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Abstract

Tightly regulated communication between the gastrointestinal (GI) epithelium and immune cells 

in the underlying lamina propria is critical for immune homeostasis and inflammation. Interleukin 

(IL)-17C, produced by epithelial cells after exposure to inflammatory stimuli, facilitates cell-

to-cell communication by promoting inflammatory responses in Th17 cells. In this study, we 

demonstrate Th17 derived cytokines TNF-α, IL-17A, and IL-22, synergistically enhance IL-17C 

expression in both human transformed colonic epithelial cell lines and primary non-IBD colonic 

epithelial spheroids. This synergistic expression requires activation of the transcription factor 

NF-κB downstream of TNF-α stimulus, evidenced by the reduction of IL-17C expression in 

the presence of an IκBα inhibitor. IL-17A and IL-22 enhance IL-17C expression through the 

activation of the transcription factor AP-1 in a p38 MAPK dependent manner. Colonic spheroids 

derived from uninvolved epithelial of UC patients stimulated with TNF-α, IL-17A, and IL-22 

show muted responses compared to non-IBD spheroids, and inflamed spheroids yielded more 

IL-17C expression in the presence of TNF-α, and no response to IL-22 stimulation. Altogether, 

a role for IL-17C in activating Th17 cells combined with our findings of Th17-derived cytokine 

driven synergy in the expression of IL-17C identifies a novel inflammatory amplification loop in 

the GI tract between epithelial cells and Th17 cells.
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INTRODUCTION

The gastrointestinal (GI) epithelium is the largest surface area in the body and forms 

a barrier between the host and the hostile environment of the intestinal lumen. Within 

the lumen is housed the highest concentration of microbes in the human body, equal in 

number to the totality of human cells (1), which are adjacent to a one cell-layer thick 

epithelium that overlays the largest population of immune cells (2). As the barrier to the 

outside world, this colonic epithelium must maintain its integrity and mount a vigorous 

immune response against pathogens. When the epithelial layer comes in direct contact 

with pathogenic organisms, cells will enhance mucus production, upregulate tight junction 

protein expression, and secrete chemokines and cytokines to recruit and activate immune 

cells to sites of inflammation or infection (3, 4).

Upon colonic infection, Toll-like Receptors are activated, and the epithelial cell layer 

releases a combination of antimicrobial peptides, chemokines, and cytokines to initiate an 

inflammatory response (5). One of the cytokines expressed by epithelial cells is IL-17C 

(6–8). In the colon, the IL-17C receptors, IL-17RA and IL-17RE, are expressed on epithelial 

cells (6, 9, 10), suggesting autocrine functionality. These receptors are also expressed on 

T-helper 17 (Th17) cells (11, 12), indicating communication between epithelial cells and 

this important T cell subtype commonly present in the lamina propria. Th17 cells are 

differentiated from naïve CD4+ T cells after exposure to Transforming Growth Factor-Beta 

(TGF-β), Interleukin 6 (IL-6), IL-21, and IL-23, and upon activation produce IL-17A, 

IL-17F, IL-21, IL-22, Tumor necrosis factor-α (TNF-α), among other cytokines (13–15).

The trademark cytokine released from Th17 cells is IL-17A, secreted as a homodimer or a 

heterodimer with IL-17F. IL-17A engages its receptor IL-17RA/RC, activating transcription 

factors NF-κB, AP-1, and C/EBP via an Act1/TRAF 6 pathway (16–19). In healthy 

individuals, IL-17A is associated with the clearance of bacterial and fungal infections by 

enhancing communication between the innate and adaptive immune systems, consistent 

with the known function of Th17 cells. Aberrant expression of IL-17A leads to a variety 

of diseases including autoimmunity, cancer, and counterintuitively, attenuated host defense 

against pathogens (20).

IL-22, another cytokine produced by Th17 cells, enhances the barrier function of epithelial 

cells (15, 21). Binding of IL-22 to the IL-22 receptor, composed of IL-22Rα1 and IL-10Rβ, 

recruits Jak1 and Tyk2, which facilitate STAT1, 3, and 5 activation, and to a lesser extent, 

MAPK pathway activation (22). Whereas IL-22 activity is protective in the colon, enhanced 

levels of IL-22 at other barrier surfaces (e.g., skin) exacerbates inflammation (21, 23–26), 

underscoring the importance for tight regulation of IL-22 expression and function to balance 

health and disease.

TNF-α is a potent activator of both cell survival and apoptosis and enhances 

proinflammatory mediator expression (27, 28). Ligation of TNF-α to the TNFR-1 receptor 

leads to the recruitment of TNFR associated death domain (TRADD) and TNFR associated 

factor 2 (TRAF2), which initiate signal transduction pathways leading to the activation 

of NF-κB and AP-1 (28). The link between TNF-α dysregulation and autoimmune and 
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autoinflammatory conditions has been thoroughly established, as this cytokine is a regularly 

used as a therapeutic target for diseases throughout the body (29, 30).

