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Antimicrobial peptides (AMPs) are mucosal defense effectors of
the human innate immune response. In the intestine, AMPs are
produced and secreted by epithelial cells to protect the host
against pathogens and to support homeostasis with commensals.
The inducible nature of AMPs suggests that potent inducers could
be used to increase their endogenous expression for the pre-
vention or treatment of diseases. Here we aimed at identifying
molecules from the natural pharmacopoeia that induce expression
of human p-defensin-3 (HBD3), one of the most efficient AMPs,
without modifying the production of proinflammatory cytokines.
By screening, we identified three molecules isolated from medici-
nal plants, andrographolide, oridonin, and isoliquiritigenin, which
induced HBD3 production in human colonic epithelial cells. This
effect was observed without activation of the NF-xB pathway or
the expression of associated proinflammatory cytokines. We iden-
tified the EGF receptor as the target of these compounds and
characterized the downstream-activated MAPK pathways. At the
chromatin level, molecules increased phosphorylation of histone
H3 on serine S10 and recruitment of the c-Fos, c-Jun, and Elk1 or c-
Myc transcription factors at the HBD3 promoter. Interestingly,
stimulating cells with a combination of andrographolide and iso-
liquiritigenin synergistically enhanced HBD3 induction 10-fold
more than observed with each molecule alone. Finally, we investi-
gated the molecular basis governing the synergistic effect, confirmed
our findings in human colonic primary cells, and demonstrated that
synergism increased cellular antimicrobial activity. This work shows
the capability of small molecules to achieve induction of epithelial
antimicrobial defenses while simultaneously avoiding the deleterious
risks of an inflammatory response.
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Antimicrobial defenses from the human intestinal tract rely
on the ability of the mucosal immune system to recognize
and neutralize pathogenic microbes. In this context of innate
immunity, sensing of bacteria occurs mainly through the en-
gagement of host cell Toll-like receptors (TLRs), nucleotide
oligomerization domain (NOD) proteins, and Nod-like receptors
(NLRs) by pathogen-associated molecular patterns (PAMPs) (1-
3). After recognition of the pathogen, the antimicrobial response
is achieved by immediate secretion of epithelial antimicrobial
peptides (AMPs), such as defensins and lectins, and subsequent
recruitment of immune cells (4-6).

In recent decades, several defensins able to rapidly kill mi-
croorganisms have been identified. Although varying in their
structure and length, these peptides show common features.
Defensins are mainly cationic and amphipathic, synthetized as
propeptides and released in a mature form following hydrolysis
by specific proteases. Defensins, like cytokines, are considered
functional effectors of the innate immune system, also liaising
with cells of the adaptive immune system, including monocytes,
T cells, or immature dentritic cells, through their direct inter-
actions with receptors such as CCR2, CCR6, and FPLR1 (7, 8).
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In humans, defensins include two families: a- and p-defensins.
Human o-defensins are stored in granules of polymorphonuclear
leukocytes (HNP 1-4) or Paneth cells (HD-5 and HD-6) local-
ized at the bottom of intestinal crypts. In contrast, p-defensins
are produced by epithelial cells along the entirety of the intes-
tinal tract, and their synthesis is regulated at the gene-expression
level. Expression of the best-known p-defensins, HBD1-4, by
epithelial cells, is either constitutive or inducible in response to
proinflammatory stimuli. Expression of the HBDI gene is es-
sentially constitutive, whereas expression of HBD2-4 genes is
inducible in response to various stimuli, including bacteria,
PAMPs, and proinflammatory cytokines (5).

B-Defensins have a broad spectrum of antimicrobial efficacy and
act on Gram-positive and Gram-negative bacteria as well as on
fungi and enveloped viruses (9). They exert their action by inter-
acting with the surface of microorganisms. In Gram-negative bac-
teria they bind the anionic portion of the LPS molecule; in Gram-
positive bacteria they interact with teichoic acids or with anionic
groups present in the peptidoglycan molecule. The interaction of
B-defensins with the different structures of the bacterial cell enve-
lope permeabilizes the membrane either through a detergent effect
resulting in the leakage of cytoplasmic components or through the
formation of pores subsequent to peptide aggregation (9).

The growing threat of antibiotic resistance in pathogenic
bacteria and the need for new antibiotics stimulate interest in the
use of B-defensins as candidate therapeutic molecules due to
their significant antimicrobial activities and their additional
protective properties, such as in wound healing, modulation of
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the immune response, angiogenesis, tissue remodeling, and
ability to bind LPS in septic shock models (10). Moreover, dis-
eases associated with defects in the expression of B-defensins
continue to be identified by clinical studies (11). However, the
limited knowledge accumulated about the circuits involved in the
regulation of AMP expression has hampered efforts to develop
innovative therapies aimed at stimulating their expression.

The idea of using natural AMPs as antibiotics has been ex-
plored in recent years and continues to be investigated. How-
ever, current AMPs-based antiinfectious strategies show that
local or systemic administration of modified or synthetic AMPs
provides mixed results that are largely due to the intrinsic bio-
chemical and complex bioavailability characteristics of these
peptides (12, 13). Several factors, including cost, toxicity, and
susceptibility to several parameters (salt and proteases con-
centrations, oxido-reduction status, spontaneous aggregation,
and difficulty in mimicking the optimal local condition of ac-
tion) have limited their use as therapeutic agents (12, 14). In
addition is the need for AMPs to be expressed and secreted at
high levels, along with other antimicrobial molecules and possibly
cells, in relevant sites. The possibility of boosting transcription of
the host endogenous AMPs for greater antimicrobial protection
and immuno-modulation thus appeared to us to be an alternative
option. The inducible nature of AMPs such as p-defensins sug-
gested that the use of biological screens was a promising option for
identifying original pharmacological inducers stimulating endog-
enous AMPs for the prevention and treatment of infectious dis-
eases or dysbiosis-related pathological conditions.

Insufficient investments in the development of novel com-
pounds with original scaffolds and targets largely account for the
poor pipeline of new antimicrobial molecules available to date,
and alternative discovery strategies are urgently warranted. The
environment has proven to be a rich source of diverse natural
products with significant antibacterial, antiviral, antifungal, anti-
parasitic, antiinflammatory, antitumor, antioxidant, and immuno-
modulatory activities (15). Many natural products, such as neo-
echinulin B, have been found to be promising drug candidates to
alleviate the mortality and morbidity rates caused by drug-resistant
infections, and several natural antiinfectious molecules have al-
ready entered phase 1, 2, and 3 clinical trials (16-18).

