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Abstract
Lipid overload, associated with metabolic disorders, occurs when fatty acids accumulate in non-
adipose tissues. Cells of these tissues use major histocompatibility complex (MHC) class I molecules
to present antigen to T cells in order to eliminate pathogens. As obesity is associated with impaired
immune responses, we tested the hypothesis that the early stages of lipid overload with saturated
fatty acids (SFA) alters MHC class I antigen presentation. Antigen presenting cells (APC) were
treated with either the saturated palmitic acid (PA), abundant in the high fat Western diet, or the
monounsaturated oleic acid (OA), a component of the Mediterranean diet. PA-treatment lowered
APC lysis by activated cytotoxic T lymphocytes and inhibited APC ability to stimulate naïve T cells.
Inhibition of immune responses with PA was due to a significant reduction in MHC class I surface
expression, inhibition in the rate of APC–T-cell conjugation, and lowering of plasma membrane F-
actin levels. OA-treatment had no effect on antigen presentation and upon exposure with PA,
prevented the phenotypic effects of PA. OA-treatment conferred protection against changes in
antigen presentation by accumulating fatty acids into triglyceride-rich lipid droplets of APC. Our
findings establish for the first time a link between the early stages of lipid overload and antigen
presentation and suggest that dietary SFA could impair immunity by affecting MHC I-mediated
antigen presentation; this could be prevented, paradoxically, by accumulation of triglycerides rich
in monounsaturated fatty acids.

Introduction
Obesity is now regarded as an epidemic on a worldwide scale, a consequence of nutritional
and genetic factors [1–3]. High fat diets are major factors that promote the development of
obesity, which results in disorders including cardiovascular disease, hypertension, diabetes
mellitus and immune dysfunction with increased susceptibility to infection [3]. One major
factor that predisposes obese individuals to infection is nutritional status [4]. Saturated fatty
acids (SFA) in particular are abundant in the ‘high fat Western diet’ and could contribute to
immunosuppression [5–8]. As an example, recent studies show that viral disease progression
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in animals fed high fat diets, enriched in SFA, is accelerated, compared to control animals on
a normal diet [8,9].

It is known that high fat diets, enriched with SFA, can impair immune responses by affecting
inflammatory pathways through the adipokine, cytokine and chemokine networks [9–12]. Very
little is known about the direct effects of SFA on antigen recognition at any stage of an immune
response. A few studies do show that dyslipidemia, through either dietary or genetic
manipulations, impairs the ability of antigen presenting cells (APC) to stimulate naïve T cells
[7,13–15]. For instance, diet-induced dyslipidemia in C57/BL6 mice impaired activation of
CD8α− dendritic cells (DC) and consequently, host resistance to Leishmani major infection
was compromised [13]. Similarly, another study showed that APC isolated from DO10.11 mice
fed high-fat diets, rich in SFA, poorly stimulated naïve T cells from mice fed normal diets
[7]. The molecular mechanisms by which SFA affect the cell biology of antigen presentation
have not been investigated.

In the present study, we tested the effects of the early stages of lipid overload with palmitic
acid (PA) and oleic acid (OA) on major histocompatibility complex (MHC) class I-mediated
antigen presentation. Lipid overload, associated with metabolic disorders including obesity, is
the accumulation of fatty acids in non-adipose tissues [16]. Tissue cells use MHC class I
molecules, carrying antigenic peptides, to trigger responses from cytotoxic T lymphocytes in
order to eliminate pathogens [17]. We compared the effects of PA, abundant in the high fat
Western diet, to OA, a monounsaturated fatty acid (MUFA), which is an abundant plasma fatty
acid and a component of the Mediterranean diet [18]. MUFA are hypothesized to be beneficial
for prevention of obesity and other metabolic diseases and for immune function [19,20]. Our
findings show that PA and OA have differential effects on antigen presentation, which
correlated with their metabolic fates. PA, but not OA, downregulated APC function above a
concentration of 250 μM and OA prevented this. Our earlier work showed that a lower
concentration of 100 μM PA had no effect on antigen presentation [21]. This study establishes
a new link between the early stages of lipid overload, immune responses and triglyceride
accumulation.

