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SUMMARY

At an injury-site, efficient clearance of apoptotic cells by wound macrophages or efferocytosis is a
pre-requisite for the timely resolution of inflammation. Emerging evidence indicates that miR-21
may regulate the inflammatory response. In this work, we sought to elucidate the significance of
miR-21 in the regulation of efferocytosis mediated suppression of innate immune response, a key
process implicated in resolving inflammation following injury. An increased expression of
inducible miR-21 was noted in post-efferocytotic peripheral blood monocyte-derived macrophages
(MDM). Such induction of miR-21 was associated with silencing of its target genes PTEN and
PDCDA4. Successful efferocytosis of apoptotic cells by MDM resulted in the suppression of LPS-
induced NF-xB activation and TNFa expression. Interestingly, bolstering of miR-21 levels alone
using miR mimic resulted in significant suppression of LPS-induced TNFa expression and NFkB
activation. We report that efferocytosis-induced miR-21, by silencing PTEN and GSK3p, tempers
LPS-induced inflammatory response. Macrophage efferocytosis is known to trigger the release of
anti-inflammatory cytokine 1L-10. This study demonstrates that following successful
efferocytosis, miR-21 induction in macrophages silence PDCD4 favoring cJun-AP1 activity which
in turn results in elevated production of anti-inflammatory IL-10. In summary, this work provides
direct evidence implicating miRNA in the process of turning-on an anti-inflammatory phenotype
in the post-efferocytotic macrophage. Elevated macrophage miR-21 promotes efferocytosis and
silences target genes PTEN and PDCD4 which in turn accounts for a net anti-inflammatory
phenotype. Findings of this study highlight the significance of miRNAs in the resolution of wound
inflammation.

INTRODUCTION

Efferocytosis, a term coined by deCathelineau and Henson (1) and Gardai et al (2), refers to

phagocytosis of apoptotic cells (3). Efferocytosis is the final fate of apoptotic cells at an
injury site. Successful efferocytosis drives timely resolution of inflammation (4-7).
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Defective clearance of apoptotic cells has been linked to autoimmunity and persistent
inflammatory diseases (8). In contrast to uptake of pathogens or FcR-mediated phagocytosis,
the engulfment of apoptotic cells does not lead to pro-inflammatory cytokine production by
macrophages (9). Thus, efferocytosis is non-inflammatory and non-immunogenic (10).

MicroRNAs (miRNASs), 19- to 22-nucleotide long, are noncoding RNAs found in all
eukaryotic cells (11). These non-coding small RNA regulate roughly 30% of the human
genome primarily through translational repression (12). miRNAs were linked with immune
responses in a study where miRNA expression profiling was performed in a monocytic cell
line treated with the lipopolysaccharide (LPS), a ligand for TLR4 (13). The expression of
miR-146a, miR-155 and miR-132 were induced in response to LPS stimulation (13, 14).
While the role of miRNA in inflammatory response associated with cancer has been
extensively studied (15-18), information on their role in regulating efferocytosis mediated
immune suppression and resolution of inflammation is scanty. It has been commonly noted
that inflammatory stimuli induce miR-21 (19, 20). A single primary transcript containing
miR-21 (pri-miR-21) is transcribed from an evolutionarily conserved promoter that resides
in an intron of an overlapping coding gene, TMEMA49 (21). PTEN and the tumor suppressor
PDCD4 have been identified as one of the first validated direct targets that are
translationally silenced by miR-21 (22, 23). Recent evidences indicate that miR-21 may
serve as an rheostat to control the inflammatory response (24). In one of the first works that
noted the anti-inflammatory properties of miR-21 in macrophages, it was reported that
miR-21 silences the pro-inflammatory interleukin (IL)-12 (25). In the lungs, miR-21
inhibited toll-like receptor 2 agonist-induced lung inflammation in mice (26). miR-21 is
inducible by resolvin D1, an endogenous lipid mediator generated during the resolution
phase of acute inflammation. Thus, miR-21 has been proposed to a play a role in resolving
acute inflammation (27). Beyond its direct effects on macrophages, miR-21 acts on a
number of biological targets validated in a variety of cell types pointing to an overall anti-
inflammatory role (24). As an anti-inflammatory agent, miR-21 silences PTEN as well as
PDCD4 (24, 28). In this work, we sought to elucidate the significance of miR-21 in the
regulation of efferocytosis mediated suppression of innate immune response, a key process
implicated in resolving inflammation following injury.

MATERIALS IN METHODS

Peripheral Blood Monocyte Derived Macrophages (MDM)

Human peripheral blood mononuclear cells were isolated from fresh blood leukocyte source
packs (American Red Cross, Columbus, OH) by density gradient centrifugation using a
Ficoll-Hypaque density gradient (GE Healthcare, formerly Amersham Biosciences,
Piscataway, NJ). Positive selection for monocytes was performed using CD14 antibody
conjugated to magnetic beads (Miltenyi Biotec, Auburn, CA). Purity of these preparations of
monocytes was >90% as determined by fluorescence-activated cell sorting analyses using
CD14 antibodies. Differentiation of these cells to macrophages (MDM) was performed as
described (29).
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Apoptotic cell clearance (efferocytosis) assay

MDM were seeded in 6-well plates. Apoptosis in Jurkat cells was induced by treating the
cells with anti-Fas Antibody (human, activating), clone CH11 (250 ng/ml, Millipore,
Temecula, CA). Apoptotic Jurkat cells (Clone E6-1, ATCC, Manassas, VA) were added to
MDM cultures at a ratio of (1:10) macrophage:Jurkat cell. The co-culture and efferocytosis
assay was performed as described previously (4). Following completion of efferocytosis
assay, LPS was added to the culture media as specified in figure legends.

