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Current paradigms suggest that two macrophage subsets, termed M1 and M2, are involved in inflammation
and host defense. While the distinct functions of M1 and M2 macrophages have been intensively studied — the
former are considered proinflammatory and the latter antiinflammatory — the determinants of their specia-
tion are incompletely understood. Here we report our studies that identify Kriippel-like factor 4 (KLF4) as a
critical regulator of macrophage polarization. Macrophage KLF4 expression was robustly induced in M2 mac-
rophages and strongly reduced in M1 macrophages, observations that were recapitulated in human inflamma-
tory paradigms in vivo. Mechanistically, KLF4 was found to cooperate with Stat6 to induce an M2 genetic pro-
gram and inhibit M1 targets via sequestration of coactivators required for NF-kB activation. KLF4-deficient
macrophages demonstrated increased proinflammatory gene expression, enhanced bactericidal activity, and
altered metabolism. Furthermore, mice bearing myeloid-specific deletion of KLF4 exhibited delayed wound
healing and were predisposed to developing diet-induced obesity, glucose intolerance, and insulin resistance.
Collectively, these data identify KLF4 as what we believe to be a novel regulator of macrophage polarization.

Introduction

Clinical and experimental studies support an important role for
the macrophage in a broad spectrum of acute (e.g., pathogen
infection, sepsis) and chronic inflammatory conditions (e.g.,
insulin resistance, atherosclerosis, chronic wounds, and tumori-
genesis) (1-6). Macrophages exhibit remarkable plasticity that
allows them to modulate their phenotype and efficiently respond
to environmental signals (7). For purposes of simplicity, research-
ers have established a model system that classifies macrophages
on a continuum in which M1 macrophages represent one extreme
— the proinflammatory state — and M2 macrophages represent
the contradistinct antiinflammatory state. Thus M1 and M2
macrophages can serve distinct functions in the regulation of the
inflammatory response (7, 8). While the classification of the func-
tions of M1 and M2 macrophages has provided an important tool
for understanding the regulation of the inflammatory process, at
present the molecular mechanisms that govern M1/M2 polariza-
tion remain incompletely understood.

Macrophages stimulated with LPS or INF-y assume an M1 pro-
inflammatory phenotype characterized by a high expression level
of iNOS, a high capacity to present antigen, and production of
proinflammatory cytokines such as TNF-a, IL-1f3, and monocyte
chemoattractant protein-1 (MCP-1) (9). Mechanistically, stimuli
such as LPS can activate TLR, resulting in the activation of key
transcriptional mediators including NF-kB that, in turn, regulate
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the production of proinflammatory factors. M1 macrophages are
critical effector cells that kill microorganisms and thus benefit
the host. However, this proinflammatory activity must be care-
fully titrated, as sustained activation can predispose to chronic
inflammatory states such as obesity and insulin resistance. Indeed,
evidence derived from murine experimental models suggests that
infiltration of adipose tissue by M1 macrophages contributes to
the development of obesity and insulin resistance (1, 4). Corrobora-
tive evidence has also been found in studies of human obesity. For
example, clinical data indicate that macrophages residing in adi-
pose tissue of obese human subjects can produce robust amounts
of inflammatory cytokines and thus contribute to the development
of insulin resistance (10). In contrast, M2 macrophages are involved
in the resolution of inflammation. This cell type is more hetero-
geneous and is further classified into at least 3 subcategories —
namely M2a, M2b, and M2c — that express different subsets of M2
marker genes and have specialized functions (8). Macrophages are
differentiated to M2a by IL-4 and IL-13; M2b by immunoglobulin
complexes in combination with TLR agonists; and M2c by IL-10,
TGF-B, or glucocorticoids (8, 11). Accumulating evidence suggests
that M2 macrophages can protect against insulin resistance, elimi-
nate parasites, and promote tissue remodeling and repair. Inter-
estingly, weight loss, known to improve insulin sensitivity and to
induce remodeling of adipose tissue, is associated with an increase
in macrophages labeled with M2 surface markers (e.g., CD206)
(12). Mechanistically, IL-4 stimulation leads to phosphorylation of
Stat6, which then translocates to the nucleus and activates tran-
scription of target genes (13). More recently, studies from several
laboratories support a critical role for nuclear receptors and specific
Volume 121

Number7  July 2011



research article

A . PM B BMDM
W LPS 10 1 W LPS
I =T B b
o i) 4 %
° 2 8
g 2 61
<@ o
< < 4
pzd > 4 :
o £ |
IS € 24
o3 .
*
olbldlnm = dln o ondl
8L ¥ L PN R @2 9 - N N ¥ 0 NP Y OLN PR 2T N DO
¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ §§g & & & ¢ ¥ ¥k ¥x¥xkxx §g &£ &8
C D E  Humanmacrophage F PM BMDM
4 - 10+
> I * BwT
E g * = — = |DOstasnu =
L 5 ] 63'5- I 1 S S 4 (| S 8 *
- O = < S = 3 - = = —
e BN 3 3 3
-Actin NN 2 25 g £ 31 86
< o 32 5 :
= —
T c 2 o 44
g 151 € 1 € E
a i Al 1 Al ~
- - o 1 S 21
Y 051 X X X
<
0- ° wn < 01 ° n < 0 ° < 0 ° <
o [} [S} \ [<] v
g 5 = g 5 = g = g =
o o [e] o
o e} o o

Figure 1

Kif4 expression is augmented by M2 and inhibited by M1 stimuli in macrophages. (A and B) KLF mRNA levels in (A) mouse PMs and (B) BMDMs
after 16 hours of stimulation with LPS (50 ng/ml) or mouse IL-4 (5 ng/ml). Gene expression levels were assessed by gPCR and normalized
to those in untreated cells (dashed line). Kif1, KIf15, and KIf17 were not detectable in PMs or BMDMs. Kif5 and Klf14 were not detectable in
BMDMs. n = 5. (C and D) KLF4 protein levels after LPS and IL-4 treatment. n = 3. (E) KLF4 mRNA level in M-CSF—differentiated primary human
macrophages (from 3 donors) stimulated with LPS (50 ng/ml) or human IL-4 (10 ng/ml) for 16 hours. (F) IL-4—mediated induction of the Klf4 gene
was diminished in Stat6-null PMs and BMDMs. n = 3. C57BL/6J mice were used as control (WT). *P < 0.05, Student’s ¢ test.

coactivators (e.g., PPARy, PPARY, and PPARY coactivator 1o [PGC-
1a]) and the transcriptional factor HIF-20. in regulating the M2a
phenotype (4, 14-17). However, the precise molecular mechanisms
governing M2a polarization remain incompletely understood.
Kriippel-like factors (KLFs) are a subfamily of the zinc finger class
of DNA-binding transcriptional regulators. Members of this gene
family have been shown to play important roles in a diverse array
of cellular processes including hematopoiesis (18-20). Our group
and others have reported that KLF4 is expressed in a stage-specific
pattern during myelopoiesis and functions to promote monocyte
differentiation (21, 22). While several studies have evaluated the
role of KLF4 in macrophage cell lines (23-28), the physiologic role
of myeloid KLF4 in vivo has not been elucidated. Given the impor-
tant roles of the KLF family members in cellular differentiation, we
hypothesized that KLF4 might be involved in the transcriptional
control of macrophage polarization. Here we present data identify-
ing KLF4 as an essential regulator of macrophage M1/M2 polariza-
tion and attendant functions. These results may have implications
for the physiology and pathophysiology associated with a broad
spectrum of inflammatory states.