Materials and methods
Cells

Human T2 cells are transporter associated with antigen processing (TAP)-deficient and express
Kb, the mouse MHC class I allele. T2-Kb APC were grown in RPMI-1640 1X supplemented
with 10% FBS and 5% glutamine. T2 cells stably transfected with a Kb-YFP construct also
contained 300 μg/ml G418 for plasmid selection in the medium. Cells were cultured at 37 °C
in a 95% O2/5% CO2 atmosphere.

Fatty acid treatment of APC
T2-Kb cells were incubated for 12 h at 37 °C with free fatty acids (FFA). PA (Sigma Chemical
Co., St Louis, MO, USA) and OA (Nu Check Prep, Elysian, MN, USA) were delivered as
complexes of FFA/BSA (6.5:1) (fatty acid-free BSA; Roche Biochemicals, Indianapolis, IN,
USA) as described previously [21]. The ratio of FFA/BSA reflects in vivo levels of
hyperlipidemia [22]. FFA/BSA complexes were added from 10 mM stocks to RPMI-1640 1X
medium with 5% FBS and 5% glutamine. 1 × 106 cells were cultured in 6-well plates at a
concentration of 1 × 105/ml. All preparations of OA-containing lipids were made under a gentle
stream of nitrogen gas in low light conditions using degassed reagents to prevent oxidation.
Fresh FFA/BSA stocks were utilized for all experiments in order to prevent the formation of
micelles. Cell viability was confirmed with trypan blue exclusion and 7-amino-actinomycin D
(7-AAD) staining. Uptake of fatty acids was confirmed with gas chromatography.
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Annexin V staining
Flow cytometry was used to assess apoptosis and to measure CTL lysis of APC. Apoptosis
measurements with Annexin V-Cy5 and 7-AAD were performed according to the
manufacturer’s protocol (BD Biosciences Pharmingen, San Diego, CA, USA). Early apoptotic
cells were identified as Annexin V-Cy5+7-AAD− and late apoptotic cells were Annexin V-
Cy5+7-AAD+. The apoptotic index (AI) was calculated as: AI = [AFFA − ABSA]/[100 −
ABSA] × 100, where AFFA is the percentage of cells that were apoptotic upon lipid treatment
and ABSA is the percentage of cells that were apoptotic in the control BSA condition [23]. Fatty
acid treatment did not affect cell viability (>85%) at 12 h of treatment as assessed by Annexin
V staining (Fig. S1). These measurements show that the cells are in the early stages of lipid
overload prior to becoming lipotoxic (Fig. S1).

Peptide loading of APC
Peptides can be loaded directly onto MHC class I molecules of T2-Kb cells [24]. After lipid
treatment at 37 °C, cells were transferred from 6-well plates to 15 ml Falcon tubes, incubated
at room temperature for 5 h in the BSA or fatty acid containing medium followed by a 1 nM
SIY (SIYRYYGL) peptide pulse for 1 h at 37 °C in serum-free medium [25]. After peptide
loading, cells were extensively washed with normal medium to ensure removal of excess
peptide, prior to use for experimentation. Peptide loading was confirmed by flow cytometry
measurements of surface MHC class I.

Purification of naïve CD8+ T cells
Naïve T cells were isolated from spleens of 2C transgenic mice with a CD8 negative selection
kit (R & D Systems, Minneapolis, MN, USA) using the manufacturer’s protocol. Briefly,
splenocytes (≤108 cells), resuspended into 1X column buffer, were mixed with monoclonal
antibody cocktail binding B cells, monocytes and non-CD8+ T cells. After 15 min of incubation,
the cells were washed twice in 1X column buffer, resuspended into 2 ml of buffer, and loaded
onto a washed CD8 subset column to incubate at room temperature for 10 min. The column
was then eluted with 10 ml of 1X column buffer. Cells were cultured in RMPI-1640 1X medium
supplemented with 10% FBS and 5% glutamine.

