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Inflammatory bowel disease (IBD) is associated with dysregulated macrophage responses, such that quiescent

macrophages acquire a pro-inflammatory activation state and contribute to chronic intestinal inflammation. The

transcriptional events governing macrophage activation and gene expression in the context of chronic inflammation

such as IBD remain incompletely understood. Here, we identify Kruppel-like transcription factor-6 (KLF6) as a critical

regulator of pathogenic myeloid cell activation in human and experimental IBD. We found that KLF6 was significantly

upregulated in myeloid cells and intestinal tissue from IBD patients and experimental models of IBD, particularly in

actively inflamed regions of the colon. Using complementary gain- and loss-of-function studies, we observed that KLF6

promotes pro-inflammatory gene expression through enhancement of nuclear factor jB (NFjB) signaling, while

simultaneously suppressinganti-inflammatorygeneexpression through repressionof signal transducer andactivatorof

transcription 3 (STAT3) signaling. To study the in vivo role of myeloid KLF6, we treatedmyeloid-specific KLF6-knockout

mice (Mac-KLF6-KO) with dextran sulfate sodium (DSS) and found that Mac-KLF6-KO mice were protected against

chemically-induced colitis; this highlights the central role of myeloid KLF6 in promoting intestinal inflammation.

Collectively, our results point to a novel gene regulatory programunderlying pathogenic, pro-inflammatorymacrophage

activation in the setting of chronic intestinal inflammation.

INTRODUCTION

The human gastrointestinal tract is home to more than one
hundred trillion commensal microbes,1 highlighting the need
to discriminate between beneficial organisms and pathogenic,
invadingmicrobes. The innate immune system of the intestinal
mucosa has therefore evolved to provide a rapid, first-line
defense against harmful, infectious organisms through the
recognition of conservedmolecular patterns unique to invading
pathogens, such as endotoxins and nucleic acids. Pattern
recognition receptor-bearing macrophages situated in the sub-
epithelial lamina propria of the small and large intestine are
central to this process, and in fact represent the largest pool of
tissue-resident macrophages in the body.2 In addition to their
essential roles in maintaining host defense, scavenging dead
cells and debris, and helping to maintain epithelial barrier

function,3 intestinal mucosal macrophages are required for
shaping immune responses to the continuous barrage of
antigenic challenges that breach the intestinal epithelium.

The requirement of macrophages for maintenance of
intestinal homeostasis was established by seminal work in
which deletion of macrophages4,5 or toll-like receptors and
their common signaling adapter, MyD88,6 resulted in severe
morbidity and mortality in response to dextran sulfate sodium
(DSS)-induced colitis. These studies suggest that under non-
inflamed conditions, intestinal macrophages recognize com-
mensal microbes through pattern recognition receptor inter-
actions and regulate mucosal immunity in response to these
signals. Intestinal macrophages are also required for the
development of mucosal tolerance, as macrophage-deficient
mice (F4/80 knockout (KO)) fail to develop tolerance or
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antigen-specific regulatory T cells (Treg) following oral
administration of soluble antigen.7

Innate immunity sensing mechanisms are critical for
initiating and shaping the adaptive immune response in the
lamina propria8,9 and other tissues, as demonstrated by the
ability of ‘‘classically’’ (M1) and ‘‘alternatively’’ (M2) activated
macrophages to promote Th1 and Th2 responses, respectively.
Although M1/M2 macrophage classification remains widely
used, these broad categories encompass many different
phenotypic and functional subsets.10 Macrophages are differ-
entiated and activated by many different stimuli, including
cytokines, toll-like receptor agonists, and other exogenous
stimuli. Responses to stimulation by these agents, alone or in
combination, can lead to a spectrum of activation states not
restricted to the classic M1/M2 classificiations. Recent efforts
have therefore led to the development of a new consensus
framework for the classification of activated macrophages,
aimed at standardizing macrophage nomenclature.10

Under homeostatic conditions, intestinal macrophages
remain ‘‘inflammation anergic’’11 in response to strong signals
from anti-inflammatory interleukin (IL)-10 and TGFb (trans-
forming growth factor beta), displaying many phenotypic and
functional features of M2 macrophages. Although these cells
express pattern recognition receptors and display robust
phagocytic activity, they fail to mount inflammatory responses
to exogenous antigens;12 this unique feature allows intestinal
macrophages to effectively eliminate foreign invaders
while simultaneously maintaining immune quiescence.
Myeloid-specific deletion of M2-associated molecules such
as IL-10Ra,13 signal transducer and activator of transcription 3
(STAT3),14 and peroxisome proliferator-activated receptor
gamma (PPARg)15 leads to a significant exacerbation of
experimental colitis, highlighting the immunoprotective role
conferred by these molecules under intestinal homeostasis.

In contrast, intestinal macrophages of inflammatory bowel
disease (IBD) patients display an impairment in inflammatory
anergy and an increase in pro-inflammatory, M1 activation.16

This process is thought to occur due to high levels of cytokines,
such as interferon gamma (IFNg), tumor necrosis factor (TNF),
IL-1, and IL-6, in the gut mucosa that can divert infiltrating
monocytes towards a pathogenic, M1macrophage phenotype.3

These cells exhibit increased activation of nuclear factor kB
(NFkB), enhanced sensitivity to toll-like receptor ligands,
and elevated expression of pro-inflammatory cytokines,
chemokines, matrix metalloproteinases, and reactive oxygen
species /nitric oxide synthases,17–19 leading to inappropriate
inflammatory responses directed against non-harmful
commensal microbes and dietary antigens. Blockade of
macrophage-derived TNF is a standard therapeutic approach
in the treatment of IBD,20 demonstrating the pathogenic
contribution of inflammatory macrophages to IBD. Experi-
mental IBD is also dependent on pathogenic macrophages and
their cytokine products, as both depletion of macrophages
directly21 and treatment with anti-TNF antibodies22 are
sufficient to suppress the development of spontaneous colitis
in IL-10 KO mice.

