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Abstract The inflammatory sequelae of ischemia—reper-
fusion injury (IRI) are a major causal factor of tissue injury
in various clinical settings. MicroRNAs (miRs) are short,
non-coding RNAs, which regulate protein expression.
Here, we investigated the role of miR-155 in IR-related
tissue injury. Quantifying microRNA-expression levels in a
human muscle tissue after IRI, we found miR-155 ex-
pression to be significantly increased and to correlate with
the increased expression of TNF-a, IL-1B, CD105, and
Caspase3 as well as with leukocyte infiltration. The direct
miR-155 target gene SOCS-1 was downregulated. In a
mouse model of myocardial infarction, temporary LAD
ligation and reperfusion injury resulted in a smaller area of
necrosis in miR-155—/— animals compared to wildtype
animals. To investigate the underlying mechanisms, we
evaluated the effect of miR-155 on inflammatory cell re-
cruitment by intravital microscopy and on the generation of
reactive oxygen species (ROS) of macrophages. Our in-
travital imaging results demonstrated a decreased recruit-
ment of inflammatory cells in miR-155—/— animals during
IRI. The generation of ROS in leukocytic cells of miR-
155—/— animals was also reduced. RNA silencing of the
direct miR-155 target gene SOCS-1 abrogated this effect.
In conclusion, miR-155 aggravates the inflammatory re-
sponse, leukocyte infiltration and tissue damage in IRI via
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modulation of SOCS-1-dependent generation of ROS.
MiR-155 is thus a potential target for the treatment or
prevention of IRI.
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BMDM Bone marrow derived macrophages
IRI Ischemia-reperfusion injury

ROS Reactive oxygen species

SOCS-1  Suppressor of cytokine signaling 1

Introduction

Ischemia reperfusion injury (IRI) describes a harmful in-
flammatory process in every clinical setting in which blood
flow is restored after a critical time of ischemia, such as
acute myocardial infarction, stroke, and transplantation
surgery. While inflammation is an important component of
the host defence reaction against external pathogens and
injury, the unrestricted post-ischemic inflammatory re-
sponse can have detrimental effects [41, 55], contributing
to cell death and even exceeding the initial ischemic injury.
This is mediated by increased recruitment of circulating
cells and local generation of reactive oxygen species,
driving a local inflammatory reaction that can be respon-
sible for more than 50 % of infarct size in acute coronary
syndromes [55] and is also a crucial determinant of trans-
plant survival of organs and surgical-free tissue transfer.
Many attempts to modulate this harmful inflammatory
response to prevent or reduce tissue injury were made in
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the past. However, the basic regulatory principles of IRI
remain little understood and it seems that the inhibition of
an individual component of the inflammatory cascade, e.g.,
by a single antibody or small molecule inhibitor may not be
enough to achieve a significant effect on IRI and cell sur-
vival in the injured tissue [15, 17].

Recently, microRNAs (miRNAs) have been identified as
important regulators of gene expression in a wide range of
biological processes. MiRNAs are short, non-coding RNA
molecules of 17-23 nucleotides length, that regulate pro-
tein expression by recognizing sequences mostly located in
the 3'-untranslated regions of target-messenger RNAs
(mRNAs) via imperfect base pairing, thereby inducing
translational repression or mRNA degradation [1].

There is emerging evidence that miRNAs also control
vascular inflammation [14] and modulate leukocyte adhe-
sion to endothelial cells.

In how far miRNAs are involved in IRI remains largely
unclear: While first studies suggest a potential modulatory
function of these small RNAs, reporting both aggravating
as well as protective effects [16, 19, 53], other studies ar-
gue against an important pathophysiological role of miR-
NAs in IRI and ischemic postconditioning in larger
mammals [3].

In the present study, we now hypothesized that miRNAs
modulate the inflammatory response after ischemia—reper-
fusion and that differential miRNA expression contributes
to tissue injury. We identified miR-155 as an upregulated
miRNA in human biopsy samples obtained before and after
IRI of free muscle grafts for plastic reconstruction of tissue
defects and went on to characterize its effect on leukocyte
recruitment, generation of ROS, and IRI in a mouse model
of myocardial infarction. In summary, we discovered that
miR-155 deficient mice are relatively protected from IRI,
suggesting inflammatory miRNAs as potential therapeutic
targets for tissue protection from ischemia and reperfusion
injury.

Patients, materials, and methods

The study was approved by the ethics committee of the
University of Freiburg Medical Centre. The study is reg-
istered as DRKS00007906 at the “Deutsche Register
Klinischer Studien”, a WHO registered clinical registration
platform.

Patient samples and tissue preparation
Human striated muscle biopsies of 0.5 x 0.5 x 0.5 cm
were obtained from patients receiving free muscle flap

surgery (latissimus dorsi, gracilis or rectus abdominis flap).
Informed consent was obtained from each patient.
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Biopsies were taken during the surgery before inter-
ruption of the blood supply to the flap and 5 days after
surgery [7, 8]. Samples for RNA extraction were stored in
RNA-later (Qiagen, Hilden, Germany) for 24 h at 4 °C and
at —80 °C until use [7]. Samples for histological ex-
amination were embedded in Tissue Tek® OCT™ and
snap-frozen in liquid nitrogen, then stored at —80 °C for at
least 24 h and cut into 10-pum thick slices using a cryotome.

