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Abstract
The molecular properties of immunosuppressive n-3 polyunsaturated fatty acids (PUFA) have not
been fully elucidated. Using CD4+ T cells from wild type control and fat-1 transgenic mice (enriched
in n-3 PUFA), we show that membrane raft accumulation assessed by Laurdan (6-dodecanoyl-2-
dimethyl aminonaphthalene) labeling was enhanced in fat-1 cells following immunological synapse
(IS) formation by CD3-specific Ab expressing hybridoma cells. However, the localization of
PKCθ, PLCγ-1 and F-actin into the IS was suppressed. In addition, both the phosphorylation status
of PLCγ-1 at the IS and cell proliferation as assessed by CFSE labeling and [3H]-thymidine
incorporation were suppressed in fat-1 cells. These data imply that lipid rafts may be targets for the
development of dietary agents for the treatment of autoimmune and chronic inflammatory diseases.
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Introduction
The Singer and Nicholson lipid bilayer model of the plasma membrane (1) has evolved
significantly to include specialized microdomains, i.e., lipid rafts. Lipid rafts can be classified
as morphologically featureless, detergent-resistant membranes (DRM)3 due to their
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insolubility in cold nonionic detergents (2). Their highly enriched cholesterol and sphingolipid
content suggests that they are in a liquid ordered (lo) state, whereas the bulk membrane is in a
liquid disordered (ld) state (3). The biochemical characterization of lipid rafts has provided
new insight into the regulation and function of plasma membrane proteins. For example, it is
now known that T cell intracellular signaling cascades, endocytosis, protein trafficking and
cell-cell communication are modulated in part by altering the lipid-protein composition of the
bulk membrane and specialized lipid microdomains (3-6).

Dietary fish oil, rich in n-3 polyunsaturated fatty acids (PUFA), can alter immune cell function
and aid in the resolution of chronic inflammation, e.g., arthritis, Crohn's disease, dermatitis,
psoriasis and ulcerative colitis (7-10). To further investigate the anti-inflammatory properties
of fish oil, we have demonstrated that n-3 PUFA modulate CD4+ T cell immune responses in
part via reduction in Th1 clonal expansion (11), IL-2 secretion and IL-2 receptor α-chain
mRNA transcription (12). However, the molecular mechanisms by which n-3 PUFA suppress
CD4+ T cell function are not fully understood.

It has been reported that the fatty acid composition of lipid rafts and the bulk membrane in
Jurkat T cells was altered by addition of n-3 PUFA to the culture media (13). Our lab also
demonstrated the modulation of T cell lipid rafts by dietary n-3 PUFA in a mouse model
(14). In the latter study, it was demonstrated that dietary fish oil as well as purified
docosahexaenoic acid (DHA, 22:6n-3), a major bioactive n-3 PUFA, altered CD4+ T cell
plasma membrane fatty acid composition, specifically in phosphatidylserine and
phosphatidylethanolamine, which are abundant in the cytofacial leaflet of the cell membrane
(15). In contrast, fatty acid profiles in sphingomyelin, phosphatidylinositol, and
phosphatidylcholine, which are major lipids in the exofacial leaflet (15) in which TCR is linked,
were not altered. These observations may partially explain why n-3 PUFA alter signaling
pathways without affecting expression and/or affinity of the TCR/CD3 complex (16,17).
Furthermore, in complementary studies, changes in lipid raft fatty acid composition were
associated with a decrease in the translocation of protein kinase C (PKC)θ, a key molecule
regulating CD4+ T cell activation, into lipid rafts in mitogen stimulated T cells (12). In contrast,
n-3 PUFA incubation displaced F-actin, talin, LFA-1α, but not PKCθ from the IS, where T
cells and APC form a conjunction (18). In terms of cell signaling triggered by TCR, it was
reported that a scaffold protein, caspase recruitment domain-containing protein 11 (CARD11,
CARMA1) is recruited into the IS and plays an essential role in linking Ag recognition,
PKCθ activation via translocation into lipid rafts and NF-kB nuclear translocation (19). From
these studies, it is apparent that n-3 PUFA may modulate T cell function via alteration of lipid
raft structure and the translocation of signaling molecules.

We have recently reported that long chain PUFA alter the size and distribution of lipid rafts in
HeLa cells, as determined by immuno-gold electron microscopy (20). These data suggest that
plasma membrane organization of inner leaflets is fundamentally altered by n-3 PUFA
enrichment. However, to date, the direct visualization of T cell lipid rafts at the IS following
n-3 PUFA membrane enrichment has not been reported. Recently, it was demonstrated that
the fluorescent probe Laurdan can align itself parallel with the hydrophobic tails of
phospholipids in membranes (21-23). Owing to its ability to emit two different wavelengths
according to the fluidity of the microenvironment, Laurdan can be used to measure membrane
fluidity and visualize lipid rafts in living cells by two-photon microscopy (22).