ELISA

For measurement of IL-10 and TNF-a produced by macrophages, cells were seeded in 6-
well or 12-well plates and cultured in RPMI 1640 medium containing 10% heat-inactivated
bovine serum under standard culture conditions. After specified duration, the culture media
was collected and IL-10 and TNF-a levels were measured using commercially available
ELISA kits (R & D Systems, Minneapolis, MN) as per manufacturer’s instructions (4, 29).

Reverse transcription and quantitative RT-PCR (qPCR)

Total RNA was extracted using the mirVana RNA isolation kit (Ambion, Austin, TX),
according to manufacturer’s instructions. mMRNA was quantified by real-time or quantitative
(Q) PCR assay using the double-stranded DNA binding dye SYBR Green-I as described
previously (29-31). For determination of miR expression, specific TagMan assays for miRs
and the TagMan Micro-RNA Reverse Transcription Kit were used, followed by real time
PCR using the Universal PCR Master Mix (Applied Biosystems, Foster City, CA)(22, 32,
33).

mMiRIDIAN miRNA mimic/inhibitor and siRNA delivery

DharmaFECT™ 1 transfection reagent (Dharmacon RNA technologies, Lafayette, CO) was
used to transfect cells with miRIDIAN mimic-miR-21 (Dharmacon RNA technologies,
Lafayette, CO) for 72h as per the manufacturer’s instructions. miRIDIAN miRNA mimic/
inhibitor negative controls (Dharmacon RNA Technologies, Lafayette, CO) were used for
control transfections. siRNA transfections were performed as described (29, 31). In brief,
DharmaFECT™ 1 was used to transfect cells with 100nM siRNA pool of PTEN, PDCD4 or
cJun (Dharmacon RNA technologies, Lafayette, CO) for 72h. For control, siControl non-
targeting siRNA pool (mixture of 4 siRNA, designed to have =4 mismatches with the gene)
was used. Using this approach, the transfection efficiency was ~70%.

Western blot

Western blot was performed using primary antibody against PDCD4, PTEN, phospho-p65,
phospho-1kB-a, 1kB-a, phospho-IKK-f, IKK-8, phospho-c-Jun (Cell Signaling) and c-Jun
(Santa Cruz Biotechnology) as described previously(31, 34, 35). Membranes were probed

with anti-GAPDH or B-actin antibody to control for sample loading.

Adenoviral delivery of PTEN, NFxB luciferase reporter and AP1 luciferase reporter

Primary human macrophages were infected with adenovirus encoding for PTEN (Applied
Biological Materials Inc., Canada), NF«xB promoter luciferase reporter or AP1 luciferase
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reporter gene (Vector Biolabs, Philadelphia, PA) as described previously (22, 36). After 72-
h infection, cells were harvested for protein, RNA, NFxB reporter or AP1 reporter luciferase
assay.

DNA binding of NFxB

Nuclear protein extracts of cells were prepared using the nuclear extraction kit (Active
Motif, Carlsbad, CA) according to manufacturer’s instructions. Binding of NFxB family of
proteins to their consensus sites was determined using an ELISA-based Trans-AM NF«B kit
(Active Motif, Carlsbad, CA).

miR-target 3’-UTR luciferase reporter assay

miRIDIAN mimic-miR-21 were transfected to HEK293 cells followed by transfection with
pGL3-PTEN-3’-UTR plasmid or lenti luc-PDCD4-3'UTR (SA Biosciences). Luciferase
assay were performed using the reporter assay system (Promega) as described (32, 33).

AP-1 reporter assay

For AP-1 transcriptional activation assay HEK293 TLR4/IL-1R1/MD-2 cells were provided
by Dr. Mikhail Gavrilin at The Ohio State University (37). Cells were transfected with 500
ng of AP-1 plasmid (Stratagene, CA) using Lipofectamine LTX/Plus reagent (Invitrogen,
NY) according to the manufacturer’s protocol. After 48 h, cells were transfected with
control or miR-21 mimic for 72 h. Luciferase activity was determined using the luciferase
reporter assay system (Promega, WI1).

Statistics
Data are reported as mean + SD of 3—4 experiments as indicated in the respective figure
legends. Comparisons among multiple groups were tested using analysis of variance
(ANOVA). p < 0.05 was considered statistically significant.

RESULTS

Increased expression of LPS-inducible miR-21 following efferocytosis

We determined whether successful efferocytosis or engulfment of apoptotic cells by
macrophages regulate the expression of miR-21. For efferocytosis assay, MDM were co-
cultured with apoptotic (effry;) or viable (effr)g) Jurkat T cells. Such co-culture resulted in
successful engulfment of apoptotic Jurkat cells but not the viable cells (Fig 1A). The current
study addressed efferocytosis associated with inflammatory settings. Inflammatory response
in engulfing MDM was induced by treating cells with the TLR-4 agonist lipopolysaccharide
(LPS). Following LPS treatment (6h or 24h), the expression of miR-21 expression was
increased in MDM that engulfed apoptotic cells compared to the MDM that were co-
cultured with viable cells (Fig 1B). In the absence of TLR-4 agonist, miR-21 expression in
MDMs co-cultured with viable or apoptotic cells remained unaltered (Fig 1C). To test
whether the LPS-induced miR-21 expression response is specific to efferocytosis,
cytoskeleton was disrupted using cytochalasin D. Cytochasin D is known to block
efferocytosis by disrupting actin polymerization (38). Pre-incubation with cytochasin D
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blocked efferocytosis mediated miR-21 induction (Fig 1D). Furthermore, miR-21 expression
in macrophages remained unaltered in response to phagocytosis of bacteria (not shown).
These two lines of evidence support that induction of miR-21 is a response that is
specifically caused by efferocytosis. Finally, induction of miR-21 expression was associated
with silencing of its target genes PTEN and PDCD4 (Fig 1E-F).

