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ABSTRACT The interleukin-17 (IL-17) family of cytokines (IL-17A to IL-17F) is in-
volved in many inflammatory diseases. Although IL-17A is recognized as being in-
volved in the pathophysiology of Helicobacter pylori-associated diseases, the role of
other IL-17 cytokine family members remains unclear. Microarray analysis of IL-17
family cytokines was performed in H. pylori-infected and uninfected gastric biopsy
specimens. IL-17C mRNA was upregulated approximately 4.5-fold in H. pylori-infected
gastric biopsy specimens. This was confirmed by quantitative reverse transcriptase
PCR in infected and uninfected gastric mucosa obtained from Bhutan and from the
Dominican Republic. Immunohistochemical analysis showed that IL-17C expression
in H. pylori-infected gastric biopsy specimens was predominantly localized to epithe-
lial and chromogranin A-positive endocrine cells. IL-17C mRNA levels were also sig-
nificantly greater among cagA-positive than cagA-negative H. pylori infections (P �

0.012). In vitro studies confirmed an increase in IL-17C mRNA and protein levels in
cells infected with cagA-positive infections compared to cells infected with either
cagA-negative or cag pathogenicity island (PAI) mutant. Chemical inhibition of I�B
kinase (IKK), mitogen-activated protein extracellular signal-regulated kinase (MEK),
and Jun N-terminal kinase (JNK) inhibited induction of IL-17C proteins in infected
cells, whereas p38 inhibition had no effect on IL-17C protein secretion. In conclu-
sion, H. pylori infection was associated with a significant increase in IL-17C expres-
sion in human gastric mucosa. The role of IL-17C in the pathogenesis of H. pylori-
induced diseases remains to be determined.

KEYWORDS Helicobacter pylori, interleukin-17C, cytotoxin-associated gene A,
mononuclear cell infiltration, Ingenuity Pathway Analysis

Gastric mucosal infection with Helicobacter pylori is characterized by the induction
of a number of proinflammatory cytokines, including interleukin-8 (IL-8) (1), IL-6

(2), and tumor necrosis factor � (TNF-�) (3), thought to be involved in the development
of H. pylori-induced gastric inflammation (4, 5). The IL-17 family of cytokines, which
includes IL-17A, B, C, D, E (also known as IL-25), and F, are involved in the pathogenesis
of many inflammatory diseases (6–9). IL-17A is the best characterized and is primarily
produced by T helper type 17 (Th17) cells (10, 11). Several lines of evidence suggest that
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IL-17A plays an important role in the pathophysiology of H. pylori-associated disease
(12, 13). For example, Caruso et al. (14) showed that IL-17A-producing T cells were
increased in H. pylori-infected gastric mucosa and that IL-17A was overexpressed. Shi et
al. (15) suggested that H. pylori infection activated the Th17/IL-17 pathway in a mouse
model which resulted in recruitment of inflammatory cells into the gastric mucosa.
Recently, Serrano et al. (16) showed that downregulation of Th17 responses was
associated with a reduction in gastritis in H. pylori-infected children. The functions of
IL-17 cytokine family members other than IL-17A in H. pylori infection remain poorly
understood. It is thought that IL-17C is produced mainly by epithelial cells and may play
a role in promoting cytokine and chemokine production in intestinal epithelial cells and
keratinocytes (7–9).

Both IL-17A and IL-17C have been associated with protection against microbial
infections (17, 18). Stimulation of epithelial cells with either whole bacteria or with
agonists to Toll-like receptor 2 (TLR2), TLR4, or TLR5 in in vitro experiments in cultured
cells and in a mouse model resulted in rapid induction of expression of IL-17C (17–21).
Despite accumulating evidence suggesting an important biological role for IL-17C, the
biological role of IL-17C during H. pylori infection of gastric epithelium remains unclear.
Here, we demonstrate increased expression of IL-17C in H. pylori-infected human gastric
mucosa, and we explore the possible relationship between IL-17C expression and the
pathogenesis of H. pylori-induced gastritis.

RESULTS
Study subjects and H. pylori cagA genotypes. Samples from 136 subjects from

Bhutan (median age, 40 years; age range, 16 to 92 years) and 157 subjects from the
Dominican Republic (median age, 47 years; age range, 17 to 91 years) were included in
this study (Table 1). These subjects were previously reported in studies of the effect of
H. pylori infection on IL-8 and IL-10 mRNA levels (22) and TLR10 expression (23) in the
gastric mucosa.

The prevalence of H. pylori was 63% in Bhutanese and 59% in the Dominican
Republic subjects. Among the 86 H. pylori infected gastric mucosa from Bhutanese
subjects, 70 cases were successfully cultured and were examined for the cagA geno-
type. Sixty-eight samples (97%) showed East Asian-type cagA, and only 2 samples (3%)
showed the Western-type cagA genotype. From the 92 H. pylori-infected gastric mucosa
from the Dominican Republic, 61 samples could be cultured. Of these samples, 14 (30%)
were cagA negative and 47 (70%) were Western-type cagA (Table 1).

Gene expression profiles of IL-17 family members in H. pylori infection. Mi-
croarray analysis was used to examine mRNA expression profiles of IL-17 ligand (IL-17A,
B, C, D, E and F) and receptor (IL-17RA, RB, RC, RD, and RE) members in H. pylori-infected
gastric mucosa (Table 2). We selected 32 samples (16 from Bhutan and 16 from the
Dominican Republic) based on typical pathological findings (4 from H. pylori-negative
normal mucosa and 12 from H. pylori-positive gastritis mucosa from each country, as
described previously [23]).

IL-17C mRNA was significantly upregulated in H. pylori-infected gastric mucosa:
3.2-fold (P � 0.002) for subjects from Bhutan and 6.4-fold (P � 0.001) for subjects from
the Dominican Republic. Other IL-17 ligands and receptors mRNA levels in H. pylori
positive samples did not significantly differ from H. pylori-negative samples.