Mature macrophages remain transcriptionally dynamic and
can alter their activation state in response to environmental
cues such as cytokines and other soluble mediators. Changes to
the IBD cytokine environment, such as an upregulation of
IFNg, TNF, IL-1, and IL-6, may therefore divert macrophages
away from inflammatory anergy and toward a pathogenic, M1
phenotype. Given the plasticity of macrophage phenotypes and
functions, it is critical to identify molecular events governing
the loss of inflammatory anergy and the ‘‘switch’’ to pathogenic,
M1 phenotypes that occurs in the setting of chronical intestinal
inflammation such as IBD.

Kruppel-like transcription factors (KLFs) are a subclass
of zinc-finger family transcription factors that regulate
critical cellular processes, including development, differentia-
tion, proliferation, and programmed cell death.23–25 Previous
studies have indicated that KLF2 (ref. 26) and KLF4 (ref. 27)
have important roles in macrophage inflammatory gene
expression and function; however, it has been recently
shown that KLF6 is the most highly expressed KLF family
member in primary macrophages, where it simultaneously
promotes M1 activation and inhibits M2 activation.28 KLF6
has also been recently linked to the pathogenesis of human
inflammatory diseases, including psoriasis29 and hepatic
steatosis.30 Nonetheless, the role of myeloid-derived KLFs,
including KLF6, in the pathogenesis of IBD has never been
investigated.

Our current studies seek to investigate the contribution of
macrophage KLF6 to the loss of macrophage inflammatory
anergy in IBD. We demonstrate a significant upregulation of
KLF6 in intestinal myeloid cells from human and experimental
IBD subjects, as well as a central role for KLF6 in controlling
macrophage responses to pro- and anti-inflammatory stimuli
associated with the development and resolution of intestinal
inflammation. Thus, we propose that KLF6 may function as a
molecular switch, diverting intestinal macrophages away
from protective, inflammatory anergic phenotypes and toward
pathogenic, M1 phenotypes in response to the local IBD-
associated cytokine milieu.

RESULTS

Myeloid KLF6 is upregulated in human and experimental
IBD

Our previous work demonstrated that KLF6 is the most highly
expressed Kruppel-like transcription factor in macrophages
and contributes to pro-inflammatory macrophage activation
and function.28 Given the role of activated macrophages in
human and experimental IBD,12 we sought to investigate
whether myeloid cell KLF6 expression is associated with
intestinal inflammation. Analysis of mRNA isolated from
intestinal biopsies of ulcerative colitis (UC) and Crohn’s colitis
disease (CD) patients, two of the primary idiopathic forms of
IBD, revealed elevated KLF6 gene expression within both
patient cohorts compared with intestinal tissues from non-
inflamed, healthy controls (Figure 1a). To determine whether
higher levels of KLF6 correlate with worsened clinical disease,
we obtained paired biopsy samples from uninflamed regions
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(‘‘uninvolved’’) and acutely inflamed colon tissue regions
(‘‘involved’’) from CD and UC patients. Although comparable
levels ofKLF6mRNAwere detected in involved and uninvolved
samples from CD patients (Supplementary Figure S1 online),
significantly higher levels of KLF6 were detected in involved

regions of UC patient colons, compared with uninvolved
regions from the same individuals (Figure 1b). Monocyte-
derived macrophages from IBD patients also revealed a
significant upregulation in KLF6 mRNA compared with
macrophages from healthy controls (Figure 1c).
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Figure 1 Kruppel-like transcription factor-6 (KLF6) is upregulated in inflamed intestinal tissues and macrophages from human and experimental
inflammatory bowel disease (IBD) subjects. (a) Colon tissues from non-IBD control subjects or ulcerative colitis (UC) or Crohn’s colitis disease (CD)
patients were homogenized, cDNA prepared, and analysis of KLF6 gene expression was performed by qPCR; **Pp0.001, n¼ 12–15/group. (b) Paired
biopsies from uninvolved and involved regions of UC patient colon tissue were analyzed for KLF6 gene expression by qPCR. Fold changes in involved
sampleswere calculated relative to uninvolved (baseline) samples andnormalized toexpressionofSHDA. Lines represent individual patients; **Pp0.03,
n¼7. (c) Monocyte-derived macrophages from non-IBD control subjects or IBD patients were analyzed for KLF6 gene expression by qPCR; *Pp0.01,
n¼4–6/group. (d) KLF6-expressing myeloid cells were detected in human mesenteric lymph nodes by immunofluorescent confocal microscopy.
Formalin-fixed, paraffin-embedded mesenteric lymph-node tissues were stained with antibodies specific to CD68 (myeloid cell marker, imaged with
Alexa 594 as red) and KLF6 (imaged with Alexa 488 as green). Nuclei are stained with Draq5 (imaged as blue); n¼ 3 independent experiments. Scale
bar¼ 100 mm; white arrow indicates representative KLF6-expressing macrophage. (e) Macrophages from 3% dextran sulfate sodium (DSS)-fed mice
express elevated levels of Klf6. Peripheral blood-derived macrophages from wild-type (WT) mice were analyzed for Klf6 gene expression by qPCR;
Graphs showmean±s.e.m.; **Pp0.001, n¼4/group. (f) Histological colon inflammation was assessed by a blinded pathologist following 5 days of 3%
DSS. Score consists of active, chronic, and transmural inflammation; **Pp0.001, n¼ 8–23mice/group. (g) KLF6-expressingmyeloid cells are observed
in colon tissue from DSS-fed mice by confocal microscopy. Formalin-fixed, paraffin-embedded colon tissues from indicated mice were stained by
immunofluorescent confocal microscopy using antibodies specific to CD68 and KLF6, as described above (c). Nuclei were stained with Draq5. Scale
bar¼ 34mm. Images are representative of three separate experiments.
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To determine whether myeloid KLF6 is predominantly
nuclear or cytoplasmic, we performed immunofluorescent
staining on mesenteric lymph node tissue sections obtained
from IBD patients undergoing surgical resection. Abundant
KLF6 was observed throughout the mesenteric lymph node
(green, Figure 1d) in the cytoplasm and nuclei of CD68þ

myeloid cells (red, Figure 1d) as well as lymphocytic cells,
demonstrating that numerous cell populations in the intestine
express KLF6.

