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Bacterial products such as lipopolysaccharides (or endotoxin)
cause systemic inflammation, resulting in a substantial global
health burden. The onset, progression, and resolution of the
inflammatory response to endotoxin are usually tightly con-
trolled to avoid chronic inflammation. Members of the NF-�B
family of transcription factors are key drivers of inflammation
that activate sets of genes in response to inflammatory signals.
Such responses are typically short-lived and can be suppressed
by proteins that act post-translationally, such as the SOCS (sup-
pressor of cytokine signaling) family. Less is known about direct
transcriptional regulation of these responses, however. Here,
using a combination of in vitro approaches and in vivo animal
models, we show that endotoxin treatment induced expression
of the well-characterized transcriptional repressor Krüppel-like
factor 3 (KLF3), which, in turn, directly repressed the expression
of the NF-�B family member RELA/p65. We also observed that
KLF3-deficient mice were hypersensitive to endotoxin and
exhibited elevated levels of circulating Ly6C� monocytes and
macrophage-derived inflammatory cytokines. These findings
reveal that KLF3 is a fundamental suppressor that operates as a
feedback inhibitor of RELA/p65 and may be important in facil-
itating the resolution of inflammation.

Inflammation is usually a tightly regulated physiological pro-
cess that ensures appropriate onset, progression, and resolu-
tion. However, dysregulation of inflammation can lead to a host
of inflammatory diseases, including macular degeneration,
rheumatoid arthritis, inflammatory bowel disease, and mul-
tiple sclerosis (1–5). Understanding the checkpoints that
control the activation and suppression of inflammation will
inform the development of improved therapies for inflam-
matory disorders.

The nuclear factor �–light-chain enhancer of activated B
cells (NF-�B) family of transcription factors are central inflam-
matory mediators (6 –8). Mammals have five NF-�B family pro-
teins: RELA (p65), RELB, and REL, as well as NF-�B1 (p105;
processed into p50) and NF-�B2 (p100; processed into p52).
NF-�B functions in both innate and adaptive immune cells to
direct proinflammatory gene expression programs, including
activation of archetypal inflammatory cytokines such as tumor
necrosis factor (TNF)2 (9), interleukin (IL) 1� (10), IL-1� (11),
and IL-6 (12). NF-�B signaling has also been reported to per-
form anti-inflammatory roles (13–15). NF-�B function can be
activated by bacterial products such as lipopolysaccharides
(LPSs) that underlie the substantial global health burden repre-
sented by sepsis and endotoxemia (16, 17). Activation of NF-�B
in response to stimuli such as LPS is well-characterized: prior to
stimulation, inactive NF-�B dimers are retained in the cytosol
by I�B proteins. Following stimulation, I�B kinase complexes
disrupt this retention, allowing nuclear translocation of NF-�B,
which can carry out induction of target genes. However, less is
known about regulation of NF-�B family members at the tran-
scriptional level.

Several members of the Krüppel-like factor (KLF) family
of transcription factors have been implicated in immune cell
function and inflammation, including KLF2 (18), KLF4 (19),
and KLF6 (20). KLF3 has been well-established as a key tran-
scription factor in red blood cell development (21–23); how-
ever, the Klf3�/� mouse lacks a severe erythropoietic phe-
notype. It has recently been shown that KLF3 regulates
expression of the inflammatory modulator galectin-3 (24)
and is also involved in B-cell maturation (25), suggesting a
possible link between KLF3, immune cell function, and
inflammation.

Here we report that the well-characterized transcriptional
repressor KLF3 (21–24, 26 –29) suppresses NF-�B–mediated
inflammation through direct regulation of the p65-encoding
gene Rela/RELA. In the absence of KLF3, mice exhibit pro-
nounced systemic inflammation with elevated circulating
inflammatory monocytes, constitutive proinflammatory
cytokine production, and a heightened response to endotoxin
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treatment. KLF3 is induced in macrophages following LPS
exposure and directly binds and represses the expression of the
NF-�B subunit gene Rela in a simple feedback inhibition mech-
anism. These findings identify KLF3 as a fundamental suppres-
sor of NF-�B– driven inflammation and, importantly, identify a
novel repressor of RELA/p65 that acts at the transcriptional
level.

Results

Pronounced systemic inflammation in the absence of KLF3

Given early findings that KLF3 is important for erythroid
development, we performed blood counts to determine
whether mice lacking KLF3 have altered numbers of circulating
hematopoietic cells. Peripheral blood counts on samples from
WT and Klf3�/� mice revealed that Klf3�/� mice have 3-fold
more white blood cells (Fig. 1A) and, specifically, 2-fold more
circulating monocytes (Fig. 1B). This result was confirmed by
flow cytometry, in which we observed twice as many circulating
CD115� monocytes in Klf3�/� mice (Fig. 1C). More detailed
analysis showed that Klf3�/� mice had a significantly higher
proportion of Ly6C� proinflammatory monocytes and a lower
proportion of Ly6C� anti-inflammatory monocytes (Fig. 1D
and Fig. S1A). This profile shift was also evident in spleen
monocytes to a lesser extent. Interestingly, however, we did not
observe increased abundances of monocytic precursors includ-
ing macrophage/dendritic cell progenitors, common monocyte
progenitors, or Ly6C�/� monocytes in the bone marrow of
Klf3�/� mice (Fig. S1B). This suggests that circulating mono-
cyte proliferation occurs downstream of myelopoiesis in
response to endogenous and external cues.