Recognizing that IL-17C is capable of activating Th17 cells during inflammatory 

conditions(11, 31), we characterized the ability of Th17 cells to induce the expression of 

IL-17C, using a selection of Th17 derived cytokines TNF-α, IL-17A, and IL-22, based on 

their distinct roles in intestinal health, connection to Inflammatory Bowel Disease (IBD), 

and the reported cooperativity between IL-17A and TNF-α (32–35), between IL-17A and 

IL-22 (36), and between IL-17A, TNF-α, and IL-22 (37, 38). In this study, we show that the 

Th-17 derived cytokines, TNF-α, IL-17A, and IL-22 synergize to stimulate the expression 

IL-17C in colon epithelial cells in an NFκB, p38, and AP-1-dependent manner. This novel 

finding suggests that IL-17C may contribute to inflammatory conditions in which Th17 cells 

are activated.

MATERIALS AND METHODS

Cell Culture

The human colorectal adenocarcinoma cell lines HT-29, DLD-1, and Caco-2 (purchased 

from American Type Culture Collection) were mycoplasma-free (tested monthly) and 

cultured in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal calf 

serum (FCS, Corning) at 37°C with 5% CO2. Cells were seeded 2 d before performing 

experiments to allow for cell attachment and growth to reach 50–70% confluence in 12-well 

35mm2 culture plates for RT-qPCR and ELISA experiments, and 6-well, 96mm2 culture 

plates for immunoblot experiments.

Human colonic epithelial spheroids were generously provided by Dr. Stappenbeck, under 

University Hospitals Cleveland Medical Center IRB protocol #01-06-11, and were cultured 

according to the methods described in VanDussen, KL et al. (39). All non-IBD and UC-

derived spheroids proliferated at the same rate. Demographic information on the participants 

is shown in Table 1. Briefly, spheroids were thawed, washed in DMEM/F12, carefully 

suspended in Matrigel and plated in 24 or 48 well plates. The plate was flipped and Matrigel 

was allowed to harden for 15 min at 37°C to ensure that epithelial cells did not adhere to 

the surface plastic. Cells were grown in culture media (50% L-WRN media made in house: 

50% DMEM/F12) supplemented with 20% FBS, EGF 500ng/ml, FGF 50ng/ml, TGFβIR 

inhibitor 10uM, and Rock inhibitor 10uM at 37°C with 5% CO2. Media was changed every 

2–3 days and cells were passaged using 1mM EDTA followed by vigorous pipetting in 

TryplE at 37°C every 4th day depending on confluency.

Cytokines

Recombinant human (rh) TNF-α, IL-17A, IL-22, and IL-17C were purchased from R&D 

Systems. Unless stated otherwise, IL-17A and IL-17C were used at a concentration of 100 

ng/mL, IL-22 at 10 ng/mL, and TNF-α at 50 ng/mL.
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Pharmacological Inhibitors

NF-κB inhibitor Bay 11–7082 (30 μM; Sigma-Aldrich), p38 MAPK inhibitor SB202190 (1 

μM; Tocris bio-techne), ERK inhibitor FR 180204 (30 nM - 10 μM; Tocris bio-techne), JNK 

inhibitor TCS JNK 6o (30 nM - 10 μM; Tocris bio-techne), AP-1 Inhibitor SR 11302 (10μM 

- 100μM; Tocris bio-techne), and MEK inhibitor U0126 (100 μM; Promega). Actinomycin D 

(Sigma-Aldrich) was used at a concentration of 10 μg/mL.

Enzyme-linked Immunosorbent Assay

Cell culture conditioned media was collected and IL-17C expression was detected with 

the IL-17C Duo Set ELISA (R&D Systems), performed following the manufacturer’s 

instructions.

RT-qPCR

RNA was isolated using the PureLink RNA Mini Kit (Thermo Fisher Scientific) and 

reverse transcribed (0.4 μg RNA) with the High-Capacity RNA-to-cDNA Kit (Thermo 

Fisher Scientific). qPCR was performed using Power-SYBR green reagents (Thermo Fisher 

Scientific). Primer sequences are listed in Table 2. Fold changes in IL-17C mRNA levels 

were calculated in Excel (Microsoft) using the standard 2−ΔΔCT method, normalized using 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Protein Isolation

Whole cell lysates were prepared by washing cells in 500 μL PBS and lysed in 75 μL 1x 

Cell Lysis Buffer (Cell Signaling Technology) supplemented with the Halt protease and 

phosphatase inhibitor at a 1:100 dilution (Thermo Fisher Scientific). After lysis samples 

were kept on ice for 15 min, followed by a clearing centrifugation of 12,000 × g for 15 

min at 4°C. Protein concentrations in the supernatant were determined using the QuickStart 

Bradford Protein Assay Kit (Bio-Rad). Lysate volumes were adjusted to mix 20 μg of 

protein with 5x Laemmli buffer at a 5:1 ratio and boiled for 5 min before electrophoresis.

Nuclear Fractionation

Cells cultured in a 6-well plate were washed with PBS, collected into Eppendorf tubes using 

a cell scraper, transferred to ice, and lysed with Buffer A (10 mM HEPES, 10 mM KCl, 0.1 

mM EDTA, 0.1 mM EGTA, 1 mM DTT, with protease inhibitors) for 15 min. 0.6% NP-40 

was added to the lysis buffer and the samples were vortexed, followed by a centrifugation 

spin of 12,000 × g for 30 s at 4°C. The pelleted nuclei were washed with additional Buffer 

A, and then lysed in Buffer B (20 mM Hepes, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 

1 mM DTT, with protease inhibitors) for 30 min on ice, vortexing every 10 min. Samples 

were centrifugated at 12,000 × g for 10 min. The supernatant was collected, and protein was 

quantified using the QuickStart Bradford Protein Assay Kit.