Immunofluorescence staining

For immunofluorescence staining of human and murine
samples, slices were processed as described before [13] and
incubated with antibodies against human CD68 (Dako,
Hamburg, Germany), murine Mac-3 (BD Pharmingen, San
Diego, USA), and murine Ly-6G (Abcam, Cambridge,
United Kingdom), respectively. Subsequently, the sections
were incubated with appropriate Cy3-conjugated secondary
antibodies (Jackson Immunoresearch, Baltimore Pike, USA
and Chemicon Merck®, Billerica, USA) and Hoechst
33258 (Sigma, Steinheim, Germany) or DAPI (Sigma,
Steinheim, Germany) and embedded in moviol. Sections
treated with the same protocol but without a primary an-
tibody were used as negative controls. The sections were
analyzed using an Axiovert microscope and an Axiocam
digital camera (Leica, Wetzlar, Germany). For evaluation
of post-ischemic transmigration of monocytes and macro-
phages in human striated muscle, the number of CD68
positive cells was normalized to the number of muscle cells
in the same area. Transmigrated monocytes/macrophages
were quantified by blinded examiners. In murine sections,
an area of interest within the muscle tissue was defined and
the number of Mac-3 positive cells was normalized to the
size of the area of interest.

RNA isolation

Isolation of RNA from human striated muscle was per-
formed using TriPure® modified phenol—chloroform-ex-
traction (Applied Biosystems "™Roche, Branchburg, USA)
according to the manufacturer’s protocol. RNA was isolated
from murine bone marrow derived macrophages (BMDM)
using the miRNeasy® Mini Kit (Quiagen, Hilden, Germany)
according to the manufacturer’s protocol. The concentration
of mRNA was measured using the Spectrophotometer ND-
1000 (Thermo Fischer Scientific, Wilmington, USA) and
individually diluted in RNAse-free water to achieve equal
mRNA concentrations in all samples.

MicroRNA TagMan RT-PCR

Expression of miR-155 in human striated muscle was
measured using the TagMan® MicroRNA Assay (Qiagen,
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Hilden, Germany) according to the manufacturer’s protocol
with specific primers for the reverse transcriptase reaction
and TagMan probes for the real-time PCR. The expression
of miR-155 was normalized to rnul9.

cDNA synthesis

1 ng RNA of each sample was transcribed to cDNA using
the iScript™ cDNA-synthesis kit (Bio-Rad, Munich,
Germany) according to the manufacturer’s protocol.

mRNA expression with quantitative real-time PCR

Quantitative real-time PCR was performed using either
TagMan probes or SYBR-Green. SYBR-Green PCR was
performed as previously described [42] using iQ™
SYBR®-Green Supermix (Bio-Rad, Miinchen, Germany)
and the following primers: hsa-Interferone y (forward:
ACTGACTTGAATGTCCAACGCA, reverse: ATCTGAC
TCCTTTTTCGCTTCC), hsa-caspase 3 (forward: AGAA
CTGGACTGTGGCATTGAG, reverse:GCTTGTCGGC
ATACTGTTTCAG), mmu-Interleukine 1B (forward:
CAACCAACAAGTGATATTCTCCATG, reverse: GATC
CACACTCTCCAGCTGCA). Ct values were normalized
to that of the housekeeping gene hrpll (forward: GCACC
ACGTCCAATGACAT, reverse: GTGCGGCTGCTTCCA
TAA).

TagMan PCR was performed as described previously [7]
using ABsolute QPCR ROX Mix (Thermo Scientific, Ep-
som, Surrey, UK). Ct values were normalized to that of the
housekeeping gene GAPDH. TagMan probes including
primer sets for IL-183, TNF-a, Endoglin, and GAPDH were
obtained commercially (Applied Biosystems, Foster City,
USA).

Assays were performed in either triplicates or dupli-
cates. Negative controls were run using diethylpyrocar-
bonate-H,0. Relative expression was calculated using the
AAC-method.

Murine cremaster model

Male wildtype (WT) (B57BL/6J) and miR-155—/—
(B6.Cg-Mirn155tm1.1Rsky/J) mice were purchased from
Charles River (Sulzfeld, Germany). All experiments were
performed according to the “Guide for Care and Use of
Laboratory Animals*“(National Research Council, 2010).
Mice were anesthetized by intraperitoneal injection of
ketamine (100 mg/kg) (Intervet, UnterschleiBheim, Ger-
many) and xylazine (2 mg/kg) (Bayer, Leverkusen, Ger-
many). The left jugular vein was cannulated for injection of
a rhodamine 6 G solution (1 mg/ml) (Sigma, Steinheim,
Germany) for intravenous leukocyte staining. The cre-
master muscle was prepared for intravital microscopy as

described previously [4]. Thereby, the cremaster muscle
was exposed by ventral incision of the scrotum and opened
ventrally, using careful electric cautery to stop bleeding.
The testis and epididymis were detached from the cre-
master muscle and placed into the abdominal cavity. The
cremaster muscle was spread on a custom made Plexiglas
pedestal und continuously perfused throughout the proce-
dure with warm 0.9 % saline. The body temperature of the
mice was maintained using a heating pad. Intravital mi-
croscopy was performed using a Zeiss Axio Tec Vari mi-
croscope (Carl Zeiss, Jena, Germany) with a green filter
connected to a Zeiss Axiocam MRm digital camera (Carl
Zeiss, Jena, Germany). All videos were recorded and
evaluated using Zeiss Axiovision 4.8.2 software (Carl
Zeiss, Jena, Germany). Venules of 20—40 pm diameter
were observed and rolling and adhering leukocytes were
quantified by blinded investigators.