To determinewhether these observations are recapitulated in
experimental models of IBD, we assessed gene expression of
Klf6 in standard models of ileitis (TNFDARE/þ )31 and colitis
(DSS-fed mice).32 Monocyte-derived macrophages from DSS
colitic mice (Figure 1e) and ileal tissues fromTNFDARE/þ mice
(Supplementary Figure S2) revealed significantly elevated
levels ofKlf6mRNA in diseased tissue/macrophages compared
with non-diseased control tissues and cells. Histological
examination of colon tissues from DSS-treated, wild-type
(WT) mice revealed characteristic features of inflammation,
including epithelial erosion, ulceration, immune cell infiltra-
tion, and edema, and were quantified by an established
histological scoring system (Figure 1f).33 Immunofluorescent
confocal staining of colon tissues from control (no DSS)-fed
mice and DSS-fed mice revealed prominent areas of CD68+

myeloid cell infiltration in healthy, as well as inflamed, colons
(Figure 1g, red). KLF6 was detected diffusely in epithelial cells
in both control and DSS-fed mice (Figure 1g, green), although
the intensity of epithelial KLF6 staining was greater in more
severe regions of DSS-fed colon tissue (lower panels,
Figure 1g). Interestingly, CD68þ myeloid cells expressed
the highest levels of KLF6 in severely inflamed, DSS-fed colon
tissue, and nearly all CD68þ cells in thesemice expressed robust
KLF6 staining. In contrast, KLF6 expression was weak or absent
in themajority of CD68þ cells in non-DSS treated control mice,
as well as less inflamed areas of DSS-fedmice (upper andmiddle
panels). Collectively, these data indicate that elevated levels of
myeloid KLF6 correlate with intestinal inflammation and tissue
damage in IBDpatients and experimentalmodels, particularly in
inflamed colitis patients and mice.

KLF6 enhances the expression of IBD-associated
pro-inflammatory genes in macrophages

Using complementary gain- and loss-of-function approaches,
we sought to test how modulation of KLF6 may influence
myeloid cell responses to IFNg, a pro-inflammatory cytokine
central to the pathogenesis of IBD and inducer of M1 macro-
phage activation. To examine the effects of KLF6 over-
expression, the RAW264.7macrophage cell line was transiently
transfected with a KLF6-expressing plasmid (pCI-neo-KLF6,
Addgene, Cambridge, MA) or empty vector (EV) control, as
previously described.28 Transfected cells were treated with
phosphate-buffered saline (PBS) (Ctrl) or IFNg, then analyzed
for Tnf, Mcp1, inos, and Mcp3 gene expression. Macrophage
overexpression of KLF6 resulted in a robust and significant
upregulation of all four pro-inflammatory genes in response to
IFNg, compared with EV-transfected cells (Figure 2a).

To evaluate the effects of KLF6 loss-of-function, we utilized
myeloid-specific KLF6-null mice (Mac-KLF6-KO). These mice
are generated by breeding Lyz2cre-expressing mice with KLF6
floxed mice, and display a robust reduction of KLF6 in primary
macrophages.28 Littermate control mice carrying only the
Lyz2cre gene (Mac-KLF6-WT) were used as controls for all
experiments. Neither Mac-KLF6-WT norMac-KLF6-KOmice
display any spontaneous, phenotypic features of IBD. Using
thioglycolate-elicited peritoneal macrophages (PMs) from
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Figure 2 Kruppel-like transcription factor-6 (KLF6) induces pro-
inflammatory gene expression in macrophages. (a) Macrophages
overexpressing KLF6 show enhanced expression of pro-inflammatory
genes. RAW264.7 macrophages were transfected with pCl-neo (empty
vector (EV) plasmid control) or pCl-KLF6 to overexpress KLF6. Cells were
stimulated in vitro with phosphate-buffered saline (PBS) (control) or
interferon gamma (IFNg) (100Uml�1) for 6 h, then harvested for RNA
isolation. cDNA was analyzed for expression of pro-inflammatory genes
Tnf, Mcp1, inos, and Mcp3 by qPCR; *Pp0.02; **Pp0.003; n¼ 5/group.
(b) Macrophages deficient in KLF6 show reduced expression of pro-
inflammatory genes. Peritoneal macrophages were isolated from Mac-
KLF6-WTandMac-KLF6-KOmice following thioglycolate elicitation. Cells
were stimulated in vitro with PBS (control) or IFNg (100Uml� 1) for 6 h,
then harvested for RNA isolation. cDNA was analyzed for expression of
pro-inflammatory genes; *Pp0.03; **Pp0.001, n¼ 5/group. All graphs
show mean±s.e.m. iNOS, inducible nitric oxide synthase; KO, knockout;
MCP,monocyte chemotactic protein; TNF, tumor necrosis factor;WT,wild
type.
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Mac-KLF6-KOmice and littermate controls (Mac-KLF6-WT),
we tested whether KLF6 expression is essential for IFNg-
induced inflammatory gene expression in macrophages. In
agreement with our overexpression studies (Figure 2a),
deficiency of KLF6 significantly attenuated IFNg-induced
Tnf, Mcp1, inos, and Mcp3 gene expression in macrophages
(Figure 2b). Taken together, these results implicate a role for
macrophage KLF6 in IBD-associated pro-inflammatory gene
expression.

KLF6 suppresses the expression of IBD-associated anti-
inflammatory genes in macrophages

Under homeostatic conditions, high levels of IL-10 retain
intestinal macrophages in an anti-inflammatory state referred
to as ‘‘inflammatory anergy’’.11 To determine whether macro-
phage KLF6 actively inhibits IL-10-induced anti-inflammatory
gene targets, we utilized gain- and loss-of function approaches.
Accordingly, RAW264.7 cells overexpressing KLF6 (or EV
control), as well as Mac-KLF6-KO and Mac-KLF6-WT PM,
were stimulated with IL-10 and then harvested for mRNA
isolation. Interestingly, we found that expression of IL-10-
induced anti-inflammatory genes such as Socs3, Bcl3, Sbno2,
and Il1ra was reduced in RAW264.7 macrophages over-
expressing KLF6 compared with EV-transfected controls
(Figure 3a). Mac-KLF6-KO PM expressed higher levels of
all four anti-inflammatory genes compared with Mac-KLF6-
WT PM in response to IL-10 (Figure 3b).

