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Cell-penetrating TLR inhibitor
peptide alleviates ulcerative
colitis by the functional
modulation of macrophages

Bikash Thapa®, Seongwon Pak?, Dohyeon Chung?
Hye Kyoung Shin?®, Seong Ho Lee® and Keunwook Lee'**
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Toll-like receptors (TLRs) have a crucial role not only in triggering innate
responses against microbes but in orchestrating an appropriate adaptive
immunity. However, deregulated activation of TLR signaling leads to chronic
inflammatory conditions such as inflammatory bowel disease (IBD). In this study,
we evaluated the immunomodulatory potential of a TLR inhibitor in the form of a
cell-penetrating peptide using an ulcerative colitis animal model. A peptide
derived from the TIR domain of the TLR adaptor molecule TIRAP that was
conjugated with a cell-penetrating sequence (cpTLR-i) suppressed the
induction of pro-inflammatory cytokines such as TNF-o and IL-1fB in
macrophages. In DSS-induced colitis mice, cpTLR-i treatment ameliorated
colitis symptoms, colonic tissue damage, and mucosal inflammation.
Intriguingly, cpTLR-i attenuated the induction of TNF-a-expressing
proinflammatory macrophages while promoting that of regulatory
macrophages expressing arginase-1 and reduced type 17 helper T cell (Th17)
responses in the inflamed colonic lamina propria. An in vitro study validated that
cpTLR-i enhanced the differentiation of monocyte-driven macrophages into
mature macrophages with a regulatory phenotype in a microbial TLR ligand-
independent manner. Furthermore, the cocultivation of CD4 T cells with
macrophages revealed that cpTLR-i suppressed the activation of Thl7 cells
through the functional modulation of macrophages. Taken together, our data
show the immunomodulatory potential of the TLR inhibitor peptide and suggest
cpTLR-i as a novel therapeutic candidate for the treatment of IBD.
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Introduction

The gastrointestinal barrier faces the challenge of co-existing
with the microbial community. An agitated homoeostasis of the
mucosal immunity with commensal microbes or by infection with
pathogens is implicated in mucosal inflammation, leading to
chronic conditions such as inflammatory bowel diseases (IBD)
(1). Toll-like receptors (TLRs) as sensors of a microbe-associated
molecular pattern are involved in the pathogenesis of IBD not
only by maintaining the mucosal homeostasis but protecting
against pathogen infection (2). Indeed, Tlr4’ and Myd88”"
mice are less sensitive to DSS-induced colonic inflammation,
which could be due to the diminished immune responses to
microbiota (3). Similarly, depletion of MyD88 prevents
spontaneous colitis caused by II10 deficiency and chronic
inflammation in response to commensal microbes (4). In
contrast, TLR9 deficient mice are more susceptible to DSS-
induced colitis and administration of TLR9 agonist alleviates
colitis, suggesting a protective role against intestinal barrier
damage (5, 6). Consistently with studies obtained from
experimental IBD models, aberrant expression and genetic
variations in TLR genes are reported to be highly associated
with the risk and pathogenesis of IBD such as Crohn’s disease
and ulcerative colitis (7). In this context, targeting TLR signaling
would be a potential strategy for the treatment of IBD.

TLRs share common adaptor molecules, enabling the
intracellular Toll/IL-1 receptor (TIR) domain of the receptors to
induce the activation and nuclear translocation of transcription
factors such as NF-kB and interferon regulatory factors (8, 9). The
dimerization of TLRs recruits cytosolic TIR domain-containing
adaptor protein (TIRAP) or TIR-containing adaptor-inducing
interferon B (TRIF)-related adaptor molecules (TRAM), leading
to a subsequent interaction with MyD88 and TRIF, respectively (8).
Thus, this complex formation with the intracellular domain of TLRs
in a homologous manner with different TIR domain-containing
adaptor molecules is critical for linking the TLRs and the outcome
of the immune responses. In addition to blocking the binding of
TLR ligands to the receptor, interfering with the interaction
between TLRs and adaptor molecules has been shown to be
beneficial to inflammatory conditions and autoimmune diseases
(10). TAK-242 is a small molecule inhibitor of TLR4 that disrupts
the interaction of the TIR domain with TIRAP and TRAM (11), and
mitigates sepsis induced by endotoxins and polymicrobial
peritonitis (12, 13). Moreover, TAK-242 treatment was shown to
alleviate experimental autoimmune myositis by suppressing the
induction of IFN-y and IL-17A (14). Studies reported that peptides
as a competitive inhibitor for the TLR4 adaptors ameliorated LPS-
induced sepsis, collagen-induced arthritis and systemic lupus
erythematosus in mouse models (15, 16). Of note, Jung et al.
reported that specifically targeting TLR2 by a peptide derived
from the trans-membrane domain was sufficient to reduce the
severity of chemically induced colitis by the suppressing the
proinflammatory activation of macrophages (17). These studies
highlight the therapeutic potential of peptide inhibitors of TLR
signaling in IBD.
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Macrophages in the intestinal mucosa are essential for
homeostatic functions such as clearance of cell debris and
immune surveillance. Upon mucosal tissue damage or by
pathogen infection, macrophages become activated into a
proinflammatory phenotype, leading to inflammation and tissue
damage (18). In addition to the conventional macrophage
polarization paradigm, recent studies revealed the “monocyte-
macrophage waterfall” in the gut lamina propria where there is a
gradual differentiation process of macrophages (19). Circulating
monocytes infiltrate into the intestinal mucosa and give rise to
macrophages with a tolerogenic resident phenotype via
macrophages with a high proinflammatory potential, which might
be arrested during gut inflammation (19, 20). This model supports
the idea of functional plasticity between classically activated
macrophages (M1) and alternatively activated macrophages (M2),
and the trans-differentiation of macrophages with the Ml
phenotype to M2 cells might be critical for resolving intestinal
inflammation. Furthermore, macrophages have a role in the
regulation of T cells by presenting costimulatory ligands (e.g.,
CD80/86 and PD-L1/2) and secreting immune modulators (e.g.,
IL-1B, IL-12, IFN-B, and arginase) (21-24). Intestinal monocytes/
macrophages derived from patients with IBD promote polarization
of type 1 and type 17 helper T cells rather than inhibiting CD4 T cell
proliferation as resident tolerogenic macrophages do (25, 26). Thus,
targeting the functional activation and differentiation of
macrophages offers an effective therapeutic intervention in
mucosal inflammation.

In this study, we designed a synthetic peptide derived from the
TIR domain of the TLR adaptor TIRAP conjugated with a cell-
penetrating peptide that permits the intracellular delivery of
hydrophilic cargo peptides (27, 28). The inhibition of TLR
signaling by the cell-penetrating TLR antagonist peptide
suppressed the proinflammatory activation of macrophages and
ameliorated colitis in an ulcerative colitis model. Moreover, we
provided mechanistic insight showing that the TLR inhibitor
peptide impedes colonic inflammation by modulating the
functional responses of macrophages and the induction of type 17
helper T cells.

Results

Cell-penetrating TLR inhibitor peptide
suppresses the proinflammatory activities
of macrophages

Upon infection or tissue damage, macrophages experience a
wide range of extracellular stimuli that include TLR ligands and
trigger inflammatory responses. For modulation of intracellular
signaling downstream from TLRs, we designed a cell-penetrating
peptide for which a conserved BC motif peptide of the TIR domain
found in the TLR receptor adaptor TIRAP was conjugated with an
18-mer amphipathic model peptide, one of the cell-penetrating
sequences as an efficient transport for different peptide cargoes
(27, 28). After treating bone marrow-derived macrophages
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(BMDMs) with the cell-penetrating TLR inhibitor peptide (cpTLR-
i), we observed intracellular translocation of the peptide in the
presence of the cell-penetrating sequence (Figure 1A). Treatment
with brefeldin A or rotenone did not impede the translocation of
cpTLR-i into BMDMs, suggesting an endocytosis- and ATP-
independent transduction of the peptide (Supplementary Figure
S1A). The cell penetrating abilities of cpTLR-i into macrophages, B
cells, T cells and colorectal cancer cell SW480 were comparable
(Supplementary Figure S1B). cpTLR-i inhibited the induction of
nitric oxide (NO) and the secretion of proinflammatory
cytokines such as TNF-o from the BMDMs activated with LPS in
a dose-dependent manner without affecting the cell viability
(Figures 1B-D). However, control BC motif peptide lacking the
cell-penetrating conjugate (TLR-i peptide) and the cell-penetrating
peptide (CP peptide) alone did not inhibit LPS-induced production
of NO and TNF-o. (Supplementary Figures S1C-E). These results
indicate that the anti-inflammatory potential of the TLR inhibitor
depends on the cell-penetrating ability of the peptide.