Following intravital microscopy, the cremaster muscle
was surgically removed, embedded in Tissue Tek® OCT™
(Sakura Finetek, Alphen, Netherlands), snap-frozen in
liquid nitrogen, stored at —80 °C for at least 24 h, and cut
into 7 um thick slices using a Leica cryotome CM 1510 S
(Leica, Wetzlar, Germany).

Murine LAD ligation model

Murine LAD ligation was performed as previously des-
ribed [27] in WT and miR-155—/— mice. Samples were
taken from the unaffected myocardium and the area of
infarction 48 h after induction of myocardial infarction by
surgical ligation of the left anterior coronary artery (LAD)
following reperfusion 30 min after the ligation (IR). The
area at risk (AAR) was identified by perfusing the heart
with phthalocyanine blue. A cannula was fixed in the aortic
stump with the tip laying distal of the aortic valve. The
ligation of the LAD prevented the perfusion of the area
distal of the ligation. Thus, the area, referred to as AAR,
remained unstained whereas the unaffected myocardium
was stained blue. For the measurement of the infarct size,
the hearts were cut into 2 mm thick slices and incubated in
1 % triphenyltetrazolium chloride (TTC) in 0.9 % NaCl at
37 °C for 10 min, which stained non-necrotic areas red,
while the area of necrosis (AON) remained unstained.
Slices were photographed and areas were manually coun-
tered using ImageJ. The ratios of area at risk/total area
(AAR/TA) and AON/AAR were obtained by dividing the
sum of the measurements of all slices of each individual
heart.

Murine bone marrow derived macrophages

Bone marrow cells were isolated from the femur bones of
WT (B57BL/6 J) and miR-155—/— (B6.Cg-
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Mirn155tm1.1Rsky/J) mice. Therefore, the bone marrow
was flushed with 0.9 % NaCl. The obtained suspension was
centrifuged and erythrocytes were lysed using lysis buffer.
The remaining cells were again centrifuged, resuspended in
RPMI medium (Invitrogen, Carlsbad, USA) with 10 %
fetal bovine serum (FBS) (Invitrogen, Carlsbad, USA), 1 %
non-essential amino acids PAN™ Biotech, Aidenbach,
Germany), and 2 % Penicillin/Streptomycin (Carl Roth,
Karlsruhe, Germany) and sown in 6 well plates to 1 x 10°
cells per well. The cells were differentiated to macrophages
using 30 ng/ml monocyte colony stimulating factor 1
(MCSF-1) (PreProTech, Rocky Hill, USA) for 72 h. The
success of the procedure was verified using fluorescence-
activated cell sorting (FACS) (FACS Canto II, BD Bio-
scienences, San Jose, USA) after the cells were labeled
with antibodies against F4/80 (AbD Serotec, Oxford, UK)
or, as a negative control, IgG2b (Dako, Hamburg,
Germany).

Transfection

BMDMs were transfected with SOCS-1 siRNA using
Lipofectamin™ RNAIMAX (all by Invitrogen™, Carls-
bad, USA) as described previously [12].

THP1 cells transfected with premiR-155, premiR-
scrambled, antimiR-155, or antimiR-scrambled using 5 pl
Lipofectamin™ RNAIMAX (all by Invitrogen™, Carls-
bad, USA) as described previously [12].

Measurement of ROS production

For measurement of ROS production in native miR-
155—/— and WT BMDMs, as well as miR-155—/—
BMDMs transfected with SOCS-1 siRNA or scrambled
siRNA, the cells were stimulated using 100 ng/ml PMA
for 20 min, simultaneously incubated with 10 uM
Dichloro-dihydro-fluorescein-diacetat (DCFH-DA) and
detached using Accutase (invitrogenTM, Carlsbad, USA).
ROS production was finally measured by flow cytometry
using FACS Canto II (BD Biosciences, San Jose, USA).
The negative control was only incubated with DCFH-
DA.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of Interleukin-13 (IL-1B) was deter-
mined in native protein lysates of lipopolysaccharide (LPS)
(Sigma, Hilden, Germany) stimulated (10 ng/ml, 24 h)
BMDMs using a murine IL-13 ELISA kit (Preprotech,
Hamburg, Germany). Prior to measurement of IL-1f
mRNA expression, the BMDMs were stimulated for 24 h
using 10 ng/ml LPS.
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Statistical analysis

All values are indicated as standard error of the mean.
Gaussian distribution could not be verified due to small
sample size, hence either Mann—Whitney U test or Wil-
coxon log-rank test were conducted. P < 0.05 was con-
sidered statistically significant.

Results
Human studies

Free microsurgical tissue transfer induces significant
ischemia—reperfusion injury

Striated muscle tissue showed a significant inflammatory
response after ischemia/reperfusion that was attributable to
IRI and led to the recruitment of inflammatory cells
(Fig. 1a, b). Expression of the pro-inflammatory cytokines
TNF-a, Interferon y and IL-1p was significantly increased
(Fig. 1c—e). Furthermore, Caspase 3 expression as pa-
rameter of apoptotic cell death and therefore surrogate
parameter for the degree of tissue injury and Endoglin
(CD105) as parameter for angiogenesis were significantly
upregulated after IRI (Fig. 1f—g).

