1 (TIMP1). This study highlights the importance of TSP1 in
regulating M¢ function and its contribution to the complications in AAA pathogenesis in
vivoand in vitro.

Material and methods

Reagents

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Dulbecco’s Modified Eagle’s Medium (DMEM) and cell culture reagents were purchased
from ThermoFisher Scientific. Mouse macrophage colony stimulating factor (M-CSF) was
purchased from eBioscience (Cat. #14-8983-80). LPS was purchased from Sigma-Aldrich
(Cat. # L4391). Recombinant mouse TNFa and IL4 were purchased from R&D Systems
(Cat. # 410-MT and 404-ML, respectively). Elastic Stain kit was purchased from Sigma-
Aldrich (Cat. # HT25A-1KT).

Human AAA samples

We obtained de-identified human AAA tissues that were removed as part of routine surgical
AAA repair. The use of human tissues that would be otherwise discarded as surgical wastes
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were under an exemption approved by the institutional ethics committee of University of
Wisconsin — Madison.

Animal studies

All animal studies conformed to the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals and were performed with the approval of the Institute
Animal Care and Use Committee at University of Wisconsin-Madison (Protocol #
M005792). All experiments were performed on male mice, as AAAs predominantly affect
men24, All mice had free access to standard laboratory diet (2018 Teklad global 18% protein
rodent diets, ENVIGO) and water. 76517/~ mice?>(Stock # 006141), C57BL/6J mice
(ThbsI*'*, Stock # 000664) and Apoe™~ mice (Stock # 002052) were purchased from The
Jackson Laboratory and maintained on homozygous breeding.

Generation of myeloid-specific Thbs1 knockout mice

Thbs1 floxed mice were generated by inserting 2 loxP sites downstream of exon 3 and exon
7 of the ThbsI gene respectively. An FRT site flanked neomycin positive selection cassette
was also included right before the 3’-loxP site. Thymidine kinase was used as a negative
selection gene for the purpose of getting rid of cells with nonspecific integration. After
homologous recombination in SV129-derived ES cells, removing of neomycin cassette, and
injection of recombinant cells into C57BL/6 blastocysts, heterozygous floxed mice were
mated to generate 7/bsIM1oX/flox mice. THpsIMOX/floX mice were backcrossed to the C57BL/6
background for over 10 generations. Myeloid-specific 7/bs1 knockout mice were generated
by breeding 7Abs1f10X/flox mice with Lyz2-cre mice26 (The Jackson Laboratory, Stock #
004781). Experiments were performed using age matched 7AbsIWUWtL yz2-cre and
Thbs1MoX/floX 1 72 cre littermates.

Modified CaCl, model:

12-16-week-old male mice were anesthetized by isoflurane inhalation. Abdominal aorta was
isolated following a midline incision. A small piece of gauze soaked in 0.5 M CaCl, was
applied perivascularly for 10 minutes. The gauze was replaced with another piece of PBS-
soaked gauze for 5 minutes. Mice in sham group received 0.5 M NaCl treatment for 10
minutes followed by PBS soaked gauze for 5 minutes. At selective time points, mice were
euthanized and perfused, aortae were harvested and embedded with optimal cutting
temperature compound (Sakura Tissue Tek). 6 um cross sections were cut using Leica
CM3050 S cryostat. The maximum external diameter of the infrarenal aorta was measured
using a digital caliper prior to CaCl, or NaCl treatment (initial measurement) and at the time
of tissue harvest (final measurement). Aortic dilation (% increase) relative to pre-treatment
diameter was determined as: ((Final measurement — initial measurement)/Initial
measurement) *100. An aneurysm was defined as a 50% increase in aortic diameter®,

Angiotensin Il model:

12-16-week-old male Apoe™~ mice were anesthetized by isoflurane inhalation. Alzet
osmotic minipumps (Model 2004, DURECT Corporation) were placed into the
subcutaneous space of mice through a small incision in the back of neck. Incision was
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closed and 2% lidocaine topical ointment was applied to the suture site. Pumps were filled
either with PBS vehicle or solutions of Angiotensin Il (A9525, Sigma-Aldrich) that
delivered 1000 ng/kg/min of Angiotensin 118,

Preparation of Bone Marrow-derived Macrophages

Bone marrow cells were collected from femurs and tibias of mice and differentiated into
Bone Marrow Derived Macrophages (BMDM) using macrophage medium (DMEM with
10% FBS, 1% penicillin/streptomycin antibiotic, and 20 ng/ml mouse M-CSF). Medium was
changed after three days of incubation at 37°C, 5% CO2. After a further four days culture,
the adherent cells were harvested for experiments?®.

RNA Fluorescent in situ hybridization (RNA-FISH)

Paraffin-embedded human AAA tissue or fresh frozen murine aortic sections were examined
using Advanced Cell Diagnostics (ACD) RNAscope® Fluorescent Multiplex Reagent Kit
(320850) with RNAscope® Probe against human 7HBS1 (320850), human CD68 (560591-
C3), mouse Thbs1 (457891-C3), mouse Cd68(316611-C2), mouse Pecaml (316721). Probe
against DapB (dihydrodipicolinate reductase, from Bacillus subtilis) was used as negative
control (310043-C3), probe against Ubc (Mus musculus ubiguitin C) was used as positive
control (310771-C3). Tissue pretreatment, probe hybridization and signal amplification were
performed according to manufacturer’s instructions. For RNA-FISH combined with
immunostaining, after signal amplification, tissue sections were blocked with 10% normal
donkey serum. Alexa Fluor® 488 anti-mouse MHC Il antibody (1:100, 107616, clone
M5/114.15.2, BioLegend) were applied onto tissue sections, and incubated 2 hours at room
temperature. Images were acquired with a Nikon A1RS confocal microscope system and
analyzed using ImageJ software.

