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Abstract

Objective. Vasculitis is characterised by inflammation of the blood
vessels. While all layers of the vessel can be affected, inflammation
within the intimal layer can trigger thrombosis and arterial
occlusion and is therefore of particular clinical concern. Given this
pathological role, we have examined how intimal inflammation
develops by exploring which (and how) macrophages come to
populate this normally immune-privileged site during vasculitis.
Methods. We have addressed this question for Kawasaki disease
(KD), which is a type of vasculitis in children that typically involves
the coronary arteries. We used confocal microscopy and flow
cytometry to characterise the macrophages that populate the
coronary artery intima in KD patient samples and in a mouse
model of KD, and furthermore, have applied an adoptive transfer
system to trace how these intimal macrophages develop. Results.
In KD patients, intimal hyperplasia coincided with marked
macrophage infiltration of the coronary artery intima. Phenotypic
analysis revealed that these ‘intimal macrophages’ did not express
markers of resident cardiac macrophages, such as Lyve-1, and
instead, were uniformly positive for the chemokine receptor Ccr2,
suggesting a monocytic lineage. In support of this origin, we show
that circulating monocytes directly invade the intima via
transluminal migration during established disease, coinciding with
the activation of endothelial cells lining the coronary arteries.
Conclusions. During KD, intimal macrophages develop from
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circulating monocytes that infiltrate the inflamed coronary artery
intima by transluminal migration.

Keywords: intimal hyperplasia, Kawasaki disease, macrophages,
monocytes, vasculitis

INTRODUCTION

Vasculitis encompasses a family of diseases
characterised by inflammation of the blood
vessels.1 For many forms of vasculitis, vascular
inflammation appears to arise when immune cells
enter the vessel through activated vasa
vasorum.2,3 This results in inflammation within the
adventitia, which unchecked, can spread to the
medial and intimal layers.4,5 Such transmural
inflammation is a feature of severe vasculitis and
can have significant pathological consequences.
Inflammation of the media can cause aneurysmal
formation, while intimal inflammation can
precipitate thrombosis, and can subsequently lead
to arterial stenosis and tissue ischaemia.4–6

Thus, while all layers of the vessel can become
inflamed in vasculitis, intimal inflammation is of
particular clinical concern because of the risk of
life-threatening thrombosis and tissue ischaemia.
As such, we have investigated how inflammation
develops within this normally immune-privileged
site, focussing on the contribution by
macrophages. Macrophages infiltrate the intimal
layer in multiple forms of vasculitis7,8 and are
reported to produce factors that drive vascular
remodelling and myofibroblast proliferation.9–11

However, given the heterogeneity that exists
within the macrophage pool (in terms of function
and origin), which macrophages access the intima
and how they do so is unclear. In this regard, it is
possible that tissue-resident macrophages infiltrate
the intima by adventitial-to-intimal migration, or
alternatively, that intimal macrophages develop
from circulating precursors that directly invade the
intima from the bloodstream.

We have addressed this question in the context
of Kawasaki disease (KD), a vasculitis typically
affecting the coronary arteries that occurs in
children.12 KD is thought to be triggered by an
infection activating a systemic inflammatory
response in genetically predisposed children.12

While multiple organs are affected in KD patients,
inflammation of the coronary arteries is the major
cause of morbidity and mortality. In severe cases,
KD patients can develop transmural inflammation

of the coronary arteries,6,13 which can lead to
coronary aneurysms and intimal hyperplasia, with
the latter precipitating thrombosis and/or
occlusive stenosis.5,14–16 Here, we have
investigated how macrophages contribute to this
pathological sequence by describing the
phenotype and origin of the macrophages that
invade the coronary artery intima in KD.