Since mammals cannot produce n-3 PUFA from the major n-6 PUFA found in the diet due to
the lack of Δ15-desaturase activity, it is necessary to enrich the diet with eicosapentaenoic acid
(EPA, 20:5n-3) and/or DHA in order to assess their biological properties in vivo. Recently, the
fat-1 gene encoding an n-3 fatty acid desaturase was cloned from Caenorhabditis elegans and
expressed in mammalian cells (24). This enzyme can catalyze the conversion of n-6 PUFA to
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n-3 PUFA by introducing a double bond into fatty acyl chains. Hence, transgenic mice
expressing fat-1 allow us to investigate the biological properties of n-3 PUFA without having
to incorporate these fatty acids in the diet. Using the fat-1 mouse model, we report for the first
time the effect of n-3 PUFA on (a) the formation of lipid rafts in living CD4+ T cells at the
immunological synapse, (b) membrane translocation of signaling molecules, (c)
phosphorylation (activation status) of key signaling proteins and (d) the proliferation of
CD4+ T cells.

Materials and Methods
Animals, diets, and CD4+ T cell purification

Fat-1 transgenic mice were generated and backcrossed onto a C57BL/6 background by
breeding heterozygous mice (24,25). Littermates were used in all experiments as previously
described (25). All procedures followed guidelines approved by Public Health Service and the
Institutional Animal Care and Use Committee at Texas A&M University. Mice were genotyped
using tail DNA. To confirm the phenotype, total lipids were isolated from splenic CD4+ T cells
and the fatty acid profile was characterized by gas chromatography as previously described
(14). Animals were fed a 10% safflower oil diet (n-6 PUFA rich, Research Diets) ad libitum
with a 12 h light/ dark cycle. The diet contained 40 (g/100 g diet) sucrose, 20 casein, 15 corn
starch, 0.3 DL-methionine, 3.5 AIN 76A salt mix, 1.0 AIN 76A mineral mix, 0.2 choline
chloride, 5 fiber (cellulose), 10 safflower oil. CD4+ T cells from fat-1 or WT mice were isolated
from spleens by a magnetic microbead positive selection method (Miltenyi Biotec) according
to the manufacturer's recommendation.

Laurdan labeling
Purified (91.0 ± 1.0% determined by flow cytometry, n=3) CD4+ T cells were stained with
Laurdan (Invitrogen) for lipid raft visualization. Briefly, 5 μmol/L Laurdan was prepared in
serum-free RPMI medium and incubated with 2×106 cells/mL for 30 min at 37°C (21). Cells
were subsequently washed and resuspended in serum-free Leibovitz's medium. To evaluate
the effect of cholesterol depletion on lipid raft formation, cells were pretreated with 10 mmol/
L methyl-β-cyclodextrin (MβCD, Sigma) in fatty acid-free RPMI media containing 0.1% BSA
for 3 min prior to Laurdan labeling (26).

CD4+ T cell activation and two-photon microscopy
For mitogenic activation, CD4+ T cells were cocultured with CD3-specifc Ab expressing
hybridoma cells (clone 145-2C11, ATCC, anti-CD3 hybridoma) in complete medium [RPMI
1640 medium with 25 mmol/L HEPES (Irvine Scientific), supplemented with 5% heat-
inactivated FBS (Invitrogen), 105 U/L penicillin and 100 mg/L streptomycin (Gibco), 2 mmol/
L L-glutamine (Glutamax®, Gibco), and 10 μmol/L 2-ME (Sigma)]. To validate immune
synapse formation, T cells were also incubated with an irrelevant DNP-specific Ab expressing
hybridoma cells (clone UC8-1B9, anti-DNP hybridoma) (27). In select experiments,
hybridoma cells were prelabeled with Cell Tracker orange-fluorescent tetramethylrhodamine
(CMTMR, Invitrogen). Laurdan labeled CD4+ T cells were coincubated with hybridoma cells
at a ratio of 5:1. Cell mixtures were seeded onto poly-L-lysine (Sigma) precoated chambered
coverglass slides (2×106 CD4+ T cells/chamber). After a 30 min incubation period at 37°C,
Laurdan was measured by two-photon microscopy (Zeiss LSM 510 META NLO, 40x objective
1.3 NA oil) at 400-460 nm and 470-530 nm (Fig. 1A-D) to calculate generalized polarization
(GP)-values, which indicate lo and ld states of the membrane, respectively (22). The Coherent
Chameleon femtosecond pulsed Ti:Sapphire laser was set at an excitation of 770 nm.
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GP-value calculation
All images were converted to 8-bit/channel TIFF format and were processed using Adobe
Photoshop CS3®. The mean intensities of each color channel were measured in either whole
cells or contact regions of the synapse by drawing a polygon around each cell boundary (whole
cell) (Fig. 1F) or by drawing an oval at the T cell membrane proximal to the hybridoma cell
(Fig. 1E). GP-values were obtained by the formula, GP=(I400-460−I470-530)÷
(I400-460+I470-530), where I stands for intensities of each region of interest for the blue and
green channels, respectively (21,22).

