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Escherichia coli and Klebsiella pneumoniae are opportunistic
pathogens that are commonly associated with infections at
mucosal surfaces, such as the lung or the gut. The host response
against these types of infections includes the release of epithe-
lial-derived antimicrobial factors such as lipocalin-2 (LCN-2), a
protein that specifically inhibits the iron acquisition of Entero-
bacteriaceae by binding and neutralizing the bacterial iron-
scavenging molecule enterobactin. Regulation of epithelial anti-
microbial responses, including the release of LCN-2, has
previously been shown to depend on IL-22, a cytokine produced
by innate lymphoid cells type 3 (ILC3) during Enterobacteri-
aceae infections. However, much remains unknown about the
extent to which antimicrobial responses are regulated by IL-22
and how IL-22 regulates the expression and production of
LCN-2 in intestinal epithelial cells (IECs). Our study demon-
strates how IL-22–induced activation of STAT3 synergizes with
NF-�B–activating cytokines to enhance LCN-2 expression in
human IECs and elucidates how ILC3 are involved in LCN-2–
mediated host defense against Enterobacteriaceae. Together,
these results provide new insight into the role of ILC3 in reg-
ulating LCN-2 expression in human IECs and could prove
useful in future studies aimed at understanding the host
response against Enterobacteriaceae as well as for the devel-
opment of antimicrobial therapies against Enterobacteriace-
ae-related infections.

Enterobacteriaceae is a large family of Gram-negative bacte-
ria that are commonly found as part of the human intestinal
microbiota and include species such as Escherichia coli and
Klebsiella pneumoniae (1, 2). Although intestinal colonization
by these bacteria is often asymptomatic in healthy individuals,
they pose a major threat to immunocompromised patients,
where colonization can lead to intestinal infection, but also

infections at other mucosal surfaces, such as the lung or the
urinary tract (3–6). Intestinal epithelial cells (IECs)2 play a cru-
cial role in the protection against such infections by producing
a variety of antimicrobial factors (7). For instance, regenerating
islet-derived protein 3� (REG3�), which targets both Gram-
positive and Gram-negative bacteria, is produced by epithelial
cells and prevents intestinal microbes from penetrating the
sterile mucous layer separating the microbiota from host tis-
sues (8). Alternatively, epithelial-derived lipocalin-2 (LCN-2)
provides protection by binding and neutralizing enterobactin,
an important iron-scavenging molecule expressed specifically
by Enterobacteriaceae (9 –12). Importantly, although some of
these antimicrobial factors are constitutively expressed, others
can be affected by a variety of host and/or microbial factors,
which allows regulation of antimicrobial responses during
homeostasis and infection (13–16).

One of the cell types that plays an important role in the reg-
ulation of antimicrobial responses in IECs are innate lymphoid
cells type 3 (ILC3) (17, 18). These cells are tissue-resident under
homeostatic conditions (19 –21) and are marked by the expres-
sion of transcription factors Retinoic Acid-Related (RAR)-re-
lated orphan receptor-� (22) and aryl hydrocarbon receptor
(23). ILC3 are activated by IL-1� and IL-23, which are produced
by macrophages and dendritic cells during Enterobacteriaceae
infections (24). As a response, ILC3 produce a variety of cyto-
kines, including IL-22, IL-17A, TNF, and GM-CSF (25, 26),
which gives them a similar cytokine profile as TH17 and TH22
cells (27) and likely explains the partial redundancy of these cell
types during infections (28 –30). Of the cytokines produced by
ILC3, IL-22 has received much attention due to its importance
in the protection against Enterobacteriaceae infections (25,
31–37) and was found to be produced in large amounts by
intestinal and tonsillar NKp44� ILC3 (38). IL-22 signals
through a dimer of the IL10R2 and IL-22R1 receptors, the latter
of which is exclusively expressed on nonhematopoietic cells
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to activate STAT3 through classical JAK–STAT signaling
events (39) and influences a variety of epithelial host– defense
programs, such as the expression of tight-junction proteins (40)
and the production of antimicrobial factors, including LCN-2,
Reg3�, and Reg3� (35–37). Importantly, clinical studies have
shown that patients suffering from ulcerative colitis have
increased expression of the IL-22– binding protein, a factor that
neutralizes IL-22 activity (41), whereas perturbed IL-22 expres-
sion in the inflamed mucosa of Crohn’s disease patients was
linked to disturbed regulation of antimicrobial factors and tight
junctions in epithelial cells (42). These findings demonstrate
the importance of IL-22 in the regulation of antimicrobial
responses in the gut and the promotion of intestinal health in
humans.

Nevertheless, although it is clear that ILC3 and IL-22 play an
important role in countering intestinal Enterobacteriaceae
infections, much remains unclear about the pathways that con-
nect the activated ILC3 with the actual antimicrobial responses
against these opportunistic pathogens. In this study, we aimed
to uncover how ILC3-derived IL-22 regulates the antimicrobial
response in IECs and which other factors are required to pro-
vide optimal IL-22–mediated protection against infections by
Enterobacteriaceae.

Results

Synergy between cytokines in the up-regulation of
antimicrobial gene expression in human IECs

To better understand the role of IL-22 in the regulation of
antimicrobial responses in human IECs, we aimed to identify
how IL-22 affects antimicrobial gene expression in the context
of other cytokines commonly expressed during Enterobacteri-
aceae infection, namely IL-17A, TNF, and IFN-� (17, 24,
46 – 49). To this end, the human colonic epithelial cell line
HT-29 was stimulated for 24 h with either IL-22, IL-17A, TNF,
or IFN-� alone, as well as in combination. Next, gene expres-
sion of 19 antimicrobial effector genes that have previously
been associated with antimicrobial responses in the gut was
assessed by qPCR (Tables S1 and S2). Expression patterns were
grouped by hierarchical clustering, which yielded five distinct
groups (Fig. 1A). Genes in group 1 showed the strongest up-reg-
ulation in response to IFN-�, whereas genes in group 2 showed
the strongest up-regulation in response to IL-22. Group 3 was
the largest group and consisted of 10 genes that showed the
strongest up-regulation in response to the combination of all
four cytokines. Group 4 consisted of only DEFB103A, of which
no expression was detectable in either stimulated or unstimu-
lated samples. Finally, group 5 consisted of genes mostly down-
regulated in response to stimulation, particularly in response to
all four cytokines. Of all the single cytokine stimulations, IL-22
appeared most potent in up-regulating gene expression, with
significant up-regulation of S100A9, REG1A, CAMP, and LCN2
(Fig. S1A). TNF and IFN-� only significantly up-regulated
S100A9 and PLA2G2A, respectively (Fig. S1, B and C), whereas
IL-17A was unable to significantly up-regulate any of the tested
genes (Fig. S1D). Combined cytokine treatment, however, was
most potent and significantly up-regulated nine genes, which
all clustered together in group 3 (Fig. S1E). Together, these

results confirmed the importance of IL-22 in the regulation of
antimicrobial responses in IECs and demonstrated that synergy
is important in the cytokine-mediated up-regulation of the
majority of antimicrobial genes tested in this study.

