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Abstract

Rationale—Healing after myocardial infarction (MI) involves the biphasic accumulation of
inflammatory Ly-6CN9" and reparative Ly-6C'°" monocytes/macrophages (Mo/M®). According
to one model, Mo/M® heterogeneity in the heart originates in the blood and involves the
sequential recruitment of distinct monocyte subsets that differentiate to distinct macrophages.
Alternatively, heterogeneity may arise in tissue from one circulating subset via local macrophage
differentiation and polarization. The orphan nuclear hormone receptor, Nr4al, is essential to
Ly-6C'°% monocyte production but dispensable to Ly-6C!°" macrophage differentiation;
dependence on Nr4al can thus discriminate between systemic and local origins of macrophage
heterogeneity.

Objective—This study tested the role of Nr4al in Ml in the context of the two Mo/M®
accumulation scenarios.
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Methods and Results—We show that Ly-6CNi9" monocytes infiltrate the infarcted
myocardium and, unlike Ly-6C'°% monocytes, differentiate to cardiac macrophages. In the early,
inflammatory phase of acute myocardial ischemic injury, Ly-6C"9" monocytes accrue in response
to a brief Ccl2 burst. In the second, reparative phase, accumulated Ly-6CNi9" monocytes give rise
to reparative Ly-6C!°W F4/80M9" macrophages that proliferate locally. In the absence of Nr4al,
Ly-6CMigh monocytes express heightened levels of Ccr2 on their surface, avidly infiltrate the
myocardium, and differentiate to abnormally inflammatory macrophages, which results in
defective healing and compromised heart function.

Conclusions—Ly-6CNi9" monocytes orchestrate both inflammatory and reparative phases

during MI and depend on Nr4al to limit their influx and inflammatory cytokine expression.
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INTRODUCTION

Myocardial infarction (M) is a leading cause of death worldwide®: 2. Although the mortality
rate from M1 has declined steadily over the last 50 years due to the application of medical
innovations, scientific discoveries, and improvements in public health, the total number of
deaths is on the rise. The healing of acute ischemic myocardial injury influences the
outcomes post-infarction decisively. Adverse remodeling of the infarcted left ventricle
associates with the development of heart failure due to systolic dysfunction and ischemic
mitral regurgitation, whereas avoidance of excessive expansion of the infarcted left ventricle
associates with better long-term prognosis. Recent experimental work suggests that this
critical healing process requires a precise balance between removal of debris and regulation
of scar formation. Macrophages may contribute essentially to the healing and regenerative
process, but their polyfunctionality requires caution. On the one hand, macrophage depletion
in infarcted hearts impairs collagen deposition, necrotic cell clearance, and angiogenesis,
predesposing to cardiac rupture and death3. On the other hand, macrophage-induced
inflammation can be harmful and cause post-MI heart failure*: 5. The molecular pathways
that balance inflammatory and reparative macrophage functions therefore comprise novel
potential targets of therapeutic intervention after MI.

Shortly after onset of ischemia, endothelial cells augment adhesion molecule expression
that, along with released chemokines, trigger leukocyte mobilization and extravasation®.
Within days, numerous leukocytes of medullary and extramedullary origins accumulate in
the infarcting myocardium in massive numbers’~11, Among them, phagocytic monocyte-
derived macrophages digest dead tissue, efferocytose, influence collagen deposition, and
promote angiogenesis. Optimal healing of the myocardium involves the biphasic
accumulation of myeloid cells expressing the surface glycoprotein Ly-6C: inflammatory
Ly-6CNigh Mo/M® accumulate early, while reparative Ly-6C'°% Mo/M® accumulate later. It
is unclear, however, whether the biphasic response occurs via the sequential recruitment of
different monocyte subsets which then differentiate to various macrophage subsets, as has
been proposed in the Ml setting®, or whether the response evolves via local differentiation
and polarization of macrophages, as has been shown in other situations!2-15, Distinguishing
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between these scenarios has been difficult to address given the obstacles in tracking
monocytes influx and macrophage differentiation in vivo.

The orphan nuclear hormone receptor Nr4al (also known as Nur77) has gained attention as
a molecular switch that controls many cellular functions involved in inflammation,
apoptosis, and proliferation16-19. Recent studies have shown that Nr4al is essential to the
development of Ly-6C'°" monocytes20, but is dispensable to the differentiation of Ly-6C'oW
macrophages’®. We reasoned that if the sequential recruitment hypothesis adequately
explains the biphasic response, then the infarcted myocardium should lack Ly-6C!oW
macrophages in Nr4al~/~ mice. If, however, the biphasic response occurs via local
macrophage differentiation and polarization, then Ly-6C!°" macrophages should accumulate
regardless of Nrdal expression. Therefore, studying the inflammatory and healing response
in the context of Nr4al provided the double advantage of determining the role of Nr4al in
MI — which is unknown — while also addressing whether the biphasic response after
myocardial infarction occurs via the sequential differentiation of monocyte subsets or via the
local differentiation of macrophages.