Results

KLF4 expression is differentially regulated by M1/M2 stimuli. To deter-
mine whether members of the KLF gene family are critical in
macrophage polarization, we first performed quantitative RT-
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PCR (qPCR) analysis for KLF1-17 in thioglycollate-elicited mouse
peritoneal macrophages (PMs) (purified by differential adhesion,
Supplemental Figure 1; supplemental material available online
with this article; d0i:10.1172/JCI45444DS1) and M-CSF-differen-
tiated mouse bone marrow-derived macrophages (BMDMs) after
stimulation with well-established M1 (LPS) or M2 (IL-4) polar-
izing agents. In both PMs and BMDMs, treatment with these
two stimuli differentially regulated the expression of several KLF
family members (Figure 1, A and B). The expression of KIf4 was
particularly noteworthy, as it was greatly increased by IL-4 and
strongly attenuated following LPS treatment. Time course experi-
ments revealed that a significant increase in KIf4 expression was
maintained for at least 16 hours after treatment with M2 stimuli
such as IL-4 or IL-13 but not IL-10 (Supplemental Figure 2). In
contrast, treatment with M1 stimuli (LPS or INF-y) caused a mild,
transient increase in KIf4 expression between 1 and 4 hours after
stimulation, followed by a significant reduction in expression at 16
hours after stimulation (Supplemental Figure 2). These differen-
tial effects on KIf4 mRNA expression were confirmed at the protein
level by Western blot analyses (Figure 1, C and D). Similar effects
on KLF4 mRNA expression were also obtained in primary human
macrophages (Figure 1E). Next, we sought to determine how M2
stimuli induce KLF4 expression. A key mechanism by which the
effects of IL-4 and IL-13 are mediated is the activation of the Stat6
pathway (13, 29). As shown in Figure 1F, the IL-4-mediated induc-
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Figure 2

KLF4 is essential for IL-4—mediated macrophage M2 polarization. (A) Impairment of M2 marker gene expression in KLF4-deficient macrophages.
PMs isolated from Mye-WT and Mye-KO mice were treated with IL-4 for 16 hours. n = 3 in each group. (B) KLF4 overexpression enhances M2
gene expression. RAW264.7 cells were infected with either Ad-GFP (Ad-EV) or Ad-KLF4 for 24 hours prior to treatment with IL-4 for 16 hours.
n =3 in each group. (C) Representative Western blot showing IL-4—mediated protein induction of Arg-1, Retnla, Chi3I3, and PPARy in Mye-WT
and Mye-KO macrophages. (D) Quantification of Western blot data by densitometry. For Arg-1, protein levels were normalized to Mye-WT control
group. For Retnla, Chi3I3 and PPARYy, only IL-4—induced protein levels were calculated and normalized to the IL-4—-treated Mye-WT group, due
to extremely low levels of expression at baseline. Data were calculated from 3-5 independent blots. (E) Synergistic activation of the mouse Arg1
promoter by KLF4 and Stat6 as assayed by transient transfection. WT, ~4 kb WT mouse Arg7 promoter; AKLF, Arg7 promoter with both KLF-
binding sites mutated; AStat6: Arg7 promoter with Stat6-binding site mutated. Transient transfection experiments were performed in RAW264.7
cells. n = 3. (F) KLF4 binding to Arg7 promoter detected by ChlIP assay in WT and Stat6-null BMDMs with or without IL-4 treatment (4 hours).
*P < 0.05, **P < 0.01, Student’s t test with Bonferroni correction.
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Figure 3

KLF4 deficiency enhances macrophage M1 polarization. (A) Enhanced expression of M1 marker genes in KLF4-deficient macrophages stimu-
lated by LPS for 16 hours. n = 3 in each group. (B) Attenuated expression of M1 marker genes in RAW264.7 cells with overexpression of KLF4.
n = 3in each group. (C) Protein levels of Cox-2 and iNOS in PMs (left) and RAW264.7 cells (right). (D) KLF4-deficient macrophages generate
more NO after LPS stimulation. n = 3 in each group. (E) Inhibition of Cox-2 promoter by KLF4. Transient transfection experiments were performed
in RAW264.7 cells. n = 3. (F) Enhanced acetylation of histone H3 (AcH3) in LPS-treated KLF4-deficient macrophages demonstrated by ChlIP.
(G and H) KLF4 regulates LPS-induced recruitment of p300/PCAF as shown by deficiency (G) and overexpression (H) experiments. *P < 0.05,

**P < 0.01, Student’s t test with Bonferroni correction.

tion of KIf4 was abolished in Stat6-null PMs and BMDMs, demon-
strating that KIf4 induction by M2 agonists is Stat6 dependent.
KLF4 promotes macrophage M2 polarization. To study the function
of KLF4 in the process of macrophage polarization, we performed
both gain- and loss-of-function studies. Adenoviral overexpression
of KLF4 in RAW264.7 cells was employed as a gain-of-function
model. For the loss-of-function model, we developed myeloid-spe-
cific KLF4-deficient mice (LysM©/CreKIf4/f1, designated Mye-KO).
Mye-KO mice demonstrated greater than 90% deletion of KLF4
in PMs and BMDMs compared with the LysM¢r/Cr controls (des-
ignated Mye-WT), but maintained normal complete blood count
(CBC) parameters and distribution of Ly6ChLy6C'® monocyte
populations (Supplemental Figure 3). IL-4 induces expression
of prototypical target genes that characterize the M2 phenotype,
including arginase-1 (Argl), the mannose receptor (Mrcl), resistin-
like o (Retnla, Fizz1), chitinase 3-like 3 (Chi3I3, Ym1), and other
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molecules that mediate several critical functions, including depo-
sition of ECM, macrophage adhesion, and clearance of cell debris
(30-32). In addition, PPARy has been shown to be induced by M2
stimuli in macrophages and thereby promote the M2 phenotype
(4,17, 30). As shown in Figure 2A, the IL-4-mediated induction
of characteristic M2 marker genes was significantly attenuated
by approximately 42.2%-69.4% in KLF4-deficient macrophages,
indicating that this factor is required for optimal M2 activation.
Concordant effects were seen at the protein level (Figure 2, C and
D). Consistent with these observations, overexpression of KLF4
in RAW264.7 cells enhanced basal and/or IL-4-mediated induc-
tion of Argl, Mrcl, programmed cell death 1 ligand 2 (Pdcd1lg2),
and Pparg by 2.0- to 4.7-fold (Figure 2B). KLF4 overexpression
also augmented Arg-1 protein levels (Supplemental Figure 4A),
and co-transfection of KLF4 induced Pparg promoter-driven
luciferase activity (Supplemental Figure 4B). Argl encodes an
Volume 121~ Number 7
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L-arginine-degrading enzyme that limits NO production and pro-
motes polyamine synthesis (13, 33). The Argl promoter has been
well characterized (13), and therefore we focused our mechanistic
studies on understanding the molecular basis for its regulation by
KLF4. Sequence analysis revealed two consensus KLF-binding sites
(CACCC) within a previously identified IL-4-responsive enhancer
region of the Argl promoter (13, 30) (Figure 2E and Supplemental
Figure 4C). This region contains a Stat6-binding site that is essen-
tial for IL-4-mediated induction of the Argl gene (13). Thus, gene
reporter assays were undertaken using luciferase constructs under
control of a 4-kb mouse Argl promoter with either the normal
(WT) or mutated enhancer region (AKLF, AStat6, as described in
Figure 2E). As expected, IL-4 strongly induced the Argl promoter
(Figure 2E); this effect was strongly attenuated with mutation of
either the KLF4- or Stat-binding site. The IL-4-mediated induction
of promoter activity was enhanced further by transfection of either
KLF4 or Stat6 and maximally induced following co-transfection
of both plasmids (Figure 2E). While mutation of the individual
KLF sites conferred a mild reduction in KLF4-mediated transacti-
2740
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two factors cooperate to induce M2 genes

such as Argl. This cooperative interaction
between KLF4 and Stat6 was also found on the Pparg promoter
(Supplemental Figure 4B).