Quantification of protein localization, activation and GM1 relocation
To assess the relocalization of signaling proteins or cytoskeletal F-actin, isolated CD4+ T cells
were mixed with hybridoma cells (5:1) and seeded onto poly-L-lysine precoated coverglass
slides. After a 30 min incubation period, cells were fixed in 4% formaldehyde for 20 min,
rinsed with PBS, and incubated with 10 mmol/L glycine in PBS for 10 min at room temperature
to quench aldehyde groups. Cell membranes were permeabilized by exposure to 0.2% Triton
X-100 in PBS for 5 min at room temperature, followed by PBS washing. Cells were
subsequently covered with blocking solution (1% BSA/0.1% NaN3 in PBS) and incubated at
4°C overnight with primary Abs, rabbit Abs specific to either PKCθ (Santa Cruz
Biotechnology), linker for activation of T cells (LAT), phospho-LAT (Upstate Biotechnology),
CARMA1, phospholipase C (PLC)γ-1, phospho-PLCγ-1 (Cell Signaling Technology) as
previously reported (12). After PBS washing, cells were incubated with secondary Alexa
Fluor® 568 goat Ab to rabbit IgG (Molecular Probes). In order to visualize F-actin and
ganglioside GM1 localization, cells were incubated with F-actin-specific phallotoxin-Alexa
Fluor 568® (Molecular Probes) or GM1-specific cholera toxin B subunit-fluorescein
isothiocyanate (CTx-FITC, Sigma), respectively. Following serial ethanol dehydration steps,
samples were mounted onto glass slides with ProLong Antifade reagent (Molecular Probes)
(12). Fluorescence images were acquired by confocal microscopy to determine both the
translocation and phosphorylation status (activation) of signaling proteins in CD4+ T cells.
Either a BioRad Radiance 2000MP (argon laser excitation at 568 nm and emission at 590 nm,
63x objective 1.4 NA water) or Zeiss LSM 510 META NLO (argon laser excitation at 543 nm
and emission with a LP 560 nm, 63x objective 1.4 NA oil) system was used for image
acquisition. Cell images were captured in 8-bit TIFF format and the percentage of cells with
protein patching at the IS was counted to assess the relocalization of signaling proteins or F-
actin. GM1 recruitment into the IS was quantified by relative relocation index (RRI) (28).
Briefly, polygons were drawn to designate the IS, the contact whole cell and background area.
RRI was calculated by the formula, RRI=[mean fluorescence intensity (MFI) at the IS-
background]÷(MFI at the contact whole cell-background). Quantitative analysis of MFI was
performed using Adobe Photoshop® CS3 for Windows.

CD4+ T cell proliferation assay
The effect of n-3 PUFA on T cell proliferation was evaluated by the [3H]-thymidine
incorporation and CFSE labeling as previously described (11,29). Briefly, 2×105 purified
CD4+ T cells were stimulated using either control RPMI complete medium, 5×105 anti-CD3
hybridoma cells which were pretreated with 10 μmol/L mitomycin C (Sigma) for 30 min to
block cell division, plate bound CD3-specific mAb (1 ng/L) and soluble CD28-specific mAb
(5 ng/L, BD Pharmingen) (anti-CD3/28 mAbs) or PMA (1 pg/L) and Ionomycin (500 nmol/
L) (PMA/Ionomycin). Cells were cultured for 72 h in round-bottom 96-well multiplates. For
CFSE profile analysis, CD4+ T cells were pretreated with 5 μmol/L CFSE in PBS supplemented
with 5% FBS for 10 min (29). After 72 h in culture as described above, CFSE was analyzed
by flow cytometry (FACSCalibur, BD) as previously reported (11). Briefly, cells were
harvested by centrifugation and resuspended in PBS. To determine viability, propidium iodide
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(PI, Sigma) was added to each sample prior to analysis. CFSE fluorescence was detected using
a 530/30 band pass filter and PI fluorescence through a 650LP filter. CFSE fluorescence was
sufficiently intense to be detected through a 650LP filter. Viable cells were determined using
a plot of CFSE vs PI fluorescence, based on the fluorescence patterns of a sample with CFSE
but no PI. This gate also excluded most of the hybridoma cells because of their higher level of
autofluorescence. An additional lymphocyte gate was set based on forward and side light
scattering properties. CFSE profiles were analyzed by ModFit LT 3.0 (Verity Software House).
Data were expressed as difference of percentage (Δpercentage, fat-1 - WT) at each daughter
cell generation. For the [3H]-thymidine incorporation, 4 μCi [3H]-thymidine/well (New
England Nuclear) was added to the cultures for the final 6 h. Cells were harvested using a 96-
well cell harvester (Packard Instrument) and thymidine uptake was measured using liquid
scintillation counting (Beckman Coulter). Results are expressed as proliferation index, which
is derived by dividing disintegrations per minute (DPM) of stimulated wells by DPM of basal
control.