METHODS

For further details, see the online Supplemental Material.

Animals and animal experiments

Histology

Female C57BL/6J (WT), B6.SJL-Ptprca Pepch/BoyJ (CD45.1%) and C57BL/6-Tg(UBC-
GFP)30Scha/J mice (GFP*) were purchased from the Jackson Laboratory (Bar Harbor,
ME). Nrdal-deficient mice (Nr4a—'~) were kindly provided by Cathrine C. Hedrick, La
Jolla Institute for Allergy and Immunology, USA. All protocols were approved by the
Animal Review Committee at Massachusetts General Hospital. C57BL/6J were lethally
irradiated and reconstituted with WT and Nr4a~/~ bone marrow to generate respective
chimeric mice. Myocardial infarction (MI) was induced by permanent ligation of the left
anterior descending artery. For adoptive transfer studies monocyte subsets were sorted from
blood and spleens of CD45.2* GFP* mice and injected into CD45.1* mice on day 3 post MI.

Murine hearts were embedded in Tissue-Tek O.C.T compound (Sakura Finetek) and paraffin
for sectioning and staining.

Flow cytometry and flow assisted cell sorting

Antibodies used for flow cytometry are listed in the online Supplemental Material. Data
were acquired on a BD LSRII and analyzed with FlowJo. Cells were sorted with BD FACS
Ariall.

Reverse transcription PCR

RNA was isolated from sorted cells with the RNeasy Micro Kit (Qiagen). Quantitative real-
time TagMan PCR was run on a 7500 PCR thermal cycler (Applied Biosystems).
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Echocardiography

Statistics

RESULTS

Images were acquired with a 13-MHz linear-array transducer (Vivid 7, GE Medical
Systems) and analyzed with EchoPacs (GE Medical System). Fractional shortening (FS) was
calculated using end-diastolic (ED) and end-systolic (ES) left ventricular inner diameters
(LVID) as FS = (LVIDgp - LVIDgs)/LVIDgp. Left ventricular ejection fraction (LVEF)
was calculated using end-diastolic and end-systolic volumes as LVEF = (LVEDV -
LVESV)/LVEDV x 100%.

Results are shown as mean = SEM. The unpaired Student’s t test was applied to evaluate
differences between two study groups. One-way ANOVA with post-hoc Tuckey’s multiple
comparisons test was performed when comparing more than two groups. P-values of 0.05
and less denote significant changes.

Nr4dal expressing myeloid cells accumulate in the heart after Ml and promote healing

Testing the two concepts of macrophage accumulation in Ml required determining whether
Nr4al-expressing myeloid cells infiltrate the infarcted myocardium. First,
immunohistochemistry showed enrichment of Nr4al in the infarcted area on days 3 and 7
after permanent ligation of the left anterior descending coronary artery (LAD) compared to
sham controls (Figure 1A). Second, immunofluorescence revealed that myeloid CD11b*
cells dominated the infiltrate in the infarct and expressed Nr4al in the nucleus (Figure 1B).
Other cells, including endothelial cells and T cells, which were relatively rare, also stained
for Nrdal (Online Figure I).

Next we asked whether the receptor is functionally important in the myocardial infiltrate.
We generated chimeric mice that lacked Nr4al in bone marrow derived, hematopoietic cells,
including cardiac macrophages (for simplicity we call these mice Nr4al~/~) (Online Figure
[1A-C). The approach allowed us to test the role of Nr4al in hematopoietic cells, while
controling for Nr4al in stromal cells such as cardiomyocytes, fibroblasts, or endothelial
cells. After reconstitution, we permanently ligated the LAD of these mice, along with
controls (WT), and evaluated the healing response 7 days later. Compared to WT controls,
the myocardium of Nr4al~~ mice accumulated surprisingly more myeloid CD11b* cells,
but had smaller regions of extracellular matrix deposition, reflected by collagen I, fewer
reparative smooth muscle actin (SMA)* myofibroblasts, and less neovascularization, as
determined by staining for CD31* endothelial cells (Figure 2). Collectively, such a
phenotype points to a defect in the healing process, suggesting that Nr4al deficiency retards
the resolution of inflammation during MI.

The biphasic Ly-6CN9" monocyte and Ly-6C'°" macrophage response after Ml

The Mo/M® response after M1 is biphasic®. In the first phase, inflammatory Ly-6Chigh
Mo/M® accumulate and participate in inflammation. In the second phase, reparative
Ly-6C'°W Mo/Md contribute to collagen deposition and scar formation. The two phases may
arise either via the sequential recruitment of circulating monocyte subsets or via local
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macrophage differentiation and polarization® 12-15, The recent observations that Ly-6C'oW
monocytes do not differentiate to macrophages, as was previously thought, but patrol vessels
and mark endothelial cells for elimination?1-23 argues against the sequential recruitment
model and necessitates its re-evaluation. We focused on Nr4al because Nr4al~/~ mice lack
Ly-6C'°% monocytes in the blood20 but can generate Ly-6C!°% macrophages in tissuel®.