RESULTS

CD68+ macrophages infiltrate the coronary
artery intima during acute Kawasaki
disease

To investigate the role of macrophages in driving
intimal inflammation, we first determined whether
macrophages infiltrate the coronary artery intima
during KD. We analysed coronary artery sections
from two infants who died from myocardial
infarction in the acute stages of KD. Case 1 died on
day 15 of disease. The day of death for KD case 2
was not determined, but extensive immune cell
infiltrate indicates acute vasculitis (Figure 1). For
comparison, we also analysed ‘normal’ coronary
arteries obtained from three adult, cardiac disease-
free, organ donors. Sections were analysed by
histology (H&E) and confocal microscopy, staining
for CD68 (to identify monocyte and macrophages)
and a-SMA [smooth muscle actin (SMA), to identify
smooth muscle cells (SMC) and myofibroblasts]. As
seen in Figure 1a, all three normal coronary
arteries showed minimal immune cell infiltrate, an
intact media and a narrow intimal layer. Moreover,
while CD68+ macrophages were present within the
adventitia and surrounding epicardial adipose
tissue, the coronary artery intima was largely
devoid, or was sparsely populated, by macrophages
(Figures 1a and 3a). By comparison, the coronary
arteries from both KD patients showed marked
immune cell infiltration (Figure 1b).
Immunofluorescence analysis revealed abundant
CD68+ monocytes/macrophages, which were
distributed widely throughout the vessel. In both
KD cases, CD68+ monocyte/macrophages were
present within the adventitia and media, where
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Figure 1. CD68+ monocyte/macrophages infiltrate the coronary artery intima during Kawasaki disease (KD). Coronary artery sections from three

cardiac-disease-free, adult organ donors (a) or two infants who died from myocardial infarction following KD (b) were analysed by H&E staining

and confocal microscopy (staining for a-SMA, CD68 and DAPI). The intima (I), media (M), adventitia (a) and internal elastic lamina (IEL) are

annotated and their borders are marked by dashed lines on inset images. Scale bars are 1000 lm.
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they appeared to displace SMCs in the latter. In
addition, CD68+ cells also populated the thickened
coronary artery intima of KD patients, accounting
for a large proportion of cells within this region.
Thus, macrophages infiltrate the coronary artery
intima during the acute phase of human KD.

CAWS injection elicits macrophage
infiltration of the coronary artery intima in
mice

We next explored how intimal macrophages develop
using a well-described mouse model of KD, where
cardiac vasculitis is induced by the injection of the
water-soluble, carbohydrate fraction of Candida
albicans (referred to as Candida albicans water-
soluble complex; CAWS).17–19 To determine whether
CAWS injection induced intimal macrophage
formation, mice were injected with CAWS, and 4–
5 weeks later, cardiac sections were analysed by
histology and confocal microscopy (staining for CD68
to identify monocyte/macrophages, CD31 for
endothelial cells and using autofluorescence to
identify the elastic fibres of the media). As seen in
Figure 2, while CD68+ macrophages populated the
adventitia (and epicardial adipose tissue) of the
coronary arteries of na€ıve mice, they did not
infiltrate the media or intima. By comparison, we
observed profound infiltration of CD68+

macrophages within the intimal layer of the
coronary arteries of CAWS-injected mice, which
coincided with marked intimal thickening (Figure 2b
and c).

Ccr2+ macrophages dominate the coronary
artery intima in CAWS-injected mice

We next used the CAWS model to characterise the
phenotype of the intimal macrophages that
develop during vasculitis, asking whether they
comprise tissue-resident or monocyte-derived
macrophages (or both). For this analysis, we
analysed the expression of lymphatic vessel
endothelial hyaluronan receptor (Lyve), which is
widely expressed by tissue-resident
macrophages,20,21 and the chemokine receptor
Ccr2, which is expressed by short-lived monocyte-
derived macrophages.20,21 Flow cytometry revealed
that the cardiac macrophage compartment (defined
as CD45+CD11b+Ly6G�Ly6C�CD64+ cells) of na€ıve
mice contained a large proportion of Lyve+

macrophages and relatively few Ccr2+ cells
(Figure 2d and e). By comparison, CAWS-injected

mice had a marked increase in Ccr2+ macrophages
and a concomitant loss of the Lyve+/Ccr2� subset
(Figure 2d and e). Thus, Ccr2+ macrophages increase
within the heart during coronary vasculitis.