Immunofluorescent staining

PFA-fixed tissue sections or cells were blocked with 10% normal donkey serum and
incubated at 4 °C overnight with primary antibodies anti- TIMP1 (1:100, AF980, R&D
Systems), anti- MYH11 (1:200, ab53219, Abcam), PE anti-mouse F4/80 (1:100, 123110,
clone BM8, BioLegend). Normal goat or rabbit IgG was used as negative controls. After
several washes with PBS, sections were incubated with Alexa Fluor 488- or Alexa Fluor
594-conjugated secondary antibodies for 1 hour at room temperature. DAPI was used to
stain nuclei. Images were acquired with a Nikon A1RS confocal microscope system and
analyzed using ImageJ software.

Single cell RNA sequencing analysis

Single cell RNA sequencing data were downloaded from https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE97310. Standard procedures for filtering, variable gene selection,
dimensionality reduction, clustering, and gene expression visualization were performed
using the Scanpy (29409532) Python package version 1.4.4 (https://github.com/theislab/
scanpy). The Jupyter notebook containing Python script for the data processing were
uploaded to https://github.com/iamyanghuan/TSP1/blob/master/Cochain18CircR.ipynb.
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Processed data were uploaded to https://github.com/iamyanghuan/TSP1/blob/master/
Conchain18CircR.h5ad.

Western blotting

Conditioned medium was concentrated using Amicon® Ultra-4 Centrifugal Filter Units
(UFC801096, Millipore), cells were lysed in RIPA buffer (R0278, Sigma-Aldrich)
containing protease and phosphatase inhibitors (Halt Cocktail, Thermo Scientific).

Concentrated medium or protein extract were loaded and separated by SDS-PAGE and then
transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5%
skim milk, and incubated overnight at 4°C with the following primary antibodies: anti-
MMP9 (1:1000, AF909, R&D Systems), anti-TIMP1 (1:1000, AF980, R&D Systems), anti-
ACTB (1:5000, A5441, Sigma-Aldrich), followed by HRP-labeled secondary antibody
(1:5000, Jackson ImmunoResearch).

RNA Isolation and Real-Time PCR (RT-PCR)

Total RNA was extracted from cultured cells using Trizol reagent (15596018, ThermoFisher
Scientific) according to manufacturer’s protocols. 1 pg total RNA was used for the first-
strand cDNA synthesis followed by RT-PCR. Primer sequences used were: MmpZ: forward
5’-CTGGGAGCATGGAGATGGATAC-3’, reverse 5°-
TGGTAAACAAGGCTTCATGGGG-3’; Mmp3. forward 5’-
TCTCCTTTGCAGTTGGAGAACA-3’, reverse 5°-
GAGAGATGGAAACGGGACAAGT-3’; Mmp9. forward 5°-
AAAGGCAGCGTTAGCCAGAA-3’, reverse 5’-TAGCGGTACAAGTATGCCTCTG-3;
Mmp12. forward 5’- AAAGTGGGGCTTTAAGGGAACT-3’, reverse 5°-
GACAAGTACCATTCAGCAAATTCAC-3’; Mmp10. forward 5°-
ACTGGAGATTTGATGAGACAAGACA-3’, reverse 5’-
AACTGTGATGATCCTCGGAAGAAA-3’; I/1b: forward 5’-
AAATGCCACCTTTTGACAGTGATG-3’, reverse 5°-
AGATTTGAAGCTGGATGCTCTCAT-3’; //6: forward 5’-
CCACCAAGAACGATAGTCAATTCC-3’, reverse 5’-
GCCATTGCACAACTCTTTTCTCA-3’; Cc/2. forward 5°-
ATTCACCAGCAAGATGATCCCAAT-3’, reverse 5’-
TGAGCTTGGTGACAAAAACTACAG-3’; ThbsI: forward 5°-
ACCGGTTATATCAGAGTGGTGATG-3’, reverse 5°-
TGTCTGAGAAGAACACCATTTCCT-3’; Timp: forward 5°-
GAAGCCTGGAGGCAGTGATT-3’, reverse 5’-GTACGCCAGGGAACCAAGAA-3’;
Timp2: forward 5°- CTCCCCTGTCTCTACACACACC-3’, reverse 5’-
GAGGGGGAGTCCTTAACCGT-3’; 7Timp3. forward 5’-
AGTGGGTCTCACAGTTATCCA-3’, reverse 5’-GCTGAACCCAGGCAGATGTT-3’;
Timp4. forward 5’- TGGCTGCCAATGCCATGTA-3’, reverse 5’-
TATCTGGCAGCAACACAGCA-3’; ArgI. forward 5’-GCTTCGGAACTCAACGGGA-3’,
reverse 5’-CTTAGTTCTGTCTGCTTTGCTG-3’; and Actb: forward 5’-
AGCCTTCCTTCTTGGGTATGG-3’, reverse 5’-AAGGGTGTAAAACGCAGCTCA-3'.
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siRNA-mediated knock-down

BMDM were transfected with scrambled siRNA and siRNA against mouse 7impI by using
Opti-MEM (51985034, Gibco) and Lipofectamine RNAIMAX (13778150, Invitrogen) for
48 hours. SiRNAs were purchased from Integrated DNA Technologies, design ID:
mm.Ri.Timp1.13.