KLF4 inhibits macrophage M1 polarization. M1 macrophages pro-
duce characteristic molecules such as prostaglandins (through
induction of prostaglandin-endoperoxide synthase 2 [Cox-2]),
nitric oxide (through induction of iNOS), and proinflammatory
cytokines (e.g., TNF-a. and IL-1p), that are critical for the immune
response (8). Because KLF4 expression was reduced by M1 stimuli,
we posited that this reduction in expression may be important
for the M1 phenotype. As shown in Figure 3A, in response to LPS
stimulation, KLF4-deficient macrophages demonstrated a marked
enhancement (~1.63- to 3.24-fold) in the expression of several M1
genes such as Cox-2, Tnfa, MCP-1 (Ccl2), RANTES (CclS), and iNOS
(Nos2). Conversely, overexpression of KLF4 in RAW264.7 cells atten-
uated the LPS-mediated induction of M1 genes (~33.6%-53.4%;
Figure 3B). These changes in mRNA levels were recapitulated
by parallel changes in protein levels, as determined by Western
blot and ELISA assays (Figure 3C and Supplemental Figure 5).
Further, KLF4-deficient macrophages exhibit enhanced NO pro-
Volume 121~ Number 7
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duction following LPS stimulation as assessed by the Griess assay
(Figure 3D). Of note, we did not observe any enhancement of LPS-
induced M1 gene expression or NO production in Stat6-null mac-
rophages (Supplemental Figure 6), suggesting that the enhanced
expression of some M1 targets seen in KLF4-deficient macrophages
is not a consequence of global impairment in M2 activation. To
elucidate the molecular mechanism by which KLF4 inhibits M1
gene expression, we focused our attention on Cox-2, a classic pro-
inflammatory target. Transient transfection assays in RAW264.7
cells showed that KLF4 inhibited basal and LPS-induced Cox-2
promoter activity (Figure 3E). However, sequence analysis of the
Cox-2 promoter did not reveal a canonical KLF-binding site. Thus,
we reasoned that KLF4 may function indirectly by altering path-
ways that mediate LPS induction of the Cox-2 promoter. Indeed,
the increased levels of acetylated histone H3 associated with the
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Figure 5

Myeloid KLF4 deficiency results in delayed wound healing. (A) Wound
healing graphs of the mean percentage of initial wound area dem-
onstrate a delay in wound healing in Mye-KO mice. At 1 week after
wounding, Mye-WT mice had a 49.3% total reduction in average
wound size, in contrast to a 34.9% reduction in Mye-KO mice (blue
lines). Furthermore, complete wound closure in Mye-KO mice occurred
on day 16, compared with day 14 for WT mice. Dashed line at 100%
indicates “baseline” percentage of wound area. n = 9 in each group. (B)
H&E staining of skin surround wound edge at 48 hours demonstrates
similar levels of myeloid cells in the perilesional wound tissue. Scale
bar: 150 um. (C) Expression of iNOS and Tnfa from skin surrounding
the wound edge as assessed by qPCR at 48 hours after wounding.
n = 3 per genotype. *P < 0.05, **P < 0.01, Student’s t test.

Cox-2 promoter in LPS-treated KLF4-deficient macrophages would
correspond to greater transcriptional activation of the Cox-2 gene
(Figure 3F). Because activation of the NF-kB pathway is critical
for LPS-mediated Cox-2 induction (34), we assessed whether KLF4
affects this pathway. KLF4 overexpression or deficiency did not
significantly affect IkB phosphorylation or degradation (data not
shown) and resulted in a modest increase in p65 recruitment to
the Cox-2 promoter in LPS-treated cells (Figure 3, G and H). How-
ever, KLF4 deficiency enhanced and overexpression attenuated the
recruitment of the coactivators p300 and PCAF to the Cox-2 pro-
moter following LPS stimulation (Figure 3, G and H). The recruit-
ment of p300 and PCAF is specific for the NF-kB site on the Cox-2
promoter (35), as no enrichment was observed to a different region
of the Cox-2 promoter (Supplemental Figure 7). These data suggest
that KLF4 deficiency allows for increased recruitment of cofactors
known to augment NF-kB transcriptional activity. Finally, because
KLF4 induces the M2 and inhibits the M1 phenotype, we sought
to determine whether KLF4 may be required for suppression of
inflammatory gene expression in M2 macrophages. For these
studies, PMs from Mye-WT and Mye-KO mice were treated with
IL-4 for 16 hours, and LPS was added for an additional 6 hours. As
expected, pretreatment with IL-4 significantly inhibited LPS-medi-
ated M1 gene induction (e.g., INOS, Tnfa, MCP-1, and RANTES) by
approximately 42.8%-51.3% in WT macrophages. However, this
inhibitory effect was strongly attenuated in KLF4-deficient mac-
rophages (Supplemental Figure 8). These data suggest that KLF4
may also be important in suppressing inflammatory gene expres-
sion in M2 macrophages.

KLFA4-deficient macrophages exhibit enbanced bactericidal activity. The
bactericidal activity of macrophages is generally viewed as within
the purview of M1-polarized macrophages (9). Because KLF4-defi-
cient macrophages exhibit enhanced M1 polarization, we hypoth-
esized that these cells may exhibit enhanced bactericidal activity.
Thus, we performed phagocytosis and bacterial killing assays in
control and KLF4-deficient primary macrophages. Indeed, KLF4-
deficient macrophages exhibited significantly greater bactericidal
activity toward both Gram-negative (E. coli) (Figure 4, A and B) and
Gram-positive (Staphylococcus aureus; Supplemental Figure 9, A and
B) bacteria. This effect was not due to alterations in phagocytosis,
as assessed by fluorescence microscopy and FACS analysis (Sup-
plemental Figure 10). To determine the basis for the enhanced bac-
tericidal activity, we assessed for expression of effector molecules
known to be involved in pathogen killing. Exposure of KLF4-defi-
cient macrophages to E. coli (Figure 4C) or S. aureus (Supplemental
Figure 9C) increased expression of the ROS-generating enzyme
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Relationship of KLF4 to obesity in human subjects.
(A—C) Gene expression of KLF2, KLF4, IL6, and ADPN
in subcutaneous adipose tissue (needle biopsies) from
48 nondiabetic obese (OB), 37 obese diabetic (OBD),
and 20 control (Lean) subjects. (D) Significant correlation
between gene expression of KLF4 and ADPN in human
adipose tissue. r2 and P values by Pearson correlation
test. (E) KLF2, KLF4, and IL6 gene expression in SVF
from 9 non-obese and 12 obese patients. (F and G) Sig-
nificant correlations between gene expression of KLF4
and CD206 and CCL18 in SVF from 9 non-obese and 12
obese patients. r? and P values by Pearson correlation
test. *P < 0.05, Kruskal-Wallis test (vs. lean group). Gene
expression in SVF samples was normalized to CD68.
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have delayed wound healing (Figure SA). At 1 week
after wounding, Mye-WT mice demonstrated a 49.3%
total reduction in average wound size, in contrast
to a 34.9% reduction in Mye-KO mice. Ultimately,
complete closure of wounds was delayed by 2 days in
Mye-KO mice compared with Mye-WT mice (Figure
5A). Histologic examination revealed that the skin
adjacent to wounds in both genotypes had equivalent
monocyte/macrophage infiltration in the dermal and
subcutaneous layers (Figure 5B and Supplemental
b Figure 11A). Furthermore, ex vivo studies confirmed
that migration of KLF4-deficient macrophages in
response to the prototypical monocyte/macrophage
chemokine MCP-1 was similar to that of control cells
(Supplemental Figure 11B). To determine whether
delayed wound healing is mediated by enhanced M1-
polarized macrophages in Mye-KO mice, we analyzed
the skin surrounding the wound for proinflamma-