We next used microscopy to analyse Lyve and
Ccr2 expressions by intimal macrophages. To
measure Ccr2 by microscopy, we utilised the
Ccr2.DTR.CFP mouse line (referred to as Ccr2-CFP).
This mouse has a diphtheria toxin receptor/cyan
fluorescent fusion protein (DTR-CFP) expressed as
a transgene under the Ccr2 promoter,22 allowing
Ccr2-expressing cells to be identified by CFP/GFP
antibody staining. We stained cardiac sections
from Ccr2-CFP mice for CD68, Lyve-1 and GFP (to
identify Ccr2-expressing cells) with analysis by
confocal microscopy. As seen in Figure 2f, Lyve+

macrophages were the major population in the
coronary arteries in naive mice and were
positioned in the adventitia/adipose tissue
(although a small number of Ccr2+ macrophages
were routinely detected). In contrast, there was a
profound reduction in Lyve+ macrophages around
the coronary arteries of CAWS-injected mice
(Figure 2h), coincident with the emergence of
CD68+ cells within the intima. Phenotypic analysis
revealed that these intimal macrophages were
positive for Ccr2 but did not express Lyve-1
(Figure 2f). Indeed, quantification revealed that
nearly all (~96%) macrophages that populated the
coronary artery intima in CAWS-injected mice
expressed Ccr2 (Figure 2g), while about 50% of
the macrophages within the media or adventitia
were Ccr2+. Thus, while the adventitia and media
are populated by a diverse pool of Ccr2� and
Ccr2+ macrophages, the intima is infiltrated by a
homogeneous population of Ccr2+ macrophages.

Ccr2+ macrophages populate the coronary
artery intima in human KD

We next determined whether CCR2+ macrophages
also populated the intima in human KD. To address
this question, coronary artery sections from the
three organ donors and two KD fatalities described
in Figure 1 were stained for CD68, Lyve-1 and CCR2
for analysis by confocal microscopy. In keeping
with our observations in mice, this analysis revealed
that the normal human coronary arteries are
populated predominantly by Lyve+ macrophages,
with only a small number of CCR2+ macrophages
detected (Figure 3a). Thus, Lyve+ macrophages are
the dominant subset surrounding normal human
coronary arteries. By comparison, there was a
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Figure 2. Ccr2+ macrophages dominate the coronary artery intima in the CAWS model of Kawasaki disease. (a–c) Cardiac sections from na€ıve

and CAWS-injected (4–5 weeks postinjection) mice were analysed by H&E staining (a) and confocal microscopy (b); staining for CD68, CD31,

DAPI and using autofluorescence to identify the elastic fibres of the media. Inset shows the coronary artery (CA) with the intima (I), media (M)

and adventitia (A) annotated. Scale bars are 1000 lm and (c) shows the number of intimal CD68+ cells/section for individual mice (with

mean � SEM) pooled from three experiments. (d, e) Flow cytometric analysis of hearts from na€ıve and CAWS-injected (4–5 weeks postinjection)

mice. Doublets and dead (PI+) cells were excluded and the gating strategy is depicted by representative plots. (e) Graphs show the percentage for

each macrophage subset for individual mice (n = 6 or 7 mice/group with mean � SEM) pooled from three experiments. (f–h) Cardiac sections

from na€ıve and CAWS-injected (4–5 weeks postinjection) Ccr2.CFP mice stained for CD68, Lyve, GFP (to identify Ccr2+ cells) and DAPI, then

analysed by confocal microscopy. Inset shows the coronary artery (CA) with the intima (I), media (M) and adventitia (A) annotated and their

borders are marked by a dashed line. Scale bars are 1000 lm. (g, h) Percentages of CD68+ macrophages that are Ccr2+ (g) or Lyve+ (h) within

the intima, media, adventitia and myocardium are graphed, showing individual mice (n = 6–9 mice/group, with mean � SEM) pooled from

three experiments. Macrophages were not detected (ND) in the intima or the media in na€ıve mice. Statistical significance levels are expressed as