Regulator effects network analysis using IPA. The array chipset contained 50,599
total probe sets, and the expression levels of 2,354 (4.6%) probe sets changed more
than 2-fold (P � 0.05) in the presence of H. pylori infection (1,721 genes were
upregulated and 633 genes were downregulated). These 2,354 significantly altered
genes were uploaded into Ingenuity Pathway Analysis (IPA). Regulator effects analysis
was performed to predict how activated IL-17C might cause an increase or decrease in
phenotypic or functional outcomes downstream (Fig. 1).

This analysis presumed that IL-17C activated 8 genes (including IL-17C itself) and
3 functions (consistency score, 7.236). IL-17C activated CXCL8, IFNG, TNF, IL-6, IL-23A,
S100A9, and LCN2. These activated genes are involved in migration of mononuclear
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leukocytes, cell movement of lymphocytes, and antimicrobial response (Fig. 1A).
CCL20 (fold change, 25.00) and DEFB4A/DEFB4B (fold change, 18.96) were not
predicted to be activated, probably due to both proteins binding to the same
receptor, CCR6.

TABLE 1 Characteristics of the study subjects and H. pylori cagA genotype

Parameter

Value(s) for subjects from:

Bhutan Dominican Republic

H. pylori negative
(n � 50)

H. pylori positive
(n � 86) P value

H. pylori negative
(n � 65)

H. pylori positive
(n � 92) P value

Age, yr (range) 45 (18–78) 34 (16–92) 0.006 48 (17–91) 46 (17–82) 0.246
Male [no. (%)] 20 (40) 40 (47) 0.460 25 (38) 30 (33) 0.450

cagA status [no. (%)]
Negative 0 (0) 14 (30)
Western type 2 (3) 47 (70)
East Asian type 68 (97) 0 (0)

PMN, grade [no. (%)]
0 41 (82) 0 (0) 58 (89) 6 (6)
1 8 (16) 42 (49) 6 (9) 53 (58)
2 1 (2) 37 (43) 1 (2) 30 (33)
3 0 (0) 7 (8) 0 (0) 3 (3)
Mean, median 0.200, 0 1.593, 2 �0.001 0.123, 0 1.326, 1 �0.001

MNC, grade [no. (%)]
0 16 (32) 0 (0) 39 (60) 1 (1)
1 33 (66) 20 (23) 20 (31) 26 (28)
2 1 (2) 55 (64) 5 (8) 56 (61)
3 0 (0) 11 (13) 1 (1) 9 (10)
Mean, median 0.700, 1 1.895, 2 �0.001 0.508, 0 1.793, 2 �0.001

Atrophy, grade [no. (%)]
0 6 (12) 1 (1) 24 (37) 11 (12)
1 35 (70) 46 (53) 39 (60) 67 (73)
2 6 (12) 35 (41) 2 (3) 14 (15)
3 3 (6) 4 (5) 0 (0) 0 (0)
Mean, median 1.120, 1 1.488, 1 �0.001 0.662, 1 1.033, 1 �0.001

H. pylori density [no. (%)]
0 50 (100) 9 (10) 65 (100) 9 (10)
1 0 (0) 16 (19) 0 (0) 32 (35)
2 0 (0) 25 (29) 0 (0) 40 (43)
3 0 (0) 36 (42) 0 (0) 11 (12)
Mean, median 0, 0 2.023, 2 �0.001 0, 0 1.576, 2 �0.001

TABLE 2 Microarray analysis of IL-17 family gene expression

IL-17 designation Probe ID

Value(s) for subjects froma:

Total Bhutan Dominican Republic

Fold change P value Fold change P value Fold change P value

IL17A A_23_P332820 0.870 0.406 1.006 0.979 0.752 0.247
IL17B A_23_P167479 1.031 0.887 1.127 0.747 ND ND
IL17C A_33_P3339625 4.493 �0.001 3.150 0.002 6.408 �0.001
IL17D A_23_P345692 1.276 0.243 1.349 0.285 1.208 0.543
IL17E A_23_P117437 ND ND ND ND ND ND
IL17F A_23_P167882 1.744 0.008 1.509 0.079 2.015 0.048
IL17RA A_33_P3540143 1.176 0.085 1.202 0.080 1.150 0.361
IL17RB A_24_P157370 1.315 0.118 1.439 0.084 1.202 0.429
IL17RC A_23_P166775 0.786 0.041 0.819 0.054 0.754 0.082
IL17RD A_32_P188860 1.039 0.846 1.480 0.118 0.729 0.260
IL17RE A_23_P500206 0.576 �0.001 0.562 0.013 0.590 0.001
aFold change indicates mean fold change between H. pylori-positive subjects and H. pylori-negative subjects in two separate experiments. ND, not detected.
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IL-17C mRNA expression levels in antral gastric mucosa. To confirm microarray
results, we measured IL-17C mRNA levels using quantitative real-time PCR (qPCR). IL-17C
mRNA levels in samples from H. pylori-positive subjects (n � 178) were higher than
those in samples from H. pylori-negative subjects (n � 115) (H. pylori negative, median
of 0.37 and range of 0 to 7.55; H. pylori positive, median of 2.39 and range of 0 to 25.5;
P � 0.001) (Fig. 2A).

In biopsy specimens from Bhutan, the IL-17C mRNA levels in H. pylori-positive
specimens (n � 86) were significantly higher than those in H. pylori-negative specimens
(n � 50) (H. pylori negative, median of 0.51 and range of 0 to 5.26; H. pylori positive,
median of 2.68 and range of 0 to 25.5; P � 0.001) (Fig. 2B). IL-17C mRNA was detected
in 88% of all specimens (98% of H. pylori-positive versus 72% of H. pylori-negative
specimens [P � 0.001]).