3D inverted Matrigel infiltration assay

100 pl of Matrigel (BD Biosciences; stock mixed 1:1 with ice-cold PBS and supplemented
with bovine plasma fibronectin to a final concentration of 50 pg/mL), was transferred to a
transwell insert (8 um pore, Corning) to polymerise at 37 °C, 5% CO,. After polymerisation,
Transwell inserts were inverted and 5x10* BMDMs were applied directly to the underside of
the insert filter and allowed to adhere for 2 h. Non-adherent cells were removed, and
transwell inserts were placed into a chamber containing macrophage medium with PBS or
100 ng/mL LPS was applied to the upper transwell chamber to establish a chemotactic
gradient through the Matrigel/fibronectin gel.

Transwell cultures were incubated for 5 days to allow invasion into the gel. Cells were then
stained with 10 pg/ml Hoechst 33342 (H3570, Invitrogen). Confocal images of cells
adherent to the filter were obtained, to confirm cell adhesion had remained constant across
conditions during the experiment. These cells were then removed with a cotton swab to
ensure only migrating cells were analyzed. Serial confocal optical sections (20 um) of the
Matrigel/fibronectin gel were captured with a Nikon A1RS confocal microscope system.
Confocal data was collected from 5 fields of view per transwell and quantified using ImageJ
software?’.

In rescue assay, BMDMs were prelabeled with CellTracker Blue CMAC Dye (C2110,
Invitrogen), and mixed with equal number of unlabeled BMDMs. Cell mixture were seeded
onto the underside of the Transwell inserts as mentioned above. After 5 days, cells migrated
into the Matrigel/fibronectin gel were examined by confocal microscopy without additional
staining.

Gel zymography
Conditioned medium from BMDMs were concentrated by passing through Amicon®
Ultra-4 Centrifugal Filter Units (Cat. # UFC801096, Millipore) at 4000 rpm for 30min at
4°C. Concentrated conditioned medium were then mixed with 5X non-reducing sample
buffer and loaded in Novex 10% Zymogram Plus (Gelatin) gel (ZY00100BOX, Invitrogen)
run at 150 V until good band separation was achieved. Novex™ Zymogram Renaturing
Buffer (LC2670, Invitrogen), Zymogram Developing Buffer (LC2671, Invitrogen) and
SimplyBlue™ SafeStain (LC6060, Invitrogen) were incubated with the gel in sequence
according to the manufacturer’s instructions to visualize bands.

Solution-based gelatinase activity assay

Fresh prepared concentrated conditioned medium was subjected to the EnzChek®
Gelatinase/Collagenase Assay Kit (E-12055, Invitrogen) according to the product’s manual.
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In situ zymography—/n situ zymography was described previously28. Briefly, 1mg/ml
Fluorescein Conjugated DQ™ Gelatin From Pig Skin (D12054, Invitrogen) was diluted 20
times with 70 °C melted 1% UltraPure™ Low Melting Point Agarose (16520100, Invitogen)
in PBS and immediately applied to the fresh frozen sections followed by quick coverslip
mounting. After the agarose set, the samples were then incubated at 37 °C for 2 hours and
immediately subjected to confocal microscopy. During the capturing, unimaged specimens
were stored on ice to slow down the enzyme reaction.

Statistical analysis

Results

Results are presented as mean + SD. Data were assessed for normality using Shapiro-Wilk
normality test. Data not exhibiting a normal distribution were log2-transformed and retested
for normality. Two-tailed Student’s t test for normally distributed data and Mann-Whitney
nonparametric test for skewed data that remained deviate from normality after
transformation were used to compare between two conditions. One-way Analysis of
Variance (ANOVA) with Tukey post hoc test for normally distributed data and Kruskal—
Wallis nonparametric test for skewed data after transformation were used to compare > three
means. Two-way ANOVA followed by Sidak multiple comparisons were performed to
compare how a response is affected by two factors. Statistical analyses were performed with
GraphPad Prism 7.0 (GraphPad Software, Inc.). Experiments were repeated as indicated.
Differences with p<0.05 were considered statistically significant.

Mes are the major cell type responsible for elevated Thbs1 expression in AAA

RNA-FISH analysis showed that normal aortic walls of adult mice expressed low level of
ThbsI mRNA, primarily in endothelial cells (Supplemental Figure 1). The specificity of the
probe against 7hbs1 was validated using aortic tissue from 746517~ mice (Supplemental
Figure I). Aneurysm induced by CaCl, or Angiotensin Il increased biosynthesis of 7/hbs1
mRNA (Figure 1A&C), which is consistent with our prior report®. In the challenged aorta,
Thbsi-expressing cells predominantly located in adventitia. There was a significant co-
localization between 7Abs1 and Cad68 mRNA. In both murine models of AAA, over 70% of
ThbsI-expressing cells co-expressed Cad68 mRNAs (Figure 1B&D). Similarly, the majority
of the ThbsI-expressing cells also expressed CD68in human aneurysmal tissues (Figure
1E). These data, along with our previously published co-immunostaining datal®, indicate
that Mes are the major source of TSP1 in aneurysm tissues.