Given our observations of KLF6-mediated enhancement of
IFNg-induced pro-inflammatory gene expression and attenua-
tion of IL-10-induced anti-inflammatory gene expression in
RAW macrophages (Figures 2 and 3), we next examined
whether pro- or anti-inflammatory cytokine stimulation affects
macrophage KLF6 expression directly. Human monocyte-
derived macrophages were stimulated with IFNg, TNF, IL-10,
or TGFb, harvested for mRNA and protein isolation, and
assayed for KLF6 expression. IFNg and TNF stimulation of
human macrophages resulted in an induction of Klf6 mRNA
and protein (Supplementary Figure S3A), whereas IL-10 and
TGFb stimulation resulted in a downregulation of Klf6mRNA
and protein (Supplementary Figure S3B). Thus, pro- and
anti-inflammatory cytokine signals can directly modulate the
expression of KLF6 in human macrophages.

Deficiency of myeloid KLF6 protects against experimental
colitis

Having established that KLF6 regulates, and is regulated by,
inflammatory cytokine signaling (Figures 2 and 3), we next
sought to test the in vivo, functional role of KLF6 in intestinal
inflammation. We challenged Mac-KLF6-KO and Mac-KLF6-
WT mice with 3% DSS.32 When fed 3% DSS for 5 days and
allowed no recovery time (acute model of colitis, with mice
killed on day 6), Mac-KLF6-WT mice exhibited severe weight
loss over time (approximately 11% frombaseline,Figure 4a). In
contrast, Mac-KLF6-KO mice were partially protected from
DSS-induced weight loss, averaging only a 5% loss in body
weight by day 6 (Figure 4a).

Colon tissue from water-fed Mac-KLF6-WT and Mac-
KLF6-KO mice appeared healthy and exhibited no phenotypic
features of colitis (Figure 4b, upper panels). In contrast,
histological examination of colon tissue from Mac-KLF6-WT
and Mac-KLF6-KO mice following DSS treatment revealed
marked signs of inflammation in Mac-KLF6-WT compared
with Mac-KLF6-KO (Figure 4b, lower panels). In agreement
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Figure 3 Kruppel-like transcription factor-6 (KLF6) inhibits anti-
inflammatory gene expression in macrophages. (a) Macrophages
overexpressing KLF6 show reduced expression of anti-inflammatory
genes. RAW264.7 macrophages were transfected with pCl-neo (empty
vector (EV) plasmid control) or pCl-KLF6 to overexpress KLF6. Cells were
stimulated in vitro with phosphate-buffered saline (PBS) (control) or
interleukin (IL)-10 (10 ngml� 1) for 18 h, then harvested for RNA isolation.
cDNA was analyzed for expression of anti-inflammatory genes Sosc3,
Bcl3, Sbco2, and Il1ra by qPCR; *Pp0.03; **Pp0.001, n¼5/group. (b)
Macrophages deficient in KLF6 show enhanced expression of anti-
inflammatory genes. Peritoneal macrophages were isolated from Mac-
KLF6-WTandMac-KLF6-KOmice following thioglycolate elicitation. Cells
were stimulated in vitro with PBS (control) or IL-10 (10 ngml�1) for 18 h,
then harvested for RNA isolation. cDNA was analyzed for expression of
anti-inflammatory genes. Graphs show mean±s.e.m.; *Pp0.05,
**Pp0.01, n¼ 5/group. BCL, B cell lymphoma 2; IL, interleukin;
KO, knockout; WT, wild type; SBNO, strawberry notch homolog;
SOCS, suppressor of cytokine signaling.
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with histological observations, Mac-KLF6-WT mice exhibited
significantly higher colitis scores than Mac-KLF6-KO mice
(Figure 4c). We also evaluated colon length in Mac-KLF6-WT
and Mac-KLF6-KO mice following DSS challenge, as colonic
shortening is a well-established feature of acute colitis, and
found that colons fromMac-KLF6-WTmice were significantly
shortened comparedwithMac-KLF6-KO colons followingDSS
administration (Figure 4d).

To examine colons in situ, we took advantage of a novel
flexible colonoscopy procedure recently developed in our
laboratory.34 This technique utilizes both narrow-band ima-
ging and white light imaging, allowing for enhanced detection

of erythematous regions and blood vessels (narrow-band
imaging) in addition to visualization of mucus and ulcerated
regions. The procedure was well tolerated and revealed signifi-
cant colonic inflammation inMac-KLF6-WTmice (Figure 4e),
including ulcerated tissue (white arrows) and erythematous
regions (yellow arrows). In contrast, colon imaging of Mac-
KLF6-KOmice revealed onlyminimal ulceration and erythema
(Figure 4e). Features of colitis observed by endoscopy were
converted to decimal scores encompassing four parameters:
perianal findings; wall transparency; intestinal bleeding;
and focal lesions (edematous areas/erosions/ulcers). This
quantitative endoscopic evaluation (Figure 4f) revealed
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Figure 4 Myeloid deficiency of Kruppel-like transcription factor-6 (KLF6) is protective against dextran sulfate sodium (DSS)-induced colitis. Mac-KLF6-
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(f)DSScolitis severity scoreswere assignedbased onendoscopic andperianal findings.Graphs showmean±s.e.m. *Pp0.03; n¼ 8–9mice/group. KO,
knockout; NBI, narrow-band imaging; NS, not significant; WT, wild type.
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significantly worse disease in Mac-KLF6-WT mice than in
Mac-KLF6-KO mice, further implicating a pathogenic contri-
bution for KLF6 to intestinal inflammation. Mac-KLF6-KO
and Mac-KLF6-WT mice fed water, in the absence of DSS,
showed no detectable signs of colitis by endoscopy (Figure 4e,
upper panels).

