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Inhibition of macrophage histone demethylase JMJD3
protects against abdominal aortic aneurysms

Frank M. Davis»?@®, Lam C. Tsoi***@®, William |. Melvin'®, Aaron denDekker'®, Rachael Wasikowski*®, Amrita D. Joshi'®, Sonya Wolf'®,
Andrea T. Obi'®, Allison C. BillP®, Xianying Xing*®, Christopher Audu'®, Bethany B. Moore?®®, Steven L. Kunkel’®, Alan Daugherty®®,

Hong S. Lu®, Johann E. Gudjonsson®*®, and Katherine A. Gallagher?®

Abdominal aortic aneurysms (AAAs) are a life-threatening disease for which there is a lack of effective therapy preventing
aortic rupture. During AAA formation, pathological vascular remodeling is driven by macrophage infiltration, and the
mechanisms regulating macrophage-mediated inflammation remain undefined. Recent evidence suggests that an epigenetic
enzyme, JMJD3, plays a critical role in establishing macrophage phenotype. Using single-cell RNA sequencing of human AAA
tissues, we identified increased JMJD3 in aortic monocyte/macrophages resulting in up-regulation of an inflammatory immune
response. Mechanistically, we report that interferon-p regulates Jmjd3 expression via JAK/STAT and that JMJD3 induces NF-
kB-mediated inflammatory gene transcription in infiltrating aortic macrophages. In vivo targeted inhibition of JM)D3 with
myeloid-specific genetic depletion (JMJD3f/fLyz2¢"¢*) or pharmacological inhibition in the elastase or angiotensin ll-induced AAA
model preserved the repressive H3K27me3 on inflammatory gene promoters and markedly reduced AAA expansion and
attenuated macrophage-mediated inflammation. Together, our findings suggest that cell-specific pharmacologic therapy
targeting JMJD3 may be an effective intervention for AAA expansion.

Introduction

Abdominal aortic aneurysms (AAAs) are a common vascular
disease that can progress to the potentially fatal consequence of
aortic rupture, which has a mortality of over 80% (Nordon et al.,
2011). Recent studies suggest there may be greater than 1 million
people in the United States living with an AAAs (Thom et al.,
2006; Kent et al., 2010). Despite advances in the surgical and
endovascular management of AAAs, to date there are no proven
pharmacological interventions that slow AAA growth or prevent
rupture (Baxter et al., 2008). Cumulative efforts to understand
mechanisms that contribute to AAA dilation have consistently
highlighted inflammation as a key feature of AAA onset as dem-
onstrated by extensive medial and adventitial inflammatory cell
infiltration into the vessel wall (Hellenthal et al., 2009). Within
patient clinical samples and animal models, monocytes/macro-
phages play a critical and distinct role in AAA development and
progression to rupture (Davis et al., 2014; Butt et al., 2016; Raffort
et al., 2017; Wang et al., 2014a; Dale et al., 2015). Identifying the
mechanisms that drive macrophage-mediated inflammation is a
crucial step toward developing effective therapeutics.

Monocytes/macrophages are characterized by a remarkable
degree of plasticity in tissues and are able to rapidly adapt to a
wide range of environmental cues (Lawrence and Natoli, 2011).
During vascular remodeling, monocytes are recruited to aortic
tissue, where they differentiate into macrophages and represent
the predominate myeloid population that participates in the
inflammatory process together with specialized tissue-resident
macrophages (Gordon and Pliiddemann, 2017). The original
in vitro definition of macrophage phenotypes presents an
oversimplified M1/M2 dichotomy, where MI-like, or classically
activated, macrophages secrete proinflammatory cytokines, in-
cluding IL-6, IL-1B, and TNF. By contrast, M2-like, or alterna-
tively activated, macrophages have an anti-inflammatory role
and are involved in extracellular matrix remodeling. However,
progress in the functional characterization of macrophages has
revealed that the phenotypes are not limited to the in vitro M1/
M2 extremes but rather in tissue exist along a continuous
spectrum of phenotypes associated with differential cytokine
production and functional characteristics (Xue et al., 2014; Colin
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et al., 2014). Within AAA development, proinflammatory mac-
rophages arise from either hematopoietic progenitor cell pro-
liferation/differentiation (Peshkova et al., 2019) or mobilization
of splenic monocytes (Mellak et al., 2015) and have been shown
to play a critical role in aortic expansion (Rao et al., 2015;
Boytard et al., 2013; Qin et al., 2015). Further, proinflammatory
monocyte/macrophage populations predominate in aortic tis-
sue, resulting in increased proteolytic enzyme production, in-
flammatory cytokine expression, and pathological aortic dilation
(Moran et al., 2013; Wang et al., 2014b; Juvonen et al., 1997
Karlsson et al., 2009b). In contrast, prevention of aortic ex-
pansion is associated with an anti-inflammatory macrophage
phenotype (Martinez et al., 2009). These findings have been
confirmed in human AAA tissue whereby an imbalance of the
pro- and anti-inflammatory macrophage ratio occurs in the
aneurysmal wall (Juvonen et al., 1997; Karlsson et al., 2009a).
Despite the critical importance of macrophage phenotypic
plasticity in AAA development and expansion, the molecular
mechanisms that program and sustain inflammatory macro-
phage phenotypes in AAA disease have not been identified.
Macrophage functional plasticity is tightly regulated by
transcriptional reprogramming, which is achieved by mod-
ifications of chromatin accessibility and the epigenetic
landscape. Accumulating evidence suggests that epige-
netic regulation of gene expression, via mechanisms such as
histone modification, is a major influence on innate immune cell
phenotypes in both normal and pathological conditions (Obata
et al., 2015; Hoeksema and de Winther, 2016; Kuznetsova et al.,
2020). Histone methylation is important, as it maintains active
or suppressed gene expression, depending on the methylation
site, and thereby controls downstream protein expression pat-
terns. For example, methylation of lysine 27 (K27) of histone 3
(H3) maintains the chromatin in a confirmation such that the
promoters for specific genes are unavailable for transcription
and thus genes are epigenetically silenced (Schlesinger et al.,
2007). In contrast, methylation of lysine 4 on H3 opens up the
chromatin and allows for gene expression (Jaenisch and Bird,
2003). Prior work by our laboratory and others has identified
that epigenetic modifications regulate immune-mediator ex-
pression in macrophages both in vitro and in vivo (Kroetz et al.,
2015; Kuznetsova et al., 2020). Specifically, the chromatin-
modifying enzyme Jumonji domain-containing protein D3
(JMJD3), a histone demethylase, acts to demethylate lysine res-
idues on histones in a sequence-specific fashion. JMJD3 removes
methyl groups from H3K27, effectively eliminating the repres-
sive function of H3K27 trimethylation (H3K27me3), and thus
allows for increased gene expression (De Santa et al., 2007; Lam
and Lu, 2007). In addition, JMJD3 can influence macrophage
polarization, as LPS-treated macrophages incubated with a
JMJD3 inhibitor demonstrated a reduction in proinflammatory
cytokine levels (Satoh et al., 2010; Gallagher et al., 2015; Ishii
et al., 2009). From a cardiovascular standpoint, JMDJ3 has been
shown to be an important regulator of macrophage inflammation
(Neele et al., 2018, 2017; Krausgruber et al., 2011). Despite the
importance of histone modification on macrophage function,
there remains a paucity of data on epigenetic-based mechanisms
that regulate macrophage inflammation in AAA formation (Davis
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and Gallagher, 2019). Additionally, little is known about the
upstream mechanisms that regulate JMJD3 in in vivo macro-
phages. Current investigations on the role of epigenetic mod-
ifications in AAA development are extremely limited, and as
such, epigenetic alterations have only been examined with his-
tone acetylation in vascular smooth muscle cells (Lino Cardenas
et al., 2018; Toghill et al, 2018) and with global methylation
levels in peripheral blood mononuclear cells (Toghill et al., 2015,
2018; Ryer et al., 2015). Thereby, the mechanistic role of epige-
netic modifications in the regulation of macrophage phenotype
during AAA development remains undefined. Given JMJD3’s
critical role in macrophage inflammation, we hypothesize that
up-regulation of JMJD3 in macrophages induces aortic inflam-
mation and AAA expansion.

Herein, we provide experimental evidence that JMD]3 directs
macrophage-mediated inflammation and aortic aneurysm for-
mation in human tissue samples and well-established murine
AAA models (elastase-induced AAAs and angiotensin II
[Angll]-induced AAAs). Mechanistically, macrophage-specific
JMJD3 induced inflammatory NF-kB-mediated gene transcrip-
tion by reducing the repressive histone methylation mark
H3K27me3 on inflammatory gene promoters in the murine AAA
model. Jmjd3 expression in macrophages was regulated by IFNB
via the JAK/STATI pathway, as genetic depletion of the IFN
receptor reduced JMJD3 expression and prevented AAA devel-
opment. Further targeted inhibition of JMJD3 via myeloid-specific
genetic depletion of JMJD3 (Jmjd3Lyz2¢"*) or pharmacological in-
hibition using a small-molecule inhibitor prevented AAA expansion
and was associated with a reduction in the inflammatory macro-
phage phenotype. Lastly, using single-cell RNA transcriptome
analysis, we demonstrate that the histone demethylase JMJD3 is
primarily elevated in human AAA monocytes/macrophages, re-
sulting in up-regulation of cellular activation, NF-«B-mediated in-
flammation, and T lymphocyte costimulatory pathways. Overall,
these findings identify JMJD3 as a critical regulator of monocyte/
macrophage-mediated inflammation during aneurysmal progres-
sion and demonstrate translational implications as cell-targeted
manipulation of this pathway is feasible to reduce AAA
development.