Antibodies

Antibodies used were mouse anti-RelA (1:1,000 dilution of F-6, Santa Cruz), mouse 

anti-p50 (1:500 dilution of E-10, Santa Cruz), mouse anti-hnRNP-A1 (1:5,000 dilution of 

4B10, Santa Cruz), mouse anti-GAPDH (1:1000 dilution of 6C5, Thermo Fisher Scientific), 
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rabbit anti-IL-22Rα1 (1:1,000 dilution of ab5984, Abcam), goat anti-IL-17RA (1:1000 

dilution of AF177, R&D Systems), rabbit anti-p38 (1:5,000 dilution of D13E1, Cell 

Signaling Technology), rabbit anti-phospho-p38 (1:1,000 dilution of #9211, Cell Signaling 

Technology), rabbit anti-ERK 1/2 (1:10,000 dilution of #EPR17526, Abcam), rabbit anti-

phospho-ERK 1/2 (1:500 dilution of 197G2, Abcam), rabbit anti-JNK1/2/3 (1:1,000 dilution 

of EPR167979, Abcam), rabbit anti-phospho-JNK1/2/3 (1:2,000 dilution of EPR5693, 

Abcam), rabbit anti-ATF-2 (1:1000 dilution of D4L2X, Cell Signaling Technology), and 

rabbit anti-phospho-ATF-2 (1:1000 dilution of A8J7P, Cell Signaling Technology). The 

secondary antibodies conjugated to horseradish peroxidase (HRP) were goat anti-rabbit 

IgG-HRP (Millipore), goat anti-mouse IgG-HRP (Thermo Fisher Scientific), rabbit anti-goat 

IgG-HRP (R&D Systems), and rabbit anti-sheep IgG-HRP (Abcam) used at a 1:10,000 

dilution.

Surface staining antibodies used for flow cytometry were APC anti-human CD217 

(Biolegend, W15177A), FITC anti-human IL-17RC (Miltenyi Biotec, REA571), PE anti-

human CDw210b (IL-10Rβ, Miltenyi Biotec, REA848), and DyLight 405 anti-human 

IL-22Rα1 (R&D Systems, 305405).

SDS-PAGE and Immunoblot Analysis

Protein samples were separated using 10–12% polyacrylamide gel electrophoresis, as noted 

in the figure legends, followed by a transfer onto an ImmunoBlot PVDF membrane 

(Bio-Rad). Membranes were blocked in 5% dried milk in TBST (20mM Tris, 150mM 

NaCl, 0.1% Tween-20, pH 7.5) and incubated overnight at 4°C with primary detection 

antibodies. Membranes were washed 3 × 10min with TBST, then treated with secondary 

HRP-conjugated antibodies for 1 h at RT. Membranes were washed 3 x with TBST for 10 

min, followed by 3 × 10min washes with TBS (20mM Tris, 150mM NaCl, pH 7.5). Protein 

was detected using WesternBright Sirius HRP Substrate (Advansta).

Flow Cytometric Analysis

HT-29 cells were stimulated with TNF-α for 3 h, then washed with PBS and incubated 

with Trypsin/EDTA solution for 5 min at 37°C. Cells were centrifuged at 300g for 3 

min and resuspended in FACS buffer (Dulbecco’s Phosphate Buffered Saline with 0.005% 

sodium azide and 0.1% Bovine Serum Albumin). To assure a single cell suspension, cells 

were passed through an 18-gauge needle and filtered through a 40 μm cell strainer. Cell 

concentrations were adjusted to 2×106 cells/mL and were incubated with antibodies for 30 

min at 4°C before analysis on an LSRFortessa cytometer (BD Biosciences). Samples were 

analyzed and gated using FCS and SCS through FlowJo.

Reproducibility and Statistical Analysis

Each experiment was repeated a minimum of three times. Each data point represents 

distinct experimental biological replicates, averaged among 3 replicate wells and technical 

duplicates during ELISA or RT-qPCR analysis of those wells. Graphs were generated 

in Prism (GraphPad), and P values calculated using statistical tests as stated in the 

corresponding figure legends.
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RESULTS

IL-17C is synergistically upregulated in the presence of Th-17 derived cytokines

To understand how IL-17C expression is regulated in the colon in response to Th17 

cell activation, the human colonic adenocarcinoma cell line HT-29 was stimulated with 

sub-saturating concentrations of TNF-α, IL-17A, and IL-22. When the cytokines were 

added to culture individually, TNF-α alone induced the highest levels of IL-17C mRNA 

and protein expression (Figure 1a,b). Although stimulation with either IL-17A or IL-22 

alone yielded modest increases in IL-17C mRNA expression (3.6 and 1.6 fold induction, 

respectively), we saw a marked amplification of IL-17C expression when pairing these 

cytokines with TNF-α (Figure 1a,b). When cells were stimulated with all three cytokines 

concurrently, we witnessed on average an incredible synergistic 11,000-fold increase in 

IL-17C mRNA expression and greater than 13 ng/mL in IL-17C protein expression (Figure 

1a,b). Because TNF-α was a required stimulant for IL-17C expression, cells were stimulated 

with either TNF-α alone, pairwise with IL-17A or IL-22, or all three cytokines together, 

and IL-17C expression measured over time. Synergistic IL-17C production after triple 

cytokine stimulation was maximal at 5 h for mRNA expression and 24 h for protein 

expression (Figure 1c–f). All subsequent protein and mRNA analyses were completed at 

these timepoints unless otherwise stated. To demonstrate the universality of this synergistic 

response, we surveyed different colonic cell lines for their ability to express IL-17C in 

response to cytokine stimulation. The synergistic increase in IL-17C production in response 

to all three cytokines was observed in the additional cell lines tested (Caco-2, DLD-1 

Supplemental Figure 1). HT-29 cells were selected as the model system due to their robust 

response and dynamic range of IL-17C production, allowing for studies on the mechanism 

of action.