To compare the transcriptional response of HT-29 cells with
the transcriptional response of primary cells, human colonic
IECs were isolated from nonaffected tissue of colonic cancer
resection material (Fig. S2) and stimulated with a combination
of IL-22, IL-17A, TNF, and IFN-�, after which gene expression
was compared with identically stimulated HT-29 cells (Fig. 1B
and Fig. S1, E and F). This showed that LCN2, NOS2, DEFB4,
and S100A9 were significantly up-regulated �10-fold in both
primary and HT-29 cells. In addition, other human IEC cell
lines responded in a similar fashion to stimulation with IL-22,
IL-17A, TNF, and IFN-�, with significant up-regulation of
LCN2, DEFB4, and NOS2 (4/5 cell lines) as well as significant
up-regulation of S100A9 (5/5 cell lines) (Fig. 1C). Next, we
assessed whether the increased expression of these four genes
also resulted in the production and release of the antimicrobial
factors. Release of LCN-2 was strongly induced in both HT-29
and T84 cells upon stimulation, reaching high concentrations
close to 1 �g/ml (Fig. 1D). In addition, both hBD-2 (encoded by
DEFB4) and NO release were significantly increased upon cyto-
kine stimulation in both cell lines (Fig. 1, E and F). Surprisingly,
despite the strong up-regulation of S100A9 in both cell lines,
neither S100A9 nor S100A8/A9 (calprotectin heterodimer)
could be detected in cell supernatants (data not shown).
Together, our results demonstrate that LCN2, DEFB4, NOS2,
and S100A9 are consistently up-regulated on a transcriptional
level in both human IEC cell lines and primary human IECs
upon stimulation with IL22, IL-17A, TNF, and IFN-� and that
hBD-2, LCN-2, and NO concentrations are elevated in super-
natants in response to these cytokines.

IL-22 and IFN-� regulate distinct antimicrobial genes in the
context of IL-17A and TNF

To better define which of the previously mentioned cyto-
kines are specifically required for the optimal up-regulation of
the different antimicrobial genes, HT-29 cells were stimulated
with all possible cytokine combinations after which gene
expression for LCN2, NOS2, and DEFB4 as well as release of
LCN-2, NO, and hBD-2 were determined. LCN2 gene expres-
sion (Fig. 2A), as well as release of the LCN-2 protein (Fig. 2B),
showed strong up-regulation in response to cytokine combina-
tions containing both IL-17A and TNF. Interestingly, whereas
IL-22 alone only had a minor impact on LCN2 expression and
no effect on LCN-2 protein release, addition of IL-22 to the
IL-17A/TNF combination resulted in the strongest up-regula-
tion on both mRNA and protein levels. In addition, combining
IL-22 plus TNF as well as IL-22 plus IL-17A also significantly
increased both gene expression and protein release. In contrast,
IFN-� only enhanced IL-17A/TNF-induced LCN2 expression,
albeit not as efficiently as IL-22, and did not have a positive
effect on gene expression or protein release in any other com-
bination. Expression of DEFB4 was significantly up-regulated
in response to IL-17A/TNF (Fig. 2C). However, this stimulation
did not lead to detectable hBD-2 protein levels in the cell super-
natant (Fig. 2D). Addition of IFN-� to IL-17A/TNF strongly
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enhanced the expression of DEFB4 and also led to a detectable
increase in hBD-2 levels in the cell supernatant. In contrast,
IL-22 appeared to only have a limited impact on both DEFB4
expression and hBD-2 release when combined with IL-17A/
TNF. Finally, NOS2 expression was significantly increased in
response to IL-17A plus IFN-� and was strongly enhanced by

further addition of TNF (Fig. 2E). IL-22 was able to slightly
improve NOS2 expression in combination with IL-17A plus
IFN-�, but overall played a minor role in the regulation NOS2.
Similar to hBD-2, NO production was only detectable when
IL-17A, TNF, and IFN-� were combined (Fig. 2F). Overall,
these experiments point toward an important role for IL-17A

Figure 1. Cytokine-mediated antimicrobial gene and protein expression in human IECs. A, HT-29 cells were stimulated for 24 h with IL-17A (50 ng/ml),
IL-22 (50 ng/ml), TNF (20 ng/ml), IFN-� (10 ng/ml), or a combination of these cytokines after which gene expression for the indicated genes was determined by
qPCR. Subsequent hierarchical clustering was performed based on the calculated Pearson distance between genes. Colors represent average fold change on
log scale compared with untreated controls based on three independent experiments. B, HT-29 cells and primary human CD45-depleted intestinal cells were
stimulated for 24 h with IL-17A (50 ng/ml), IL-22 (50 ng/ml), TNF (20 ng/ml), and IFN-� (10 ng/ml) after which gene expression for 19 antimicrobial genes was
determined by qPCR. For HT-29 cells, values represent average fold change compared with no stimulation based on three independent experiments. For
primary IECs, values indicate average fold change compared with no stimulation for three individual patient samples. C, HT-29, SW480, Caco-2, T84, and
HCT116 cells were stimulated for 24 h with IL-17A (50 ng/ml), IL-22 (50 ng/ml), TNF (20 ng/ml), and IFN-� (10 ng/ml) after which gene expression for the
indicated genes was determined by qPCR. Values indicate the mean with S.E. of three independent experiments. Statistical analysis was performed with
two-way ANOVA followed by Dunnett’s post hoc test as compared with the unstimulated cells (expression value of 1). D–F, HT-29 and T84 cells were stimulated
for 24 h with IL-17A (50 ng/ml), IL-22 (50 ng/ml), TNF (20 ng/ml), and IFN-� (10 ng/ml) after which hBD-2 and LCN-2 concentrations in supernatant were
determined by ELISA, and nitrite concentrations were determined by Griess assay. Values indicate the mean with S.E. of three independent experiments.
Statistical analysis performed with two-way ANOVA followed by Šidák’s post hoc test. p � 0.005 � **, and p � 0.0005 � ***.
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and TNF in the regulation of all three antimicrobial factors,
whereas IL-22 and IFN-� appear to be more specific, with IL-22
strongly affecting LCN-2 expression and IFN-� most strongly
affecting expression of hBD-2 and NOS2 (Fig. 2G).