Statistics
Data were analyzed using Student's t-test to compare fat-1 and WT cells. Kolmogorov-Smirnov
method was applied to test the normality of the data distribution. Statistical interaction of the
variables (genotype and ROI) was tested by two-way ANOVA. To compare multiple treatment
means, one-way ANOVA and LSD multiple post-hoc tests were used (SPSS 15.0 for
Windows). Data are expressed as mean ± SEM and differences of P<0.05 were considered
statistically significant.

Results
n-3 PUFA enhances the formation of lipid rafts at the immune synapse

Both fat-1 transgenic and wild type (WT) control offspring were fed a 10% safflower oil diet
enriched in n-6 PUFA throughout the duration of study. Splenic CD4+ T cell total lipid fatty
acid compositional analyses revealed an increase in n-3 PUFA [EPA (P=0.010),
docosapentaenoic acid (DPA 22:5n-3, P=0.007) and DHA (P=0.015)] and a decrease in n-6
PUFA, specifically arachidonic acid (20:4n-6, P=0.053), adrenic acid (22:4n-6, P=0.041) and
DPA (22:5n-6, P=0.008) in fat-1 transgenic mice (Fig.2). In addition, the ratio of n-6 to n-3
PUFA was significantly (P=0.003) suppressed in fat-1 (5.13 ± 1.18), compared to WT T cells
(35.71 ± 6.38). These data indicate that an appropriate activity of n-3 fatty acid desaturase was
present and that T cells from fat-1 mice were enriched in n-3 PUFA.

To investigate the effect of endogenous n-3 PUFA on lipid raft formation at the IS, Laurdan
labeled CD4+ T cells were cocultured with anti-CD3 hybridoma cells at 37°C in 5% CO2 for
30 min. Images of conjugate CD4+ T cells and hybridomas were captured, while non-contact
CD4+ T cells served as a negative control. Two-way ANOVA of generalized polarization (GP)-
values revealed that there was no statistical interaction between genotype and regions of interest
(ROI) (P=0.430). GP-values were significantly (P<0.001, LSD post-hoc test) increased at the
IS (0.412 ± 0.017 WT vs 0.452 ± 0.014 fat-1) compared to non-contact T cells (0.329 ± 0.008
WT vs 0.372 ± 0.008 fat-1) or contact whole cells (0.363 ± 0.010 WT vs 0.377 ± 0.008
fat-1) (Fig. 3A). Overall, raft formation was enhanced in fat-1 vs WT cells in both resting
(P=0.016) and stimulated (P=0.022) CD4+ T cells. The DNP-specific Ab expressing hybridoma
was used as a negative control, and failed to exhibit an increase in the GP index at the IS (Fig.
3B and C). These data demonstrate that the n-3 PUFA-dependent increase in the GP index is
IS dependent.

In independent experiments, CD4+ T cells were pretreated with 10 mmol/L MβCD for 3 min
to specifically deplete cholesterol from lipid rafts as described previously (26). Laurdan
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analysis revealed that the elevated GP values associated with IS formation (ΔGP=0.195 ±
0.030, fat-1 and 0.139 ± 0.015, WT, n=6-14 cells per mouse from 1-2 mice per genotype) was
diminished following MβCD treatment (ΔGP=0.053 ± 0.022, fat-1 and ΔGP=0.059 ± 0.033,
WT), indicating that changes in the GP index at the IS are cholesterol dependent.