Efferocytosis-induced miR-21 suppressed the pro-inflammatory NFxB-TNFa pathway

Under pro-inflammatory conditions such as presence of pathogenic microbial stimuli, the
engulfment of apoptotic cells by macrophage suppressed production of the pro-
inflammatory cytokine TNFa and induced the production of anti-inflammatory cytokine
IL-10 (39-41). Successful efferocytosis of apoptotic Jurkat cells by MDM resulted in
suppression of LPS-induced TNFa levels both at protein as well as mRNA levels (Fig 2A-
B). Interestingly, isolated bolstering of miR-21 levels in MDM using miR mimic
(miRIDIAN hsa-miR-21, Fig 2F) resulted in significant suppression of LPS-induced TNFa
expression (Fig 2C). Lenti-miR-000-zip or lenti-miR-21-zip vectors and puromycin
selection were utilized to generate THP-1 cells with stable knockdown of miR-21 (Fig G-H).
Such THP-1 cells with stable knockdown of miR-21 expression were differentiated to
macrophages as described (29). In these cells, LPS-induced TNFa levels were further
potentiated as compared to that of LPS treated lenti-miR-000-zip THP-1 cells (Figure 2D).
Finally, efferocytosis dependent suppression of LPS-induced TNFa expression was
significantly blocked in cells with stable knockdown of miR-21 levels (Fig 2E). In summary,
these data establish that elevated miR-21 causes efferocytosis-induced suppression of
inducible TNFa expression.

NF-xB is one of the major transcription factors that drive inducible TNFa expression in
macrophages (42). We tested whether efferocytosis may influence LPS-induced NF-xB
activation. Both DNA binding activity of NF-xB in nuclear extracts of MDM as well as NF-
kB transcriptional activation as measured using NF-xB-dependent luciferase reporter gene
(Ad5NFxB-LUC) was significantly inhibited in MDM co-cultured with apoptotic cells
(effrpj)as compared to that in MDM co-cultured with viable cells (effr|,, Fig 3A-B). LPS
induced phosphorylation of 1B as well as of the NF-xB subunit p65 in macrophages play a
critical role in NF-xB transactivation (43). Efferocytosis significantly inhibited LPS-induced
p65 phosphorylation (Fig 3C). Comparable to the effect of efferocytosis, increase or
knockdown in miR-21 levels in MDM was inversely related to phosphorylation of p65 and
IxB indicating direct regulation of NF-kB activation by miR-21 in MDM (Fig 3E-G).
Bolstering miR-21 in MDM by miR mimic delivery did not influence TLR-4 expression
suggesting that miR-21 acts downstream of TLR4 (Fig 3D). The delivery of miR-21 mimic
to MDM, however, did enhance efferocytosis (Fig 3H).

miR-21 target PTEN exacerbated LPS-induced TNFa expression by potentiating NFxB

activation

Using miR mimic, knockdown and PTEN-3’-UTR firefly luciferase expression construct we
observed that PTEN is a direct target of miR-21 in MDM (Fig 4A-C). Overexpression of
PTEN in MDM using adenoviral-PTEN vector (Fig 5F) resulted in increased LPS-induced
TNFa production (Fig 5A). Vanadate derivatives such the bisperoxovanadium (bpV)
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function as phosphatase inhibitors in micromolar concentration (44). bpV(phen) specifically
inhibits PTEN in nanomolar concentrations (44). Potent inhibition of LPS-induced TNFa
production was noted with in MDM treated with bpV/(phen) (100 nM) (Fig 5B) indicating a
supporting role of PTEN in LPS-induced TNFa production. Furthermore PTEN inhibition
using siPTEN or bpV(phen) blocked inducible TNFa production under conditions of
miR-21 depletion (Fig 5C-D). This data suggests that PTEN plays a critical role in miR-21
mediated regulation of TNFa. Next, we determined the effect of PTEN on LPS-induced
NFkB activation. Both LPS-induced NFxB transactivation using NFxB-Luc reporter
construct as well as phospho-p65 induction was further potentiated in MDM where forced
expression of PTEN was achieved in MDM using adPTEN. These findings support that high
PTEN levels in cell increases LPS-induced NF-«B activation and therefore, TNFa
expression (Fig 5E-F). Thus, the PTEN silencing effects of miR-21 may account for its anti-
inflammatory function.

miR-21 silencing of PTEN inhibited GSK3p implicated in NFxB activation and inducible
TNFa expression