IEC-mediated inhibition of K. pneumoniae growth
corresponds to LCN-2 production

Our results so far indicate that high concentrations of LCN-2
can be produced upon IEC activation with IL-22, IL-17A, and
TNF. To determine whether this increased LCN-2 production
could inhibit the growth of Enterobacteriaceae, we assessed the
antimicrobial activity of HT-29 cell supernatant against two

K. pneumoniae strains. The first strain expressed enterobactin
(Ent), yersiniabactin (Yer), and salmochelin (Sal), whereas the
second strain is an isogenic mutant only expressing Ent.
Whereas these three factors are all iron-scavenging sidero-
phores, only the activity of enterobactin is inhibited by LCN-2.
Thus, expression of alternative siderophores such as Yer and
Sal provides resistance against LCN-2 (45). Growth analysis of
both strains in RPMI 1640 medium showed no significant dif-
ference in bacterial growth rates (Table 1). When grown in
supernatant from unstimulated HT-29 cells, the Ent� KP20
strain appeared to have a slight growth disadvantage compared
with the Ent�/Yer�/Sal� KP4 strain, albeit not significant.

Figure 2. Specific cytokine synergy regulates the expression and release of LCN-2, NO, and hBD-2. A–F, HT-29 cells were stimulated for 24 h with all
possible combinations of IL-22 (50 ng/ml), IL-17A (50 ng/ml), TNF (20 ng/ml), and IFN-� (10 ng/ml) after which qPCR was performed to determine LCN2 (A)
DEFB4 (B), and NOS2 (C) expression. Protein levels for LCN-2 (D) and hBD-2 (E) were determined in supernatants by ELISA, whereas nitrite levels (F) were
determined by Griess assay. Values indicate the mean with S.E. of three independent experiments. Statistical analysis was performed with one-way ANOVA
followed by Dunnett’s post hoc test as compared with unstimulated cells. G, Venn diagrams representing gene expression levels (left) and protein/nitrite levels
(right) for different cytokine combinations. Color intensity corresponds to the values in A–F redistributed on a gray scale from 0 to 255. p � 0.05 � *, p � 0.005 �
**, and p � 0.0005 � ***.
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When grown in supernatant from IL-22, IL-17A, and TNF-
stimulated cells however, the growth rate of the KP20 strain was
significantly lower compared with the KP4 strain (p � 0.01),
which is in line with the increased LCN-2 concentrations. Fur-
thermore, the addition of an excess of iron, which renders
LCN-2 ineffective, abolished the difference in growth rates
between both strains (Table 1). Together, this indicates that
LCN-2 produced by stimulated HT-29 cells is capable of inhib-
iting growth of LCN-2 susceptible K. pneumoniae.

IL-22 promotes STAT3 activation and recruitment of STAT3 to
the LCN2 promoter region

Activation of STAT3 has previously been described to be one
of the main intracellular signaling events involved in IL-22–
induced responses (39). To determine whether STAT3 signal-
ing is involved in the up-regulation of LCN-2 in human IECs,
Western blot analysis was performed. This showed that stimu-
lation of HT-29 cells with IL-22 alone or in combination with
IL-17A/TNF activated STAT3 through phosphorylation of
Tyr-705 (Fig. 3, A and B), whereas stimulation with only
IL-17A/TNF did not have a significant impact on Tyr-705 phos-
phorylation. In contrast, no significant changes were observed
for phosphorylation of Ser-727 or acetylation of Lys-685. To
determine the importance of STAT3 activation in LCN-2 pro-
duction, we used STATTIC to inhibit STAT3 activation in
HT-29 cells. This showed that the up-regulation of LCN-2
observed in IL-22, IL-17A, and TNF-stimulated cells was inhib-
ited in a dose-dependent manner by STATTIC, albeit not com-
pletely (Fig. 3C). Importantly, no cytotoxic effects of the inhib-
itor were observed in a WST-1 assay (Fig. 3D). To determine
whether activation of STAT3 results in the binding of STAT3 to
the LCN2 promoter region, ChIP-qPCR analysis was per-
formed. This showed that stimulation of HT-29 cells with IL-22
promoted binding of STAT3 to the LCN2 promotor region (Fig.
3E). In addition, whereas stimulation with IL-17A/TNF did not
have an effect on STAT3 binding to the LCN2 promotor, stim-
ulation with IL-22 in combination with IL-17A/TNF further
enhanced STAT3 binding compared with IL-22 stimulation
alone. Together, these results demonstrate that IL-22 induces
Tyr-705 phosphorylation of STAT3 and promotes the binding
of STAT3 to the LCN2 promotor in human IECs. In addition,
this binding can be enhanced upon stimulation with a combi-
nation of IL-22 and IL-17A/TNF, and inhibition of STAT3 sig-
naling prevents the IL-22–mediated enhancement of LCN-2
production in combination with IL-17A/TNF.

IL-17A and TNF induce NF-�B activation and NF-�B
recruitment to the LCN2 promoter region

A previous study by Karlsen et al. (50) has shown that the
combination of IL-17A and TNF induced LCN2 expression
through activation of NF-�B in human lung epithelial cells. To
determine the role of NF-�B in the regulation of LCN-2 in
human IECs, HT-29 cells were stimulated with IL-22, IL-17A/
TNF, or a combination of all three cytokines, after which NF-�B
activation was assessed by Western blotting. Stimulation with
IL-17A/TNF resulted in activation of the NF-�B pathway by
both promoting I�B degradation as well as Ser-536 phosphor-
ylation of NF-�B, while no changes in Lys-310 acetylation were
observed (Fig. 4, A and B). Co-stimulation with IL-22 and
IL-17A/TNF yielded a similar response that did not signifi-
cantly differ from stimulation with IL-17A/TNF alone. In addi-
tion, IL-22 stimulation alone did not have any effect on NF-�B
modifications nor I�B degradation. To verify that the activation
of NF-�B was required for the release of LCN-2, the NF-�B
inhibitor BMS-345541 was used to block NF-�B signaling dur-
ing stimulation. BMS-345541 inhibited LCN-2 release in
response to combined stimulation with IL-17A, TNF, and IL-22
and brought LCN-2 levels back to the basal expression levels of
unstimulated cells (Fig. 4C). To verify that this reduction was
not the result of toxic effects by the inhibitor, a WST-1 assay
was performed, which showed that inhibition was reached at
concentrations where no toxicity was observed (2.5–5 �M) (Fig.
4D). Finally, to assess whether NF-�B directly binds the LCN2
promotor and whether IL-22 might alter this binding, ChIP-
qPCR analysis was performed. This showed that whereas stim-
ulation with IL-17A/TNF induced the binding of NF-�B to the
LCN2 promotor, more binding was observed upon stimulation
with IL-17A, TNF, and IL-22 (Fig. 4E). In contrast, no signifi-
cant NF-�B binding was observed upon stimulation with IL-22
alone. Together, these results show that IL-17A/TNF activated
NF-�B signaling and promoted NF-�B binding to the LCN2
promotor. Moreover, co-stimulation with IL-22 and IL-17A/
TNF further enhanced the binding of NF-�B to the LCN2 pro-
motor region.