Results

JMJD3 is increased in human and murine AAA tissues and
reduces the repressive H3K27 trimethylation on NF-kB-
mediated inflammatory cytokine promoters in macrophages
Since transmural macrophage inflammation is detrimental to
vascular remodeling during AAA development, we first exam-
ined the presence of JMJD3, an epigenetic enzyme associated
with inflammation, in human aortic tissue samples isolated from
infrarenal AAAs and atherosclerotic aorto-iliac occlusive con-
trols. We found expression of JMJD3 was markedly increased in
AAA samples compared with controls (Fig. 1 A and Table S1).
Additionally, proinflammatory cytokines (IL18 and TNFa),
which are pathological for AAAs by eliciting vascular remodel-
ing (Xiong et al., 2009; Johnston et al., 2013; Yan et al., 2019),
were markedly elevated in human AAA samples (Fig. 1, B and C).
Immunostaining showed that JMJD3 was highly expressed in the
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aortic media and adventitia of diseased aortas, particularly in
infiltrating myeloid cells in the aortic wall (Fig. 1 D; and Fig. S1, A
and B).

Given the elevated expression of JMJD3 in myeloid cells from
human AAA tissue and its role in inflammation, we examined
JMDJ3 in murine macrophages using an established AnglI-
induced murine model (Lu et al, 2016). Specifically, male
C57BL/6] mice were injected i.p. with a single dose of an adeno-
associated virus (AAV) vector expressing the mouse D377Y gain-
of-function proprotein convertase subtilisin/kexin type 9 (PCSK9),
which resulted in sustained hypercholesterolemia as described
previously (Lu et al,, 2016). Following this, mice were fed a sat-
urated fat-enriched diet for 6 wk and received either saline or
Angll infusion (1,000 ng/min/kg) for the last 4 wk. The use of a
saturated fat diet and AnglII infusion to induce AAAs recapitulates
important clinical risk factors, including dyslipidemia and hy-
pertension. Consistent with data from human aortic tissue, Jmjd3
expression was increased significantly in Angll-induced AAAs
compared with nonaneurysmal controls (Fig. 1 E). This was as-
sociated with increased expression of NF-«B-mediated inflam-
matory genes (Ilib, IlI2a, and Tnf), which are known to play a
critical role in AAA inflammation (Fig. 1, F-H). Importantly, there
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Figure 1. JMJD3 is increased in human and
murine AAA tissues and reduces the repressive
H3K27 trimethylation on NF-kB-mediated in-
flammatory cytokine promoters. (A-C) Aortic
tissue from patients with AAA (n = 19) and ather-
osclerotic controls (n = 6) were collected. No sta-
tistical differences were found between groups
with respect to sex, age, or comorbid conditions.
JMJD3, 1118, and TNFa gene expression was mea-
sured by quantitative PCR. *, P < 0.05, Welch’s
t test replicated twice. (D) Immunofluorescence
was performed on AAA and nonaneurysmal control
tissue to analyze DAPI (blue), myeloid (green), and
JMJD3 (red; n = 5 AAA and n = 3 controls with
representative pictures shown). Representative
images show 200x magnification, with scale bars
representing 30 pm. (E-H) Male C57BL/6] mice
were injected i.p. with an AAV containing mouse
PCSK9D377Y and fed saturated fat diet for 6 wk.
Mice were infused with saline or Angll (1,000 ng/
min/kg) for 4 wk. Quantitative PCR analysis of
Jmjd3, 1l1b, 1112, and Tnfa isolated from aortas of
mice exposed to saline or Angll for 28 d (n = 3/
group run in triplicate). *, P < 0.05; **, P < 0.0,
Welch'’s t test. ChIP analysis for H3K27me3 at Il1b,
1112, and Tnfa promoter was performed (n = 3/group
run in triplicate). For all ChIP experiments, isotype-
matched IgG was run in parallel. Dotted line rep-
resents isotype control. ¥, P < 0.05 for Welch’s
t test. Data are presented as the mean + SEM.

Control

DAPI/Myeloid/JMJD3

was no alteration in Jmjd3 or inflammatory cytokine expression
upon exposure to solely PCSK9 gain-of-function AAV compared
with control AAV (Fig. S1 C).

JMJD3 has been shown to act via a H3K27me3-mediated
mechanism on inflammatory gene promoters (Bosselut, 2016).
As a demethylase, increased JMJD3 demethylates the H3K27 site,
which normally acts to repress gene transcription (De Santa
et al, 2007). Thus, increased JMJD3 results in decreased
H3K27 methylation, which renders gene promoters accessible to
transcription factor (NF-«B) binding, resulting in gene activa-
tion. To examine the transcriptional effects of JMJD3 up-
regulation during murine AAA formation on NF-kB-mediated
inflammatory gene expression in aortic tissue, chromatin im-
munoprecipitation (ChIP) was performed on aortic tissue from
Angll-induced AAAs compared with those from saline-infused
controls. Using primers for the NF-«B binding sites on the Ilib,
Il12a, and Tnf promoters, we identified that H3K27me3 was re-
duced at the NF-«B binding sites in the Angll-induced AAA
aortic tissue (Fig. 1, F-H). Further there was no difference in
lysine-specific demethylase 6, a secondary histone demethylase
involved in the regulation of H3K27me3 (data not shown). Col-
lectively, these results suggested that the up-regulation of JMJD3
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may play a causative role NF-xB-mediated inflammation in both
human and murine AAAs.

IFNB/JAK/STAT1 regulates Jmjd3 expression, resulting in
decreased H3K27me3 at NF-kB binding sites on inflammatory
gene promoters in Angll-induced AAA monocytes/macrophages
Since monocyte/macrophage inflammation is a pathological
hallmark of AAA progression (Raffort et al., 2017), and we
identified that JMJD3 is increased in human myeloid cells, we
examined myeloid cells isolated from AnglI-induced AAAs. It
has been shown that although a minority of aortic macrophages
are derived from embryonic precursors that populate the aorta
before birth, the majority of monocytes/macrophages in AAA
tissue originate from the hematopoietic lineage and hone from
the blood into the aortic tissue following injury (Ginhoux and
Guilliams, 2016). To more fully examine this, bone marrow
(BM)-derived macrophages (BMDMs) were isolated from mice
infused with saline or Angll. Jmjd3 and inflammatory cytokine
expression (IlIb and Tnfa) were significantly elevated in BMIDMs
from Angll-induced AAA mice in comparison to controls (Fig. 2,
A-C). To further dissect the mechanism for JMJD3 localization to
specific NF-«B binding sites on inflammatory cytokine pro-
moters, a sequential ChIP (ChIP-reChIP) was performed to
identify colocalization of proteins interacting with a specific
DNA sequence (i.e., NF-«B binding site of the Illb promoter)
using double and independent rounds of ChIP, as detailed pre-
viously (Beischlag et al., 2018; Kimball et al., 2019). In BMDMs,
DNA bound to JMJD3 was isolated, followed by a second im-
munoprecipitation with antibody to NF-«B or IgG. The Ilib
promoter was co-occupied by JMJD3 and NF-kB, which led to
transcriptional activation of Illb by removal of the repressive
H3K27me3 mark in BMDMs (Fig. 2 D). These findings support
that JMJD3 plays a role in regulating macrophage inflammatory
cytokine production via direct interaction with NF-«B on
promoters.

JMJD3 small-molecule inhibitors, such as GSK-J4, have been
developed recently for inflammatory disease applications and
oncological therapy with efficacious results both in vitro and
in vivo (Dofias et al., 2016; Kruidenier et al., 2012). To determine
if JMJD3 alters BMDM inflammatory cytokine expression from
saline- and Angll-infused mice, BMDMs were isolated and
stimulated with or without GSK-J4 (10 wM) for 6 h. BMDMs
isolated from AnglI-infused mice had significant up-regulation
of Ilib, Tnfa, and Il12 inflammatory cytokine expression that was
reversed with GSK-J4 (Fig. 2, E-G).

To further investigate the potential mechanisms underlying
JMJD3-mediated macrophage inflammation in vivo during aor-
tic aneurysm formation, we isolated in vivo macrophages
(CD11b*[CD3-CD19-Nk1.1-'Ly6G~]) by cell sorting on day 28
from mice infused with AnglI or saline. Consistent with the
in vitro studies, Jmjd3 and inflammatory cytokine (Il1b and 1123)
expression was increased in monocytes/macrophages from
Angll-induced AAAs in comparison to controls (Fig. 2, Hand J;
and Fig. S2 A). Additionally, ChIP analysis was conducted for
H3K27me3 on the NF-«B binding sites on inflammatory gene
promoters, demonstrating significant reduction in repressive
H3K27me3 on the Ilb and 1123 promoters (Fig. 2 I and Fig. S2 B).

