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Abstract

During colon inflammation, Th17 cells and immunosuppressive regulatory T cells (Treg) are thought to play promotive and
preventative roles, respectively. Dietary (n-3) PUFA favorably modulate intestinal inflammation in part by downregulating T-cell
activation and functionality. We used the Fat-7 mouse, a genetic model that synthesizes long-chain (n-3) PUFA de novo, to test
the hypothesis that (n-3) PUFA protect against colonic inflammation by modulating the polarization of Treg and Th17 cells
during colitis. Male and female wild-type (WT) and Fat-7 mice were administered dextran sodium sulfate (DSS) in the drinking
water (2.5%) to induce acute (5 d DSS) or chronic (3 cycles DSS) colitis and the percentage of Treg and Th17 cells residing
locally [colonic lamina propria (cLP)] and systemically (spleen) was determined by flow cytometry. The percentage of Treg in
either tissue site was unaffected by genotype (P> 0.05); however, during chronic colitis, the percentage of Th17 cells residing
in both the spleen and cLP was lower in Fat-7 mice compared to WT mice (P < 0.05). Colonic mucosal mRNA expression of
critical Th17 cell cytokines and chemokine receptors (IL-17F, IL-21, and CCR6) were lower, whereas expression of the Th17
cell suppressive cytokine, IL-27, was greater in Fat-1 mice compared to WT mice during chronic colitis (P < 0.05). Moreover,
colon histological scores were improved in Fat-7 mice (P < 0.05). Collectively, these results demonstrate for the first time, to
our knowledge, that (n-3) PUFA can modulate the colonic mucosal microenvironment to suppress Th17 cell accumulation and

inflammatory damage following the induction of chronic colitis.
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Introduction

Approximately 50% of people with IBD® use self-prescribed,
oral, complementary, alternative medicines/diets, such as FO (1).
Long-chain (n-3) PUFA found in FO, specifically EPA and DHA,
elicit potent anti-inflammatory effects and have been demon-
strated to enhance remission of chronic intestinal inflammation
(2); however, the mechanisms underlying this effect have not
been rigorously examined to date. In IBD, activation of two
inflammatory mucosal CD4" T cell subsets, Th1 and Th17
cells, play a central role in both the induction and persistence
of chronic inflammation in part by producing proinflammatory
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cytokines (3-6). The inflammatory Th1 subset is inhibited by
(n-3) PUFA (ref 7,8); however, the impact on the Th17 cell
subset remains unknown. Moreover, with respect to T cell
function, (n-3) PUFA have been shown to alter plasma
membrane micro-organization (lipid rafts) at the immunological
synapse, ultimately suppressing signal transduction and nuclear
translocation/activation of transcription factors (9-12). Inter-
estingly, reduced membrane levels of glycosphingolipids, a
major component of lipid rafts, resulted in decreased Th17 cell
differentiation, whereas other effector T cell subsets were un-
affected (13). This indicates that any mediator capable of
modulating lipid rafts, such as (n-3) PUFA, may play a role in
attenuating T cell signaling and Th17 cell differentiation. In
contrast, dietary (n-6) PUFA and their inflammatory eicosanoid
products (i.e., PGE,) enhance ulcerative colitis (14) and induce
IL-23 production by DC, thereby promoting Th17 differentia-
tion (15,16). Therefore, any agent that is capable of down-
regulating PGE, levels, such as (n-3) PUFA, would be expected
to suppress Th17 differentiation (17,18). Additionally, we have
demonstrated that (n-3) PUFA suppress colonic STAT3 activa-
tion (19), which is noteworthy, because STAT3 is a key regulator
of Th17 differentiation (20). Therefore, we hypothesized that
(n-3) PUFA are capable of altering T cell polarization to
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modulate chronic inflammatory sequelae in the intestine. To
date, no studies to our knowledge have examined the effect of
(n-3) PUFA on mucosal effector T cell subsets.