Ischemia—reperfusion injury induces the upregulation
of miR-155 in human striated muscle tissue

In 10 human muscle tissue samples of different patients, we
found a significant upregulation of miR-155 5 days after
ischemia and reperfusion by TagMan PCR of miR-155
expression levels when compared to expression levels be-
fore ischemia (Fig. 2a). Interestingly, expression of sup-
pressor of cytokine signaling 1 (SOCS-1) was significantly
downregulated after IRI (Fig. 2b).

Studies with mouse models

Following these interesting results in human muscle biop-
sie samples, we went on to investigate the expression of
miR-155 in a model of ischemia reperfusion in mice. In
analogy to the results obtained in human tissue, we found a
significant increase of miR—155 expression level in animals
undergoing temporary LAD occlusion compared to sham-
operated animals 5 days after reperfusion (Fig. 2c). To
determine the cell fraction which contributed to enhanced
miR-155 expression level following reperfusion, we used
antibody-coupled magnetic beads to isolate the CD11b
positive cell fraction from sham and IR injured hearts
and determined miR-155 expression by stemloop-based
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Fig. 1 a CD68
immunofluorescence detection
of leucocyte invasion in human
striated muscle tissue 5 days
after free-flap surgery. Typical
results are shown.

b Quantification of
immunofluorescence results.
Number of transmigrated
leucocytes increased
significantly 5 days after free-
flap surgery (n = 11). ¢—

g Relative mRNA expression of
Tumor necrosis factor o

(n = 10), Interferon vy (n = 10),
Interleukin-1p (n = 10),
Caspase 3 (n = 12), and
Endoglin (CD105) (n = 10)
were significantly increased in
human striated muscle tissue

5 days after free-flap surgery.
Values represent mean += SEM
(*P < 0.05)
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Fig. 2 a Relative expression of miR-155 in human striated muscle
tissue increased significantly 5 days after free-flap surgery (n = 14).
b Relative expression of SOCS-1 decreased significantly 5 days after
free-flap surgery (n = 14). ¢ Relative miR-155 expression increased
in hearts of mice after ligation of the left anterior coronary artery
(LAD) for 30 min and recovery (I/R) for 5 days after induction of

TagMan PCR. MiR-155 expression was significantly in-
creased in CD11b positive cells under reperfusion condi-
tions (Fig. 2d).

MiR-155 deficiency protects from IRI-induced tissue
necrosis and attenuates the infiltration of inflammatory
cells in a mouse model of temporary LAD occlusion

The clinical consequence of miR-155 in IRI was investi-
gated in a mouse model of myocardial infarction using
temporary LAD occlusion (Fig. 3a). Exemplary pictures of
stained and sliced hearts of WT and miR-155—/— mice
with the unaffected myocardium (blue), the area at risk
(AAR, red), and the necrotic tissue (white, exemplary
highligted by dashed lines in the third section) are shown in
Fig. 3b. Next, we compared the AAR and the necrotic
tissue area in WT mice to miR-155—/— animals by
planimetry after phthalocyanine blue and TTC staining
(Fig. 3c). We found a small, albeit significant reduction of
the area of necrosis (AON) to AAR ratio in miR-155—/—
animals (Fig. 3e), indicating a protective effect of miR-155
deficiency, whereas the AAR remains similar (Fig. 3d).
Infiltration of neutrophils and macrophages in the AAR
was visualized by Ly-6G and Mac-3 staining, respectively
(Fig. 4a—c). In miR-155—/— hearts, we found a significant
decrease in the number of infiltrating neutrophils and
macrophages (Fig. 4b—d) compared to WT hearts.

Leukocyte rolling and adhesion in IRI is significantly
reduced in miR-155—/— compared to WT animals

We analyzed the impact of miR-155 expression on in-

flammatory cell recruitment by intravital microscopy in an
established IRI model of the cremaster muscle [45]
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myocardial infarction (n = 4). d Relative miR-155 expression
increased in the CD11b positive cell fraction in hearts of mice after
ligation of the LAD for 30 min and recovery (I/R) for 5 days after
induction of myocardial infarction (n =4). Values represent
mean £+ SEM, *P < 0.05

(Fig. 5). A schematic timeline of the course of these ex-
periments is given in Fig. Sh. 30 min of ischemia lead to a
significant increase in rolling and adherent leukocytes in
WT animals as a hallmark of IRI (Fig. 5b—e). These pro-
inflammatory effects were markedly reduced in miR-
155—/— animals compared to WT controls (Fig. 5c—f),
with a most prominent effect at 15 min (rolling) and
30 min (adhesion) after reperfusion (Fig. 5d-g).

Leukocyte transmigration in IRI is significantly reduced
in miR-155—/— compared to WT animals

After intravital microscopy, the cremaster muscle was
analyzed by immunohistochemistry for leukocyte trans-
migration (Fig. 6a). In line with the findings obtained for
leukocyte rolling and adhesion, WT animals showed an
increase in infiltrating leukocytes after IRI as detected by
Mac-3 staining. Tissue positive for Mac-3 was significantly
reduced after IRI in miR-155—/— animals as confirmed by
quantitative analysis of Mac-3 positive cells/100.000 pm?>
(Fig. 6b). Importantly, there was no difference in the
number of tissue resident Mac-3 positive cells at baseline
between the two groups in the sham-operated animals.