Davis et al.
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To further confirm the importance of Jmjd3 expression in AAA
pathophysiology, we employed a second murine model of AAAs
using topical elastase treatment, which results in nondissecting
AAA formation (Sénémaud et al., 2017; Lysgaard Poulsen et al.,
2016). At day 14, following elastase application, there was sig-
nificant dilation of the infrarenal AAA (Fig. S2, C and D) as well
as marked up-regulation of Jmjd3 and IlIb in in vivo macro-
phages (CD11b*[CD3-CD19-Nk1.1-'Ly6G]) from elastase-treated
mice compared with sham-operated control animals (Fig. 2 ]
and Fig. S2 E).

Type 11FNs (IFN-I) serve as cell signaling molecules that bind
to cell surface receptors and ultimately phosphorylate tyrosine
kinases inducing specific transcription factors to activate in-
flammatory genes (Rayamajhi et al., 2010). Although IFN-I has
been well studied in viral disorders and autoimmune diseases,
very little is known about the role of IFN-I in both normal and
pathological vascular remodeling (Ohno et al., 2018; Yan et al.,
2016; Liao et al., 2012). Prior investigations have demonstrated
that IFN-Is are increased in both human tissue samples and
murine models of AAAs, and administration of an anti-IFN re-
ceptor 1 antibody attenuated AAA development (Ohno et al.,
2018; Yan et al,, 2016). Further, downstream IFN-I signaling
pathways and the JAK1/STAT1 pathway have also been shown to
be highly up-regulated in human AAA tissue samples (Liao et al.,
2012). It has recently been suggested in microglial cells that
transcriptional regulation of JMJD3 by IFNB and STAT1 signaling
may drive inflammatory responses (Sherry-Lynes et al., 2017;
Przanowski et al., 2014). However, the mechanisms by which
IFN-I and JAK/STAT signaling contribute to JMJD3 regulation in
aneurysmal development remain undefined.

To determine if IFNp stimulation regulated Jmjd3 expression
in in vivo macrophages, we sorted macrophages, stimulated
them ex vivo with IFN (100 U) for 6 h, and examined Jmjd3 gene
expression. In macrophages, Jmjd3 was significantly increased
following IFNB stimulation (Fig. 2 K). To confirm that loss of
IFNB signaling decreased macrophage Jmjd3 expression, we
isolated macrophages from Ifnar~/~ mice and Ifnar*/* controls.
Following 6-h IFNP stimulation, Jmjd3 was significantly reduced
in the Ifnar~/- macrophages compared with matched controls,
suggesting that IFNp signaling alters JMJD3 expression in mac-
rophages (Fig. 2 L). IFN-I signals through the JAK/STAT pathway
to promote gene transcription during viral infection; however,
the role of IFN-I/JAK/STAT in AAA pathogenesis remains un-
defined. We thereby isolated macrophages and stimulated them
with IFNB (100 U) with or without the JAK1 inhibitor tofacitinib
(50 nM). Jmjd3 was significantly decreased in macrophages
treated with the JAK1 inhibitor following stimulation with IFNB
(Fig. 2 M). Given the prior findings implicating STAT in AAA
tissue, we further investigated JAK/STAT1 downstream signal-
ing, and we analyzed Jmjd3 expression in macrophages from
Statl/~ mice and matched controls (Statl*/*). Statl/~ mice
demonstrated decreased Jmjd3 expression in response to IFNP
stimulation (Fig. 2 N). Lastly, to determine the in vivo regulation
of Jmjd3 expression, in the murine aneurysm model, Ifnar~/
mice and Ifnar*/* controls were randomized to receive saline or
AnglI infusion for 28 d. Following the infusion, in vivo macro-
phages (CD11b*[CD3-CD19-Nk1.1-Ly6G~]) were isolated by cell
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Figure 2. Macrophages from Angll-induced AAA mice demonstrate increased Jmjd3 and decreased H3K27me3 at NF-kB binding sites on inflam-
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either saline or Ang Il for 28 d (n = 3-4/group run in triplicate). *, P < 0.05 for Mann-Whitney U test. ChIP analysis for H3K27me3 at Il1b promoter was
performed (n = 3/group run in triplicate). For all ChIP experiments, isotype-matched IgG was run in parallel. Dotted line represents isotype-matched control.
* P < 0.05 by ANOVA test with Newman-Keuls multiple comparison test. (J) Quantitative PCR analysis of Jmjd3 from macrophages
(CD11b*[CD3-CD19-Nk1.1"Ly6G"]) in control and elastase-treated mice (n = 3/group run in triplicate). *, P < 0.05, Mann-Whitney U test. (K) Quantitative PCR
analysis of Jmjd3 was conducted in macrophages (CD11b*[CD3-CD19-Nk1.1-Ly6G"]) treated with IFNB (100 U) for 24 h (n = 3 mice/group run in triplicate).

Davis et al. Journal of Experimental Medicine
JMJD3 modulates macrophages in AAA development https://doi.org/10.1084/jem.20201839

5 of 19


https://doi.org/10.1084/jem.20201839

(L) Quantitative PCR analysis of Jmjd3 was conducted in macrophages isolated from Ifnar~- and littermate controls (Ifnar*/*) and treated with IFNB (100 U) for
24 h (n = 3 mice/group run in triplicate). **, P < 0.01 for Mann-Whitney U test. (M) Jmjd3 expression in macrophages treated with IFNB + tofacitinib (JAK
inhibitor; n = 3 mice/group run in triplicate). ****, P < 0.0001 for Mann-Whitney U test. (N) Quantitative PCR analysis of Jmjd3 was conducted in macrophages
isolated from Stat1~ and littermate controls (Stat1*’*) and treated with IFNB (100 U) for 24 h (n = 3 mice/group run in triplicate). ***, P < 0.001 for
Mann-Whitney U test. (0) Quantitative PCR analysis of Jmjd3 from macrophages (CD11b*[CD3-CD19-Nk1.1"Ly6G"]) in Ifnar*/* and Ifnar~/~ mice infused with
either saline or Ang Il for 28 d (n = 3 mice/group run in triplicated). **, P < 0.01 for Mann-Whitney U test. (P) Maximal abdominal aortic as determined by
ultrasound in Ifnar*/* and Ifnar~~ mice infused with either saline or Angll. *, P < 0.05 by ANOVA with Newman-Keuls multiple comparison test (n = 3-7/group).

Data are presented as the mean + SEM. M®, macrophage.

sorting and analyzed for Jmjd3 expression. Ifnar~/~ mice had a
significant decrease in Jmjd3 expression as well as a marked
reduction in AAA development following Angll infusion (Fig. 2,
O and P; and Fig. S3 A). Taken together, these results suggest
that the increased JMJD3 responsible for the inflammatory
macrophage phenotype during AAA development may be al-
tered through upstream therapeutic manipulation of the IFNf3/
JAK1/STAT1 pathway as well as via direct inhibition of JMJD3.

Human aortic single-cell transcription profiling reveals
elevated JMJD3 and inflammatory pathway expression in
myeloid cells

To translate our murine findings to human disease and further
characterize the structural and infiltrating cells within the aortic
wall, we performed single-cell RNA sequencing (scRNA-seq)
analysis on a cohort of patients undergoing abdominal aortic
surgery (Table S2). Cluster analysis using the uniform manifold
approximation and projection technique identified 21 different
cell clusters present in the aortic tissue. We attributed clusters to
their putative identities and hierarchical similarities by differ-
entially expressed gene signatures (Fig. 3 A). Analyzing the
immune landscape in the aortic tissue demonstrated that
there were five T lymphocyte clusters (CD160*, CD247*, CD3E",
and CD3D"), three monocyte clusters (CDI4*, FCGR3A*, CD36", and
HLA-DRA*), three B cell clusters (CD19*, CD37*, and CD74*), and
macrophage clusters (CDI4*, FCGR3A*, CD68*, and TFRC*). Given
that monocytes/macrophages are known to have a pivotal role in
the inflammation associated with AAA progression (Raffort et al.,
2017), we conducted pathway analysis on differentially ex-
pressed genes in the monocyte/macrophage populations. Gene
Ontology demonstrated that monocytes from AAA samples were
more activated in comparison to the same cellular subclusters in
nonaneurysmal control samples, with up-regulation of inflam-
matory genes involved with regulation of cytokine-mediated
signaling, NF-«B transcription factor activity, antigen process-
ing, and T lymphocyte costimulation (Fig. 3 B). Further, the AAA
monocyte clusters displayed a reduction in anti-inflammatory
genes involved with regulation of the ERK cascade, angiogene-
sis, apoptosis, and response to hypoxia (Fig. 3 C). Given the
pathway and phenotypic differences in monocytes from AAA and
our murine findings that the epigenetic enzymes, including
JMJD3, were up-regulated, we sought to determine if JMJD3
contributes to the monocyte/macrophage proinflammatory state.
As such, we screened for alterations in known epigenetic en-
zymes in AAA macrophages/monocytes and found that JMDJ3
expression was markedly elevated in the macrophage and mon-
ocyte clusters in human AAA tissue in comparison to control
samples (Fig. 3 D) with minimal expression in T and B lymphocyte
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subclusters, confirming our findings from the murine model.
On further analysis, the ratio of JMJD3* versus JMJD3" cells
was markedly elevated in all macrophage/monocyte pop-
ulations in AAA tissues in comparison to control samples with
the macrophage population exhibiting the highest differential
(Fig. 3 E).