The role of the IL-23/Th17 cell pathway in the pathogenesis
of IBD has been documented in humans with active disease
(21,22) and in mouse IBD models, wherein disease severity is
reduced by blockade or deficiency of IL-23 and/or IL-17 (23,24).
In contrast, immunosuppressive CD4* FOXP3* Tregs limit the
severity of colitis by suppressing inflammatory cytokine pro-
duction and reducing colonic tissue damage (25,26). Further-
more, reduced number and/or activity of Tregs is associated with
the development and/or progression of various inflammatory
diseases (27). Human data pertaining to the influence of Tregs in
IBD are limited; however, IBD patients have increased FOXP3*
CD4* T cells residing in mucosal lymphoid tissues, which retain
their suppressor activity ex vivo (28,29). Although the severity
of colonic inflammation may be limited by Tregs, a change in the
proportion of Tregs alone is unable to counterbalance chronic
mucosal inflammation. Interestingly, mucosal biopsies from IBD
patients had increased mRNA expression of both FOXP3 and
IL-17A; however, the ratio of blood Tregs (CD4* CD25Pright
FOXP3*):Th17 cells was decreased (21). Therefore, develop-
ment of innocuous antiinflammatory strategies to favorably
modulate T cell subsets (Th17, Th1, and Treg) may prove to be
beneficial in the treatment of IBD.

Fat-1 transgenic mice express the Fat-1 gene that encodes an
(n-3) fatty acid desaturase enzyme, which converts (n-6) PUFA
to (n-3) PUFA by introducing a double bond into fatty acyl
chains, thereby providing a means to investigate the biological
properties of (n-3) PUFA independently of dietary manipulation
(17,30). Biochemically, splenic CD4* T cells isolated from Fat-
1 mice (genetic model) and mice consuming a 4% FO diet
(dietary model) have the same fatty acid composition and degree
of (n-3) PUFA phospholipid enrichment (31). Importantly, the
dietary and genetic models do not differ in the immunosuppres-
sive functionality of (n-3) PUFA (7,31). Thus, the Fat-1 mouse
model recapitulates the critical features of dietary FO interven-
tion and represents a relevant model for assessing the mecha-
nistic aspects of (n-3) PUFA biology.

Exposure to multiple cycles of DSS represents a wounding
model of IBD that induces mucosal injury and subsequent inflam-
mation via the recruitment and activation of inflammatory cells
and mediators, ultimately leading to the development of colitis
(32). Thus, in this study, Fat-1 and WT mice were exposed to acute
or chronic rounds of DSS treatment to determine whether the
endogenous production of (n-3) PUFA protects against chronic
injury/inflammation by influencing local (cLP) and systemic
(spleen) Th17 and FOXP3™ Treg cell populations. Additionally,
we assessed how (n-3) PUFA influence the local mucosal cy-
tokine microenvironment to support changes in the resident T
cell phenotype during chronic colitis. Lastly, we assessed the
influence of (n-3) PUFA on the ex vivo ability of splenic DC to
produce key cytokines that could potentially influence effector T
cell differentiation and/or function.

Materials and Methods

Mice and diet. Specific pathogen-free male and female Faz-1 transgenic
mice on a C57BL/6 background were genotyped, phenotyped, and
housed as previously described (17,30). Mice were maintained under
barrier conditions and consumed ad libitum a 10% safflower oil diet
(Research Diets, D03092902R) that was adequate in all nutrients and
met the NRC nutrition requirements (33,34). The diet contained (g/kg
diet) 401 sucrose, 200 casein, 150 corn starch, 3 DL-methionine, 35 AIN
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76 salt mix, 10 AIN 76 mineral mix (33), 2 choline bitartrate, 50 fiber
(cellulose), and 100 safflower oil. GC fatty acid analysis of the diet
identified trace levels of (n-3) PUFA (0.17% a-linolenic acid). This study
was approved by and followed guidelines set by the Public Health Service
Policy and the Institutional Animal Care and Use Committee at Texas
A&M University.

Experimental design, colitis induction, and histological scoring.
To induce colonic inflammation, 2.5% DSS (molecular weight, 36,000-
50,000; MP Biomedicals) was administered in the drinking water. Mice
were either untreated (no DSS) or exposed to DSS for 5 d (acute colitis)
and either killed immediately (acute DSS exposure, no recovery time) or
following a recovery period lasting 3 d, 1 wk, or 2 wk, wherein fresh tap
water was provided (Supplemental Fig. 1). Chronic colitis was induced
by administering three consecutive cycles of DSS treatment, wherein one
cycle was composed of 5 d of DSS exposure followed by 16 d of fresh tap
water consumption.