Following unsuccessful screening of an extended spectrum of
molecules contained in edited and nonedited libraries from the
pharmaceutical industry, we decided to turn our screening ap-
proach to molecules from the natural pharmacopoeia, particu-
larly from plants used in Chinese traditional medicine (19, 20).
We thereby successfully identified three molecules that selec-
tively stimulated the inducible expression of the human
p-defensin-3 (HBD3) in a dose-dependent manner at the gene
and protein levels in the TC7 colonic epithelial cell line. These
compounds are andrographolide, a labdane diterpenoid and the
main bioactive component of Andrographis paniculata (21); ori-
donin, a diterpenoid purified from Rabdosia rubescens (22); and
isoliquiritigenin, a flavonoid present in the root of Glycyrrhiza
glabra (23). Induction of HBD3 was observed without activation
of the NF-kB signaling pathway or expression of associated
proinflammatory cytokines such as IL-1B, IL-8, and TNF. Using
specific inhibitors, we identified the EGF receptor (EGFR) as a
target of these compounds and showed that these molecules
signal through different MAPK-dependent pathways. Whereas
andrographolide triggered Erk and SAPK/JNK phosphorylation,
oridonin and isoliquiritigenin induced Erk and p38 phosphory-
lation. At the chromatin level, we demonstrated that the three
molecules increased phosphorylation of histone H3 on serine
S10 (H3S10), leading to recruitment of the c-Fos, c-Jun, and Elk1
or c-Myc transcription factors at the HBD3 promoter. Interest-
ingly, we found that stimulating cells with a combination of
andrographolide and isoliquiritigenin dramatically enhanced HBD3
induction, much more than observed with either compound alone,
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thus showing a synergistic effect of the two molecules on HBD3
expression. We provided molecular insights supporting the syn-
ergistic effect of the molecule combination and confirmed our
findings in primary human colonic cells using an ex vivo minigut
organoid model. Finally, we showed that andrographolide and
isoliquiritigenin synergism increased the antimicrobial activity of
cells against pathogenic bacteria. This work opens the way to using
molecular inducers of AMPs as an innovative therapeutic strategy
to treat infections and dysbiosis-driven diseases at a time of in-
creasing incidence of antibiotic resistance.

Results

Andrographolide, Oridonin, and Isoliquiritigenin Induce Expression of
the Human AMP g-Defensin-3. To identify molecules from the
pharmacopeia inducing the expression of genes encoding antimi-
crobial peptides (B-defensins HBD2 and -3 and cathelicidin LL-37),
we treated human colonic epithelial cells [Caco-2, subclone TC7
(24)] with a library of 170 natural compounds isolated from plants
used in traditional Chinese medicine, which were structurally di-
verse, bioactive, and cell permeable. Treatments were performed
on confluent cell monolayers using three different concentrations
(1, 10, and 100 pM). RNA was extracted 24 h after treatment and
was analyzed by qRT-PCR. We identified three molecules that
induced expression of the human p-defensin HBD3 gene at 100 pM
final concentration (Fig. 1 A and B and SI Appendix, Fig. S14).
These molecules were andrographolide, a labdane diterpenoid that
is the main bioactive component of the medicinal plant A. paniculata;
oridonin, a diterpenoid purified from R. rubescens; and iso-
liquiritigenin, a flavonoid from the root of G. glabra. Quantitatively,
induction of HBD?3 transcription was increased by almost 100-fold in
cells treated with molecules as compared with nontreated cells. ECsgs
for HBD3 induction were measured and evaluated at 38, 49, and
42 pM for andrographolide, oridonin, and isoliquiritigenin, re-
spectively (Fig. 1C). In contrast, the expression of other AMPs such
as HBD2 and LL-37 was not significantly induced after treatment
(Fig. 1B and SI Appendix, Fig. S14). As a control, cellular viability as
assessed by lactate dehydrogenase assay was not modified by mole-
cule treatment (SI Appendix, Fig. S1B).

To investigate secretion of the HBD3 peptide, cells were
treated for 48 h with increasing concentrations (0-100 uM) of
andrographolide, oridonin, or isoliquiritigenin, and ELISAs
were performed on culture supernatants. The HBD3 peptide
was not detected in supernatants of nontreated cells (Fig. 1D).
In contrast, supernatants of treated cells revealed increasing
concentrations of HBD3 peptide that depended on the con-
centration of molecules used for stimulation. For example,
concentration of the HBD3 peptide was close to 80 and 160 pg/mL
upon treatment with 75 and 100 pM andrographolide, respec-
tively (Fig. 1D). Collectively, these results demonstrate the ex-
istence of natural compounds isolated from medicinal plants
that are able to specifically induce expression of the human
p-defensin HBD3.

We then investigated the expression of several genes encoding
bona fide proinflammatory mediators (IL-1B, IL-8, and TNF), a
set of genes that is generally considered to respond together with
antimicrobial peptide genes in the course of an innate immune
response. Confluent cells were treated with 1, 10, or 100 pM
andrographolide, oridonin, or isoliquiritigenin. RNA was extract-
ed at 24 h and analyzed by qRT-PCR. Expression of IL-1B, IL-§,
and TNF was not induced throughout the time course (Fig. 1B).
Whatever the concentration of molecules used, their expression at
the transcriptional and translational levels was similar in treated
cells and in nontreated cells (Fig. 1B and SI Appendix, Fig. S1C).
As a control, the NF-kB inhibitor IxkBa was analyzed by immu-
noblot, using an antibody detecting the IxBa protein (SI Appendix,
Fig. S1D). IxBa inhibits NF-xB activation by keeping it seques-
tered in an inactive state in the cytoplasm, thus preventing ex-
pression of its targets, such as proinflammatory genes (25).
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The amount of IxkBa was constant during the time course of the
experiment, indicating the absence of NF-kB activation, in
agreement with the absence of cytokine induction (Fig. 1B and SI
Appendix, Fig. S1 C and D). Together, these data demonstrate
the existence of molecules from the pharmacopoeia that are able
to disconnect the expression of antimicrobial peptides from the
proinflammatory NF-kB signaling pathway.