Myeloid KLF6 modulates inflammatory gene expression in
colon tissue

To determine effects of myeloid KLF6 deficiency on gene
expression in the inflamed intestine, colon tissues were
harvested from Mac-KLF6-KO and Mac-KLF6-WT mice
following acute (5 days) DSS challenge. Tissues were analyzed
for expression of pro- and anti-inflammatory genes known to
be altered in acute colitis. Following 5 days of DSS feeding,
colon tissues from both Mac-KLF6-WT and Mac-KLF6-KO
mice expressed significantly elevated mRNA specific for the
pro-inflammatory genes, Il1a, Il1b, Il6,Tnf, inos,Mip1a,Mip1b,
Il33, and Mcp1, compared with non-DSS-fed control mice
(Figure 5a). However, DSS-fedMac-KLF6-WTmice expressed
significantly heightened expression of these genes compared
with Mac-KLF6-KO mice (Figure 5a), in agreement with
exacerbated disease inMac-KLF6-WTmice (Figure 4).We also
analyzed the expression of anti-inflammatory genes Arg1 and
Il10, known to be protective in experimental and human
intestinal inflammation.35 As expected, given their enhanced
morphological and histological colitis phenotypes, Mac-KLF6-
WT mice displayed diminished expression of Arg1 and Il10
compared with Mac-KLF6-KO mice following acute DSS
challenge (Figure 5b). Taken together, our results indicate
that deficiency of myeloid KLF6 both diminishes DSS-induced
pro-inflammatory gene expression and enhances anti-
inflammatory gene expression in colon tissues.

KLF6 regulates macrophage inflammatory gene
expression by modulating STAT3 and NFjB signaling
pathways

Our in vivo gene expression analysis indicated that myeloid
deficiency of KLF6 enhanced the expression of Il10 in colon
tissues (Figure 5b). Many IL-10-induced anti-inflammatory
genes are transcriptionally regulated by STAT3.36 To test
whether KLF6 overexpression and/or deficiency regulates
IL-10-induced STAT3 transcriptional activity, we performed
gain- and loss-of-function assays. Accordingly, RAW264.7
macrophages were co-transfected with STAT3 luciferase
reporter plasmid (pTL-STAT3-Luc) in the presence of
pCI-neo-KLF6 or siKLF6, stimulated with IL-10, and luciferase
activity was measured. Overexpression of KLF6 attenuated
(Figure 6a), whereas deficiency enhanced (Figure 6b),
IL-10-induced, STAT3-dependent luciferase activity in
RAW264.7 macrophages.

Our in vitro and ex vivo analyses indicate that KLF6
attenuates the expression of IL-10-induced, STAT3-regulated
anti-inflammatory factors, such as suppressor of cytokine
signaling 3 (SOCS3), in RAW264.7 macrophages (Figures
3a,b). We therefore evaluated whether KLF6 directly occupies
the Socs3 gene promoter to repress its transcriptional

activation. Results from chromatin immunoprecipitation
(ChIP) assays using WT PMs indicate that KLF6 occupies
the Socs3 promoter (� 313 to � 319) under unstimulated
conditions and that IL-10 exposure significantly diminishes
KLF6 occupancy (Figure 6c). These findings indicate that KLF6
directly binds to STAT3 transcriptional targets, such as Socs3, to
repress their expression. Deficiency of KLF6 results in a loss of
this negative regulation, thereby enhancing expression of Socs3
following IL-10 exposure (Figure 6c).

Next, we investigated whether the upregulation of IL-10-
induced anti-inflammatory genes in KLF6-deficient myeloid
cells (Figure 3b) is STAT3 dependent. Mac-KLF6-WT and
Mac-KLF6-KO PMs were stimulated with IL-10 in either the
presence or the absence of the STAT3-specific inhibitor,
NSC74859. As shown in Figure 6d, IL-10 exposure
significantly elevated the STAT3 target gene Socs3 in Mac-
KLF6-WT PMs. KLF6 deficiency further elevated IL-10-
induced Socs3 expression in myeloid cells. Interestingly,
treatment with NSC74859 significantly attenuated IL-10-
induced Socs3 expression and eliminated the enhanced
expression of Socs3 observed in KLF6-deficient myeloid
cells. Taken together, our results indicate that KLF6 directly
represses IL-10-induced anti-inflammatory gene expression by
negatively regulating STAT3 transcriptional activity inmyeloid
cells.

Our in vitro and ex vivo analyses following IFNg exposure
indicated that KLF6 enhances pro-inflammatory gene expres-
sion in RAW264.7 macrophages (Figure 2a,b). Therefore,
RAW264.7 macrophages were co-transfected with an NFkB
luciferase reporter plasmid in the presence of pCI-neo-KLF6 or
siKLF6, stimulated with IFNg, and luciferase activity was
measured. Our results indicate that KLF6 overexpression
significantly enhances (Figure 6e), while deficiency attenuates
(Figure 6f), IFNg-induced, NFkB-mediated luciferase activity
in macrophages. Next, we evaluated whether KLF6 regulates
the gene expression of classical NFkB pro-inflammatory
targets, such as Mcp1, by directly binding to its promoter
region. Our ChIP results indicate that KLF6 occupies the
Mcp1 promoter (� 1,363 to � 1,378) of WT PMs under
unstimulated conditions, and that IFNg exposure results in
enrichment of KLF6 by at least sixfold compared with control-
treated cells (Figure 6g). Therefore, we hypothesized that KLF6
cooperates with NFkB to regulate IFNg-induced Mcp1
expression in RAW264.7 macrophages. Our results indicate
that overexpression of either KLF6 or NFkB-p65 enhances
IFNg-induced monocyte chemotactic protein 1 (MCP1)
expression compared with the pCI-neo-transfected control
group (Figure 6h). Importantly, cells stimulated with IFNg
following combined overexpression of KLF6 and NFkB-p65
robustly induced Mcp1 expression compared with any other
group, suggesting that KLF6 cooperates with NFkB to enhance
IFNg-induced Mcp1 expression in RAW264.7 macrophages.
Taken together, our results clearly indicate that KLF6 promotes
IFNg-induced NFkB transcriptional activity and cooperates
with NFkB to regulate pro-inflammatory gene expression in
myeloid cells.
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DISCUSSION