To track cell influx and differentiation, we developed a 9-color flow cytometry method (an
improvement over the 4-color method in the original description of the biphasic response9).
We profiled the leukocyte population in the myocardium in the steady state, and 3 and 7
days after coronary artery ligation, in both WT and Nr4al~~ mice. In WT animals, we
observed a peak of Ly-6CNi9" monocytes on day 3 that waned by day 7, and a surge of
Ly-6C'oW cells that peaked at day 7 (Figure 3A). This finding agrees with our previous
observation®. Nr4al~/~ mice, however, showed an early peak of Ly-6CNi9" monocytes and,
surprisingly, a late peak of Ly-6C!°" macrophages, although these mice did not have
Ly-6C'°W monocytes in the heart (Figure 3A) or the blood (Figure 3B). Moreover, Nr4al™/~
mice had more, not less, monocytes and macrophages at the two time-points (Figure 3C),
which agrees with our histological data (Figure 2). Neutrophil infiltration peaked in Ml
tissue during the first 3 days, completely regressed thereafter, and was more prominent in
Nr4al~~ mice, while lymphocytes accumulated similarly in both groups (Online Figure
I11). Given the revised and stringent gating strategy, which discriminates between monocytes
and macrophages by the expression of F4/80, CD68, and MHCI|, the data also indicate that
the early Ly-6CM9" monocyte peak consists predominantly of Ly-6C"9" monocytes that
have recently infiltrated the myocardium but have not yet differentiated to F4/gohigh
CD68MIN MHCII* macrophages. In contrast, the Ly-6C!W cell peak consists predominantly
of mature F4/80Mgh CD68NIIN MHCII* macrophages. Ly6C!'°" monocytes infiltrated the
tissue at low numbers. Thus, while these data agree with the original description of a
biphasic Mo/M® response in MI, they argue against sequential recruitment and in favor of a
Ly-6CNi9" monocyte-dominant phase 1 followed a Ly-6C'°" macrophage-dominant phase 2
(Figure 3D).

Ly-6Chi9h monocytes give rise to both the inflammatory and reparative phase

The data in Nr4al~/~ mice precluded the possibility that Ly-6C!°" macrophages arise from
Ly-6C'°% monocytes in MI, and prompted us to identify the precursors of Ly-6C!oW
macrophages directly with a fate-mapping strategy in WT mice. We injected either
Ly-6Chigh or Ly-6C!oW monocytes from CD45.2* GFP* mice (Figure 4A) to CD45.1* WT
mice that had undergone coronary artery ligation 3 days earlier (Figure 4B). We chose to
inject monocytes on day 3 post MI because this time-point corresponded to the monocyte
peak in the infarct for both subsets (Figure 3). We then sacrificed the animals 1 day (i.e. 4
days after M1 onset) and 3 days (i.e., 6 days after Ml onset) later, and tracked the fate of the
GFP™ cells. In the blood, we observed GFP* cells on day 1 and day 3 in both the Ly-6Chigh
and Ly-6C'°W groups (Figure 4C). Ly-6C!°% monocytes remained relatively unchanged
between day 1 and day 3, insofar as they continued to be CD115* Ly-6C!W. However,
Ly-6CNigh monocytes were mostly CD115* Ly-6CNi9" on day 1, but entirely CD115*
Ly-6C'°W by day 3. These data agree with the long-held assertion that Ly-6CM9" monocytes
can convert to Ly-6C!°% monocytes?4 25,
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We then evaluated the identity of GFP* cells in the infarct. As in the blood, we detected
GFP* cells in both groups at both times. There were crucial differences, however, between
the groups injected with Ly-6CM9" versus Ly-6C'°W monocytes. Already 1 day after MI,
~50% of the accumulated Ly-6CM9" monocytes augmented F4/80. By day 3 (i.e., day 6 after
MI, which corresponds to phase 2), almost all of the Ly-6CN9" monocytes had lowered
Ly-6C and most of those became F4/80M3" macrophages (i.e., Ly-6C'oW F4/gohigh
macrophages) (Figure 4D). In contrast, Ly-6C'°% monocytes accumulated but did not
increase F4/80 (Figure 4E). These data, as well as data generated using Nr4al™~ mice,
strongly argue that Ly-6CN9" monocytes give rise to both the inflammatory Ly-6Chigh -
dominant and reparative Ly-6C!°% -dominant Mo/M® accumulation phases.

