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Granulocyte macrophage colony-stimulating
factor is required for aortic dissection/intramural
haematoma

Bo-Kyung Son'!, Daigo Sawaki!, Shota Tomida', Daishi Fujita!, Kenichi Aizawa'?, Hiroki Aoki3,
Masahiro Akishita4, Ichiro Manabe1, Issei Komurow, Scott L. Friedman®, Ryozo Nagai2 & Toru Suzuki®26/7

Aortic dissection and intramural haematoma comprise an aortopathy involving separation of
the aortic wall. Underlying mechanisms of the condition remain unclear. Here we show that
granulocyte macrophage colony-stimulating factor (GM-CSF) is a triggering molecule for this
condition. Transcription factor Kriippel-like factor 6 (KLF6)-myeloid-specific conditional
deficient mice exhibit this aortic phenotype when subjected to aortic inflammation.
Mechanistically, KLF6 downregulates expression and secretion of GM-CSF. Administration of
neutralizing antibody against GM-CSF prevents the condition in these mice. Conversely,
administration of GM-CSF in combination with aortic inflammation to wild-type mice is
sufficient to induce the phenotype, suggesting the general nature of effects. Moreover,
patients with this condition show highly increased circulating levels of GM-CSF, which is also
locally expressed in the dissected aorta. GM-CSF is therefore a key regulatory molecule
causative of this aortopathy, and modulation of this cytokine might be an exploitable
treatment strategy for the condition.
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ortic dissection and intramural haematoma comprise a
potentially life-threatening aortopathy involving separa-
\tion of the aortic walll™®, The two conditions are
distinguished by a tear in the aortic intima as present in the
former classical form of aortic dissection, which results in blood
flow into the aortic wall and is absent in the latter form of
intramural haematoma with bleeding confined within the aortic
wall. This aortopathy is presently understood to be a continuum,
with the latter a variant and precursory condition of the former’"
9. Advancements in the understanding of genetic underpinnings
(for example, ACTA2)'™! clinical/epidemiological aspects (for
example, The International Registry of Acute Aortic Dissections
(IRAD))** as well as biochemical approaches (for example,
smooth muscle biomarkers)™® have been made in the last decade,
but underlying mechanisms have remained obscure owing much
to lack of a reliable animal model.

Recent advancements in understanding mechanisms of aortic
disease have stemmed from hallmark studies in the genetically
fragile Marfan aorta, which have shown that transforming growth
factor B (TGFB) and its downstream intracellular kinase
signalling pathways play a central role in the pathogenesis'~1%,
In contrast, an inflammatory pathway is thought to be a major
component of aortic conditions in the atherosclerotic/
degenerative aorta seen in the typical elderly patient!>16.
Commonalities and differences in mechanisms as well as
relative contributions of underlying processes in these different
aortic conditions have only begun to be unravelled. In the present
study, we sought to address the underlying mechanisms of aortic
dissection/intramural haematoma, and to understand the
triggering mechanism of the condition.

Kriippel-like factor 6 (KLF6) is a transcription factor that has
been shown to be robustly expressed in macrophages'’, and to
regulate inflammatory fibrotic diseases of multiple organs
including the liver'® and kidney!®. In the present study, we
hypothesized that this factor might regulate pathogenic
mechanisms underlying aortic disease, and observed that mice
deficient for KLF6 in macrophages when subjected to aortic
inflammation manifest aortic dissection/intramural haematoma.

Intriguingly, we find that the inflammatory cytokine,
granulocyte macrophage colony-stimulating factor (GM-CSR)%,
plays a central role in onset of this condition. Administration of
neutralizing antibody against GM-CSF prevents the condition
in these mice. Conversely, administration of the cytokine in
combination with aortic inflammation to wild-type mice is
sufficient to induce the condition, suggesting general effects.
Clinically, patients with aortic dissection show elevated
circulating levels of the cytokine, which is also expressed in the
dissected aorta. GM-CSF is therefore a key regulatory molecule
causative of aortic dissection/intramural haematoma.

Results

Aortic aneurysm with inflammation in KIf6 heterozygous mice.
We initially found that mice heterozygously depleted for KIf6
manifest a phenotype of exacerbated aortic aneurysm (defined as
greater than 50% increase in the external aortic diameter with a
conserved aortic wall)>!?2, when subjected to aortic inflammation
(2 weeks infusion of angiotensin II (Angll) with local application
of calcium chloride (CaCly)). Histological findings showed
enlargement of the aortic lumen with a fragile aortic wall and
further fibrotic tissue deposition compounded with marked
infiltration of macrophages (Mac3-positive cells) (Fig. la-e).
Mechanistically, increased expression of matrix metalloprotease-9
(MMP9, as a marker of vascular remodelling)23, F4/80 (as a
marker of macro hages)z“"25 and IL-6 (as a marker of
inflammation)!®26-3% were seen in the aorta (Fig. 1f).

As marked infiltration of immune cells was seen in the diseased
aorta of these mice, macrophages were depleted using clodronate,
which abrogated the aortic phenotype with near absence of
macrophage infiltration (Fig. 1g,h). Thus, immune cells including
macrophages were important for aortic remodelling in this
model.

KIf6""M;1LysM Cre mice exhibit aortic dissection/haematoma. As
the aortic condition in KIf6-deficient mice appeared to involve a
dysregulated inflammatory response by macrophages, myeloid-
specific KIf6-deficient mice (KIf6"LysM Cre mice) were further
generated, which showed specific reduction of KLF6 expression in
the myeloid lineage by 70% as compared with control mice.