3 4

0 1

2
KLF4 (AU)

KLF4 (AU)

NADPH oxidase 1 (Nox1) by approximately 2.0-fold. In addition,
exposure to E. coli also increased expression of several additional
bactericidal targets such as cathelicidin-related antimicrobial
peptide (Cramp; ~2.3-fold), iNOS (~5.7-fold), Ifng (~2.1-fold), and
Tnfa (~1.4-fold) (Figure 4, D-G). Consistent with the effect on
iNOS, nitric oxide production was approximately 3.4-fold higher
in KLF4-deficient macrophages infected by E. coli (Figure 4H).
Myeloid KLF4 deficiency results in delayed wound healing. Macro-
phages are rapidly recruited to sites of tissue injury and become
key regulators of inflammation, tissue repair, and cellular debris
clearance (8, 36). The initial inflammatory response is regulated by
M1 macrophages, while the healing/repair response is thought to
lie in the purview of M2 macrophages (37). Importantly, excess or
dysregulated inflammation in the skin can lead to delayed wound
closure and further tissue destruction. Because KLF4-deficient
macrophages exhibit enhanced M1 polarization, we hypothesized
that these cells may increase proinflammatory cytokine expression
in the surrounding tissue and lead to delayed wound closure due
to tissue destruction. Thus, we assessed the time for wound clo-
sure in Mye-WT and Mye-KO mice following cutaneous wound-
ing. Data from wound healing curves showed that Mye-KO mice
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tory factors. Data from qPCR analysis of RNA har-
4 vested from skin at 48 hours after wounding show
that iINOS and Tnfa expression was significantly
increased (>17-fold) in Mye-KO mice compared with
Mye-WT mice (Figure 5C). These data demonstrate
that Mye-KO mice have increased proinflammatory factors in the
skin associated with a concomitant delay in wound healing.

KLF4 expression is regulated in human obesity. Macrophages are
abundantly present in obese adipose tissue, and these adipose tis-
sue macrophages (ATMs) contribute to many of the circulating
inflammatory molecules postulated to be involved in insulin resis-
tance and type 2 diabetes progression (1, 14). Increased presence of
M1 macrophages has been described in adipose tissue from obese
human subjects (12). Thus, we assessed KLF4 gene expression in
subcutaneous adipose tissue (needle biopsies) from nondiabetic
obese (n = 48), diabetic obese (n = 37), and lean patients (n = 20)
(Supplemental Table 1). Data from qPCR analysis showed that
KLF4 expression was significantly reduced by 50% in obese patients
compared with lean subjects (P < 0.05), regardless of their diabetic
status (Figure 6A). Age adjustments did not change this relation-
ship. The expression of KLF2, a closely related family member (38,
39), was unchanged (Figure 6A). Consistent with previous studies
(40), IL6 expression was increased, while adiponectin (ADPN) levels
were reduced in obese adipose tissue (Figure 6, B and C). Further,
a significant positive correlation (r? = 0.27, P < 0.0001, Pearson
correlation test) was observed between mRNA levels of KLF4 and
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Figure 7

Myeloid-specific deficiency of KLF4
exaggerates HFD-induced obesity
and insulin resistance state in mice.
(A) Impairment of IL-4—mediated lipid
uptake (left panel) and p-oxidation
(right panel) in KLF4-deficient macro-
phages. [3H] counts were normalized to
protein content and expressed as fold
increase relative to untreated controls.
n = 8 in each group. (B) KLF4-defi-
cient macrophages exhibit enhanced
glucose uptake before and after LPS
stimulation (left panel) and release
more L(+)-lactate (right panel), a
product of glycolysis. [3H] counts from
2-deoxy-[3H]-p-glucose in the cell
lysate and L(+)-lactate concentration in
the conditioned medium were normal-
ized to protein content and expressed
as fold increase over untreated con-
trols. n = 8 in each group. (C and D)
Mye-KO mice on HFD gained more
weight (C) and stored more fat (D) than
Mye-WT controls. n = 6 in each group.
Subc., subcutaneous. (E and F) After
10-12 weeks of HFD, Mye-KO mice
show impaired glucose metabolism
as revealed by glucose intolerance
(E) and resistance to exogenous insu-
lin (F). n = 6 per genotype. *P < 0.05,
**P < 0.01, Student’s t test with Bonfer-
roni correction.
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ADPN in human adipose tissue (Figure 6D). Finally, since visceral
fat is more metabolically active and closely linked to insulin resis-
tance, we compared KLF4 expression in this compartment versus
subcutaneous fat. KLF4 (but not KLF2) expression in visceral fat
was significantly lower (~50%) than that in subcutaneous fat sam-
ples from obese subjects (Supplemental Figure 12A).

Macrophages are typically present in the stromal vascular frac-
tion (SVF), and thus we also assessed KLF4 expression in the SVF
of lean and obese subjects. Cellular fractionation of human SVF
revealed that KLF4 expression in macrophages was higher than in
other cellular constituents (Supplemental Figure 12B). Consistent
with the adipose tissue data (Figure 6A), a 50% reduction of KLF4
expression was observed in SVF from obese subjects (Figure 6E).
Finally, in SVF samples, the expression of KLF4 was positively cor-
related with that of prototypical human M2 macrophage makers
such as CD206 (mannose receptor) (#* = 0.38, P < 0.003, Pearson
correlation test) and CCL18 (12 = 0.35, P < 0.006, Pearson correla-
tion test) (Figure 6, F and G). Collectively, these data indicate that
KLF4 expression is regulated in human obesity.