N4ral deficiency reduces monocyte recruitment into the myocardium

Having determined that Ly-6CN"9" monocytes stem both the inflammatory and reparative
phases in the infarcted myocardium, and having observed that in the absence of Nr4al the
myocardium accumulates higher numbers of monocytes, we returned our attention to the
role of Nr4al, a receptor that has been implicated in many processes involved in cell
proliferation and differentiation. We found major fluctuations of Nr4al expression in
monocytes and macrophages sorted from the blood and the heart during infarct healing
(Figure 4F). Considering the results of the previous fate mapping experiment, our data show
that Nr4a'®W Ly-6CNigh monocytes that infiltrate during the inflammatory phase give rise to
Nr4a1Mi9h macrophages that accumulate in the infarcted tissue during the reparative phase.
Macrophages at a distant site such as the peritoneal cavity showed low Nr4al expression
without modulation (Figure 4G), emphasizing the local nature of the response. Importantly,
augmented expression of Nr4al by cardiac macrophages in the second phase associated with
the rise of IL-10, TGFp and VEGF (Figure 4G), which are key mediators of the reparative
phase®. These data suggest a functional role for Nr4al in the cells that participate in Ml
healing. Future studies will need to determine how Nr4al is regulated. Although our data
argue that regulation depends on the local environment, the precise mechanism responsible
for Nrdal fluctuations need further study and may involve Toll-like receptor and NF-xB-
dependent signaling2®.

We hypothesized that the increased monocyte number in the infarcted myocardium of
Nr4al~~ mice reflects either heightened monocyte production or heightened monocyte
recruitment. A number of studies have shown that monocytes infiltrating the myocardium
derive from the bone marrow and a splenic reservoir through medullary and extramedullary
hematopoiesis®=10. 27, Yet, we found no significant differences in the number of circulating
Ly6CNigh monocytes after MI, despite somewhat lower counts in the bone marrow of
Nr4al~~ mice (Figure 5A, Online Figure 1V), suggesting that monocyte production does
not account for the differences in the infarct. To evaluate recruitment, we first observed that
monocytes from Nr4al~'~ mice had a higher surface expression of the chemokine receptor
Ccr2 (Figure 5B), which fluctuated and peaked on day 3 (Figure 5C). Ccr2 is critical to the
mobilization of Ly-6C"9" monocytes out of the bone marrow and their accumulation in the
infarct?8-30, The observation that Nr4al~/~ Ly-6CNi9" monocytes expressed abnormally
high levels of Ccr2 on their surface thus argued for monocyte mobilization and recruitment
as a major mechanism. Moreover, coinciding with the surge of Ccr2 expression in Nr4al™~
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mice, we observed a peak of serum Ccl2 (MCP-1), the ligand for Ccr2, in both chimeric
groups on day 3 (Figure 5D). We detected relatively minor differences between WT and
Nr4al~~ Ly-6Ch9h monocyte surface expression of other adhesion molecules implicated in
monocyte recruitment, such as CD62L, PSGL1, or Macl (Figure 5E). These data imply that
mobilization and recruitment, rather than production, accounted for differences in monocyte
infiltration. Indeed, in vivo antagonism of Ccr2 reduced the number of Ly-6CNi9" monocytes
in the blood and infarct on day 3 and eliminated the differences between the WT and
Nr4al~/~ mice (Figure 5F). Thus, Nr4al limits monocyte influx by limiting the expression
of Ccr2 on Ly-6CM9" monocytes during the inflammatory phase of infarct healing.

Nrd4al-macrophages proliferate and are more inflammatory

Our data show that Nr4al limits monocyte influx by limiting Ccr2 expression. Is Nr4al
important in differentiated, Nr4a11i9h, cardiac macrophages (Figure 4F)? Given the reported
functions of Nr4al in other cells, we first focused on macrophage proliferation and survival.
To study proliferation, we utilized Ki-67, a marker whose nuclear expression identifies cells
in mitosis, and BrdU, a nucleotide analogue that, if delivered as a short pulse, identifies
locally proliferating cells?> 31 32, We tested WT and Nr4al™~ mice 7 days after M1, which
corresponded to the macrophage peak. Remarkably, we found abundant Ki-67* cells co-
localized with CD11b in the myocardium (Figure 6A), indicating local proliferation of
myeloid cells. To identify the cells more precisely, we used a flow cytometry approach with
a BrdU-pulse. 2 h after injection of BrdU, when monocytes in the blood (Figure 6B) and
myocardium were still BrdU™, already a substantial fraction (i.e., ~3%, which is in the range
reported for lesional macrophage proliferation after such a pulse3!) of mature F4/g0high
macrophages in the myocardium were BrdU* (Figure 6C), indicating local proliferation.
Recent studies have identified proliferation as a major mechanism by which macrophages
replenish themselves in infection and atherosclerosis3! 33, We now show that monocyte-
derived cardiac macrophages also proliferate after MI. Cardiac macrophage proliferation,
however, did not depend on Nr4al because the rate of proliferation between the two groups
did not differ, as determined with either Ki67 (Figure 6A) or BrdU (Figure 6C).

To profile survival, we performed TUNEL assays on tissue sections and measured
expression of caspase-3 on cardiac monocytes and macrophages in WT and Nr4al~/~ mice.
The TUNEL assays identified dying CD11b* cells, with no differences between the groups
(Figure 6D). Flow cytometric analysis of apoptosis using caspase-3 expression supported
our TUNEL assay data, and showed that ~7% of monocytes and ~3% of macrophages in
both WT and Nr4al™~ mice were dying (Figure 6E). Together, these data suggest that
cardiac macrophages proliferate and die in the infarcted myocardium independently of
Nrdal.