Changes in lymphocyte populations over time following acute DSS
exposure were made in the temporal analysis, whereas a comparison
between lymphocyte populations in acute compared to chronic colitis
were made separately. Mice were killed by CO, asphyxiation and the
spleen (17 = 5-8 mice/genotype) and colon (7 = 6-10 mice/genotype) were
aseptically removed for lymphocyte isolation. In a confirmatory exper-
iment, colons were removed from chronically DSS-treated mice (WT, 72 =
12; Fat-1, n = 15) and the degree of colon inflammation and injury were
graded (score 0-3) by a board-certified pathologist (B.W.) who was
unaware of the treatments, as previously described (17).

Isolation of splenic and cLP lymphocytes. Splenic lymphocytes were
isolated as previously described (35). cLP lymphocytes were isolated as
previously described (36) with the minor modification that Ca®* and
Mg?*-free HBSS medium (Sigma Aldrich) supplemented with 1 mmol/L
glutamine, 0.1% BSA, 5 mmol/L DTT, and 30 mmol/L EDTA containing
20 kU/L of both type IT and type IV collagenase (Worthington) and 5 kU/
L DNase (Worthington) was used as the digesting solution.

Flow cytometry analysis of Treg and Th17 cells. One million viable
splenic and cLP cells were obtained from each mouse and, following
FcyR blocking, cells underwent surface (CD4 and CD235) and intracel-
lular (FOXP3 and IL-17A) staining. Staining protocol details and
representative histograms are shown in Supplemental Figure 2. Anti-
bodies used included FITC-anti-CD4 (RM 4-5), APC-anti-CD25
(PC61.5), PE-anti-FOXP3 (FJK-16s, eBioscience), and PE-anti-IL-17
(TC11-18H10, BD Pharmingen). Flow cytometric analysis was con-
ducted using an Accuri C6 flow cytometer (Accuri Cytometers).

RNA isolation and measurement of mRNA expression. Following
three cycles of DSS (chronic) exposure, RNA was isolated from scraped
mucosal samples from a subset of mice (Far-1 n = 8, WT 7 = 5) using
RNAqueous Total RNA kit (Ambion). RT of 1 ug of sample RNA was
performed using M-MLV Reverse Transcriptase (Invitrogen). qRT-PCR was
used to quantify mRNA expression and amplification was performed using
the Tagman Universal PCR master mix (Applied Biosystems). Tagman
gene expression kits (Applied Biosystems) were used for each gene of
interest: murine I/6 (Mm00446190_m1), I/17a (Mm00439618_m1), lI17f
(Mm00521423_m1), 1121(Mm00517640_m1), I1123(Mm00518984_m1),
127(Mm004611664_m1), Ifng (Mm01168134_m1), [123r (Mm00519943_m1),
Ccl20 (Mm01268754_m1), and Ccr6 (Mm99999114_s1). Amplification
of mRNA (fluorescence) was recorded over 40 cycles and the correspond-
ing Ct was used to calculate mRNA expression according to the cal-
culation: 2V, Target gene expression was normalized to ribosomal 18 S
expression.

Enrichment and culture of splenic CD11c¢* DC. Spleens were pooled
from 4-5 mice (equal numbers of males and females) to obtain final
samples sizes comprising 3 and 4 pooled samples in the WT and Fai-
1 groups, respectively. The DC population was isolated as described (37)
with 1 g/L of collagenase D (Roche Diagnostics) dissolved in complete
RPMI 1640 medium with 25 mmol/L. HEPES (Irvine Scientific),
supplemented with 5% FBS (Irvine Scientific), 2 mmol/L GlutaMAX
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FIGURE 1 Colon inflammation (A), injury (B) scores, and representative images for WT (C) and Fat-7 mice (D) exposed to 3 cycles of DSS.
Values are medians and the Wilcoxon rank sums for WT and Fat-1, respectively, were: 169 and 84 (A) and 213 and 88 (B), n = 12 (WT) or 15 (Fat-
1). *Different from WT, P < 0.05 (Kruskal-Wallis test). Representative images are at 100X magnification. WT, wild type.