Given that Klf3�/� mice have more inflammatory mono-
cytes in circulation, we hypothesized that they might also over-
express proinflammatory cytokines. We cultured WT and
Klf3�/� bone marrow-derived macrophages (BMDMs; Fig.
S1C), treated them with LPS (100 ng/ml) or vehicle for 24 h, and
then harvested the supernatant. We measured secreted levels of
several proinflammatory factors and found that upon LPS
treatment, BMDMs lacking KLF3 produced significantly
greater amounts of TNF, MCP-1/CCL2, and IL-6 (Fig. 1E and
Fig. S1D). Interestingly, however, in vivo we only observed
increased levels of TNF in Klf3�/� plasma, with no apparent
difference in plasma levels of MCP-1, IL-6, or other cytokines
between WT and Klf3�/� animals (Fig. 1F and Fig. S1E).
Together, these results demonstrate that in the absence of the
transcriptional repressor KLF3, mice exhibit systemic inflam-
mation and that circulating monocytes are implicated in this
phenotype.

Mice lacking KLF3 show a heightened and prolonged
inflammatory response to endotoxin treatment

Given that Klf3�/� mice display increased Ly6C� monocytes
in circulation and higher levels of plasma TNF, both of which
are symptoms of endotoxemia (30, 31), we tested to see whether
they displayed a heightened sensitivity to inflammatory stimu-
lants. We injected mice intraperitoneally with a low dose of the
archetypal bacterial endotoxin LPS (0.167 mg/kg). Vehicle-
treated mice maintained their body temperature over the 24-h
period following injection, whereas LPS-treated mice expe-

rienced a drop in body temperature by up to 4 °C over the
initial 2-h period postinjection, as expected following LPS
treatment (32) (Fig. 2A). WT mice gradually recovered their
body temperature, whereas Klf3�/� mice sustained a low
body temperature for a further 4 h. This delayed recovery
of body temperature was most evident at the 12-h postinjec-
tion time point, demonstrating the increased sensitivity of
Klf3�/� mice to LPS. This observation also held, to a lesser
extent, for mice given a very low dose of LPS (0.05 mg/kg),
with LPS-treated Klf3�/� mice experiencing a delayed
recovery of body temperature (Fig. S2A).

Peripheral blood was taken from mice given 0.167 mg/kg LPS
(or vehicle) for total blood cell counts. Following LPS treat-
ment, both WT and Klf3�/� mice displayed reduced circulating
numbers of total white blood cells, monocytes, and lympho-
cytes (Fig. 2, B–D) but unchanged neutrophil abundance (Fig.
2E). We observed that vehicle-treated Klf3�/� mice had a
higher abundance of total white blood cells, monocytes, and
lymphocytes than vehicle-treated WT mice, as expected. Fol-
lowing LPS treatment, all white blood cell counts trended
higher in Klf3�/� mice compared with WT mice, with mono-
cyte abundance showing significant comparative elevation in
KLF3-deficient mice. Alongside these findings, we confirmed
that circulating TNF levels in vehicle-treated Klf3�/� mice
were higher than in WT counterparts and likewise upon LPS
treatment but with greater absolute amounts of TNF (Fig. 2F).
The spleens of both WT and Klf3�/� were larger in mice
treated with LPS for 24 h (Fig. S2B). We found an increased
proportion of CD115� Ly6C� monocytes in vehicle-treated
Klf3�/� blood when compared with WT, as expected, and this
increase was retained in both the blood and spleen of LPS-
treated Klf3�/� mice (with higher proportional abundance of
Ly6C� cells in Klf3�/� LPS-treated mice than WT LPS-treated
mice) (Fig. 2, G and H, and Fig. S2, C and D). These results
demonstrate that KLF3-deficient mice display an elevated sen-
sitivity in response to treatment with endotoxin.

Macrophages lacking KLF3 exhibit enhanced inflammatory
function

As a first step to exploring the molecular mechanism under-
lying these findings, we moved to experiments on cultured pri-
mary macrophages. We treated BMDMs with 100 ng/ml LPS
for 0, 4, 8, and 24 h and immunoblotted for KLF3 protein (Fig.
3A). KLF3 levels increased by the 8-h mark, with very clear
expression seen 24 h after LPS treatment. As expected, no KLF3
was detected in Klf3�/� samples. We also performed electro-
phoretic mobility shift assays (EMSAs) and found that KLF3–
DNA-binding activity is most evident 24 h after LPS treatment
(Fig. 3B). Klf3 is the third most highly expressed member of the
Klf gene family in BMDMs, with levels only superseded by well-
characterized macrophage transcription factors Klf2 and Klf6
(18, 20, 33, 34) (Fig. S3A). Given this, we sought to further
characterize the effects of KLF3 on macrophage function. Phag-
ocytosis of Escherichia coli bioparticles is enhanced 2-fold in
Klf3�/� BMDMs compared with WT following 8 h of LPS
treatment (Fig. 3C), whereas KLF3-deficient BMDMs treated
with LPS for 24 h produce marginally but significantly more
nitrate than LPS-induced WT cells (Fig. 3D). Using the reduc-
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tion of resazurin blue as an indicator of cellular reduction
environment, we found modest differences between WT and
Klf3�/� BMDMs over a 24-h period of exposure, with the only
significant difference observed at 2 h (Fig. S3B). BrdU incorpo-
ration assays on WT and Klf3�/� BMDMs demonstrated no
significant differences in actively replicating cells (Fig. S3C),
nor were any differences seen in BMDM cell counts over 8 days

(Fig. S3D), suggesting no discernible proliferative differences
between WT and Klf3�/� macrophages in vitro. Together,
these results demonstrate that KLF3 protein levels increase in
response to endotoxin and that macrophage inflammatory
activity, including phagocytic capacity, nitrate production, and
cellular reduction levels, are all enhanced in the absence of
KLF3.