Thbs1-expressing Mg¢s are pro-inflammatory

To characterize ThbsI-expressing Mgs, we analyzed CaCl,-treated mouse aortic tissues
using RNA-FISH combined with immunofluorescent staining. As shown in Figure 2A, 68%
Cd68positive cells expressed 7hbs1. Among these Thbsl-expressing Mes, 66% of them
were stained positively for class Il major histocompatibility complex (MHC I1), a marker of
activated Mes®. We further tested whether 7hbs1 expression in Mgs are associated with
inflammatory states by analyzing published single cell RNA sequencing data of immune
cells (Ca45+) in mouse atherosclerotic plagues (GSE97310)2°. Among the 13 plaque-
associated cell clusters, 6 clusters are Mgs identified by high expression of Cd68, Csflr, and
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Adegrel. Thbs1 expression was highest in Mg cluster 3 & 10, which also contained high
levels of well-known pro-inflammatory cytokines including //1b, Socs3, and Tnfas well as
high levels of M¢ activation markers such as H2-Ab1 and Ca86 (Figure 2B&C). In contrast,
Mgs containing high levels of anti-inflammatory cytokines, and dendritic, B, T, NK cells
produced low level of 7AbsZ mRNAs (Figure 2C). Consistently, we found that bone marrow
derived Mgs (BMDM) from wildtype mice responded to TNFa and LPS with increased
expression of 7/4bs1 mRNA, while IL4 stimulation didn’t affect 74657 mRNA level (Figure
2D).

TSP1 is necessary for effective Mg infiltration into ECM

We have previously shown 7/bs1~~ mice responded to aneurysm induction with
significantly reduced aortic infiltration of monocytes and Mgs!®. However, lacking TSP1 did
not change blood cell composition. Cell counts for monocytes, neutrophils, lymphocytes and
total white blood cells were similar between whole blood from 7Abs1** and 7hbs1™~ mice
(Supplemental Figure 11A). In addition, deficiency of 7/bs1 did not affect in vitro
differentiation of bone marrow cells into Me¢s (Supplemental Figure 11B). Furthermore,
devoid of 7hbs1in BMDMs did not alter the expression of pro-inflammatory cytokine or
chemokine (//16, 116 and Ccl2) or anti- inflammatory enzyme ArgI (Supplemental Figure
[1C-F). Next, we examined M¢ migration using a 3D inverted infiltration system in which
BMDMs were allowed to migrate through a matrix containing 50% Matrigel and 50 pg/ml
fibronectin toward a chemokine gradient (Figure 3A). Compared to wildtype Mgs, Thbs17~
Megs showed remarkably decreased ability to invade the matrix particularly in the depth
beyond 20 um (Figure 3B&C). Of note, premixing 7hbs17~ Mgs with Thbs1** Mgs did not
rescue the invasion defects (Figure 3D&E), recombinant TSP1 also showed very low
permeability through Matrigel (Supplemental Figure 111). These results indicate that TSP1 is
required for effective infiltration into ECM through an autocrine mechanism.

Lack of Thbs1 causes reduction of MMP activity in Mgs

Mgs require MMPs for persistent and directional migration into ECM®. We thus measured
gelatinase activity in conditioned medium from 7Abs1** and 7hbs1~ BMDMs. In
solution-based fluorometric assay, 7/bs1”~ BMDMs produced significantly less gelatinase
activity than the wildtype Mgs at the baseline. This reduction became more profound when
stimulated with LPS, because LPS greatly enhanced gelatinase activities of wildtype Mes,
but not mutant Mes (Figure 4A). However, gel zymography and Western blotting showed
that 7/bs1 knockout did not decrease MMP9 activity or protein levels (Figure 4B-E). RT-
PCR analysis confirmed that lacking TSP1 did not reduce levels of Mmp9as well as other
MMPs known to be produced by BMDMs?’ including Mmp3, Mmp10and Mmp12 (Figure
4F-1). We were unable to determine the effects on Mmp2, Mmp8and Mmp13 due to the low
expression levels (data not shown). Taken together, lack of TSP1 suppressed extracellular
gelatinase activity in solution-based assay without reducing MMP activities or expression
levels.

TIMP1 is upregulated in Thbs1 deficient BMDMs

We speculated that the diminished solution-based gelatinase activity in 7/6s17~ BMDMs
resulted from upregulated TIMPs, the endogenous inhibitors against MMPs30, Four TIMP

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 10

isoforms are expressed by Mgs?’. By Real-Time PCR, we noted that 7imp mRNA
increased ~70% in Thbs1™~ BMDMs as compared to 7AbsIt* cells upon LPS stimulation,
while TimpZ2or Timp3were not significantly altered (Figure 5A-C). 7imp4was
undetectable in BMDMSs under conditions we used (data not shown). Immunofluorescent
staining and Western blotting confirmed the upregulation of TIMP1 in 7AbsZ”~ BMDMs
(Figure 5D-F). To prove whether TIMP1 is responsible for the reduction of solution-based
gelatinase activity, we used 3 siRNAs targeting different regions of the 7impZ mRNA.
Compared to the scramble control, sSiRNA No.2 and 3 showed ~60% RNA interference
(RNAI) efficiency, while siRNA No. 1 had minimum RNA.I activity (Figure 5G). We then
tested gelatinase activity in conditioned medium from 7/bs17/~ BMDMs transfected with
7imp1 siRNAs for 48 hours followed by LPS stimulation. SIRNA No.2 and 3 but not No. 1
successfully restored gelatinase activity of 76517/~ BMDMs in solution-based fluorometric
assay (Figure 5H). Moreover, migration of 7/bs1”/~ BMDMSs was also rescued by effective
RNAI (Figure 51). Collectively, these data demonstrate that elevated TIMP1 is the primary
cause of proteolytic and migratory defects of 7/bs1 knockout Mes.

Thbs1 deficient aorta displays higher TIMPL1 levels than the wildtype control.

Next, we examined aortic expression of TIMP1 in aneurysm. Both Mes (F4/80 positive) and
SMCs (MYH11 positive) expressed TIMP1 in aneurysmal aorta (Supplemental Figure V).
On Day 4 after CaCl2 challenge, a time point when inflammation is prominent, TIMP1 was
dramatically up-regulated in 77652/~ aortic wall, in both adventitia and tunica media
(Figure 5J&K). To address whether gelatinase activity is affected, we performed /n situ
zymography on freshly frozen aneurysmal tissues. 7Abs1 knockout reduced gelatinase
activity by ~50%, which was inversely correlated to the TIMP1 upregulation (Figure
5L&M).