Andrographolide, Oridonin, and Isoliquiritigenin Activate the EGFR.
Based on these observations, we sought to determine the mo-
lecular mechanisms that led to the induction of HBD3 expres-
sion upon treatment with andrographolide, oridonin, and
isoliquiritigenin. In a previous study carried out in keratinocytes,
expression of HBD3 was induced by ligands for EGFR, such as
TGF-a, EGF, amphiregulin, or HB-EGF, and was inhibited by
antibodies against the EGFR (26). We therefore investigated
the consequences of the treatment of colonic TC7 cells with
andrographolide, oridonin, and isoliquiritigenin on EGFR acti-
vation and the effect of EGFR blocking by the use of the specific
inhibitors gefitinib and AG1478 or the anti-EGFR humanized
monoclonal antibody cetuximab. The inhibitors block the EGFR
tyrosine kinase activity, whereas cetuximab prevents EGFR di-

Sechet et al.

Concentration (uM)

Isoliquiritigenin

2004
1004
¢« & @
A D

1 uM; gray bars, 10 uM; black bars, 100 pM. Data are
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Whitney U test. (C) Dose-response analysis of HBD3
gene expression after treatment of cells for 24 h with
andrographolide, oridonin, or isoliquiritigenin (0-
100 pM). Values are presented on a logarithmic scale
as the ratio of gene expression in treated cells to that
in nontreated cells. Data are presented as mean + SD
(n = 4 biological replicates). (D) ELISA dosage of
HBD3 in supernatants of cells treated for 48 h with
increasing concentrations (0-100 pM) of androgra-
pholide, oridonin, or isoliquiritigenin. Values are pre-
sented on a linear scale in picograms of peptide per
milliliter. NS, nonstimulated cells. Data are presented
as mean + SD (n = 4 biological replicates).

T T T T 1
20 40 60 80 100

merization, both resulting in a loss of activation of the down-
stream signaling pathways. Upon treatment with 10 pM gefitinib
or AG1478 or 100 nM cetuximab and 100 pM andrographolide,
oridonin, or isoliquiritigenin, induction of HBD3 was decreased
at least 75% regardless of the natural compound used to stim-
ulate the cells, compared with nontreated cells (Fig. 2).

During transactivation, the EGFR is phosphorylated at mul-
tiple tyrosine residues, such as Y1068, a residue which binds
directly to the growth factor receptor-binding protein 2 (GRB2)
for activation of the downstream signaling cascades (27, 28). We
therefore analyzed its phosphorylation status during treatment of
cells with 100 pM andrographolide, oridonin, or isoliquiritigenin.
By immunoblot, we observed an increased phosphorylation of
Y1068 that could not be attributed to increased EGFR protein
levels as early as 15 min after treatment of cells with natural
compounds, (SI Appendix, Fig. S2 A and B). This posttransla-
tional modification of the EGFR Y1068 residue was highest with
andrographolide and isoliquiritigenin and less so with oridonin.
Collectively, these data show that EGFR is activated and
transduces the signal for HBD3 induction upon treatment with
natural molecules.
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Fig. 2. Andrographolide, oridonin, and isoliquiritigenin activate the EGF receptor. Transcription of the gene encoding HBD3 in cells pretreated with
10 pM gefitinib or AG1478 EGFR inhibitors or with 100 nM of the anti-EGFR humanized monoclonal antibody cetuximab and stimulated for 24 h
with 100 pM andrographolide, oridonin, or isoliquiritigenin. Values are presented on a linear scale as the ratio of gene expression in inhibited and treated cells to that
in inhibited and nontreated cells. NT, nontreated cells. Data are presented as mean + SD (n = 4 biological replicates). *P < 0.05 evaluated by two-tailed Mann—

Whitney U test.

Andrographolide, Oridonin, and Isoliquiritigenin Signal Through
Different MAPK Pathways. We next investigated the signaling
pathways downstream of the EGFR by which andrographolide,
oridonin, and isoliquiritigenin induce HBD3 expression. We
analyzed the involvement of the MEK1/2, p38, and JNK MAPK
cascades using the specific inhibitors U0126, SB203580, and
SP600125, respectively. Confluent cell monolayers were pre-
treated for 3 h with inhibitors and were stimulated for 24 h with
100 pM of each natural molecule (Fig. 34). Inhibition of MEK1/
2 dramatically reduced HBD3 expression in cells stimulated with
each of the three molecules. In contrast, inhibition of p38 and
JNK led to a differential pattern of HBD3 expression depending
on the molecule used to stimulate the cells. Inhibition of p38
decreased HBD3 expression upon oridonin and isoliquiritigenin

treatment but not upon andrographolide treatment, whereas
inhibition of JNK reduced HBD3 induction upon androgra-
pholide treatment but not upon oridonin and isoliquiritigenin
treatment.

To confirm these results, we studied activation of the MAPK
signaling pathways upon stimulation with the natural molecules. By
immunoblot, we observed an increased phosphorylation of Erkl/
2 as early as 6 h following treatment of cells with each of the three
molecules (Fig. 3B). Moreover, stimulating cells with androgra-
pholide led to phosphorylation of SAPK/JNK but not p38, whereas
treating cells with oridonin or isoliquiritigenin induced phosphory-
lation of p38 but not SAPK/INK. Together, these results show that
compounds induce HBD3 expression by targeting different signal-
ing cascades: Andrographolide activates the EGFR-Erk-JNK
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pathway, whereas oridonin and isoliquiritigenin signal through
the EGFR-Erk—p38 pathway.

Andrographolide, Oridonin, and Isoliquiritigenin Induce H3S10
Phosphorylation and Promote Differential c-Fos, c-Jun, c-Myc, and
ELK1 Recruitment at the HBD3 Promoter. Accessibility of tran-
scription factors to chromatin requires the acetylation of histones
H3 and H4 on several lysine residues and the phosphorylation of
H3S10 (29, 30). We therefore investigated the impact of natural
molecules on the occurrence of these histone posttranslational
modifications. By immunoblot, using antibodies against acety-

rapholide, oridonin, or isoliquiritigenin and the basal state ob-
served in nonstimulated cells (ST Appendix, Fig. S3). In contrast,
using an antibody detecting phosphorylated H3S10, we observed
a strong increase of this epigenetic mark following treatment of
cells with each of the three molecules as early as 6 h post-
stimulation (Fig. 44).