(Gibco), 100 kU/L penicillin, and 0.1 kg/L streptomycin (Gibco)
(henceforth “complete medium”), followed by discontinuous centrifu-
gation. The DC population was enriched using CD11c¢ magnetic beads
(Miltenyi Biotec) and cells were sorted on a BD FACS Aria II flow
cytometer based on expression of CD11c" (Supplemental Fig. 3).
Surface staining for CD11c was conducted using PE-anti-mouse CD11¢
(1 mg/L) (HL3, BD Pharmingen) utilizing a different clone relative to the
CD11c microbeads. Purity of the sorted CD11c™ DC population was
96% in both the WT and Fat-1 mice and the average cell viability (by
Trypan blue exclusion) exceeded 96%. In 96-well, flat-bottom Falcon
plates, 2 X 10° viable CD11c" DC/well were cultured for 24 h at 37°Cin
complete RPMI and the resultant supernatant was stored at —80°C. LPS
(E. coli 055:BS, Sigma Aldrich) was used as an inflammatory stimulus
and select cultures were exposed to 10 mg/L LPS, whereas unstimulated
cultures received an equivalent volume of complete RPMI.

Cytokine analysis of culture supernatants. In vitro cytokine
concentrations of IL-18, IL-6, IL-10, IL-12p40, IL-17, IFNy, and
TNFa were simultaneously measured utilizing the Bio-Plex Pro Mouse
Cytokine Group I multiplex kit (BioRad) on a Bio-Plex 200 System and
accompanying software package, Bio-Plex Manager 6.0 (BioRad).
Milliplex MAP kits (Millipore) were used to individually measure IL-
23 (MPXMCYP3-74K), IL12p70 (MPXMCYTO-70K), and TGF-B1
(TGFB-64K-01). Samples were acid activated per the manufacturers’
instructions for analysis of TGFB1. For all cytokine assessments, samples
were analyzed in duplicate.

Statistics. Normally distributed data were analyzed by two-way
ANOVA with main effects genotype and treatment (i.e., acute or
chronic DSS exposure, Fig. 2, or LPS exposure, Fig. 3). In the temporal
analysis assessing lymphocyte populations during the recovery phase
postacute DSS exposure, wherein the main effects were genotype
and time. Least squares means was used for post hoc comparisons.
Differences were considered significant at P < 0.05. Normally
distributed data sets are presented as means * SEM. Nonparametric
data were analyzed using the Kruskal-Wallis test (@ = 0.05). Data are
presented as medians and the Wilcoxon rank sums are shown in the
figure legend. All analyses were conducted using the SAS system (SAS
Institute) for Windows (version 9.0).

Results

Fat-1 mice are more resistant to DSS-induced chronic
inflammation. The effect of (n-3) PUFA on colon histological
changes following acute DSS exposure were not measured but
have been documented elsewhere (19). Therefore, as a confir-
matory experiment, histological evaluation was conducted on
mice exposed to 3 cycles of DSS (chronic colitis) (Fig. 1). Fat-
1 mice had lower colonic inflammation (P = 0.04) and injury (P =
0.03) scores compared to WT mice.

No effect of (n-3) PUFA on Treg and Th17 cell numbers
following acute DSS exposure. A temporal analysis was
conducted to assess the kinetic response of Treg and Th17 cells
in the spleen and cLP during the recovery period following acute
(5 d) DSS exposure (Table 1). WT and Faz-1 mice had a similar
response to acute DSS exposure, since there was no effect of
genotype on changes in lymphocyte populations (Treg and Th17
cells) in either tissue site (spleen and cLP) at each post-acute DSS
recovery time point investigated. Therefore, when the genotypes
were combined, the proportion of splenic Tregs was greater 3 d
after acute DSS exposure compared to untreated mice (P <
0.001) and continued to increase as recovery time progressed,
whereas in the cLP, the Treg kinetic response was delayed in
DSS-treated mice and differed from untreated mice only at the
2-wk recovery time point post-acute DSS exposure (P = 0.03)
(Table 1). Compared to untreated mice, the kinetic response of
Th17 cells to acute DSS exposure was greater in the cLP (locally)
and the spleen (systemically) at 3 d postacute exposure (P <
0.001 in both tissue sites) (Table 1). Furthermore, as recovery
time progressed, in both tissue sites the percentage of Th17 cells
continued to rise and differed from the both the percentage
detected at 3 d recovery post-acute DSS exposure (spleen, P <
0.0001 and cLP, P = 0.004) and mice not permitted time to
recover (5 d DSS) (P = 0.0001 in the spleen and cLP).