In complementary experiments, GM1-specific microcluster recruitment was assessed using
CTx-FITC. CTx has been used to mark membrane microdomains in the exofacial leaflet,
although a significant fraction of GM1 is found outside lo regions (30). Interestingly, in contrast
to the enhanced lo domain formation at the IS (Fig. 3B), GM1 recruitment was not altered in
fat-1 CD4+ T cells (Fig. 3D and E).

n-3 PUFA suppress the localization of signaling proteins into the IS
Following Ag recognition by the TCR, signaling cascades proximal to the IS are initiated by
relocalization of a complex of molecules, i.e., protein kinases (Fyn, Lck, ZAP-70, PLCγ-1),
scaffolding proteins (LAT, Grb-2, SLP-76, CARMA1) and cytoskeletal proteins (F-actin) into
the IS (5,19,31). In this study, the effect of n-3 PUFA on the localization of select signaling
molecules in the plasma membrane at the IS was quantified. Fig. 4A shows representative cell
images obtained following incubation with rabbit mAb specific to mouse LAT and the
secondary Alexa Fluor® 568 Ab specific to rabbit IgG. Relocalization of PKCθ, PLCγ-1 and
F-actin into the IS, expressed as the percentage conjugate with patching, were suppressed in
fat-1 transgenic cells by 30% (P=0.050), 32% (P=0.081) and 36% (P=0.020), respectively (Fig.
4B). In contrast, the intracellular localization of LAT and CARMA1 at the IS was not altered
by n-3 PUFA.

n-3 PUFA down-regulate PLCγ-1 phosphorylation at the IS
Since phosphorylation of LAT and PLCγ-1 occurs at the very early stages of T cell activation,
either phospho-LAT or phospho-PLCγ-1 specific Ab was used to visualize the effect of n-3
PUFA on T cell activation. Specifically, the percentage conjugate patching of phospho-Y195
(LAT) (32) and phospho-Y783 (PLCγ-1) (33) was examined and showed that PLCγ-1
phosphorylation was suppressed by 29% (P=0.034) in n-3 PUFA enriched cells at the IS,
whereas LAT phosphorylation was not altered (P=0.464) (Fig. 5A and B).

n-3 PUFA suppress CD4+ T cell proliferation
CD4+ T cells were labeled with CFSE and cultured for 72 h for the purpose of determining
whether the effect of n-3 PUFA on lipid rafts and signaling protein recruitment/activation was
associated with an alteration in T cell proliferation. Using flow cytometry analysis, non-viable
cells were gated out based on their uptake of PI (Fig. 6A, D and G) and lymphocytes were
identified by forward and side scatter plot analysis (Fig. 6B, E and H). The parental peak was
obtained by examining unstimulated control cells, which did not divide (Fig. 6C), whereas cell
division was visualized by the shift of CFSE peak to the left (11, 29). To identify each daughter
generation, computer-aided modeling was performed (Fig. 6F and I). Examination of the
percentage of each daughter cell generation revealed that fat-1 CD4+ T cell proliferation was
suppressed in response to anti-CD3 hybridoma stimulation. Specifically, a higher percentage
of non-divided parental cells (Δpercentage=5.87, P=0.028) and lower percentage of daughter
cells at generation 4 (Δpercentage=−0.98, P=0.037), 5 (Δpercentage=−1.73, P=0.042) and 6
(Δpercentage=−1.38, P=0.065) were obtained (Fig. 7A). In addition, CD4+ T cells stimulated
by either anti-CD3/28 mAbs or PMA/Ionomycin exhibited a similar trend; larger fraction at
generation 1 (Δpercentage=4.30, P=0.085 anti-CD3/28 mAbs, Δpercentage=3.58, P=0.001
PMA/Ionomycin) and a reduced number of cells at generation 4 (Δpercentage=−3.34, P=0.081
anti-CD3/28 mAbs), suggesting a suppression of cell division in the fat-1 group (Fig. 7B and
C).
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In a complementary experiment, CD4+ T cell proliferation was assessed by the incorporation
of [3H]-thymidine. In accordance with CFSE profile data, thymidine uptake expressed as the
proliferation index revealed that fat-1 CD4+ T cell division was significantly suppressed by
52% (P<0.001), 45% (P=0.002) and 56% (P=0.001) in anti-CD3 hybridoma, anti-CD3/28
mAbs and PMA/Ionomycin stimulated cells, respectively (Fig. 8).

Discussion
It has been postulated that n-3 PUFA, because of their perceived broad acting effects on
mammalian physiology, act at a fundamental level common to all cells, i.e., by altering the
physical properties of biological membranes (9,10,18,34-38). More specifically, we
hypothesized that the anti-inflammatory effects of n-3 PUFA on CD4+ T cells would be
explained, in part, by suppressing/disrupting lipid raft formation at the IS.