Our findings are the first to identify KLF6 as a significant
transcriptional regulator in the context of intestinal inflam-
mation, where it contributes to inflammatory macrophage
activation and escape from inflammatory anergy. The key
observations of this study are (i) KLF6 expression is elevated in
diseased, colonic tissues, and myeloid cells from IBD patients,
and high KLF6 levels correlate with acutely involved areas of
UC colon tissue; (ii) experimental mouse models of IBD,
including DSS-induced colitis and the TNFDARE/þ model,
reproduce the elevated KLF6 expression observed in IBD
patients; (iii) macrophage KLF6 promotes IFNg-induced pro-
inflammatory gene regulatory programs and diminishes IL-10-
induced anti-inflammatory programs; (iv) in vivo deletion of
myeloid-specific KLF6 partially protects against DSS-induced

colitis, suggesting that endogenous myeloid KLF6 contributes
to macrophage pro-inflammatory functions and exacerbates
intestinal inflammation; and (v) the mechanisms by which
KLF6 regulates macrophage phenotype and function are
two-pronged, acting to enhance NFkB-mediated gene expres-
sion as well as to inhibit STAT3-mediated expression of
anti-inflammatory genes. Collectively, our findings indicate
that KLF6 contributes to transcriptional re-programming of
intestinal macrophages in response to cytokine signals in the
inflamed IBD intestine.

Macrophages arewell known to alter their activation states in
response to changing environmental stimuli.37 The spectrumof
macrophage phenotypes and functions ranges from inflam-
matory anergic and related M2 macrophages, which promote
tissue healing and repair processes, to pro-inflammatory M1

Mac-KLF6-WT Mac-KLF6-KO
a

b

0
2
4
6
8

10
12
14

Control DSS

MCP1

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

0

20

40

60

80

100

Control DSS

IL-6

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

 
0
2
4
6
8

10
12
14

Control DSS

TNF

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

0

4

8

12

16

Control DSS

IL-1ββ

0
2
4
6
8

10
12
14

Control DSS

IL-1α

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

R
el

at
iv

e 
ge

ne
ex

pr
es

si
on

0

5

10

15

20

Control DSS

iNOS

0

4

8

12

16

20

Control DSS

MIP-1β

0

4

8

12

16

20

Control DSS

MIP-1α IL-33

0

2

4

6

8

Control DSS

0

5

10

15

20

25

Control DSS

IL-10

0
5

10
15
20
25
30

Control DSS

ARG-1

* * **

** * *

** ** *

* *
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macrophages, which promote host defense by initiating
immune responses against pathogens. Although M1 responses
have evolved as a criticalmechanism of host defense in response
to pathogens, when left unchecked (as in the case of chronic
inflammation, such as IBD), these responses can be extremely
deleterious. The inflamed intestine is replete with pro-
inflammatory cytokines, such as IFNg, TNF, IL-1, and IL-6,
which promote inflammation and tissue destruction, but also
reinforce pro-inflammatory M1 macrophage activation. IBD
patients produce high levels of pro-inflammatory cytokines and
other soluble mediators, including nitric oxide, a byproduct of
L-arginine, reactive oxygen species and nitric oxide synthases,
cathepsins, andmetalloproteinases.12 Thus, once inflammation
is established, environmental cues provide reinforcement for
pathogenic, M1 activation.

Mounting evidence suggests that the local microenviron-
ment within the inflamed, IBD intestines can result in a
dynamic shift in macrophage polarization away from an
inflammatory-anergic phenotype and toward an M1 pheno-
type, thus significantly contributing to the pathogenesis of
IBD.35 It is therefore critical to identify the molecular
mechanisms underlying cytokine-induced M1 activation in
the setting of chronic intestinal inflammation in order to design
more effective and targeted therapeutic approaches. Our
observations of increased KLF6 mRNA in colon tissue from
UC and CD patients, as well as significantly elevated KLF6
mRNA in acutely inflamed biopsy tissue from UC patients
(Figure 1), suggest that locally high KLF6 levels correlate with
worsened intestinal inflammation and tissue damage.

Given their role in directing lymphocyte phenotype and
function,macrophages are at the epicenter of directing immune
responses and are therefore an attractive target for therapeutic
intervention. Pathogenic M1 polarization has been associated
with numerous inflammatory conditions, including autoim-
mune diseases, atherosclerosis, and metabolic syndrome.
Therefore, an enhanced understanding of the mechanisms
by which macrophages are diverted away from the beneficial,
protective M2 phenotypes will be relevant for many disease
settings.

Transcriptional regulation is a central means of controlling
macrophage activation. Several transcriptional regulators have
been demonstrated to have a role in macrophage polarization,
including NFkB, PPARs, and the STAT, AKT, and IRF
(interferon regulatory factor) families.38 Previous studies have
demonstrated that KLF2 andKLF4 have likewise been shown to
regulate macrophage anti-inflammatory gene expression and
function, although the role of these factors in macrophage-
mediated intestinal inflammation remains unknown. Inter-
estingly, our data show that KLF6 functions in an opposing way
to KLF2/4, by promoting pro-inflammatory M1 activation and
diverting mucosal macrophages away from protective M2
activation. STAT1 and IRF5 also have demonstrated roles in
promoting M1 phenotypes.38,39 Therefore, the potential cross-
regulation of STAT1, IRF5, and KLF6 represents an important
area for future study. Our data show that IFNg treatment
of macrophages induces KLF6 expression (Figure 6,

Supplementary Figure S2), and IFNg has been shown to
signal in both STAT1-dependent and -independentmanners.40

Therefore, it is possible that STAT1 is upstream ofKLF6, or that
KLF6 is induced independently of STAT1.

Intriguingly, our studies show that regulation ofmacrophage
activation by KLF6 occurs by two distinct pathways: coopera-
tion with NFkB to induce pro-inflammatory gene expression,
and inhibition of anti-inflammatory targets through STAT3
suppression (Figure 6). Thus, KLF6 appears capable of
modulating pro- and anti-inflammatory transcriptional
regulatory molecules, leading to diverse outcomes for target
gene expression. One mechanism underlying macrophage
inflammatory anergy is blockade of pro-inflammatory NFkB
signaling downstream of toll-like receptors,41 thus preventing
NFkB translocation to the nucleus and subsequent transcrip-
tion of pro-inflammatory genes. Given our observations of
elevated KLF6 in the myeloid cells and intestinal tissue of IBD
patients, we hypothesize that high levels of KLF6 may act to
overcome blockade in NFkB-mediated signaling, thereby
contributing to macrophage escape from inflammatory anergy.