Myeloid-specific Thbs1 deficiency attenuates AAA

Having identified M¢-TSP1 being a major component responsible for the inflammatory and
proteolytic responses during aneurysm development, we sought to delete 7/4bs1in Mgs. We
generated 7hbsIfoXfloX mice, then crossed with Lyz2-cre mice to generate myeloid-specific
Thbs1 knockout mice as outlined in Supplemental Figure VVA. Efficiency and specificity of
conditional knockout mice were evaluated by /7 situhybridization. In naive aorta, both
ThbsIVWY [ y72-cre mice (Thbsiwt) and ThbsIMoXf0x) 172 cre mice (ThbsiAMg)
expressed 7hbs1 in endothelial cells (Pecam1 positive cells) (Supplemental Figure VB). To
detect 7hbs1 expression in myeloid cells, we subjected mice to CaCl, induced AAA model.
Four days after CaCl, application, 7hAbsiwt showed high expression of 7Abs1in Cd68
positive Mgs, while Mgs of 7/4bsI1AMg didn’t express 7/bs1 (Supplemental Figure VC). To
determine how conditional loss of TSP1 affects aneurysm formation, we measured external
aortic diameter 28 days after AAA induction. Compared to 7Absiwt, ThbsIAMe¢ showed
much reduced aneurysmal sizes. Specifically, only 1 of 5 7/6s1AM¢ developed aneurysm as
compared to 5 out of 6 aneurysm incidence in 7/4bsIwt. The aortic dilation was greatly
reduced in ThbsIAMg (percentage increase of external diameter relative to pre-aneurysm
induction 7hbsIwt: 70.24+21.68% vs ThbsIAMg: 38.66+13.08%; p<0.05) (Figure 6A&B).
SMC phenotypic change is another major underlying mechanism of AAA characterized by
loss of contractile protein such as myosin heavy chain 11 (MYH11) and gain of synthetic
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markers such as vimentin. The conditional knockout did not significantly affect SMC
phenotypes judging by the similar medial levels of MYH11 and vimentin in 7hbsIAM¢
mice and their wildtype counterparts (Figure 6C&D and Supplemental Figure V1).
Additionally, 7AbsIAMg mice showed an amelioration of breakage of elastin demonstrated
by elastic staining (Figure 6E).

Myeloid-specific Thbs1 deficiency reduces M¢ accumulation

To assess whether myeloid-specific 7/bs1 deficiency influences Mg infiltration 7 vivo, we
stained the aortic tissues with M marker F4/80. The aortic accumulation of Mgs was
significantly reduced in the conditional knockout group (Figure 6F&G). Consistent with
total body 7hbs1 knockout mice, upregulation of TIMP1 and decline of gelatinase activity
were also observed in the ThbsIAMg aneurysmal aortic wall (Figure 6H-K).

Discussion

ECM degradation and Mg infiltration are key features of AAA pathology3L. Here, we report
that inflammatory Mes are the major source of TSP1 accumulation in AAA. Elevated TSP1
empowers Mg mobility by suppressing 77mpl expression, which subsequently enables
MMPs activation, ECM degradation and tissue infiltration (Figure 7). These results provide
new mechanistic insights on vascular inflammation during AAA development.

Consistent with their role in wound healing, the thrombospondin family of matricellular
proteins including TSP1, TSP2, and TSP4 are frequently upregulated following tissue
injury32. However, mixed findings have been reported regarding how levels of TSP1 changes
in aortic aneurysm. Our prior study showed that levels of TSP1 are elevated in human and
mouse AAA tissues comparing to non-aneurysm tissues!®. Upregulated aortic TSP1 was
also observed in human and experimental thoracic aortic aneurysm (TAA) by Yamashiro et
al6. However, Krishna and colleagues reported reduced aortic TSP1 in aneurysm tissues
relative to proximal macroscopically non-dilated abdominal aortic tissuel”. In animal
studies, we induced AAA by intravascularly perfusion of elastase or perivascularly
application of CaCl, followed by PBS. In both models, 77657/~ mice showed aneurysm-
resistant phenotype. Golledge et al.1” crossed 7/bs17/~ mice with Apoe™~ mice and infused
mice with Angiotensin II. They found 7hbsI™~ Apoe’~ mice augmented AAA growth
compared to Apoe™'~ mice. It is possible that the different outcomes of 7hbs1 deletion is
caused by different mouse models used between different groups. We also speculate that that
TSP1 may have both pro- and anti-inflammatory functions in aneurysmal disease, depending
on the cell types, cellular contents, and ECM environment that is likely to be differentially
altered in different aneurysm models.

In this study, our /n situ hybridization results demonstrated that 74657 mRNA expression
was elevated in two mouse models of AAA, which was consistent with our previous findings
using RT-PCR and immunohistochemistry1®. Furthermore, the Jn situ hybridization approach
revealed the special expression pattern of 7/bs1 expression: the adventitial Mes being the
major cell type that were actively expressing 74651 mRNA in the mouse aneurysmal aorta.
Due to the unavailability of age matched healthy aortic tissues, we were unable to access
whether levels of 74651 mRNA were also elevated in human aneurysmal tissues. However,

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 12

human aneurysmal tissues we analyzed contained abundant 7/46sZ mRNA, which was
predominantly colocalized to Mgs.