Myeloid KLF4 deficiency promotes insulin resistance. We next asked
whether myeloid-specific deficiency of KLF4 could affect macro-
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Time (min)

phage metabolism and systemic metabolic homeostasis. M2 stim-
uli, such as IL-4, induce a metabolic switch to fatty acid oxidation,
while M1 stimuli promote glycolysis in macrophages (15, 30). As
shown in Figure 7A, in the absence of KLF4, the IL-4-mediated
uptake and B-oxidation of oleic acid by macrophages was sig-
nificantly attenuated. However, in response to an M1 stimulus
such as LPS, KLF4-deficient macrophages exhibited higher glu-
cose uptake both in untreated and LPS-treated conditions and
released more L(+)-lactate, indicating an enhanced rate of gly-
colysis (Figure 7B). To determine the role of myeloid KLF4 in the
development of obesity and insulin resistance, we subjected Mye-
WT and Mye-KO mice to diet-induced obesity (DIO) via a high-fat
diet (HFD). After 10 weeks of HFD (started at age of 8 weeks),
the body weight of Mye-KO mice (37.7 + 1.1 g) exceeded that of
Mye-WT controls (33.7 + 1.2 g) by approximately 12% (Figure 7C).
Mye-KO mice accumulated more adipose tissue than the Mye-WT
controls (60% more subcutaneous fat and 110% more visceral fat)
as revealed by MRI (Figure 7D and Supplemental Figure 13A).
This higher fat mass was associated with a moderate increase in
circulating triglyceride levels (Mye-KO: 91.7 + 8.6 mg/dl vs. Mye-
WT: 75.2 + 5.2 mg/dl, P = 0.067) (Supplemental Figure 13B).
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Figure 8

Mye-KO mice exhibit altered inflammatory and metabolic gene expression in tissues following HFD. (A and B) Myeloid deficiency of KLF4 in
HFD-mice affects transcription of many genes involved in nutrition uptake, p-oxidation, oxidative phosphorylation and inflammation in white
adipose tissue (A) and skeletal muscle (B). n = 6 in each group. (C) Increased macrophage infiltration of white fat tissues and muscle tissues
as determined by Mac-3 antibody staining. Original magnification, x400. (D) Quantification of Mac-3 staining. n = 6 in each group. (E) Myeloid
deficiency of KLF4 in HFD-fed mice affects expression of macrophage M1 and M2 genes in SVF. n = 6 in each group. *P < 0.05, Student’s t test.

(F) Schematic of proposed mechanism. See text for details.

HDL and LDL levels were similar in the two groups (Supplemen-
tal Figure 13, C and D). These data indicated that Mye-KO mice
developed more pronounced DIO. This phenotype was not due
to differences in food consumption (Supplemental Figure 14A),
indicating that total body energy expenditure may be reduced in
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the Mye-KO mice. Indeed, indirect calorimetric assays confirmed
that Mye-KO mice exhibited reduced oxygen consumption, heat
production, and respiratory quotient (Supplemental Figure 14B).
To determine whether myeloid KLF4 deficiency resulted in insu-
lin resistance, we performed glucose and insulin tolerance tests
Volume 121
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in HFD-fed Mye-WT and Mye-KO mice. Serum insulin levels in
HFD-fed Mye-KO mice were significantly increased, indicating
that these mice may have a propensity toward insulin resistance
(Supplemental Figure 15A). Glucose tolerance tests revealed that
Mye-KO mice had increased glucose levels 30 minutes after chal-
lenge (Figure 7E). As expected with decreased insulin sensitivity,
Mye-KO mice were more resistant to the glucose-lowering effects
of exogenous insulin (Figure 7F). Lean mice on a normal chow
diet showed a similar trend, in that Mye-KO mice were also less
glucose tolerant than Mye-WT controls, though the difference
did not reach statistical significance (Supplemental Figure 15B).
Finally, in keeping with an insulin-resistant state, phosphoryla-
tion of Akt was reduced in liver and skeletal muscle of Mye-KO
mice after HFD (Supplemental Figure 15C).

To better define the HFD-induced alterations in adipose tissue
and muscle, we quantified transcript levels of genes important in
fatty acid metabolism and inflammation. As shown in Figure 8A,
mRNA levels of a large number of genes encoding key enzymes
in nutrient uptake (Slc4a, sodium-coupled bicarbonate trans-
porter 4A), fatty acid binding (Fabp4), fatty acid synthesis (Fasn,
fatty acid synthase; Acaca, acetyl-coenzyme A carboxylase a), and
B-oxidation (Cptla, carnitine palmitoyltransferase 1a), as well as
transcriptional factors known to regulate fatty acid metabolism
(Pparg; Srebf1, sterol regulatory element-binding protein 1), were
reduced by 33.3%-68.0% in white adipose tissue from HFD-fed
Mye-KO mice. To determine whether macrophage infiltration and
the polarization status of infiltrated macrophages contributed to
adiposity, we analyzed macrophage-specific gene expression in the
white adipose tissue of HFD-fed Mye-WT and Mye-KO mice. Nota-
bly, expression of the macrophage-specific gene F4/80 increased
more than 2.3-fold in adipose tissue of HFD-fed Mye-KO mice,
indicating enhanced infiltration of macrophages into adipose
tissue of these mice (Figure 8A). The inflammatory genes II6 and
Veaml were increased 1.7- and 1.9-fold, respectively, while Rentla,
a marker of M2 macrophages, was reduced by 73.4% in adipose
tissue (Figure 8A). In skeletal muscle, genes encoding fatty acid
-oxidation enzymes (AcoxI, peroxisomal acyl-coenzyme A oxidase 1;
Acadm, acyl-coenzyme A dehydrogenase for medium-chain facty
acids; Cpt1b, carnitine palmitoyltransferase 1b) and the insulin-
sensitive glucose transporter gene Glut4 were reduced by 29.4%
to 51.3% in HFD-fed Mye-KO mice (Figure 8B and Supplemental
Figure 16A). F4/80 expression was increased by 66.3% in skeletal
muscle, indicating enhanced macrophage infiltration. Moreover,
the inflammatory genes (MCP-1, 116) were increased, and the M2
macrophage marker gene Rentla was reduced significantly in skel-
etal muscle (Figure 8B and Supplemental Figure 16A). These gene
expression data demonstrate that, after HFD, Mye-KO mice have
enhanced macrophage infiltration in adipose tissue and skeletal
muscle and that the infiltrating macrophages exhibit an inflam-
matory M1 phenotype. The enhanced infiltration of macrophages
in adipose tissue and skeletal muscle of obese Mye-KO mice was
further confirmed by immunohistochemistry for Mac-3 (Figure
8, C and D). By comparison, livers from Mye-KO mice did not
show significant changes in metabolic genes, but did show a trend
toward increased expression of inflammatory genes (e.g., MCP-1,
Veaml) (Supplemental Figure 16B). Finally, we assessed for M1/
M2 targets in the SVF of Mye-WT and Mye-KO mice following
HFD feeding. As shown in Figure 8E, many M1 genes (e.g., VcamI,
Il1b, iNOS, RANTES, Tnfa, Cox-2) were expressed at significantly
higher levels in Mye-KO SVF, while M2 genes (e.g., Argl, Rentla,
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Pparg) were significantly reduced. Collectively, these data suggest
that KLF4 deficiency may affect the polarization status of ATM:s.