In specimens from the Dominican Republic, the IL-17C mRNA levels in H. pylori-
positive samples (n � 92) were also significantly greater than those in H. pylori-negative
samples (n � 65) (H. pylori negative, median of 0.23 and range of 0 to 7.55; H. pylori

FIG 1 Ingenuity Pathway Analysis (IPA) of IL-17C in the gastric mucosa. (A) Regulator effects network generated from IPA (published with permission from
QIAGEN). Upstream regulators (IL-17C) are displayed in the top tier, while functions are displayed in the bottom tier. The data set genes that connect IL-17C
and the lower functions are displayed in the middle tier. This analysis presumed that IL-17C activated 8 genes (including IL-17C itself) and 3 functions
(consistency score, 7.236). (B) Fold change and P value of the genes that connect IL-17C and the lower functions. BCL2, B-cell lymphoma 2; CCL20, C-C motif
chemokine ligand 20; CXCL8, C-X-C motif chemokine ligand 8; IFNG, gamma interferon; TNF, tumor necrosis factor; DEFB4A/4B, defensin beta 4A/4B; S100A8/A9,
S100 calcium-binding protein A8/A9; LCN2, Lipocalin-2.
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positive, median of 2.24 and range of 0 to 618.8; P � 0.001) (Fig. 2C). IL-17C mRNA was
detected in 82% of all samples. It was present in 95% of the H. pylori-positive versus
63% of the H. pylori-negative samples (P � 0.001). In both countries, the IL-17C mRNA
levels in H. pylori-infected mucosa were significantly higher than those in uninfected
mucosa even when subthreshold expression samples were excluded (P � 0.001).

Immunohistochemistry. Although increased IL-17C mRNA levels were found in H.
pylori-positive patients, the cellular source of IL-17C in the human gastric mucosa is
unknown. We analyzed IL-17C protein expression in human gastric mucosa by immu-
nohistochemistry (Fig. 3). IL-17C staining was observed primarily in the epithelial cells
of H. pylori-infected mucosa. In addition, some infiltrating cells were also stained (Fig.
3C to F). In contrast, IL-17C-stained cells were rare in the uninfected gastric mucosa (Fig.
3A and B). Semiquantitative analysis of IL-17C staining intensity in gastric epithelial cells
(H. pylori negative, n � 6; mild gastritis, n � 6; severe gastritis, n � 6; intestinal
metaplasia [IM], n � 6) demonstrated significantly increased IL-17C in the mucosa with
severe gastritis and IM compared with no infection and mild gastritis (Fig. 3G).

Within the glandular epithelium, certain cells were strongly stained in H. pylori-
positive mucosa. These strongly stained IL-17C patterns were similar to the staining
pattern of chromogranin A (CgA)-positive enteroendocrine cells (Fig. 3H to J). These
findings suggested that IL-17C expression in H. pylori-infected gastric biopsy specimens
was localized in both epithelial cells and in CgA-positive endocrine cells, and staining
in CgA-positive cells was greater than that in epithelial cells.

IL-17C mRNA expression in relation to cagA genotype. It is thought that IL-8, a
CXC chemokine specific for neutrophil granulocyte chemotaxis, plays a major role in
the H. pylori-associated acute inflammatory response (24, 25). We previously showed
that gastric IL-8 mRNA levels were significantly higher in H. pylori-infected subjects from
Bhutan (East Asian-type cagA) than from the Dominican Republic (in both Western-type
cagA and cagA-negative infections) (22). The NF-�B signaling pathway is thought to be
involved in the induction IL-8 and IL-17C (26). We hypothesized that IL-17C mRNA levels
were also affected by cagA status (negative or positive) and genotype (East Asian type
or Western type). The present study showed that the IL-17C mRNA levels were signif-
icantly higher in East Asian-type cagA samples (n � 68) from Bhutan than for cagA-
negative samples (n � 14) from the Dominican Republic (East Asian-type cagA, median
of 2.81 and range of 0 to 25.5; cagA negative, median of 1.60 and range of 0 to 5.11;
P � 0.012) (Fig. 4). IL-17C mRNA expression levels were also higher for Western-type
cagA samples (n � 47) than for cagA-negative specimens, but the difference was not
statistically significant (Western-type cagA, median of 2.29 and range of 0.01 to 18.8;
P � 0.073) (Fig. 4).

Correlation between IL-17C and IL-8 mRNA levels. Johnston et al. (27) reported
that IL-17C appears to act upstream of proinflammatory cytokines, including IL-8, in the