Alternative STAT3- and NF-�B–activating cytokines similarly
enhanced LCN-2 expression

To determine whether the STAT3- and NF-�B–mediated
LCN-2 production was a specific response to IL-22 and IL-17A/
TNF, we sought to activate these pathways with two alternative
cytokines, the NF-�B–activating cytokine IL-1� (51) and the
STAT3-activating cytokine IL-6 (27). To confirm that these
cytokines activate NF-�B and STAT3 in our model, Western
blot analysis was performed on IL-1�, IL-6, and IL-1�/IL-6 –
stimulated HT-29 cells. This showed that IL-1� and IL-1�/IL-6
stimulation induced similar levels of Ser-536 NF-�B phosphor-
ylation but were unable to significantly affect I�B degradation
or Lys-310 acetylation (Fig. 5, A and B). In addition, IL-6 alone
did not significantly affect I�B degradation nor any of the
NF-�B modifications. Alternatively, IL-6 and IL-1�/IL-6 stim-
ulation both increased Tyr-705 phosphorylation on STAT3 to a
similar extent, while not affecting any of the other STAT3 mod-
ifications (Fig. 5, C and D). Notably, IL-1� alone was also capa-

Table 1
Growth of K. pneumoniae in cell supernatants
Hill slope values � S.E. were calculated from four-parameter fit models of bacterial
growth curves. Hill slopes represent the estimated maximum growth rate during log
phase, with higher values representing more rapid growth. Values indicate the mean
with S.E. of three to four independent experiments.

Media Ent�/Yer�/Sal� Ent�
p

value

RPMI 1640 5.20 � 0.28 5.19 � 0.25 0.98
Cell supernatant (control) 4.97 � 0.15 4.71 � 0.08 0.22
Cell supernatant � IL-22, IL-17A,

TNF
5.27 � 0.10 4.69 � 0.08 0.01a

Cell supernatant � IL-22, IL-17A,
TNF � 5 �M Fe(III)SO4

9.13 � 0.29 9.22 � 0.57 0.90

a Statistical analysis was performed with two-tailed unpaired t tests. p � 0.05.
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ble of increasing STAT3 Tyr-705 phosphorylation, albeit to a
much lower extent than IL-6 or IL-22. Next, HT-29 cells were
stimulated with combinations of NF-�B inducers (IL-17A/TNF
or IL-1�) and STAT3 inducers (IL-22 or IL-6) (Fig. 5E). Similar
to stimulation with IL-17A/TNF, IL-1� was able to induce
the release of LCN-2 protein, whereas IL-6 was unable to
induce LCN-2 production, similar to IL-22. Stimulation with
combinations of one NF-�B and one STAT3 activator led to
increased LCN-2 production in all cases, especially in com-

binations containing IL-22. Interestingly, although a combi-
nation of IL-22 and IL-6 did not lead to strong LCN-2 pro-
duction, combining IL-17A/TNF and IL-1� did increase
LCN-2 production compared with IL-17A/TNF or IL-1�
alone. Finally, to confirm that both STAT3 and NF-�B are
involved in the synergistic activation of LCN-2, STATTIC
and BMS-345541 were used to inhibit STAT3 and NF-�B,
respectively. Inhibition with STATTIC resulted in partial
inhibition of LCN-2 release induced by the different combi-

Figure 3. Involvement of STAT3 in IL-22, TNF, and IL-17A–mediated LCN-2 production. A and B, HT-29 cells were stimulated for 30 min with the indicated
cytokines after which protein lysate was used for Western blot analysis to determine levels of pSTAT3–Tyr-705, pSTAT3–Ser-727, ac-STAT3–Lys-685, STAT3, and
total protein. A, images of Western blottings representative of three independent experiments. B, band intensity quantification. Values indicate the mean with
S.E. of three independent experiments. Statistical analysis was performed with two-way ANOVA followed by Tukey’s post hoc test. C and D, HT-29 cells were
stimulated for 24 h with IL-22 (50 ng/ml), IL-17A (50 ng/ml), TNF (20 ng/ml), and IFN-� (10 ng/ml) in combination with indicated concentrations of STATTIC or
DMSO control after which LCN-2 concentrations were determined by ELISA (C) and HT-29 viability was determined by WST-1 assay (D). Values indicate the
mean with S.E. of three independent experiments. Statistical analysis was performed with two-way ANOVA followed by Dunnett’s post hoc test. E, HT-29 cells
were stimulated with indicated cytokine combinations for 30 min after which ChIP-qPCR was performed using anti-STAT3 or control IgG. Fold-increase in
enrichment is shown compared with unstimulated cells. Values indicate the mean with S.E. of three independent experiments. Statistical analysis was
performed with two-way ANOVA followed by Tukey’s post hoc test. p � 0.05 � *, p � 0.005 � **, and p � 0.0005 � ***. Molecular masses indicate the location
of the closest protein ladder marker on the blot.
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nations of STAT3 and NF-�B inducers. In addition, inhibi-
tion with BMS-345541 completely inhibited LCN-2 release
induced by these cytokine combinations (Fig. 5F). Together,
these results indicated that alternative STAT3- and NF-�B–
inducing cytokines appear to have a similar impact on
LCN-2 production as IL-22 and IL-17A/TNF.

ILC3-derived IL-22 is involved in the regulation of LCN-2 in IECs

The stimulatory conditions used throughout this study relate
to the epithelial cell microenvironment during infections. In

this environment, ILC3 released IL-22, IL-17A, and TNF in
response to the IL-23 and IL-1� produced by macrophages and
dendritic cells, especially with NKp44� ILC3 being marked as
potent IL-22 producers (17, 25, 52). To mimic the interaction
between IECs and ILC3 during infection, NKp44� and NKp44�

ILC3 were isolated from tonsil samples and stimulated with
IL-2, IL-1�, and IL-23 to induce the release of IL-22. Subse-
quently, supernatants from these cells, containing both the
IL-2, IL-1�, and IL-23 initially provided as well as IL-22 and
other cytokines released from the ILC3 (25, 38), were used to

Figure 4. Involvement of NF-�B in IL-22, TNF, and IL-17A-mediated LCN-2 production. A and B, HT-29 cells were stimulated for 30 min with the indicated
cytokines after which protein lysate was used for Western blot analysis to determine levels of pNF-�B–Ser-536, ac-NF-�B–Lys-310, I�B, NF-�B, and total protein.
A, images of Western blottings representative of three independent experiments. B, band intensity quantification. Values indicate the mean with S.E. of three
independent experiments. Statistical analysis was performed with two-way ANOVA followed by Tukey’s post hoc test. C and D, HT-29 cells were stimulated for
24 h with IL-22 (50 ng/ml), IL-17A (50 ng/ml), TNF (20 ng/ml), and IFN-� (10 ng/ml) in combination with indicated concentrations of BMS-345541 or DMSO
control after which LCN-2 concentrations were determined by ELISA (C) and HT-29 viability was determined by WST-1 assay (D). Values indicate the mean with
S.E. of three independent experiments. Statistical analysis was performed with two-way ANOVA followed by Dunnett’s post hoc test. E, HT-29 cells were
stimulated with indicated cytokine combinations for 30 min after which ChIP-qPCR was performed using anti-NF-�B or control IgG. Fold-increase in enrichment
was compared with unstimulated cells. Values indicate the mean with S.E. of three independent experiments. Statistical analysis was performed with two-way
ANOVA followed by Tukey’s post hoc test. p � 0.05 � *, p � 0.005 � **, p � 0.0005 � ***. Molecular masses indicate the location of the closest protein ladder
marker on the blot.
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stimulate HT-29 cells, after which LCN2 expression was deter-
mined. These results showed that whereas stimulation with
IL-2, IL-1�, and IL-23 induced LCN-2 expression to some