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Figure 3. Ccr2+ macrophages infiltrate the coronary artery intima in human Kawasaki disease (KD): Coronary artery sections from three cardiac-

disease-free adult organ donors (a) or two infants who died from myocardial infarction following KD (b) were analysed by confocal microscopy

with staining for CD68, CCR2, Lyve and DAPI. The intima (I), media (M) and adventitia (A) are annotated and their borders marked by dashed

lines. Inset shows magnified image and scale bars are 1000 lm.
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marked reduction in Lyve-1+ macrophages in both
KD cases and an increase in CCR2+ macrophages.
Moreover, the vast majority of CD68+ macrophages
within the intimal layer of KD cases expressed
CCR2, but not Lyve (Figure 3b). Thus, the intimal
macrophages that appear during KD are
characterised by the expression CCR2 and the
absence of Lyve-1.

Circulating Ccr2+ monocytes infiltrate the
coronary artery intima by transluminal
migration

The expression of Ccr2 indicates that intimal
macrophages have a monocytic origin. However,
whether monocytes access the intima from the
tissue (via adventitial-to-intimal migration) or from
the bloodstream (via transluminal migration) is
unclear. To answer this question, we developed an
adoptive transfer system. Wild-type mice were
injected with CAWS and rested for 4–5 weeks to
allow intimal inflammation to develop. At this
point, CFP+ monocytes (enriched from Ccr2.CFP
donor mice) were intravenously injected into
recipient CAWS mice, and their migration into the
coronary arteries was tracked at 0.5, 1 or 24 h later
by microscopy (Figure 4a). As seen in Figure 4, at
0.5 h after transfer, donor CFP+ monocytes were
found tethered to the luminal side of the coronary
artery and adventitial capillaries but had not yet
infiltrated the tissue (Figure 4b). However, at 1-h
post-transfer, donor monocytes had completed
tissue extravasation and were detected within the
coronary artery intima and migrating through
smaller capillaries in the outer adventitia. However,
donor monocytes had not reached the media at 1 h
after transfer and only infiltrated this layer at 24 h
(Figure 4b–d). This sequence suggests that in
established disease, monocytes migrate directly into
both the adventitial and the intimal layers of the
coronary artery before moving towards the media.
Therefore, in regard to the origin of intimal
macrophages, these findings suggest that this
population develop from monocytes directly
invading the intimal layer from the circulation (via
transluminal migration), rather than migrating from
the tissue (via adventitial-to-intimal migration).

In support of the direct recruitment of circulating
monocytes, we found that the CD31+ endothelial
layer of the coronary arteries upregulated
intercellular adhesion molecule-1 (ICAM) expression
following CAWS injection (Figure 4e). Thus, the
endothelium of the coronary arteries becomes

activated during vasculitis, acquiring the ability to
directly recruit circulating monocytes into the
underlying intima. Collectively, these findings
reveal that intimal macrophages develop from
circulating monocytes via transluminal migration.

DISCUSSION

Through our analysis of human arterial sections
from fatal KD cases, we demonstrate that CD68+

monocyte/macrophages infiltrate the coronary
artery intima during acute disease. These findings
implicate macrophages in the initiation and/or
exacerbation of intimal hyperplasia. Moreover, we
reveal that these ‘intimal macrophages’ comprise
a uniform population, characterised by the
expression of CCR2 and an absence of Lyve-1.
Thus, the intimal macrophages that develop in
human KD are phenotypically distinct from the
Lyve+ tissue-resident macrophages that normally
dominate in nondiseased coronary arteries, and
instead, resemble a monocyte-derived population.