The presence of IL-17C in culture does not enhance or inhibit its own expression

Due to the dramatically increased levels of IL-17C protein in cytokine-stimulated culture 

and recognizing that the IL-17C receptor subunits IL-17RA and IL-17RE are both expressed 

on colonic epithelial cells (6, 9, 10), we tested whether the robust secretion of IL-17C was 

promoting additional production of IL-17C expression. IL-17RA is a shared receptor subunit 

between IL-17A and IL-17C, thus inhibiting IL-17RA would also inhibit IL-17A-induced 

expression of IL-17C. In the absence of a commercially available neutralizing antibody 

for IL-17RE, epithelial cells were instead treated with IL-17A, IL-22, and TNF-α with or 

without the addition of IL-17C (Figure 1g). The presence of excess IL-17C did not lead to 

either a decrease or increase of IL-17C mRNA expression, indicating that autocrine activity 

of IL-17C does not directly influence its own expression.

TNF-α does not prime colonic epithelial cells to respond to IL-17A or IL-22

The time course of IL-17C mRNA expression (Fig. 1c,d) reveals that TNF-α stimulated 

IL-17C mRNA levels peak at 2 h and decline to baseline thereafter. It appears that the 

synergy initiated by IL-17A and IL-22 is achieved by a sharp increase in IL-17C mRNA 

synthesis that expands dramatically for the next 3 h. These results suggest the possibility that 

within the first 3 h TNF-α primes colonic epithelial cells to respond to IL-17A and IL-22. 

To test this hypothesis, the expression of the IL-17A receptor chains IL-17RA and IL-17RC, 
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and IL-22 receptor chains IL-10Rβ and IL-22Rα1, were measured via flow cytometry 

(Figure 2a) and immunoblot (Supplemental Figure 2). Basal expression of all four receptor 

subunits was not altered by cytokine stimulation.

An alternate approach to evaluate the possibility that TNF-α primes intestinal epithelial cells 

for an IL-17A and IL-22 response is to delay the addition of IL-17A and IL-22 until 3 h. The 

delayed addition of IL-17A and IL-22 resulted in significantly decreased levels of IL-17C 

mRNA synthesis in comparison to the simultaneous addition of all three cytokines at culture 

initiation (Figure 2b). Delaying cytokine addition was comparable to that of the pairwise 

treatment of the other two cytokines, suggesting IL-17A and IL-22 signaling pathways are 

activated immediately and the first three hours of culture are critical to achieve synergy.

IL-17A does not stabilize the mRNA transcripts of IL-17C

Studies have demonstrated that IL-17A can not only enhance expression of inflammatory 

genes via transcription but can also stabilize the mRNA transcripts of certain genes through 

an Act1-mediated mechanism (34, 40). To determine if mRNA transcripts for IL-17C 

were stabilized by IL-17A, cells were stimulated with TNF-α or TNF-α and IL-17A 

for 1 h, followed by treatment with Actinomycin D. mRNA expression levels of IL-17C 

were assessed at 30, 60, 90, and 120 min to calculate half-life. Using CXCL1 transcripts 

as a positive control for IL-17A-mediated increased mRNA half-life, it was determined 

that IL-17C mRNA transcripts are not stabilized in the presence of IL-17A stimulus 

(Supplemental Figure 3). This result confirms the findings of Friedrich et al. (35).

Transcription factor NF-κB downstream of TNF-α is necessary for IL-17C expression

Previous studies have shown that TNF-α regulates IL-17C production through activation 

of the transcription factor NF-κB (35, 41, 42). To determine the contribution of NF-κB 

activation for the synergistic expression of IL-17C, NF-κB translocation into the nucleus 

was inhibited with Bay 11 7082, as demonstrated via immunoblot (Figure 3a). Using 

an optimized, non-toxic concentration of the inhibitor, IL-17C expression, induced by all 

cytokine treatment combinations, was completely inhibited at the mRNA and protein levels 

(Figure 3b,c). This finding indicates that IL-17C production is dependent on TNF-α-induced 

NF-κB translocation and that IL-17A and IL-22 mediated synergy does not occur in the 

absence of NF-κB signaling.

IL-17A or IL-22 do not enhance canonical NF-κB translocation

In addition to TNF-α-mediated activation of NF-κB, IL-17A has also been shown to 

activate this transcription factor (18), suggesting the synergy dependent on IL-17A may 

be due to enhanced translocation of the canonical subunits of NF-κB RelA/p65 and p50. 