FIG 2 IL-17C mRNA levels in the antral gastric mucosa. (A) IL-17C mRNA levels in samples from H. pylori (HP)-positive
subjects (n � 178) were higher than those from H. pylori-negative subjects (n � 115). (B) H. pylori-negative (n �
50) and H. pylori-positive (n � 86) subjects from Bhutan. IL-17C mRNA levels in samples from H. pylori-positive
subjects were higher than those from H. pylori-negative subjects. (C) H. pylori-negative (n � 65) and H. pylori-
positive (n � 92) subjects from the Dominican Republic. IL-17C mRNA levels in samples from H. pylori-positive
subjects were higher than those from H. pylori-negative subjects. Beta-actin (ACTB) was used as the endogenous
control for data normalization. Data were expressed by box plotting.
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FIG 3 Immunohistochemistry of IL-17C (A to F and I) and chromogranin A (H and J) in the antral gastric
mucosa. (A and B) Subject without H. pylori infection. (C, D, and H to J) Subject with H. pylori infection
and severe gastritis. (E and F) Subjects with H. pylori infection and intestinal metaplasia. (G) Semiquan-
titative analysis of IL-17C. IL-17C staining was observed mainly in the epithelial cells of H. pylori-infected
mucosa. Semiquantitative analysis of IL-17C in the gastric epithelial cells of H. pylori-negative and
-positive subjects (no infection, n � 6; mild gastritis, n � 6; severe gastritis, n � 6; intestinal metaplasia
[IM], n � 6) used the following scores: 0, no staining; 1, weak staining; 2, moderate staining; 3, strong
staining (means � standard errors [SE]; *, P � 0.001 compared with H. pylori-negative samples; **, P �
0.001 compared with mild gastritis). (I and J) Certain single cells in glandular epithelial cells were strongly
stained, and these patterns resemble the staining of chromogranin A-positive enteroendocrine cells.
Magnification, �100 (scale bar, 250 �m) (A, C, E, and H) or �400 (scale bar, 100 �m) (B, D, F, I, and J).
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pathogenesis of psoriasis. Hence, we examined the correlation between IL-17C and IL-8
mRNA levels in the gastric mucosa. Significant but weak positive correlations were
observed between IL-17C and IL-8 mRNA levels in H. pylori-positive samples (n � 178;
correlation coefficient, 0.303; P � 0.001) and H. pylori-negative samples (n � 115;
correlation coefficient, 0.364; P � 0.001) (Fig. 5). In addition, IL-17C mRNA levels
correlated with IL-8 mRNA levels in cagA-positive samples (n � 115; correlation
coefficient, 0.259; P � 0.005).

Correlation between IL-17C mRNA levels and histological findings. We analyzed
the correlation between the IL-17C mRNA levels and histological findings and H. pylori
density scores determined using the updated Sydney System. The IL-17C mRNA levels
weakly correlated with the mononuclear cell (MNC) score in Bhutanese H. pylori-
infected gastric specimens (correlation coefficient, 0.292; P � 0.006) (Table 3). In
addition, there was a significant relationship between IL-17C mRNA levels and MNC
score in Bhutanese samples (MNC score 1, median of 2.01 and range of 0 to 7.70; MNC

FIG 4 IL-17C mRNA levels in relation to cagA genotype. IL-17C mRNA levels in East Asian-type cagA
samples (n � 68) were significantly greater than those from cagA-negative samples (n � 14). IL-17C
mRNA levels were higher for Western-type cagA samples (n � 47) than for cagA-negative specimens, but
the difference was not statistically significant. Beta-actin (ACTB) was used as the endogenous control for
data normalization. Data were expressed by box plotting.

FIG 5 Correlation coefficient for IL-17C and IL-8 mRNA levels in the gastric mucosa. Positive correlations
were observed between IL-17C and IL-8 mRNA levels in H. pylori-positive samples (n � 178) and H.
pylori-negative samples (n � 115).
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score 2, median of 2.80 and range of 0 to 25.5; MNC score 3, median of 3.51 and range
of 1.31 to 21.4; score 1 versus 2, P � 0.038; score 1 versus 3, P � 0.016;) (Fig. 6).

In contrast, none of histological findings were significantly correlated with IL-17C
mRNA levels from tissue from the Dominican Republic (polymorphonuclear leukocyte
[PMN], P � 0.722; MNC, P � 0.627; atrophy, P � 0.747; H. pylori density, P � 0.655)
(Table 3). However, the IL-17C mRNA levels correlated with the MNC score in cagA-
positive samples (n � 115; correlation coefficient, 0.209; P � 0.023).

IL-17C expression in gastric epithelial cell lines in response to H. pylori infec-
tion. We demonstrated that gastric mucosal IL-17C mRNA levels were increased in H.
pylori-infected gastric mucosa compared to those in uninfected mucosa (Fig. 2), and
immunohistochemistry examination revealed that IL-17C was produced in gastric
epithelial cells (Fig. 3). To investigate how H. pylori regulates IL-17C mRNA and protein
levels in gastric epithelial cells, we examined the effect of H. pylori infection using
human gastric epithelial cancer cells. First, we looked for an alteration of IL-17C
expression in response to H. pylori infection using qPCR and enzyme-linked immu-
nosorbent assay (ELISA). H. pylori strain 26695 was used, and IL-17C mRNA levels were
assessed 3 h after infection at a multiplicity of infection (MOI) of 100. IL-17C mRNA in
H. pylori-infected cells was significantly upregulated compared to that of uninfected
cells (Fig. 7A). Both H. pylori strain 26695 and TN2GF4 induced IL-17C from MKN28 cells,
but the level of IL-17C protein was below the level of detection with both AGS and
MKN45 cells (Fig. 7B). Of interest, even among gastric cancer cells we found differences
in IL-17C levels. In a second step, MKN28 cells were infected with H. pylori for different
time periods and at different MOIs (50, 100, and 200). In time course experiments, IL-17C
mRNA levels quickly increased following H. pylori infection, reaching maximal levels
within 3 h and then decreasing to baseline (Fig. 7C). IL-17C protein levels increased in
a time-dependent manner after infection (Fig. 7D). IL-17C mRNA and protein levels
were not dependent on H. pylori density (Fig. 7E and F).