Figure 1. Pronounced systemic inflammation in the absence of KLF3. A and B, full peripheral blood counts were performed to assess the number of
circulating white blood cells (WBCs, A) and monocytes (B) in WT (n � 42) and Klf3�/� (n � 45) mice. C, flow cytometry was used to measure the proportion of
CD115� monocytes in WT and Klf3�/� blood as a percentage of live cells, following red blood cell lysis (n � 3). For A–C, the bars are representative of the mean,
and for C, the error bars are means � S.E. D, CD115� Ly6C� inflammatory monocytes were assessed in WT and Klf3�/� blood and spleen by flow cytometry. The
means � S.E. of four independent experiments are shown for the Ly6C� populations indicated by red gates, with accompanying histograms showing the shift
in Ly6C surface expression profile. E and F, levels of inflammatory cytokines TNF, MCP-1, and IL-6 were assessed in supernatant from WT and Klf3�/� BMDMs
treated with vehicle (veh) or 100 ng/ml LPS for 24 h (n � 3 per genotype/treatment group, E) and plasma (WT: n � 5 and Klf3�/�: n � 7, F) with error bars
representative of the mean � S.E. Nonparametric Mann–Whitney U tests were performed to assess statistical significance: *, p � 0.05; **, p � 0.01; ***, p � 0.001.
FSC-A, forward scatter area.
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Widespread gene deregulation in KLF3-deficient macrophages
following endotoxin treatment

To study the role of KLF3 in genome-wide gene regulation in
macrophages, we performed microarrays on BMDMs treated
with LPS (100 ng/ml) or vehicle. We chose to compare WT and
Klf3�/� cells treated for 8 h given that this time point coincides
with optimal up-regulation of important proinflammatory
cytokines and also with increases in KLF3 protein levels. The
profiles of untreated WT and Klf3�/� BMDMs were broadly

similar (Fig. 4A), in line with our finding that KLF3 expression
levels are modest in unstimulated BMDMs. In contrast,
Klf3�/� BMDMs treated with LPS for 8 h showed striking dif-
ferences to WT cells. Motif discovery and enrichment analysis
found that the promoters of the differentially expressed genes
were enriched for motifs matching the binding sites for Sp/KLF
transcription factor family members, suggesting that many of
these are bona fide KLF3 target genes (Fig. S4). Cytokine–
receptor interactions, JAK–STAT signaling, and chemokine

Figure 2. Mice lacking KLF3 show a heightened and prolonged inflammatory response to endotoxin treatment. A, WT and Klf3�/� mice were intraperi-
toneally administered with vehicle (veh) or 0.167 mg/kg LPS, and their body temperatures were tracked by rectal probing over 24 h (vehicle: n � 4 per genotype
and LPS: n � 5 per genotype). B–E, after 24 h, full blood counts were performed to assess the number of circulating white blood cells (WBCs, B), monocytes (C),
lymphocytes (D), and neutrophils (E). F, TNF levels in plasma of WT and Klf3�/� mice treated with LPS (0.167 mg/kg) or vehicle were measured using ELISA. G
and H, the proportion of CD115� monocytes expressing Ly6C in the (G) blood and (H) spleen of WT and Klf3�/� mice treated for 24 h with vehicle or 0.167 mg/kg
LPS was assessed by flow cytometry, with the mean values shown for each condition � S.E. For G and H, representative median plots are shown from four or
five mice per group (see Fig. S2, C and D for all plots). For A–F, error bars are means � S.E., and nonparametric Mann–Whitney U tests were performed to assess
statistical significance: *, p � 0.05 between genotypes; **, p � 0.01 between genotypes; #, p � 0.05 between conditions within the same genotype; ##, p � 0.01
between conditions within the same genotype. FSC-A, forward scatter area.

KLF3 suppresses NF-�B– driven inflammation

J. Biol. Chem. (2020) 295(18) 6080 –6091 6083

https://www.jbc.org/cgi/content/full/RA120.013114/DC1
https://www.jbc.org/cgi/content/full/RA120.013114/DC1


pathways were the three most dysregulated biological pathways
in Klf3�/� BMDMs (Fig. 4B), suggesting that in the absence
of KLF3, macrophages undergo an enhanced inflammatory
response. Using quantitative PCR, we validated deregulation of
key cytokine genes (Fig. 4C). Proinflammatory genes such as
Tnf, Il6, and Il1b are all activated in BMDMs following LPS
treatment, with expression peaking between 4 and 8 h, before
resolution of the inflammatory response. In the absence of
KLF3, however, these genes are superactivated, and their up-
regulation is prolonged. This suggests that KLF3 is directly or
indirectly involved in the suppression of proinflammatory gene
expression during the resolution of inflammation. We also
observed elevated induction of Il1a and Il1b in Klf3�/�

BMDMs treated with the synthetic dsRNA analog, poly(I�C),
which activates signaling through TLR3 and NF-�B (Fig. S5A).
Likewise, Il1a but not Stat1 was more highly induced in IFN�-
treated Klf3�/� cells (Fig. S5B). Upon treatment with IFN�
(Fig. S5C) and IL-6 (Fig. S5D), which signal independently of
NF-�B, no gene deregulation was observed in Klf3�/� BMDMs.

These data implicate NF-�B signaling in the inflammatory
effects mediated by KLF3.