A current model suggests that H3S10 phosphorylation accounts
for a histone structure that favors the binding of chromatin-
remodeling enzymes, thereby increasing the accessibility of
transcription factors to promoter of specific genes from the in-
nate immune response (29, 31). Because the EGFR pathway

lated H3, H3K4, H3K9, H3K18, H3K27, and H4, we failed to
detect variation of acetylation in cells stimulated with androg-

activates regulators such as c-Fos, c-Jun, c-Myc, or ELK1 and the
promoter of HBD3 harbors putative binding sites for each of
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Fig. 4. Andrographolide, oridonin, and isoliquiritigenin induce H3510 phosphorylation and promote differential c-Fos, c-Jun, c-Myc, and ELK1 recruitment at
the HBD3 promoter. (A) Immunoblot analysis of H3510 phosphorylation in cells treated with 100 M andrographolide, oridonin, or isoliquiritigenin. After lysis
of cells at the indicated time points, Western blots were performed using antibodies directed against histone posttranslational modifications. Results are
representative of three biological replicates. The prefix “P” indicates phosphorylation. (B) Promoter sequence of the human HBD3 gene. Putative DNA-
binding motifs are indicated by gray boxes for AP-1 (c-Fos/c-Jun), c-Myc, and ELK1 transcription factors. (C-E) ChIP analysis of c-Fos, c-Jun, ELK1, and c-Myc
protein recruitment at the HBD3 promoter in cells treated with 100 uM andrographolide (C), oridonin (D), or isoliquiritigenin (E). Enrichment in chromatin
was detected using c-Fos-, c-Jun-, ELK1-, and c-Myc-specific antibodies, or rabbit IgG as control and was quantified by qRT-PCR using specific primers of the
HBD3 promoter. Values are presented as the percentage of signal relative to the histone H3 protein. And, andrographolide; Iso, isoliquiritigenin; NS, non-
stimulated cells; Ori, oridonin. Data are presented as mean + SD (n = 4 biological replicates). *P < 0.05 evaluated by two-tailed Mann-Whitney U test.
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these transcription factors (Fig. 4B), we investigated the specific
recruitment of these four proteins at this promoter upon
andrographolide (Fig. 4C), oridonin (Fig. 4D), and iso-
liquiritigenin (Fig. 4E) treatment. ChIP experiments were car-
ried out using antibodies directed against the transcription
factors or an irrelevant IgG of the same isotype as a control.
Because of the time existing between early regulatory events
occurring at promoters, such as recruitment of transcription
factors, and the subsequent gene transcription, all experiments
were performed 3 h poststimulation. The size of the sonicated
chromatin fragment was 150-900 bp, corresponding to one to
five nucleosomes. Immunoprecipitated materials were analyzed
by qRT-PCR using the ribosomal protein RPL30 housekeeping
gene as control. Signals corresponding to c-Fos and c-Jun,
forming the AP-1 complex, were increased regardless of the
molecule used to stimulate the cells, with increases ranging from
2.5-fold to 10-fold compared with nonstimulated cells. Increased
recruitment of ELK1 was observed upon andrographolide and
isoliquiritigenin treatment but not upon oridonin treatment,
whereas increased recruitment of c-Myc was detected upon ori-
donin treatment but not upon andrographolide or isoliquiritigenin
treatment. These results indicate that natural molecules induce
phosphorylation of the H3510 residue and favor the recruitment
of the transcription factors c-Fos, c-Jun, c-Myc, and ELK1 at
the HBD3 promoter.

Andrographolide and Isoliquiritigenin Synergize to Boost HBD3
Expression in Vitro and ex Vivo. Andrographolide, oridonin, and
isoliquiritigenin induced HBD3 expression through different
signaling pathways (EGFR-Erk-JNK for andrographolide and
EGFR-Erk-p38 for oridonin and isoliquiritigenin). We there-
fore examined whether a combination of andrographolide and
oridonin or isoliquiritigenin could elicit greater induction of
HBD3 gene expression than the individual molecules. Mono-
layers of confluent cells were treated with 100 uM androgra-
pholide, oridonin, or isoliquiritigenin alone or with combinations
of andrographolide and oridonin or isoliquiritigenin. RNA was
extracted at 6, 24, and 48 h after stimulation and was analyzed by
qRT-PCR. In cells treated with andrographolide and oridonin,
we detected HBD3 expression at the transcriptional and trans-
lational levels quite similar to that observed with the single
natural compounds, even at later time points (SI Appendix, Fig.
S4). In contrast, at 48 h, cells treated with the andrographolide
and isoliquiritigenin combination induced HBD3 mRNA at sig-
nificantly higher levels (3,000-fold) than seen with the addition
of either compound alone (300-fold over basal levels) (Fig. 54).
This synergistic effect of the andrographolide and isoliquiritigenin
combination on HBD?3 transcription was observed at lower con-
centrations, e.g., 10 uM (Fig. 5B). The effect of the combinatorial
treatment was confirmed at the translational level, with a signifi-
cantly greater secretion of the HBD3 peptide upon androgra-
pholide and isoliquiritigenin treatment (400 pg/mL) compared
with molecules alone (100-130 pg/mL) (Fig. 5C). As controls,
the production of the proinflammatory IL-8 cytokine was not
modified in any of the tested conditions (SI Appendix, Figs.
S4 and S5 A-C), and no synergism was observed between the
three natural molecules and proinflammatory stimuli such as the
IL-1B cytokine (SI Appendix, Fig. S5D). Taken together, these
results show that andrographolide and isoliquiritigenin mole-
cules synergize to boost the expression of HBD3.

At the HBD3 promoter, the synergistic effect of androgra-
pholide and isoliquiritigenin was supported by stronger phos-
phorylation of H3S10 than seen with each molecule alone (Fig.
5D). Quantitatively, at 3 h posttreatment, we detected an 80-fold
enrichment of phosphorylated H3S10 upon treatment with
andrographolide and isoliquiritigenin together, compared with
40-fold and 50-fold enrichment, respectively, upon treatment
with andrographolide or isoliquiritigenin alone (Fig. 5D). Higher
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levels of c-Fos and ELK1 transcription factor recruitment were
similarly detected following stimulation of cells with the combi-
nation of the two molecules as compared with each molecule
alone (Fig. 5D).