To elucidate the functional impact of cpTLR-i on macrophages,
we performed an RNA-seq analysis using the BMDMs. Pathway
analysis revealed that most genes affected by cpTLR-i were related
to inflammatory signaling downstream from TLRs including the
NE-kB and MAPK pathways, which implies a competition of
cpTLR-i with proximal adaptor molecules (e.g., TIRAP and
MyD88) to TLR receptors (Figure 1G). As expected (29, 30),
ectopic expression of TRAF6, a signaling adaptor downstream
from MyD88 restored LPS-induced TNF-ou production in the
presence of cpTLR-i, whereas that of the proximal adaptor
MyD88 did not (Figures 1E, F). Of note, the effect of cpTLR-i was
significantly related to type 17 immune responses and implicated in
inflammatory bowel disease (IBD). The transcriptome of BMDMs
displayed marked changes in genes encoding proinflammatory
cytokines and chemokines by the cpTLR-i treatment as shown by
the heat map in Figure 1H. Specifically, LPS induction of genes
involved in IL-17 signaling (Ccl2, Cxcl10, ll1b, IL6 and Csf2), Th17
cell differentiation (Il1b, 1127, 1I6 and II23a), and IBD (ILla, Il1b,
I112b, IL6 and I118) was restrained in a dose-dependent manner
(Figure 1H, Supplementary Figure SI1F). On the other hand,
treatment with a higher concentration of cpTLR-i (10 uM)
upregulated the expression of growth factors (Osm, GdfI5 and
Vegfa) that are associated with the functional responses of the
alternatively activated macrophages (31-33). We also validated that
cpTLR-i suppressed the LPS-induced secretion of Th17-promoting
cytokines including IL-1o, IL-1B, and IL-6 at the protein level
(Figure 11). LPS induction of IL-10 and IFN-f3 was not affected by 1
UM cpTLR-i but was attenuated with a higher concentration (10
uM) (Figure 1I). Based on these transcriptomic analyses, we next
investigated the therapeutic potential of cpTLR-i using an animal
model associated with Th17-mediated gut inflammation (34).

cpTLR-i ameliorates colitis and the colonic
mucosal inflammation induced by DSS

The potential of cpTLR-i to inhibit intracellular TLR signaling
in gut inflammation was determined in mice given DSS in drinking
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water. Mice were injected with cpTLR-i or control peptides along
with DSS administration shown in Figure 2A. Treatment with the
control TLR-i peptide lacking the cell-penetrating conjugate or the
CP peptide alone did not affect the colitis symptoms, which include
body weight loss, diarrhea, rectal bleeding, and reduced colon
length (Supplementary Figure S2). In contrast, cpTLR-i treatment
ameliorated colitis shown by significant decreases in the body
weight loss, disease activities and colon length shortening caused
by the DSS administration (Figures 2B-D). We also observed
reduced amounts of fecal inflammatory factors such as lipocalin-2
and calprotectin in the feces of mice treated with c¢pTLR-i
(Figure 2E). Histological analysis of the colonic tissues revealed
that cpTLR-i mitigated not only epithelial architectural damages
but also the infiltration of inflammatory cells within the colonic
mucosa (Figure 2F). Loss of goblet cells, specialized epithelial cells
that secret mucins, is a hallmark of ulcerative colitis, and IL-18 is
important for the breakdown of the mucosal barrier integrity (35).
Consistently with the reduced expression of /18 observed in the
transcriptome analysis (Figure 1H), we found a profound
diminution in the loss of goblet cells in the colon of mice treated
with cpTLR-i in relation to decreased secretion of IL-18 from the
colonic tissue explants (Figures 2G-I). These data suggest a
therapeutic potential of cpTLR-i in the management of colitis.

The anti-inflammatory effect of cpTLR-i was further validated
by examining the cytokine profiles secreted from the distal colon
tissue explants (Figure 3). Proinflammatory cytokines associated
with Th17 responses (IL-1p, IL-6, IL-17, IL-23, and GM-CSF) and
those of Thl responses (IL-12, IFN-y and TNF-o;) were highly
upregulated in mice given DSS. Importantly, cpTLR-i treatment
resulted in a significant decrease in the induction of IL-1B in the
inflamed colonic tissues, while only affecting marginally other
Thl17-related factors that include IL-6 and IL-17A. Secretion of
Th1 cytokines such as IFN-y and IL-12 from the colon explants was
not decreased by the cpTLR-i treatment (Figure 3). In parallel to the
attenuated inflammation observed in the histological analysis, the
anti-inflammatory cytokine IL-10 was produced less in the colon
explants of mice treated with cpTLR-i. Collectively, these results
underline the potential of cpTLR-i to abrogate the intracellular TLR
signaling pathways in protection against colonic inflammation and
mucosal tissue damage in colitis.

cpTLR-i attenuates activation of

type 17 helper T cells and modulates
inflammatory responses of macrophages
in the inflamed colon

To determine the effect of cpTLR-i on the infiltration and
functional responses of immune cell populations in the inflamed
colonic mucosa, we isolated cells from the colonic lamina propria
and analyzed them by flow cytometry. As expected (34), we
observed a profound induction of IL-17-producing type 17 T
(Th17) cells and IFN-y-expressing type 1 T (Thl) cells in the
inflamed colonic tissue, and increased infiltration of CD4" T cells
(Figures 4A, B; Supplementary Figure S3). cpTLR-i treatment
resulted in a significant reduction in IL-17" Th17 cells within the

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1165667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Thapa et al.

FIGURE 1
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cpTLR-i suppresses the proinflammatory responses of macrophages. (A) BMDMs were incubated with 2 UM cpTLR-i or a control TLR-i peptide
lacking the cell-penetrating sequence (TLR-i) for the indicated times. Shown are the representative confocal images stained with antibody against
the TLR inhibitor peptide (red) and DAPI (blue). BMDMs pretreated with cpTLR-i (0, 0.08, 0.4, 2 and 10 uM) were cultured in the presence or absence
of LPS. (B, C) Cell viability and NO production were determined 24 h after LPS activation. (D) Amounts of TNF-a in the culture supernatant were
measured by cytokine beads array (CBA): *, p < 0.05; ** p < 0.01, *** p < 0.001. (E, F) RAW 264.7 cells were transfected with plasmids expressing
wild-type (WT) or dominant negative (DN) forms of MyD88 and TRAF6, respectively. Transfected cells pretreated with 2 uM cpTLR-i were activated
with LPS for 8 h and secretion of TNF-o was determined by CBA. Ectopic expression of the indicated proteins was confirmed by Western blotting.
(G, H) BMDMs pretreated with cpTLR-i (1 and 10 uM) were activated with LPS for 2 h and the differentially expressed genes were analyzed by RNA
sequencing. (G) Significantly enriched signaling pathways in cpTLR-i-treated samples in comparison to those activated with LPS alone were
determined by the KEEG Pathway Analysis. (H) The heatmap for genes encoding cytokines, chemokines and immune modulators is shown with a
hierarchical cluster analysis. (I) BMDMs pretreated with cpTLR-i (0, 1, 10 pM) were cultured in the presence or absence of LPS for 8 h and cytokine
secretion was quantitated by CBA: n =6
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FIGURE 2

cpTLR-i alleviates DSS-induced colitis. (A) Experimental scheme of DSS administration with cpTLR-i treatment is shown. (B) Body weight was measured
daily and represented as a mean percentage of body weight. (C) Disease activity index was scored as describe in “Material's and Methods". Results are
the representative of three independent experiments obtained from 10 mice per group. P values among different groups were analyzed by 2-way
ANOVA with Bonferroni correction: ***, p < 0.001. (D) The colons were isolated from the mice at day 9 and their lengths were measured. (E) Levels of
lipocalin-2 and calprotectin in the feces at day 5 were quantitated by ELISA. (F, G) Shown are the representative histology images of the distal colons
tissues stained with H&E (F) and PAS-Alcian Blue (G). (H) Number of goblet cells per crypt in the distal colons. (I) The distal colon explants were cultured
and ELISA was performed with the culture supernatants. Amount of IL-18 was normalized to the weight of each colon piece. *p < 0.05.
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colonic mucosa as shown in Figure 4B. On the other hand, IFN-y"

Th1 cells in the inflamed colonic mucosa were not decreased by

cpTLR-1. ¥8 T cells, one of the most abundant immune populations

in the mucosal epithelium, are important for maintenance of the

intestinal barrier integrity through the production of IL-17 (36, 37).
DSS treatment resulted in decreased prevalence of IL-177 y3 T cells
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in the colonic lamina propria, which was not affected by cpTLR-i

(Figure 4C). The percentage of FoxP3" regulatory T cells (Treg), a

CD4 T cell subset essential for resolving inflammation, was elevated
by DSS and decreased by cpTLR-i treatment (Figure 4D). These in
vivo data support the transcriptomic analysis, indicating a

suppressive effect of cpTLR-i on Thl7-mediated inflammatory
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Effect of cpTLR-i on the secretion of inflammatory cytokines from the ex vivo colon explants. The colons were isolated from the colitogenic mice as
in Figure 2 and pieces of the distal colons were plated in a 24-well plate. 24 h after the ex vivo colon explants culture, CBA were performed with the
culture supernatants. Amount of each cytokine was normalized to the weight of each colon piece: n = 6. *p < 0.05; **p < 0.01; ***p < 0.001.