To understand the hypothetical developmental relationships
that might exist within the monocyte and macrophage clusters,
we performed trajectory analysis on macrophage clusters and
monocyte clusters 1-3 using the Monocle algorithm. Three
branch points were determined based on changes in monocyte
and macrophage gene expression, and this was plotted in
pseudotime (Fig. 3 F). Clusters were superimposed on the
Monocle pseudotime plot and revealed that monocyte cluster
1 fell toward the beginning of pseudotime, while monocyte
clusters 2 and 3 and the macrophage cluster followed along the
remaining trajectory. Gene expression plotted by cluster across
pseudotime revealed that increased expression of JMJD3 was
accompanied by an increased expression of TNFAIP3, ILIB, and
NFKBIA.

On further analysis of JMJD3* macrophages/monocytes
compared with JMJD3~ macrophages/monocytes from human
AAA samples, Gene Ontology analysis and differential gene ex-
pression analysis demonstrated that multiple inflammatory
pathways and cytokines were elevated in JMJD3* monocytes in
comparison to JMJD3- monocytes, further confirming the asso-
ciated between JMJD3 and inflammatory myeloid state (Fig. 3, G
and H; and Fig. S4). Taken together, these results suggest human
AAAs are characterized by a significant up-regulation of the
histone demethylase JMJD3 in monocytes that likely leads to
inflammatory pathway activation.

Pharmacological inhibition of JM)JD3 via GSK-J4 prevents AAA
formation and decreases macrophage inflammation
JMJD3-mediated epigenetic modifications increased inflamma-
tory cytokine expression in infiltrating aortic monocytes/mac-
rophages; hence, we investigated the translational potential of
JMJD3 inhibition in regulating AAA formation and aortic in-
flammation. As shown in the schematic in Fig. 4 A, C57BL/6 mice
were randomized to receive every-other-day injection of GSK-J4
(10 mg/kg) or PBS control starting 3 d before AnglI or saline
pump implantation, with injections continuing throughout the
28-d infusion period. JMJD3 inhibition resulted in a marked
reduction in AAA incidence and diameter (Fig. 4, B-D). Histo-
logical analyses showed that aortas from AnglI-infused + GSK-
J4-treated mice maintained a normal aortic architecture with
preserved smooth muscle cell layer and reduced elastic fiber
fragmentation (Fig. 4, E and F).
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Figure 3. Human aortic single-cell transcription profiling reveals elevated JMJD3 and inflammatory pathway expression in infiltrating monocytes/
macrophages. (A) Cluster analysis using the uniform manifold approximation and projection technique of single-cell sequencing from human AAA (n = 4) and
nonaneurysmal (n = 2) samples revealed 21 distinct cell clusters (representative). Source data are provided as a source data file. (B and C) Gene Ontology
biological pathway enrichment analysis of differentially expressed genes up-regulated (B) and down-regulated (C) in AAA samples. The combined score metric
corresponds to the P value (two-tailed Fisher’s exact test) multiplied by the Z-score of the deviation from the expected rank, and q values determined by
Benjamini-Hochberg correction. (D) Feature plots displaying the single-cell gene expression of JM/D3 across cell clusters. (E) Fold expression analysis of JMJD3*
vs. JMJD3~ macrophages or monocytes (clusters 1-3) in AAA versus control tissue. (F) Focused Monocle pseudotime trajectory analysis including only the
monocyte/macrophage defined clusters. Monocyte/macrophage clusters superimposed on pseudotime branches with gene expression plotted as a function of
pseudotime. (G) Gene Ontology biological process, Reactome, or process enrichment analysis of differentially expressed genes JMJD3* versus JMJD3~ cells. The
combined score metric corresponds to the P value (two-tailed Fisher’s exact test) multiplied by the Z-score of the deviation from the expected rank, and q
values were determined by Benjamini-Hochberg correction. (H) Heatmap of differentially expressed genes in JMJD3* versus JMJD3~ macrophages from the
cytokine-mediated signaling pathway.

To further determine the involvement of JMJD3 inhibition on
macrophage-mediated inflammation and AAA development,
macrophages were sorted on day 28 to analyze inflammatory
cytokine profiles and histone methylation marks on NF-xB
binding sites of inflammatory gene promoters. Mice that re-
ceived AnglIl + GSK-J4 treatment displayed a significant

Davis et al.
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reduction in inflammatory cytokine expression in macrophages
as well as a corresponding increase in H3K27me3 on NF-«B
binding sites of inflammatory gene promoters (Fig. 5, A-D).
Inflammatory cytokine expression was also noted to be reduced
in BMDMs isolated from AnglI + GSK-J4 mice compared with
controls (Fig. S5, A-C). Additionally, intracellular flow
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Figure 4. Pharmacological inhibition of JMJD3 via GSK-J4 prevents AAA formation. (A) Experimental design of JMJD3 inhibition (GSK-J4) in murine AAA
model. WT mice were fed a high-fat diet for 6 wk and infused with saline or Angll (1,000 ng/min/kg) for 4 wk. During this period, mice were randomized to
receive either PBS or GSK-J4 (10 mg/kg) injection thrice weekly. (B) Representative ultrasound images of the abdominal aorta at day 28 in WT mice that
received either saline or Angll infusion with or without GSK-J4 treatment. Dotted line represents aortic contour, and arrows represent aortic wall diameter.
Scale bar represents 1-mm distance. (C and D) Maximal abdominal aortic diameter and aneurysm incidence as determined by ultrasound measured by two
observers in WT mice infused with either saline or Angll with or without GSK-J4 administration (n = 6 in saline-infused cohorts and 18 in Angll-infused cohorts).
*, P < 0.05; **, P < 0.001, ANOVA with Newman-Keuls multiple comparison test. Data are presented as the mean + SEM. (E and F) Representative Masson’s
trichrome staining and Verhoeff-van Gieson elastin staining of abdominal aortic sections showing preserved aortic structure in Angll + GSK-J4 mice compared
with Angll + PBS mice; scale bars represent 200 pm in Masson’s trichrome and 100 um or 50 um in Verhoeff-van Gieson stain; arrows represent elastin
fragmentation.
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Figure 5. Pharmacological inhibition of JMJD3 via GSK-J4 decreases macrophage inflammatory cytokine production. (A-D) Quantitative PCR analysis
of Il1b, 1112, Nos2, and Tnfa mRNA from macrophages (CD11b*[CD3-CD19-Nk1.1-Ly6G"]) in mice exposed to saline + PBS, saline + GSK-J4, Angll + PBS, or Angl +
GSK-J4 infusion for 28 d (n = 5 mice/group pooled and run in triplicate). ChIP analysis for H3K27me3 at Il1b, Il12, Nos2, and Tnfa promoter was performed (n = 5
mice/group pooled and run in triplicate). For all ChIP experiments, isotype-matched IgG was run in parallel. Dotted line represents isotype-matched control. ¥,
P < 0.05; **, P < 0.01, ANOVA test with Newman-Keuls multiple comparison test. (E) Gating strategy to select single, live, lineage™ [CD3, CD19, NK1.1, Ter-
119], Ly6G~, CD11b* by flow cytometry at day 28 peripheral blood and aortic tissue. (F and G) Percentage of CD11b* cells staining positive for IL-1B in
monocytes and aortic tissue macrophages (n = 6 mice/group pooled and run in triplicate). Tissues of two mice per mouse were pooled for a single biological

replicate. *, P < 0.05, Welch'’s t test. Data are presented as the mean + SEM. FMO, fluorescence minus one; M®, macrophage.

cytometry analyses revealed reduction in IL-18 protein in both
peripheral monocytes (CD1lb*Ly6CH! [CD3-CD19-Nk1.1 Ly6G-])
and aortic tissue macrophages in Angll + GSK-J4-treated mice
compared with controls (Fig. 5, E-G). Taken together, these
findings suggest that JMJD3-mediated histone modification in
monocytes/macrophages may contribute to AAA development
and that JMJD3 inhibition abrogates aneurysm formation by
modulating macrophage inflammation.

AAA formation is inhibited in macrophage-specific JM)D3-
deficient mice

Since global pharmacological inhibition of JMDJ]3 prevented AAA
formation, we examined the effects of macrophage-specific ge-
netic deletion of JMJD3 on AAA development in a murine model.