TABLE 3 Correlation between IL-17C mRNA levels and histological findings

Parameter

Bhutan Dominican Republic

Correlation coefficient P value Correlation coefficient P value

PMN �0.019 0.863 0.038 0.722
MNC 0.292 0.006 0.051 0.627
Atrophy 0.210 0.053 0.034 0.747
H. pylori density 0.156 0.150 0.047 0.655

FIG 6 IL-17C mRNA levels and mononuclear cell (MNC) infiltration in H. pylori-positive mucosa from
Bhutanese subjects. IL-17C mRNA levels were increased in a step-like manner by MNC histologic grade
scores using the updated Sydney System. Beta-actin (ACTB) was used as the endogenous control for data
normalization. Data were expressed by box plotting.
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FIG 7 IL-17C mRNA and protein levels in gastric epithelial cell lines in response to H. pylori infection. (A) IL-17C
mRNA levels in AGS, MKN28, and MKN45 cells. Cells were infected with H. pylori strain 26695 for 3 h at an MOI of
100. (B) IL-17C protein levels in AGS, MKN28, and MKN45 cells determined by ELISA. Cells were infected with H.
pylori strain 26695 and TN2GF4 for 24 h at an MOI of 100. (C) IL-17C mRNA levels in MKN28 cells. Cells were infected
with H. pylori strain 26695 and TN2GF4 for different time periods (0, 3, 6, and 24 h) at an MOI of 100. (D) IL-17C
protein levels in MKN28 cells. Cells were infected with H. pylori strain 26695 and TN2GF4 for different time periods
(0, 3, 6, and 24 h) at an MOI of 100. (E) IL-17C mRNA levels in MKN28 cells. Cells were infected with H. pylori strain
26695 and TN2GF4 for 3 h at different MOIs (50, 100, and 200). (F) IL-17C protein levels in MKN28 cells. Cells were

(Continued on next page)
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To investigate the effects of H. pylori virulence factors on IL-17C production, we
cocultured cells with cagA mutants or with cag pathogenicity island (PAI) mutants (Fig.
7G and H). IL-17C expression was significantly decreased from MKN28 cocultured with
either the cagA or cag PAI mutants. The results from in vitro coculturing experiments
using gastric epithelial cells were identical to the data from in vivo measurement of
IL-17C mRNA and protein levels using gastric biopsy specimens.

IL-17C is thought to be a cytokine produced by epithelial cells in an autocrine
manner to induce a rapid innate immune response in the epithelium (18). IL-17C binds
to IL-17 receptor A (RA) and IL-17RE complex on epithelial cells to trigger downstream
signaling pathways. IL-17RE is considered a specific receptor for IL-17C (17, 18, 28). The
protein expression of IL-17RE in MKN28 cells was confirmed by immunocytochemistry
(Fig. 8). The cytoplasm of MKN28 cells was positively immunostained with an anti-
human IL-17RE antibody.

Currently, there are no reports investigating signal transduction pathways leading to
IL-17C release from human gastric epithelial cells. We therefore aimed to identify
signaling mediators crucial for H. pylori-induced IL-17C production in MKN28 cells. H.
pylori is known to activate mitogen-activated protein kinases (MAPK) as well as NF-�B
(29). We preincubated MKN28 cells with chemical inhibitors or dimethyl sulfoxide
(DMSO) (for the infected control) for 1 h, followed by infection with wild-type H. pylori.
Chemical inhibitors of I�B kinase (IKK) (SC-514; 20 �M), mitogen-activated protein
extracellular signal-regulated kinase (MEK) (U0126; 10 �M), and Jun N-terminal kinase
(JNK) (SP600125; 10 �M) inhibited the induction of both IL-17C and IL-8 proteins (Fig.
9A and B). p38 inhibitor (SB203580; 10 �M) did not affect IL-17C protein secretion
despite reduced IL-8 protein.

FIG 7 Legend (Continued)
infected with H. pylori strain 26695 and TN2GF4 for 24 h at different MOIs (50, 100, and 200). (G) IL-17C mRNA levels
in MKN28 cells. Cells were infected with TN2GF4 wild type and cagA and cag PAI mutants for 3 h at an MOI of 100.
(H) IL-17C protein levels in MKN28 cells. Cells were infected with TN2GF4 wild type and cagA and cag PAI mutants
for 24 h at an MOI of 100. Error bars represent the standard deviations obtained from three experiments. Statistical
differences between treated and control samples were analyzed using Student’s t test. *, P � 0.05.

FIG 8 Immunocytochemical detection of IL-17RE in MKN28 cells. MKN28 cells were plated on glass slides
and cultured overnight. After fixation as described in Materials and Methods, the cells were immuno-
cytochemically stained with anti-human IL-17RE antibody and analyzed by confocal microscopy. The
cytoplasm of MKN28 cells was positively immunostained with anti-human IL-17RE antibody. Nuclei were
counterstained with DAPI. The scale bar represents 50 �m.
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DISCUSSION

Accumulating evidence has suggested that the epithelial expression of IL-17C can
be induced directly by bacteria or indirectly through inflammatory cytokines (7, 8). The
rapid kinetics of IL-17C expression following these stimuli positions IL-17C as an early
player in the epithelial response to bacterial challenge (7). IL-17RE, a specific receptor
for IL-17C, is located mainly on epithelial cells, keratinocytes, or Th17 cells. Gene
expression profiling of various mouse tissues showed that the higher expression of
IL-17RE was in mucosal organs, including the colon, lungs, and stomach (18). IL-17C
activates the NF-�B pathway in normal human bronchial epithelial cells (30) and mouse
primary intestinal epithelial cells (17), and it induces the expression of inflammatory
cytokines, chemokines, and antibacterial peptides.

To the best of our knowledge, this is the first report that the expression of IL-17C in
H. pylori-infected gastric mucosa was significantly higher than those in uninfected
mucosa. Prior studies have shown that IL-17A was significantly increased in the gastric
mucosa of H. pylori-infected subjects (14, 31, 32). In contrast, IL-17A mRNA levels in our
study were not altered by H. pylori infection. We also performed real-time reverse
transcription-PCR (RT-PCR); however, IL-17A mRNA levels were independent of H. pylori
infection (data not shown). The reason for this difference is unclear and may be due to
differences in the degree of lymphocyte infiltration, as IL-17A is produced mainly by
Th17 cells, or differences in the method of IL-17A measurement.