Activation of naïve T cells
Naïve CD8+ T cells from the spleens of 2C transgenic mice were activated using a mixed
lymphocyte reaction. Splenocytes isolated from the spleens of BALB/c mice were gamma
irradiated (3000 rads) and mixed with naïve T cells at a 1.75/1.25 ratio in 24-well plates at 2
× 106 cells/ml. Cells were grown in complete RMPI medium supplemented with IL-2 (10 U/
ml) (Roche Biochemicals).

Effector T-cell lysis assays of target APC
Target T2-Kb cells were lipid modified as described above, pelleted, and incubated with 100
μCi 51Cr (Perkin Elmer, Boston, MA, USA) for 1 h in serum-free medium followed by three
washes to remove excess 51Cr. Effector (activated CTL from 2C transgenic mice) and target
cells were then cultured in 96-well plates at differing ratios for 4 h at 37 °C in a final volume
of 200 μl. Cells were pelleted and 100 μl of the supernatant was assayed for activity with a
gamma counter. Maximal 51Cr release was induced by the addition of 1 M HCl. Percent specific
lysis (SL) was calculated with the following relation: %SL = (sample cpm − spontaneous cpm)/
(maximal release cpm − spontaneous release cpm) × 100. Lysis of target APC with 2C CTL
was also determined using Annexin V-Cy5, 7-AAD staining as described above. For these
measurements, effector and target cells were only cultured at 37 °C for 2 h at an effector to
target ratio of 5.
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Naïve T-cell stimulation assay
Control or fatty acid-modified T2-Kb cells, pulsed with SIY peptide, were washed in normal
RPMI medium and subsequently mixed with naive CD8+ T lymphocytes at a ratio of 1/1. On
average, 200,000 cells were used for each cell type. Activation was measured with flow
cytometry 6 h later using anti-CD8a-PE and anti-CD69-PECy7 (BD Pharmingen) staining.

Flow cytometry
Measurements were made on a FACSCalibur flow cytometer (Becton Dickinson, San Jose,
CA, USA) equipped with a 488 nm argon laser and a 647 nm diode laser. For all experiments,
cell numbers between different samples were equalized to at least 2 × 105 cells/sample. Samples
were washed in phosphate-buffered saline (PBS) twice, stained with saturating levels of
fluorescent antibody (for MHC I studies) for 30 min on ice, followed by two additional washes
in PBS. Data were acquired on a minimum of 1 × 104 gated live cells. Dead cells were stained
with 7-AAD or propidium iodide.

MHC class I surface expression studies
For studies of MHC class I expression, we utilized the monoclonal antibody 20.8.4s (anti-
monomorphic epitope) conjugated to Cy5, which recognized Kb loaded with peptide. The
antibody was purified from hybridoma supernatants using Protein-A affinity chromatography.
20.8.4s was conjugated to Cy5 dye using a standard kit (Amersham Biosciences, Piscataway,
NJ, USA). For flow cytometry surface expression studies, cell samples not expected to bind a
given primary antibody were used as controls. An additional control was the use of excess
unlabelled antibody to block binding of fluorescently labelled antibody. For all experiments,
background auto-fluorescence was established with unstained cells.

Conjugation assay
Conjugation experiments were conducted as previously described [21]. Briefly, CTL were
loaded with 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate, DiD,
(Invitrogen, Carlsbad, CA, USA) for 1 h in Hanks’ Balanced Salt Solution (HBSS) (Mediatech
Inc., Herndon, VA, USA) at 37 °C and then mixed at a 1:1 ratio with control or lipid modified
T2 cells stably transfected with Kb-YFP. Cells were incubated at 37 °C for 15 min and conjugate
formation was inhibited by adding cold Hanks Balanced Salt Solution and placing the samples
on ice. Formation of conjugates, which were double positive for DiD and YFP, was determined
with flow cytometry.