During chronic DSS exposure (n-3) PUFA sustain Tregs
and lower Th17 cells in the mucosa. The effects of acute and
chronic DSS exposure on the proportion of Treg and Th17 cells

TABLE 1 Percentage of Tregs and Th17 cells in the spleen and
cLP of WT and Fat-7 mice that were untreated
(no DSS), exposed to DSS for 5 d (acute colitis), or
allowed to recover post-acute DSS exposure for 3d,
1 wk, or 2 wk'

Spleen cLP
Treatment % Treg % Th17 % Treg % Th17
No DSS 1.03 + 0.10° 028 = 0.02° 1.95 + 0.69° 0.60 = 0.06°
5d DSS (acute colitis, ~ 0.74 = 0.08° 027 + 0.02° 3.06 + 0.26° 0.87 * 0.10°
no recovery)

5d DSS +3drecovery 145 + 008 038 = 0.02° 411 = 087° 1.47 = 0.20°
5d DSS + 1 wk recovery 1.45 = 0.10° 066 + 0.06° 361 + 051° 1.41 = 0.20°
5d DSS + 2 wk recovery 1.33 = 0.15% 073 + 0.04° 588 + 0.86° 2.74 * 0.48°

" Values are means + SEM, n = 10-14. Because there was no effect of genotype, data
from WT and Fat-7 mice were combined. Means in a column without a common letter
differ, P < 0.05. cLP, colon lamina propria; DSS, dextran sodium sulfate; Tregs,
regulatory T cells; WT, wild type.
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FIGURE 2 Percentage of splenic Treg (A), cLP Treg (B), splenic Th17 cells (C), and cLP Th17 cells (D) in WT and Fat-7 mice untreated (no DSS),
exposed to 5 d DSS (acute colitis), or 3 cycles DSS (chronic colitis). P values for effects of G, T, and G X T are shown. Bars represent mean *+
SEM, n = 5-8 (spleen) or 6-10 (colon). Means without a common letter differ, P < 0.05. cLP, colon lamina propria; DSS, dextran sodium sulfate;
G, genotype; G X T, interaction of genotype and treatment; T, treatment; Tregs, regulatory T cells.

in the cLP and spleen of Fat-1 and WT mice were subsequently
determined. The acute colitis phase (5 d DSS) had no effect on the
percentage of Treg or Th17 cells residing in the cLP and spleen in
either genotype compared to untreated mice (Fig. 2). In contrast,
following the induction of chronic colitis (3 cycles of DSS
exposure), both Fa#-1 and WT mice had a greater proportion of
Tregs and Th17 cells residing in both the cLP and spleen
compared to the untreated and acute colitis groups (Fig. 2A-D).
During chronic colitis, there was no difference between Fat-1 and
WT mice in the percentage of Tregs residing in either tissue site
(Fig. 2A,B); however, Fat-1 mice had a lower percentage of Th17
cells in both the spleen (P = 0.005) and cLP (P = 0.01) compared
to WT mice (Fig. 2C,D). Collectively, these results demonstrate
that (n-3) PUFA can favorably alter the ratio between Treg and
Th17 cell populations following chronic DSS exposure by
sustaining Treg and lowering Th17 cell numbers, respectively.