Pro-inflammatory cytokine/chemokine production is
impaired in miR-155 deficient BMDM

As our initial characterization of the IRI in free-flap tissue
had shown a prominent increase of IL-1B during IRI, we
analyzed whether the expression of this pro-inflammatory
mediator was altered in bone marrow derived macrophages
(BMDM) of miR-155 deficient mice. While baseline ex-
pression was similar to wildtype cells, we detected a sig-
nificant attenuation of IL-1p expression in miR-155—/—
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Fig. 3 Reduced area of necrosis in miR-155 knock out hearts after
ligation of the left anterior coronary artery (LAD) for 30 min and
recovery (I/R) for 48 h after induction of myocardial infarction.
a Exemplary picture of a ligated heart with the affected tissue distal of
the ligation (white area right panel) and the unaffected tissue (back
side left panel). b Representative pictures of sliced miR-155—/— and
wildtype hearts after I/R injury from the base to the apex. Unaffected
tissue is stained blue by phthalocyanine blue infiltration. By
incubating sliced hearts in TTC, non-necrotic areas of the area at

cells in response to LPS-stimulation on both mRNA
(Fig. 7a) and protein level (Fig. 7b), indicating that miR-
155 is directly modulating the post-ischemic inflammatory
response detected in post-ischemic tissues. This is in good
correspondence with our findings in human biopsy samples
after IRI, where we found both miR-155 and IL-1P to be
increased. Additionally, we observed an impaired TNF-
alpha as well as MCP-1 expression under pro-inflammatory
PMA stimulation in BMDM if miR-155 was lacking
(Fig. 7c—d). Interestingly, we could rescue this impairment
by transfection of miR-155-specific precursor molecules,
indicating the dependency of pro-inflammatory cytokine/
chemokine expression on miR-155 expression (Fig. 7e—f).

miR-155 enhances generation of ROS in inflammatory cells

Generation of ROS in inflammatory cells is a major
mechanism of tissue injury in the inflammatory response.
In BMDMs derived from either WT animals or miR-
155—/— animals stimulation with PMA led to a sig-
nificantly increased ROS generation as detected by DCFH-
DA staining in flow cytometry. This effect was sig-
nificantly reduced in miR-155—/— animals (Fig. 7g).
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risk (AAR) were stained red while the area of necrosis (AON)
remained unstained. ¢ Midventricular slice with schematic of manual
infarct planimetry. AAR (non-blue area 19 % of total area) and AON
(white area 40 % of the AAR) were manually contoured. d No
significant difference could be detected in the size of the AAR relative
to the total area (TA) (n > 12). e The size of the AON relative to the
AAR is significantly reduced in miR-155 deficient mice 48 h post
myocardial I/R injury compared to WT mice (n = 14). Values
represent mean = SEM, *P < 0.05

miR-155 mediates its effects in circulating cells
by suppressing SOCS-1

Besides the diminished cytokine/chemokine and ROS
production in BMDMs lacking miR-155, we found that
SOCS-1 expression was not significantly effected follow-
ing PMA stimulation compared to basal culture conditions
(Fig. 8a), suggesting the negative regulator of JAK/STAT
signaling as a possible mediator of the observed miR-155
effects. Indeed, we found highly increased SOCS-1 ex-
pression level in miR-155 deficient BMDM compared to
wildtype cells on mRNA (Fig. 8b) and protein expression
level (Fig. 8c—d). We went on to investigate if silencing of
SOCS-1 expression level could rescue the phenotype of
BMDM lacking miR-155. Using an established transfec-
tion protocol, we could achieve a significicant down-
regulation of SOCS-1 on mRNA (Fig. 8¢) and protein
expression level (Fig. 8f—g) following transfection of
SOCS-1-specific siRNAs. Indeed, RNA silencing of
SOCS-1 in miR-155—/— BMDM led to an increase of ROS
production, suggesting that miR-155 negatively regulates
SOCS-1 that in turn is modulating ROS generation pre-
sumably via cytokine expression (Fig. 8h).
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Fig. 4 Neutrophils and (a)
macrophage abundance in miR-
155—/— hearts after I/R injury
(30 min LAD ligation and
ensuing 48 h reperfusion). A
series of heart sections was
stained with anti Ly-6G
antibody to detect neutrophils
(a red) and with anti Mac-3
antibody to visualize
macrophages (¢ red), nuclei
were stained with DAPI (blue).
For each heart, the number of
neutrophils (b) and
macrophages (d) was quantified
on 5 serial sections starting from
the point of ligation and (c)
progressing toward the apex

(n > 4). Less infiltrating

neutrophils and macrophages

were detected in miR-155 =
deficient hearts compared to

wildtype hearts. Values

represent mean + SEM,

*P < 0.05

Ly-6G/DAPI

miR-155-/-

Mac-3/DAPI

miR-155-/-

Discussion
Major findings

Here, we identify the upregulation of the inflammation-
related microRNA miR-155 during IRI in a unique human
sample collection and characterize the role of miR-155 in
the pathogenesis of IRI. Our results point to miR-155 as a
potential therapeutic target based on the following findings:
(1) In ischemically challenged human striated muscle tis-
sue after free-flap transfer miR-155 expression is sig-
nificantly upregulated and correlates with markers of
inflammation, tissue injury, and leukocyte infiltration. (2)
In a mouse model of myocardial infarction, miR-155 de-
ficiency significantly reduces the area of necrosis, indi-
cating a protective effect of the lack of miR-155. (3) MiR-
155 modulates leukocyte recruitment in IRI and genetic
deficiency for miR-155 leads to decreased rolling, adhe-
sion, and infiltration of inflammatory cells into the post-
ischemically inflamed tissue. (4) MiR-155 aggravates cy-
tokine expression and ROS expression in inflammatory
cells, a major contributing factor to tissue injury in IRI,
partially via suppression of the direct miR-155 target gene
SOCS-1.
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Selection of miR-155 as target miR