Davis et al.
JMJD3 modulates macrophages in AAA development

To define the cell-specific function of JMJD3 in macrophages
during AAA development, we uniquely generated a myeloid-
specific Jmjd3-deficient mouse. Specifically, using targeted de-
letion of Jmjd3 in murine embryonic stem cells (ESC), we created
mice with the Jmjd3 gene flanked by Lox-P sequences, which
were then bred with mice expressing the Cre recombinase in
mature macrophage lineage within the lysozyme C-2 gene Lyz2
(LysMcre) to generate Jmjd3fox/floxLysaCre+ (Jmjd3~/-M®) and
Jmjd3flox/flox]yspCre-/~ (WTM®) control mice. No phenotypic de-
fects were observed in these mice, and confirmation of reduced
Jmjd3 expression in macrophages was verified (Fig. S5, D-G).
Jmjd3~/~"M® and WTM® mice underwent Angll-induced AAA
induction with temporal monitoring of aortic dilation.
Jmjd3~/-M® mice were less susceptible to Angll-induced AAA
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Figure 6. AAA formation is inhibited in macrophage-specific JM)D3-deficient mice. (A) Maximal abdominal aortic diameter was determined by ultrasound
in Jmjd3~/~-M® or WTM® mice infused with either saline or Angll (n = 5 in saline-infused cohorts and 7-10 in Angll-infused cohort). *, P < 0.05; **, P < 0.001,
ANOVA with Newman-Keuls multiple comparison test. (B) Quantitative PCR analysis of /l1b and Tnfa from macrophages (CD11b*[CD3-CD19-Nk1.1"Ly6G"]; n =
3 mice/group run in triplicate). *, P < 0.05; **, P < 0.01, ANOVA test with Tukey’s multiple comparison test. (C) Gating strategy to select single, live, lineage™
[CD3, CD19, NK1.1, Ter-119]", Ly6G~, CD11b* by flow cytometry at day 28 peripheral blood monocytes and aortic tissue macrophages. (D) Percentage of CD11b*
cells from monocytes and aortic tissue macrophages immunostained positive for IL-1B in Jmjd3~/-M® or WTM® mice (n = 3/group run in triplicate). Tissues of
two mice per mouse were pooled for a single biological replicate. *, P < 0.05 by Welch'’s t test. (E) Percentage of CD11b*Ly6C™ cells in Jmjd3~/-M® or WTM®
mice (n = 3 mice/group). *, P < 0.05 by Welch'’s t test. Data are presented as the mean = SEM. M®, macrophage.

formation, with significantly decreased abdominal aortic diam-
eter (Fig. 6 A). We also conducted a second model of AAA de-
velopment using the topical elastase application, which also
demonstrated a significant reduction in AAA development in
Jmjd3~/-M® mice compared with controls (Fig. S2 F).

To determine the transcriptional effects of macrophage-
specific JMJD3 deficiency on NF-«B-mediated inflammatory
gene expression, in vivo macrophages were sorted from our

Davis et al.
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Jmjd3~/-M® and WTM® mice after 28 days of saline or Angll
infusion. We found a significant reduction in IlIb and Tnfa in-
flammatory gene expression in Jmjd3~/-M® mice following AngII
infusion (Fig. 6 B). Similarly, we performed flow cytometry and
found decreased IL-1B protein in peripheral blood monocytes
and aortic tissue macrophages in Jmjd3~/-M® mice (Fig. 6, C and
D). Jmjd3~/-M®s mice had a significant reduction in the proin-
flammatory CD11b*Ly6CH! monocyte population compared with
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Figure 7. Schematic of JMJD3-mediated regulation of macrophage inflammation during AAA development.

controls (Fig. 6 E). These data identify that JMJD3 is important in
myeloid cells for AAA development and that in vivo macrophage
NF-«B-mediated inflammatory gene expression is controlled, at
least partly, by JMJD3.

Discussion

Our results have uncovered dynamic mechanisms that bridge
sustained inflammation and AAA expansion and have identified
the epigenetic chromatin-modifying enzyme JMJD3 as an in-
strumental signal in perpetuating the aortic inflammatory re-
sponse (Fig. 7). Chronic macrophage-mediated inflammation is a
key driver for AAA pathogenesis, as prior work has demon-
strated that distinct monocyte/macrophage phenotypes have
differential roles in initiation, progression, and healing of an-
eurysmal disease. However, the etiology behind this resilient
proinflammatory macrophage population responsible for AAA
development remains unclear. Herein, using human AAA tissue
samples and two murine models (Angll-induced AAAs and
elastase AAA model), we identified that the epigenetic enzyme
JMJD3 is a crucial regulator of macrophage phenotype during
AAA development. Mechanistically, IFNP signals through the
JAK/STATI pathway to increase JMJD3, which colocalizes with
NF-«B to binding sites on inflammatory gene promoters, where
it removes the repressive histone methylation mark H3K27me3,
allowing for transcriptional activation of inflammatory genes.
Additionally, single-cell transcriptomics demonstrated human
monocytes and tissue macrophages have increased JMJD3 ex-
pression, resulting in the activation of multiple immune stim-
ulatory pathways. Ultimately, manipulation of this pathway,
either by the use of a macrophage-specific genetic model
(Jmjd3flox/floxysoCre+)  or  with pharmacological inhibition,

Davis et al.
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decreased proinflammatory monocyte infiltration into the aortic
wall, inhibited inflammatory cytokine production, and de-
creased AAA formation, offering promise as a translational
therapy.

To date, there is limited literature demonstrating the role of
epigenetic histone modifications in regulation of cellular func-
tion, particularly monocyte/macrophage phenotype, during
AAA development (Krishna et al., 2010; Toghill et al., 2015).
Initial investigations found histone deacetylases were increased
in AAA tissues from humans and Angll-infused mice. Further,
inhibition of class I or class Ila histone deacetylases improved
survival and decreased AAA formation in mice; however, the
cell-specific mechanisms were not fully investigated, and the
genes these deacetylases regulated were unknown (Han et al.,
2016; Galdn et al., 2016; Vinh et al., 2008). More recent studies
have attempted to provide cell-specific information by analyzing
immune cell subsets within AAA disease. Specially, isolation of
regulatory T lymphocytes (FOXP3* CD4* CD25*) from human
AAA tissue had reduced acetylation on H3 and increased histone
deacetylase enzymes compared with healthy controls but failed
to correlate changes in histone acetylation to regulatory T
lymphocyte function (Xia et al., 2019; Jiang et al., 2018).

In contrast to histone acetylation, the role of histone meth-
ylation has not been investigated in AAA disease. In this study,
we found that the histone demethylase JMJD3 stimulates a
proinflammatory monocyte/macrophage phenotype in AAA
tissue via selective removal of the repressive H3K27me3 mark
on inflammatory gene promoters. In addition, we identified via
sequential ChIP that JMDJ3 and NF-«B colocalized to inflam-
matory gene promoters thereby driving gene transcription.
These changes are seen both at the BM and peripheral myeloid
levels, suggesting epigenetic modifications in macrophages may
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occur before cell arrival within the aneurysmal tissue. Prior
investigations have demonstrated that epigenetic changes can
contribute to a phenomenon known as innate immune memory,
where chromatin modifications persist even after a normal
physiological environment is restored. Considering the nature of
monocyte/macrophage differentiation, as well as their relatively
short lifespan, innate immune memory arises from epigenetic
imprinting of hematopoietic stem cells (Kaufmann et al., 2018;
Mitroulis et al., 2018). This response is considered to be inde-
pendent of adaptive immunity and driven by epigenetic mod-
ifications that influence inflammatory gene expression in
mononuclear phagocytes (Novakovic et al., 2016; Kleinnijenhuis
et al,, 2014). This is of important mechanistic relevance, as in-
creased inflammatory cytokine production, particularly ex-
pression of IL-1B, TNFa, IL-12, and IL-23, have all been
demonstrated to be pathological in AAA disease development,
with inhibition of these cytokines preventing aneurysm for-
mation (Xiong et al., 2009; Johnston et al., 2013; Yan et al.,
2019). JMJD3 has been shown to be a key driver in NF-
kB-dependent inflammation, as in vitro, 70% of proinflam-
matory LPS-responsive genes are regulated by JMJD3 (De Santa
et al., 2009, 2007; Kruidenier et al., 2012). More recently, JMJD3
has also been shown to be highly inducible by serum amyloid A
(Yan et al,, 2014), an acute-phase protein that triggers an in-
flammatory response and has also be linked to AAA development
in human and murine models (Rohde et al., 1999; Webb et al.,
2015). JMJD3 depletion attenuated serum amyloid A-induced
expression of proinflammatory genes in vitro along with en-
richment of H3K27me3 onto target gene promoters (Yan et al.,
2014).