We investigated the impact of the synergistic effect of the
andrographolide and isoliquiritigenin combination in primary
human colonic cells using ex vivo cultured organoids derived
from healthy colon tissues. We analyzed the expression of
HBD?3 in 5-d-old organoids treated with 100 pM andrographo-
lide, isoliquiritigenin, or the andrographolide and isoliquiritigenin
combination (Fig. SE). Briefly, crypts were isolated from normal
human colons and embedded in Matrigel in the presence of
growth factors to induce the formation of tridimensional struc-
tures termed “organoids.” Organoids recapitulate an intact ar-
chitecture, harboring an internal lumen, stem cells, which are
located in surface protrusions that correspond to novel crypts,
and the different epithelial lineages, including colonocytes (32).
RNA was extracted at 24 and 48 h and analyzed by qRT-PCR.
Quantitatively, induction of HBD3 with the combination treat-
ment was ~400-fold at 24 h, as compared with 70-fold with
andrographolide treatment alone or threefold with isoliquiritigenin
treatment alone (Fig. 5E). As control, expression of IL-8 was
similar for all tested conditions (SI Appendix, Fig. S5C). These
data demonstrate the existence of small molecules that, alone or
in combination, allow strong induction of the p-defensin HBD3
gene, but not those encoding proinflammatory mediators, in
human colonic primary cells.

Andrographolide and Isoliquiritigenin Synergism Increases
Cellular Antimicrobial Activity. Finally, we tested the in vitro
antimicrobial activity of supernatant from cells stimulated with
andrographolide and isoliquiritigenin against commensal, patho-
biontic, and pathogenic bacteria. For this purpose, the Gram-
negative strains Pseudomonas aeruginosa, Salmonella enterica, and
Stenotrophomonas maltophilia and the Gram-positive strains Lac-
tobacillus casei, Streptococcus gallolyticus, and Listeria monocytogenes
were sampled in the exponential phase, washed, and resuspended
into the supernatant of cells collected 48 h after stimulation with
100 pM andrographolide and isoliquiritigenin. Bacteria were plated
at different time points and counted (Fig. 6). In these conditions, the
supernatant was bactericidal against the L. monocytogenes pathogen
and the S. maltophilia pathobiont and was bacteriostatic against
the P. aeruginosa and S. enterica pathogens. In contrast, superna-
tant did not affect the growth of the S. gallolyticus pathobiont
and the L. casei commensal. As control, andrographolide and
isoliquiritigenin molecules, by themselves, did not affect the growth
of these bacterial strains (SI Appendix, Fig. S6). Collectively, these
results show a change in the antimicrobial activity of cells treated
with andrographolide and isoliquiritigenin, which differentially im-
pact bacteria depending on whether the bacterium is a Gram-positive
or a Gram-negative commensal, pathobiont, or pathogen.

Discussion

Most genes involved in the innate immune response are in-
ducible genes whose expression needs to be tightly regulated and
rapidly and specifically activated in response to diverse inducers
(33). Intestinal epithelial cells, being the first line of interaction
with microbes, are endowed with innate immune functions
encompassing the balanced expression of an array of genes, in-
cluding those encoding antimicrobial peptides and proin-
flammatory cytokines and chemokines. These two groups of
genes are generally considered to be synchronously and co-
ordinately expressed under the necessity to protect the epithe-
lium against pathogenic microbes and to keep commensal
bacteria away from the epithelial surface. We hypothesized,
however, that these two groups of genes might obey differential
regulatory rules that do not necessarily imply their synchronous
expression. We previously showed the possibility of a disconnection
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Fig. 5. Andrographolide and isoliquiritigenin synergize to boost HBD3 expression in vitro and ex vivo. (A) Kinetics of HBD3 gene expression in cells treated
with 100 pM andrographolide (light gray line), isoliquiritigenin (dark gray line), or andrographolide and isoliquiritigenin (black line). Values are presented on
a logarithmic scale as the ratio of gene expression in treated cells to that in nontreated cells. Data are presented as mean + SD (n = 6 biological replicates).
*P < 0.05 evaluated by two-tailed Mann-Whitney U test. (B) Transcription of the HBD3 gene in cells treated for 24 h with increasing concentrations (10—
100 pM) of andrographolide (light gray bars), isoliquiritigenin (dark gray bars), or andrographolide and isoliquiritigenin (black bars). Values are presented on
a logarithmic scale as the ratio of gene expression in treated cells to that in nontreated cells. Data are presented as mean + SD (n = 4 biological replicates).
*P < 0.05 evaluated by two-tailed Mann-Whitney U test. (C) ELISA dosage of the HBD3 peptide in supernatants of cells treated for 48 h with 100 pM
andrographolide (And), isoliquiritigenin (Iso), or andrographolide and isoliquiritigenin (And+Iso). Values are presented on a linear scale in picograms of
peptide per milliliter. Data are presented as mean + SD (n = 4 biological replicates). *P < 0.05 evaluated by two-tailed Mann-Whitney U test. (D) ChIP analysis
of phosphorylated H3510, c-Fos, c-Jun, ELK1, and c-Myc at the HBD3 promoter in cells treated with 100 uM andrographolide (And), isoliquiritigenin (Iso), or
the andrographolide and isoliquiritigenin combination (And+Iso). Enrichment in chromatin was detected using anti-P-H3510, anti-c-Fos, anti-c-Jun, anti-
ELK1, and anti-c-Myc antibodies or rabbit IgG as control and was quantified by gRT-PCR using specific primers matching the HBD3 promoter. Values are
presented as the percentage of signal relative to the H3 protein. Data are presented as mean + SD (n = 4 biological replicates). *P < 0.05 evaluated by two-
tailed Mann-Whitney U test. (E) Kinetics of HBD3 gene expression in 5-d-old human colonic organoids treated with 100 1M andrographolide (light gray line),
isoliquiritigenin (dark gray line), or andrographolide and isoliquiritigenin (black line). Values are presented on a logarithmic scale as the ratio of gene ex-
pression in treated organoids to that in nontreated organoids. Data are presented as mean + SD (n = 6 biological replicates). *P < 0.05 evaluated by two-

tailed Mann-Whitney U test.