extent in HT-29 cells, both NKp44� and NKp44� ILC3-derived
supernatants further increased LCN-2 expression, with
NKp44� ILC3 appearing to be most potent (Fig. 6A). To deter-
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mine whether this enhancement depended on the release of
IL-22, a neutralizing IL-22 antibody was used to block IL-22–
mediated signaling. Stimulation of HT-29 cells with ILC3
supernatant together with anti-IL-22 indeed reduced LCN2
expression (Fig. 6B) as well as LCN-2 protein release (Fig. 6C)
compared with stimulation with IgG or PBS-supplemented
ILC3 supernatant. In addition, the use of anti-IL-22 reduced
LCN2 expression and LCN-2 protein release back to levels
induced by IL-2, IL-1�, and IL-23 alone, which indicates that
IL-22 is the main LCN-2–regulating factor released by the
ILC3. Together, these results demonstrate the ability of ILC3 to
regulate LCN-2 expression and production through IL-22 in
human IECs.

Discussion

IL-22 produced by ILC3 during intestinal infections is an
important factor in the regulation of innate host defense mech-
anisms and has previously been reported for its protective func-
tion during Enterobacteriaceae infections (28, 31, 36, 53–57).
This study provides a deeper understanding on how IL-22 in
collaboration with other cytokines released during infection is
involved in the synergistic regulation of a variety of antimicro-
bial genes in IECs, including LCN2, DEFB4, NOS2, and S100A9.
In addition, our findings demonstrate how activation of ILC3
and the subsequent production of IL-22 influences LCN-2 pro-

duction and how the STAT3 and NF-�B-dependent produc-
tion of LCN-2 by IECs can provide protection against Entero-
bacteriaceae infections.

Screening the effects of IL-22, IL-17A, TNF, and IFN-� on
the expression of 19 antimicrobial genes showed that of these
cytokines IL-22 was most effective in terms of the number of
genes (4/19) that were significantly up-regulated upon stimula-
tion with single cytokines. Combinational stimulation with
IL-22, IL-17A, TNF, and IFN-�, however, resulted in significant
up-regulation of 9 of the 19 genes screened in HT-29 cells and
induced significant up-regulation of LCN2, DEFB4, NOS2, and
S100A9 in both HT-29 cells and primary human epithelial cells.
Although the up-regulation of LCN2, DEFB4, and NOS2 corre-
sponded to the increased release of LCN-2, hBD-2, and NO in
HT-29 and T84 supernatants, no S100A9 or S100A8/A9 could
be detected on a protein level, despite strong mRNA expres-
sion. This corresponds to a previous study that observed a lack
of S100A9 protein release in murine colonocytes upon in vivo
Salmonella typhimurium , despite high S100A9 gene expres-
sion (58). Notably, exclusive stimulation with IL-1� was found
to induce significant LCN2 expression and LCN-2 protein
release in HT-29 cells, which is in line with its previously
described ability to up-regulate antimicrobial responses, such
as increased LCN2 expression in human lung epithelial cells

Figure 5. Synergy between STAT3 and NF-�B inducers regulates LCN-2 production. A and B, HT-29 cells were stimulated for 30 min with the indicated
cytokines after which protein lysate was used for Western blot analysis to determine levels of pNF-�B–Ser-536, ac-NF-�B–Lys-310, I�B, NF-�B, and total
protein. A, images of Western blottings representative of three independent experiments. B, band intensity quantification. Values indicate the mean
with S.E. of three independent experiments. Statistical analysis was performed with two-way ANOVA followed by Tukey’s post hoc test. C and D, HT-29
cells were stimulated for 30 min with the indicated cytokines after which protein lysate was used for Western blot analysis to determine total levels of
pSTAT3–Tyr-705, pSTAT3–Ser-727, ac-STAT3–Lys-685, STAT3, and total protein. C, images of Western blottings representative of two independent
experiments. D, band intensity quantification. Values indicate the mean with S.E. of two independent experiments. Statistical analysis was performed
with two-way ANOVA followed by Tukey’s post hoc test. E, HT-29 cells were stimulated for 24 h with the indicated combinations of IL-22 (50 ng/ml),
IL-17A (50 ng/ml) � TNF (20 ng/ml), IL-6 (50 ng/ml), and IL-1� (50 ng/ml), after which LCN-2 concentrations were determined in the cell supernatant by
ELISA. Values indicate the mean with S.E. of three independent experiments. Statistical analysis was performed with one-way ANOVA followed by Šidák’s
post hoc test. F, HT-29 cells were stimulated for 24 h with all indicated combinations of IL-22 (50 ng/ml), IL-17A (50 ng/ml) � TNF (20 ng/ml), IL-6 (50
ng/ml), and IL-1� (50 ng/ml) in combination with 5 �M BMS-345541, 2.5 �M STATTIC, or DMSO control, after which LCN-2 concentrations were
determined in cell supernatant by ELISA. Values indicate the mean with S.E. of three independent experiments. Statistical analysis was performed with
two-way ANOVA followed by Dunnett’s post hoc test as compared with unstimulated cells. p � 0.05 � *, p � 0.005 � **, p � 0.0005 � ***. Molecular
masses indicate the location of the closest protein ladder marker on the blot.

Figure 6. ILC3 regulates LCN-2 production in human IECs through IL-22 release. A, from patient samples (n � 5), isolated NKp44� and NKp44� ILC3 were
stimulated with 50 ng/ml IL-2, 50 ng/ml IL-1�, and 50 ng/ml IL-23 for 2 days, after which supernatant was collected separately for each patient sample to
stimulate HT-29 cells for 24 h. RNA was isolated to determine LCN2 expression by qPCR. Graph shows the LCN2 response of HT-29 cells to individual supernatant
samples as well as the mean with S.E. over all samples. Statistical analysis was performed with two-way ANOVA followed by Tukey’s post hoc test. B and C, from
patient samples (n � 5), isolated ILC3 (combined NKp44� and NKp44�) was stimulated with 50 ng/ml IL-2, 50 ng/ml IL-1�, and 50 ng/ml IL-23 for 2 days, after
which supernatant was collected separately for each patient sample. HT-29 cells were stimulated for 24 h with indicated cytokines or ILC3 supernatant with
added anti-IL-22 (25 �g/ml), control IgG (25 �g/ml), or PBS. B, RNA was isolated to determine LCN2 expression by qPCR, and C, supernatant was collected to
determine LCN-2 concentrations in cell supernatant. Graphs show the LCN-2 response of HT-29 cells to individual supernatant samples as well as the mean with
S.E. over all samples. Values indicate the mean with S.E. of three independent experiments. n � 3–5, except for IL-23 � IL-1� � IL-2, which is n � 2. Statistical
analysis was performed with two-way ANOVA followed by Tukey’s post hoc test. p � 0.05 � *, p � 0.005 � **, and p � 0.0005 � ***.
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(51), as well as increased hBD-2 release from both epithelial
cells and keratinocytes (59, 60).