Several immunohistochemical studies using clinical samples have indicated that
IL-17C is expressed mainly in the epithelial cells, including for inflammatory bowel
disease (IBD) (33, 34), chronic obstructive pulmonary disease (20), chronic rhinosinusitis
with nasal polyposis (35), and recurrent aphthous ulcer (36). Similar to other tissues, our
results revealed that IL-17C was present predominantly in the epithelial cells of H.
pylori-infected gastric biopsy specimens as well as in chromogranin A-positive endo-
crine cells (mainly G cells). van Den Brink et al. (37) showed that active NF-�B was
detected primarily in the cells deeper in the gastric glands, many of which are G cells.
These findings suggest that IL-17C expression from G cells is higher than that from
other epithelial cells due to differences in NF-�B activity.

Moreover, to confirm the expression of IL-17C in gastric epithelial cells, we per-
formed in vitro infection with H. pylori using gastric epithelial cancer cell lines. IL-17C
mRNA levels in H. pylori-infected cells were upregulated compared to those of unin-
fected cells (Fig. 7A). Our in vitro study also demonstrated that IL-17C is involved in the
rapid response to H. pylori infection (Fig. 7C). Although AGS and MKN45 cells are
responsive to H. pylori, they did not produce detectable IL-17C protein (Fig. 7A and B).

FIG 9 Effect of inhibitors of signal transduction on IL-17C induction following H. pylori infection. MKN28
cells were incubated with SC-514 (20 �M; IKK-2 inhibitor), U0126 (10 �M; MEK1/2 inhibitor), SP600125 (10
�M; JNK inhibitor), or SB203580 (10 �M; p38 inhibitor) for 1 h and subsequently cocultured with
wild-type H. pylori strains for 24 h at an MOI of 100. IL-17C (A) and IL-8 (B) supernatant levels were
determined using ELISA. IL-8 protein expression induced by H. pylori infection was significantly reduced
in cells preincubated with p38 inhibitor but IL-17C was not reduced. Error bars represent the standard
deviations obtained from three experiments. Statistical differences between treated and control samples
were analyzed using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001 compared with an H.
pylori-infected control without inhibitor.
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Our previous study on IL-6 (2) reported that IL-6 levels were below the level of
detection with MKN45, MKN74, KATOIII, AGS, SNU-1, SNU-16, and SNU-638 cells irre-
spective of whether or not H. pylori was present. H. pylori induced IL-6 from MKN1,
MKN7, MKN28, SNU-668, and HeLa cells. Even among gastric cancer cells, we found
differences in IL-6 levels. We believe it is likely that gene mutations in cancer cells
influenced the production of cytokines. This is a flaw with all in vitro work.

Recently, a new gastric cell culture system from normal human gastric glands,
gastric organoids, has been established as an advanced model for studies on infection
with H. pylori in vitro (38, 39). IL-17C mRNA expression using microarray analysis was
also found to be upregulated in H. pylori-infected organoids in the three-dimensional
(3D) model (fold change, 2.61) (39) and 2D model (fold change, 9.26) (38).

The H. pylori virulence factor CagA is delivered into gastric epithelial cells by a type
IV secretion system and is associated with severe gastritis and gastric carcinogenesis
(40, 41). Brandt et al. (42) found that CagA could activate NF-�B and induce down-
stream IL-8 release via the MEK/ERK signaling pathway. cagA-positive strains have been
subdivided into East Asian and Western types according to the sequence located in the
3= region of cagA (43, 44). In vitro experiments have shown that East Asian-type CagA
has a higher binding ability for the cytoplasmic Src homology 2-containing protein
tyrosine phosphatase (SHP-2) and a greater ability to induce morphological change
than Western-type CagA (45). In this study, we analyzed the association between IL-17C
expression and cagA genotype in vivo (Fig. 3) and in vitro (Fig. 6G and H). Our findings
suggested that cagA genotype influences IL-17C levels in human gastric mucosa.

Recent investigations of IBD patients have demonstrated that IL-17C mRNA levels in
inflamed colonic biopsy specimens were significantly higher than those in noninflamed
specimens (19, 34). However, the etiology and pathogenesis of the IL-17C-induced
mucosal inflammation have not been reported. Johnston et al. (27) suggested that
IL-17C acts upstream of many proinflammatory cytokines critical in psoriasis pathogen-
esis, including IL-1�, IL-17A/F, IL-22, IL-6, CXCL8, and TNF. In the present study, the
cause-and-effect analysis using IPA presumed that IL-17C activated MNC infiltration via
the upregulation of H. pylori-related inflammatory cytokine genes (CXCL8 [1], IFNG [46],
TNF [3], IL-6 [2], and CCL20 [47]) (Fig. 8). These findings suggest that IL-17C triggers
many proinflammatory cytokines as a rapid host epithelial response to H. pylori
infection. This is then followed by complicated proinflammatory cascades that may
depend on the interactions among H. pylori virulence factors, host gastric mucosal
factors, and the environment.

We also found no relationship between H. pylori density and IL-17C mRNA expres-
sion in H. pylori-infected gastric mucosa (Table 3) or in vitro (Fig. 7E and F). IL-17C could
provide an epithelial responsive mechanism for relatively weaker H. pylori challenges.
More studies are needed to examine the precise functional roles of IL-17C in the
pathogenesis of H. pylori-induced gastritis.

Our in vitro results using pharmacological inhibitors showed that H. pylori activated
NF-�B, MEK, and JNK signaling, thus inducing IL-17C similarly to that already described
for IL-8 (29). Previously, the p38 pathway was shown to be important in activation of
IL-8 production in response to H. pylori (48). Our experiments confirmed that IL-8 was
significantly reduced in cells treated with the p38 inhibitor, but IL-17C production was
not reduced. The different mechanisms of IL-17C induction from IL-8 might give us new
insights into H. pylori-associated gastroduodenal pathogenesis.