The colonic mucosal cytokine microenvironment is modu-
lated by (n-3) PUFA in a manner consistent with decreased
Th17 cell maintenance. Because (n-3) PUFA lowered the
percentage of Th17 cells in the cLP following the induction of
chronic inflammation in the colon (Fig. 2), we measured mRNA
expression levels of key cytokines and cytokine receptors involved
in the differentiation, trafficking, and/or long-term maintenance
of the Th17 cell population (Table 2). In Faz-1 mice, colonic
mucosal mRNA expression of IL-17F was lower (P = 0.03)
compared to WT, whereas there was no difference between
genotypes for IL-17A. Additionally, colonic mucosal IL-21
expression was lower (P = 0.02) in Fat-1 mice compared to WT,
consistent with a role of (n-3) PUFA in affecting cLP Th17 cell
polarization and activation. There were no differences in the
mRNA expression levels for IL-6 and IL-23 between genotypes.
Signaling via the IL-23R is critical for maintaining the Th17 cell
phenotype; however, there was no difference in the mucosal
expression of IL-23R. Interestingly, colonic mRNA expression of
IL-27, a cytokine that elicits suppressive effects on Th17 cells
(38,39), was greater in Fat-1 mice (P = 0.04) relative to WT mice.
Colonic mucosal expression of IFNy was lower (P = 0.04) in Fat-1
mice, consistent with the inhibitory effect of (n-3) PUFA on Th1-
mediated effects (7,8). Lastly, mRNA expression of CCR6, a
chemokine receptor expressed on Th17 cells involved in the
trafficking of Th17 cells to the colon (40), was lower (P = 0.03) in
Fat-1 mice, whereas expression of its ligand, CCL20, did not
differ between genotypes.
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Splenic CD11c¢* DC cytokine production is altered by (n-3)
PUFA. Cytokines produced by APC can influence the differen-
tiation, proliferation, and/or maintenance of the Th17 cell
population and, moreover, this cellular compartment itself may
also be directly affected by IBD and/or (n-3) PUFA. Therefore,
cytokine secretion by splenic purified CD11cM DC from both
Fat-1 and WT mice exposed to three cycles of DSS was
examined. Although CD11c™ DC were not isolated from the
colon (target tissue), outcomes from the spleen are relevant,
because the percentage of Th17 cells was lower in this tissue in
Fat-1 mice compared to WT. Following LPS stimulation, DC
isolated from Fa#-1 mice produced higher levels of IL-10 protein
compared to WT mice (Fig. 3A), whereas TGFB1 levels were
suppressed in Fat-1 cultures (Fig. 3B). DC from Fat-1 mice
produced less IL-12p40 compared to WT mice (Fig. 3D). The
genotypes did not differ in the levels of IL-6, TNFa, and IL-13
(Fig. 3C,E,F), whereas IL-12p70 and IL-23p19 were below
detectable levels in both groups. Collectively, these data indicate
that (n-3) PUFA alter DC cytokine production, and thus their
influence on the local cytokine microenvironment, in a manner
consistent with the suppression of inflammation and Th17 cell
polarization.

TABLE 2 Colonic mucosal mRNA expression in WT and Fat-1
mice exposed to 3 cycles of DSS (chronic colitis)’

Gene WT Fat-1
relative expression’

1117a 3.25 = 045 255 + 077
nzf 293 = 1.03 1.44 = 0.19*
1121 2.28 = 0.60 0.76 = 0.40*
1127 0.70 = 0.26 3.59 + 0.88*
Ifng 3.19 = 0.53 1.05 = 0.17*
116 461 = 1.80 2.33 = 0.51
1123 3.08 = 0.52 410 += 0.46
1123r 5.40 = 0.72 5.20 = 0.30
Ccré 15.47 = 1.36 7.80 = 2.02*
Cel20 12.20 = 3.90 7.43 = 2.80

"Values are means + SEM, n = 5 (WT) or 8 (Fat-1). *Different from WT, P < 0.05.
DSS, dextran sodium sulfate; WT, wild type.
2 Data were normalized to ribosomal 18 S.
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FIGURE 3 Ex vivo production of IL-10 (A), TGFB1 (B), IL-6 (C), IL-12p40 (D), TNFa (E), and IL-18 (F) by splenic CD1 1c" DC from WT and Fat-
1 mice exposed to 3 cycles DSS and cultured for 24 h with or without 10 mg/L LPS. Bars represent mean = SEM, n = 3 (WT) or 4 (Fat-1) pooled
samples from 4-5 mice. P values for effects of G, T, and G X T are shown. Means without a common letter differ, P < 0.05. DC, dendritic cell;
DSS, dextran sodium sulfate; G, genotype; G X T, interaction of genotype and treatment; T, treatment; WT, wild type.