Aside from proliferation and survival, Nr4al has also been implicated in controlling
expression of various inflammatory genes. Compared to WT controls, cardiac macrophages
sorted from Nr4al~~ mice exhibited a more inflammatory signature, as defined by the
transcription of 1114, 116, 112, Tnfa, TIr2, Tlr4, TIr9, Mmp2, Mmp3, Mmp9, Vegfa, Msrl,
Tgfg, 1110, Fizz, Argl, and CD206 (Figure 6F). The data agree with the observation that
Nrdal limits inflammation during the reparative phase (Figures 2 & 3).
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Nrdal protects against left ventricular remodeling and dysfunction

Would Nr4al-dependent attenuation of cardiac inflammation and promotion of healing
translate into better heart function? To test this hypothesis, we performed serial
echocardiograms on WT and Nrdal~~ mice before, and at 2 and 21 days after MI. We
tracked individual changes in left ventricular volume, ejection fraction, and fractional
shortening during infarct healing and cardiac remodeling. As expected, within 2 days after
permanent LAD ligation, acute myocardial ischemia reduced the ejection fraction similarly
in both groups, thereby excluding a potential bias by differences in surgery between the
groups. By day 21 post coronary artery ligation, however, Nr4al~~ mice developed more
severe left ventricular dysfunction than WT mice, judged by indices such as ejection
fraction, fractional shortening, and left ventricular volumes (Figure 7A, B, Online Table 1),
findings that agree with an increased myocardial scar size with reduced collagen density in
Nr4al~~ mice (Figure 7C, D). Therefore, Nr4al attenuates impaired left ventricular
function and adverse cardiac remodeling via its actions on monocytes and macrophages in
both inflammatory and reparative phases of the infarcted myocardium (Figure 8).

DISCUSSION

Nr4al is emerging as an important regulator of gene expression in macrophages, but
consensus on its function in cardiovascular disease is still lacking. An early report showed
that Nr4al activates genes involved in inflammation, apoptosis, and cell cycle control8. In
murine atherosclerosis, the absence of Nr4al aggravated atherosclerosis®* 3, while its over-
expression in lesional macrophages reduced inflammatory cytokine production3®. The
hypothesis that Nr4al is predominantly anti-inflammatory is also consistent with arterial
injury and restenosis studies concluding that the receptor inhibits vascular outward
remodeling and reduces macrophage accumulation3’. Recent challenges on the importance
of Nr4al in atherosclerosis 38, however, have reignited interest in the receptor’s range of
influence.

In this study we have shown that the inflammatory response during Ml is heightened,
healing is compromised, and indices of heart failure worsen in mice lacking expression of
Nr4al on hematopoietic cells. The events that influence macrophage accumulation and
function in response to injury involve monocyte production in the bone marrow, monocyte
mobilization from the bone marrow and a splenic reservoir, influx of monocytes into tissue,
and differentiation to macrophages. Once differentiated, macrophages influence their
environment through production of various mediators including cytokines, proteases,
oxidases, and scavenger receptorsl9. Eventually macrophages die in situ?’. This study
confirmed that Nr4al contributes to Ly-6C'°W — but also to Ly-6C"9" — monocyte numbers
in the bone marrow?0. In response to M1 we found that Nr4al-deficient Ly-6Chigh
monocytes express high surface levels of Ccr2, which augments cell mobilization and
influx, possibly explaining why, despite somewhat lower numbers in the steady state,
monocyte infiltration rises compared to wild type. Once differentiated, cardiac macrophages
rely on Nr4al to limit inflammation, but Nr4al does not appear to regulate apoptosis or
proliferation. Thus, Nr4al limits both the influx of inflammatory monocytes to the
myocardium and the expression of inflammatory mediators by monocyte-derived
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macrophages. Future studies will need to determine whether those processes are linked and
how Nr4al influences other cells in MI, such as cardiomyocytes, endothelial cells, and T
cells 3942, It will also be important to discern whether additional mechanisms, perhaps
mediated by neutrophils, contribute to the heightened influx of monocytes*3.

In addition to providing novel insights into the role of Nr4al during Ml, this study also
revisited the biphasic model of macrophage accumulation, originally described by us and
interpreted as evidence for sequential monocyte subset recruitment. We used Nr4al, which
is essential to Ly-6C!°" monocytes but dispensable to Ly-6C!'°" macrophages, as a tool to
discriminate between sequential recruitment and local macrophage differentiation.
Combining advanced flow cytometry and fate mapping approaches, we show that the
biphasic response originates from Ly-6CN9" monocytes, which accumulate in the infarct
early and, over time, as they differentiate to macrophages, lose Ly-6C expression. Although
this revised model agrees with the initial description of biphasic macrophage accumulation,
it departs from it in one critical interpretation: the first Ly-6CM9" monocyte-dominant phase
is followed not by a Ly-6C!°" monocyte, but by a Ly-6C"9" monocyte-derived Ly-6CoW
macrophage-dominant phase. This expanded concept highlights the importance of the local
environment in orchestrating inflammation and healing.