Discussion
Transcriptional control of macrophage differentiation is currently
the subject of intense investigation. To date, control of macrophage
polarization has largely been attributed to the function of a small
group of factors including NF-kB, AP-1, HIFs, STATs, and PPARs.
Our observations introduce the KLF family as contributors to this
process and, more specifically, identify KLF4 as critical in regulat-
ing M1/M2 polarization (Figure 8F). Since the first identification
of mammalian KLF family members in 1993 (41), a total of 17 KLF
factors have been identified. Several recent reports have implicated
KLFs in myeloid cell biology. With respect to KLF4, Feinberg et al.
showed that KLF4 promotes monocyte differentiation (21). These
observations were extended by elegant studies from the Civin
laboratory that determined, by transplantation of hematopoietic
KIf4-KO fetal liver cells into lethally irradiated WT mice, that KLF4
has an essential role in the differentiation of mouse monocytes
(22). Specifically, these studies identified an essential role for KLF4
in Ly6CM and Ly6C'® monocyte development. In light of these
observations, and in order to minimize developmental effects, we
employed the LysM-Cre mouse line, in which the Cre gene is under
control of the endogenous LysM promoter. Owing to the temporal
and spatial nature of LysM promoter activation in myeloid cells,
the Cre gene is expressed at low levels during myeloid development
but is highly induced upon transformation of mature monocytes
into macrophages (42, 43). Consistent with our expectation, KLF4
deficiency, as achieved in the LysMCr/CeK]f4f mouse, did not sig-
nificantly affect the peripheral blood cell differential or monocyte
subsets (Supplemental Figure 3). Thus, our approach enabled a
detailed evaluation of KLF4 in macrophage biology and led to our
identification of KLF4 as an important regulator of M1/M2 polar-
ization. Collectively, the results of the current study coupled with
previous work implicate KLF4 in multiple stages of monocyte/
macrophage biology, from cellular differentiation to activation.
Akey observation provided by our studies is that KLF4 can differ-
entially affect a large repertoire of genes that characterize the M1
and M2 phenotype. With respect to M2 polarization, our studies
indicate that KLF4 is both induced by and cooperates with Stat6
to induce quintessential M2 targets such as Arg-1 following IL-4
stimulation. Our studies of the Argl promoter reveal that maximal
transcriptional activity of Stat6 requires intact KLF4 sites (and vice
versa). This type of inductive and cooperative relationship has also
been observed between Stat6 and PPARy in macrophages during
M2 activation (30). The fact that PPARy levels were reduced in KIf4-
null cells and tissues raises the possibility that KLF4 and Stat6
may also cooperate to augment PPARY expression — a possibility
that is supported by the inductive effect of KLF4 and Stat6 on the
Pparg promoter (Supplemental Figure 4B). The importance of this
relationship between PPARy and KLF4 is also supported by the
fact that myeloid deletion of PPARy leads to a phenotype that is
similar to that of KLF4 Mye-KO mice observed in this study (30,
44). While additional studies are clearly warranted, current obser-
vations raise the possibility that a cascade of inductive and coop-
erative interactions in the Stat6/KLF4/PPARYy axis may allow for
optimal and sustained M2 activation. Finally, while much of our
work here has focused on M2 polarization in the context of IL-4
stimulation, a recent study suggested that alternative IL-4-inde-
pendent mechanisms may also regulate the M2 phenotype (45).
Volume 121~ Number 7
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Whether KLF4 participates in this pathway is an important issue
that will require further investigation.

The induction of KLF4 provides a molecular mechanism to not
only induce the M2 phenotype but also inhibit the M1 pathway.
The importance of KLF4’s inhibition of proinflammatory tar-
gets is highlighted by gain- and loss-of-function studies in vitro
(Figures 3 and 4) and by corroborative evidence in disease models
(Figures S, 7, and 8). Furthermore, the observation that KLF4 defi-
ciency attenuates the ability of IL-4 to inhibit M1 targets (Supple-
mental Figure 8) suggests that KLF4 may also be important in
suppression of proinflammatory genes in M2 macrophages. Our
mechanistic studies demonstrate that this antiinflammatory
effect occurs at least in part through the ability of KLF4 to inhibit
NF-kB transcriptional activity. Importantly, altering KLF4 levels
did not significantly affect activation of IKK/IxBa.. However, opti-
mal NF-xB transcriptional activity requires key coactivators such
as p300/CBP and associated factors such as PCAF. Because KLF4
interacts with p300/CBP (46, 47), we reasoned that it may compete
with NF-kB for these rate-limiting amounts of this coactivator, a
notion supported by our ChIP studies (Figure 3, G and H). Finally,
in addition to competing for coactivators, the KLF4-mediated
induction of PPARYy likely contributes to the potent inhibition of
M1 polarization by KLF4. Efforts to understand whether these two
factors cooperate to inhibit classical macrophage activation is an
important issue that is currently being investigated. Our studies
also provide insights regarding discrepant observations in the lit-
erature regarding the kinetics of KLF4 expression and its targets
in response to proinflammatory stimuli. It is likely that (a) idio-
syncrasies of various cell lines employed (e.g.,J774a, THP-1, RAW,
and BV-2) and (b) differences in the concentration (ranging from
10 ng/ml to 1,000 ng/ml) and source of LPS employed (e.g., E. coli,
Porphyromonas gingivalis, and Salmonella enterica) may account for
many of the disparate results seen among various studies (23-28).
For example, several studies in cell lines and/or primary cells have
reported an increase in KLF4 expression. Most of these studies
assessed expression at early time points following stimulation. In
the current study, the most dramatic effect on KLF4 expression
in primary murine macrophage was a reduction that occurred at
late time points. While this appears to be contradictory, we note
that a modest but reproducible increase (statistical significance
achieved in PMs [10 ng/ml at 4 hours] and BMDMs [50 ng/ml at
4 hours]; Supplemental Figure 2) was also seen in primary cells.
The magnitude is clearly modest but is consistent with observa-
tions in cell lines. Importantly, our studies suggest that the reduc-
tion in KLF4 expression, observed in both murine and human
macrophages as well as human tissue samples (SVF fraction; Fig-
ure 6E), is critical, as evidenced by the in vitro and in vivo gene
expression and functional studies. A second issue relates to the
regulation of iNOS expression by KLF4. The increase in this M1
marker in the setting of KLF4 deficiency was surprising given the
previous finding by our group and others that KLF4 induces iNOS
expression (23). An important difference between these two studies
is that the previous work was performed in the mouse monocyte/
macrophage tumor cell line ]774a. Indeed, repeat studies have con-
firmed that overexpression of KLF4 in this cell line robustly induc-
es iNOS. Interestingly, in contrast to the induction of iNOS, KLF4
overexpression reduced the expression of MCP-1 in J774a cells
(Kapadia and Jain, unpublished observation). Thus, while gain-
of-function studies (in cell lines) and loss-of-function studies (in
primary cells) revealed the anticipated anti-parallel effect on some
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M1 markers such as MCP-1, the basis for the induction of iNOS in
both contexts remains incompletely understood. It is noteworthy
that differential effects of KLF4 on target genes and cellular func-
tions have been reported in other systems. In the cancer literature,
anumber of studies support both a pro- and anti-tumorigenic role
for KLF4. A potential explanation based on the p21 status of can-
cer cells was put forth by Rowland and colleagues. This study and
others suggest that the cellular context likely affects KLF4 action
(48, 49). While additional studies are required to elucidate the
molecular basis for the differential effect of KLF4 on iNOS expres-
sion in J774a cells versus primary cells, the concordant effects on
an entire cassette of M1 genes in primary macrophages observed
in the current study suggest that KLF4 inhibits the M1 pheno-
type. Furthermore, the fact that iNOS was robustly induced in the
skin wounds of myeloid-specific KLF4-deficient mice (Figure SC)
strongly supports this in vitro finding. Finally, our observations
reinforce the notion that the use of primary cells and corrobora-
tion of findings in vivo will be critical in future studies aimed at
understanding the biology of myeloid KLF4.