KLF3 suppresses activation of NF-�B genes

With the aim of identifying candidate genes that KLF3 binds
and regulates directly, we consulted an existing KLF3 ChIP-Seq
data set obtained from the analysis of murine embryonic fibro-
blasts (MEFs) (35). No significant KLF3 enrichment was
observed at the promoter regions of Csf2, Tnf, Il6, Il1a, Il1b, or
Ptgs2 (Fig. S6A), providing no evidence for direct regulation of
these cytokine genes by KLF3 in this cell type. Instead, we
hypothesized that KLF3 acts upon an upstream intermediary
factor controlling expression of these genes during the inflam-
matory response. Interrogation of deregulated transcription
factors from our BMDM microarray data revealed that genes
encoding the NF-�B family, important regulators of the inflam-
matory response, are increased in the absence of KLF3 (Fig. 5A).
In the MEF ChIP-Seq data, strong KLF3 binding was evident at

Figure 3. Macrophages lacking KLF3 exhibit enhanced inflammatory function. A, KLF3 protein levels in BMDMs following stimulation with 100 ng/ml LPS
for 0 –24 h were measured by Western blotting. 20 �g of nuclear extract was loaded per lane alongside a Rainbow molecular weight marker (GE Healthcare).
The membranes were probed with a polyclonal anti-KLF3 antibody (raised in rabbit) followed by reprobing of the membrane with an anti–�-actin antibody
(raised in mouse; A1978). A positive control (nuclear extract was from COS-7 cells overexpressing pMT3-Klf3) and negative control (nuclear extract was from
untransfected COS-7 cells) were included, in addition to nuclear extracts from BMDMs lacking KLF3 to ensure antibody specificity. B, EMSA was used to detect
functional KLF3 bound to a radiolabeled DNA probe in nuclear extracts from BMDMs stimulated with 100 ng/ml LPS for 0 –24 h. Nuclear extracts from COS-7
cells overexpressing pMT3-Klf3 and untransfected COS-7 cells were used as positive and negative controls, respectively. Polyclonal anti-KLF3 antibody (�-KLF3)
raised in rabbit was added to confirm the identity of bound protein as KLF3, labeled as a supershift band. Unbound radiolabeled DNA probe can be seen as an
intense dark band at the bottom of the gel. C, phagocytosis assays were performed to compare the uptake of fluorescein-labeled K-12 E. coli bioparticles in WT
and Klf3�/� BMDMs (n � 4), with the inclusion of COS-7 cells as a negative control (n � 2). The cells were stimulated with 100 ng/ml LPS for 8 h, and bioparticle
uptake was read using 480-nm excitation/520-nm emission settings, represented as mean fluorescence intensity (MFI). D, production of nitrate was measured
in the supernatant of BMDMs following exposure to 100 ng/ml LPS or vehicle (veh) for 24 h, with the inclusion of COS-7 cells as a reference point (n � 8). For C
and D, error bars represent means � S.E., and nonparametric Mann–Whitney U tests were carried out: *, p � 0.05.
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the proximal promoter of Rela, encoding the NF-�B subunit
RELA/p65 (Fig. 5B).

Closer inspection of the DNA sequence corresponding to the
KLF3 binding peak revealed a consensus KLF3 binding site, or
CACCC box, in the Rela promoter: 5�-NCN CNC CCN-3� (Fig.
S7A). Using EMSA, we showed that KLF3 can bind the mouse
Rela CACCC box, but binding is greatly reduced when this site
is mutated (�CACCC) (Fig. 5C). Having shown that KLF3 binds
the Rela promoter in vitro by EMSA and in vivo in MEFs by
ChIP-Seq, we next investigated binding in a biologically rele-
vant setting: primary BMDMs. KLF3 binding was evident at the

Rela promoter following LPS stimulation, with negligible
enrichment seen at a Klf8 negative control region where KLF3
is known to not bind (Fig. 5D). No binding was observed in
Klf3�/� samples. This KLF3 enrichment at the Rela promoter
in LPS-stimulated BMDMs correlates with that seen in
unstimulated MEFs (Fig. 5B). We subsequently showed that
KLF3 also binds the CACCC box in the human RELA promoter
by EMSA (Fig. S6B) and, using CRISPR/Cas9 gene editing, gen-
erated human K562 cells lacking KLF3 (Fig. S7, B–D) to show
that binding to RELA is equally evident in vivo (Fig. S6C). To
confirm that KLF3 biologically binds and regulates transcrip-

Figure 4. Widespread gene deregulation in macrophages lacking KLF3 following endotoxin treatment. A, heat map of significantly (p � 0.05) deregu-
lated genes in Klf3�/� BMDMs following 8 h of treatment with 100 ng/ml LPS or vehicle (veh, n � 3 per condition and genotype). B, Kyoto Encyclopedia of Genes
and Genomes analysis of the most highly deregulated pathways in LPS-treated Klf3�/� BMDMs. C, inflammatory cytokine genes showing deregulation in
microarrays were validated using qPCR, with error bars representative of means � S.E. of three independent biological replicates. Expression was normalized
to 18S rRNA levels, and the 0-h time point for each gene was set to 1. Nonparametric Mann–Whitney U tests were carried out: *, p � 0.05.
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tion of Rela, we treated WT and Klf3�/� BMDMs with LPS in a
24-h time course and found that Rela expression levels were
significantly more highly up-regulated in the absence of KLF3
at 4 and 8 h (Fig. 5E). Likewise, Klf3�/� BMDMs up-regulated
Rela more highly than WT cells in response to poly(I�C) treat-
ment but not with IL-6 treatment (Fig. S6, D and E). We next
measured p65 levels by Western blotting in WT and Klf3�/�

BMDMs treated with LPS for 0, 4, 8, or 24 h (Fig. 5F). Levels of
nuclear p65 are significantly increased in the absence of KLF3 at
8 and 24 h, suggesting that KLF3 not only binds but also directly
regulates the expression of the NF-�B subunit p65. The
increased nuclear p65 levels were not due to genotype differ-
ences in mRNA (Fig. S6F) or protein (Fig. S6G) expression of
total cellular I�B-�, which is responsible for sequestering inac-
tive p65 in the cytoplasm. Additionally, we did not observe any
differences in total cellular p65 levels between LPS-treated WT
and Klf3�/� BMDMs (Fig. S6G). Together, these results dem-
onstrate that NF-�B family genes are deregulated in the

absence of KLF3 and that KLF3 directly binds and regulates
expression of the gene encoding RELA/p65. This suggests that
p65 acts as an intermediary factor that, in the absence of KLF3,
is insufficiently repressed, permitting enhanced and prolonged
activation of proinflammatory cytokines. These findings iden-
tify KLF3 as a potentially important regulator of endotoxin-
induced inflammation through its suppression of the NF-�B
subunit RELA/p65 (Fig. 6).

Discussion

NF-�B signaling plays a key role in driving the inflammatory
response under both physiological and pathophysiological con-
ditions. A diverse array of signals can elicit NF-�B activity, and
the post-translational network governing NF-�B localization
through the function of I�B and I�B kinase proteins is well-
characterized. NF-�B can regulate its own activity through
autoregulatory feedback loops (36), and it was recognized early
on that �B subunits have the capacity to bind and autoregulate

Figure 5. KLF3 suppresses activation of NF-�B genes. A, a heat map was generated showing relative expression of genes encoding NF-�B subunits in WT and
Klf3�/� BMDMs after 0 and 8 h of 100 ng/ml LPS or vehicle (veh) treatment (n � 3 per condition and genotype). B, KLF3 enrichment at the proximal promoter
regions of genes encoding NF-�B from a KLF3-V5 ChIP-Seq in murine embryonic fibroblasts, with scale (0 –500 read counts) provided on the right-hand side of
each panel. C, EMSA was used to detect KLF3 binding to a radiolabeled DNA probe comprised of the WT (CACCC) or mutated (�CACCC) mouse Rela promoter
consensus sequence. Nuclear extracts from COS-7 cells overexpressing pMT3-Klf3 and untransfected COS-7 cells were used as positive and negative controls,
respectively. Polyclonal anti-KLF3 antibody raised in rabbit was added to confirm the identity of bound protein as KLF3, labeled as a supershift band. Unbound
radiolabeled DNA probe can be seen as an intense dark band at the bottom of the gel. D, in vivo KLF3 binding at the Rela promoter in WT and Klf3�/� BMDMs
treated with 100 ng/ml LPS for 4 h was performed using ChIP-qPCR (n � 2 mice per genotype). Lgals3 serves as a positive control region (�) where KLF3 is
known to bind, and an unbound negative control locus �4.5 kb upstream of Klf8 (�) was also used (24). Error bars represent means � S.E. E, expression of Rela
was analyzed in WT and Klf3�/� BMDMs following treatment with LPS (100 ng/ml) or vehicle by qPCR, and mRNA levels were normalized to 18S. The 0-h WT
vehicle treatment was set to 1, error bars represent the means � S.E., and nonparametric Mann–Whitney U tests were performed: *, p � 0.05. F, protein levels
of the NF-�B p65 subunit (RELA) were measured in BMDMs following stimulation with 100 ng/ml LPS for 0 –24 h. 20 �g of nuclear extract was loaded per lane
alongside a Rainbow molecular weight marker (GE Healthcare). The membranes were probed with a monoclonal anti-p65 antibody (raised in rabbit, 65 kDa)
followed by reprobing of the membrane with an anti-�-actin antibody (raised in mouse; A1978). A control lane (nuclear extract from COS-7 cells, Ctrl) is also
included, and the presence of a nonspecific background band at 	102 kDa is demarcated by an asterisk.
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family members at the transcriptional level (37). Similarly,
BCL3 has been shown to activate NF-�B expression, forming
another autoregulatory loop (38). Beyond this autoregulation,
however, remarkably little is known of how NF-�B gene expres-
sion is controlled at the level of transcription. Interestingly, it
has been reported that KLF11 is able to physically inhibit the
binding of NF-�B subunit p65 to its target genes, effectively
suppressing NF-�B–induced proinflammatory signaling in
endothelial cells (39).

In this study, using a combination of in vitro approaches and
in vivo animal models, we have demonstrated that KLF3 is an
important suppressor of inflammation, responsible for directly
repressing RELA/p65 activity and thereby downstream cyto-
kine expression. We showed that Klf3�/� mice display systemic
inflammation and a distinct white blood cell phenotype, with
increased sensitivity to endotoxin. Mice lacking another DNA-
binding protein, NUPR1, also show increased sensitivity to
endotoxin treatment, caused by an aberrant gene expression
response (40), much like the widespread deregulation seen in
the absence of KLF3. We propose that the physiological mani-
festations seen in LPS-treated Klf3�/� mice, including inflam-
matory monocyte abundance and overexpression of proinflam-
matory cytokines, are the result of a reduced capacity to
suppress NF-�B signaling. It will be interesting to further pur-
sue the downstream consequences of the absence of KLF3 on
LPS tolerance and innate immune memory in future studies,
given the clinical significance of these processes (41).