To elucidate the membrane bioactive properties of n-3 PUFA in T-cells, the fat-1 transgenic
mouse model was utilized because it is uniquely capable of converting n-6 PUFA to n-3 PUFA
endogenously by introducing a cis double bond into fatty acyl chains (24,39). Data from initial
experiments showed that the fat-1 gene was functionally expressed in splenic CD4+ T cells
and that the plasma membrane was enriched in n-3 PUFA (Fig. 2).

We have demonstrated previously that n-3 PUFA suppress murine CD4+ T cell proliferation
by remodeling lipid raft fatty acid composition and by altering PKCθ colocalization (12). In
that study, CD4+ T cells were stimulated by culture plate-bound mAb to CD3 (anti-CD3 mAb)
to induce the colocalization of PKCθ with GM1, a marker of lipid rafts. However, the direct
visualization of lipid rafts at the IS is necessary in order to investigate microdomain assembly
and localization at the plasma membrane. Hence, in the present study, we incubated CD4+ T
cells with Laurdan to directly measure membrane fluidity and visualize lipid rafts by two-
photon microscopy. For this purpose, anti-CD3 hybridoma cells were used as Ag presenting
cells to form an IS, since they express cell surface costimulatory B7 and intercellular adhesion
molecule (ICAM-1) (27). In a major step toward developing a unifying mechanistic hypothesis
addressing how dietary PUFA modulate cell membrane microdomains, we demonstrate for the
first time that n-3 PUFA actually promote lipid raft formation at the IS (Fig. 3A-C). These
results can be explained in part by the fact that n-3 PUFA, specifically DHA, has a low affinity
for cholesterol, providing a lipid-driven mechanism for lateral phase separation of cholesterol/
sphingolipid-rich lipid microdomains from the surrounding ld phase (34-38). Hence, the
insertion of DHA into the bulk membrane should enhance the coalescence of cholesterol-rich
lipid raft-like domains in living cells. These findings are consistent with previous observations
using immuno-gold electron microscopy of plasma membrane sheets coupled with spatial point
analysis of validated microdomain markers (20). In that study, we demonstrated that DHA
increased lipid raft clustering in HeLa cells, indicating that plasma membrane organization of
inner leaflets is fundamentally altered by n-3 PUFA-enrichment.

With regard to the role of lipid rafts in T cell activation, T cells from patients suffering from
autoimmune disease synthesized more GM1 following TCR activation (5), suggesting that
GM1 enriched domains play a critical role in the activation of immune responses. However,
cholesterol overloading in healthy T cells reduced the lateral mobility of receptors and signaling
molecules providing a link between plasma membrane cholesterol content and
immunosenescence (5). These observations are controversial because GM1 and cholesterol,
which are both thought to be lipid raft building blocks (3), play different roles in T cell
activation and regulation. Therefore, we measured the recruitment of GM1 into the IS by
labeling with CTx-FITC in order to evaluate the effect of n-3 PUFA on GM1-specific lipid
rafts. Of interest, GM1 relocation as assessed by RRI was not altered by n-3 PUFA (Fig. 3E).
This observation is consistent with a previous report, where GM1 localization as assessed by
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biochemical isolation of DRM was not affected by PUFA treatment (40). Interestingly, the
fatty acid composition of phospholipids in the exofacial leaflet of T cells, where GM1 is
enriched, was not altered by n-3 PUFA (14). In addition, long chain PUFA are predominantly
enriched in phospholipids localized to the cytofacial leaflet (14,41). Based on these findings,
the data suggest that the incorporation of n-3 PUFA into cytofacial leaflet phospholipids alters
the lateral composition of lipid rafts in the plasma membrane, thereby altering the IS
microenvironment to impact thresholds for the activation TCR mediated cell signaling.