With the aim to analyze inflammation-specific miR ex-
pression in ischemia-reperfusion injury, we performed a
stem-loop TagMan PCR quantification of miR-155 using
striated muscle tissue derived from reconstructive free-flap
surgery. In this surgical procedure, striated muscle tissue is
transplanted to other parts of the body and the blood supply
is reestablished via microsurgical vessel anastomosis. This
tissue represent an attractive human surrogate tissue to
investigate the mechanisms of IRI, as the tissue undergoes
reproducible times of ischemia and is easily accessible for
biopsies and further investigations without risk for the
patient. This technique has already been used by us and
others to investigate potential treatment concepts aimed to
reduce IRI [7, 8, 46]. As these samples represent striated
muscle tissue, care has to be taken when extrapolating
results obtained in this tissue to the myocardium. However,
it is an ideal surrogate model of IRI in human tissue as
painless biopsies can be taken on the body surface without
the need of invasive procedures.

We focused on miR-155, as this miR has been previ-
ously described as a miR with potential pro-inflammatory
properties [48], but to the best of our knowledge has not
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Fig. 5 a Intravital microscopy
of leucocyte—endothelium
interaction in postcapillary
venules before and after 30 min
of ischemia and 15 min of
reperfusion or 30 min of
ischemia and 30 min of
reperfusion in murine cremaster
muscle. Intravenous staining of
leucocytes with rhodamine.
Representative results are
shown. Quantitative results of
leucocyte—endothelium
interaction before and after

30 min of ischemia (n > 6). IRI
lead to increased numbers of
rolling (b) and adherent

(e) leucocytes on the
endothelium. The increase of
rolling (c) and adherent (f) cells
is attenuated in miR-155—/—
mice. d The number of rolling
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been investigated in the context of ischemia-reperfusion
injury so far. MiR-155 is expressed from an evolutionary
broadly conserved structure in the B cell Integration
Cluster (BIC) gene on chromosome 21. It is involved in a
broad spectrum of biological processes including tumor
development, inflammation, and immunity. In the cardio-
vascular field, Martin and coworkers first described miR-

155 in 2007 as a translational repressor of angiotensin II
type 1 receptor (AGTR1) expression [28]. Recent work has
shown that miR-155 is induced in macrophages by cy-
tokines such as TNF-o and IFN-B [33, 47] and that it
contributes to physiological granulocyte/monocyte expan-
sion during inflammation [32]. Although miR-155 has
previously been shown to have a broad expression pattern
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Fig. 6 a Mac-3 (a) Mac-3/Hoechst - Hoechst
immunofluorescence detection

of leucocytes invasion in murine
cremasteric muscle after 30 min
of ischemia and 120 min of
reperfusion. Typical results are
shown. b Quantification of
immunofluorescence results.
Number of transmigrated
leucocytes increased
significantly after 30 min of
ischemia and 120 min of
reperfusion in WT mice.
Number of transmigrated
leucocytes did not increase after
30 min of ischemia and

120 min of reperfusion in miR-
155—/— mice (n > 5). Values
represent mean + SEM,

*P < 0.05

miR-155-/- sham WTIRI WT sham

miR-155-/- IRI

negative control

(
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Fig. 7 Expression of pro-inflammatory cytokines and chemokines in
bone marrow derived macrophages (BMDM). a Relative mRNA
expression in miR-155—/— BMDM was significantly reduced com-
pared to WT BMDM after stimulation with LPS (n = 12). b ELISA
analysis of IL-1B showed significantly lower expression in miR-
155—/— BMDM compared to WT BMDM after stimulation with LPS
(n = 4). Relative mRNA expression of TNF-a (¢) and MCP-1 (d) is
impaired under pro-inflammatory PMA stimulation (n = 6). The

in a wide variety of cell types, our analysis of mir-155
expression in isolated CD11b positive cells from the LAD-
ligation model confirmed that the increased expression of
miR-155 in this infiltrating cell population at least con-
tributes to the overall regulation observed in our initial
experiment. In addition, miR-155 is required for B and T
lymphocyte dendritic cell function [37, 50]. Mechanisti-
cally, the transcription factor Pu.l has been identified as
direct target of miR-155 in B cells [50]. Thus, miR-155
seemed to be a promising candidate miRNA for investi-
gation in the context of IRI-induced inflammation.

Regulation of inflammation by miR-155

Our results do not only identify miR-155 as a contributing
factor to tissue injury in IRI and myocardial infarct, but
also provides the mechanisms by which these detrimental
effects are regulated. In the inflammatory sequelae leading
to tissue injury after ischemia reperfusion, the major role of
pathologically altered leukocyte—endothelial interaction
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disturbed MCP-1 (e) and TNF-a (f) expression in miR-155—/—
BMDM could be rescued by transfection of miR-155-specific
precursor molecules (n = 9). g Increased ROS generation after
PMA stimulation in BMDMs derived from either WT or miR-
155—/— animals, detected by DCFH-DA staining in flow cytometry.
This effect was significantly reduced in miR-155—/— animals
(n = 7). Values represent mean = SEM, *P < 0.05

[10, 24] and the generation of ROS [36, 58] are well
documented and were therefore in the focus of our interest.