Intestinal epithelial cells were stimulated with TNF-α and IL-17A alone or in combination 

and the nuclear translocation of NF-κB followed by immunoblot. Cytosolic and nuclear 

fractionation of the stimulated cells showed that TNF-α activated both RelA and p50 

nuclear translocation, while IL-17A alone did not (Figure 4). In combination, there was no 

appreciable increase of RelA or p50 activity, indicating that IL-17A mediated synergistic 

production of IL-17C is not regulated through NF-κB. In addition, IL-22 did not activate 

RelA and p50 translocation alone and in combination with TNF-α (Supplemental Figure 4).
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Inhibition of MEK, JNK, and ERK 1/2 does not affect IL-17C expression

Alternate signaling pathways activated downstream of TNF-α, IL-17A, and IL-22 were 

investigated for their role in regulating IL-17C expression. We first investigated if the 

MAPKs, ERK 1/2 and JNK, regulate synergistic production of IL-17C, due to their known 

function in TNF-α, IL-17A, and IL-22 signaling. Neither a selective pharmacological 

inhibitor of ERK 1/2 nor JNK decreased IL-17C production in the presence of all three 

cytokines (data not shown). In light of the regulation of the MAPK family by MEK, we 

chose to block MEK1/2, a kinase upstream of ERK and JNK. Neither IL-17C protein 

nor mRNA expression decreased in the presence of the MEK inhibitor (Figure 5a,b). 

In fact, in cells treated pairwise with TNF-α and IL-22, there was a slight increase 

in IL-17C expression in the presence of the MEK inhibitor. Immunoblot analysis of 

both phosphorylated and total amounts of the three MAPKs showed that at the lowest 

concentration of the MEK inhibitor, there was striking inhibition of ERK and p38, not JNK, 

phosphorylation (Figure 5c).

Critical role for MAPK p38 in the synergistic expression of IL-17C in cells treated with 
TNF-α, IL-17A, and IL-22

The known cross-regulation observed among the MAPK pathways (43) suggests that the 

third MAPK p38, which activates the transcription factor AP-1 and is triggered downstream 

of TNF-α and IL-17A and to a lesser extent IL-22. Intestinal epithelial cells were pretreated 

with the p38 inhibitor SB202190 followed by stimulation with TNF-α, IL-17A, and 

IL-22. The effectiveness of this inhibitor was demonstrated by its ability to block ATF-2 

phosphorylation (80% decrease of phospho-ATF-2 in the presence of SB202190, TNF-α, 

IL-17A, and IL-22 compared to cells stimulated without inhibitor). Addition of the p38 

inhibitor significantly decreased the degree of IL-17C synergistic expression in the presence 

of TNF-α, IL-17A, and IL-22 stimulation (Figure 6a,b). Stimulation with TNF-α alone 

showed no change in IL-17C mRNA or protein expression in the presence of the p38 

inhibitor, indicating that TNF-α mediated activation of p38 does not contribute to IL-17C 

regulation (Figure 6a,b). While the decrease in IL-17C production when cells were treated 

pairwise with TNF-α and IL-17A or TNF-α and IL-22 in the presence of the inhibitor did 

not reach significance, the reduction in IL-17C expression is noteworthy (Figure 6a,b).

AP-1 plays an essential role in synergistic expression of IL-17C

To determine if MAPK p38 regulates IL-17C expression through the transcription factor 

AP-1, pharmacological and RNA silencing inhibition of AP-1 was performed using the 

inhibitor SR 11302. AP-1 (activating protein-1) is a collective term referring to dimeric 

transcription factors composed of cJun, cFos or ATF (activating transcription factor) 

subunits that bind to a common DNA site, the AP-1-binding site. Similar to the results 

obtained with the p38 inhibitor, decreased expression of IL-17C was seen in the pairwise 

treatments with TNF-α and IL-17A and with TNF-α and IL-22 with SR11302, and 

significant downregulation was observed in the triple cytokine treated cells (Figure 6c). 

Together, these findings underscore a role for the MAPK p38 in IL-17C-induced synergy 

and indicate that p38 is likely inducing the expression of IL-17C through the transcription 

factor AP-1.
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Synergy of IL-17C expression induced by TNF-α, IL-17A, and IL-22 is seen in colonic 
epithelial stem cell spheroids

To confirm that the synergy between TNF-α, IL-17A, and IL-22 is physiologically relevant, 

colonic epithelial stem cell spheroids derived from non-IBD affected donors were stimulated 

with combinations of the Th17-derived cytokines. Similar to the transformed cell line data, 

TNF-α was the primary stimulus for IL-17C production in these cells, and both IL-17A and 

IL-22 pairwise with TNF-α demonstrated synergistic increases in expression (Figure 7a). 

The addition of all three Th17-derived cytokines stimulated a 1,500-fold increase in IL-17C 

mRNA expression in primary spheroid culture. These findings in the primary spheroids 

not only support synergistic Th17 cell mediated expression of IL-17C but suggest that the 

mechanisms uncovered in the transformed cell lines likely play a role in IL-17C regulation 

in vivo.