Our /n situ and immunohistological analyses showed that Mgs containing high levels of
Thbs1 transcripts were positive of various inflammatory markers. The notion that
inflammatory Mes being the major source of TSP1 in disease is supported by the single cell
RNA sequencing data from atherosclerotic plaques. Together, these data suggest that
elevated expression of 7/bs1 is part of the transcriptome profile of inflammatory Mes.
However, TSP1 itself might not be required by Mgs to undergo M1-like polarization because
ThbsI null Mes showed similar in vitroresponse to LPS as wildtype Mes. It is important to
note the M1 versus M2 polarization is largely an /n vitro concept which does not represent
the complex biology of Mes in diseases. While additional studies are needed to evaluate Mg
phenotypes during aneurysm development, mixed reports were found in the literature about
whether TSP1 promotes inflammatory or anti-inflammatory differentiation of Mgs. TSP1
facilitates activation of inflammatory Mgs through TLR4 signaling33, whereas Zhao and
Stein et al reported that TSP1 stimulates Mg 1L-10 expression in experimental lung injury34
and limits IL-1p expression®,

We postulate that TSP1 regulates Mg migration through an autocrine mechanism because
adding 7hbs1** Mes did not rescue the migratory defect of 76517~ Mgs in the in vitro
Matrigel infiltration assay. It is unclear why the wildtype cells failed to rescue the mutant
cells since TSP1 is a secreted protein. However, we found that recombinant TSP1 protein
had very low permeability through Matrigel. The low diffusion rate, along with its ability to
bind to many proteins in the matrix, may explain why TSP1 secreted by one cell may not be
readily available to other cells.

Evidence obtained in the current study suggests that TSP1 plays an important role in
regulation of aortic accumulation of monocyte/Mgs during the development of AAA. Thbs1
gene deficiency in myeloid lineage was sufficient to attenuate AAA formation at least in the
CaCl, model. The myeloid-specific 7/bs1 knockout mice had much diminished Mg
accumulation and gelatinase activity in aneurysmal aorta. The aneurysm- and inflammation-
resistant phenotype of the conditional knockouts resembled that of 7/6s1 global knockout
micel®. The phenotypic similarities between the two strains of TSP1 mutant mice suggest
that TSP1 contributes to aneurysm pathogenesis largely through myeloid cells. Based on the
results of /in situ hybridization analysis, we postulate TSP1 expressed by inflammatory Mes
is the major culprit, however, this notion remains to be tested when a Me¢-specific Cre
becomes available. It is worth of noting that Memetimin et al reported a similar connection
between TSP1 and Mg -mediated inflammation®!. The authors generated a different strain of
Thbs1 floxed mice and crossed them to Lyz2-Cre. In a long-term diet-induced obesity
model, myeloid-specific loss of TSP1 reduces Mg accumulation in adipose tissues, which
phenocopies the global 7Abs1 knockouts reported by the same group earlier?2. However, the
role of TSP1 in M¢ accumulation is likely to be complex because enhanced inflammation by
global 7hbs1 knockout was found in experimental models of atherosclerosis'4, myocardial
infarcts36, exudative age-related macular degeneration3’, lung injury3* and Angiotensin 11
induced aortic aneurysm1’,
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Mechanistically, our /in vitro data suggest the upregulated TIMP1 is responsible for the
migratory defect of 7hbs17~ Mgs. TIMPs are endogenous inhibitors to MMPs and
disintegrin-metalloproteinases (ADAMs and ADAMTSs)38. TIMP family includes TIMP1,
TIMP2, TIMP3, and TIMP4. Consistent with the literature3% 40, we found 7imp4 expression
was not detectable in Mgs. Among 7imp1, Timp2, and Timp3, only levels of 7impI were
affected by 7hbs1 knockout. Most importantly, silencing 7impZ using siRNA in 7hbs1™~
Mes restored solution-based gelatinase activity and infiltrating ability of the mutant cells. It
is unclear how TSP1 suppresses TIMP1 expression in Mes. Opposite regulation of TIMP1
by TSP1 was observed by John et al, in human breast and prostate cancer cell lines*!. Based
on the observation that 746517~ choroidal endothelial cells showed increased
phosphorylated endothelial nitric oxide synthase (eNOS) and inducible NOS (iNOS), as well
as increased signal transducer and activator of transcription 3 (STAT3) phosphorylation*?,
we speculate that TSP1 inhibits TIMP1 expression via CD47-eNOS-NO-TGFf-Smad axis,
or/and through activation of STAT3. This theory is supported by prior studies in which nitric
oxide enhances IL-1f induced 77mp1 expression by activating TGFB-Smad signaling in
glomerular mesangial cells*3. Additionally, phospho-STAT3 was found to bind to the 7impI
promoter and activate 7impJ expression in Huh7 cells*. However, whether TSP1 signals
through the similar mechanisms in Mgs warrants further investigation.

The protective role of TIMP1 in AAA has been explored by several investigative groups.
Expression of TIMP1 was found to be increased in both human and mouse AAA%>: 46 likely
as part of compensatory mechanism. 7impZ~'~ mice develop significantly larger aneurysm in
various AAA models?’—49. Overexpressing 7imp1 prevents AAA progression®0. In this
study, both global 7hbs1 deficient mice and 7hbsIAM¢ showed elevated TIMPL level,
especially in medial SMC layer. 7AbsIAMg also had more preserved SMCs in aneurysmal
aorta compared to wildtype control, suggesting that 7/bs1 deletion in M¢ might have an
indirect role in regulating TIMP1 level in SMCs, and maintaining SMC phenotype.

