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Myocardial Healing and Remodeling:
Critical Determinants of Outcomes
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Mononuclear Phagocyte
Heterogeneity in Atherosclerosis

Monocytes that bear high levels of the surface marker Ly-6C
have particularly pro-inflammatory functions
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Monocyte/
Macrophage
Heterogeneity in
Atherosclerosis

Hyperlipidemia markedly expands
circulating inflammatory monocytes in mice
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Does monocyte/

g?l(jlﬂwﬁwQMQ: macrophage

heterogeneity
also influence
acute
inflammatory
states such as

@ . myocardial

infarction?
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Leukocyte Response to Healing Post Myocardial Infarction
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Leukocyte Response Post
Myocardial Infarction
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Sequential accumulation of Ly-6C" and Ly-6C'°
monocytes post myocardial ischemic injury
Phase | Phase Il
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Monocyte subsets exhibit specific functions
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response in Ml healing

The healing myocardium sequentially

ﬁ®§“§ “Demolition” ) “Reconstruction”

Phase | Ph n *1e . .
: ase mobilizes two monocyte subsets with
Ly-6C" Monocytes Ly-6C' Monocytes . ’ . .

divergent and complementary functions
Inflammation
Proteolysis Matthias Nahrendort,'* Filip K. Swirski **>* Elena Aikawa >
2 Lars Stangenberg,” Thomas Wurdinger,”? Jose-Luiz Figueiredo,”
Phagocytos:s Peter Libby,*>* Ralph Weissleder,** and Mikael |, Pictet!

Angiogenesis
Collagen Deposition

*Nahrendorf & *Swirski et al., J Exp Med 2007

Identification of Splenic Reservoir
From where do the Monocytes and Their Deployment to

proinflammatory Inflammatory Sites
moncytes that appear

wrstes R, Mempel, " Peter Litdy,"*

in the myocardium
hours after coronary
ligation come?
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l,)-(»(""gh Monocytes Depend on Nrdal to Balance both Inflammatory and Reparative Phases

a o c e reS o n Se a in the Infarcted Myocardium
Ingo Hilgendorf, Louisa Gerhardt, Timothy C Tan, Carla Winter, Toblas AW Holderried, Benjamin G
Chousterman, Yoshiko Iwamoto, Ronglih Liao, Andreas Zirlik, M le Scherrer-Crosbie, Catherine
L] L] er and Filip K Swirski
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C Hedrick, Peter Libby, Matthias Nahrendorf, Ralph Weisslede

Circ Res. published online March 13, 2014;
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Nuclear receptor subfamily 4, group a, member 1 (Nr4a1) expressing

- . s - \ Adverse cardiac remodeling
myeloid cells accumulate in myocardial infarction (Ml) tissue.

in Nr4a1-/- chimeric mice 7
days after myocardial
infarction (MI).

7 days after myocardial infarction
(MI). Immunohistochemical
staining of Ml tissue for CD11b,
collagen 1 (Col1), CD31, and
nonvascular smooth muscle a
actin (SMA) in wild-type (WT) and
Nr4a1~'- chimeric mice 7 days after
MI. Results are mean+SEM, *
P<0.05, n=5 per group. Nr4a1
indicates Nuclear receptor
subfamily 4, group a, member 1.

Nrda1i DAPI

ion Research. 2014;114:1611-1622

Hilgendorf | et al. Circulation Research.|
2014;114:1611-1622

Hilgendorf | et al.

Enhanced accumulation of Nr4a1-/- monocytes and Enhanced accumulation of Nr4a1-/- monocytes and
hages in myocardial infarct tissue macrophages in myocardial infarct tissue

o
8
e
)
3
¥
s
&
£
3
H
H
H
3
['4
€
S
s
3
2
s
=
©
=
H
3
2
H
2
=

Hilgendorf | et al. Circulation Research. 201

Ly-6Chigh monocytes infiltrate the infarcted myocardium

and, unlike Ly-6Clow monocytes, differentiate to cardiac

macrophages.

In the early, inflammatory phase of acute myocardial

ischemic injury, Ly-6Chigh monocytes accrue in

response to a brief Ccl2 burst.

In the second, reparative phase, accumulated Ly-6Chigh

monocytes give rise to reparative Ly-6Clow F4/80high

macrophages that proliferate locally.

In the absence of Nrda1, Ly-6Chigh monocytes express

heightened levels of Ccr2 on their surface, avidly
Hilgendorf | et al. infiltrate the myocardium, and differentiate to abnormally
Circulation Research. inflammatory macrophages, which results in defective
ROSL LIS 622 healing and compromised heart function.

Hilgendorf et al. Circulation Research 114:1611-1622; 2014
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Biphasic monocyte/macrophage accumulation in myocardial infarction

days post MI

Ly6Ch
®
CCR2

Ly6C~ macrophages

Fa/80""

MiI tissue infiltrate

Ly6Co" monocytes

inflammatory phase 1 healing phase 2

anti-inflammatory

mediators,
©.g. TGFB, IL-10, VEGFa

differentiation
Lysc » Nrda1 induction_Ly6C~
mnmanon @ Cce2 .
resolution of %%
pm mﬂamma!o/y »
cell death, cytokine:
phagocytosis e.g. IL-1B, IL- b TNFa

F4/80""

neoangio-
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inflammation, { !"

Hilgendorf et al. Circulation Research
114:1611-1622; 2014

T-regulatory cells (T,.,;) promote transition of

macrophage polarization post coronary ligation

and T,

lack leads to impaired infarct healing
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Hypothesis:
An echo in the arter

ial

wall of the inflammation

due to acute myocardial
infarction aggravates
atherosclerosis

2 American
Heart
Association.

Circulation
Research

I‘n\p.\"‘('l)-l* T Cells Improve Healing after Myocardial Infarction by Modulating
Monocyte/Macrophage Differentiation
Johannes Weirather, Ulrich Hofmann, Niklas Beyersdorf, Gustavo C Ramos, Benjamin Vogel, Anna
Frey, Georg Ertl, Thomas Kerkau and Stefan Frantz

Circ Res. published online April 30, 2014;

Is there crosstalk
between acute
inflammation peri-
MI and plaque
inflammation?