Directly targeting transcription factors to therapeutically
modulate cellular processes remains difficult, and this is no dif-
ferent with inflammation. Given that other KLF family mem-
bers are involved in orchestrating the inflammatory response in
various cell types, it has been proposed that targeting upstream
mediators of KLFs may be the most viable option (42, 43).

Together, our findings identify KLF3 as a novel and direct
suppressor of NF-�B signaling through regulation of Rela/
RELA transcription. This advance fills a longstanding gap in our
knowledge of the transcriptional regulation of the NF-�B fam-
ily and provides a starting point for further studies into tran-
scriptional control during the inflammatory response.

Experimental procedures

Animal husbandry

All animal work was carried out in accordance with approval
from the University of New South Wales Animal Care and Eth-
ics Committee (approval nos. 12/150A, 16/5B, and 18/34B).
The animals were housed in a specific pathogen-free environ-
ment, at a constant ambient temperature of 22 °C, on a 12-h

light– dark cycle with ad libitum access to standard chow food
and water. Generation of global Klf3�/� mice on an FVB/NJ
background has been previously described (29). Age-matched
WT and Klf3�/� littermate mice from Klf3�/� 
 Klf3�/�

crosses were used for all animal studies.

Animal procedures

For short-term endotoxin exposure experiments, WT and
Klf3�/� mice were treated with 0.167 or 0.05 mg/kg LPS
(Sigma) from E. coli or vehicle (0.1% saline) via intraperitoneal
injection. Body temperature was measured over the first 6 h by
rectal probing with a BAT-12 microprobe thermometer and
then again at 12 and 24 h. After 24 h, the mice were euthanized,
and blood and spleens were harvested for downstream analysis.

Blood analysis

Peripheral blood was obtained by cardiac bleed prior to
euthanasia and stored in K2EDTA collection tubes (BD Biosci-
ences). Whole blood was sent for blood count analysis at the
University of Sydney Veterinary Pathology Diagnostic Services.
Plasma was isolated by centrifugation of whole blood at 2,000 

g for 15 min (4 °C) and then stored for further analysis.

Cell culture and transfection

Bone marrow-derived macrophages were harvested from
femora and tibiae as previously described (24). Equal numbers
of WT and Klf3�/� BMDMs were seeded for all experiments.
COS-7 cells were a gift from Stuart Orkin (Harvard) and were
cultured in Dulbecco’s modified Eagle’s medium supplemen-
ted with 10% fetal bovine serum (FBS) and 1% penicillin–
streptomycin– glutamine. During passaging, adherent cells
were lifted after a 5-min incubation at 37 °C with 2 mM PBS-
EDTA. COS-7 cells were transfected with pMT3-Klf3 using
FuGENE 6 (Promega) and harvested 48 h later for nuclear
extraction. K562 cells were grown in RPMI 1640 medium sup-
plemented with 10% FBS and 1% penicillin–streptomycin–
glutamine. Expression construct information can be found in
Table S1.

Gene editing

For CRISPR/Cas9 genome editing, a plasmid encoding both
the Cas9 protein and the single guide RNA (sgRNA) was used to
deleteKLF3 inK562cellsviadouble-strandbreakageandnonho-
mologous end joining. pSpCas9(BB)-2A-GFP (PX458) was a
gift from Feng Zhang (Addgene 48138) (44). We designed
sgRNA sequences targeting KLF3 exon 3 using the optimized
CRISPR/Cas9 design online tool provided by the Zhang labora-

Figure 6. Proposed model of KLF3-mediated suppression of inflammation following endotoxin exposure. Following the onset of an LPS-induced
inflammatory response, KLF3 is responsible for regulating NF-�B signaling via repression of Rela/RELA (encoding the NF-�B subunit RELA/p65), suppressing the
expression of inflammatory cytokines.
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tory from the Massachusetts Institute of Technology. All
sgRNA and PCR primer sequences can be found in Table S2.
K562 cells were transfected by nucleofection using a NeonTM

transfection system (Life Technologies). The cells (5 
 105)
were resuspended in nucleofection buffer R (NeonTM transfec-
tion kit) and given one pulse of 1,400 –1,600 V for 20 –30 ms.
The cells were cultured for 72 h in RPMI 1640 medium with
10% FBS without antibiotics and then enriched by FACS, and
clonal populations were established by sorting cells into 96-well
culture plates. To screen clones for the desired KLF3 disrup-
tion, PCR was carried out on genomic DNA using Q5 polymer-
ase (New England BioLabs), before confirmation using Sanger
sequencing of PCR products and anti-KLF3 Western blotting.
SnapGene version 4.2.6 was used to visualize sequencing traces.