Although a strong link between IL-22 and LCN-2 production
has been observed in several in vivo studies (61–63), our results,
as well as those from others (35, 64), show that IL-22 on its own
appears to have a limited impact on LCN-2 production in
human IECs. Upon stimulation of HT-29 cells, no significant
LCN-2 release could be observed, despite the activation of
STAT3 and the observed binding of STAT3 to the LCN-2 pro-
moter region. In contrast, we observed that activation of NF-�B
by e.g. IL-1� or the combination of IL-17A/TNF induced bind-
ing of NF-�B to the LCN2 promotor region and subsequently
induced LCN-2 production, which corresponded to the previ-
ously reported NF-�B binding on the LCN2 promotor region in
human lung epithelial cells (50, 51). Interestingly, once IL-22
was combined with one of these NF-�B inducers, it significantly
increased LCN-2 production in a STAT3-dependent manner.
Importantly, STAT3 inhibition only partially inhibited LCN-2
production in response to IL-22 and IL-17A/TNF, whereas
NF-�B inhibition completely inhibited the LCN-2 response to
these cytokines. Together, these results indicate a strong sup-
portive role for IL-22 and STAT3 in the regulation of NF-�B–
induced LCN-2 production.

Whereas the IL-22–mediated effects on LCN-2 production
could have been the result of altered post-translational modifi-
cations on NF-�B, no changes on these modifications could
be detected between stimulation with IL-22 plus IL-17A/TNF
or IL-17A/TNF stimulation alone. Similarly, no changes in
STAT3 activation were observed when comparing stimulation
with IL-22 plus IL-17A/TNF to IL-22 stimulation alone. In con-
trast, binding of both STAT3 and NF-�B to the LCN-2 pro-
moter was enhanced upon simultaneous activation of both fac-
tors. This enhanced binding could be the result of increased
chromatin access, as both transcription factors bind in close
proximity in the LCN-2 promotor region (50, 65), and thereby
could assist each other in opening up the chromatin. In addi-
tion, opening of the chromatin by relatively small transcription
factors, such as STAT3 and NF-�B, has recently been modeled
to enhance the access to DNA by larger transcription factors,
such as p300, a relatively large DNA-binding molecule, which
has previously been shown to bind both STAT3 and NF-�B on
the ICAM gene (66, 67). Interestingly, regardless of the exact
mechanisms involved in the synergy between NF-�B and
STAT3, other cell types appear to be affected by this synergy
as well. ILC3 and TH17 cells, for instance, are strongly acti-
vated by simultaneous stimulation by IL-23 and IL-1�, which
are cytokines activating STAT3 and NF-�B, respectively (68,
69). It will be interesting to investigate in more detail how
these two transcription factors collaborate in the regulation
of gene expression in other cell types and which additional
transcription factors influence the transcription of genes
involved in the antimicrobial responses of the gut.

Although our study has focused on a set of cytokines com-
monly found expressed during Enterobacteriaceae infections,
other signals released during infection might play a similar role
in the induction of LCN-2. E. coli-derived flagellin for instance
can activate NF-�B, which can subsequently lead to LCN-2 pro-
duction in epithelial cells (70 –73). In addition, even in the

absence of infection, commensals can potentially induce NF-�B
signaling through activation of Toll-like receptors or the
inflammasome, the latter of which results in the production of
IL-18, a potent NF-�B inducer (74 –77). Although it will be
difficult to fully elucidate to what extent each potential sig-
nal contributes to LCN-2 production, especially due to the
observed synergies, a better understanding of the factors
involved will help to obtain a better grasp on the interactions
between the immune system and our microbiota.

During steady state, ILC3 are thought to be the main source
of IL-22, and its production can be activated by signals from the
intestinal microbiota, such as aryl hydrocarbon receptor
ligands (55, 78). Alternatively, adaptive lymphocytes, such as
TH17 cells, TH22 cells, and mucosa-associated invariant T-cells
(79 –81), as well as the recently described IL-22– expressing
neutrophils (82), can contribute to the production of IL-22 dur-
ing infections. The plethora of cellular IL-22 sources highlights
the importance of this particular cytokine and likely explains
the redundancy of some of these cell types in providing protec-
tion against infections (28 –30).

In conclusion, our results show how ILC3-derived IL-22
regulates LCN-2 production in a STAT3-dependent manner
in human IECs in synergy with NF-�B activation signals.
Together, these results fill a gap in the available knowledge on
the regulation of antimicrobial responses in IECs and may
prove useful in the general elucidation of our host defense
mechanisms against infections. In addition, our results provide
important insight that might be useful in the development of
new therapies aimed to give specific protection against Entero-
bacteriaceae infection by up-regulating LCN-2 expression in
the host.

Materials and methods

Reagents

The following cytokines were obtained from BioTechne
(Minneapolis, MN) and used at the following concentrations
unless stated otherwise: 50 ng/ml human IL-22 (782-IL-010);
50 ng/ml human IL-17A (317-ILB-050); 20 ng/ml human TNF
(210-TA-005); 10 ng/ml human IFN-� (285-IF-100); 50 ng/ml
human IL-1� (201-LB-005); 50 ng/ml human IL-23; and 50
ng/ml human IL-6 (206-IL-010). Human IL-2 (PeproTech,
Stockholm, Sweden) was used at 10 units/ml. The NF-�B inhib-
itor BMS-345541 (43) and STAT3 inhibitor STATTIC (44)
were obtained from Sigma. The IL-22 neutralizing antibody
(Monoclonal Mouse IgG1, MAB7821) was obtained from
BioTechne.

Patient samples

Human ILCs were obtained from adult (n � 10, age 18 –53
years) or pediatric (n � 1, age 5 years) patients undergoing
tonsillectomy due to obstructive sleep apnea syndrome. Pri-
mary human epithelial cells were obtained from the nonaf-
fected part of the colon from resection material of patients
undergoing colorectal cancer surgery (n � 3, age 41– 81).
Informed consents were obtained from the patients or their
parents if they were younger than 18 years.
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Ethical statement

The sample collection was approved by the regional ethical
committee at Karolinska Institutet, Stockholm, Sweden. All
patients provided written informed consent before inclusion.
The study was performed according to the Declaration of
Helsinki.