It is somewhat unexpected that we found no significant reductions in MMP protein and
mRNA levels in 74bs17~ Mgs. TSP1 upregulates MMP9 in endothelial cells®L: 52, cancer
cells such as human squamous cell carcinoma cells®3, pancreatic cancer cells®*, and gastric
cancer®®, Global knockout 74651 in mice decreased MMP9 activity in the heart6, inhibited
the elevation of MMP9 activity in aortae of carotid artery ligation model°’ and in cornea
after desiccating stress®8. However, cellular and tissue MMP activities are determined by the
balance between levels of MMPs and TIMPs. Using solution-based fluorometric assay, our
results showed that conditioned medium from Thbs1™~ Mgs had lower gelatinase activity
both at baseline and after LPS stimulation. However, MMP9 activity or expression levels
were not affected by 74bs1 deficiency. The absence of changes in mRNA levels of other
MMPs such as Mmp3, Mmpl0or Mmp12 further suggests that the reduced gelatinase
activity of 7hbsI7~ Mgs in solution-based assay is not resulted from a direct regulation at
the MMP expression or activation.

There are several limitations in this study. As mentioned earlier in the discussion, Lyz2-cre
leads to deletion of 7/Abs1 in monocyte/Mgs, granulocytes and few CD11c+ dendritic
cells®. Neutrophil is critically important to aneurysm formation®®, however, how TSP1 may
affect neutrophil function in the context of AAA is not clear. We also did not examine the
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expression of all proteases in wildtype and 746517~ BMDMs, including MMP-14. Another
limitation is related to the animal model. Currently, there is no single animal model that
reflects the full disease spectrum of human AAAs. In this study, we demonstrated that
Thbs1AM¢ inhibited AAA in murine CaCl, model. Further evaluation of 7AbsIAMg, as
well as conditional knockout in other vascular cell types, in other AAA models will be
informative. The current study is also limited by the lack of functional data from human
primary Mgs.

In conclusion, we demonstrated that TSP1 was mainly expressed by Mgs in AAA, especially
inflammatory Mgs. TSP1 enhanced Mg infiltration both /n vitroand in vivo, likely through
inhibiting TIMP1 expression. Myeloid-specific knockout of 7/bs1 blocked aneurysm
growth in CaCl, induced AAA, and inhibited vascular inflammation. Since Mg is a critical
component of tissue remodeling and inflammation, our findings provide scientific rationale
to therapeutic development of anti-TSP1 strategies in aneurysm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AAA Abdominal aortic aneurysm

Me Macrophage

TSP1 Thrombospondin-1

TIMP1 Tissue inhibitor of metalloproteinases-1
ECM Extracellular matrix

SMC Smooth muscle cell

MMP Matrix metalloproteinase

RNA-FISH RNA fluorescent /n situhybridization
BMDMs Bone marrow derived macrophages
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Highlights

. Inflammatory macrophages are the major source of Thrombospondin-1
(TSP1) elevation in abdominal aortic aneurysm (AAA).

. TSP1 promotes macrophage infiltration by inhibiting TIMP1 expression.
. Myeloid-specific deletion of TSP1 inhibits CaCl, induced AAA formation.
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Figure 1. Macrophages (Mgs) are the major source of elevated Thbsl expression in abdominal
aortic aneurysm (AAA).

(A-D) RNA fluorescent /n situ hybridization (RNA-FISH) of 7hbs1 and Cdé68on aortic
tissue sections 4 days after AAA induction by CaCl, (A&B) and 7 days after AAA
induction by Angiotensin Il (C&D), respectively. Representative images and quantifications
were shown in (A&C) and (B&D), respectively. n=4 for each group. (E) RNA-FISH of
THBSI1 and CD68 expression on human AAA samples. Representative images from three
independent samples were shown.
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Figure 2. Thbsl-expressing macrophages (Mgs) are pro-inflammatory.
(A) RNA fluorescent /n situ hybridization (RNA-FISH, ISH) of 7hbsand Cd68 combined

with immunofluorescent staining (IF) of class Il major histocompatibility complex (MHC 1)
on mouse aortic tissue sections 4 days after AAA induction by CaCl,. (B) Analysis of data
set GSE97310 in Gene Expression Omnibus followed by Uniform Manifold Approximation
and Projection (UMAP2) visualization of 7hAbs1, Tnf; 1/2band cell clusters in total Ca45+
leukocytes from the aortas of male La/r’~ mice fed with a chow diet for 11 weeks. (C)
Violin plot of 7Abs1 and indicated Mg associated genes in cell clusters from (B). (D) Mouse
bone marrow derived macrophages (BMDMs) were stimulated with TNFa. (20 ng/ml), LPS
(100 ng/ml) or IL4 (20 ng/ml) for 4 hours. Levels of 7hbsI mRNA were determined by
Real-time PCR. Data were presented as mean + SD of at least three independent
experiments. One-way ANOVA was performed. *p<0.05, ***p<0.001.
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Figure 3. Thrombospondin-1 (TSP1) is necessary for effective macrophage (Mg) infiltration into
extracellular matrix (ECM).

(A) Schematics of 3D Inverted Matrigel Infiltration assay. (B) Representative images of
indicated optical planes in 3D Inverted Matrigel Infiltration assay. The bottom of the
Matrigel was set to 0 um and a total of 120 um thick Matrigel was scanned (from bottom to
top) for each group. Pictures were captured every 20 um. LPS: 100 ng/ml, TNFa.: 20 ng/ml.
(C) Quantification of total cell numbers on =40 um planes for each group. (D) Schematics of
rescue assay. Mgs were prelabeled with CellTracker Blue CMAC dye, then mixed with
equal number of unlabeled Mgs. Cell mixture were seeded onto the underside of the
Transwell inserts, 100 ng/mL LPS was applied to the upper Transwell chamber. After 5
days, cells migrated into the Matrigel were examined by confocal microscopy without
additional staining. (E) Quantification of total cell numbers on =20 um planes for each
group. Data were presented as mean + SD of at least three independent experiments. Two-
way ANOVA followed by post hoc multiple comparisons were performed. ***p<0.001.
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Figure 4. Effects of Thbsl gene deficiency on gelatinase activity and matrix metalloproteinase
(MMP) expressions.