Discussion

In the present investigation, we confirmed (17) that Fat-1 mice
have an enhanced ability to resolve chronic DSS-induced colitis
(Fig. 1), which is consistent with the effect of dietary (n-3) PUFA
on long-term resolution of colon inflammation and mucosal
repair (17,18). Following acute DSS exposure, (n-3) PUFA had
no influence on the proportion of Treg and Th17 cells residing in
the spleen and cLP (Fig. 2). Conversely, during chronic colitis,
the proportion of Th17 cells in both the spleen and cLP was
lower in Fat-1 mice, whereas the proportion of Treg was
unaffected in either tissue site (Fig. 2). Importantly, the magni-
tude of the rise in the percentage of Th17 cells in WT mice was
similar to changes reported in humans with IBD (21), thereby
demonstrating the ability of the chronic DSS model to recapit-
ulate this critical aspect of IBD pathology. A subpopulation of T
cells coexpressing Th17 and FOXP3 has been identified (41,42),
and although their contribution cannot be definitively excluded
from our assessment of Th17 cells, the size of this subpopulation
has been reported to be low (41). Previously, dietary (n-3) PUFA
have been shown to increase FOXP3 expression in murine T
cells (43,44); however, these cells did not retain suppressive
function in vitro (44). Similarly, in human IBD, an increase in
Treg numbers alone is insufficient to overcome the inflammatory
effects of other upregulated effector T cell populations (i.e.,
Th17 and Th1) within the mucosa (21,25,26,28,29). Thus,
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during chronic colitis, (n-3) PUFA improve the clinical pheno-
type and favorably modulate the balance between Treg and
Th17 cell populations residing locally (cLP) and systemically
(spleen) by lowering the proportion of Th17 cells, which are
strongly implicated in the pathogenesis of IBD (21-24) and
modulate the mucosal cytokine microenvironment in a manner
consistent with reduced Th17 cell function (Table 2).

To probe some possible mechanisms underlying the (n-3)
PUFA-dependent reduction in cLP Th17 cells, we considered the
expression of genes involved in several pathways affecting the
mucosal cytokine microenvironment. Although mRNA and
protein expression levels do not necessarily correlate, document-
ing (n-3) PUFA-induced changes in gene expression can provide
insight into the underlying mechanisms driving the reduction in
Th17 cell numbers in Fat-1 mice. Additional studies are required
to distinguish between individual (n-3) PUFA effects on Th17
cell polarization, expansion, maintenance, and/or trafficking of
Th17 cells to the inflamed mucosa.

Previously, we showed that (n-3) PUFA suppress the activa-
tion of STAT3, a critical transcription factor regulating Th17
differentiation (19). In combination with TGFB, the presence of
either IL-6 or IL-21 in the cellular microenvironment drives
Th17 cell differentiation (45). Previously (n-3) PUFA have been
shown to reduce ex vivo IL-6 production (46); however, colonic
expression was unaffected in the present study. Conversely,
IL-21 gene expression was lower in Fat-1 mice, which is
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noteworthy, because IL-21 promotes the induction and/or
perpetuation of T-cell-dependent inflammatory processes con-
trolling both Th1 and Th17 cell responses (4). The combination
of TGFB and IL-21 suppresses FOXP3 expression in addition to
supporting Th17 cell differentiation (47,48), thereby modulat-
ing the balance between Treg and Th17 cells. In IBD, mucosal
expression of IL-21 and its receptor are elevated (49,50) and
blockade of IL-21 signaling results in downregulated expression
of IL-17 and IFNy (50). Thus, IL-21 signaling provides a
mechanism through which both pathogenic Th17 and Thil
effector cells can be modulated. Interestingly, we demonstrated
that (n-3) PUFA also lower gene expression of IL-17F and IFNy
(Table 2) and therefore disruption of IL-21 signaling may
represent one potential mechanism through which (n-3) PUFA
suppress expression of not only Th17 cell, but also Th1 cell-
mediated inflammation, as previously reported (7,8). Collec-
tively, these results suggest a combined inhibitory effect of (n-3)
PUFA on biological functions of both Th17 and Th1 effector T
cell populations during chronic colitis.