The proximal events of cell signaling following Ag recognition by the TCR are initiated by
the localization of signaling molecules into the IS (5). To evaluate the effect of n-3 PUFA on
the localization of select signaling proteins, the percentage of cells with multi-protein signaling
complexes relocalized to the IS was enumerated by immunofluorescence microscopy.
Consistent with a perturbation in lipid raft structure, n-3 PUFA enriched CD4+ T cells exhibited
a suppressed localization of PKCθ, PLCγ-1 and F-actin into the IS (Fig. 4). We also reported
that PKCθ colocalization with GM1 in anti-CD3 mAb stimulated T cells was suppressed by
dietary fish oil and purified DHA ethyl ester administration (12). Although a significant fraction
of GM1 can be found outside lo regions (30,42), the dislocation of PKCθ from GM1 enriched
domains may explain in part why PKCθ accumulation at the IS was suppressed by n-3 PUFA,
while lipid raft formation was enhanced. In addition, we also show that the localization of
PLCγ-1 and F-actin was selectively suppressed by n-3 PUFA, whereas LAT and CARMA1
localization was not altered. In contrast, in a previous study, F-actin, LAT and PKCθ
localization into the IS was not altered by n-3 PUFA (EPA) treatment compared to n-6 PUFA
(arachidonic acid) (18). Indeed, both n-3 and n-6 PUFA treatment equally suppressed the
localization of F-actin, talin, leukocyte function-associated molecule-1α, LAT and CD3ε into
the IS, compared to the saturated stearic acid (18:0) treated control group. The apparent
differences between these studies may be attributed to the fact that Jurkat human T cells were
directly incubated with 50 μmol/L fatty acid followed by antigenic stimulation (18).

Since not only the spatial migration but also the phosphorylation status of LAT and PLCγ-1 is
critical for T cell activation (32,33) and dietary FO has been shown to modulate PLCγ-1
phosphorylation in rat lymphocytes (43), we counted cells with phospho-specific
immunofluorescent patching in order to assess the activation status of those proteins. In
accordance with the localization results, LAT phosphorylation was not affected by n-3 PUFA,
however PLCγ-1 phosphorylation was suppressed in fat-1 transgenic T cells (Fig. 5). These
data indicate that n-3 PUFA selectively modulate the localization and/or activation status of
signaling proteins in TCR-mediated T cell activation.

The function of the IS is still evolving. For example, membrane condensation and signaling
protein translocation to the IS has been shown to be critical for TCR triggered T cell activation
(21). In contrast, compelling data suggest central supramolecular activation cluster (cSMAC)
of mature IS may promote TCR/CD3 internalization and recycling (44). In addition, TCR
microclusters initiate T cell signaling in seconds (45) following binding to peptide-MHC
complex but the signal becomes weaker when cSMAC is formed in minutes (46,47). These
observations suggest that the dynamic nature of the IS and perhaps rapid formation/dissolution
of rafts promote TCR signaling. It is possible, therefore, that n-3 PUFA by stabilizing lipid
rafts at the IS disrupt lipid-protein interactions and perturb membrane structure/function.

Alteration of CD4+ T cell lipid raft microdomains and proximal T cell signaling by n-3 PUFA
in fat-1 cells resulted in the suppression of proliferation (Fig. 7A and 8), indicating the critical
importance of lipid raft localization of proteins such as PKCθ, PLCγ-1 and F-actin to TCR
signaling. To test if the mechanism of suppression by n-3 PUFA was limited to the IS or
proximal signaling cascades, T cells were stimulated with either anti-CD3/28 mAbs or PMA/
Ionomycin to bypass IS formation and TCR mediated signaling, respectively. T cell
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proliferation by anti-CD3/28 mAbs and PMA/Ionomycin was suppressed as assessed by CFSE
profiles and thymidine uptake, indicating that the down-regulation of T cell proliferation by
n-3 PUFA is not limited to TCR-mediated activation. Indeed, CFSE profile analysis revealed
that the largest Δpercentage was associated with the non-dividing parental generation when T
cells were stimulated with the IS forming anti-CD3 hybridoma cell model (Fig. 7), consistent
with a very strong suppression of T cell proliferation. These data are consistent with previous
reports that n-3 PUFA are anti-inflammatory and immunomodulatory in vivo (12,48).

In general, hyperactivation of CD4+ T cells is associated with enhanced susceptibility to
autoimmune disorders and chronic inflammatory diseases induced diseases (9,10). Recently,
our lab reported that fat-1 mice exhibited an enhanced ability to resolve dextran sodium
sulphate-induced intestinal inflammation and injury (25). Since subsets of CD4+ T cells are
known to be critical mediators of chronic inflammation, results from our study may partially
explain why n-3 PUFA favorably modulate the inflammation-dysplasia-carcinoma axis.