PTEN blocks the action of PI3-K by dephosphorylating the signaling lipid PIP3. Thus,
PTEN antagonizes signaling through the PI3-K pathway (45). P13-K/Akt signaling pathway
is a major regulator of glycogen synthase kinase 3 (GSK3). GSK3 isoforms are normally
constitutively active in a cell, and they are regulated through inhibition (46). GSK3p activity
can be downregulated by phosphorylation at the N-terminal region serine 9 which leads to
the inhibition of this isoform (46). In general, phosphorylation at serine- 9 has been used as
a marker for inactive GSK3p (46). Knockdown of miR-21 and overexpression of PTEN both
resulted in strong inhibition in the phosphorylation GSK3p. Thus, lowering of miR-21 levels
in human macrophages resulted in increased GSK3 activity via a PTEN dependent
mechanism (Fig 6A-B). Inhibition of GSK3p activity using a specific inhibitor, SB 216763,
lowered the abundance of phospho-p65 as well as lowered phospho-1xB and phopsho-IKKf
abundance (Fig 6C-E). Thus, LPS—-induced NFkB activation is dependent on GSK33
activity. Pharmacological inhibition of GSK3p activity resulted in significant inhibition of
LPS-induced TNFa expression (Fig 6F). These findings support a role of GSK3p in miR-21-
PTEN mediated regulation of LPS-induced NF«B activation and TNFa expression (Fig 10).
Finally, pharmacological inhibition of GSK3p negated the ability of efferocytosis to blunt
inducible TNFa expression supporting a key role of GSK3p in the efferocytosis dependent
resolution of inflammation pathway (Fig 6G).

Successful efferocytosis potentiates inducible IL-10 expression via a miR-21 dependent

mechanism

IL-10 is an anti-inflammatory cytokine (39-41). After successful efferocytosis, human
MDM showed enhanced IL-10 expression (Fig 7A-B). MDM transfected with miRIDIAN
hsa-miR-21 mimic to increase miR-21 levels also showed increased IL-10 protein levels
compared to MDM transfected with control mimic (Fig 7C). These observations support that
elevated cellular miR-21 level is sufficient to potentiate inducible IL-10 in macrophages.
Efferocytosis dependent induction of IL-10 was attenuated under conditions of miR-21
inhibition demonstrating a role of miR-21 (Fig 7D). IL-10 is known to inhibit the production
of LPS-induced pro-inflammatory cytokines by macrophages (47). We observe that adding
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IL-10 to LPS-induced MDM dose dependently inhibited inducible TNFa release from cells
supporting a potent anti-inflammatory activity of IL-10 (Fig 7E).

MiR-21 potentiated inducible IL-10 expression via a PDCD4- cJun-AP-1 pathway

To determine the mechanisms of miR-21 mediated potentiation of inducible IL-10
expression, MDM were transfected with miRIDIAN hsa-miR-21 mimic to increase cellular
miR-21 abundance. PDCD4 is a confirmed target of miR-21 in macrophages (48). Our
results support that finding and show that elevation of miR-21 levels inhibited PDCD4
expression in MDM (Fig 8A). Elevated cellular miR-21 also inhibited luciferase reporter
activity in cells transfected with PDCD4 3’UTR-luciferase reporter construct (Fig 8B)
establishing PDCD4 as a direct target of miR-21. To test for a direct role of PDCD4 in LPS-
induced IL-10 expression, knock down of PDCD4 by siRNA was achieved (Fig 8C). Such
knockdown resulted in ~80% lowering of PDCD4 protein levels (Fig 8C) and augmented
LPS-induced IL-10 expression response (Fig 8D-E). These data establish that PDCD4 is
directly implicated in LPS-induced IL-10 expression.

Pharmacological inhibition of INK (420119 JNK Inhibitor 1) significantly inhibited LPS
induced IL-10 protein expression indicating the involvement of JNK in IL-10 expression
(Fig 9A). Knockdown of cellular cJun using siRNA (Fig 9C, ~75% JcJun) also resulted in
significant downregulation of inducible IL-10 protein expression demonstrating a direct role
of cJun and JNK in LPS-induced IL-10 expression in human MDM (Fig 9B). Efferocytosis
or delivery of miR-21 mimic to cells induced the transcriptional activity of AP-1 (Fig 9D-
E). Likewise, knockdown of PDCD4 increased phospho-cJun levels (Fig 9F) establishing
that efferocytosis, miR-21 and PDCD4 can regulate the c-Jun-AP1 pathway which in turn
controls inducible IL-10 expression (Fig 10).

DISCUSSION

At the injury-site, efficient dead cell clearance or efferocytosis is a pre-requisite for the
timely resolution of inflammation (4-7). Successful engulfment of apoptotic cells by
activated macrophages triggers potent anti-inflammatory and immunosuppressive
mechanisms. Following efferocytosis, wound-associated activated macrophages produce
anti-inflammatory cytokines such as IL-10 and suppress the release of pro-inflammatory
mediators including TNFa (41, 49, 50). The current study recognizes miR-21 as being
directly implicated in switching wound-associated macrophages to an anti-inflammatory
mode following successful engulfment of apoptotic cells at the site of injury.

Lipopolysaccharide (LPS) engagement of TLR4 is known to initiate a cascade of signaling
events that culminate in the production of inflammatory cytokines by macrophages. Recent
studies suggest that negative regulatory control mechanisms exist to limit the toxic effects of
LPS (48). Identified as one of the first mammalian microRNAs (miRs), the miR-21
sequence is strongly conserved throughout evolution (24). miR-21 initially described as
“oncomir”, is known to be a common inflammation-inducible miR (19, 20, 24). Suggestive
evidence supports that LPS-induced miR-21 expression serves as a negative regulatory
mechanism to curb the deleterious effects of LPS (48). The current study demonstrates that
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potentiation of LPS—induced miR-21 expression following efferocytosis may function as an
effective anti-inflammatory response that limits LPS-induced inflammation.