KIfe":LysM Cre mice subjected to aortic inflammation
showed a similar phenotype of exacerbated abdominal
aortic aneurysm to that seen in heterozygous knockout mice
(Fig. 2a,b), but intriguingly, further showed suprarenal aortic
dissection/intramural haematoma defined as separation of the
intra-aortic wall with haematoma formation accompanied by
intimal tear for dissection® (Fig. 2c—f). Mice that died were from
aortic rupture most likely secondary to aortic dissection/
intramural haematoma (Fig. 2g). This lesion also showed
fibrotic tissue deposition with infiltration of Mac3-positive
macrophages (Fig. 3a,b), thus confirming that the aortic
phenotype in KLF6 deficiency was associated with perturbation
of the inflammatory response.

Mechanistically, KIf6™%;LysM Cre mice showed elevated
expression of IL-6 in the aortic lesion (Fig. 3d) and elevated
circulating levels (Fig. 3c). Further, macrophages obtained from
bone marrow of KIfe"/;LysM Cre mice exhibited increased IL-6
expression (Fig. 3e). Differences in expression were not seen in
other major pro-inflammatory cytokines such as IL-1f, MCP-1 or
TNFu between macrophages from Klf6ﬂ/ﬂ and Klf6ﬂ/ﬂ;LysM mice
(Fig. 3e). Immune cells in the diseased aorta of these mice were
characterized by flow cytometry analysis, which showed a
markedly increased population of (3D111>+Ly6(3hl inflammatory
monocytes and this increase was also seen in the peripheral blood
(Fig. 3f). Granulocytes (for example, neutrophils; Ly6G ™ cells)
were not affected in number or (sub)population under basal
conditions or in the setting of CaCl, and Angll infusion
(Supplementary Table 1; Supplementary Fig. la,c), nor was the
functional activity of neutrophils, as examined by inflammatory
cytokine expression such as IL-8 or TNFx3! (Supplementary
Fig. le), or that of the population of dendritic cells
(Lineage ™ CD11c™ cells) (Supplementary Fig. 1b,d) affected
under these conditions. Taken together, expansion of
inflammatory monocytes in the aorta and circulation was
selectively associated with the present experimental model and
conditions.

TGEB, a central molecule in the pathogenesis of Marfan
aortopathy!>!432-34 and its downstream signalling pathways
(canonical pSmad2 (ref. 35) and non-canonical pERK1/2
(ref. 12)) were not affected in either Klf6ﬂ/ﬂ;LysM Cre mice or
heterozygous knockout mice, while pSTAT3, a downstream
signalling pathway of IL-6, was activated in both mice (Fig. 4a~d),
suggesting that the TGFB-mediated pathway was not critically
involved in the underlying phenotype, and that the IL-6/STAT3
pathway is.

GM-CSF is a downstream target of KLF6. Delineation of target
molecules and mechanisms of regulation of immune cells was
next addressed using RNA profiling array analysis. Remarkably,
GM-CSF levels showed the greatest increase in macrophages
derived from bone marrow of Klf6ﬂ/ﬂ;LysM Cre mice in response
to Angll stimulation (3.89-fold) as compared with control
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Figure 1| Aortic aneurysm and inflammation in KIf6 heterozygous knockout mice. (a) Representative aorta (infrarenal aorta: hash, suprarenal aorta:
asterisk) induced by 2 weeks of Angll infusion with CaCl, application in wild-type (WT) littermates (n=11) and KIf6 heterozygous knockout (KIf6 7,
n=10) mice. Scale bar, 5 mm. Histopathological analysis of infrarenal (b) and suprarenal aorta (¢) by EVG (upper panels, a and ¢) and haematoxylin/eosin
(H&E) staining (lower panels, b and d). Scale bar, 200 pm. (d) Quantification of infrarenal aortic diameters between WT littermates and KIf6 heterozygous
knockout (K67 =) mice before ((—), n=23) and after 2 weeks of Angll infusion with CaCl, application (CaCl, + Angll, WT; n=10, K6+/~; n=8).
*P<0.05, Student's t-test. (&) Immunofluorescent staining for macrophages (green: Mac3, blue: DAPI) in boxed area of EVG-stained aorta (b) of WT
littermates and KIf6 heterozygous knockout mice. Scale bar, 30 um. (f) Expression of RNA levels of MMP9, F4/80 and /L-6 in aorta from WT littermates and
Kif6 heterozygous knockout (K6+7 ) mice before ((—), n=3) and after Angll infusion with CaCl, application (CaCl, + Angll, n=5) as examined using
real-time PCR and normalized by GAPDH messenger RNA. *P < 0.05, Mann-Whitney test. (g) Inhibitory effect of clodronate liposomes on aortic phenotype
(n=4) compared with PBS-liposome-administered mice (n=5) by EVG (left panels, a and b); H&E (middle panels, ¢ and d); and F4/80 staining
(right panels, e and f, immunohistochemistry). Scale bar, 200 um. (h) Quantification of infrarenal aortic diameters from clodronate-liposome- or
PBS-liposome-administered mice (*P<0.05, Student’s t-test, n=4 or 5 mice per group). Results are from three independent experiments. All values
are presented as means £ s.em.
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