In line with these observations from patient
samples, we found that the intimal macrophages
that emerge in a mouse model of vasculitis also
have a monocytic origin. Specifically, CAWS-
induced vasculitis triggered the appearance of
Ccr2+/Lyve�/CD68+ macrophages within the intimal
layer of the coronary arteries, similar to that
which occurs in human KD. Furthermore, using an
adoptive transfer strategy, we revealed that
circulating monocytes directly infiltrate the intima
of CAWS mice, demonstrating that intimal
macrophages develop from circulating monocytes
undergoing extravasation through the coronary
artery endothelium. In support of this conclusion,
the coronary artery endothelium of CAWS-
injected mice was found to be ‘activated’ (as
evidenced by increased ICAM expression),
acquiring the ability to support monocyte
extravasation during vasculitis. These findings not
only resolve the direction of monocyte
recruitment into the inflamed vascular intima, but
also identify potential therapeutic targets.
Antagonising adhesion molecules, selectins and/or
chemokines that facilitate monocyte-endothelial
interactions may prevent monocytes entering the
intima, and thereby reduce inflammation at what
is normally an immune-privileged site.

Furthermore, our findings offer insight into how
pathology develops in the intima. We and others
have shown that Ccr2+ monocyte/macrophages are
essential for cardiac inflammation in the CAWS
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Figure 4. Ccr2+ monocytes infiltrate the coronary artery intima via transluminal migration during vasculitis. (a) Experimental design of the

adoptive transfer study. (b) Representative confocal microscopy images of the coronary arteries from CAWS mice at 0.5, 1 or 24 h after the

transfer of Ccr2�CFP+ donor monocytes (scale bars are 250 lm). Inset images show magnified regions of the intima (I), media (M) and adventitia

(A). (c, d) The total number of donor monocytes within the heart (c) and the percentage of donor cells within each layer of the vessel (d) is

graphed. Points depict individual mice (with mean � SEM) pooled from three independent experiments. (e) Images show coronary arteries of

naive and (f) CAWS-injected mice (4–5 weeks postinjection) stained for ICAM, CD31 and DAPI. A representative image from two experiments

(n = 4 mice/group) is shown.
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model.21,23,24 Mechanistically, monocytes and
monocyte-derived macrophage are potent
producers of factors that could cause intimal
pathology. These include IL-1,25 which is an
essential cytokine for vasculitis,21,24,26,27 and tissue-
factor,28–30 which can initiate a coagulation
cascade. Thus, by directly invading the intima,
infiltrating monocytes may localise inflammation
and thrombosis (via the localised production of
pathogenic mediators) into the intimal layer.

It is important to note a number of limitations of
this study. First, in our human analysis, there is a
substantial age discrepancy between normal controls
(aged between 40 and 70) and KD cases (which are
infants). Thus, while we believe that macrophage
infiltration of the intima is driven by vasculitis (a
conclusion supported by our studies in aged-
matched mice), we cannot exclude the possibility
that the age difference between control and KD
cases may influence our observations. Ideally, this
conclusion should be confirmed by analysis of
coronary arteries from children without vasculitis,
although in practice obtaining such samples is
difficult. Second, we have used a murine model for
mechanistic studies of KD. While the vascular
pathology observed in CAWS mice recapitulates
many features of human KD (most notably the
emergence of Ccr2+ intimal macrophages), it is
possible that there are important species differences.
As always, some caution is required when relying on
animal models of human disease.

In summary, our findings reveal that in coronary
vasculitis, intimal macrophages develop from
circulating monocytes that access the intima via
transluminal migration. These findings provide
insight into the pathogenesis of a key pathological
event – namely vascular intimal hyperplasia and
identify CCR2 and/or adhesion molecules that
facilitate monocyte extravasation (such as ICAM)
as potential therapeutic targets in vasculitis.

METHODS

Mice and the CAWS model of Kawasaki
disease

C57BL/6 and Ccr2.DTR.CFP22 mice were bred at WEHI
(Parkville, Australia) under specific pathogen-free
conditions. The CAWS complex was prepared as previously
described.17–19 To induce Kawasaki-like disease, adult mice
received a single intraperitoneal injection of 4 mg of
CAWS. All procedures were performed at the WEHI and
approved by the WEHI Animal Ethics Committee.