In conclusion, we have shown that n-3 PUFA promote the formation of lipid rafts and perturb
the reorganization of signaling machinery which is critical to T cell activation. These results
provide a critical new paradigm in understanding the molecular mechanisms through which
dietary n-3 PUFA modulate T-cell activation. Additional studies are needed to further elucidate
the effect of dietary n-3 PUFA on T cell signaling networks.
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Fig. 1.
Representative two-photon microscopy images of the Laurdan labeled T cells. 8-bit TIFF
format captured images were analyzed in (A) RGB, (B) red (CMTMR), (C) green (I470-530) or
(D) blue (I400-460) channels, respectively. Regions of interest (ROI) at (E) T cell immune
synapse, (F) contact whole cell and non-contact whole cell were selected by drawing an oval
or polygon as shown in white dotted lines. Mean intensities from blue and green channels were
recorded to calculate GP-values as described in the Methods. Scale bar, 5 μm.
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Fig. 2.
Major fatty acid composition of CD4+ T cell total lipids in WT and fat-1 mice. Splenic
CD4+ T cells were isolated from wild type (WT) or fat-1 transgenic mice. Total phospholipids
were isolated and fatty acid composition was analyzed by gas chromatography, n=5.

Kim et al. Page 13

J Immunol. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Lipid raft formation and GM1 relocalization at the IS of CD4+ T cells. (A) GP-values, which
indicate microenvironment fluidity in the plasma membrane, were quantified in CD4+ T cells
obtained from either fat-1 or WT mice (8-14 cells per mouse from 3-4 mice per genotype were
examined to obtain a total of n=27-51 observations). Bars with different letters indicate
significant differences at P<0.05 across all treatment groups within panel A. (B) IS-dependent
increase of GP-values was confirmed by anti-DNP hybridoma cells (negative control, n=6-9
cells from one mouse per genotype). Bars with different letters indicate significant differences
at P<0.05 across all treatment groups within panel B. (C) Schematic of IS formation (top) and
non-IS contact (bottom), respectively. (D and E) Immunofluorescence analysis of GM1
recruitment into the IS. Purified CD4+ T cells and anti-CD 3 hybridomas were coincubated,
fixed, permeablized, labeled with CTx-FITC. Confocal microscopic images were captured and
MFI was measured at the IS relative to the whole cell to calculate RRI, as described in the
Methods. (D) Representative image of GM1 localization. Scale bar, 5 μm. (E) The relocation
of GM1 at the IS was assessed by RRI of CTx-FITC (n=31-32 cells from 3 mice per genotype).
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Fig. 4.
Immunofluorescence analysis of localization of signaling molecules into the IS. Purified
CD4+ T cells and anti-CD3 hybridomas were coincubated, fixed, permeablized, and labeled
with Abs specific to either PKCθ, CARMA1, LAT, PLCγ-1 or F-actin, as described in the
Methods. (A) Representative images of LAT localization to the IS in fat-1 cells. Image contrast
was adjusted. Scale bar, 5 μm. (B) Protein localization was assessed by percent patching (the
number of patching cells divided by the number of total cells examined, n=37-101 cells from
2-5 mice per genotype for each protein).
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Fig. 5.
Phosphorylation status of signaling proteins at the IS. Purified CD4+ T cells and anti-CD3
hybridomas were coincubated, fixed, permeablized, and labeled with Abs specific to either
phospho-LAT or phospho-PLCγ-1, as described in the Methods. (A) Representative image of
LAT phosphorylation at the IS in fat-1 cells. Image contrast was adjusted. Scale bar, 5 μm. (B)
Protein activation was assessed by percent patching (n=37-59 cells from 3-4 mice per genotype
for each protein).
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Fig. 6.
Representative CFSE profiles of either basal WT T cells (A-C), anti-CD3 hybridoma
stimulated WT (D-F) or fat-1 (G-I) CD4+ T cells. Regions for viable cells (A, D and G) and
lymphocytes (B, E and H) were set based on propidium iodide incorporation and forward/side
scatter plots, respectively. Viable lymphocytes were defined as those events falling within both
the viability and lymphocyte regions. Computer-aided modeling of each daughter generation
(C, F and I) was performed as described in the Methods. The non-divided parental peak was
obtained from the unstimulated control group (C). The left shift of peaks (F and G) indicated
successive rounds of cell division.
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Fig. 7.
The difference in the percentage of T cells (Δpercentage) at each generation was obtained by
subtracting the percentage of the WT group from the percentage of fat-1. Positive bars show
that fat-1 cultures had more cells in those generations, whereas negative bars show fewer
fat-1 cells. (A) anti-CD3 hybridoma, (B) anti-CD3/28 mAbs and (C) PMA/Ionomycin
stimulated (n=6-10 cultures from 3-5 mice per genotype for each stimulus) (*P<0.05,
**P<0.10).
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Fig. 8.
The proliferation of CD4+ T cells, expressed as proliferation index (DPM stimulated ÷ DPM
unstimulated) in response to either anti-CD3 hybridoma, anti-CD3/28 mAbs or PMA/
Ionomycin (n=6-10 cultures from 3-5 mice per genotype for each stimulus).
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