PTEN is validated as a target gene for miR-21 (22, 51). The role of PTEN in infection and
inflammation has been addressed (52-54). Of note in the context of this study is the
observation that PTEN facilitates LPS-induced TNF-a production. In PTEN™/™
macrophages, LPS-induced TNF-a production was blunted (53, 54). PTEN is a dual
protein—lipid phosphatase which dephosphorylates the secondary messenger produced by
PI3K and interrupts the downstream activation of Akt (55-57). Thus, downregulation of
PTEN activity favors sustained activation of PI3K/AKT pathway. Activated Akt
phosphorylates and inhibits the activity of glycogen synthase kinase-3p (GSK3p), a substrate
for Akt (58). Phosphorylation of GSK3p by AKT at the N-terminal region serine 9 renders
GSK3p inactive (46). This work demonstrates that efferocytosis-induced miR-21, by
silencing PTEN and GSK3p, tempers LPS-induced inflammatory response.

Following successful efferocytosis, inhibition of NF-xB leads to anti-inflammatory
responses such as down-regulation of inducible TNFa production (8). Ubiquitously
expressed, the NF-xB family of transcription factors regulate the expression of numerous
genes implicated in immunity and inflammation (59). Vertebrate Rel/NF-kB transcription
factors include RelA, RelB, c-Rel, p50/p105 and p52/p100 (59). NF-kB resides in the
cytoplasm of cells in an inactive form bound to the inhibitor, IxB. Activation of NF-«xB is
initiated through phosphorylation of IxBa by a macromolecular cytoplasmic 1xB kinase
(IKK) complex (59). Once activated, NF-xB is released from 1xB and translocate to the
nucleus where it can drive gene expression such as that of TNFa (42). Inducible activation
of NF-xB is further controlled by post-translational modifications such as phosphorylation
of the NF-xB subunit p65 as well as interaction with transcriptional co-activators (43).
Multiple controls in the regulation of NF-xB activity suggest a complex and
microenvironment-dependent function for this transcription factor. It has been proposed that
GSK3p is a point of convergence of many signaling pathways, including that of the NF-xB
signaling pathway (60). GSK3p inhibits NF-xB activity by lowering DNA binding (60).
This work demonstrates that miR-21 controls NF-kB activation via silencing of GSK3p.
This observation unveils a novel pathway wherein miR-21 blunts LPS-induced NFxB
activation by silencing PTEN and GSK3p.

Efferocytosis triggers release of anti-inflammatory cytokine IL-10 in macrophages (49).
IL-10 is amongst the most prominent anti-inflammatory cytokines released following
inflammation (61). The notion that IL-10 acts as an anti-inflammatory molecule originated
from studies showing blunted production of a large spectrum of pro-inflammatory cytokines
by cells of monocytic lineage (47, 61). Although a number of studies described the release
of IL-10 following efferocytosis (7, 41, 62), underlying mechanisms remain obscure. In this
work, stimulation of TLR4 by LPS after efferocytosis resulted in increased abundance of
miR-21 which in turn silenced PDCD4 (programmed cell death 4) and elevated IL-10
protein level. These findings indicated that miR-21-PDCD4 pathway may be involved in
efferocytosis-induced anti-inflammatory IL-10 production in macrophages. Initially
identified as a protein the abundance of which was increased by apoptotic stimuli and later
characterized as a tumor suppressor, PDCD4 regulates both tumorigenesis and inflammation
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(63). The suppressive effect of PDCD4 on LPS-induced IL-10 expression was suggested to
occur at the translational level (48). In the current study, knock-down of PDCD4 up-
regulated IL-10. This observation prompted us to look for miR-21 and PDCD4 dependent
transcriptional control of IL-10. PDCD4 is known to block c-Jun activation by inhibiting the
expression of mitogen-activated protein kinase kinase kinase kinase 1 (MAP4K1; also
known as hematopoietic progenitor kinase 1), a kinase upstream of Jun N-terminal kinase
(JNK) (64). Jun/AP-1 proteins are known to be involved in transcriptional activation of
IL-10 in monocytic cells (65). Results of this work demonstrate that the miR-21-PDCD4
pathway favors cJun expression and AP-1 transactivation. Furthermore, it is established that
cJun plays a critical role in supporting inducible IL-10 expression. Taken together these
observations demonstrate that following efferocytosis, miR-21 induction in macrophages
silence PDCDA4 therefore favoring cJun-AP1 activity resulting in higher production of anti-
inflammatory IL-10.

The current work recognizes a regulatory loop wherein efferocytosis induces miR-21 which
in turn promotes efferocytosis. Delivery of miR-21 to MDM bolstered efferocytosis. This
observation is consistent with the report that PTEN, a direct target of miR-21, down-
regulates engulfment of apoptotic cells (52). Furthermore, inducible TNF-a known to inhibit
efferocytosis (66), is repressed by miR-21. In conclusion, this work provides first evidence
directly implicating miRNA in the process of turning on an anti-inflammatory phenotype in
the post-efferocytotic macrophage. Specifically, miR-21 is recognized as efferocytosis-
inducible in macrophages. Elevated macrophage miR-21 promotes efferocytosis and
silences target genes such as PTEN and PDCD4 which in turn accounts for a net anti-
inflammatory phenotype. Findings of this study underscore the significance of miRNAS in
the resolution of inflammation.
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Figure 1. Increased expression of miR-21 and silencing of target proteins PTEN & PDCD4 in
MDM following engulfment of apoptotic cells (efferocytosis)
For efferocytosis assay, blood monocyte derived macrophages (MDM) were co-cultured