responses. Th17 cells and IL-17 mediate inflammatory responses
within the inflamed mucosa leading to the recruitment of immune
populations, especially neutrophils, and the production of fecal
inflammation mediators such as calprotectin and lipocalin-2 (38,
39). Along with the attenuated Th17 cell activation and decreased
fecal inflammation shown in Figure 2E, cpTLR-i significantly
attenuated the infiltration of CD11b" Ly6G" neutrophils in the
colonic tissues (Figure 4E; Supplementary Figure S3).
Macrophages are abundant immune populations in the colonic
mucosa, and monocytes become rapidly recruited in the inflamed
colon and repopulated into functionally distinct macrophages in
response to the environmental milieu (19, 20). While the majority
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of Ly6G~ CD11b" CD64" populations were Ly6C" MHC-II"
macrophages at steady-state, Ly6C* MHC-II" monocytes were
substantially increased in the colonic lama propria of mice given
DSS (Figures 4E, F). Intriguingly, cpTLR-i treatment resulted in a
significant reduction in the prevalence of Ly6C* MHC-II"
monocytes but an increase in that of Ly6C™ MHC-II™
macrophages, although it did not suppress the infiltration of
monocytes/macrophages into the colonic mucosa (Figure 4F).
This result implies that that cpTLR-i likely regulates the
repopulation of macrophages derived from circulating monocytes.
Moreover, cpTLR-i attenuated the induction of TNF-o"

macrophages whereas enhanced that of Arginase-1" cells
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FIGURE 4

cpTLR-i attenuates Th17 cell responses and modulates macrophages in the inflamed colon. Lamina propria cells in the colonic tissues were isolated
from the colitogenic mice and analyzed by flow cytometry. (A) Representative FACS profiles with prevalence of CD4* and CD8" T cells are shown in
the viable CD45" cell gate. (B) Expression of IL-17A and IFN-yin CD4 T cells were measured by intracellular cytokine staining. Percentages of CD4 T
cells expressing IL-17A and IFN-y are illustrated as bar graphs below the FACS plots: n = 5. (C) IL-17A" v T cells was analyzed in the CD45* CD3e *
TCRY5" cell gate. (D) Expression of FoxP3 in the viable CD4 T cell gates and prevalence of FoxP3* regulatory T cells were determined by FACS. (E)
Representative FACS profiles of CD11b and Ly6G in the viable CD45" cell gate and percentage of CD11b* Ly6G™ granulocytes are shown. (F) CD11b*
Ly6G™ CD64" cells were further analyzed into subpopulations based on expression Ly6C and MHC-II, namely Ly6C* MHC-II", Ly6C*" MHC-II* and

Ly6C™ MHC-II" cells. Prevalence of subpopulations of CD11b* Ly6G~ CD64*

monocytes/macrophages are illustrated as bar graphs. (G) Expression of

TNF-0 and Arginase-1 in the CD11b" Ly6G™ CD64" cells were determined by intracellular staining: n = 5. *p < 0.05; **p < 0.01; ***p < 0.001.

(Figure 4G), revealing an immunomodulatory potential of cpTLR-i
in the functional polarization of macrophages. Therefore,
differentiation and/or induction of functionally distinct
macrophages could be regulated by selective inhibition of TLR
signaling, which contributes to alleviating colitis.
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To further elucidate the impact of cpTLR-i on macrophages
during colonic inflammation, we used liposomal clodronate to
deplete macrophages (40) (Figure 5A). Upon DSS administration,
CD11b" CD64" monocyte/macrophage populations were increased
in in the colonic lamina propria, which was markedly reduced in
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cpTLR-i could not mitigate colitis in mice depleted macrophages. (A) Experimental scheme of DSS administration with liposomal chrodronate (LC)
treatment is shown. (B) Lamina propria cells were isolated from the colon and analyzed by flow cytometry. Representative FACS profiles of CD11b
and CD64 in the viable CD45" cell gate are shown. (C, D) Body weight and disease activity index were measured as in Figure 2: n = 8. P values
among different groups were analyzed by 2-way ANOVA with Bonferroni correction. (E) The colons were isolated from the mice at day 8 and their
lengths were measured. (F) Amounts of lipocalin-2 and calprotectin in the feces at day 5 were quantitated by ELISA. (G) IL-17A-expressing CD4 T
cells in the colonic lamina propria were analyzed by flow cytometry as in Figure 4B. *p < 0.05; **p < 0.01; ***p < 0.001.

mice treated with liposomal clodronate (Figure 5B). Consistently
with other studies (40-42), macrophage depletion resulted in
improved colitis symptoms as shown by decrease in body weight
loss, disease activities and colon length shortening (Figures 5C-E).
Macrophage depletion also led to reduced production of lipocalin-2
and calprotectin in the feces and attenuated induction of Th17 cells
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in the colonic lamina propria (Figures 5F, G). Intriguingly, cpTLR-i
did not have a beneficial effect on colitis in mice treated with
liposomal clodronate (Figures 5C-G). These results indicate an
important role of macrophages in triggering colonic inflammation
and imply that the therapeutic potential of cpTLR-i depends largely
on proinflammatory activities of macrophages.
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cpTLR-i promotes functional maturation of
macrophages with a regulatory phenotype

cpTLR-i treatment resulted in the decreased prevalence of
Ly6C"™ MHC-II" monocytes and increased Arginase-1"
macrophages in the inflamed colonic mucosa (Figures 4F, G). To
gain further insight into how cpTLR-i regulates monocyte
differentiation and functional maturation of macrophages, we
used a modified in vitro culture that recapitulates the monocyte-

10.3389/fimmu.2023.1165667

macrophage waterfall observed in the inflamed colonic mucosa
(Figure 6A) (43). When purified Ly6Chi MHC-II" monocytes (P1)
were grown in the presence of M-CSF, IFN-y and IL-23, they gave
rise to Ly6Cint MHC-II" macrophages (P2) that exhibited an
immature proinflammatory phenotype, including the production
of TNF-0,, IL-6 and MCP-1 (Figures 6B-E). Then, when in vitro
generated P2 macrophages were further cultured with TGF-3 and
IL-4, they differentiated into Ly6C” MHC-II" cells with a mature
regulatory phenotype (P3) such as the expression of Arginase-1
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FIGURE 6

cpTLR-i enhances the induction of macrophages with a regulatory phenotype. (A) Scheme of the in vitro culture mimicking the monocyte-
macrophages waterfall. (B, C) P1 monocytes, P2 and P3 macrophages were analyzed by flow cytometry. Shown are the representative FACS profiles
in the viable CD11b* CD64" gate from the three independent experiments. (D) Percentage of TNF-o* and Arginase-1* cells in the in vitro generated
P2 and P3 macrophages are illustrated as bar graphs. (E) Secretion of TNF-a, IL-6 and MCP-1 from the P2 and P3 macrophages were determined by
CBA. (F) Expression of the indicated genes in P3 macrophages were analyzed by real-time RT-PCR: n = 4. (G) Purified monocytes were activated for
30 min with IFN-y, LPS or IL-1B in the presence or absence of 5 uM cpTLR-i and analyzed by Western blotting. Immunoblots of -actin and
unphosphorylated proteins were used as a loading control. (H) In vitro generated P2 macrophages were stimulated with IL-4 or TGF-f in the

presence of cpTLR-i and analyzed as in (G). *p < 0.05; **p < 0.01.
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along with the attenuated induction of proinflammatory cytokines
including TNF-o (Figures 6B-E). When we added cpTLR-i to this
in vitro culture, we did not observe a significant effect on the
differentiation of P1 monocyte into P2 macrophages and on the
induction of TNF-o and IL-6 (Figures 6B-E). On the other hand,
cpTLR-i treatment significantly enhanced the induction of
Arginase-1" macrophages although it did not affect the prevalence
of Ly6C” MHC-II" P3 cells (Figures 6B-E). It was also validated that
cpTLR-i upregulated the functional maturation of macrophages
shown by the increased expression of Mrcl, Chil3, Retnla and I110,
which is associated with the alternatively activated (“M2”)
macrophages (Figure 6F) (44). Together, these data show that the
abrogation of TLR signaling by cpTLR-i could promote the
immunomodulatory potential of macrophages, which might be
independent of microbial TLR stimulation.

Because we did not add a TLR ligand to the in vitro monocyte
culture, we needed to define how cpTLR-i enhanced the
functional maturation of P3 macrophages with the regulatory
phenotype. cpTLR-i treatment did not affect IFN-y-induced
phosphorylation of STATI, while it apparently suppressed LPS-
or IL-1B-induced phosphorylation of NF-kB p65, a canonically
downstream from TLR4 and IL-1 receptor, respectively
(Figure 6G). It also did not modulate the phosphorylation of
STAT6 in P2 macrophages activated with IL-4, a classical M2-
polarizing stimulus (Figure 6H). Importantly, we observed a
significant increase in TGF-B-induced phosphorylation of
Smad2/3 when the in vitro generated P2 macrophages were
treated with cpTLR-i (Figure 6H). Transcriptome analysis of
BMDMs also validated that the expression of TGE-f target
genes that contain Smad2/3 binding sites (e.g., Id1, Smad7 and
Dap2ip) was upregulated by cpTLR-i whereas that was
suppressed by LPS (Supplementary Figure S4) (45). This result
implies that intracellular signaling pathways downstream from
TLRs could negatively regulate TGF-B-receptor-mediated
Smad2/3 activation even in the absence of a microbial TLR
ligand. Thus, this in vitro culture data suggests that the
inhibition of TLR signaling by cpTLR-i could upregulate TGF-
B-induced functional responses of the regulatory macrophages.