Flow cytometry

Flow cytometry was performed using a BD LSRFortessa and
BD LSRFortessa X-20. Sorting by FACS was performed using a
BD Influx or BD FACSAria III. All cells were preblocked with
anti-CD16/32 Fc block to reduce nonspecific binding. For iden-
tifying Ly6C� monocytes in blood and spleen, red blood cell
lysis was performed using double-distilled H2O prior to stain-
ing with the following antibodies: CD45-PE (BD Pharmingen),
CD115-biotin (eBioscience), Streptavidin-BV711 (BD Hori-
zon), CD11b-FITC (BD Pharmingen), Ly6C-BV421 (BD Hori-
zon), Ly6G-APC (BD Pharmingen), CD19-APC (eBioscience),
and CD3-APC (BD Pharmingen). ZombieNIR (Biolegend) was
used as a viability dye. To analyze monocyte precursors in bone
marrow, bone marrow was harvested and flushed, and then the
cells were stained with the following antibodies: CD11b-FITC
(BD Pharmingen), Ly6C-BV421 (BD Horizon), CD117-PE (BD
Pharmingen), CD135-APC (BD Biosciences), CD115-BUV395
(BD Optibuild), Streptavidin-PE/CF594 (BD Biosciences) and a
lineage mixture comprised of biotin-conjugated Ter119 (BD
Biosciences), CD19 (BD Pharmingen), CD3 (eBioscience),
NK1.1 (eBioscience), Ly6G (BD Pharmingen), and TCR��
(eBioscience). 4�,6�-Diamino-2-phenylindole was used as a
viability dye. For identifying BMDMs, the cells were stained
with the following antibodies: CD11b-FITC (BD Pharmin-
gen) and F4/80-PE/Cy5 (eBioscience) (gating strategy in Fig.
S1C). Flow cytometry analysis was performed using FlowJo
software, version 10. Detailed antibody information is avail-
able in Table S5.

Cytokine quantification

To measure the levels of inflammatory cytokines in mouse plasma
and BMDM supernatant, we employed the LEGENDplexTM kit
(Biolegend) according to the manufacturer’s instructions. The
assay was run using the BD LSRFortessa, and the output was
analyzed with LEGENDplex version 8.0 software. To assess the
levels of TNF in plasma from mice treated with LPS or vehicle,
the mouse TNF QuantikineTM ELISA kit (R&D Systems) was
used according to the manufacturer’s instructions. A volume of
50 �l of undiluted plasma was run in duplicate for each sample
for ELISA, and 25 �l of undiluted plasma or BMDM superna-
tant was used for LEGENDplex assays.

BMDM stimulations

BMDMs were differentiated in culture for 7–10 days and
then treated with 100 ng/ml LPS (Sigma), 10 ng/ml IFN�
(Sigma), 10 �g/ml poly(I�C) (Sigma), 10 ng/ml IL-6 (Sigma), or
10 ng/ml IFN� (Thermo Fisher) for the stated lengths of time.

BMDM functional assays

To assess the phagocytic capacity of BMDMs, VybrantTM

phagocytosis assays (Thermo Fisher) were performed accord-
ing to the manufacturer’s instructions. Briefly, the cells were
seeded into 96-well plates at 5 
 104 cells/well and incubated at
37 °C for 6 h with 100 ng/ml LPS. After 6 h, supernatant was
replaced with 100 �l of E. coli (K-12 strain) fluorescein-labeled
bioparticles for 2 h in the presence of 100 ng/ml LPS. Biopar-
ticles were removed entirely, and trypan blue was added for 1
min prior to reading at an excitation of 480 nm and emission of
520 nm to assess the fluorescence produced by phagocytosed
bioparticles. To measure nitrate production, BMDMs were
treated with 100 ng/ml LPS or vehicle for 24 h before collection
of supernatant. The nitrate/nitrite colorimetric assay kit (Cay-
man Chemical) was employed to measure nitrate concentra-
tion in the supernatant and absorbance read at 540 nm, accord-
ing to the manufacturer’s instructions. To assess the cellular
reduction environment in BMDMs, alamarBlueTM (Life Tech-
nologies) assays were performed according to the manufactu-
rer’s instructions. Briefly, the cells were seeded into 96-well
plates at 5 
 104 cells/well overnight and then treated with 100
ng/ml LPS or vehicle the following day, in addition to a 0.1

volume of alamarBlue reagent. Fluorescence was read after 0, 2,
4, 6, 8, 10, 12, and 24 h with a peak excitation of 570 nm and
peak emission at 585 nm.

Cell growth and proliferation assays

For cell growth assays, BMDMs were grown for 7 days before
seeding at 5 
 105 cells/ml. Cell counts were taken at days 0, 2,
4, and 6. Cell proliferation assays were performed using a BrdU
cell proliferation assay kit, according to the manufacturer’s
instructions (Cell Signaling Technology). BMDMs were cul-
tured for 7 days, and then 5 
 104 cells were plated into wells of
a 96-well plate. The cells were then assayed at days 0, 2, 4, and 6.
Briefly, 1
 BrdU was added into each well and incubated for
4 h, then the cells were fixed and denatured for 30 min, and
detection antibody solution was added for 1 h at room temper-
ature. Next, HRP-conjugated secondary antibody solution was
added and incubated at room temperature for 30 min. TMB
substrate was then added and incubated for 30 min before add-
ing stopping buffer, and then absorbance was read at 450 nm to
detect BrdU incorporation.