Macrophage proliferation, which has garnered considerable attention recently33: 44 45 is one
example of a process that depends on the local environment. Our own observations in
experimental atherosclerosis have revealed that proliferation of monocyte-derived
macrophages dominates accumulation of lesional macrophages in established disease3!.
Here, we build on these and other observations*6 by providing evidence that monocyte-
derived cardiac macrophages proliferate robustly — and independently of Nr4al — in the
infarcted myocardium. The data suggest that after initial Ly-6CN9" monocyte recruitment
and differentiation, macrophages can also replenish themselves locally. Future studies will
therefore need to determine the relative contribution and relevance of macrophage
proliferation over the course of healing after MI. Our enumeration of Ly-6Chi3h and
Ly-6C!°" monocytes in the myocardium over the first 7 days after M1, combined with data
on Ccr2 and Ccl2 expression, supports the concept that the first phase requires intense
Ly-6CNigh monocyte infiltration that sharply drops in the second phase. In light of these
findings, the role of Ly-6C!°" monocytes in MI remains uncertain. Ly-6C'°" monocytes
might nevertheless contribute indispensably, for example by patrolling the vasculature and
marking damaged endothelial cells for disposal?1-23,

MI and ischemic cardiomyopathy are major causes of morbidity and mortality worldwide.
Decades of work explored the role of cardiomyocytes, cardiac fibroblasts, stem cells, and
the extracelluar matrix*7-50 in heart function and its failure post MI. Macrophages, which
have received much less attention in this context, are emerging as key protagonists that can
either promote inflammation or contribute to its resolution. This study has shed new
mechanistic light onto monocyte and macrophage functions during Ml by showing that the
nuclear hormone receptor, Nrdal, modulates both the early Ly-6CM9" monocyte-dominant
inflammatory and the later Ly-6C'°" macrophage-dominant reparative phases in the
infarcted myocardium.
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Nonstandard Abbreviations and Acronyms

Argl
Brdu
Ccl
Ccer
CD
ED
ES
FS

IL
LAD
LPS
LVID
Ly-6C
Macl
MlI

M
Nr4al
PSGL1
TGF
Tlr
TNF
TUNEL

arginase 1
bromodeoxyuridine

C-C chemokine ligand

C-C chemokine receptor
cluster of differentiation

end diastolic

end systolic

fractional shortening
interleukin

left anterior descending coronary artery
lipopolysaccharide

left ventricular inner diameter
lymphocyte antigen 6C
macrophage antigen 1
myocardial infarction
monocyte

macrophage

nuclear receptor subfamily 4, group a, member 1

P-selectin glycoprotein ligand-1
tissue growth factor

toll like receptor

tumor necrosis factor

TdT-mediated dUTP nick end labeling
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VEGF vascular endothelial growth factor
WT wild type
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Novelty and Significance
What Is Known?

«  Transcription factor Nr4al is essential to Ly-6C'°" but not Ly-6C9" monocyte
development.

e Accumulation of monocytes and macrophages in the infarcted myocardium is
biphasic, involving an early Ly-6CN9" inflammatory phase and a later Ly-6C!oW
reparative phase.

e The inflammatory response is exaggerated in LPS-stimulated Nr4al-deficient
bone marrow-derived macrophages.

What New Information Does This Article Contribute?

«  Ly-6Chi9" monocytes give rise to both the Ly-6CM9" inflammatory and
Ly-6C'oW reparative phases.

«  Nrdal-expression limits CCR2-mediated recruitment of Ly-6CNi9" monocytes to
the infarcting tissue.

«  Ly-6C'°" macrophages derive from Ly-6CMi9" monocytes, proliferate, and
utilize Nrdal to dampen inflammation.

Myocardial infarction involves accumulation of monocytes and macrophages in tissue.
Monocytes in mice comprise at least two functionally distinct subsets exhibiting different
expression of Ly-6C. The orphan nuclear receptor Nr4al is essential to the development
of Ly-6C'°W but not Ly-6C"9" monocytes. We therefore utilized Nr4al-deficient mice to
study how Ly-6C'°" monocytes and Nr4al expression in cardiac macrophages contribute
to myocardial infarct healing. Ly-6C!°" monocytes accumulated at low numbers in the
infarct tissue and did not differentiate into cardiac macrophages. In contrast,
inflammatory Ly-6CM9" monocytes dominated the infiltrate within the first three days
after induction of myocardial infarction, differentiated into Ly-6C!°" macrophages,
dominated the second healing phase, and proliferated. This process coincided with
elevated Nrdal expression in cardiac macrophages and increased expression of
regenerative factors. Nr4al expression, albeit lower in Ly-6CNi9" monocytes,
corresponded with suppressed expression of chemokine receptor CCR2, limiting
recruitment of inflammatory cells to the infarct. Consequently, Nr4al deficiency resulted
in adverse cardiac remodeling during myocardial infarct healing and impaired cardiac
function. Nr4al thus regulates the coordinated biphasic monocyte/macrophage response
during myocardial infarction.
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Figure 1. Nrdal expressing myeloid cells accumulate in myocardial infarction tissue
A. Cross sections of heart tissue 3 and 7 days after permanent ligation of the left anterior