Confocal fluorescence microscopy
The metabolic fate of fatty acids in response to lipid feeding in T2-Kb cells was assessed using
confocal fluorescence microscopy. T2-Kb cells were treated with fatty acids in the presence of
4.0 μg/ml C1,C12 BODIPY (Invitrogen) for 12 h in RPMI medium supplemented with 5% FBS
and glutamine in the absence of phenol red (Mediatech Inc.). Cells were then washed twice in
PBS. Fatty acid treated APC were stained with 1.0 μg/ml C16BODIPY for 25 min or 2.5 μg/
ml Nile Red (Invitrogen) for 1 h followed by two washes in PBS. Cells were fixed in 4%
paraformaldehyde, washed twice in PBS and stained with 1.0 μg/ml DAPI (Invitrogen) for 15
min followed by two washes in PBS. For assessment of changes in F-actin levels, cells were
permeabilized for 10 min in 0.1% Triton X-100 and then treated with 2 μM phalloidin
(Invitrogen) for 25 min. Cells were subsequently washed with PBS twice. For all microscopy
measurements, cells were placed in capillary tubes (Vitrotubes, Mt. Lks, NJ, USA) and
mounted on slides. Fluorescence images were collected using a confocal microscope (Zeiss
LSM 510 META, Carl Zeiss MicroImaging, Thornwood, NY, USA). Gain and pinhole settings
were kept constant between different samples within an experiment.
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Radiolabel release
T2-Kb cells were treated as described above and spiked with 10 μCi [3H]PA (specific activity
31 Ci/mmol) or [3H]OA (specific activity 33.4 Ci/mmol) (Perkin Elmer). A total of 100,000
cells were placed in a final volume of 200 μl of normal medium in 96-well plates. At differing
time points, cells were pelleted and supernatant and pellet fractions were counted for
radioactivity using a scintillation counter.

Time-resolved fluorescence anisotropy
1 × 106 T2-Kb cells were washed in HBSS and diluted to 0.25 × 106/ml HBSS. DPH (Invitrogen,
Eugene, OR, USA) was added to the cells at a lipid to probe ratio of 300:1 and incubated at 37
°C for 30 min. DPH fluorescence lifetime and differential polarization were measured using
an ISS K2 multifrequency cross-correlation phase spectrofluorimeter (ISS, Urbana, IL, USA).
Excitation at 351 nm was provided by an Innova 307 argon ion laser (Coherent, Santa Clara,
CA, USA). Lifetime and differential polarization data were acquired at 37 °C at 15 modulation
frequencies, logarithmically spaced from 5 to 150 MHz. Total fluorescence intensity decays
were analysed with the sum of three exponential decays. Reported values are the intensity-
weighted average, <τ>, of the resulting three exponential time constants. Anisotropy decays
were analysed using the Brownian rotational diffusion (BRD) model and the results were
interpreted in terms of an angular distribution function of DPH, ƒ(θ), which is symmetric about
the membrane normal [26]. Relative acyl chain packing was quantified using the disorder
parameter, Frandom, which is proportional to the overlap of the DPH orientational probability
distribution, ƒ(θ)sinθ, with randomly oriented DPH. The BRD model quantifies probe motion
in terms of the diffusion coefficient for DPH rotation about its long axis (perpendicular),
Dperp. Fluorescence anisotropy decays were also analysed using an empirical sum-of-three-
exponentials model. In this analysis, probe orientational order is summarized by the order
parameter S, where S = (r∞/ro)1/2, and uncorrelated rotational motion is characterized by the
three rotational time constants, ϕi. The three rotational time constants and their associated pre-
exponential factors were used to calculate the weighted average rotational correlation time,
<ϕ>.

Analysis
Data were plotted in ORIGIN (7.0; OriginLab Corporation, Northampton, MA, USA) or
GRAPHPAD PRISM (4.0; Graph-Pad Software, San Diego, CA, USA). Flow cytometry data
were analysed with CELL QUEST software (Becton Dickinson, San Jose, CA, USA).
Fluorescence images were analysed using IMAGE J Software (NIH, available at
http://rsb.info.nih.gov.ij). All analyses of time-resolved differential polarization data were
performed with NONLIN, with subroutines specifying the fitting functions written by the
authors (DCM). Statistical significance was establshed against a common control (BSA) by
performing a one-way ANOVA followed by a Dunnett’s t-test. P-values <0.05 were considered
significant. For fluorescence microscopy studies, statistical signficance was established using
statistical box plots. Differences in the horizontal displacement of notches between box plots
indicate statistical signficance [27].