Several lines of evidence have indicated that H. pylori infection is etiologically
related to gastric cancer (49). Song et al. (21) reported that IL-17C mRNA and protein
expression were upregulated in human colorectal cancer specimens. They also found
that microbiota-driven IL-17C promotes colon cancer development by protecting
intestinal epithelial cells (IECs) from apoptosis. The removal of the gut microbiota by
antibiotics blocked the upregulation of IL-17C in colon tumors and tumor-derived IECs.
In an immunohistochemistry study, IL-17RE, a specific receptor for IL-17C, was highly
expressed in human gastric cancer tissue (50). Microarray analysis using gastric biopsy
specimens from Vietnamese gastric cancer patients suggested that the IL-17C mRNA

Tanaka et al. Infection and Immunity

October 2017 Volume 85 Issue 10 e00389-17 iai.asm.org 12

http://iai.asm.org


levels in cancerous tissue were 4.3-fold higher than those from noncancerous tissue
(unpublished data). Gastric cancer is a major cause of cancer death in the world, and
further studies to investigate the etiological roles of IL-17C in gastric cancer are needed.

In conclusion, our study revealed that the expression of IL-17C in human gastric
mucosa was increased during H. pylori infection. The role of IL-17C in the pathogenesis
of H. pylori-induced gastritis and in gastric cancer remains to be determined.

MATERIALS AND METHODS
Gastric biopsy specimens from subjects. We used gastric biopsy specimens obtained from subjects

with mild dyspeptic symptoms living in two widely separated regions, Bhutan, in South Asia, and the
Dominican Republic, a Caribbean country (22, 23). Written informed consent was obtained from all
participants, and the protocols were approved by the ethics committee of Oita University Faculty of
Medicine (Japan), Chulalongkorn University (Thailand), and Universidad Autonoma de Santo Domingo
(Dominican Republic), as well by the local hospitals where we collected gastric mucosal specimens. The
clinical diagnoses after endoscopy included gastritis, gastric ulcer, duodenal ulcer, and gastric cancer.
Gastritis and peptic ulcers were identified by endoscopy. Gastric cancers were confirmed by histology.
During endoscopy, four gastric specimens were obtained from the normal-appearing areas in the
antrum: one each for rapid urease test, histological examination, H. pylori culture, and RNA examination.
Rapid urease tests were performed at the time of endoscopy. Gastric biopsy specimens for histology were
fixed in buffered formalin at room temperature and were sent to the Oita University Faculty of Medicine
for sectioning and analyses. Biopsy specimens for culture and RNA analyses were immediately placed in
a �20°C freezer and subsequently sent with dry ice by Express Mail to the Oita University Faculty of
Medicine, Japan, where they were stored at �80°C. Total RNA from the gastric specimens placed in
RNAlater (Ambion, Life Technologies, Carlsbad, CA) was isolated using commercially available kits
(Ambion).

H. pylori culture and cagA genotyping. H. pylori culture was performed using standard methods as
described previously (51). H. pylori status was determined using a combination of rapid urease test,
culture, and histology. Subjects were considered H. pylori negative if all three tests were negative and
were defined as H. pylori positive when at least one of these examinations yielded positive results (88%
of Bhutanese subjects and 92% of Dominican subjects had at least 2 positive tests). H. pylori DNA was
extracted using a commercially available kit (DNeasy blood and tissue kit; Qiagen, Valencia, CA). The cagA
status was defined by PCR for a conserved region of cagA and by direct sequencing (52). The
cagA-negative status was confirmed by PCR for the cag empty site (53). The cagA genotype (East Asian
type and Western type) was identified by sequencing the PCR products (54).

Histology and immunohistochemistry. Biopsy specimens for histology were fixed in 10% neutral
buffered formalin, embedded in paraffin wax, and stained with hematoxylin-eosin and Giemsa stains,
followed by evaluation by an experienced pathologist (T. Uchida) blinded to the clinical features of
subjects and the characteristics of the H. pylori strains. The degree of mononuclear cell infiltration
(inflammation), polymorphonuclear leukocyte infiltration (activity), and H. pylori density were determined
according to the updated Sydney System (55).

Immunohistochemistry was performed as described previously (56). Briefly, after antigen retrieval
and inactivation of endogenous peroxidase activity, tissue sections were incubated with anti-IL-17C
(Sigma-Aldrich Corp., St. Louis, MO), anti-chromogranin A (Dako, Copenhagen, Denmark), or rabbit
polyclonal anti-H. pylori (Dako, Copenhagen, Denmark) antibody with diluting solution (Dako) overnight
at 4°C.

Gene expression microarray analysis. Gene expression levels from the gastric samples were
analyzed with a gene expression microarray. cRNA was amplified, labeled, and hybridized to a Agilent
44K 60-mer oligonucleotide microarray according to the manufacturer’s instructions. All hybridized
microarray slides were scanned using an Agilent scanner, and relative hybridization intensities and
background hybridization values were calculated using Agilent Feature Extraction software (9.5.1.1).

RT-PCR and quantitative real-time PCR. Expression levels of IL-17C mRNA from the gastric samples
were analyzed by qPCR. RT-PCR was performed using SuperScript III reverse transcriptase (Invitrogen).
qPCR was performed using TaqMan Universal PCR master mix (Applied Biosystems, Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions. Beta-actin (ACTB) was used as the endoge-
nous control for data normalization. Predesigned TaqMan gene expression assays, including the primer
set and TaqMan probe (IL-17C, Hs00171163_m1; ACTB, Hs01060665_g1) were purchased from Applied
Biosystems. The mRNA levels in gastric mucosa were quantified using the ABI Prism 7300 sequence
detection system (Applied Biosystems). The samples were placed in the analyzer, and PCR was conducted
according to the manufacturer’s instructions. The ratio change in target gene relative to the endogenous
control gene was determined by the 2�ΔΔCT method. We used an uninfected sample as a calibrator. The
expression of IL-8 mRNA was also analyzed by qPCR as described previously (22).