between expression of the p-defensin HBD2 and bona fide proin-
flammatory genes, based upon epigenetic imprints that would
modulate the differential expression of genes that are otherwise
part of the innate immunity network (31). Here, we identified a
regulatory circuit disconnecting expression of the p-defensin
HBD3 from proinflammatory mediators, including chemokines
IL-1B, IL-8, and TNF, when epithelial cells are treated with
andrographolide, oridonin, or isoliquiritigenin. This circuit induces
HBD?3 through the activation of the EGFR and MAPK signaling
cascades without activation of the NF-«xB proinflammatory path-
way. Other circuits have been described previously, such as the
one used by the two rare sugars mannoheptulose and perseitol
from avocado, which can pharmacologically stimulate HBD2 and
HBD3 expression in human keratinocytes, in the absence of a
proinflammatory response, through activation of the TLR2 re-
ceptor and the Ertk MAPK (34-36). In addition to plant-derived
compounds, other molecules from microbes have been reported to
induce the expression of antimicrobial peptides without in-
flammation by inducing other circuits, such as short-chain fatty
acids produced by most of commensals species activating GPR43-
mTOR-STAT3 or the lipopeptide LP01 from Staphylococcus
epidermis activating TLR2/CD36-p38 MAPK (37, 38). The ex-
istence of such regulatory circuits disconnecting the expression of
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these two groups of genes shows how epithelial cells can adapt
their response when they are engaged by a pathogenic microbe
that necessitates the mobilization of both arms of the innate
immune system or in controlling and tolerating commensals that
instead mobilize the expression of antimicrobial factors.

Why natural compounds such as andrographolide, oridonin,
and isoliquiritigenin should serve as recognizable markers of the
presence of commensal bacteria remains an open question. It is
intriguing that molecules from plants act as p-defensin inducers.
Because these natural compounds cannot be synthesized by the
host, they must originate from an external source. One possible
explanation for the emergence of these molecules as a marker of
commensals is that nonpathogenic bacterial hydrolases, in the
process of degrading plant components in the host diet, may
release free andrographolide, oridonin, or isoliquiritigenin in
amounts that are substantially in excess of those found upon
infection with pathogenic bacteria. The release of these mole-
cules would reflect the degradative activity of the microbiota and
therefore its density, thus requiring tight shaping by the action of
antimicrobial peptides without the need of inflammation beyond
a certain level of bacterial overgrowth. It has been similarly reported
that other classes of natural molecules, including branched-chain
amino acids and short-chain fatty acids, are inducers of the
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Fig. 6. Andrographolide and isoliquiritigenin synergism increases cellular antimicrobial activity. Antimicrobial activity of supernatant from cells treated for
48 h with 100 pM andrographolide and isoliquiritigenin on the growth of L. monocytogenes, S. gallolyticus, L. casei, P. aeruginosa, S. enterica, and S.
maltophilia. Values are presented on a linear scale as the percentage of bacterial survival. Data are presented as mean + SD (n = 4 biological replicates). Black
lines, supernatant from treated cells; gray lines, supernatant from nontreated cells. *P < 0.05 evaluated by two-tailed Mann-Whitney U test.

p-defensin HBD2 and the cathelicidin LL-37 expression and
may be used by the host as markers of the microbial presence
(39, 40).

Although the nature of their receptor remains unknown, we
have demonstrated that one feature of the cellular signals pro-
duced by andrographolide, oridonin, and isoliquiritigenin is ac-
tivation of the EGFR-MAPK pathways. EGFR is known to be
activated by membrane-bound ligands released in close vicinity
to the receptor. This leads to its rapid and localized activation
(28, 41). Subsequent to its activation, the EGFR is known to play
a critical role in mucosal repair and wound-healing processes
during infection and inflammation (42). This occurs through the
engagement of the downstream MAPK pathways. High- and low-
affinity interactions between EGFR and its ligands activate dif-
ferent signaling pathways. While high-affinity ligand binding is
sufficient for the activation of most canonical signaling pathways,
low-affinity binding is required for activation of the others. The
existence of receptors with distinct signaling properties provides
a way for EGFR to respond to different concentrations of the
same ligand in qualitatively different ways (43). All studies show
a dramatic increase in HBD2 expression during inflammation,
suggesting that its antimicrobial and chemotactic properties
provide a first line of defense; however, during the repair phase
of tissues, inflammation recedes with declining HBD2 level, and
HBD3 comes into play (44, 45). This suggests that MAPKs must
be finely tuned according to time. This also suggests that MAPKs
must synergize or cross-talk with other pathways, such as NF-xB,
to differentially modulate the expression of antimicrobial and
proinflammatory genes depending on whether the epithelium is
engaged by pathogenic or nonpathogenic bacteria. In that sense,
proinflammatory cytokines such as IL-1B and IL-6 modulate the
EGFR activation leading to increased expression of HBD3
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during inflammation, even though these cytokines did not induce
HBD?3 expression directly (26).

Few studies have examined the possible synergistic effect of
inducers on antimicrobial peptide expression. Previously, we
showed that the concomitant treatment of human intestinal ep-
ithelial cells in vitro and ex vivo with the histone deacetylase
inhibitor trichostatin A and Escherichia coli K12 commensal
bacteria enhanced the expression of the f-defensin HBD2 more
strongly than treatment with each inducer alone (31). This effect
resulted from activation of the IxB kinase complex, leading to an
increased phosphorylation of H3S10 and an enriched recruit-
ment of acetylated p65 subunits of NF-kB at the HBD2 pro-
moter. Here, using the same models, we show that the combined
treatment of cells with the two natural molecules andrographo-
lide and isoliquiritigenin promoted higher expression of the
B-defensin HBD3 than observed with single-molecule treatment.
The mechanism supports the concept that these two compounds
are synergized through the concomitant activation of the Erk,
p38, and INK MAPK pathways, leading to the strongest detected
phosphorylation of H3S10 and the highest recruitment levels of
c-Fos and ELK1 at the HBD3 promoter. The common thread
that emerges from both studies is that the level of H3S10
phosphorylation at the promoter of f-defensin genes is crucial to
their transcriptional activation state. Therefore, drug compounds
that specifically promote this histone modification represent
an effective strategy to boost host endogenous innate immune
defenses.