cpTLR-i impedes activation of Thl7 cells
through the modulation of macrophages

Dendritic cells capture antigens in the tissue and move into the
draining lymph nodes to activate and polarize cognitive T cells into
distinct types of helper T cells including Thl, Th17 and Treg cells
(46, 47). In peripheral tissues, macrophages also regulate the
functional activity of helper T cells by providing costimulatory
ligands (e.g., CD80, CD86, PD-L1/L2) and by secreting cytokines
(IL-1B, IL-6, and 1L-12) (21, 23, 24). To define the mechanistic as to
how cpTLR-i modulates Th17 cells in the inflamed colonic tissues,
we tested the effect of macrophages pretreated with cpTLR-i on the
differentiation of CD4 T cells using a coculture system. M-CSF- or
GM-SCF-derived BMDMs were treated with LPS in the presence or
absence of cpTLR-i, and naive CD4 T cells were activated and
cocultured with the preactivated BMDMs. The results of
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Intracellular cytokine staining show that M-CSF-derived BMDMs
preferentially leads to the polarization of CD4 T cells in IFN-y-
expressing Thl cells but not in IL-17A-expressing Th17 cells
(Figure 7A). We were able to induce IL-17A" Th17 cells with
GM-CSF-derived BMDMs in the presence of neutralizing
antibodies to IL-12 and IFN-y (Figure 7B). In this in vitro
cocultivation, cpTLR-i-treated macrophages exhibited an
impaired ability to induce the differentiation of CD4 T cells into
Th17 cells (Figure 7B; Supplementary Figure S5A). We also found a
relatively modest but significant attenuation in IFN-y" Thl cell
differentiation in the coculture with cpTLR-i-treated macrophages,
although we did not observe a decrease in Th1 cells in the colonic
tissues in vivo (Figure 7A; Supplementary Figure S5B). To test the
possibility that the inhibition of TLR signaling could modulate CD4
cells intrinsically, we cultured CD4 T cells in the absence of
macrophages under Thl7 polarizing condition and found that
cpTLR-i was not able to suppress Th17 cells intrinsically
(Supplementary Figure S5C). Thus, we concluded that cpTLR-i
suppresses the proinflammatory T cell-activating potential of
macrophages, resulting in the compromised generation of
Th17 cells.

To delineate how cpTLR-i impairs the ability of macrophages to
help Th17 differentiation, we determined the induction of class II
MHC molecules and costimulatory ligands. cpTLR-i treatment
suppressed the surface expression of MHC-II and co-stimulators
such as CD40, CD80, and CD86 in BMDMs activated with LPS
(Figures 7C, D). Moreover, BMDMs treated with cpTLR-i secreted
less amounts of cytokines IL-1f and IL-6, which have a role in
promoting Th17 cell differentiation (48) shown in Figure 1. The
addition of exogenous IL-1B to a Th17 coculture resulted in
enhanced induction of IL-17A" Th17 cells but that of IL-6 did
not (Figure 7E). Of note, IL-1f addition partially restored the ability
of cpTLR-i-treated macrophages to induce Th17 cell differentiation
(Figure 7E; Supplementary Figure S5D). Overall, our experimental
data suggest that TLR inhibition with ¢pTLR-i not only regulates
the inflammatory responses of macrophages but attenuates Th17-
mediated inflammation through the functional modulation
of macrophages.

Discussion

The intestinal tract not only needs to elicit a protective immune
response against invading pathogens but also provide tolerance to
symbiotic microbes (49). However, uncontrolled reactions to
microbe-derived molecules such as TLR ligands may lead to
chronic inflammatory conditions including IBD (50). Our
transcriptomic analysis using macrophages provided evidence that
the inhibition of TLR signaling by a cell-penetrating peptide could
potentially modulate type 17 immune responses and IBD. Indeed,
cpTLR-i was sufficient to mitigate colitis symptoms, colonic
inflammation and tissue damage in mice given DSS. In agreement
with the decreased Th17 responses in vivo, we found that the ability
of macrophages to promote Th17 cells was substantially impaired
by cpTLR-i in macrophage-CD4 T cell cocultures. On the other
hand, cpTLR-i was not able to suppress the induction of Th17 cells
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cpTLR-i suppresses induction of Th17 cells through the modulation of macrophages. (A, B) BMDMs derived with M-CSF or GM-CSF were activated
with LPS in the presence or absence of cpTLR-i for 6 (h) Activated BMDMs were washed and CD4 T cells were cocultured with the BMDMs under
Thl or Thl7 polarizing condition. 4 d after the cocultivation, CD4 T cells were stained intracellularly with antibodies against IL-17A and IFN-y. Shown
are the representative FACS profiles in the viable CD4* T cell gate and bar graphs indicating percentages of IL-17A* or IFN-y" CD4 T cells: n = 3.

(C, D) BMDMs were pretreated with cpTLR-i and activated with LPS for 24 (h) Cell surface expression of MHC-II, CD40, CD80 and CD86 was
measured by FACS. AMFI values are calculated by subtracting the mean fluorescence intensity (MFI) of the FMO control from the MFI of each sample
(D): n = 3. (E) CD4 T cells were cocultured with GM-CSF-driven BMDMs under Th17 polarizing condition as in (A). IL-1 or IL-6 were added to the
coculture and expression of IL-17A was analyzed by FACS. Shown are the representative FACS profiles with percentage of IL-17* CD4 T cells
obtained from two independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.

in our in vitro culture with CD4 T cells alone, although other studies
reported an intrinsic role of TLR signaling in Th17 cells and
experimental autoimmune encephalomyelitis (51, 52). Further
analyses revealed a decreased expression of IL-1f and
costimulatory ligands such as CD80 and CD86 in macrophages
treated with cpTLR-i, which could contribute to the defective T cell-
supporting functions of macrophages (21, 53). Together, these
results suggest that therapeutic targeting of the innate responses
of macrophages to microbial products could be a strategy to
circumvent the activation of pathogenic T cells in IBDs.
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Macrophages exhibit a wide spectrum of phenotypes and the
balance among functionally distinct macrophages is important for
tissue homeostasis and pathology (54). In addition to decreased
TNF-0" macrophages, we observed increased Arginase-1"
macrophages in the colonic lamina propria of colitogenic mice
treated with the cell-penetrating TLR inhibitor peptdie. Similarly,
Jung et al. reported that inhibition of TLR2 dimer formation by a
TLR2 trans-membrane peptide enabled the induction of
macrophages associated with homeostatic or resident macrophage
gene signatures while preventing that of macrophages with pro-
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inflammatory gene signatures in colitis mice (17). Thus, we wanted
to determine whether cpTLR-i could regulate the functional
activation of M2 macrophages with regard to the monocyte-
macrophage waterfall (55). In our in vitro culture in the absence
of a microbial TLR ligand, cpTLR-i did not affect the differentiation
of monocytes into TNF-o." macrophages and the production of
proinflammatory cytokines such as TNF-o and IL-6. Intriguingly,
the differentiation of TNF-o." macrophages into Arginase-1" cells
with M2 phenotypes such as the expression of MrcI and II10 was
augmented by the cpTLR-i treatment. This finding was supported
by the transcriptome analysis, in which the expression of genes
associated with M2 macrophages, including Osm, Gdf15 and Vegfa,
were upregulated by cpTLR-i (Figure 1H) (31-33). Therefore, it is
likely that TLR signaling negatively regulates the functional
transition of M1 macrophages into M2 in a microbial TLR
ligand-independent manner.

Given that cpTLR-i upregulates the functional maturation of
M2 macrophages, we further defined a mechanism in which TLRs
modulate signaling pathways downstream from M2 stimuli.
Interestingly, the inhibition of TLR signaling by cpTLR-i
enhanced the phosphorylation of Smad2/3 induced by TGF-f, an
immunosuppressive cytokine. Studies have shown that TGF-f8
induces the expression of genes characteristic for alternatively
activated macrophages while suppressing a pro-inflammatory
phenotype which influences the functional activities of tumor-
associated macrophages (56). Meanwhile, the activation of NF-xb
by proinflammatory stimuli such as IL-1f was reported to inhibit
TGF-B-induced gene expression by increasing the inhibitory
Smad7 in hematopoietic progenitors and cancer cell lines (57,
58). In line with our observation that cpTLR-i could suppress IL-
1B-induced phosphorylation of NF-kb p65 (Figure 6G), we
speculated that the enhanced M2 differentiation could be
partially due to attenuated negative regulation of the TGF-f
signaling by suppressing the IL-1B-induced NF-xB activation.
Thus, we propose a crosstalk between signaling pathways
downstream of the TLRs and TGF-J} receptors in the regulation
of alternatively activated M2 macrophages although it remains to
be further determined in the future studies.

Consistent with the functional modulation of mucosal immune
responses, cpTLR-i was beneficial to the colonic epithelial integrity.
However, we could not exclude the involvement of epithelial TLR
signaling in the regulation of the mucosal barrier integrity. TLRs are
expressed in the gut epithelium and enhance the intestinal barrier
functions, including tightening of intracellular junctions, secretion
of mucus and antimicrobial peptides and epithelial regeneration
after injury (59). For example, stimulation with TLR2 or TLR4
agonist upregulates proliferative and anti-apoptotic factors
including TFF3 in intestinal epithelial cells, whereas mice
deficient for TLR2 or TLR4 have hypo-proliferative and pro-
apoptotic phenotypes of the inflamed colons (3, 60). In agreement
with our results, these studies suggest that TLRs could exert either a
beneficial or detrimental effect on colitis, depending on which tissue
compartments are engaged in the TLR signaling. Whether the
intestinal epithelium is less sensitive to the cell-penetrating TLR
inhibitor peptide needs to be further investigated. Of note, MyD88-
independent induction of type I interferon responses such as the
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production of IFN-B was relatively less sensitive to cpTLR-i
(Figure 1 and data not shown). This corroborates the previous
finding that Ifnarl'/ " mice are more susceptible to colitis (61) and
that IFN-B production triggered by double-stranded RNA of a
commensal microbe protect mice from colitis (62).