The results from our current study revealed an at-
tenuation of inflammatory cell infiltration during acute IRI
under conditions of miR-155 deficiency. This is in good
agreement with previous reports on chronic vascular in-
flammation: in the setting of cardiovascular disease miR-
155 promotes atherosclerosis by repressing Bcl6 in mac-
rophages [31]. This was confirmed in an Apo E—/— model
of atherogenesis in which miR-155 deficiency resulted in
decreased macrophage inflammation and attenuated
atherogenesis [6]. Interestingly, Nazari—Jahantigh and
coworkers also observed a reduced macrophage count in
lesions of miR-155—/— animals in this model of chronic
inflammation. Thus, the influence of miR-155 on inflam-
mation in the setting of atherogenesis seems to be pre-
dominantly due to its effects on leukocytes. This is further
emphasized by a recent study demonstrating a reduced
cardiac inflammation and reduced hypertrophic growth in
miR-155—/— animals upon chronic pressure overload [40].
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Fig. 8 miR-155 suppresses SOCS-1 expression in BMDM. phenotype of BMDM lacking miR-155 at the mRNA level (e) and

a Relative mRNA expression of SOCS-1 is disturbed in miR-
155—/— BMDM stimulated with PMA (n = 6). Increased SOCS-1
mRNA expression (b) and protein level (¢) in miR-155 deficient cells
compared to WT cells under basal conditions (n = 6). d Quantifica-
tion of SOCS-1 protein level observed in (c¢). Silencing of SOCS-1 by
transfection with SOCS-1-specific siRNAs could rescue the

In line with the aforementioned findings, these protective
effects are dependent on the lack of mir-155 expression in
macrophages, again highlighting the role of this leukocyte
lineage in mediating pro-inflammatory miR-155 effects.

In contrast to the situation in atherogenesis and cardiac
hypertrophy by pressure overloading, which both present
chronic inflammatory processes, the acute cardiac ischemia
by LAD occlusion and our cremasteric IRT model as model
of post-surgical IRI represent models of acute inflamma-
tion. This is a major novelty of our study, as our results
demonstrate a protective effect of miR-155 deficiency al-
ready in the early acute phase of the inflammatory response
to injury. In addition, our data also point toward a critical
role of miR-155 in non-monocytic leukocyte populations in
this setting, with a particular focus on rolling and adhesion
and ROS generation as crucial events in this phase of the
inflammatory cascade.

MiR-155 is a multifunctional miRNA with a broad
spectrum of validated or predicted target genes in multiple
cell types [9]. The identification of a single target gene
mediating the effects of miR-155 in IRI seems therefore

@ Springer

the protein level (f) (n > 3). g Quantification of SOCS-1 protein level
observed in (f). h RNA silencing of SOCS-1, together with PMA
stimulation, led to an increase of ROS production in miR-155—/—
BMDM compared to cells silenced with control siRNA (n = 6).
Values represent mean = SEM, *P < 0.05

unlikely. We focused on SOCS-1, as the upregulation of
miR-155 during IRI in human free-flap tissue, is mirrored
by a corresponding downregulation of this intrinsic anti-
inflammatory regulator, suggesting a functional interaction
in human disease.

This negative regulator of the JAK/STAT signaling
pathway harbors a highly conserved binding site for miR-155
in its 3'UTR. Its suppression by miR-155 was recently
identified as the mediating mechanism for the pro-inflam-
matory effects of this microRNA in a variety of diseases
including rheumatoid arthritis [25], lung injury [35], and
malignancy [57]. Our finding that the reduced generation of
ROS in BMDMs derived from miR-155—/— animals is re-
stored upon silencing of (SOCS-1) shows that the suppres-
sion of this direct miR-155 target is an essential component
of the miR-155-mediated increase in ROS-production. The
specificity of our findings of a decreased pro-inflammatory
capacity of miR-155—/— BMDM is further supported by the
successful rescue of cytokine generation in miR-155—/—
BMDM, if miR-155 is overexpressed by transfection with
premiR-155 oligonucleotides.
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miR-155 in the cardiovascular system

While the functional role of miR-155 in the setting of my-
ocardial infarction has so far remained unclear, several ob-
servatory clinical studies have already pointed toward a
harmful and potentially important role of miR-155 in human
patients with acute coronary syndrome: Matsumoto and
coworkers recently found that serum levels of miR-155 were
significantly elevated in patients who died after admittance
for myocardial infarction compared to patients who sur-
vived up to one year [29]. Xie et al. published observational
data that suggest a partial mediation of the protective effects
of statin treatment in acute coronary syndromes via the
suppression of miR-155/SHIP-1 signaling pathway [54]. As
miR-155 is a multifunctional miRNA with a broad expres-
sion pattern across cell types [9], these studies do not allow a
conclusive interpretation of miR-155 function in the is-
chemically challenged heart. In cardiomyocyte progenitor
cells, miR-155 even seems to offer a relative protection from
necrotic cell death by targeting receptor interacting protein 1
[26], whereas miR-155 expression in murine cardiac fi-
broblasts promotes fibrotic remodeling after myocardial
infarction [23]. Heymans and coworkers recently showed
that miR-155 promotes cardiac hypertrophy and heart fail-
ure in mice and that this phenotype is dependent on miR-155
expression in macrophages [18]. To our knowledge, our
study is the first to directly assess the functional effects of
miR-155 in the setting of experimental myocardial infarc-
tion in mice, demonstrating an overall harmful effect of
miR-155 on myocardial infarct size. Although our genetic
model of global miR-155 deficiency does not allow the di-
rect identification of the responsible cell population, our
histological analysis as well as our mechanistic experiments
demonstrate that a reduction of inflammatory cell infiltration
by attenuation of leukocyte—endothelial interaction is at
least one of the contributing mechanisms.