Alterations in KLF expression and/or function have been
associated with the pathogenesis of numerous human diseases,
including bacterial infection/sepsis, cardiovascular disease,
metabolic disorders, and cancer.23,24 Interestingly, KLF6 has
a known role as a tumor suppressor and was shown to be
inactivated in the majority of spontaneous and IBD-associated
colorectal cancer cases.42 This finding further highlights the
importance of each particular tissue microenvironment in
determining the ultimate function of gene regulatory proteins
in different contexts. Because of its robust expression in
myeloid cells and its intersection with numerous other
transcriptional regulators, KLF6 represents an attractive
candidate for targeted therapeutic approaches for IBD and
other conditions mediated by inflammatory macrophages.

The present study is first to identify KLF6 as a strong inducer
of pro-inflammatory M1 activation in the context of chronic
intestinal inflammation. Monocyte-derived macrophages from
IBD patients express significantly elevated levels of pro-
inflammatory cytokines and diminished anti-inflammatory
molecules,16 likely contributing to the inflammatory cytokine
environment in the diseased tissue that reinforces M1
activation. Signaling downstream of KLF6 induces numerous
pro-inflammatory gene targets, while simultaneously dampen-
ing the expression of anti-inflammatory targets; thereby,
representing a central nexus point controlling many transcrip-
tional targets. Thus, we propose that induction of KLF6, either
in newly-recruited monocytes or in established tissue macro-
phages, participates in diverting macrophages away from
protective, M2-like activation states and toward pathogenic,
M1 activation. Given the central contribution of activated
macrophages to chronic inflammation in IBD, this is likely an
important mechanism leading to sustained tissue inflamma-
tion. Efforts at limiting the expression or functional activity of
KLF6 represent promising areas for future development of
biologics aimed at targeting innate immune mechanisms
contributing to chronic intestinal inflammation.
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METHODS

Mice. Mac-KLF6-WT and Mac-KLF6-KO mice were generated by
crossingKlf6 floxedmicewithLyz2cremice expressing the lysozymeM
promoter-driven Cre recombinase, as previously described.28 Mice
harboring two Klf6 floxed alleles and two Lyz2cre alleles were
designated Mac-KLF6-KO, and Lyz2cremice (harboring only two Cre
alleles) were designated Mac-KLF6-WT. Lyz2cre and Klf6 genotyping
have been previously described.28 Mac-KLF6-KO mice display
approximately 85–90% reduction in Klf6 expression in the myeloid
compartment, as assessed by qPCR and western blot.28 TNFDARE/þ

mice were generated by breeding male mice heterozygous for
the TNFDARE mutant allele with TNFþ /þ females, which results in
50% of offspring with post-transcriptional dysregulation of TNF
and spontaneous intestinal inflammation. WT TNFþ /þ littermates
were used as controls for these experiments. TNFDARE/þ foundermice
were originally provided by J. Rivera-Nieves (University of California,
San Diego).31 All mice were bred and maintained under special
pathogen free conditions, fed standard laboratory chow (Harlan
Teklad, Indianapolis, IN), and kept on a 12-h light/dark cycle. All
procedures were approved by the IACUC at Case Western Reserve
University and conformed to guidelines established by the American
Association for Accreditation of Laboratory Animal Care.

Human tissue samples. Colonic biopsies were obtained from healthy
adult volunteers or patients with diagnosed CD or UC during
endoscopy following informed consent. The control group consisted of
individuals undergoing screening colonoscopy, who were included in
the study only when endoscopy and pathology did not reveal any
mucosal abnormalities. Endoscopies were performed at University
Hospitals Case Medical Center, Cleveland, OH and at the Endoscopy
Unit of the 1st Dept. of Internal Medicine, Propaedeutic, at Laikon
Hospital, Athens, Greece. Specimens were maintained at 4 1C for 1–2
days in RNAlater Solution (Ambion, Life Technologies, Austin, TX)
until total RNA was extracted as described below. Peripheral
blood mononuclear cells were prepared from heparinized
peripheral blood by density centrifugation, and cell viability was
determined by trypan blue exclusion. Monocytes were isolated from
peripheral blood mononuclear cells by magnetic bead separation
as described below. Informed consent was obtained from all
human subjects under protocols approved by the Institutional Review
Board of University Hospitals Case Medical Center/Case Western
ReserveUniversity. This studywas conducted in compliancewith good
clinical practice and according to the principles of the Declaration of
Helsinki.

Confocal immunofluorescent microscopy. 5-mm Tissue sections
were cut from formalin-fixed, paraffin-embedded blocks. Sections
were de-paraffinized and re-hydrated by sequential 4min incubations
in xylene and ethanol. Antigen retrieval was performed to unmask
cross-linked epitopes by incubating sections for 20min in boiling
citrate buffer (Dako USA, Carpinteria, CA) and then cooling them to
room temperature. Tissue was blocked with 10% chicken serum
(Jackson ImmunoResearch, West Grove, PA) for 30min, and then
labeled with mouse anti-mouse CD68 (Novus Biologicals, Littleton,
CO), rabbit anti-mouse KLF6 (Santa Cruz Biotechnology, Dallas, TX),
or appropriate isotype controls for 1 h at room temperature. Alexafluor
488- or 594-conjugated chicken anti-mouse or chicken anti-rabbit
secondary antibodies (Life Technologies, Carlsbad, CA) were used to
detect primary antibodies and Draq-5 (Axxora, San Diego, CA) was
used as a nuclear marker. Images were collected using a 40� (NA
0.85) objective on an UltraVIEW Vox spinning disk confocal system
(Perkin Elmer,Waltham,MA) attached to a LeicaDMI 6000B inverted
microscope (Leica, Buffalo Grove, IL).