Given the importance of JMJD3, we investigated if inhibition
of JMJD3 altered macrophage function and reduced AAA devel-
opment. Administration of a GSK-J4 led to reduced AAA for-
mation, improved vascular wall remodeling, and reduced
macrophage-mediated inflammation. Although pharmacologi-
cal inhibition of JMJD3 with GSK-J4 provides important mech-
anistic insight, GSK-J4 can have off-target effects on other
histone demethylases when administered at high concentrations
(Heinemann et al., 2014). Our pharmacological observations
were confirmed with a novel myeloid-specific JMJD3 knockout
animal, which also demonstrated a reduction in AAA formation
and decreased macrophage inflammation. This is in agreement
with a recent study where in vitro treatment of macrophages
with a selective JMJD3 inhibitor led to alterations in proin-
flammatory cytokine production (Kruidenier et al., 2012). As
macrophages exhibit different functional phenotypes during
tissue repair (Watanabe et al., 2019), the ability to modulate
macrophage phenotype at a particular time after injury is an
attractive therapeutic strategy. Indeed, epigenetic therapies
have been shown to be effective in the treatment of cancer with
drugs, resulting in dose-dependent inhibition of cell prolifera-
tion, invasion, and cell migration (Verma et al., 2012; Mottamal
et al., 2015; Shukeir et al., 2015). More recently, epigenetic
therapies are beginning to be examined in cardiovascular dis-
ease (Kuznetsova et al., 2020; Luque-Martin et al., 2019). In-
flammation is a chronic hallmark of atherogenesis, which
in turn manifests as genome-wide and gene-specific DNA
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hypermethylation and histone modification (Zaina et al., 2014;
Cao et al., 2014). Cao et al. (2014) demonstrated that adminis-
tration of 5-aza-2'-deoxycytidine, a demethylating compound,
reduced atherosclerosis development and induced a pheno-
typic shift in macrophages associated with a down-regulation
of proinflammatory genes. Histone deacetylase inhibition has
also been shown to prevent atherosclerosis development in
murine models (Xu et al., 2017; Huang et al., 2017). Lastly,
epigenetic therapies for atherosclerosis are currently under-
going phase 3 clinical trials, including apabetalone, a bromo-
domain and extra-terminal protein inhibitor, which has
demonstrated mixed results (NCT02586155; Ray et al., 2019).
Despite these preclinical and ongoing trials for cardiovascular
disease, the role of JMJD3 inhibition in AAA development has
not been vigorously investigated. Our results demonstrate
JMJD3 may be an attractive therapeutic target, either in pe-
ripheral monocytes or aortic tissue macrophages, due to its
capacity to alleviate inflammation and decrease vascular
remodeling.

Although this study provides valuable insight into the
mechanisms behind dysregulated macrophage inflammation in
AAA development, some limitations must be addressed. First,
the human AAA samples are taken from end-stage disease and
therefore may not represent the entire etiology of AAA forma-
tion. Second, GSK-J4 is a potent inhibitor of JMJD3 but has also
been shown to inhibit the epigenetic enzyme UTX at high con-
centrations (Yin et al., 2019). Within our investigation, we did
not see a difference in UTX expression in AAA and control
samples suggesting minimal contribution of UTX to AAA
disease development. Further, the importance of JMJD3 to
macrophage inflammation demonstrated in our GSK-J4
pharmacological observations were confirmed with a novel
myeloid-specific JMJD3 knockout animal, which also demon-
strated a reduction in AAA formation and decreased macro-
phage inflammation. Third, within our novel myeloid-specific
JMJD3 murine model, we used the Lyz2¢*® system. We ac-
knowledge that gene expression profiles between monocytes/
macrophages, neutrophils, and dendritic cells overlap due to
their close lineage relationship. As such, there is no Cre-
transgenic line that is perfectly specific for macrophages
(Shi et al., 2018). However, the contributions of neutrophils
and dendritic cells for AAA development have been shown to
be minor in comparison to macrophage pathophysiology
(Raffort et al., 2017; Davis et al., 2014, 2015). Lastly, we rec-
ognize that other epigenetic enzymes or vascular cell types
may regulate aberrant macrophage function during AAA de-
velopment as well (Kruidenier et al., 2012).

In conclusion, our study provides important mechanistic
evidence that JMJD3 is a regulator of macrophage polarity and
inflammation during human and murine AAA development.
Increased JMJD3 in macrophages removed the repressive his-
tone methylation mark H3K27me3 on NF-«B inflammatory gene
promoters, leading to adverse vascular remodeling and aortic
dilation. Targeting the JMJD3 pathway in a cell-specific manner
affords the opportunity to intervene in pathological macrophage
inflammation and potentially limit AAA progression and
rupture.
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Materials and methods
Contact for reagent and resource sharing

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contacts,
Frank Davis (davisfr@med.umich.edu) and Katherine Gallagher
(kgallag@med.umich.edu).

Experimental model and subject details

Mice

Mice were maintained in the University of Michigan pathogen-
free animal facility, and all protocols were approved by and in
accordance with the guidelines established by the Institutional
Animal Care and Use Committee. Male mice were used for AAA
experiments as detailed in the American Heart Association
Council statement (Robinet et al., 2018). Only male mice were
used for these studies, as female mice do not adequately develop
AAAs (Robinet et al., 2018). Mouse strains include C57BL/6] and
Ifnar~/~ mice maintained on a normal diet (13.5% kcal fat; Lab-
Diet 5001) purchased at 8-10 wk from The Jackson Laboratory.
For creation of Jmjd3/Lyz2¢re* and Jmjd3//Lyz2¢re- strains, Jmjd3
gene-targeted ESC clones EPD0164_4-B10, -E09, and -E12 were
obtained from the trans-NIH Knockout Mouse Project (Knock-
out Mouse Project Repository). The JM8.N4 C57BL/6N ESC
clones (Pettitt et al., 2009) carried the knockout first tmla
(KOMP)Wtsi Jmjd3 allele (Ryder et al., 2013). ESCs were ex-
panded in cell culture, and chromosome counts were performed.
Correct targeting of the Jmjd3 gene was confirmed by genetic
analysis of DNA from the ESC clones. Germline transmission of
the Jmjd3™ allele was obtained by breeding ESC-mouse chi-
meras produced by the microinjection of C57BL/6/BrdCrHsd-
Tyr¢ albino C57BL/6 blastocysts with the ESC clones. Chimeras
were mated with FLPo recombinase mice to remove the drug
selection neomycin cassette to produce mice carrying the con-
ditional floxed Jmjd3t™ allele. C57BL/6-Tg(CAG-Flpo)fst/Mmucd
FLPo recombinase mice (Kranz et al., 2010) were obtained from
the Mutant Mouse Resource and Research Centers (stock no.
032247-UCD). FLPo mice were backcrossed onto albino C57BL/6
mice so that coat-color selection could be used to chimeras to
identify germline transmission and maintain an inbred C57BL/6
genetic background. The resulting progeny with a floxed Jmjd3
allele were bred with Lyz2<* (The Jackson Laboratory) mice to
generate control and mice deficient for Jmjd3 in monocytes,
macrophages, and granulocytes. Lyz2™ was chosen for the cell-
specific line, as this affects myelomonocytic cells. However, this
Cre line can also result in deletion of JMJD3 in neutrophils and
dendritic cells. Given macrophages are highly heterogenous,
their gene expression patterns dynamically change during pre-
natal development and adult tissue homeostasis and in various
inflammatory diseases. Moreover, such gene expression profiles
are largely overlapped among monocytes/macrophages, gran-
ulocytes, and dendritic cells due to their close lineage relation-
ship. Therefore, there is no Cre-transgenic line that is perfectly
specific for macrophages (Shi et al., 2018). IFN-o/B receptor/-
(Ifnar—/-), Statl~/~, and BALB/c control mice were obtained from
Christiane Wobus (University of Michigan, Ann Arbor, MI) and
maintained in breeding pairs at the Unit of Laboratory Animal
Medicine facilities. Animals were housed in a barrier facility on
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a light/dark cycle of 14:10 h (ambient temperature of 22°C) with
free access to water, food (LabDiet 5001), and bedding (Ander-
sons Lab Bedding; Bed o’Cobs combo). Animals underwent all
procedures at 8-10 wk of age.

Production and injection of AAV vectors

AAV vectors (serotype 8) were produced by the Viral Vector
Core at the University of Pennsylvania (https://gtp.med.upenn.
edu/core-laboratories-public/vector-core). These AAV vectors
contained inserts expressing mouse PCSK9D377Y mutation
(equivalent to human PCSK9D374Y gain-of-function mutation).
Empty AAV vector (null AAV) was used as control. AAV vectors
were diluted in sterile PBS (200 pl per mouse) and injected i.p.
as reported previously (Lu et al., 2016; Wu et al., 2015). Mice
inclusion and randomization were conducted as previously
specified. Further, mice had a predefined exclusion from the
data analysis if plasma total cholesterol concentrations were
<250 mg/dl 3 wk and <500 mg/dl 6 wk after PCSK9D377Y.AAV
injection (Lu et al., 2016). Briefly, mice received injections of
AAVs containing either a null insert or a mouse PCKS9 insert
expressing D377Y mutation. Immediately after AAV injections,
normolipidemic mice were fed a diet containing saturated fat
(Envigo; milk fat 21% wt/wt; Diet #TD.88137) for 2 wk, at which
time they underwent implantation of mini-osmotic pumps
as described below. Body weights were determined before
experimentation.

Osmotic mini-pump implantation and Angll infusion

To induce AAAs, 8-10-wk-old male C57BL/6] mice were injected
with AAV and started on a saturated fat diet as detailed above.
Following 2 wk of saturated fat diet feeding, mice were ran-
domized to receive mini-osmotic pumps (Alzet; Model 2004)
containing AnglI (Bachem; 1,000 ng/min/kg, catalog no. H-1706)
or saline implanted subcutaneously in the neck region of anes-
thetized mice following a protocol described previously (Lu
et al., 2015). Briefly, mice were anesthetized in a closed cham-
ber with isoflurane (3%) in oxygen for 2-5 min until immobile.
Each mouse was then removed and taped on a heated (35-37°C)
procedure board with isoflurane (1.0-1.5%) administered via
nosecone during minor surgery. Pumps were implanted sub-
cutaneously on the right flank of each mouse, which provided
Angll or saline infusion for 28 d. Incisions were closed with
surgical staples, and postoperative analgesia (buprenorphine,
0.05 mg/kg/12 h, i.p.) was administered. For inhibitor studies,
mice were randomized to receive every-other-day i.p. injection
of GSK-J4 (Tocris; 10 mg/kg; 4594) in 0.1% DMSO in PBS or of
0.1% DMSO in PBS alone. These injections began 3 d before mini-
osmotic pump implantation and continued for the 28-d duration.
Animal experiments were conducted following the National
Institutes of Health guidelines and were approved by the Insti-
tutional Animal Care and Use Committee of the University of
Michigan.