Microscopy of cardiac tissue

Coronary artery sections from fatal cases of KD were
obtained from the Victorian Institute of Forensic Medicine
(VIFM). Normal cardiac tissue from three adult donors (in the
fourth to seventh decades of life) was obtained through the
Australian Donor Tissue Biobank (ADTB). Paraffin sections
(7 lM) were dewaxed, subjected to citrate antigen retrieval,
treated with 0.1% triton-X and then non-specific staining
blocked with a sequence of donkey serum, TrueBlack
Lipofuscin Autofluorescence Quencher (Biotium, CA, USA)
and avidin-biotin-protein block (Dako, CA, USA). Sections
were then stained with antibodies against human-CD68 (KP1;
Novus Biologicals, CO, USA), a-SMA (1A4; R&D systems, MN,
USA), CCR2 (7A7; abcam, UK) and Lyve-1 (goat polyclonal;
R&D systems AF2089) before detection with fluorochrome-
conjugated secondary antibodies or streptavidin (Invitrogen,
MA, USA or Abcam). Slides were counterstained with DAPI,
imaged on a Zeiss LSM-880 Confocal Microscope and
analysed with ImageJ software. All procedures were
approved by the VIFM, ADTB and WEHI Ethics Committees.

For imaging of mouse tissue, mice were perfused with
PBS and the hearts fixed in 2% paraformaldehyde (4 h on
ice), dehydrated in 30% sucrose (12–18 h at 4°C) and
embedded in OCT (Tissue-Tek, USA). Hearts were sectioned
(10 lM) in the coronal plane and analysed by
histopathology or immunofluorescence microscopy. For
immunostaining, cardiac sections were stained with primary
antibodies against GFP (ab290; Abcam), CD31(MEC13.3; BD,
USA), CD68 (FA11; BD) or Lyve-1 (ALY7; BD) before analysis
as described above.

Flow cytometry of cardiac tissue

For flow cytometric analysis, murine hearts were digested in
type I collagenase (1 mg mL�1; Worthington, NJ, USA) with
DNase I (5 lg mL�1; Sigma). Single-cell suspensions were
stained with anti-mouse CD11b (M1/70), CD45.2 (104), Ly6G
(1A8), Ly6C (HK1.4), CD64 (X54.5/7.1), MHC-II (M5/114), Ccr2
(465301) and Lyve-1 (ALY7) directly conjugated mAbs (BD
Bioscience, R&D Systems or Biolegend, CA, USA). Propidium
iodide (100 ng mL�1) was added immediately prior to
acquisition on a Fortessa (BD) FACS machine and analysed
using Flowjo software.

Adoptive transfer of murine Ccr2+

monocytes

To purify donor monocytes, bone marrow cells and
splenocytes were pooled from Ccr2.CFP donor mice and
coated with a cocktail of anti-Ter119 (TER119), B220 (RA3-
6B2), CD3 (145-2C11) and Ly6G (1A8) biotinylated
antibodies (Biolegend). Coated cells were then mixed with
streptavidin MACs beads and purified on LS columns
(Miltenyi, Germany). The negative, monocyte-enriched
fraction was collected and ~1 9 106 CFP+/Ly6C+ monocytes
were injected intravenously into sex-matched adult mice
that had received CAWS 4–5 weeks earlier. At 0.5, 1 or 24 h
after transfer, hearts were harvested and analysed by
confocal microscopy as described above.
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Statistical analysis

Throughout this study, 4–7 mice were analysed for each
group in 2 or 3 independent experiments (N for each
experiment is provided in the Figure captions). Statistical
analysis was performed with Prism 6.0 (GraphPad Software)
using unpaired, two-tailed Student’s t-tests. Statistical
significance levels are expressed as *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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During vasculitis, macrophages populate the intimal layer of the blood vessels driving pathogenic

inflammation. Here, we describe the phenotype and origin of these intimal macrophages. We show that

intimal macrophages develop from circulating monocytes that invade the intima through transluminal

migration.
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