Given the extent, spread, evolution, and impact of antibiotic re-
sistance in pathogenic bacteria, new molecules and innovative
strategies are urgently needed in the antiinfective drug-discovery
pipeline. This has stimulated interest in the use of antimicrobial
peptides as therapeutic targets. The inducible nature of antimicro-
bial peptides and the existence of regulatory circuits disconnecting
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their expression from proinflammatory mediators show the possi-
bility of developing innovative approaches to increase their en-
dogenous expression for the prevention or treatment of diseases.
Moreover, beyond their own antibacterial activity, antimicrobial
peptides have been shown to enhance the potency of several well-
known antibiotics in vivo by facilitating their access to bacterial cells
(46). This has been demonstrated for HBD3 in combination with
the antibiotics amoxicillin, chlorhexidine, and metronidazole (47).
Thus, therapeutic strategies based on the delivery of immunomodu-
latory molecules such as andrographolide and isoliquiritigenin,
combined with antibiotics or not, would provide effective prophylaxis
and therapy for drug-resistant infections by playing on both host and
microbe sides. Major clinical situations that require strong boosting of
mucosal innate immune defenses, such as recurrent enteric infections
in pediatric populations in low-income countries (48, 49), chronic
inflammatory bowel diseases (50), or myelosuppressive and immu-
nosuppressive therapies (51), with the aim, respectively, of avoiding
luminal bacterial overgrowth causing malnutrition, chronic intestinal
inflammation, or deadly gut-derived bacterial translocation events,
may benefit from such an approach.

Materials and Methods

Natural Molecules. The natural product library from Selleck Chemicals (L1400;
Selleck Chemicals) containing more than 170 bioactive molecules was used for
the initial screening. The compounds andrographolide (52261; Selleck
Chemicals), oridonin (52335; Selleck Chemicals) and isoliquiritigenin (S2404;
Selleck Chemicals) were selected for further characterization.

Antibodies. Antibodies used in this work include cetuximab [Erbitux; Research
Resource Identifier (RRID) AB_2489605; Creative Diagnostics catalog no. AIT-
19034]; anti-Erk1/2 (RRID AB_390779; Cell Signaling Technology catalog no.
4695), anti-phospho-Erk1/2 (T202/Y204) (RRID AB_2315112; Cell Signaling
Technology catalog no. 4370); anti-p38 (RRID AB_10999090; Cell Signal-
ing Technology catalog no. 8690); anti-phospho-p38 (T180/Y182) (RRID
AB_2139682; Cell Signaling Technology catalog no. 4511); anti-SAPK/JNK (RRID
AB_2250373; Cell Signaling Technology catalog no. 9252); anti—-phospho-SAPK/
JNK (T183/Y185) (RRID AB_2307320; Cell Signaling Technology catalog no.
4668); anti-EGFR (RRID AB_331707; Cell Signaling Technology catalog no. 2232);
anti-phospho-EGFR Y1068 (RRID AB_305012; Abcam catalog no. ab5644); anti-
IkBa (RRID AB_2235952; Santa Cruz Biotechnology catalog no. sc-371); anti-
histone H3 (RRID AB_302613; Abcam catalog no. ab1791); anti-pan-acetylated
histone H3 (RRID AB_8738; Abcam catalog no. ab47915, 60); anti-acetyl-histone
H3K4 (RRID AB_673133; Millipore catalog no. 07-539); anti-acetyl-histone H3K9
(RRID AB_2118292; Abcam catalog no. ab4441); anti-acetyl-histone H3K18
(RRID AB_298692; Abcam catalog no. ab1191); anti-acetyl-histone H3K27 (RRID
AB_2118291; Abcam catalog no. ab4729); anti-phospho-histone H3S10 (RRID
AB_304763; Abcam catalog no. ab5176); anti—-Myc (RRID AB_2631168;
Cell Signaling Technology catalog no. 13987); anti-ELK1 (RRID AB_732141;
Abcam catalog no. ab32106); anti-c-Fos (RRID AB_2247211; Cell Signaling
Technology catalog no. 2250); anti-c-Jun (RRID AB_2130165; Cell Signaling
Technology catalog no. 9165); anti-histone H4 (RRID AB_305837; Abcam catalog
no. ab7311); anti-pan-acetylated histone H4 (RRID AB_310270; Millipore catalog
no. 06-866); anti-actin (RRID AB_476693; Sigma-Aldrich catalog no. A2066); anti-
mouse IgG-POX (RRID AB_772209; GE Healthcare catalog no. NXA931-1 mL);
and anti-rabbit 1gG-POX [GAR/IgG(H+L)/PO; Nordic Immunology].

Cell Culture. The human colonic epithelial cell line Caco-2, subclone TC7 (24),
was cultured with DMEM (Thermo Fisher) supplemented with 10% (vol/vol)
decomplemented FBS (Thermo Fisher), 1% nonessential amino acids
(Thermo Fisher), 100 U/mL penicillin, and 100 pg/mL streptomycin (Thermo
Fisher) at 37 °C in 10% CO,. Cells were split two times/wk using Versene
solution (Thermo Fisher).

Inhibitors. We used the pharmacological inhibitors gefitinib (51025; Selleck
Chemicals), SB203580 (51076; Selleck Chemicals), U0126 (S1102; Selleck Chemicals),
LY294002 (S1105; Selleck Chemicals), ruxolitinib (51378; Selleck Chemicals),
SP600125 (51460; Selleck Chemicals), and AG-1478 (52728; Selleck Chemicals).

qRT-PCR. RNA was isolated using the RNeasy Mini kit and the RNase-Free
DNase kit (Qiagen). RT-PCR reactions were performed overnight using Su-
perScript Il Reverse Transcriptase (Thermo Fisher) and the oligo(dT)18 primers
(Thermo Fisher) as recommended by the supplier. Gene-specific primers were
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designed and purchased from Sigma: HBD2, GCCATGAGGGTCTTGTATCTC/
TTAAGGCAGGTAACAGGATCG; HBD3, TTTGGTGCCTGTTCCAGGTCAT/
GCCGCCTCTGACTCTGCAATAATA; LL-37, AAGGAAGCTGTGCTTCGTGCTA/
AATCCTCTGGTGACTGCTGTGT; /L-1B, TACGATCACTGAACTGCACGCT/
TCTTTCAACACGCAGGACAGGT; IL-8, AAGAAACCACCGGAAGGAACCA/
ATTTCTGTGTTGGCGCAGTGTG; and TNF, AAACAACCCTCAGACGCCACAT/
AGTGCTCATGGTGTCCTTTCCA. The gRT-PCR reactions were carried out in a
20-pL final volume containing 8 pL of cDNA (diluted at 1/100), 2 pL of primers
(0.2 uM each), and 10 pL of Power SYBR Green PCR Master Mix (Thermo
Fisher). Reactions were run on a QuantStudio 7 PCR system (Thermo Fisher)
with the recommended universal thermal cycling parameters. Each sample
reaction was run in duplicate on the same plate. Relative gene-expression
quantification was performed using the comparative cycle threshold (Ct)
method. Data were normalized to the p-2-microglobulin (B2M) housekeeping
gene expression.