TLRs are broadly expressed in the intestinal tissues and have a
central role in controlling mucosal immune responses and
maintaining the gut homeostasis, in responding to the microbial
community. A growing amount of evidence suggests a potential use
of therapeutic strategies that target TLR signaling in the prevention
or treatment of autoimmune diseases such as IBD. However, only a
few TLR agonists and antagonists are under clinical trials for
therapeutic applications. In this study, our experimental data
highlight the immunomodulatory potential of cpTLR-i and
suggest this rationally designed cell-penetrating peptide as a novel
therapeutic agent for IBD treatment. Future studies may explore an
impact of the cell penetrating TLR inhibitor peptide on the gut
barrier function in association with microbiota in the regulation of

mucosal homeostasis.

Methods
Peptides, mice and colitis model

All peptides were provided by Genesen and the purity of
each peptide was at least 95% as determined by HPLC fitted
with a RP-C18 column (Phenomenex). The amino acid
sequence of cpTLR-i is KLALKLALKALKAALKLASHCRVLLI.
The sequences of CP and TLR-i control peptides are
KLALKLALKALKAALKLA and SHCRVLLI, respectively.
C57BL/6] mice were purchased from DBL and maintained
under specific pathogen-free conditions at the Laboratory
Animal Resource Center of Hallym University. Mice were
allowed to acclimate for at least one week to minimize
variability in the gut microbiota composition and randomly
divided into experimental groups. Eight-week-old male C57BL/
6] mice were given drinking water containing 2.5% dextran
sodium sulfate (MP Biomedicals) for 7 days and normal
water for the remainder of the days. Mice were injected
intraperitoneally with 16 mg/Kg cpTLR-i or control peptides
every other day from day -2 to day +6. The disease activity index
was scored as described previously (34): body weight loss (‘0: no
loss; ‘1’: loss > 1-5%; 2°: loss > 5-10%; 3’: loss > 10-20%; ‘4’: loss
> 20%); stool consistency (‘0: firm; 2”: loose; ‘4’: diarrhea), and
presence of blood (‘0’: absence; ‘1’: hemoccult; 2" hemoccult with
visual pellet bleeding; ‘4’: gross bleeding, blood around the anus).
Scores were added to give a maximum score of 12.

Macrophage depletion

Macrophage were depleted by injecting intravenously with 200
ul of liposomes containing clodronate (Encapsula Nanosciences)
three times (day -1, +2 and +5) in accordance to the
manufacturer’s instructions.
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Preparation of bone marrow-derived
macrophages and cocultivation with
CD4 T cells

BMDMs were prepared as described previously (63). Briefly,
bone marrow cells were isolated and grown in IMDM media
supplemented with 10% FBS in the presence of 20 ng/ml M-CSF
(PeproTech) or 5 ng/ml GM-CSF (PeproTech) for 7 days. BMDMs
were pretreated with cp-TLR-i for 1 h and activated with 200 ng/ml
LPS (Sigma) for the indicated times. For cocultivation with T cells,
CD4 T cells were purified from the spleen using anti-CD4
microbeads and MACS column (Miltenyi Biotec). For Thl
polarization, M-CSF-derived BMDMs were treated with 200 ng/
ml LPS for 6 h, washed twice with fresh IMDM containing 10% FBS,
and cocultured with CD4 T cells in the presence of 2.5 pg/ml anti-
CD3e (BD Biosciences). GM-CSF-driven BMDMs were activated
with LPS and cocultured with CD4 T cells in the presence of anti-
CD3¢ and neutralizing antibodies against IL-12 and IFN-y (BD
Biosciences) to induce Thl7 polarization. Four days after the
cocultivation, CD4 T cells were restimulated with 50 ng/ml PMA
and 1 pg/ml ionomycin for 6 h or with 0.5 pg/ml anti-CD3e and 0.5
pg/ml CD28 for 1 day for intracellular cytokine staining and
cytokine beads array, respectively.

Cell viability assay and NO measurement

BMDMs were pretreated with the indicated concentrations of
cpTLR-i and activated with 200 ng/ml LPS for 24 h. Cell viability
was measured using the EZ-Cytox Enhance Cell Viability Assay Kit
(DoGenBio) in accordance to the manufacturer’s instruction.
Production of nitrogen oxide (NO) in the culture supernatant was
determined by the Griess Reagent System (Promega).

RAW 264.7 cell culture and transfection

RAW 264.7 macrophage cell line was obtained from Hyung-Joo
Kwon (Hallym University) and maintained in DMEM
supplemented with 10% FBS. RAW 264.7 cells were transfected
with pCRIII-WT-MYD88, pCRIII-DN-MyD88, pRK5-WT-
TRAF6, pRK5-DN-TRAF6, or control vector using the FuGene
HD transfection reagent (Promega) in accordance to the
manufacturer’s instructions. A day after transfection, cells were
pretreated with 2 uM cp-TLR-i for 1 h and activated with 200 ng/ml
LPS (Sigma) for 8 h.

Confocal microscopy

BMDMs were seeded on a chamber slide and incubated with 2
UM cpTLR-i or control peptide for the indicated times. Cells were
washed three times with ice-cold PBS and fixed with 4%
paraformaldehyde. After permeabilized with 0.2% Triton X-100,
cells were stained with monoclonal antibody against the TLR
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antagonist peptide overnight at 4°C followed by secondary
antibody conjugated with Alexa Fluor 647 (ThermoFisher). The
coverslip was mounted using a mounting solution containing DAPI
(ThermoFisher) and images were taken using a Zeiss LSM710 laser
scanning confocal device attached to an Axiovert 100 microscope
(Carl Zeiss).

Cytokine measurement and colon explants

Amounts of cytokines in the culture supernatants were analyzed
by cytokine beads array (CBA) with the LEGENDplexTM Mouse
Inflammation panel (BioLegend) and Th1/Th2/Th17 CBA kit (BD
Biosciences) in accordance to the manufacturer’s instructions.
Colonic tissue explant samples, approximately 10 mm in length,
were isolated from the distal region of the colon. The colon explants
were washed in PBS, turned inside out, and incubated in 500 pl
IMDM supplemented with 10% FBS at 37°C. After a 24-h
incubation, culture supernatants of the colon explants were
centrifuged at 14,000 x g for 10 min to remove debris and
analyzed by CBA. Amounts of IL-18 was determined using
mouse IL-18 ELISA kit (MBL Life Science). Cytokine levels were
normalized to the weight of each tissue sample.

Transcriptomic analysis

Total RNA was purified from BMDMs using TRIzol reagent
(Invitrogen) and the cDNA library was prepared with the TruSeq
Standard mRNA Library Prep Kit (Illumina, San Diego, CA, USA)
following the manufacturer’s instructions. The libraries were
sequenced using a NovaSeq 6000 platform (Illumina) by
Macrogen. Qualified reads were mapped to the Mus musculus
mm10 reference genome by HISTA2 version 2.1.0. and assembled
using StringTie version 2.1.3b. Differentially expressed genes
(DEGs) were identified with DESeq2, and a more than 1.5-fold
change with a p value less than 0.05 was considered statistically
significant. Functional annotation of DEGs was performed with
DAVID (https://david.ncifcrf.gov), and the statistically enriched
pathway was analyzed using the KEGG database in DAVID. A
heat map of the relative expression pattern of the DEGs was created
with the heatmap.2 function of the gplot package in RStudio
version 3.4.4.

Fecal sample ELISA

Fecal pellets were collected 5 days after the administration of
DSS and weighed. A single fecal pellet was homogenized in 200 pl
PBS and centrifuged at 10,000 rpm for 5 min to remove the debris.
The amounts of Lipocalin-2 and Calprotectin in the fecal
supernatant were measured with the Mouse Lipocalin-2/NGAL
and S100A8/S100A9 Heterodimer detection kits (R&D Systems),
respectively. The levels of Lipocalin-2 and Calprotectin were
normalized to the weight of each fecal pellet.
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Histology

Mouse colons were collected and rinsed with ice-cold PBS.
Samples were fixed with 4% paraformaldehyde, dehydrated, and
embedded in paraffin. For histopathologic analysis, the distal colon
tissue sections were stained with hematoxylin and Eosin Y solution
(Merck). The sections were incubated with 1% Alcian Blue 8GX
(Sigma) in 3% acetic acid for 15 min and then with 0.5% periodic
acid solution (Sigma) for 5 min and Schiff’s reagent (Sigma) for 15
min to stain goblet cells.