Cell isolation and sorting

To isolate tonsil cells, whole tonsils were cut into small pieces
and ground through a 100-�m cell strainer using a plunger of a
plastic syringe. Mononuclear cells (MNCs) were isolated from
the obtained cell suspension using Ficoll gradient density cen-
trifugation. For the subsequent FACS purification of ILC3,
MNCs were depleted of T cells, B cells, and monocytes using
anti-CD3, anti-CD19, and anti-CD14 microbeads and LD col-
umns (all Miltenyi Biotec, Bergisch Gladbach, Germany).
CD3�CD19�CD14� MNCs were surface-stained for 30 min at
room temperature. The following FITC-conjugated antibodies
were used for defining lineage marker-positive cells: anti-CD14
(TÜK4; Agilent Technologies Sweden, Kista, Sweden); anti-
Fc�RI� (AER-37), anti-CD34 (581), anti-CD123 (6H6), anti-
CD1a (HI149), anti-TCR�� (IP26), CD94 (DX22), and
anti-TCR�� (B1) (all from BioLegend, San Diego); anti-BDCA2
(AC144; Miltenyi Biotec); and anti-CD19 (4G7; BD Biosci-
ences, Stockholm, Sweden). Additionally, cells were stained
with anti-CD3 in BV785 (OKT3; Biolegend), anti-CD161 in
APC-A750 (191B8), anti-CD127 in PC7 (R34.34), anti-CD117
in PC5.5 (104D2D1), and NKp44 in PC5 (Z231) (all from Beck-
man Coulter, Bromma, Sweden), as well as anti-CRTH2 in
V450 (BM16; BD Biosciences). ILC3 were sort-purified as
lineage�CD45�CD3�CD127�CD161�CD117�CRTH2�

lymphocytes. Cells were sorted using BD FACSAriaTM fusion
cell sorter.

To isolate primary human epithelial cells, muscle and adi-
pose tissues were removed, and the remaining colon tissue was
mechanically disrupted, followed by enzymatic digestion with
250 �g/ml DNase and collagenase II at 37 °C and magnetic
stirring at 450 rpm for 45 min. Cell suspension was filtered
using a 70-�m cell strainer. Subsequently, hematopoietic cells
were removed by magnetic depletion of CD45-expressing cells
using anti-CD45 microbeads and LD columns (both Miltenyi
Biotec), according to the manufacturer’s instructions. Cells
were either seeded for cell culture or stained with anti-
CD31-PB (WM59; Biolegend), anti-CD90-BV605 (5E10; Bio-
legend), anti-EpCAM-AlexaFluor647 (9C4; Biolegend), and
LIVE/DEADTM Fixable Near-IR Dead Cell Stain (Thermo-
Fisher Scientific, Waltham, MA).

Cell culture

Human colonic epithelial cell lines HT-29, T84, HCT116,
and SW480 were cultured in RPMI 1640 medium (Thermo-
Fisher Scientific) supplemented with 10% fetal bovine serum
(FBS) (ThermoFisher Scientific) and 2 mM L-glutamine (Ther-
moFisher Scientific). Caco-2 cells were cultured in Dulbecco’s
modified Eagle’s medium (ThermoFisher Scientific) supple-
mented with 10% FBS and 2 mM L-glutamine. Sorted tonsil ILCs
were cultured in Yssel’s-supplemented Iscove’s modified Dul-
becco’s medium with 1% normal human serum (Sigma) and 10

units/ml IL-2. In case of stimulation, cells were additionally
treated with 50 ng/ml IL-1� and 50 ng/ml IL-23. All cells men-
tioned above were cultured at 37 °C, 5.0% CO2. Primary human
epithelial cells were cultured in SmGMTM-2 medium (Lonza,
Basel, Switzerland) in rat-tail type 1 collagen (ThermoFisher
Scientific)– coated plates at 33 °C and 5.0% CO2, according to
the manufacturer’s instructions. Stimulations were performed
24 h after plating the cells.

RNA isolation and qPCR

To determine gene expression, RNA was isolated with the
Isolate II RNA mini kit (BIO-line, London, UK) according to the
manufacturer’s protocol. RNA concentrations were measured
by Nanodrop (Saveen & Werner, Limhamn, Sweden), and 500
ng of RNA was used for cDNA synthesis using the cDNA syn-
thesis kit (BIO-line). cDNA was subsequently used for qPCR in
combination with Maxima SYBR Green (ThermoFisher Scien-
tific) and forward/reverse primers (Table S1) (Sigma) in a
CFX96 qPCR (Bio-Rad, Solna, Sweden). Cq values were cor-
rected for 18S housekeeping gene expression. Cq values over 35
were given an arbitrary Cq value of 35. Fold-increase compared
with unstimulated controls was calculated, and statistical anal-
yses were performed on log-transformed fold-increase expres-
sion values.

Chromatin-immunoprecipitation (ChIP)

ChIP was performed with the SimpleChIP Plus Enzymatic
Chromatin IP kit (catalog no. 9005S, Cell Signaling Technolo-
gies, Leiden, the Netherlands) together with the following anti-
bodies from Cell Signaling Technologies: normal rabbit IgG
(catalog no. 2729), STAT3 rabbit mAb (catalog no. 12640S),
and NF-�B p65 (D14E12) XP rabbit mAb. For stimulation,
HT-29 cells were stimulated for 30 min at 37 °C with the indi-
cated cytokines in RPMI 1640 medium after which cells were
fixed in 1% formaldehyde (methanol-free 16% stock, Thermo-
Fisher Scientific) for 10 min at room temperature. All subse-
quent steps were performed according to the SimpleChIP Plus
Enzymatic Chromatin IP kit protocol. DNA quantification was
performed using a CFX96 qPCR (BIO-RAD) with primers listed
in Table S1. Statistical analysis was performed on log-trans-
formed data.

Enzyme-linked immunosorbent assay (ELISA)

Fresh or frozen (�20 °C) cell supernatants were diluted in 1%
BSA Reagent Diluent (BioTechne) before analysis. DUOset
ELISA kits were obtained for human LCN-2, human S100A9,
and human S100A8/A9 (all BioTechne) and human �-defensin
2 (hBD-2) (PeproTech). ELISAs were performed in Maxisorp
96-well plates (ThermoFisher Scientific), according to the man-
ufacturer’s’ instructions. The OD was determined at 450 nm
and corrected for 570 nm background values with a TECAN
Infinite m200 plate reader (TECAN Group Ltd., Männedorf,
Switzerland). Standard curves were calculated by four-param-
eter fit modeling in PRISM 7.03 (Graphpad, La Jolla, CA), from
which sample concentrations were determined. Statistical anal-
ysis was performed on square root-transformed data.