Elastase treatment model of aneurysm formation

A murine elastase treatment model of AAA formation was used
as described by Laser et al. (2012). In brief, the infrarenal aorta
was treated topically with 30 pl elastase reconstituted with
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normal saline (5 U/mg protein) or 30 pl heat-inactivated elastase
(at 90°C for 30 min) as a control group. The topical application
was accomplished by dropping the elastase on the anterior aorta
from a 2 cm height for 5 min. Video micrometric measurements
of aortic diameters were made in situ before perfusion, after
perfusion, and before harvesting the aorta on day 14. Maximum
infrarenal aortic diameter and ratio of treated versus untreated
section of the aorta was calculated.

Quantification of aortic pathologies

For in vivo imaging of the abdominal aorta in mice, 2D (B-mode)
ultrasound images were obtained 27 d after the implantation of
osmotic pumps using a VisualSonics Vevo2100 imaging system
with a mechanical transducer (MS400) from the University of
Michigan Frankel Center for Physiology. Two independent in-
vestigators measured aortic diameters at systole, with no sig-
nificant interobserver or intraobserver variability.

At the completion of each murine aneurysm experiment (day
28), mice were deep anesthetized with ketamine (100 mg/kg)
and xylazine (20 mg/kg). At termination after blood collection,
the right atrium was cut open, and saline was perfused through
the left ventricle to remove blood in aortas. Subsequently, aortas
were dissected and placed in either RNA later or 10% neutrally
buffered formalin overnight at room temperature. After fixa-
tion, periaortic adventitia were removed thoroughly. Maximal
outer diameters of suprarenal aortas were measured ex vivo as a
parameter for AAA quantification using Image] software (Na-
tional Institutes of Health).

Necropsy was performed for mice that died during Angll
infusion. Aortic rupture was defined as observation of blood clots
in either the thoracic cavity (thoracic aortic rupture) or retro-
peritoneal cavity (abdominal aortic rupture). There was no dif-
ference in early rupture between treatment groups and genotypes.

Histology/immunofluorescence

For aortic histology, aortas were excised as above and fixed in
formalin (10%) overnight before embedding in paraffin. Sections
(5 um) were stained with hematoxylin and eosin, Masson’s
trichrome stain for collagen deposition (Newcomers Supply;
9179B), or Verhoeff-Van Gieson stain for elastin (Sigma; HT25A).
Images were captured using Olympus BX43 microscope and
Olympus cell Sens Dimension software.

For immunofluorescence, formalin-fixed, paraffin-embedded
tissue slides obtained from patients with AAA and aortic healthy
control were heated for 30 min at 60°C, deparaffinized, and
rehydrated. Slides were placed in pH 9 antigen retrieval buffer
and heated at 125°C for 3 s in a pressure-cooker water bath. After
cooling, slides were blocked using 10% donkey serum (30 min).
Overnight coincubation (4°C) was then performed using anti-
human JMJD3 (Abcam; catalog no. ab3811), anti-human CDllc
(Abcam; ab216028), and isotype control at a concentration of
1 pg/ml. Slides where then washed and treated with relative
fluorescence-conjugated secondary antibodies (30 min). Slides
were prepared in mounting medium with DAPI (Vector; Vecta-
Shield, Antifade Mounting Medium with DAPI, H-1200). Images
were acquired using a Zeiss Axioskop 2 microscopy. Images pre-
sented are representative of at least three biological replicates.
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Flow cytometry

For surface staining, aortas were collected following saline
perfusion. Aortas were minced, digested with (elastase, 1 mg/ml
[Worthington; LS002292]; collagenase D, 0.2 mg/ml [Roche Di-
agnostics; 11088866001]; DNase I, and 0.2 mg/ml [Roche Diag-
nostics; 90083] in RPMI 1640) for 45 min at 37°C. Enzymatic
activity was stopped by washing with PBS at 4°C. Spleen sus-
pensions were prepared after lysing red blood cells. Single-cell
suspensions were meshed on a 100-pm nylon filter to yield a
single-cell suspension. Cells were stained with a Fixable LIVE/
DEAD viability dye (BioLegend; 564406; 1:1,000 dilution). Fc
receptors were then blocked with anti-CD16/32 (BioXCell; catalog
no. CUS-HB-197, 1:200 dilution) for 10 min. Monoclonal antibodies
for surface staining included anti-F4/80 (BioLegend, catalog no.
123149, 1:400 dilution), anti-CD11b (BioLegend; catalog no. 101206,
1:400 dilution), anti-CD45 (BioLegend, catalog no. 103106, 1:400
dilution), anti-Ly6C (BioLegend, catalog no. 128028, 1:400 dilu-
tion), anti-Ly6G (BioLegend, catalog no. 127624, 1:400 dilution),
anti-CD3 (BioLegend; catalog no. 100304, 1:400 dilution), anti-
CD19 (BioLegend, catalog no. 116204, 1:400 dilution), and anti-
Terl19 (BioLegend; catalog no. 115504, 1:400 dilution). After
surface staining, cells were washed twice, and biotinylated anti-
bodies were labeled with streptavidin-fluorophore (BioLegend;
405249, 1:1,000 dilution). Next, cells were either washed and ac-
quired for surface-only flow cytometry or fixed with 2% formal-
dehyde and then washed/permeabilized with BD Perm/wash
buffer (BD Biosciences; reference no. 00-8333-56) for intracellular
flow cytometry. After permeabilization, intracellular stains in-
cluded: anti-IL-1B-Pro-PE Cy?7 (eBioscience; reference no. 25-7114-
82, 1:200 dilution), and anti-TNF-a-APC (BioLegend; catalog no.
506308, 1:200 dilution). Samples were acquired on a three-laser
Novocyte Flow Cytometer (Acea Biosciences). FACS was per-
formed with FACsDiva Software (BD Biosciences), analysis was
performed using FlowJo software version 10.0 (Tree Star), and
data were compiled using Prism software (GraphPad). All pop-
ulations were routinely backgated to verify gating and purity.

Peripheral macrophage isolation and magnetic-activated cell
sorting

Peripheral circulating macrophages were isolated from splenic
tissue. Single-cell suspensions were incubated with fluorescein
isothiocyanate-labeled anti-CD3, anti-CD19, anti-NK1.1, and anti-
Ly6G (BioLegend) followed by EasySep Mouse Streptavidin Rapid-
Spheres (Stem Cell Technologies; 19860). Flow-through was then
incubated with EasySep Mouse CDI11b Positive Selection Kit (Stem
Cell Technologies; 18970) to isolate the nonneutrophil, non-natural
killer cells, nonlymphocyte, CD11b* cells. When indicated, periph-
eral macrophages were stimulated with/without IFNB (PBL Assay
Science; catalog no. 12400-01; 100 U/ml). For JAK1 and JAK3 inhi-
bition, cells were treated with 50 nM tofacitinib (Cayman Chem-
icals) at the time of stimulation with IFNB. Cells were saved in
Trizol (Invitrogen) for quantitative RT-PCR analyses or processed
for chromatin immunoprecipitation as described below.

Cell culture and cytokine analysis
BM cells were collected by flushing mouse femurs and tibias at
day 28 following AnglI or saline infusion with RPMI. BMDMs
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were cultured as previously detailed (Ishii et al., 2009). On day
6, cells were replated, and after resting for 24 h, they were in-
cubated with or without GSK-J4 (10 uM) for 2-6 h, after which
cells were fixed in paraformaldehyde for ChIP analysis or placed
in Trizol (Invitrogen) for RNA analysis.

ChIP assay

ChIP assay was performed as described previously (Ishii et al.,
2009). Briefly, cells fixed in paraformaldehyde were lysed and
sonicated to generate 100-300-bp fragments. Immunoprecipitated
samples were incubated in anti-H3K27trimethyl antibody (Active
Motif; 39155) or isotype control (Millipore; rabbit polyclonal IgG) in
parallel samples overnight followed by addition of protein A Se-
pharose beads (Thermo Fisher). Bound DNA was eluted and puri-
fied using phenol/chloroform/isoamyl alcohol extraction and
ethanol precipitation. Primers were designed using the Ensembl
genome browser to search the IL-1B, IL-12, and IL-23 promoter for
NF-«B within the promoter region, and then NCBI Primer-BLAST
was used to design primers that flank this site. Data are represen-
tative of two or three independent experiments. Primer sequences
are available in Table S3.