Isolation of the colonic lamina propria cells
and flow cytometry

Inflammatory cells were isolated from the colonic lamina
propria as described previously (34). Briefly, colons were washed
with ice-cold PBS, inverted, and incubated in RPMI1640 containing
1 uM DTT, 0.6 mM EDTA and 1% FBS for 30 min in a 37°C
shaking incubator. After washing with fresh media, the colon was
cut into pieces and placed in RPMI1640 containing 25 pg/ml
Liberase TL (Roche), 25 pg/ml Liberase DL (Roche) and 125 ug/
ml DNase I (Sigma). After a 30-min incubation with gentle shaking,
the cell suspension was washed with fresh media and passed
through a 70 um cell strainer. Immunofluorescence staining was
conducted as described previously (63). A single cell suspension
isolated from the colonic lamina propria or in vitro culture was
stained with antibodies against surface markers for 30 min on ice.
Fluorophore conjugated antibodies against CD11b (clone M1/70),
Ly6G (clone 1A8), CD64 (clone X54-5/7.1), CD3e(clone 145-2C11),
CD4 (clone RM4-5), CD8 (clone 53-6.7), I-A/I-E (clone
M5114.15.2), F4/80 (clone 6F12), CD80 (clone 16-10A1) and
CD86 (clone GL1) were purchased from BD Biosciences. Anti-
TCR-B (clone H57-597) and anti-Ly6C (clone HK1.4) were
obtained from ThermoFisher. Anti-TCR /& (clone GL3) and
anti-CD40 (clone 3123) from BioLegend. For intracellular
staining, cells were restimulated with 50 ng/ml PMA and 1 ug/ml
ionomycin in the presence of the Gogi-Stop and Golgi-Plug reagent
(BD Bioscience) for 6 h. After fixation and permeabilization, the
cells were stained with fluorescence-labelled antibodies to TNF-o
(clone MP6-XT22, BD Bioscience), IFN-y (clone XMGI1.2, BD
Biosciences), IL-17A (clone ebiol7B7, ThermoFisher) and
Arginase 1 (clone AlexF5, ThermoFisher). FoxP3 intracellular
staining was performed with the mouse FoxP3 staining set
(ThermoFisher). Data were acquired using the FACS Canto II
instrument with the FACSDiva software (BD Bioscience) and
analyzed by FlowJo V10 software (BD Bioscience).

Monocyte isolation and culture
Monocytes were purified from bone marrow cells with the

Monocyte Isolation Kit (Miltenyi Biotec) and MACS columns
following the manufacturer’s instructions. Purified monocytes
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were activated with 5 ng/ml M-CSF, 50 ng/ml IFN-y and 10 ng/
ml IL-23 and cultured for 3 days in the presence of 2 uM cpTLR-i or
vehicle, to give rise to macrophages with a proinflammatory
immature phenotype. Then, the in vitro generated macrophages
were further cultured with 5 ng/ml TGF-f3 and 10 ng/ml IL-4 in the
presence of cpTLR-i or vehicle for an additional 3 days to be
differentiated into macrophages with a mature resident phenotype.
Monocyte-derived macrophages were restimulated with 50 ng/ml
PMA and 1 pug/ml ionomycin in the presence of the Gogi-Stop and
Golgi-Plug reagent (BD Bioscience) and stained for surface
markers. After fixation and permeabilization, cells were stained
intracellularly with PE-conjugated anti-TNF-o and APC-labelled
anti-Arginase-1 for flow cytometry. Culture supernatants were
analyzed by CBA.

Quantitative real-time PCR and
western blotting

RNA was extracted from BMDMs with the TRIzol Reagent
(Invitrogen) and reverse transcribed into cDNA by the ImProm-
IT Reverse Transcription system (Promega). Quantitative PCR
was performed with an SYBR PCR mix (Toyobo) and the CFX
Real-Time PCR detection system (Bio-Rad), using the primer
pairs listed in Supplementary Table S1. For Western blotting, the
cells were lysed in 20 mM HEPES (pH 7.4), 150 mM NaCl, 1%
Triton X-100 and 1 mM EDTA supplemented with a protease
inhibitor and phosphatase inhibitor cocktail (GenDEPOT) and
applied for SDS-PAGE. Immunoblotting was performed with the
indicated primary antibody followed by the anti-rabbit secondary
antibody conjugated with HRP. All primary antibodies were
purchased from Cell Signaling Technology except anti-FLAG
monoclonal antibody (Sigma). Protein bands were detected on
X-ray film using an Enhanced Chemiluminescence kit
(Merck Millipore).

Statistical analysis

All experiments were performed in more than triplicate and the
results of two or three independent experiments were represented as
the mean (+ S.D). Differences between the samples were analyzed
using an unpaired, two-tailed Student’s t-test with the Prism
software version 7.04 (GraphPad Software, San Diego, CA, US).
Two-way ANOVA with Bonferroni correction was applied to
analyze the body weight loss and disease activity index using
Prism. Statistical significance was denoted as follows: *, p < 0.05;
. p < 0.01; ** p < 0.001.

Data availability statement

The RNA-seq data have been deposited at the GENE Expression
Omnibus (GEO) under accession number GSE224903.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1165667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Thapa et al.

Ethics statement

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of Hallym University.

Author contributions

Conceptualization, KL and SL. Data curation, BT, SP and KL.
Investigation, BT, SP, DC and KL. Resources: HS and SL. Writing-
original draft, BT, SP and KL. Supervision, KL. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by Korean Mouse Phenotyping
Project (NRF-2014M3A9D5A01073841) and the Bio & Medical
Technology Development Program (NRF-2021M3A914023974) of
the National Research Foundation (NRF) funded by the Ministry of
Science and Technology, and the Basic Science Research Program
(NRF-2021R111A3042761; 2019R1A6A1A11036849) funded by the
Ministry of Education.

References

1. Caruso R, Lo BC, Nunez G. Host-microbiota interactions in inflammatory bowel
disease. Nat Rev Immunol (2020) 20(7):411-26. doi: 10.1038/s41577-019-0268-7

2. LuY, LiX, Liu S, Zhang Y, Zhang D. Toll-like receptors and inflammatory bowel
disease. Front Immunol (2018) 9:72. doi: 10.3389/fimmu.2018.00072

3. Fukata M, Chen A, Klepper A, Krishnareddy S, Vamadevan AS, Thomas LS, et al.
Cox-2 is regulated by toll-like receptor-4 (TLR4) signaling: role in proliferation and
apoptosis in the intestine. Gastroenterology (2006) 131(3):862-77. doi: 10.1053/
j.gastro.2006.06.017

4. Rakoff-Nahoum S, Hao L, Medzhitov R. Role of toll-like receptors in spontaneous
commensal-dependent colitis. Immunity (2006) 25(2):319-29. doi: 10.1016/
jimmuni.2006.06.010

5. Katakura K, Lee ], Rachmilewitz D, Li G, Eckmann L, Raz E. Toll-like receptor 9-
induced type I IFN protects mice from experimental colitis. J Clin Invest (2005) 115
(3):695-702. doi: 10.1172/]JCI22996

6. Rose WA2nd, Sakamoto K, Leifer CA. TLRY is important for protection against
intestinal damage and for intestinal repair. Sci Rep (2012) 2:574. doi: 10.1038/srep00574

7. Kordjazy N, Haj-Mirzaian A, Haj-Mirzaian A, Rohani MM, Gelfand EW, Rezaei
N, et al. Role of toll-like receptors in inflammatory bowel disease. Pharmacol Res (2018)
129:204-15. doi: 10.1016/j.phrs.2017.11.017

8. Kawai T, Akira S. Signaling to NF-kappaB by toll-like receptors. Trends Mol Med
(2007) 13(11):460-9. doi: 10.1016/j.molmed.2007.09.002

9. O'Neill LA, Bowie AG. The family of five: TIR-domain-containing adaptors in
toll-like receptor signalling. Nat Rev Immunol (2007) 7(5):353-64. doi: 10.1038/nri2079

10. Gao W, Xiong Y, Li Q, Yang H. Inhibition of toll-like receptor signaling as a
promising therapy for inflammatory diseases: a journey from molecular to nano
therapeutics. Front Physiol (2017) 8:508. doi: 10.3389/fphys.2017.00508

11. Matsunaga N, Tsuchimori N, Matsumoto T, Ii M. TAK-242 (resatorvid), a
small-molecule inhibitor of toll-like receptor (TLR) 4 signaling, binds selectively to
TLR4 and interferes with interactions between TLR4 and its adaptor molecules. Mol
Pharmacol (2011) 79(1):34-41. doi: 10.1124/mol.110.068064

12. Sha T, Sunamoto M, Kitazaki T, Sato J, Ii M, lizawa Y. Therapeutic effects of
TAK-242, a novel selective toll-like receptor 4 signal transduction inhibitor, in mouse
endotoxin shock model. Eur J Pharmacol (2007) 571(2-3):231-9. doi: 10.1016/
j.ejphar.2007.06.027

13. Wang Y, Zhang D, Li C, Wu X, He C, Zhu X, et al. Toll-like receptor 4-mediated
endoplasmic reticulum stress induces intestinal paneth cell damage in mice following
CLP-induced sepsis. Sci Rep (2022) 12(1):15256. doi: 10.1038/s41598-022-19614-6

Frontiers in Immunology

15

10.3389/fimmu.2023.1165667

Conflict of interest

Authors HS and SL are employed by Genesen Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2023.1165667/full#supplementary-material

14. Zhang H, He F, Shi M, Wang W, Tian X, KangJ, et al. Toll-like receptor
4-myeloid differentiation primary response gene 88 pathway is involved in
the inflammatory development of polymyositis by mediating interferon-
gamma and interleukin-17A in humans and experimental autoimmune
myositis mouse model. Front Neurol (2017) 8:132. doi: 10.3389/fneur.
2017.00132

15. Kwon HK, Patra MC, Shin HJ, Gui X, Achek A, Panneerselvam S, et al. A cell-
penetrating peptide blocks toll-like receptor-mediated downstream signaling and
ameliorates autoimmune and inflammatory diseases in mice. Exp Mol Med (2019) 51
(4):1-19. doi: 10.1038/s12276-019-0244-0