with apoptotic or viable Jurkat T cells. Non-efferocytosed Jurkat cells were removed by
washing with saline. A, Representative images of MDM (green, CD68) cultured with either
viable (effr|,) or apoptotic (effry;) labeled (red, CMTMR™ cell tracker). Cells were
counterstained with DAPI (nuclear, blue); B, MiR-21 expression in effr| or effry; groups
following 6 or 24h of LPS (1 pg/ml) treatment. Data are mean £SD (n = 4); *, p<0.05
compared to macrophage cultured with effr;y group. C, miR-21 expression in effry or effry;
groups post-efferocytosis. Data are mean +SD (n = 6); D, miR expression in cells pretreated
with cytochalasin D (1 mg/ml, 1h) followed by efferocytosis and LPS treatment. miR-21
expression was measured 24h post-LPS treatment. Data are mean £SD (n = 4); *, p<0.05
compared to macrophage cultured with effry,. 8, p<0.05 compared to macrophage cultured
with effryj group. E-F, Expression of miR-21 target proteins, E, PTEN and F, PDCD4 in
effr|q or effry; groups following 6 or 24h of LPS (1 pg/ml) treatment measured using
Western blot. Quantification of PTEN or PDCD4 levels was performed using densitometry.
Data were normalized to -actin. Data are mean + SD (n=3). *, p<0.05 compared to
macrophage cultured with effr, group.
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Figure 2. miR-21 is required for efferocytosis induced suppression of pro-inflammatory TNFa,
expression

A-B, For efferocytosis assay, blood monocyte derived macrophages (MDM) were co-
cultured either viable (effr|o) or apoptotic (effr,;) Jurkat T cells for 1h. Non-efferocytosed
cells were removed by washing with saline. Cells were treated with LPS (1ug/ml) for 6h
(mRNA) or 24h (protein) post efferocytosis. TNFa A, mMRNA and B, protein expression
were measured using quantitative PCR and ELISA, respectively. Data are mean £SD (n =
4); *, p<0.05 compared to macrophage cultured with effr;o group. C, MDM were transfected
with miRIDIAN hsa-miR-21 mimic or control-mimic to increase miR-21 levels. Cells were
activated with LPS (1ug/ml) for 24h after forced expression of miR-21 in MDM. The TNFa
protein levels in cells were determined using ELISA. Data are mean +SD (n = 4); *, p<0.05
compared to macrophage cultured with control-mimic group. §, p<0.05 compared to control-
mimic LPS treated group. D, Stable knock down of miR-21 in THP-1 monocytic cells was
achieved following lentiviral transduction with lenti-miR-000-zip or lenti-miR-21-zip
vectors and puromycin selection. The THP-1 cells with stable knockdown of miR-21 were
cultured and differentiated to macrophages with phorbol-12-myristate-13-acetate (PMA, 20
ng/ml, 48h). Cells were activated with LPS (Lug/ml) for 24h. TNFa protein released by the
cells in culture media was determined using ELISA. Data are mean £SD (n = 4); *, p<0.05
compared to macrophage cultured with miR-000-zip (control) group. §, p<0.05 compared to
miR-000-zip LPS treated group. E, Loss of miR-21 in macrophages result in abrogation of
efferocytosis mediated suppression of LPS-induced TNFa expression. MiR-000-zip or
miR-21-zip cells were subjected to efferocytosis followed by treatment with LPS for 24h.
TNFa protein levels in cells were determined using ELISA. Data are mean £SD (n = 4); *,
p<0.05 compared to macrophage cultured with effr|, group. §, p0.05 compared to miR-000-
zip cells. F, miR-21 expression in miRIDIAN hsa-miR-21 mimic or control-mimic
transfected cells. Data are mean +SD (n = 4); *, p<0.05 compared to macrophage cultured
with control-mimic cells. G, GFP (green) and phase contrast (phase) images of THP-1 cells
showing transduction efficiency following lentiviral transduction with lenti-mi-000-zip or
lenti-miR-21-zip vectors and puromycin selection showing over 80% cells were GFP
positive. H, miR-21 expression in lenti-miR-000-zip or lenti-miR-21-zip cells. Data are
mean +SD (n = 4); *, p<0.05 compared to macrophage cultured with miR-000-zip cells.
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Figure 3. Efferocytosis-induced miR-21 suppressed the pro-inflammatory NFkB-activation
A-C, For efferocytosis assay, blood monocyte derived macrophages (MDM) were co-

cultured either viable (effr|o) or apoptotic (effry,;) Jurkat T cells for 1h. Non-efferocytosed
cells were removed by washing with saline. Cells were treated with LPS (Lug/ml) for 6h
post efferocytosis. A, DNA binding activity of NF-xB in MDM measured using an ELISA-
based (Trans-AM®) method. B, NFkB transcription activity in MDMs transiently
transfected with NF-xB-dependent luciferase reporter gene (Ad5NFxB-LUC) followed by
co-culture with either viable (effr;y) or apoptotic (effry;) Jurkat T cells for 1h and LPS
treatment (6h). Luciferase activity was determined. Data are mean £SD (n = 4). C,
Phosphorylation of p65 protein was measured using Western blot in human macrophages
following efferocytosis and LPS treatment (1ug/ml). D, TLR4 mRNA expression in MDM
transfected with miRIDIAN hsa-miR-21 mimic or control-mimic. Data are mean + SD
(n=3). E, Phosphorylation of NF-xB p65 in MDM transfected with miRIDIAN hsa-miR-21
mimic or control-mimic to increase miR-21 levels. Cells were activated with LPS after
forced expression of miR-21 in MDM. Serine 536 phosphorylation on p65 was determined
using Western blot. Quantification of phospho-p65 level was performed using densitometry.
Data were normalized to B-actin. Data are mean £ SD (n=3). *, p<0.05 compared to control
mimic transfected cells. F, LPS induced phosphorylation of p65 in THP-1 monocytic cells
where stable knock down of miR-21 was achieved following lentiviral transduction with
lenti-miR-000-zip or lenti-miR-21-zip vectors. Data are mean £ SD (n=3). *, p<0.05
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compared to control lenti-mi-000-zip cells. G, LPS induced phosphorylation of 1xB (Serine
32) in THP-1 monocytic cells where stable knock down of miR-21 was achieved following
lentiviral transduction with lenti-mi-000-zip or lenti-miR-21-zip vectors. Data are mean *
SD (n=3). *, p<0.05 compared to control lenti-miR-000-zip cells. H, Efferocytosis index of
MDMs after delivery of miR-21 mimic. Data is presented as mean £ SD (n = 3). *, p<0.05
compared to control.
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Figure 4. PTEN is a direct target of miR-21 in human macrophages
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A, PTEN expression in MDM transfected with miRIDIAN hsa-miR-21 mimic or control-
mimic to increase miR-21 expression. PTEN levels were determined using Western blot.
Quantification of PTEN level was performed using densitometry. Data were normalized to
-actin. Data are mean £ SD (n=3). *, p<0.05 compared to control mimic transfected cells.
B, PTEN expression in stably knocked down in miR-21 THP-1 monocytic cells. Data are
mean + SD (n=3). *, p<0.05 compared to control lenti-miR-000-zip cells. PTEN protein
expression were measured using Western blot; C, To demonstrate that PTEN is a direct