Converging studies reveal that phenotypic polarization of mac-
rophages by the inflammatory microenvironment is critical for
both induction and resolution of the inflammatory response. For
example, in lean adipose tissue, production of IL-13 can induce the
M2 phenotype in ATM:s (14). However, obesity can induce a proin-
flammatory state that promotes the M1 phenotype and initiates a
feed-forward circuit that amplifies the inflammatory response and
contributes to insulin resistance (1). Similarly, Th1 cytokines pre-
dominate early in the course of an infection and thereby enhance
macrophage bactericidal effects, while Th2 cytokines confer an
M2 phenotype to help in the resolution and repair following an
inflammatory insult. In this regard, our observations that KLF4
expression is differentially regulated by Th1 and Th2 cytokines
is of particular interest. Furthermore, these studies predict that
in the absence of KLF4, the balance would be tipped in favor of
an M1 phenotype. Our functional studies are aligned with this
hypothesis, as we observed that KLF4-deficient macrophages
exhibit robust bactericidal activity. However, proinflammatory
activation can be deleterious in the setting of chronic inflamma-
tory conditions, resulting in delayed wound healing and, if sus-
tained, insulin resistance. Indeed, the observation that KLF4 Mye-
KO mice exhibited delayed wound healing and susceptibility to
DIO/insulin resistance is consistent with this idea.

An important aspect of this work is the association of KLF4 with
human obesity. Consistent with the view that ATMs in obese sub-
jects assume an M1 phenotype, a significant reduction in KLF4
expression was seen in adipose tissue from obese human subjects.
Furthermore, the observation that KLF4 expression is reduced in
visceral versus subcutaneous fat in obese subjects is particularly
intriguing given the epidemiologic association between visceral
fat and insulin resistance. Our studies also extended our assess-
ment of KLF4 in obesity to the SVF fraction where the macrophage
population resides. We note that although murine and human M1
macrophages express similar M1 markers, there are distinct dif-
ferences in M2 markers (33). For example, some studies indicate
that human monocytes and monocyte-derived macrophages do
not induce Arg-1, YM1, or FIZZ1 in response to IL-4/IL-13 (31,
33, 50). However, like murine macrophages, alternatively activated
human macrophages do express CD206 (C-type receptor 1; MRC1)
and CCL18. This receptor belongs to the group of pattern recog-
nition receptors involved in host cell immune responses through
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phagocytosis and endocytosis. Previous studies demonstrate that
the ratio of CD40" to CD206" macrophages was 2-fold lower after
weight loss in the subcutaneous adipose tissue of obese subjects
due to a concomitant decrease in CD40" and increase in CD206*
macrophages (12). Furthermore, we also assessed CCL18, which
was identified in the late 1990s by several groups (5-9, 51) and
given different names owing to the manner of discovery, including
alternative macrophage activation-associated CC chemokine-1
(AMAC-1). Although a rodent counterpart has not been identi-
fied, CCL18 expression by macrophages has been implicated in
lymphocyte and immature dendritic cell recruitment. CCL18 has
also been identified as being differentially expressed in adipose
tissue of patients with nonalcoholic steatohepatitis with fibrosis
(52). Interestingly, we found a significant correlation between both
human M2 markers and KLF4 in SVF samples. In addition, and
consistent with the observation in adipose tissue, KLF4 expression
was reduced in the SVF of obese subjects (Figure 6E). Collectively,
these observations suggest that the reduction in KLF4 expression
may have important implications for human obesity.

The ability for KLF4 to regulate both M1 and M2 polarization
has potentially broad implications for numerous inflammatory
disease states beyond insulin resistance and wound healing. The
fact that KLF4-deficient macrophages exhibited enhanced bacte-
ricidal activity (Figure 4) supports a role for this factor in disease
processes such as sepsis. Importantly, since KLF4 is also expressed
in granulocytes, and LysM-Cre deletes floxed genes in both cell
types (53, 54), such studies will need to account for effects of KLF4
deficiency in both macrophages and granulocytes in order to fully
elucidate the integrated host response to bacterial infection. In
addition, since macrophages are critical in combating chronic
infections (e.g., Mycobacterium tuberculosis) and parasites (e.g., Lis-
teria monocytogenes), investigation of these pathologic states is also
likely to be fruitful. Furthermore, given the importance of macro-
phages in atherosclerosis and tumorigenesis, assessment of these
processes in the myeloid KLF4-deficient model is clearly warranted.
Finally, as KLF4 levels can be manipulated by diverse agonists
such as statins, resveratrol, proteosome inhibitors (e.g., bortezo-
mib), and dietary compounds (e.g., broccoli), KLF4 is a potentially
promising therapeutic target.

Methods
Human subjects. The study enrolled 114 morbidly obese subjects involved
in a gastric surgery program and 20 lean controls recruited at the Depart-
ment of Nutrition, Hotel-Dieu Hospital, Paris, France. Obese subjects
met the criteria for obesity surgery and were categorized into diabetic and
nondiabetic groups (Supplemental Table 1). Fat specimens were obtained
by needle aspiration in the periumbilical area under local anesthesia (12).
The Ethics Committee, Hotel-Dieu Hospital, approved all clinical investi-
gations, and informed written consent was obtained from all subjects.

Animals. To generate macrophage-specific Klf4-knockout mice, we
crossed KIf4"f mice with LysM¢/Cre mice (53, 54). LysMCr/Cr mice (desig-
nated Mye-WT) were used as control animals, and LysMC/CeKIf4Vf1 mice
(designated Mye-KO) were used as experimental animals. KIf4"/ mice were
generated as described previously (55, 56). LysM¢/Cre mice, CS7BL/6]
wide-type mice, and Stat6-null mice were obtained from The Jackson Lab-
oratory. All experimental procedures were approved by the IACUC of Case
Western Reserve University.

Cell culture and transfection assays. Mouse peritonitis was induced by i.p.
injection of 3% thioglycolate broth in 8- to 20-week-old mice as described
previously (57). Peritoneal cells were harvested at 72 hours after i.p. injec-
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tion, and macrophages were enriched by quick adhesion. BMDMs were dif-
ferentiated with M-CSF as described previously (58). Cells were cultured in
DMEM supplemented with 10% fetal bovine serum and antibiotics. Macro-
phage culture purity was assessed by CD115-based flow cytometry. All tran-
sient transfection and adenoviral overexpression procedures were performed
in the RAW264.7 cell line (ATCC). For overexpression, RAW264.7 cells were
infected with the empty control virus (Ad-EV) or the adenovirus carrying the
human KLF4 gene (Ad-KLF4). Transient transfection assays were done with
FuGENE 6 transfection reagent (Roche Applied Science) in RAW264.7 cells.
The Argl promoter luciferase construct was a gift from Peter Murray (St.
Jude Children’s Research Hospital, Memphis, Tennessee, USA). KLF- and
Stat6-binding sites (13, 30) were mutated using a site-directed mutagenesis
kit (Agilent Technologies). The Stat6 expression plasmid was a gift from
Thomas A. Hamilton (Cleveland Clinic). KLF4 and p65 expression plasmids
and Cox-2 luciferase plasmid were described previously (21, 38).