ELISA. We used the ELISA kits for HBD3 (EK-072-38; Phoenix Pharmaceuticals)
and IL-8 (900-K18; PeproTech), as recommended by the suppliers. Absorbance
was measured on a M200PRO fluorimeter (Tecan).

Cytotoxicity Measurement. The cytotoxic effect of molecules was evaluated by
measurement of lactate dehydrogenase release using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega), as recommended by the supplier.

Immunoblotting. Total cell lysates were harvested by removing growth me-
dium and adding Nonidet P-40 lysis buffer [25 mM Tris-HCl (pH 7.5), 1 mM
EDTA, 0.1 mM EGTA, 5 mM MgCl,, 1% Nonidet P-40, 10% (vol/vol) glycerol,
150 mM Nacl] supplemented by a mixture of protease inhibitors [sodium
orthovanadate (Sigma) and Roche cOmplete Protease Inhibitor]. Samples
were diluted with sample buffer [1 M Tris-HCl, 20% (vol/vol) glycerol,
6% (vol/vol) SDS, 0.02% bromophenol blue, 10% (vol/vol) f-mercaptoethanol]
and were boiled for 5 min. Denatured proteins were loaded on 7.5%, 10%,
or 12% acrylamide Mini-PROTEAN TGX Precast Gel (Bio-Rad). Separated
proteins were transferred onto PVDF membranes using the Trans-Blot Turbo
transfer system (Bio-Rad). Membranes were blocked with 3% (wt/vol) BSA
(Sigma) or 5% (wt/vol) milk (Régilait) at room temperature before in-
cubation with primary antibodies overnight at 4 °Cin 1% BSA or 5% (wt/vol)
milk. Incubation with the secondary HRP-conjugated IgG antibody was
performed at room temperature. Blots were developed using the Super-
Signal West Dura Extended Duration Substrate solution (Thermo Fisher) and
an Amersham Imager 600 (GE). The results presented are representative of
at least two independent experiments.

ChIP. ChIP was performed using the SimpleChlIP Plus Enzymatic Chromatin IP
Kit (Cell Signaling) using magnetic beads as recommended by the supplier.
Chromatin inputs corresponded to 5-10 pg DNA for each individual ChIP
assay. The ChIP DNA fractions were quantified by qRT-PCR on a QuantStudio
7 PCR system (Thermo Fisher), using the comparative Ct method. Gene-specific
primers were designed and purchased from Sigma: HBD3, AGCTGTTGT-
GAGCTGTAATC/GTAGTGAGGTAAGGGAGGAA; IL-8, AGGACAAGAGCCAGG-
AAGAAACCA/AGAGCTGCAGAAATCAGGAAGGCT.

Human Colonic Organoid Culture. This study was approved by the Institut
Pasteur’s ethical and medical committee under agreement no. 2012-37.
Surgically resected human colonic tissues were obtained from the Henri
Mondor Hospital. All samples were obtained from patients who provided
informed consent before surgery. Normal epithelia were isolated and cul-
tured according to the protocol described by Sato et al. (32), with minor
modifications. Organoids were cultured with Advanced DMEM/F12 (Thermo
Fisher) supplemented with Hepes (Thermo Fisher), 2 mM GlutaMAX (Thermo
Fisher), 100 U/mL penicillin, 100 pg/mL streptomycin (Thermo Fisher), 1x
N2 and B27 supplements (Thermo Fisher), 1 mM N-acetyl-L-cysteine (Sigma),
10 pM Y-27632 (Sigma), 500 nM A83-01 (Tocris), 10 pM SB202190 (Sigma),
10 mM nicotinamide (Sigma), 10 nM gastrin | (Sigma), 100 ng/mL recombi-
nant human Noggin (R&D Systems), 50 ng/mL recombinant human EGF (R&D
Systems), 1 pg/mL recombinant human R-Spondin-1 (PeproTech), 100 ng/mL
recombinant human Wnt-3A (R&D Systems), and 10% (vol/vol) FBS (Thermo
Fisher) at 37 °C in 5% CO,. Organoids were cultured in 48-well plates with
100 crypts per well. RNA was isolated from 5-d-old organoids treated or not
treated with 100 pM natural molecule for 24 or 48 h, using the RNeasy Mini
Kit and the RNase-Free DNase Kit (Qiagen). Gene expression was analyzed
using TagMan probes (Thermo Fisher): HBD3 (Hs00218678_m1) and IL-8
(Hs00174103_m1). Data were normalized to the B2M (Hs00984230_m1)
housekeeping gene expression.
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Antibacterial Assay. The method used for the antibacterial assay was de-
scribed previously (52). Briefly, exponential cultures of bacterial strains (Lis-
teria monocytogenes EGD-e, Streptococcus gallolyticus UCN34, Lactobacillus
casei ATCC 334, Pseudomonas aeruginosa PAO1, Salmonella enterica sub-
species Typhi, and Stenotrophomonas maltophilia BR12) were harvested
and washed with PBS. The bacterial suspension was diluted with PBS to
5.108 cells/mL; 10 pL of suspension was inoculated into 1 mL of supernatant col-
lected 48 h after stimulation of cells with 100 pM andrographolide and
isoliquiritigenin and was incubated at 37 °C with shaking. At different time
points, 100 pL of serial dilutions of the culture were plated on appropri-
ate agar plates [LB (Thermo Fisher) for L. monocytogenes, P. aeruginosa,
S. enterica, and S. maltophilia; Brain Heart Infusion (BHI) (Thermo Fisher)
broth for S. gallolyticus; de Man, Rogosa, and Sharpe (MRS) (Thermo Fisher)
for L. casei] and incubated at 37 °C overnight. Inoculum density (cfu/mL) was
calculated from the number of colonies on each plate. The percentage of
bacterial survival was determined as the number of cells surviving versus the
total number of cells used.
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Statistics. Statistical analysis was performed on GraphPad Prism 5 (GraphPad
software). Results are presented as a mean of at least four biological repli-
cates. Error bars represent the SD. Statistical comparisons were performed
using two-tailed Mann-Whitney U test. A P value < 0.05 was considered
significant.
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