In addition, we found that miR-155 expression corre-
lates with the upregulation of IL-1f expression both in our
human biopsy samples obtained before and after IRI as
well as during inflammatory activation of BMDMs in
culture, suggesting the modulation of pro-inflammatory
cytokine signaling as a miR-155-dependent factor. IL-1f is
a major contributing factor to IRI in the murine my-
ocardium [44] and has been shown to directly correlate
with the extent of IRI in human free muscle flaps [8].

Previously published studies on the modulation of in-
flammatory cytokine expression by miR-155 reported
partly contradictory results: while a recent study reported a
negative modulation of TNF-ao and IL-1B by miR-155 in
monocyte-derived dendritic cells and oxLDL-treated
macrophages [5], another study described a positive
regulation of both cytokines by miR-155 in PBMCs [25].
Our own results showed an increased expression of IL-13

upon LPS stimulation in WT BMDMSs compared to
miR155—/—-derived BMDMs. These differences between
studies might be explained by the different cell types and
different ways of stimulation used.

In comparison with other studies on miRNA expression
in acute myocardial infarction, the upregulation of miR-
155 detected in our experiment is relatively modest [38,
49]. However, this finding is in good correspondence with
the previous reported oscillatory change in expression of
miR-155 in monocytes and macrophages during initiation
of the innate immune response, in which LPS or TNF-a
stimulation of mouse macrophages lead to only moderate
miR-155 upregulation [47] despite significant functional
effects. This together with the finding that miR155-levels
are upregulated in response to interferon-beta in human
monocytes [33] indicates that miR-155 plays a central role
in regulating the acute inflammatory response to a wide
range of extrinsic pathogens. Our work is for the first time
showing that miR-155 upregulation is also an acute re-
sponse to intrinsic tissue injury, e.g., in IRL

Our intravital imaging results demonstrate comparable
leukocyte rolling and adhesion between miR-155—/— and
wildtype mice at rest, in good correspondence with previous
characterizations of miR-155—/— mice showed that these
animals generate normal leukocyte populations under rest-
ing conditions [21, 43]. The protective phenotype of miR-
155 deficient animals only becomes apparent after induc-
tion of IRI, showing a significant reduction of leukocyte
rolling and adhesion as well as tissue infiltration. Finally, a
reduced necrotic cardiac tissue area in miR-155—/— ani-
mals compared to WT mice could be observed. This cor-
related directly with a reduced inflammatory cell infiltration
in good agreement with a recent report which showed that
the reduced infiltration of neutrophils in toll-like receptor 4
deficient mice results in decreased infarction after IRI [34].

In our mouse model of ischemia/reperfusion, we ob-
served a significant increase as early as 30 min after
reperfusion. This is in line with the observations of Ayhan
and coworkers in cremasteric ischemia/reperfusion [2] and
is also found in ischemia/reperfusion injury of other or-
gans, such as the liver [51]. The time of ischemia used by
us (30 min) was chosen, as this amount of time does not
significantly alter microcirculatory blood flow that can
confound results [20] and ischemia time, as well as kinetics
of leukocyte adhesion after reperfusion are similar to the
findings of Johns and coworkers in a similar model of is-
chemia/reperfusion injury [20]. However, the increase of
leukocyte rolling and adhesion over the first 2 h after
reperfusion observed in our animal model might only
represents the initial steps of the inflammatory cascade as
in other animal models of IRI it has been shown that the
most prominent increase in leukocyte infiltration can be
detected on day five after ischemia and reperfusion [56].
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Limitations of the study

While our findings clearly demonstrate the functional role
of miR-155 in the mediation of the acute inflammatory
response, definite conclusions about the long-term effects
of miR-155 deficiency, or therapeutic miR-155 inhibition
cannot be drawn from our data. A limited inflammatory
response is also part of the physiologic healing process of
myocardial injury [11, 30] and our model of a relatively
short ischemic period and a small resulting infarct size does
not allow the valid assessment of long-term effects of miR-
155 deficiency. The DCFH-DA-method, as all fluores-
cence-based techniques for ROS-quantification, has several
substrate-specific limitations that need to be taken into
account when interpreting our findings, including the fact
that DCFH does not directly react with H,O, but is oxi-
dized to DCF by several one-electron oxidizing species
[22].

In addition, the potential therapeutic inhibition of miR-
155 is hampered by the multifunctional role of this mi-
croRNA and could result in multiple unwanted side effects
such as immunosuppression [39] and tumor growth [52].

Conclusion

Our findings identify a causal role for miR-155 during IRI.
MiR-155 modulates leukocyte recruitment in the mi-
crovasculature and contributes to ROS-production in in-
flammatory cells via suppression of its target gene SOCS-1,
thereby aggravating post-ischemic tissue injury. Although
specific oligonucleotide-based microRNA-inhibitors are on
the way to clinical application, the therapeutic potential of
miR-155 is limited by its multifunctional role and its in-
volvement in host defence and neoplastic growth. How-
ever, our findings demonstrate that microRNAs could
represent promising targets for the modulation of IRI or
other acute inflammatory conditions, where the a bolus
treatment with a microRNA-inhibitor could result in a
sustained anti-inflammatory effect.
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