Primary colonic epithelial spheroids derived from patients with Ulcerative Colitis respond 
differently to Th17 derived cytokine stimulation than spheroids from non-IBD participants

In agreement with the results seen with non-IBD colonic spheroids, colonic epithelial 

stem cell spheroids derived from Ulcerative Colitis (UC) patients from uninvolved areas 

responded to the cytokines singly and in combination with an identical pattern, although 

the response was notably muted as seen by lower expression of IL-17C mRNA across all 

treatment conditions (Figure 7b). In contrast, the spheroids derived from inflamed regions of 

UC colon showed stronger IL-17C mRNA expression in the presence of TNF-α stimulation 

alone compared to that of both non-IBD and uninvolved spheroids. However, the pairwise 

and overall synergy among all three cytokines was not observed, as inflamed UC spheroids 

do not respond to IL-22 stimulation (Figure 7b). To evaluate if the difference in response 

between non-IBD and inflamed UC derived spheroids was due to a change in cytokine 

receptor expression, levels of IL-17RA, IL-17RC, IL-10Rβ, and IL-22Rα1 expression were 

determined via flow cytometry. Results show no differences in their expression between 

non-IBD and UC patient-derived spheroids (Figure 7c). These results highlight novel 

differences in the response to Th17 derived cytokines in the context of UC, suggesting that 

disease progression may be due to changes both in immune cell activity and the reciprocal 

responses of the inflamed epithelium.

DISCUSSION

In this study we demonstrated that a combination of cytokines, a signature of Th17 cells 

(13–15), regulates expression of IL-17C in the colon, inducing IL-17C mRNA and protein 

levels by greater than 11,000-fold in an intestinal epithelial cell line and 1,500-fold in a 

primary culture of human colonic spheroids, clearly indicating a strong synergy among the 

three cytokines tested. The induction parameters and kinetics of IL-17C mRNA expression 

indicated that TNF-α was the primary stimulant of IL-17C transcription, with mRNA 

levels maximal. Strikingly, the addition of IL-17A and/or IL-22 enhanced IL-17C mRNA 

expression only after TNF-α induction reached its maximum, suggesting that the observed 

synergy is due to a maintenance and expansion of ongoing transcription, as opposed to 

increased transcription at the initiation of gene expression. This prolonged activation of 

IL-17C expression beyond that which TNF-α could achieve alone suggested initially that 

Swedik et al. Page 9

J Immunol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TNF-α was priming the epithelial cells to respond better to IL-17A and IL-22 stimuli. 

However, our findings indicate that this was not the mechanism of action, as the receptor 

dimers for both IL-17A and IL-22 are expressed basally by the cells, and stimulation with 

TNF-α did not affect these expression levels. While it is formally possible that TNF-α 
may induce the expression of downstream signaling molecules within the IL-17A and IL-22 

transduction pathways, this is unlikely since synergistic expression of IL-17C was lost when 

addition of either IL-17A or IL-22 was delayed.

It was previously reported that IL-17C expression is induced by the combination of TNF-α 
and IL-17A (35), yet the mechanism for this induction was unknown as was the dramatic 

11,000-fold synergy seen with the inclusion of IL-22. To define the mechanism of synergy, 

we initially focused on the transcription factor NF-κB, which is activated downstream of 

TNF-α and IL-17A (17, 28). Due to the nature of the IκBα inhibitor used (44), the activity 

of all canonical and non-canonical NF-κB subunits were inhibited, although we did indeed 

limit our biochemical analysis to translocation of the canonical subunits Rel-A and p50. 

Since inhibition of IL-17C synergy was complete in the presence of the IκBα inhibitor, it 

is not likely that IL-17A or IL-22 will increase the activation or translocation of alternate 

NF-κB subunits, Rel-B, c-Rel, or p52, complementing our observation of their not affecting 

activation of p65 and p50.

The contribution of the MAP kinase pathway to synergy proved to be far more complex. 

Neither ERK 1/2 nor JNK inhibition affected IL-17C expression (data not shown), while 

the p38 MAPK inhibitor and the AP-1 inhibitor both reduced levels of synergy in cells 

stimulated with TNF-α, IL-17A, and IL-22. Of note, inhibiting these pathways did not block 

pairwise induction of IL-17C (i.e., IL-17A and TNF-α or IL-22 and TNF-α), suggesting 

cooperation between dual IL-17A and IL-22 signaling pathways. While difficult to address 

in the current model, we propose that both IL-17A and IL-22 activate p38 MAPK more 

robustly when together in culture. When we targeted a kinase upstream of p38 MAPK with 

the MEK inhibitor U0126, phosphorylation of both p38 and ERK 1/2 was inhibited, yet, 

surprisingly, the MEK inhibitor did not block IL-17C expression. While we acknowledge 

that the p38 and MEK inhibitors are mechanistically different (45) lack of inhibition by 

U0126 was unexpected. One consideration is U0126 also decreases expression of the 

Dual Specificity Phosphatase 4 (DUSP4) (46), which dephosphorylates ERK, and to a 

lesser extent, JNK (47). Recognizing that the MAPK signaling cascade is a network of 

cross-communication and not linear (43), U0126 may also be inadvertently promoting JNK 

activity via downregulation of DUSP4, which, in turn, compensates for the loss of p38 and 

ERK signaling. This hypothesis, admittedly untested, is supported by our finding that at high 

concentrations of U0126, phosphorylation of JNK is increased.