16. Baek WY, Choi YS, Lee SW, Son 10O, Jeon KW, Choi SD, et al. Toll-like receptor
signaling inhibitory peptide improves inflammation in animal model and human
systemic lupus erythematosus. Int J Mol Sci (2021) 22(23):12764. doi: 10.3390/
ijms222312764

17. Gross-Vered M, Shmuel-Galia L, Zarmi B, Humphries F, Thaiss C, Salame TM,
et al. TLR2 dimerization blockade allows generation of homeostatic intestinal
macrophages under acute colitis challenge. J Immunol (2020) 204(3):707-17.
doi: 10.4049/jimmunol. 1900470

18. Grainger JR, Konkel JE, Zangerle-Murray T, Shaw TN. Macrophages in
gastrointestinal homeostasis and inflammation. Pflugers Arch (2017) 469(3-4):527-
39. doi: 10.1007/s00424-017-1958-2

19. Bain CC, Scott CL, Uronen-Hansson H, Gudjonsson S, Jansson O, Grip O, et al.
Resident and pro-inflammatory macrophages in the colon represent alternative
context-dependent fates of the same Ly6Chi monocyte precursors. Mucosal Immunol
(2013) 6(3):498-510. doi: 10.1038/mi.2012.89

20. Bain CC, Mowat AM. Macrophages in intestinal homeostasis and inflammation.
Immunol Rev (2014) 260(1):102-17. doi: 10.1111/imr.12192

21. Van Den Eeckhout B, Tavernier J, Gerlo S. Interleukin-1 as innate mediator
of T cell immunity. Front Immunol (2020) 11:621931. doi: 10.3389/
fimmu.2020.621931

22. Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Jasinski M, Nowis D, et al.
Myeloid cell-derived arginase in cancer immune response. Front Immunol (2020)
11:938. doi: 10.3389/fimmu.2020.00938

23. Cutolo M, Campitiello R, Gotelli E, Soldano S. The role of M1/M2 macrophage
polarization in rheumatoid arthritis synovitis. Front Immunol (2022) 13:867260.
doi: 10.3389/fimmu.2022.867260

24. Quaranta V, Schmid MC. Macrophage-mediated subversion of anti-tumour
immunity. Cells (2019) 8(7):747. doi: 10.3390/cells8070747

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1165667/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1165667/full#supplementary-material
https://doi.org/10.1038/s41577-019-0268-7
https://doi.org/10.3389/fimmu.2018.00072
https://doi.org/10.1053/j.gastro.2006.06.017
https://doi.org/10.1053/j.gastro.2006.06.017
https://doi.org/10.1016/j.immuni.2006.06.010
https://doi.org/10.1016/j.immuni.2006.06.010
https://doi.org/10.1172/JCI22996
https://doi.org/10.1038/srep00574
https://doi.org/10.1016/j.phrs.2017.11.017
https://doi.org/10.1016/j.molmed.2007.09.002
https://doi.org/10.1038/nri2079
https://doi.org/10.3389/fphys.2017.00508
https://doi.org/10.1124/mol.110.068064
https://doi.org/10.1016/j.ejphar.2007.06.027
https://doi.org/10.1016/j.ejphar.2007.06.027
https://doi.org/10.1038/s41598-022-19614-6
https://doi.org/10.3389/fneur.2017.00132
https://doi.org/10.3389/fneur.2017.00132
https://doi.org/10.1038/s12276-019-0244-0
https://doi.org/10.3390/ijms222312764
https://doi.org/10.3390/ijms222312764
https://doi.org/10.4049/jimmunol.1900470
https://doi.org/10.1007/s00424-017-1958-2
https://doi.org/10.1038/mi.2012.89
https://doi.org/10.1111/imr.12192
https://doi.org/10.3389/fimmu.2020.621931
https://doi.org/10.3389/fimmu.2020.621931
https://doi.org/10.3389/fimmu.2020.00938
https://doi.org/10.3389/fimmu.2022.867260
https://doi.org/10.3390/cells8070747
https://doi.org/10.3389/fimmu.2023.1165667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Thapa et al.

25. Kamada N, Hisamatsu T, Honda H, Kobayashi T, Chinen H, Kitazume MT,
et al. Human CD14+ macrophages in intestinal lamina propria exhibit potent antigen-
presenting ability. J Immunol (2009) 183(3):1724-31. doi: 10.4049/jimmunol.0804369

26. Ogino T, Nishimura J, Barman S, Kayama H, Uematsu S, Okuzaki D, et al.
Increased Th17-inducing activity of CD14+ CD163 low myeloid cells in intestinal
lamina propria of patients with crohn's disease. Gastroenterology (2013) 145(6):1380—
91.el. doi: 10.1053/j.gastro.2013.08.049

27. Lindgren M, Hallbrink M, Prochiantz A, Langel U. Cell-penetrating peptides.
Trends Pharmacol Sci (2000) 21(3):99-103. doi: 10.1016/s0165-6147(00)01447-4

28. Ochlke J, Scheller A, Wiesner B, Krause E, Beyermann M, Klauschenz E, et al.
Cellular uptake of an alpha-helical amphipathic model peptide with the potential to
deliver polar compounds into the cell interior non-endocytically. Biochim Biophys Acta
(1998) 1414(1-2):127-39. doi: 10.1016/50005-2736(98)00161-8

29. Burns K, Martinon F, Esslinger C, Pahl H, Schneider P, Bodmer JL, et al.
MyD88, an adapter protein involved in interleukin-1 signaling. J Biol Chem (1998) 273
(20):12203-9. doi: 10.1074/jbc.273.20.12203

30. Cao Z, Xiong J, Takeuchi M, Kurama T, Goeddel DV. TRAF6 is a signal
transducer for interleukin-1. Nature (1996) 383(6599):443-6. doi: 10.1038/383443a0

31. Ayaub EA, Dubey A, Imani J, Botelho F, Kolb MR]J, Richards CD, et al.
Overexpression of OSM and IL-6 impacts the polarization of pro-fibrotic
macrophages and the development of bleomycin-induced lung fibrosis. Sci Rep
(2017) 7(1):13281. doi: 10.1038/s41598-017-13511-z

32. Jung SB, Choi MJ, Ryu D, Yi HS, Lee SE, Chang JY, et al. Reduced oxidative
capacity in macrophages results in systemic insulin resistance. Nat C.ommun (2018) 9
(1):1551. doi: 10.1038/s41467-018-03998-2

33. Thapa B, Lee K. Metabolic influence on macrophage polarization and
pathogenesis. BMB Rep (2019) 52(6):360-72. doi: 10.5483/BMBRep.2019.52.6.140

34. Thapa B, Pak S, Kwon HJ, Lee K. Decursinol angelate ameliorates dextran
sodium sulfate-induced colitis by modulating type 17 helper T cell responses. Biomol
Ther (Seoul) (2019) 27(5):466-73. doi: 10.4062/biomolther.2019.004

35. Nowarski R, Jackson R, Gagliani N, de Zoete MR, Palm NW, Bailis W, et al.
Epithelial IL-18 equilibrium controls barrier function in colitis. Cell (2015) 163
(6):1444-56. doi: 10.1016/j.cell.2015.10.072

36. Chen YS, Chen IB, Pham G, Shao TY, Bangar H, Way SS, et al. IL-17-producing
gammadelta T cells protect against clostridium difficile infection. J Clin Invest (2020)
130(5):2377-90. doi: 10.1172/JC1127242

37. Wilharm A, Tabib Y, Nassar M, Reinhardt A, Mizraji G, Sandrock I, et al.
Mutual interplay between IL-17-producing gammadeltaT cells and microbiota
orchestrates oral mucosal homeostasis. Proc Natl Acad Sci U S A (2019) 116
(7):2652-61. doi: 10.1073/pnas.1818812116

38. Jukic A, Bakiri L, Wagner EF, Tilg H, Adolph TE. Calprotectin: from biomarker
to biological function. Gut (2021) 70(10):1978-88. doi: 10.1136/gutjnl-2021-324855

39. Jaberi SA, Cohen A, D'Souza C, Abdulrazzaq YM, Ojha S, Bastaki S, et al.
Lipocalin-2: structure, function, distribution and role in metabolic disorders. BioMed
Pharmacother (2021) 142:112002. doi: 10.1016/j.biopha.2021.112002

40. Dora D, Ferenczi S, Stavely R, Toth VE, Varga ZV, Kovacs T, et al. Evidence of a
myenteric plexus barrier and its macrophage-dependent degradation during murine
colitis: implications in enteric neuroinflammation. Cell Mol Gastroenterol Hepatol
(2021) 12(5):1617-41. doi: 10.1016/j.jcmgh.2021.07.003

41. Guo HX, Ye N, Yan P, Qiu MY, Zhang J, Shen ZG, et al. Sodium chloride
exacerbates dextran sulfate sodium-induced colitis by tuning proinflammatory and
antiinflammatory lamina propria mononuclear cells through p38/MAPK pathway in
mice. World ] Gastroenterol (2018) 24(16):1779-94. doi: 10.3748/wjg.v24.i16.1779

42. Redhu NS, Bakthavatchalu V, Conaway EA, Shouval DS, Tsou A, Goettel JA,
et al. Macrophage dysfunction initiates colitis during weaning of infant mice lacking the
interleukin-10 receptor. Elife (2017) 6:€27652. doi: 10.7554/eLife.27652