Interleukin-1 Gene Expression in Rabbit
Vascular Tissue In Vivo
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lar wall cells rather than mononuclear pbagocytes
probably accosunt for the IL.-1 activity induced by LPS

T addition, aortic (isue from rabbils fed an athero

hamced ability o accu

showed a

Theve

protein in response to LPS &

Studies demonstrate inducible 111 gene expression
in rabbir vascular tisswe in vivo and support @ local
role for this cytokine in vascular patbopbysiology.
(Am ] Patbol 1991, 1381005-1014)




Interleukin-1 gene
expression in
rabbit vascular

8 S tissue in vivo.

Induction of IL-1c and b mRNA in aortic tissue 2
avenous injection of 10 pg/kg of
E. coli endotoxin in rabbits fed control and

L1 atherogenic diets for 10 weeks. Three
centimeters of thoracic aorta from control rabbits
weighed 54 +9 g (n = 4) and provided 58 + 8 pg

8 S of RNA while a similar section from rabbits fed
the atherogenic diet weighed 98 + 11 g (n = 4)
and provided 84 + 9 mg of RNA. Twenty
micrograms of total RNA was loaded inf edCh
Iane for Northern analysis for rabbit IL-1a an:
IL-1b. The data presented represent one rabblt
per treatment group. Similar were

18 S observed for three additional rabbits per

treatment.

Clinton SK, Fleet JC,
Loppnow H, et al. Am. J.
DS Pathol. 1991;138:1005-14.

Atherogenic Diets Enhance Endotoxin-Stimulated
Interleukin-1 and Tumor Necrosis Factor
Gene Expression in Rabbit Aortae!:2

JAMES C. FLEET*, STEVEN K. CLINTON*’, ROBERT N. SALOMON®*',
HARALD LOPPNOW* anp PETER LIBBY***

D. Interleukin 1 beta The “echo” phenomenon:
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J Nutr 1992;122:294-305.

Myocardial infarction accelerates
atherosclerosm

During myelold cells

lipkd -rich plaques In the arterial wall and cause their
rupture, thus mggzrmg myocardial infarction and stroke. Survivors of acute coranary synamm have a high risk of
recurrent events for unknown reasons. Here we show that the sys
atherosclerosi. After myocardial infarction o stroke, Apoe™'~ mice developed larger atheroscierotic lesions with
more advanced morphology. This disease acceleration persisted over many weeks and was associated with markedly
increased monocyte recruitment. Seeking the source of surplus monocytes in plaques, we found that myocardial
infarction liberated mmmnk stem and progenitor cells from bone marrow niches via sympathetic nervous
system signaling. The progenitors then sesded the spleen, yieking 2 sustained boost in vte production. These
istic insight into and provide a novel therapeutic opportunity to

provide
mitigate disease pmposhn

19 JULY 2012 | VOL 487 | NATURE | 325

Atherogenic diets enhance endotoxin-stimulated interleukin-1
and tumor necrosis factor gene expression in rabbit aortae
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Fleet JC, Clinton SK, Salomon RN, Loppnow H, Libby P. J Nutr 1992;122:294-305.

Infectious agents by systemic and local effects can activate artery wall cells

Cytomegalovirus |Hcrpc.\ simplex virus C. pneumoni® l
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Infection or activation of vessel-
associated leukocytes
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Mononuclear phagocytes: T Cells:

« T procoagulants « T proliferation

« L fibrinolysis « T cytokine production

« altered lipid metabolism / « lysis of vascular cells
i i (by CD8+T Cells)

« T cytokine production

« T toxic O, species release -
merican Heart
\ Association
Learn and Live

I “Activation” or injury to vascular smooth muscle and endothelium l

Libby P et al. Circulation 1997;96:4095-4103

Molecular Biology of the
High-Risk Plaque
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MI enhances protease activity in plaque

vivo TBR FRI

Ex

Dutta et al. Nature 487:325; 2012

Post MI, plaque necrotic cores
enlarge and fibrous caps thin
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Frenette et al. Nature 2008; 452:442

MI enhances pro-inflammatory
monocytes in plaque

Ly-6Chish monocytes
(10%) / aorta
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Progenitor release from bone marrow:
triggered by adrenergic signaling?

Bone marrow tyrosine hydroxylase (TH):
The rate limiting enzyme in noradrenaline synthesis
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B; blocker treatment reduces progenitor
release from bone marrow

Figure 4| Sorial intravital imaging
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BB: beta-diocker; WBC. white blood coll
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MI enhances atherosclerosis

SNS activation
noradrenalin
Ba receptor

heart failure
anxiety
pain

N

" Progenitor|
\ release
Mi =1 from

___ "/ BMniche
o — P
plaque ‘ \
rupture J i

increased extramedullary
monocytopoiesis Nature. 2012;487:325-9

B; blocker treatment limits acceleration of
atherosclerosis post experimental Mi

Myeloid cells (cD11b¥)

i + Bs blocker

Protease activity

Increased splenic progenitor
proliferation in patients after Ml

. .

Human splenic red pulp

Il No mi (n=29)
= mi(n=13)

c-kit+ cells / 5 HPF
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e s Key Collaborators
Innate Immunity in

Atherosclerosis

Ingo Matthias
Circulation 2002 Complication Hilgendorf Nahrendorf

Libby, Ridker, Maseri Filip Swirski
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