target for miR-21, HEK293 cells were transfected with a pGL3-PTEN-3’-UTR firefly

luciferase expression construct and co-transfected with pRL-TK Renilla luciferase
expression construct along with either miR-21 mimic or control mimic. Data represent mean

+ SD (n=3). *, p<0.05 compared to control transfected cells.
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Figure 5. miR-21 silences LPS induced NF-xB signaling and TNFa expression viaa PTEN

dependent mechanism

A, TNFa protein expression was measured in MDM infected with adenovirus-PTEN vector
or adenovirus GFP vectors followed by LPS treatment (1ug/ml) for 24h. Data are mean +SD
(n =4); *, p<0.05 compared to macrophage cultured with infected with adenovirus GFP
vectors B, TNFa protein expression was measured in MDM treated with bpV(phen)
(100nM), a PTEN inhibitor, followed by LPS treatment. Data are mean £ SD (n=4). *,
p<0.05 compared to LPS non-treated cells; 8, p<0.05 compared to bpV/(phen) treated group.
C-D, Effect of PTEN knockdown using C, siPTEN or D, PTEN inhibitor bpV(phen) on
LPS-inducible TNFa protein expression in THP-1 monocytic cells where stable knock down
of miR-21 was achieved following lentiviral transduction with lenti-miR-000-zip or lenti-
miR-21-zip vectors. TNFa protein expression was determined in cells PTEN knockdown
cells after LPS (1ug/ml) for 24h. Data are mean + SD (n=4). *, p<0.05 compared to control
Zip-21 cells. E, LPS inducible NFkB transcription activity in MDMs transiently transfected
with NF-kB-dependent luciferase reporter gene (Ad5NF«xB-LUC) following infection with
adenovirus-PTEN or adenovirus GFP (control) vectors Luciferase activity was determined.
Data are mean £SD (n = 4). F, Phosphorylation of p65 protein was measured using Western
blot in MDM infected with adenovirus-PTEN or adenovirus GFP vectors followed by LPS
treatment (1ug/ml). Data are mean £ SD (n=3). *, p<0.05 compared to control adenovirus
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GFP infected cells. G, PTEN protein expression was measured using Western blot in MDM
infected with adenovirus-PTEN vector or adenovirus GFP vectors. Quantification of PTEN
level was performed using densitometry. Data are mean = SD (n=3). *, p<0.05 compared to
control adenovirus GFP infected cells.
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Figure 6. miR-21 silencing of PTEN inhibited GSK3 that in turn inhibited inducible NFkxB
activation
A, Phosphorylation of GSK3 (Serine 9) in THP-1 monocytic cells where stable knock

down of miR-21 was achieved following lentiviral transduction with lenti-miR-000-zip or
lenti-miR-21-zip vectors followed by LPS treatment (1ug/ml). Data are mean + SD (n=3). *,
p<0.05 compared to control lenti-miR-000-zip cells. B, Phosphorylation of GSK3p protein
was measured using Western blot in MDM infected with adenovirus-PTEN or adenovirus
GFP vectors followed by LPS treatment. Data are mean + SD (n=3). *, p<0.05 compared to
control adenovirus GFP infected cells. C, Phosphorylation of NF-xB p65 protein was
measured using Western blot in MDM treated with 10 pM SB 216763 (GSK3p inhibitor)
followed by LPS treatment. Quantification was performed using densitometry. Data are
mean + SD (n=3). *, p<0.05 compared to control cells. D, Phosphorylation of 1xB-a protein
in MDM treated with 10 uM SB 216763, followed by LPS treatment. Data are mean + SD
(n=3). *, p<0.05 compared to control cells. E, Phosphorylation of IKKR protein (Serine 181)
in MDM treated with 10 uM SB 216763, followed by LPS treatment. Data are mean + SD
(n=3). *, p<0.05 compared to control cells. F, TNFa protein expression was measured in
MDM treated with 10 uM SB 216763 followed by LPS treatment. Data are mean = SD
(n=4). *, p<0.05 compared to LPS treated cells; §, p<0.05 compared to SB 216763 treated
group. G, TNFa protein expression in MDM pretreated with 10uM SB216763 followed by
efferocytosis and LPS treatment. Data are mean = SD (n=3). *, p<0.05 compared to Effr|,
group; §, p<0.05 compared to SB 216763 non-treated group.
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Figure 7. Successful efferocytosis potentiates inducible 1L-10 expression via a miR-21 dependent
mechanism