Gastric epithelial cell culture and H. pylori culture used for in vitro studies. Human gastric
epithelial cancer cell lines MKN28 and MKN45 were obtained from the Riken Cell Bank (Tsukuba, Japan),
and AGS cells were purchased from the American Type Culture Collection (Manassas, Virginia). These
three cell lines were routinely maintained in Roswell Park Memorial Institute 1640 medium (Lonza,
Walkersville, MD) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Invitrogen, Life
Technologies, Carlsbad, CA) and 1% penicillin-streptomycin at 37°C and 5% CO2.

H. pylori strain 26695 and TN2GF4 were used from our stocks. TN2GF4 isogenic cagA-negative and
cag PAI-negative mutants were constructed as described previously (2). For constructing the whole cag
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PAI-deleted mutants, regions upstream (hp0518-hp0519; bp 545, 254 to 547, and 164; locus numbers and
locations are from H. pylori strain 26695, GenBank accession number AE000511) and downstream
(hp0549-hp0550; bp 584, 570 to 586, and 563) of the cag PAI were amplified to delete the entire cag PAI
from the H. pylori chromosome. These fragments, separated by a chloramphenicol resistance cassette (a
gift from D. E. Taylor, University of Alberta, Edmonton, Canada), were cloned into the T7Blue vector
(Novagen, Madison, WI). All plasmids (1 to 2 g) were used for inactivation of chromosomal genes by
natural transformation. H. pylori was grown on brain heart infusion (BHI; Becton, Dickinson, and
Company, Sparks, MD) agar plates containing 7% defibrinated horse blood for 72 h. Before infection,
bacteria were inoculated into BHI broth with 10% FBS and grown under microaerophilic conditions at
37°C overnight with shaking. Bacterial density was determined from the optical density at 600 nm
(OD600). Cultured gastric epithelial cells were infected with H. pylori at MOIs ranging from 50 to 200. Total
RNA from gastric cell lines was extracted using commercially available kits (Ambion).

Immunocytochemistry. Immunocytochemistry was performed as described previously (56). MKN28
cells were plated and grown on 25-mm coverslips overnight and then fixed with 4% paraformaldehyde
for 10 min at room temperature. After being permeabilized with 0.5% Triton X-100 in 1� phosphate-
buffered saline (PBS) for 10 min at room temperature, the cells were incubated with a rabbit anti-human
IL-17RE antibody (1:100; HPA019011; Atlas Antibodies AB, Stockholm, Sweden) for 1 h at room temper-
ature. After washing, the cells were incubated for 1 h with an Alexa Fluor 488-conjugated goat anti-rabbit
IgG (H�L) (1:200; A11008; Invitrogen) in 0.1% Triton X-100 in 1� PBS at room temperature. The nuclei
were stained with 4=,6-diamidino-2-phenylindole (DAPI). The mounted coverslips were then observed
using a Carl Zeiss LSM710 confocal microscope (Carl Zeiss, Inc., Jena, Germany).

Pharmacological inhibitor experiments. Cells were pretreated (60 min before H. pylori infection)
with the IKK-2 inhibitor SC-514 or a MAPK inhibitor (U0126, SB203580, or SP600125). U0126 is a specific
inhibitor of MEK1/2 (MAPK/extracellular signal-regulated kinase 1/2 [ERK1/2]), which is located upstream
of ERK1/2. SB203580 is a specific inhibitor of p38, and SP600125 is a specific inhibitor of the Jun
N-terminal kinase (JNK). We used each inhibitor according to our previous determination of optimal
concentrations (2) as well as our preliminary experiments (data not shown). All inhibitors were purchased
from ENZO Life Sciences (Farmingdale, NY).

ELISA. The IL-17C protein levels in human gastric cancer cell lines were measured using an IL-17C
Duoset ELISA kit (R&D Systems, Minneapolis, MN). The ELISA was carried out according to the manu-
facturer’s protocol. The final result was determined by a microplate spectrophotometer (Epoch; BioTek,
Winooski, VT) at 450 nm. All measurements were performed in duplicate.

Regulator effects in IPA. Qiagen’s Ingenuity Pathway Analysis (IPA; Qiagen, Redwood City, CA) is an
all-in-one web-based application used to examine molecular interactions. IPA’s causal analytics are made
possible by the Ingenuity Knowledge Base, a large structured collection of observations in various
experimental contexts manually curated from the biomedical literature or integrated from third-party
databases (57). Regulator effects analytics in IPA provide insight into the causes and effects of differen-
tially expressed genes in a data set. Regulator effects explain how predicted activated/inhibited upstream
regulators cause increases/decreases in functional outcomes downstream. The consistency score is a
measurement used to decide rank or to prioritize the most useful networks. The details are available at
www.qiagen.com/ingenuity.

We uploaded our microarray data containing gene identifiers, their corresponding fold changes, and
P values. Focus genes were selected by fold change of expression values of �0.5 and �2.0, and the P
value was � 0.05 using the t test. The activation state of each upstream regulator from the experimental
data set was determined by calculating the Z score (�2, activated; ��2, inhibited).

Statistics. All statistical analyses were performed by JMP 10.0 software (SAS, Cary, NC). Clinical
samples were analyzed using the �2 test to compare discrete variables and the Mann-Whitney U test to
compare continuous variables. In vitro samples were analyzed using Student’s t test. Correlation
coefficients were calculated by Spearman’s rank correlation coefficient. All statistical tests were two-
sided, and a P value of �0.05 was considered statistically significant.

Accession number(s). The microarray data were registered in the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/info/linking.html) under accession number GSE60427.
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