DSS colitismodel. In all, 8- to 10-week-old male Mac-KLF6-WT and
Mac-KLF6-KOmice were fed 3%DSS (TdBConsultancy AB,Uppsala,
Sweden) for 5 days ad libitum in their drinking water. Mice had access
to standard laboratory chow throughout the experiment and were

assessed on days 0 (initiation of DSS), 1, 3, and 5 for body weight and
intestinal bleeding (hemoccult assay) by an investigator blinded to
mouse genotype. Following 5 days of DSS, mice were subjected to
colonic endoscopy and killed for collection of colon tissues.

Histologic evaluation of colon inflammation. Full-length colons of
experimental mice were removed, flushed of fecal contents, opened
longitudinally, and placed in Bouin’s fixative for 24 h. Tissues were
embedded in paraffin, cut into 3 mm sections and stained with H&E.
Disease severity was evaluated by a trained pathologist (Wei Xin, MD)
in a blinded manner using an established histologic scoring system
for colitis.33 Images were obtained on an Axiophot microscope,
captured on an Axiocam and assembled using Axiovision Release 4.5
(Carl Zeiss, Thornwood, NY).

Endoscopic evaluation of murine colitis. Experimental colitis fol-
lowing DSS treatment was assessed by a validated, reproducible
endoscopic scoring system encompassing visual assessment of the
extent and severity of colitis, as well as a numeric scoring system.34

Briefly, following anesthetization with isoflurane, an Olympus URF-V
flexible endoscope with attached camera (Olympus America, Center
Valley, PA) was used to visualize transparency of the intestinal
wall, mucosal bleeding, and focal lesions. Photos were acquired using
narrow-band imaging to capture light of 390–445 nm and
530–550 nm, highlighting structures containing hemoglobin. Perianal
inflammation (diarrhea, bloody discharge, rectal prolapse, granula-
tion, and fistulas) were observed before endoscopy procedure. A
validated decimal-weighted scoring system34 was used to characterize
endoscopic and perianal findings by a researcher blinded to mouse
genotype. The system encompasses four parameters, each with a score
of 0–3: perianal findings; wall transparency; intestinal bleeding; and
focal lesions (edematous areas/erosions/ulcers).

Cell culture. RAW264.7 macrophages were cultured in DMEM
(Dulbecco’s modified Eagle medium) supplemented with 10% fetal
bovine serum, 100Uml� 1 penicillin, 10 mgml� 1 streptomycin, and
2mM glutamine in a humidified incubator (5%CO2 and 37

oC).Mouse
PMs were obtained by lavage 3 days post injection with 3% thio-
glycolate broth in 8- to 12-week old mice, as previously described.26

Cells were cultured for short-term stimulation experiments in
complete DMEM as described above. Mouse monocyte-derived
macrophages were differentiated ex vivo by culturing CD14þ

monocytes (isolated by negative selection) in DMEM supplemented
with recombinant mouse M-CSF-1 for 7 days, as previously
described,28 and were then harvested and used for experiments.
Human monocytes were isolated from unfractionated PBMCs by
magnetic bead separation (Monocyte Isolation Kit 2, Miltenyi Biotec,
San Diego, CA), and then cultured with recombinant human M-CSF
(50 ngml� 1) ex vivo for 7 days to generate primary macrophages. All
experiments involving human samples were approved by the Case
Western Reserve University Institutional Review Board.

Transient transfection. Transfection of RAW264.7 cells was per-
formed using Lipofectamine (Life Technologies, Carlsbad, CA)
according to themanufacturer’s instructions. Efficiency of transfection
of either pCl-neo (EV control) or pCl-neo-KLF6 (over-expressing
KLF6) averaged 65–75% in all experiments. Transfected cells were
stimulated in vitro with IFNg (100Uml� 1), IL-10 (10 ngml� 1), or
PBS (control), then harvested and used for experiments.

Luciferase assays. RAW264.7 cells were transfected using the
Lipofectamine reagent (Life Technologies) according to the
manufacturer’s instructions. Luciferase reporter plasmids driven
by the NFkB concatemer (Promega, Madison, WI) or STAT3
(Affymetrix, Santa Clara, CA) were transfected alone or together with
plasmids encoding KLF6 or siKLF6. Cells were treated with IFNg
(100Uml� 1) or IL-10 (10 ngml� 1) for 16 h, followed by measuring
Luciferase reporter activity. Data were normalized relative to the
control (PBS-treated) group.
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Chromatin immunoprecipitation. ChIP experiments were performed
using the EZ-MagnaChIPG kit (Millipore, Billerica,MA) according to
the manufacturer’s instructions. Briefly, PMs from WT mice were
isolated and stimulated ex vivo with IFNg (100Uml� 1), IL-10
(10 ngml� 1), or PBS (control). Chromatin immunoprecipitations
were performed using anti-KLF6 antibody (SantaCruz Biotechnology)
or IgG. Precipitated fragments were analyzed by real-time qPCR using
primer sequences flanking the MCP1 promoter (� 1,363 to � 1,378)
or SOCS3 promoter (� 313 to � 319).

Western blot. Western blots for KLF6 were performed using total cell
lysates. Primary antibody against KLF6 (Santa Cruz Biotechnology)
was used at a 1:1,000 dilution, and polyclonal HRP-conjugated goat
anti-rabbit IgG at 1:5,000 dilution (Millipore) was used as a secondary
antibody.

RNA extraction, reverse-transcription, and real-time quantitative

PCR assay. Total RNA was isolated from tissue samples using Trizol
(Life Technologies) or from macrophages using the High Pure RNA
Isolation Kit (Roche Life Science, Indianapolis, IN). Onemicrogram of
total RNA was reverse-transcribed using M-MuLV reverse tran-
scriptase (New England Biolabs, Ipswich, MA) in the presence of
random hexamers and oligo(dT) primers. Real-time quantitative PCR
was performed using University SYBR Green PCR Master Mix on
Applied Biosystems Step One Plus real-time PCR system (Applied
Biosystems, Grand Island, NY) using gene-specific primers.

Statistical analysis. Data are presented as mean±s.e.m. unless
otherwise indicated. Two-tailed Student’s T-tests with Bonferroni’s
corrections were performed to assess the significance of differences
between groups. P values o0.05 were considered as significant.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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