Gene expression analysis

To assess mRNA expression, cells were lysed and homoge-
nized in TRI reagent (Sigma) and then subjected to RNA
extraction and cDNA synthesis as previously described (24).
Quantitative real-time PCRs (qPCRs) were set up with Power
SYBRTM Green PCR Master Mix and run with default cycle
parameters on the Applied Biosystems 7500 fast real-time PCR
system (for 96-well plate format) or the Applied Biosystems
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ViiA7 real-time PCR system (for 384-well plate format). Gene
expression was quantified using the 2���CT method, and rela-
tive mRNA expression was normalized to 18S rRNA levels,
which have been shown to display stable expression across the
cells and conditions studied. All qPCR primers were designed
using primer3 and can be found in Table S4. For microarrays on
BMDMs treated with 100 ng/ml LPS or vehicle, RNA was iso-
lated using the RNeasyTM mini kit (Qiagen) and then subjected
to quality control using the Agilent 2100 Bioanalyzer, following
preparation with an Agilent RNA 6000 nano kit. An Affymetrix
3� IVT PLUS kit was used for in vitro transcription prior to
performing microarrays on an Affymetrix GeneChip HT
MG-430PM array plate. Raw CEL files from the Affymetrix
arrays were processed using the R package affy (45) (using
ReadAffy) and the Robust Multi-array Average (RMA) method
(46) (using rma also from the same package) was used to nor-
malize the data and produce expression values. Differential
expression analysis was done using the limma (47) R package.
Heat maps were generated after hierarchical clustering and
scaling of the row values using the RMA normalized expression
values with R package pheatmap. Kyoto Encyclopedia of Genes
and Genomes pathway analysis was done using the enrichKEGG
function from clusterProfiler (48) with the dotplot function used to
generate graphs. Microarray data sets are available from the Gene
Expression Omnibus (accession no. GSE121646).

Motif discovery and enrichment analysis

To perform de novo motif discovery and known motif enrich-
ment analysis, the transcription starts sites of all differentially
expressed genes when comparing WT and Klf3�/� BMDMs
treated with LPS for 8 h were first obtained from the GEN-
CODE vM22 gtf file. Promoters were then defined as 1,000 bp
upstream or downstream from the transcription start site
(� 1,000 bp) and obtained using bedtools flank and slop func-
tions (49) and HOMER findMotifsGenome.pl (to get
sequences) (50). De novo motif analysis and known motif
enrichment analysis using the JASPAR (51) and HOCOMOCO
TF (52) databases was then performed using MEME-ChIP (53)
(only the centered 500-bp region was considered for de novo
motif discovery (using �ccut 500) with a maximum motif site
of 25 bp (�meme�maxw 25)).

Protein extraction and Western blotting

Cytoplasmic, nuclear, and whole-cell protein extractions
were performed as previously described (24, 27). For detection
of KLF3 by Western blotting, 20 �g of nuclear extract was
loaded onto Novex NuPAGETM 10% Bis-Tris gels, following
denaturation and boiling. After blocking with 3.5% (w/v) skim
milk, nitrocellulose membranes were incubated with anti-KLF3
antibody (Thermo Fisher). The membranes were then probed
with HRP-linked anti-goat antibody (Santa Cruz Biotechnol-
ogy) prior to imaging on the GE ImageQuant LAS 500 in the
presence of Immobilon Western Chemiluminescent HRP sub-
strate (Millipore). To detect RELA/p65 and I�B-�, 20 �g of
protein was loaded per lane onto 10% Bis-Tris gels, following
denaturation and boiling. After blocking with 5% (w/v) skim
milk, nitrocellulose membranes were incubated overnight with
anti-p65 antibody (Cell Signaling) or anti-I�B-� antibody

(Abcam). The membranes were then probed with HRP-linked
anti-rabbit antibody (GE Healthcare) prior to imaging. All
membranes were stripped with 0.5 M NaOH and then reblocked
with skim milk before probing with an anti-�-actin antibody
(Sigma). Following this, HRP-linked anti-mouse antibody (GE
Healthcare) was incubated on membranes prior to imaging.
Detailed antibody information can be found in Table S5.

Electrophoretic mobility shift assays

EMSAs were performed as described previously (27). To
assess KLF3 levels following LPS treatment, BMDMs were
stimulated with 100 ng/ml LPS for 0, 4, 8 and, 24 h, and then
nuclear extracts were obtained. The extracts were loaded onto
8% polyacrylamide gels along with prebleed immune serum or
polyclonal anti-KLF3 antibody (raised in rabbit) and 32P-radio-
labeled DNA probe. Nuclear extracts from untransfected
COS-7 cells and COS-7 cells expressing pMT3-Klf3 were
included as negative and positive controls, respectively. To
assess binding of KLF3 to mouse and human RELA, probes were
designed corresponding to the mouse and human CACCC
boxes in the RELA promoter region and mutated versions of
these sites (�CACCC). The gels were run for 1 h 45 min at 250
V and then imaged using a Typhoon FLA 9500 (GE Life Sci-
ences). Probe sequences can be found in Table S3, and visual
depiction of probes can be found in Fig. S7A.

Chromatin immunoprecipitation

ChIP experiments were performed as previously described
(54). Briefly, 5–7 
 107 BMDM or K562 cells were used per
immunoprecipitation. Prior to cross-linking, BMDMs were
treated with 100 ng/ml LPS for 4 h. The cells were cross-linked
with 1% formaldehyde for 10 min at room temperature, and the
reaction was quenched with glycine at a final concentration of
125 mM. Cross-linked cells were then lysed and sonicated to
obtain 	200 – 400-bp fragments of chromatin. DNA bound to
the protein of interest was pulled down at 4 °C overnight using
anti-KLF3 antibody (Thermo Fisher) or normal goat IgG (Santa
Cruz Biotechnology). qPCR was performed on ChIP material
using an Applied Biosystems ViiA7 real-time PCR system. For
analysis, immunoprecipitation was first normalized to the rel-
ative amount of input DNA and then to IgG controls. All qPCR
primers for ChIP were designed using primer3 and can be
found in Table S4. Detailed antibody information can be found
in Table S5. The KLF3-V5 ChIP-Seq data set in MEFs is acces-
sible at from the Gene Expression Omnibus (accession no.
GSE44748). Data sets were visualized using Integrative Genom-
ics Viewer software (Broad Institute).
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