RNA analysis

Total RNA extraction was performed using Trizol (Invitrogen)
or Trizol LS (for human samples) according to the manu-
facturer’s instructions. RNA was then reversed transcribed to
cDNA using iScript (Bio-Rad). PCR was performed with 2X Tag-
Man PCR mix using the 7500 Real-Time PCR System. Primers
for Jmjd3 (MmO1332680_ml), I3 (MmO00434228 ml), Tnfo
(Mm00443258_mi), II-12 (MmO00434165_ml, MmO01288992_ml),
1I-23 (MmO00518984_m1), Nos2 (MmO00440502_mi), human IL-
13 (Hs00233688_m1), human IL-23 (Hs00372324_m1), and human
JMJD3 (HS00389738_ml1) were purchased from Applied Bio-
systems. 18S or GAPDH was used as the internal control. Data
were then analyzed relative to 18s ribosomal RNA or GAPDH
(2ACt). All samples were assayed in triplicate. The threshold cycle
values were used to plot a standard curve. Data are representative
of two or three independent experiments were compiled in Mi-
crosoft Excel and presented using Prism software (GraphPad).

Human tissue

Full-thickness aortic wall tissue specimens were collected from
the infrarenal abdominal aorta from patients undergoing open
aortic aneurysm repair (n = 19) or open aortobifemoral bypass
(n = 6). Aneurysmal samples were taken from the midportion of
the aneurysmal sac. For control samples, aortic tissue was iso-
lated from patients with atherosclerotic occlusive disease but no
history of aneurysmal disease at the time of open aortobifemoral
bypass. Patient medical comorbidities are shown in Table S1. All
aortic samples were processed for both histology and protein/
RNA analyses. For histology, human aortas were placed in for-
malin (10%) for 24 h before paraffin embedding. Sections (5 um)
were stained with hematoxylin and eosin or Masson’s trichrome
stain for collagen deposition. Images were captured using an
Olympus BX43 microscope and Olympus cell Sens Dimension
software. For protein/RNA analysis, specimens were stored at
-80°C for future protein and RNA analyses. For scRNA-seq, a
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second cohort of samples was retrieved from the infrarenal
abdominal aorta of patients undergoing open aortic aneurysm
repair (n = 4) or open aortobifemoral bypass (n = 2). Patient
medical comorbidities can be seen in Table S2. These samples
were immediately processed as described below. This study was
approved by the University of Michigan Institutional Review
Board (HUMO00098915).

scRNA-seq and bioinformatics analysis

Generation of single-cell suspensions for scRNA-seq was per-
formed as follows. Aortic tissue from aneurysmal and non-
aneurysmal controls was harvested at the time of surgical
intervention (Gene Expression Omnibus accession no.
GSE166676). Samples were minced, digested in 0.2% Collagenase
II (Life Technologies) and 0.2% Collagenase V (Sigma) in plain
medium for 1 h at 37°C, and strained through a 70-uM mesh. The
scRNA-seq samples were analyzed by the University of Michigan
Advanced Genomics Core on the 10X Chromium system. Libraries
were sequencing on the Illumina NovaSeq 6000 sequencer to
generate 151-bp paired-end reads. Data processing, including
quality control, read alignment, and gene quantification, was
conducted using 10X Cell Ranger software. Seurat was used for
normalization, data integration, and clustering analysis (Butler
et al,, 2018). The 10X Cell Ranger aggr function was used to in-
tegrate the scRNA-seq datasets, with subsampling used for nor-
malizing the data. Postnormalization resulted in >100 million
reads. Human reference hgl9 was used for alignment, and Seurat
was employed for cross-sample adjustment, processing, and
quality control, including removal of cells with >25% of reads from
mitochondria genes and removal of cells with <200 or >2,500
genes detected, resulting in ~8,000 cells. Clustered cells were
mapped to corresponding cell types by matching cell cluster gene
signatures with putative cell-type-specific markers.

Statistical analysis

Data were analyzed using GraphPad Prism software version 6.
Data are represented as means + SEM. Shapiro-Wilk test was
used to determine normality of data, Brown-Forsythe or F test to
determine variances, or ROUT test to identify outliers in given
datasets, and then a parametric or nonparametric test was
performed accordingly. Parametric statistical analysis was per-
formed using unpaired Student’s t test (two tailed) between two
groups and one-way ANOVA followed by post hoc analysis
(Bonferroni, Dunnett, or Newman-Keuls multiple comparison
test) for analysis of differences between >2 groups. Nonpara-
metric statistical analysis was performed using Mann-Whitney
U test. P values <0.05 were considered significant.

Online supplemental material

Fig. S1 describes JMJD3 expression in human control and AAA
tissue samples. Fig. S2 describes the elastase-induced AAA mu-
rine model and changes in JMJD2 expression. Fig. S3 demon-
strates ultrasound analysis of the AnglI-induced AAAs in Ifnar*/*
and Ifnar~/~ mice. Fig. S4 shows heatmaps of differentially ex-
pressed genes in JMJD3~ versus JMJD3* macrophage/monocytes
in human aortic tissue samples. Fig. S5 shows JMJD3 expression
across different immune cell populations. Table S1 shows the
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human AAA and atherosclerotic tissue cohort. Table S2 shows
the human AAA and atherosclerotic scRNA-sequencing cohort.
Table S3 lists the primers used in this study.
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Figure S1. JMJD3 is increased in human AAA tissues. (A) Immunofluorescence was performed on AAA and nonaneurysmal control tissue to analyze DAPI
(blue), myeloid (green), and JMJD3 (red). Representative images show 200x magnification, and scale bars represent 30 um. (B) Immunofluorescence with DAPI,
JMJD3, myeloid, and isotype control. Representative images show 200x magnification, and scale bars represent 30 pm. (C) Male C57BL/6 mice were injected
i.p. with an either a null AAV or AAV containing mouse PCSK9D377Y and fed Western diet for 6 wk. Following a high-fat diet period, the aortic tissue was
isolated, and expression of Jmjd3, Il1b, Tnfa, and Il12 was measured in aortic tissue on day 28 following viral vector injection (n = 3-4 mice/group run in
triplicate). Data are presented as the mean + SEM.
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Figure S2. Inflammatory cytokines and murine elastase AAA model. (A) Quantitative PCR analysis of IL-23 from macrophages (CD11b*
[CD3-CD19-Nk1.1-Ly6G"]) in mice infused with either saline or Angll for 28 d (n = 8-9 mice/group run in triplicate). *, P < 0.05 for Mann-Whitney U test.
(B) ChIP analysis for H3K27me3 at 1123 promoter was performed (n = 5 mice/group run in triplicate). For all ChIP experiments, isotype-matched IgG was run in
parallel. Dotted line represents isotype-matched control. *, P < 0.05 by ANOVA test with Newman-Keuls multiple comparison test. (C) Maximal infrarenal
abdominal aortic diameter as determined by ultrasound in control and elastase-treated mice (n = 3-5 per group measured by two independent observers). *,
P < 0.05; Mann-Whitney test. (D) Representative ultrasound images of the abdominal aorta at day 14 in control and elastase-treated mice. Dotted line
represents aortic contour and arrows represent aortic wall diameter. Scale bar on the right side of image with each major axis representing 1 mm.
(E) Quantitative PCR analysis of Il1b from macrophages (CD11b*[CD3-CD19-Nk1.1-Ly6G~]) in control or elastase mice (n = 3 mice/group). *, P < 0.05;
Mann-Whitney test. (F) Fold change abdominal aortic diameter was determined by ex vivo measurement in Jmjd3~/-M® or WTM® mice treated with or without
elastase (n = 3 in control cohorts and n = 4 in elastase cohorts). *, P < 0.05; **, P < 0.001 by ANOVA with Newman-Keuls multiple comparison test.
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Figure S3. Genetic deficiency of IFN-a receptor prevents Angll-induced AAAs. (A) Representative ultrasound images of the abdominal aorta at day 28 in
WT Ifnar*/* and Ifnar~/~ mice that received either saline or Angll infusion. Dotted line represents aortic contour and arrows represent aortic wall diameter.
Scale bar on the right side of the image with each major axis represents 1 mm.
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Figure S4. Differential expressed gene heatmaps. (A-E) Heatmaps of differentially expressed genes in JM/D3"
human aortic tissue samples by scRNA-seg.
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Figure S5.  JMJD3 inhibition reduced BMDM inflammatory cytokine expression. (A-C) Expression of Il1b, Tnfa, and Nos2 was measured in BMDMs isolated
from mice undergoing Angll + PBS or Angll + GSK-J4 infusion for 28 d (n = 3-4 mice/group run in triplicate). *, P < 0.05; **, P < 0.01 by Mann-Whitney U test.
Data are presented as the mean + SEM. (D-G) Jmjd3 expression was measured by quantitative PCR in CD11b*[CD3-CD19-Ly6G"], CD3*[CD11b~CD19-Ly6G],
CD19*[CD3-CD11b~Ly6G~], or Nk1.1*[CD3-CD11b~CD19-Ly6G"] cells isolated from Jmjd3fov/fox|ysocre*/= (Jmjd3-/-M®) and Jmjd3flex/floxysocre=/- (WTM®)
control mice. **, P < 0.01, t test. Data are presented as the mean + SEM.

Provided online are three tables. Table S1 lists the human AAA and atherosclerotic tissue cohort. Table S2 lists the human AAA and
atherosclerotic scRNA-seq cohort. Table S3 lists the primers used in this study.
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