Role of ILC3 and STAT3 in the regulation of LCN-2 in IECs

J. Biol. Chem. (2019) 294(15) 6027–6041 6037

http://www.jbc.org/cgi/content/full/RA118.007290/DC1
http://www.jbc.org/cgi/content/full/RA118.007290/DC1


Griess assay

Nitric oxide (NO) production was measured by determining
nitrite levels in cell supernatant using the Griess assay. Cell
supernatants (50 �l) were mixed with 50 �l of 1% sulfanilamide
(Sigma) in 5% phosphoric acid. After a 5-min incubation in the
dark at room temperature, 50 �l of 0.1% N-(1-naphthyl)ethyl-
enediamine dihydrochloride (Sigma) was added, followed by
another 5-min incubation in the dark at room temperature. OD
values at 550 nm were measured with a TECAN Infinite m200
plate reader. Standard curves were calculated by four-parame-
ter fit modeling in PRISM 7.03, from which sample concentra-
tions were determined. Statistical analysis was performed on
square root-transformed data.

SDS-PAGE

HT-29 cells were washed with ice-cold PBS and lysed with
RIPA buffer containing protease inhibitor mixture cOmplete
ULTRA tablets (Roche Applied Science, Basel, Switzerland)
and PHOSSTOP phosphatase inhibitors (Roche Applied Sci-
ence). After scraping the lysed cells, lysate was sonicated and
subsequently spun down at 14,000 � g to remove debris. Pro-
tein samples were stored at �20 °C until further use. Protein
concentrations were determined with the Pierce BCA kit
(ThermoFisher Scientific) according to the manufacturer’s
protocol. OD was measured at 562 nm with a TECAN Infinite
m200 plate reader, and standard curves were calculated by
four-parameter fit modeling in PRISM 7.03. Protein samples
were mixed with 5� Pierce Lane Marker Reducing buffer
(ThermoFisher Scientific) and heated to 96 °C for 10 min. Sam-
ples were loaded on precast NuPAGE 4% BisTris gels (Thermo-
Fisher Scientific) and run in NuPAGE MES SDS Running buffer
(ThermoFisher Scientific). SeeBlue Plus2 prestained protein
marker (ThermoFisher Scientific) was used as a molecular
weight ladder. Samples were run at 200 V.

Western blot analysis

SDS-PAGE samples were transferred to an Amersham Bio-
sciences HyBond 0.2-�m polyvinylidene difluoride membrane
(GE Healthcare) using NuPAGE Transfer Buffer (Thermo-
Fisher Scientific). After the transfer, the membrane was washed
in TBST (ThermoFisher Scientific) at room temperature for 5
min. Next, the membrane was blocked with 5% nonfat dry milk
(Semper, Sundbyberg, Sweden) in TBST at room temperature
for 1 h followed by three 10-min washes in TBST. Membranes
were incubated overnight at 4 °C with the following primary
antibodies from Cell Signaling Technologies: STAT3 rabbit
mAb (12640S); phospho-STAT3 (Tyr-705) XP rabbit mAb
(9145S); phospho-STAT3 (Ser-727) mouse mAb (9136S);
acetyl-STAT3 (Lys-685) rabbit Ab (2523S); and I�B-� (N-ter-
minal) mouse (4814S). Staining was performed in 5% BSA in
TBST or 5% nonfat dry milk in TBST, according to the manufa-
cturer’s antibody-specific instructions. After incubation, the
membrane was washed three times for 10 min with TBST, fol-
lowed by incubation with secondary antibody for 1 h at room
temperature in 5% nonfat dry milk in TBST. Secondary anti-
bodies used were anti-rabbit IgG, HRP-linked Ab (Cell Signal-
ing Technologies, 7076S) and anti-mouse IgG, HRP-linked Ab
(Cell Signaling Technologies, 7074S). Finally, the membrane

was washed three times for 10 min with TBST, incubated with
Amersham Biosciences ECL Prime ECL reagent (GE Health-
care), and imaged using a SynGene G:Box-ChemiXX6 (Syn-
Gene, Cambridge, UK) obtaining 16-bit images. After imaging,
the membranes were washed three times for 10 min in TBST
and stripped with stripping buffer (2% SDS (Sigma), 16% Tris-
HCl, pH 6.8 (Merck), and 0.1 M DTT (Sigma) in water) for 1 h at
37 °C. After stripping, membranes were washed six times for 5
min with TBST and blocked with 5% nonfat dry milk in TBST,
after which a new primary staining could be performed. Alter-
natively, a total protein staining was performed with Amido
Black (Sigma) by incubating the membrane in 1� Amido Black
for 1 min and destaining the membrane with 25% isopropyl
alcohol, 10% acetic acid in water for 30 min. Analysis of the band
intensities on the imaged membrane was performed with ImageJ
(National Institutes of Health, Bethesda), and statistics were per-
formed on log-transformed data. Brightness and contrast adjust-
ments on images were done equally over the entire images.

WST-1 viability assay

WST-1 reagent was used to assess mitochondrial activity as a
marker for cell viability. Cells were incubated with 1:10-diluted
WST1 reagent (Sigma) in RPMI 1640 medium at 37 °C for 	10
min, after which supernatants were transferred to a new 96-well
TC-culture plate, and the OD was measured with a TECAN
Infinite m200 plate reader (TECAN Group Ltd.) at 450 nm and
corrected for 620 nm background signal. WST1 reagent diluted
1:10 in the absence of cells was used as a negative control,
whereas untreated cells were used as a positive control. Per-
centage of viability was calculated by subtracting the negative
control from all samples and setting the signal from untreated
cells to 100%.

Bacterial growth

Bacterial growth was assessed on two isogenic K. pneu-
moniae strains derived from K. pneumoniae KPRR1 (45). Strain
KP4 expressed Ent, Yer, and Sal, whereas strains KP20 only
expressed Ent. Bacteria were grown in RPMI 1640 medium � 200
�M 2,2-bipyridyl (Sigma) overnight at 37 °C with shaking. For
growth analysis, bacteria were diluted to OD 0.001 in different
media conditions. This included fresh RPMI 1640 medium, RPMI
1640 cell supernatants from 24-h cultures of unstimulated or stim-
ulated (IL-22, IL-17A, and TNF) HT-29 cells, or 24-h cell superna-
tants from stimulated HT-29 cells with addition of 5 �M Fe(III)SO4
(Sigma). Bacterial growth was assessed by measuring OD over
time with a BioScreen C device (Oy Growth Curves Ab Ltd., Hel-
sinki, Finland). Growth curves were analyzed by fitting a four-pa-
rameter fit model and extracting Hill slopes representing the opti-
mal growth rate in log phase.

Statistics and data analysis

Data transformation and statistical analysis was performed
using PRISM 7.03 (Graphpad). Hierarchical clustering on
qPCR data were performed by calculating the Pearson distance
with the Pearson correlation coefficient followed by complete
linkage clustering using R (R Core Team, Vienna, Austria) and
the “hyperSpec,” “RColorBrewer,” and “gplots” packages. The
graphs were made in Graphpad and R.
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