descending coronary artery (LAD) or sham surgery. Overview and high magnification
images of immunohistochemical staining for Nr4al. B. Immunofluorescence co-staining for
Nr4al and CD11b of Ml tissue 7 days after coronary artery ligation. Representative images
from one out of three samples are shown.
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Figure 2. Adverse cardiac remodeling in Nr4al~~ chimeric mice 7 days after myocardial
infarction

Immunohistochemical staining of Ml tissue for CD11b, Collagen 1 (Coll), CD31, and non-
vascular smooth muscle alpha actin (SMA) in wild-type (WT) and Nr4al~/~ chimeric mice
7 days post MI Quantification of 10 randomly selected fields of view per sample. Results are
presented as mean + SEM, * p < 0.05, n =5 per group.
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Figure 3. Enhanced accumulation of Nrdal™~ monocytes and macrophages in myocardial
infarct tissue

A. Representative images for flow cytometric analysis of Ml tissue cell suspensions before,
3 and 7 days after permanent LAD ligation in WT and Nr4al~~ mice. B. Flow cytometry
and analogous gating strategy identifying blood monocyte subsets in WT and Nrdal™/~
chimeras at steady state. C. Flow cytometry based quantification of monocyte and
macrophage numbers in Ml tissue of WT versus Nr4al~/~ mice before and 1, 3, 7, and 21
days post MI. Results are presented as mean + SEM, * p < 0.05, n > 4 per group and time
point. D. Graphs illustrating flux of monocyte and macrophage subsets during phase 1 (< 4
days) and phase 2 (days 4-21) of infarct healing.
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Figure 4. Nr4a1'oW Ly-6chigh monocytes give rise to Nr4a1M9h Ly-6CoW macrophages in
myocardial infarct tissue

A. Identification of Ly-6CN9" and Ly-6C!°" monocyte subsets in pooled CD45.2+ GFP*
blood and spleen samples for flow assisted cell sorting. B. Illustration of experimental
approach with separate adoptive transfer of sorted GFP* Ly-6Chi9" monocytes (1x10°) and
GFP* Ly-6C'°% monocytes (0.5x106) 3 days after permanent ligation of the LAD in
CD45.1* mice. Sacrifice 1 and 3 days after adoptive transfer. C. Flow cytometric analysis of
blood from CD45.1* recipients of GFP* monocyte subsets on days 1 and 3 after transfer.
Quantification of the percentage of GFP™ cells within the respective gates. Pooled data of
two independent experiments. D. Flow cytometric analysis of Ml tissue from CD45.1*
recipients of GFP* Ly-6Chi9" monocytes on days 1 and 3 after transfer. Quantification of the
percentage of GFP* cells within the respective gates. Pooled data of two independent
experiments. E. Flow cytometric analysis of M tissue from CD45.17" recipients of GFP*
Ly-6C'°" monocytes on days 1 and 3 after transfer. Quantification of the percentage of
GFP* cells within the respective gates. Pooled data of two independent experiments. F.
Quantification (qQRT-PCR) of Nr4al expression in cells sorted from the blood, Ml tissue and
unstimulated peritoneal lavage on days 3 and 7 after permanent LAD ligation compared to
sham operated C57BI/6 mice (0 days post MlI). Results are presented as mean + SEM, * p <
0.05, n = 4 per time point. G. Relative expression of VEGFa, TGFp and IL-10 in sorted
Ly-6CNig" monocytes on day 3 (phase 1) and macrophages on day 7 (phase 2) post Ml
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compared to baseline cardiac macrophages. Results are presented as mean = SEM, * p <
0.05, n = 4 per time point.
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Figure 5. Nrdal-deficiency promotes CCR2-mediated monocyte recruitment to the myocardial
infarct tissue