In addition to Th17 cells, other innate cellular sources of IL-
17 have been defined (51). Thus, a scraped mucosal sample
could include all resident IL-17-producing cellular sources,
which may help to explain the apparent conflicting findings of a
reduced percentage of Th17 cells (CD4" IL-17A*) in the cLP of
Fat-1 mice, but no difference in mucosal gene expression of IL-
17A. IL-17A and IL-17F signal through the same receptor
complex and exhibit redundant biological activities in the
pathogenesis of colitis (52,53). In this context, IL-17F mRNA
expression was lower in Fa#-1 mice (Table 2) and therefore may
be indicative of (n-3) PUFA-mediated suppression of Th17 cell
function. Furthermore, (n-3) PUFA enrichment in the chroni-
cally inflamed colonic mucosa resulted in greater IL-27 mRNA
expression (Table 2), a cytokine that has been shown to
antagonize Th17 cell development (38,39). Therefore, a com-
plementary mechanism through which (n-3) PUFA modulate
colonic Th17 cells could be via the suppressive actions of IL-27.
Lastly, (n-3) PUFA suppressed colonic mucosal mRNA expres-
sion of the chemokine receptor CCR6 (Table 2), which is
characteristically expressed by Th17 cells and is important for
their migration and localization to intestinal mucosal tissues
(40). It remains plausible that (n-3) PUFA could suppress Th17
cell trafficking to the inflamed colonic mucosa by decreasing
expression of a critical homing receptor. In IBD, IL-23 drives
colonic inflammation (22,23) and is involved in expanding Th17
cell responses, including survival (4). Interestingly, (n-3) PUFA
had no effect on mucosal IL-23 or IL-23R expression. These
findings suggest that the reduced proportion of Th17 cells in the
cLP of Fat-1 mice is unlikely a result of reduced maintenance of a
differentiated Th17 cell population through IL-23-mediated
signaling. Collectively, analysis of mucosal gene expression data
indicate that (n-3) PUFA likely affect the colonic microenviron-
ment by a combination of mechanisms centered on Th17 cell
differentiation, function, and trafficking.

Splenic Th17 cell numbers were reduced in Fat-1 mice,
suggesting that cytokine secretion by discrete cell types also
residing in the spleen can influence the local cytokine microen-
vironment and Th17 cell polarization. Therefore, we determined
if (n-3) PUFA altered the splenic DC cytokine profile. Fat-1 mice
exhibited greater IL-10 and reduced TGF-B1 ex vivo produc-
tion, respectively (Fig. 3). This is noteworthy, because despite
being conventionally regarded as an anti-inflammatory cytokine
(54), TGEB is an important promoter of Th17 polarization (55),
whereas the anti-inflammatory actions of IL-10 suppress colonic
inflammation (56). Moreover, Th17 cells express the IL-10
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receptor and are directly suppressed via IL-10 signaling (57),
indicating that increased IL-10 production by (n-3) PUFA, in any
cell type, can ultimately skew the cytokine microenvironment in
a manner consistent with suppression of Th17 cells. Previous
studies have also shown that APCs can negatively contribute to
the regulation of Th17 cell differentiation through an IL-10
mechanism (58). Further, these data are consistent with previous
findings indicating that (n-3) PUFA can alter the DC activation
state via a lipid raft-dependent mechanism (59,60). Therefore, as
a consequence of action at the cell membrane, (n-3) PUFA may
modulate the tolerogenic conditioning of DC and suppress Th17
cell polarization, at least in part by limiting the production of
TGEFB and promoting IL-10 production. Collectively, these data
indicate that (n-3) PUFA alter DC cytokine production in a
manner consistent with the suppression of inflammation and
Th17 cell polarization.

In summary, the present study has defined a novel role for
(n-3) PUFA in the suppression of inflammatory Th17 cells during
chronic-DSS induced colitis, wherein the imbalance between
regulatory and inflammatory effector T cell induction contrib-
utes to the etiology of IBD (21,56,61). Changes in mucosal
cytokine gene expression provide insight into some of the
preliminary mechanisms through which (n-3) PUFA may mod-
ulate Th17 cell function within the inflamed colon. Further
studies are required to characterize the molecular targets and
elucidate the signaling mechanisms by which (n-3) PUFA
suppress local T-cell activation and ameliorate IBD. Collectively,
these findings strongly suggest that (n-3) PUFA offer potential as
an innocuous anti-inflammatory agent or as an adjunctive
therapy with therapeutic drugs designed to reset the balance
between Treg and Th17 cells during chronic colonic inflamma-
tion, thereby reducing disease severity and improving the clinical
outcome.
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