(A-E) Bone marrow derived macrophages (BMDM:s), isolated from 7#bs1%/* and Thbsl™~
mice, were treated with LPS for 24 hours. Gelatinase activities in conditioned medium was
evaluated by solution-based fluorometric assay (A). Gel zymography of conditioned medium
and quantification of MMP9 activities were shown in (B) and (C), respectively. Protein level
of MMP9 in conditioned medium was determined by Western blotting (D&E). A
representative blot was shown in (D) and quantification of MMP9 protein levels in (E). (F-1)
mRNA levels of Mmp9, 3, 10and 12in wildtype and 7hbsI”~ BMDMs were determined by
Real-time PCR. Cell were treated with LPS for 4 hours. LPS: 100 ng/ml. Data were
presented as mean £ SD of at least three independent experiments. Two-way ANOVA
followed by post hoc multiple comparisons was performed. ***p<0.001.
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Figure 5. Tissue inhibitor of metalloproteinases-1 (TIMP1) is upregulated in Thbsl deficient
bone marrow derived macrophages (BMDMs) and aorta.

(A-C) Thbs1**and Thbs1”~ BMDMs were treated with LPS for 4 hours. mRNA levels of
Timp1, 2and 3in BMDMs were determined by Real-time PCR. (D) BMDMs treated with
LPS for 24 hours and stained with anti-TIMP1. (E&F) Western blot analysis of TIMP1 in
condition medium from BMDMs treated with LPS for 24 hours. A representative blot and
quantification were shown in E and F, respectively. (G) Validation of Timp sSiRNA
silencing efficiency in wildtype BMDMs by Western blot. (H) Solution-based gelatinase
activity assay of condition medium from 7/bsZ~/~ BMDMs transfected with scrambled
SiRNA or 7imp1 siRNAs. (1) 3D inverted Matrigel infiltration assay of 7hbs1** as well as
Thbs1™~ BMDMs transfected with indicated 7imp siRNAs. LPS: 100 ng/ml. (J-M)
Thbs1** and ThbsI™~ mice were subjected to AAA induction by CaCl, (n=4 for each
group). Aortic sections were prepared 4 days after surgery and analyzed for TIMP1 levels by
immunostaining (J&K), gelatinase activities by /7 situ zymography (L&M). Representative
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images and quantifications are shown in (J&L) and (K&M), respectively. Area between
dotted lines are medial layer. Data were presented as mean + SD of at least three
independent experiments. Two-way ANOVA followed by post hoc multiple comparisons
was performed in A-C and F. One-way ANOVA was performed in H and I. Two-tailed
Student’s t test was performed in K and M. *p<0.05, **p<0.01, ***p<0.001.
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Figure 6. Myeloid-specific Thbsl deficiency attenuates abdominal aortic aneurysm (AAA) and
macrophage (Mg) accumulation.

(A) Photos of abdominal aortae taken 28 days after AAA induction by CaCl,. (B)
Percentage increase of maximal external aortic diameter. An AAA was defined as a
percentage increase in aortic diameter >50% (green dashed line) compared to aortic
diameter before CaCl,, treatment. ThbsIW/W [ yz2-cre, n=6; Thbs1™ [ yz2-cre, n=5. (C)
Immunostaining of smooth muscle contractile protein myosin heavy chain 11 (MYH11) on
aortic cross sections 4 days after AAA induction by CaCl,. DAPI was used to stain nuclei.
(D) Quantification of MYH11 positive area in the medial layer relative to total cell number
in the medial layer in (C). (E) Representative pictures of Elastic stain alongside
quantification of averaged elastin breaks per section in aortic cross sections harvested 28
days after AAA induction. Red arrow indicated elastin break. (F-1) Immunostaining of
F4/80 (F) and tissue inhibitor of metalloproteinases-1 (TIMP1) (H) on aortic cross sections 4
days after AAA induction by CaCly, respectively. (G) is the quantification of (F). (1) is the
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quantification of (H). (J&K) /n situzymography (J) and quantification (K) on aortic cross
sections 4 days after AAA induction by CaCl,. n=4 for each group in C-K. Data were
presented as mean + SD. Two-tailed Student’s t test was performed. *p<0.05.
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Figure 7. Proposed roles of macrophage (M¢)-derived thrombospondin-1 (TSP1) in
pathophysiology of abdominal aortic aneurysm (AAA).

Major pathophysiological features including extracellular matrix (ECM) degradation,
immune cell infiltration, and smooth muscle cell (SMC) death are shown. Cytokines,
chemokines, and damage-associated molecular patterns (DAMPS) produced by injured/
dying SMCs propel Mgs to an inflammatory state that is associated with higher 7/bs1
expression. Elevated TSP1 suppresses tissue inhibitor of metalloproteinases-1 (7imp1)
expression by Mes in a cell-autonomous manner, which subsequently enables matrix
metalloproteinases (MMPs) activation, ECM degradation and tissue infiltration.
Additionally, TSP1 promotes monocyte adhesion and migration into the vascular wall. Both
processes may contribute to vascular inflammation during AAA development.
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