Phagocytosis and bacteria killing. To assess the phagocytic capability of mac-
rophages, opsonized Alexa Fluor 488-conjugated E. coli (strain K-12) bio-
particles (Invitrogen) were incubated with macrophages and intracellular
uptake was visualized by fluorescence microscopy and quantified by
flow cytometry. To determine the bactericidal function of macrophages,
2 x 10° adherent PMs were incubated with S x 107 E. coli (strain ATCC-
29522) (59) or 1 x 10° S. aureus (strain Newman) (57) for 2 hours, and then
cells were thoroughly washed with PBS and incubated for 24 hours in
DMEM medium containing antibiotics before harvesting of intracellular
bacteria. Cell lysate from macrophages containing intracellular bacteria
was serially diluted with PBS and spread onto agar plates to determine
bacterial viability (expressed as CFU).

Wound preparation, treatment, and measurement. Each mouse was subjected to
three 6-mm excisional wounds, 1 midline and 2 on each side of the midline,
followed by a single dose of 72 mJ/cm? UVB. This dose of UVB has been
previously shown to recruit monocytes and macrophages into the skin (60,
61). Wounds were measured daily (length x width), and total wound area was
calculated, until they healed (loss of serum crust and reepithelialization).

Mouse HFD model and assessment of metabolic status. Male mice were fed
either standard rodent chow or Clinton/Cybulsky High Fat Rodent Diet
(HFD: D12108C, Research Diet) (62) starting at 8 weeks of age for 8-12
weeks. These mice were subjected to a glucose tolerance test or an insu-
lin tolerance test at 10 weeks after initiation of HFD (44) (Case Mouse
Metabolic Phenotyping Center, Case Western Reserve University). After 12
weeks of HFD, animals were assessed for body composition on a 7T small
animal MRI scanner in the Case Center for Imaging Research (Case West-
ern Reserve University) and sacrificed for harvesting of serum, fat tissue
(perigonadal, visceral, and subcutaneous), skeletal muscle (quadriceps and
soleus), and liver. To investigate the potential sites of insulin resistance,
HFD-fed Mye-WT and Mye-KO mice were injected with insulin (5 mU/g)
through the inferior vena cava, and liver and skeletal muscle were quickly
harvested for biochemical analysis. Samples were stored at -80°C or fixed
in 10% formalin for subsequent analysis. Food intake and energy expen-
diture were determined after 10 weeks of HFD at the Mouse Metabolic
Phenotyping Center, University of Cincinnati, Cincinnati, OH.

RNA isolation and gPCR. Total RNA from cultured cells, human tissue
samples or mouse tissue samples was isolated using either TRIzol reagent
(Invitrogen) or RNeasy kit (QIAGEN). First-strand cDNA was synthesized
and subjected to qPCR with either SYBR green or Roche universal probe
reagents (Universal ProbeLibrary, Roche Applied Science) on a StepOne-
Plus Real-Time PCR System (Applied Biosystems). Gene expression was
normalized to GAPDH, 18SRNA, or f-actin using the AACt method.

Western blot analysis and immunohistochemistry. Western blots were performed
following standard protocols. Chicken anti-arginase-1 antibody was a gift
of Sidney M. Morris Jr. (University of Pittsburgh, Pittsburgh, Pennsylvania,
Volume 121~ Number 7
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USA). Other antibodies were iNOS (SC-8310), Cox-2 (SC-7951), PPARY (SC-
7273), and HRP-conjugated anti-goat IgG (SC-2020) from Santa Cruz Bio-
technology Inc.; Stat6 (catalog 9362) and phospho-Tyr641-Stat6 (catalog
9361) from Cell Signaling Technology; goat anti-KLF4 (AF3158) from R&D
Systems; mouse anti-f-actin (A1978) from Sigma-Aldrich; HRP-conjugated
anti-rabbit IgG (NA934V) and anti-mouse-IgG (NA931V) from GE Health-
care; and HRP-conjugated anti-chicken IgY (SA1-300) from Affinity BioRe-
agents. Mac-3 antibody (ab22506) was from Abcam. Immunohistochemical
studies on tissue samples were performed as described previously (44), and
images were collected with a x40 objective.

ChIP. ChIP assays were performed as previously described (38, 47). In
brief, 2 x 107 cells were stimulated with LPS (50 ng/ml) for 30 minutes
or IL-4 (5 ng/ml) for 1-4 hours prior to crosslinking for 10 minutes with
1% formaldehyde. Antibodies recognizing p65 (SC-372), p300 (SC-585),
PCAF (SC-8999), and Stat6 (SC-981) were from Santa Cruz Biotechnology
Inc. Acetyl-histone 3 antibody (06-599B) and Magna ChIP Protein A Mag-
netic Beads (catalog 16-661) are products of Millipore. Normal rabbit IgG
(PP64B, Upstate) was used as negative control. Mouse KLF4 ChIP was per-
formed with an ExactaChIP Mouse KLF4 Chromatin Immunoprecipitation
Kit (ECP3158, R&D Systems). Argl promoter PCR was performed with the
specific primers flanking the Stat6 enhancer region (sense: TCACGCGT-
GGTAGCCGACGAGAG; antisense: CGCACGCGTAAAGTGGCACAACT-
CACGTA) and Cox-2 promoter PCR was performed with specific primers
flanking the NF-kB-binding site (sense: ATGTGGACCCTGACAGAGGA;
antisense: TCTCCGGTTTCCTCCCAGTC) (13, 35). Nontargeting prim-
ers for Argl promoter (sense: CGCCTCGAGGCTGCATGTGCTCGG; anti-
sense: CGCACGCGTAGAACTGCTTTGGGTTGTCA), and Cox-2 promoter
(sense: ATTCAAGCAGCAGAAGAGGGCAG; antisense: CTGGGATGC-
CAGAGCACACTG) were used to perform nonspecific control PCR.

In vitro metabolic assays. Macrophage polarization was induced by treating
cells with either LPS (50 ng/ml) or IL-4 (5 ng/ml) for 16 hours prior to per-
forming metabolic assays. For glucose uptake, 2-deoxy-[*H]|-D-glucose (0.4
uCi/ml) was added to the cells for 10 minutes at 37°C, and the reaction
was terminated by washing cells twice in ice-cold PBS, followed by cell lysis
for radioactivity determination (30). To determine fatty acid uptake, cells

were incubated at 25°C for 5 minutes with 1-[3H]-oleic acid (0.2 uCi/ml),
followed by washing with cold PBS and lysis with RIPA buffer. Fatty acid
oxidation was determined by radioassay for [*H]-H,O in the aqueous phase
of cell lysate chloroform extracts (63). Nitrite derived from NO was deter-
mined with the Griess Reagent System (Promega) in macrophage-condi-
tioned medium per the manufacturer’s instructions. Glycolysis was deter-
mined by an L(+)-lactate release assay (K627-100, BioVision) following the
manufacturer’s instructions. All sample values were normalized for protein
content and expressed as fold change relative to control samples.

Statistics. Results are presented as mean + SEM. To analyze the difference
between 2 groups, 2-tailed Student’s ¢ test was used. Bonferroni correction
was used when more than 2 groups were present. A P value less than 0.05
was considered significant. Human gene expression data were analyzed

with Kruskal-Wallis test and Pearson correlation test.
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