A-B, For efferocytosis assay, blood monocyte derived macrophages (MDM) were co-
cultured either viable (effr|,) or apoptotic (effr,;) Jurkat T cells for 1h. Non-efferocytosed
cells were removed by washing with saline. Cells were treated with LPS (1ug/ml) for 6 and
24h post efferocytosis. IL-10 A, protein and B, mRNA expression were measured using
ELISA and quantitative PCR, respectively. Data are mean £SD (n = 4); *, p<0.05 compared
to macrophage cultured with effr|y group. C, MDM were transfected with miRIDIAN hsa-
miR-21 mimic or control-mimic to increase miR-21 levels. Cells were activated with LPS
(Lug/ml) for 24h after forced expression of miR-21 in MDM. The IL-10 protein levels in
cells were determined using ELISA. Data are mean +SD (n = 4); *, p<0.05 compared to
macrophage cultured with control-mimic group. D, MDM were transfected with miRIDIAN
hsa-miR-21 hairpin single stranded inhibitor or control-inhibitor to knockdown miR-21
levels. Cells were subjected to efferocytosis followed by activation with LPS (1ug/ml) for
24h after knockdown miR-21 in MDM. The IL-10 protein levels in cells were determined
using ELISA. Data are mean +SD (n = 3); *, p<0.05 compared to macrophage cultured with
effr)o group. 8, compared to macrophage cultured with control inhibitor group. E, MDM
were treated with recombinant human IL-10 for 1h followed by LPS (1ug/ml) activation for

J Immunol. Author manuscript; available in PMC 2015 March 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Das et al.

Page 22

24 h. The TNF-a protein levels in cells were determined using ELISA. Data are mean +SD
(n =4); *, p<0.05 compared to IL-10 untreated macrophage.
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Figure 8. MiR-21 regulates IL-10 expression via PDCD4
A, PDCD4 expression in MDM transfected with miRIDIAN hsa-miR-21 mimic or control-

mimic. PDCD4 levels were determined using Western blot. Quantification of PDCD4 level
was performed using densitometry and the data were normalized to -actin. Data are mean +
SD (n=3). *, p<0.05 compared to control mimic transfected cells. B, To demonstrate that
PDCD4 is a direct target for miR-21, HEK 293 cells were infected with lenti Luc-PDCD4—
3’UTR plasmid along with either miR-21 mimic or control mimic. Data represent mean +
SD (n=4). *, p<0.05 compared to control transfected cells. C, PDCD4 protein expression
was measured using Western Blot in MDM transfected with SiPDCD4 (100nM) or
siControl. Quantification of PDCD4 level was performed using densitometry. Data are mean
+ SD (n=3). *, p<0.05 compared to siControl transfected cells. D-E, MDM were transfected
with siPDCDA4 or siControl. Cells were activated with LPS (Lug/ml) for 24h after
knockdown of PDCD4 in MDM. D, IL-10 protein and E, IL-10 mRNA were determined
using ELISA and quantitative PCR respectively. Data are mean £SD (h = 4); *, p<0.05
compared to macrophage transfected with siControl non-LPS. §, p<0.05 compared to
siControl LPS treated group.
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Figure 9. MiR-21 potentiated inducible 1L-10 expression via a PDCD4- cJun-AP-1 pathway
A, IL-10 protein expression was measured in MDM treated with 20 pM JNK Inhibitor II,

followed by LPS treatment. Data are mean + SD (n=4). *, p<0.05 compared to control non-
LPS treated cells. §, p<0.05 compared to control LPS treated group. B, MDM were
transfected with sicJun or siControl. Cells were activated with LPS (1ug/ml) for 24h after
knockdown of PDCD4 in MDM. IL-10 protein was determined using ELISA. Data are mean
+SD (n = 4); *, p<0.05 compared to macrophage transfected with non-LPS siControl. §,
p<0.05 compared to siControl LPS treated group. C, Representative image of c-Jun protein
expression in MDM transfected with sicJun (100nM) or siControl. D, AP-1 transcription
activity in MDMs transiently transfected with AP1-dependent luciferase reporter gene (Ad-
AP1-Luc) followed by co-culture with either viable (effr|g) or apoptotic (effry;) Jurkat T
cells for 1h and LPS treatment for 24h. Data represent mean £ SD (n=3). *, p<0.05
compared to control transfected cells. E, HEK293 TLR4/IL-1R1/MD-2 cells were co-
transfected with a pAP-1 luciferase and pRL-TK Renilla luciferase plasmids along with
either miR-21 mimic or control mimic followed by LPS stimulation. Data represent mean +
SD (n=3). *, p<0.05 compared to control transfected cells. F, Phosphorylation of c-Jun
(Serine 73) in MDM transfected with siPDCD4 or siControl followed by activation with
LPS. Data are mean = SD (n=3). *, p<0.05 compared to macrophage transfected with
siControl.

J Immunol. Author manuscript; available in PMC 2015 March 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Das et al. Page 25

inflammation

Aefferocytosis

Ap-GSK3p A JNK
(inactive)
1 A cJun
VY GSK3p Aii-1
NF-kB Ao
v TNFw

|

resolution of inflammation

Figure 10. Central role of miR-21 in effecrocytosis dependent resolution of wound inflammation
miR-21 downregulates pro-inflammatory response via blocking the TNFa-NF«xB pathway,

and upregulates anti-inflammatory IL-10 via the AP-1 pathway.
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