43. Bsat M, Chapuy L, Rubio M, Sarfati M. A two-step human culture system
replicates intestinal monocyte maturation cascade: conversion of tissue-like
inflammatory monocytes into macrophages. Eur J Immunol (2020) 50(11):1676-90.
doi: 10.1002/¢ji.202048555

44. Roszer T. Understanding the mysterious M2 macrophage through activation
markers and effector mechanisms. Mediators Inflammation (2015) 2015:816460.
doi: 10.1155/2015/816460

Frontiers in Immunology

16

10.3389/fimmu.2023.1165667

45. Koinuma D, Tsutsumi S, Kamimura N, Taniguchi H, Miyazawa K, Sunamura
M, et al. Chromatin immunoprecipitation on microarray analysis of Smad2/3 binding
sites reveals roles of ETS1 and TFAP2A in transforming growth factor beta signaling.
Mol Cell Biol (2009) 29(1):172-86. doi: 10.1128/MCB.01038-08

46. von Andrian UH, Mempel TR. Homing and cellular traffic in lymph nodes. Nat
Rev Immunol (2003) 3(11):867-78. doi: 10.1038/nri1222

47. Bousso P. T-Cell activation by dendritic cells in the lymph node: lessons from
the movies. Nat Rev Immunol (2008) 8(9):675-84. doi: 10.1038/nri2379

48. Wos 1, Tabarkiewicz J. Effect of interleukin-6, -17, -21, -22, and -23 and STAT3
on signal transduction pathways and their inhibition in autoimmune arthritis.
Immunol Res (2021) 69(1):26-42. doi: 10.1007/s12026-021-09173-9

49. Chistiakov DA, Bobryshev YV, Kozarov E, Sobenin IA, Orekhov AN. Intestinal
mucosal tolerance and impact of gut microbiota to mucosal tolerance. Front Microbiol
(2014) 5:781. doi: 10.3389/fmicb.2014.00781

50. Zheng D, Liwinski T, Elinav E. Interaction between microbiota and
immunity in health and disease. Cell Res (2020) 30(6):492-506. doi: 10.1038/
541422-020-0332-7

51. Reynolds JM, Pappu BP, Peng J, Martinez GJ, Zhang Y, Chung Y, et al. Toll-like
receptor 2 signaling in CD4(+) T lymphocytes promotes T helper 17 responses and
regulates the pathogenesis of autoimmune disease. Immunity (2010) 32(5):692-702.
doi: 10.1016/j.immuni.2010.04.010

52. Marks KE, Flaherty S, Patterson KM, Stratton M, Martinez GJ, Reynolds JM.
Toll-like receptor 2 induces pathogenicity in Th17 cells and reveals a role for IPCEF in
regulating Th17 cell migration. Cell Rep (2021) 35(13):109303. doi: 10.1016/
j.celrep.2021.109303

53. Odobasic D, Leech MT, Xue JR, Holdsworth SR. Distinct in vivo roles of CD80
and CD86 in the effector T-cell responses inducing antigen-induced arthritis.
Immunology (2008) 124(4):503-13. doi: 10.1111/j.1365-2567.2007.02802.x

54. Yao Y, Xu XH, Jin L. Macrophage polarization in physiological and pathological
pregnancy. Front Immunol (2019) 10:792. doi: 10.3389/fimmu.2019.00792

55. Desalegn G, Pabst O. Inflammation triggers immediate rather than progressive
changes in monocyte differentiation in the small intestine. Nat Commun (2019) 10
(1):3229. doi: 10.1038/s41467-019-11148-2

56. Zhang F, Wang H, Wang X, Jiang G, Liu H, Zhang G, et al. TGF-beta induces
M2-like macrophage polarization via SNAIL-mediated suppression of a pro-
inflammatory phenotype. Oncotarget (2016) 7(32):52294-306. doi: 10.18632/
oncotarget.10561

57. Bitzer M, von Gersdorff G, Liang D, Dominguez-Rosales A, Beg AA, Rojkind M,
et al. A mechanism of suppression of TGF-beta/SMAD signaling by NF-kappa B/RelA.
Genes Dev (2000) 14(2):187-97.

58. Benus GF, Wierenga AT, de Gorter DJ, Schuringa JJ, van Bennekum AM,
Drenth-Diephuis L, et al. Inhibition of the transforming growth factor beta (TGFbeta)
pathway by interleukin-1beta is mediated through TGFbeta-activated kinase 1
phosphorylation of SMAD3. Mol Biol Cell (2005) 16(8):3501-10. doi: 10.1091/
mbc.e04-11-1033

59. Burgueno JF, Abreu MT. Epithelial toll-like receptors and their role in gut
homeostasis and disease. Nat Rev Gastroenterol Hepatol (2020) 17(5):263-78.
doi: 10.1038/s41575-019-0261-4

60. Podolsky DK, Gerken G, Eyking A, Cario E. Colitis-associated variant of TLR2
causes impaired mucosal repair because of TFF3 deficiency. Gastroenterology (2009)
137(1):209-20. doi: 10.1053/j.gastro.2009.03.007

61. Kole A, He J, Rivollier A, Silveira DD, Kitamura K, Maloy K], et al. Type I IFNs
regulate effector and regulatory T cell accumulation and anti-inflammatory cytokine
production during T cell-mediated colitis. J Immunol (2013) 191(5):2771-9.
doi: 10.4049/jimmunol.1301093

62. Kawashima T, Kosaka A, Yan H, Guo Z, Uchiyama R, Fukui R, et al. Double-
stranded RNA of intestinal commensal but not pathogenic bacteria triggers production
of protective interferon-beta. Immunity (2013) 38(6):1187-97. doi: 10.1016/
j-immuni.2013.02.024

63. Sim H, Jeong D, Kim HI, Pak S, Thapa B, Kwon HJ, et al. CD11b deficiency
exacerbates methicillin-resistant staphylococcus aureus-induced sepsis by upregulating
inflammatory responses of macrophages. Immune Netw (2021) 21(2):e13. doi: 10.4110/
in.2021.21.e13

frontiersin.org


https://doi.org/10.4049/jimmunol.0804369
https://doi.org/10.1053/j.gastro.2013.08.049
https://doi.org/10.1016/s0165-6147(00)01447-4
https://doi.org/10.1016/s0005-2736(98)00161-8
https://doi.org/10.1074/jbc.273.20.12203
https://doi.org/10.1038/383443a0
https://doi.org/10.1038/s41598-017-13511-z
https://doi.org/10.1038/s41467-018-03998-z
https://doi.org/10.5483/BMBRep.2019.52.6.140
https://doi.org/10.4062/biomolther.2019.004
https://doi.org/10.1016/j.cell.2015.10.072
https://doi.org/10.1172/JCI127242
https://doi.org/10.1073/pnas.1818812116
https://doi.org/10.1136/gutjnl-2021-324855
https://doi.org/10.1016/j.biopha.2021.112002
https://doi.org/10.1016/j.jcmgh.2021.07.003
https://doi.org/10.3748/wjg.v24.i16.1779
https://doi.org/10.7554/eLife.27652
https://doi.org/10.1002/eji.202048555
https://doi.org/10.1155/2015/816460
https://doi.org/10.1128/MCB.01038-08
https://doi.org/10.1038/nri1222
https://doi.org/10.1038/nri2379
https://doi.org/10.1007/s12026-021-09173-9
https://doi.org/10.3389/fmicb.2014.00781
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1016/j.immuni.2010.04.010
https://doi.org/10.1016/j.celrep.2021.109303
https://doi.org/10.1016/j.celrep.2021.109303
https://doi.org/10.1111/j.1365-2567.2007.02802.x
https://doi.org/10.3389/fimmu.2019.00792
https://doi.org/10.1038/s41467-019-11148-2
https://doi.org/10.18632/oncotarget.10561
https://doi.org/10.18632/oncotarget.10561
https://doi.org/10.1091/mbc.e04-11-1033
https://doi.org/10.1091/mbc.e04-11-1033
https://doi.org/10.1038/s41575-019-0261-4
https://doi.org/10.1053/j.gastro.2009.03.007
https://doi.org/10.4049/jimmunol.1301093
https://doi.org/10.1016/j.immuni.2013.02.024
https://doi.org/10.1016/j.immuni.2013.02.024
https://doi.org/10.4110/in.2021.21.e13
https://doi.org/10.4110/in.2021.21.e13
https://doi.org/10.3389/fimmu.2023.1165667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cell-penetrating TLR inhibitor peptide alleviates ulcerative colitis by the functional modulation of macrophages
	Introduction
	Results
	Cell-penetrating TLR inhibitor peptide suppresses the proinflammatory activities of macrophages
	cpTLR-i ameliorates colitis and the colonic mucosal inflammation induced by DSS
	cpTLR-i attenuates activation of type 17 helper T cells and modulates inflammatory responses of macrophages in the inflamed colon
	cpTLR-i promotes functional maturation of macrophages with a regulatory phenotype
	cpTLR-i impedes activation of Th17 cells through the modulation of macrophages

	Discussion
	Methods
	Peptides, mice and colitis model
	Macrophage depletion
	Preparation of bone marrow-derived macrophages and cocultivation with CD4 T cells
	Cell viability assay and NO measurement
	RAW 264.7 cell culture and transfection
	Confocal microscopy
	Cytokine measurement and colon explants
	Transcriptomic analysis
	Fecal sample ELISA
	Histology
	Isolation of the colonic lamina propria cells and flow cytometry
	Monocyte isolation and culture
	Quantitative real-time PCR and western blotting
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