A. Quantification of monocyte subsets and neutrophils in the blood of WT and Nr4al™'~
mice before and on days 1, 3, 7 and 21 post MI. Results are presented as mean + SEM, * p <
0.05, n =5 per group and time point. B. Representative dot plot of flow cytometric staining
for CCR2 expression on circulating monocytes in WT and Nr4al~/~ mice 3 days post MI.
C. Quantification of CCR2 expression on Ly-6C"i9" monocytes by mean fluorescence
intensity at indicated time points after MI. Results are shown as mean + SEM percent
change of CCR2 expression in Nr4al~/~ compared to WT control mice, * p< 0.05,n =5
per group and time point. D. Quantification of serum MCP-1/CCL2 levels in WT and
Nr4al™~ mice before and on days 1, 3, 7 and 21 post MI. Results are presented as mean +
SEM, n =5 per group and time point. E. Quantification of expression of L-selectin
(CD62L), P-selectin glycoprotein ligand-1 (PSGL-1) and integrin Mac1 on Ly-6CNigh
monocytes by mean fluorescence intensity at indicated time points after MI. Results are
shown as mean + SEM percent change of marker expression in Nr4al~~ compared to WT
control mice, * p < 0.05, n > 5 per group and time point. F. Quantification of Ly-6Chigh
monocyte numbers in peripheral blood and M tissue on day 3 after permanent LAD ligation
in WT and Nr4al~/~ mice treated with CCR2 antagonist (RS504393, 2mg/kg ip. b.i.d.) or
vehicle (30% DMSO ip) alone. Results are presented as mean + SEM, * p < 0.05, n =5 per

group.
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Figure 6. Nrdal-deficient macrophages are pro-inflammatory, proliferate and die in infarct

tissue

A. Quantification of Ki67* CD11b* cells in Ml tissue 7 days after permanent LAD ligation
in WT and Nr4al~'~ mice on the right and representative merged images for
immunofluorescent co-staining on the left. Results are presented as mean £ SEM, n =5 per
group. B. Flow cytometric analysis of BrdU incorporation into WT blood and bone marrow
(BM) monocytes 2 hours after iv injection of 200ug BrdU. C. Flow cytometric analysis of
BrdU incorporation into WT and Nr4al ™/~ Ly-6C"9" monocytes and macrophages in Ml
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tissue 7 days after permanent LAD ligation. Results are presented as mean + SEM, n =5 per
group. D. Quantification of TUNEL* CD11b* cells in MI tissue 7 days after permanent
LAD ligation in WT and Nr4al~~ mice on the right and representative merged images for
immunofluorescent co-staining on the left. Results are presented as mean + SEM, n =5 per
group. E. Flow cytometric analysis of Caspase 3 expression in WT and Nr4al ™/~ Ly-6Chigh
monocytes and macrophages in Ml tissue 7 days after permanent LAD ligation. Results are
presented as mean £ SEM, n =5 per group. Isotype staining is shown on the right. F. Gene
expression profiling of WT and Nr4al™~ macrophages sorted from MI tissue 7 days after
permanent LAD ligation. Results are presented as mean + SEM percent change of marker
expression in Nr4al™~ compared to WT control mice, * p < 0.05, n = 5 per group.
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Figure 7. Nrdal limits left ventricular dysfunction after myocardial infarction
A. Representative echocardiography images with long axis B-mode (upper panel) and short

axis M-mode views (lower panels) of infarcted hearts from WT and Nr4al™~ mice on day
21 after permanent LAD ligation. Arrows and lines mark left ventricular inner diameters
(LVID) in systole (dashed) and diastole (firm). B. Quantification of individual changes (A)
in heart parameters compared to baseline on days 2 and 21 post MI. Results are presented as
mean = SEM percent change of marker expression in Nr4al~~ compared to WT control
mice, * p < 0.05, n = 8 per group. C. Representative images of heart cross sections 21 days
post M1 at increasing distance from the site of coronary artery ligation in Nr4a1~~ and WT
control mice, n =5 per group. D. Quantification of scar size in heart cross sections at
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different levels depending on the distance from the site of coronary artery ligation. Data are
presented as a fraction of the left ventricle including the septum, mean = SEM, * p < 0.05, n
=5 per group. Collagen density is quantified in 5 randomly selected fields of view per
sample within the scar at 2 mm distance from the site of coronary artery ligation. Results are
presented as mean + SEM, * p < 0.05, n =5 per group.

Circ Res. Author manuscript; available in PMC 2015 May 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hilgendorf et al.

MI tissue infiltrate

Page 26

3 7 days post Ml

Ly6Clow

Ly6Chigh monocyt Ly6C'°¥ macrophages

Ly6Crish

F4/g0nish

inflammatory phase 1 healing phase 2
differentiation anti-inflammatory
Lyechish Nr4at induction Ly6C'ow mediators,
| Rt e.g. TGFB, IL-10, VEGFa
ok |
CCR2 ¢

resolution of (@‘1 G,

F4/80Msh  inflammation, %

pro-inflammatory g neoangio- '
cell death, cytokines, genesis, /
phagocytosis e.g. IL-1B, IL-6, TNFa proliferation %" formation '

Figure 8. Biphasic model of monocyte/macrophage accumulation in Ml tissue )
During the early phase of myocardial infarct healing inflammatory Nr4a1!ow Ly-gChigh

monocytes from the bone marrow and spleen infiltrate the Ml tissue via CCR2.
Consequently they differentiate into proliferating Nr4a1Mah Ly-6C!oW macrophages that
participate in the resolution of inflammation and cardiac remodeling in the second phase of
infarct healing.
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