Our proposal to consider the possible role of DUSP4 in this model is also supported 

by the observation that downregulation of DUSP4 in cells stimulated with TNF-α is NF-

κB dependent (46). There is an 80% decrease of expression of DUSP4 in human lung 

microvascular endothelial cells (HMVECs) stimulated with TNF-α at 2 h, a decrease that 

is maintained for 48 h (46). In intestinal epithelial cells stimulated with TNF-α, IL-17A, 

and IL-22, there is a sharp increase in IL-17C mRNA expression between 2 and 3 h of 

stimulation, possibly due to a TNF-α / NF-κB-mediated decrease in DUSP4, leading to 

Swedik et al. Page 10

J Immunol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



enhanced activation of the MAPK pathways activated downstream of both IL-17A and 

IL-22. This crosstalk between the NF-κB and MAPK signaling pathways may also account 

for the complete ablation of IL-17C expression in the presence of the NF-κB inhibitor.

In addition to the mechanistic studies performed in transformed cell lines, the use of colonic 

stem cell spheroids provides additional insight into cytokine regulation of IL-17C expression 

in non-IBD individuals and patients with UC. The data derived from non-IBD colonic 

spheroids demonstrated that the regulation of IL-17C expression seen downstream of TNF-

α, IL-17A, and IL-22 stimulation is not unique to transformed cell lines. This also suggests 

that the mechanisms behind IL-17C regulation are relevant in humans. Compared to non-

IBD colonic spheroids, those derived from the uninvolved colon of UC patients showed a 

similar pattern of cytokine-induced IL-17C expression, although IL-17C expression levels 

were only about 15% of the non-IBD control spheroids. We propose that the muted 

response to Th17 derived cytokines by the UC patient spheroids may in part be due to their 

sourcing from a chronic inflammatory environment. In stark contrast, IL-17C expression in 

colonic spheroids from inflamed regions of UC patients showed a distinct pattern altogether. 

Inflamed UC spheroids responded more robustly to TNF-α stimulation than did non-IBD 

cells, which is consistent with TNF-α exacerbating UC inflammation (48). This observation 

suggests that in addition to the increased levels of TNF-α in UC tissue, the inflamed 

epithelium in the UC colon is also more responsive to TNF-α exposure. In addition, 

the inflamed UC spheroids demonstrated little to no response to IL-22 stimulation. To 

investigate these differences, the expression of the receptors for both IL-22 and IL-17A 

were analyzed, and there were no significant differences in expression of these receptors in 

UC spheroids vs. non-UC spheroids. In healthy individuals, IL-22 expression in the gut is 

important for functions such as mucosal healing, improved barrier function, and expression 

of anti-microbials (24, 49). The lack of activation of IL-17C expression in the presence 

of IL-22 in UC patients underscores the loss of IL-22 mediated protection and implicates 

IL-17C as being a part of this inflammatory axis. As one might predict when studying 

human disease with cells in primary culture, the spread of the response is broad; however, 

the conclusions drawn, after analyzing the data in aggregate or individual by individual, hold 

true.

IL-17C is associated with a number of autoimmune and autoinflammatory diseases (8). 

As inflammatory Th17 cell function is also linked to IBD (14), we propose that IL-17C 

may play an important role in IBD pathogenesis, as this synergy is absent in UC patient 

derived spheroids. Future studies of the effects of Th17 derived cytokines on the epithelium 

should include a more comprehensive analysis of the gene expression of inflammatory 

mediators and an in vivo characterization of the regulation of IL-17C gene expression in 

IBD. Understanding the mechanism behind IL-17C regulation in the context of disease will 

expand our options for selecting novel therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS

• TNF-α induces IL-17C in colonic epithelial cells via an NF-κB mediated 

pathway.

• IL-17A and IL-22 synergistically increase IL-17C expression through p38 

MAPK.

• Primary colonic spheroids from UC vs non-UC patients express IL-17C 

differently
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Figure 1. Th-17 derived cytokines TNF-α, IL-17A, and IL-22 synergistically stimulate the 
expression of IL-17C mRNA and protein in colonic epithelial cells.
HT-29 cells were treated with TNF-α (50 ng/mL), IL-17A (100 ng/mL), and IL-22 (10 

ng/mL). RNA was extracted from cells after 5 h (a) or over a period of 6 h (c) and analyzed 

via RT-qPCR, where IL-17C fold induction (2−ΔΔCT) was controlled against GAPDH mRNA 

levels. Note that the panel in the gray box to the right of Fig. 1a is an expanded view of 

the first five treatment conditions. Conditioned media was harvested after 24 h (b) or over a 

period of 48 h (e) and tested for IL-17C protein via ELISA. The panel in the gray box below 

Fig. 1e is an expanded view of the no treatment and TNF-α stimulated conditions. HT-29 

cells were treated with the given combinations of TNF-α (50 ng/mL), IL-17A (100 ng/mL), 

IL-22 (10 ng/mL), and IL-17C (100 ng/mL) for 5 h. RNA was extracted as described and 

fold induction was controlled against GAPDH (g). Statistical analysis was completed using 

a one-way ANOVA (a, b, and g) or two-way ANOVA (c/d and e/f) with Dunnett’s multiple 
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comparisons test against TNF-α treatment alone. *, p<0.05; ***, p=0.0001; ****, p<0.0001. 