Results
APC treated with PA are resistant to lysis by activated CTL

We compared the effects of BSA-, PA-, and OA-treatment for 12 h on lysis of T2-Kb cells by
activated CD8+ CTL from the 2C TcR transgenic mouse using 51Cr release (Fig. 1A) and
Annexin V-Cy5 binding (Fig. 1B), as measures of target cell death. PA-treated cells were lysed
significantly less than BSA-treated cells. The effects of PA on lysis were dose-dependent (Fig.
1C) and time-dependent (data not shown). Cells treated with 250 μM PA showed ~20%
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inhibition in lysis and maximal inhibition was ~35% with 500 μM PA. No significant effects
on lysis were observed with OA-treatment.

PA-treated APC are not efficient activators of naïve T cells
We tested the ability of T2-Kb cells, treated with BSA, PA, or OA for 12 h, to activate naïve
2C CD8+ T cells. Early T-cell activation was measured by assessing the percentage of CD8+

T cells that upregulated CD69+, an early marker of activation (Fig. 2A). Approximately 64%
of the T cells activated with BSA-treated control APC were CD8+ CD69+ (Fig. 2B). Treatment
with 500 μM PA significantly lowered the percentage of CD8+ CD69+ cells to ~45%. T2-Kb

cells treated with 500 μM OA activated ~70% of the T cells, similar to the effects with BSA
control cells. We also assessed the degree of T-cell activation by analysing the level of CD69
expression of the CD8+ CD69+ T-cell population. T cells had significantly less CD69 surface
expression after activation by T2-Kb cells treated with 500 μM PA, corresponding to a ~20–
25% change relative to the BSA control (Fig. 2C). No significant effect was observed with
OA.

Effects of PA and OA are independent of free-fatty acid release
We investigated the mechanisms by which PA-treatment of APC lowered CTL lysis relative
to controls. It has been reported that nanomolar levels of unbound free fatty acids in the medium
can inhibit CTL killing of target cells by affecting the CTL rather than the target [28–30]. We
tested this potential mechanism by assessing the amount of released radiolabelled fatty acids
from the APC. T2-Kb cells were treated with 500 μM PA or OA spiked respectively with [3H]
PA or [3H]OA for 12 h at 37 °C. We then measured the amount of radiolabel released in the
supernatant and cell pellets over 120 min, in the absence of T cells (Fig. S2). The majority of
the radiolabels remained in the cell pellets, with no significant change over the time course.
Less than 10% of the total radioactivity from the labelled fatty acids was in the supernatants
for each time point. This may be an overestimate since labelled fatty acids may also include
neutral and polar lipids shed from the plasma membrane. In any event, our data argue against
release of free fatty acids as a mechanism by which PA-treated APC are resistant to CTL lysis.

PA-treated APC have lower MHC class I surface levels than controls
We further explored mechanisms by which PA-treatment would affect antigen presentation by
APC to activated 2C CTL. Relative to the BSA control, PA-treatment at 250–500 μM lowered
MHC class I levels. Maximal median fluorescence intensities were lowered from ~125 for
BSA-treated cells to ~55 (Fig. 3A) with 500 μM PA, corresponding to a ~65% change (Fig.
3B). We also found that 500 μM OA lowered MHC class I levels by ~30%. The reduction in
MHC class I surface levels with PA was not sufficient to completely account for the reduction
in lysis by CTL based on previous calibration measurements [21].

PA-treatment of APC inhibits the rate of APC–CTL conjugation
Another mechanism by which PA-treatment could downregulate APC function is a change in
conjugation with CTL. We tested the effects of BSA-, PA-, and OA-treatment on T2-Kb-YFP
conjugation to DiD loaded CTL. Conjugates were identified by flow cytometry as YFP+