Each data point represents three separate experiments of biological replicates.
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Figure 2. TNF-α stimulation does not prime cells to respond to IL-17A or IL-22.
Cells were stimulated with the stated combinations of cytokines for 3 h, and cells were 

prepared for flow cytometry analysis detecting IL-17RA, IL-17RC, IL-10Rβ, and IL-22Rα1 

(a). Cells were stimulated with the stated combinations of cytokines for 5 h, or IL-17A 

or IL-22 were added 3 h after stimulation with TNF-α, as noted. RNA was extracted 

and analyzed by RT-qPCR, where IL-17C fold induction (2−ΔΔCT) was controlled against 

GAPDH mRNA levels (b). Statistical analysis was completed using a one-way ANOVA with 

Dunnett’s multiple comparisons test as shown. ****, p<0.0001. Each data point represents 

three separate experiments of biological replicates.

Swedik et al. Page 19

J Immunol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. NF-κB activation is necessary for IL-17C expression.
Cells were pretreated with NF-κB inhibitor Bay 11–7082 (30 μM) or DMSO for 1 h, 

followed by addition of TNF-α, IL-17A, and IL-22 for 30 min. Immunoblot analysis was 

performed on nuclear and cytosolic fractions detecting p65, p50/105, hnRNP A1, and 

GAPDH (a). RNA (b) and conditioned media (c) were collected at 5 and 24 h, respectively, 

and analyzed as described in legend to Fig. 1. The horizontal dotted line in (c) denotes the 

limit of detection for the ELISA. Statistical analyses were completed using Welch’s two 

tailed t tests. *, p<0.05; **, p<0.01. Each data point represents three separate experiments of 

biological replicates.
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Figure 4: IL-17A does not increase the nuclear translocation of NF-κB subunits p65 or p50 above 
that of TNF-α alone.
Cells were treated with TNF-α and/or IL-17A for 30, 60, or 120 min. 20 μg of cell 

lysate were fractionated on a 12% polyacrylamide gel. Immunoblot analysis was performed 

on nuclear and cytosolic fractions detecting p65, p50/105, hnRNP A1, and GAPDH. 

Representative blot of 5 independent experiments.
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Figure 5: Synergistic IL-17C stimulation is not dependent on the MEK-ERK pathway.
Cells were pretreated with MEK inhibitor U0126 (100 μM) or DMSO for 1 h, followed 

by cytokine treatment. IL-17C protein at 24 h (a) and mRNA at 5 h (b) were quantified 

as previously described in the legend to Fig 1. Cell lysates were collected after a 1 h pre-

treatment with U0126 at concentrations ranging from 3 μM – 300 μM and 15 min of TNF-α, 

IL-17A, and IL-22 stimulation. 20 μg of protein were separated on a 10% polyacrylamide 

gel, which was probed for phospho- and total ERK, JNK, and p38 (c). Statistical analysis in 

panels a and b performed using a one-way ANOVA demonstrated no significant differences 

between cells with or without U0126 pretreatment. Each data point represents three separate 

experiments of biological replicates.
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Figure 6: Synergistic induction of IL-17C expression is dependent on p38 and AP-1 activity.
Cells were pretreated with p38 inhibitor SB202190 (1 μM) (a,b), AP-1 inhibitor SR 11302 

(50μM) (c), or DMSO for 1 h, followed by addition of cytokines, as noted. IL-17C protein 

at 24 h (a) and mRNA at 5 h (b,c) were quantified as previously described in the legend to 

Fig 1. The insert in Fig 6b is an expanded view of the first 4 treatment conditions. Statistical 

analysis was done using a one-way ANOVA with Dunnett’s multiple comparisons. **, 

p<0.01; ****, p<0.0001. Each data point represents three separate experiments of biological 

replicates.
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Figure 7: Primary non-IBD and UC uninvolved human colonic spheroids, but not UC involved 
cells, stimulated with Th17-derived cytokines synergistically induce IL-17C expression.
Primary human colonic spheroids from non-IBD affected individuals (a) and UC donors 

(b) were stimulated with TNF-α (50 ng/mL), IL-17A (100 ng/mL), and IL-22 (10 ng/mL). 

RNA was collected at 5 h, and IL-17C mRNA quantified as previously described in the 

legend to Fig 1. Statistical analysis was completed using a one-way ANOVA with Dunnett’s 

multiple comparisons. **, p=0.0035; ****, p<0.0001. Each data point represents separate 

experiments of biological replicates for distinct spheroids derived from different donors. 

Spheroids from non-IBD individuals and UC donors were prepared for flow cytometry 

analysis detecting IL-17RA, IL-17RC, IL-10Rβ, and IL-22Rα1 (c).
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Table 1:

Participant Demographics

Patient ID Patient Diagnosis Involved/Uninvolved tissue region Age @ Access Sex (Male/Female) Race/Ethnicity

H292 N n/a* 57 F White

H262 N n/a* 56 F White

Hu303 UC Uninvolved N/A** N/A** N/A**

Hu252 UC Uninvolved 18 M Hispanic

Hu144 UC Involved 37 F White

Hu178 UC Involved 50 M White

(N= non-IBD/healthy; UC= ulcerative colitis; n/a*= Not applicable; N/A**= Not available; M= male; F=female)
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Table 2:

Primer Sequences

Gene Primer Sequence (5’->3’)

GAPDH
AAATTGAGCCCGCAGCCT

TAAAAGCAGCCCTGGTGACC

IL-17C
AGGTGTTGGAGGCAGACA

CATCGATACAGCCTCTGCAC

CXCL1
CACACTCAAGAATGGGCGGAAAG

CCTCTGCAGCTGTGTCTCTCTT
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