DiD+ (Fig. 4A). PA-treatment inhibited the rate of APC–CTL conjugation (Fig. 4B). We tested
for dose-dependent effects of PA on conjugation at 15 min. Indeed, PA-treatment at 250 and
500 μM inhibited conjugation respectively by 50 and 70% (Fig. 4C). This level of dose-
dependent change was sufficient to account for the functional effects of PA (Fig. 1). OA-
treatment had no significant effect on APC–T-cell conjugation.
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Concomitant OA-treatment blocks the effects of PA on antigen presentation
As OA-treatment of cells did not inhibit antigen presentation to T cells, we tested if co-
supplementation of OA and PA could rescue the effects of PA on antigen presentation. We
first verified that treatment of T2-Kb cells for 12 h at 37 °C with 500 μM OA added to 500
μM PA did not affect cell viability (Fig. 5A). We tested CTL lysis of T2-Kb cells treated with
500 μM PA + 500 μM OA at an E/T = 5. Indeed, the percentage of PA + OA-treated cells that
were undergoing apoptosis, as measured by Annexin V-Cy5 (Fig. 5B), was nearly identical to
the BSA- and OA-treated cells (Fig. 5C). Thus, OA-treatment has a protective effect on antigen
presentation in the presence of PA. OA did not act by blocking uptake of PA into the cell with
radiolabelled fatty acid uptake experiments (data not shown).

OA sequesters PA into triglyceride-rich lipid droplets
We speculated that the metabolic fate of OA-treatment was related to its lack of functional
effect on antigen presentation. APC were treated with BSA, 500 μM PA, 500 μM OA, and 500
μM PA + 500 μM OA and spiked with C1C12BODIPY for 12 h. The majority of the fluorescence
signal was localized to the ER membrane irrespective of fatty acid treatment (Fig. 6A). Lipid
overload with OA resulted in the formation of large pools of fatty acids. Addition of OA to
PA-treated cells also appeared to divert the probe into lipid pools (Fig. 6A). We speculated
that these pools represented lipid droplets, which we verified with Nile Red staining (Fig. 6A).
Indeed, T2-Kbs showed a greater number of lipid droplets in the OA and PA + OA-treated cells
compared to BSA- or PA-treated cells (Fig. 6A). We then verified that PA in the presence of
OA was sequestered into lipid droplets by staining with C16BODIPY. We quantified the area
occupied by the C1C12BODIPY, Nile Red, or C16BODIPY probes in lipid droplets by
measuring the area occupied by the probe in square pixels per cell (Fig. 6B). Statistical box
plots show that treatment of APC with OA resulted in increased uptake of fatty acids into lipid
droplets (Fig. 6B). We verified our microscopy results with Nile Red by using flow cytometry
(data not shown), the data were consistent with the microscopy measurements.

PA and OA have differential effects on plasma membrane structure
It has been shown that inhibition in antigen presentation is linked to changes in plasma
membrane structure [31]. We tested the effects of fatty acid treatment on lipid and
submembrane cytoskeleton regions of the plasma membrane. Changes in lipid order and
dynamics were assessed using fluorescence lifetime and dynamic anisotropy measurements of
the fluorescent membrane probe DPH. Figure 7A,B summarize the results of analysing the
DPH anisotropy decays in terms of an empirical sum-of-three exponentials model. 500 μM
OA and 500 μM PA + 500 μM OA decreased the order parameter for DPH, S, by 40–50% (Fig.
7A). A slight increase in order was measured following 500 μM PA-treatment, but this did not
reach statistical significance. The rotational correlation time was increased with all three lipid-
treatment conditions with an acceleration of DPH motion by 25–40% (Fig. 7B). Similar effects
of all fatty acid treatments also were reported by the BRD model analysis (Table 1).
Qualitatively identical results were obtained for both DPH orientational order and DPH
rotational motion. The increase in fluorescence lifetime with all the fatty acid treatments (Table
1) implies decreased water penetration into the bilayer region [26], suggesting some changes
in the headgroup region of the plasma membrane.

As changes in acyl chain packing and headgroup order did not correlate with a change in
conjugation of APC to activated 2C CTL, we tested for the effects of fatty acid treatment on
the actin cytoskeleton. Using confocal fluorescence microscopy, we measured phalloidin
binding to F-actin on APC treated with BSA, 500 μM PA, 500 μM OA and 500 μM PA + 500
μM OA (Fig. 7C). Quantitative image analysis of phalloidin intensity levels showed that
treatment of APC with PA lowered the total levels of F-actin by ~50% (Fig. 7D). No changes
in F-actin were observed after OA- or PA + OA-treatment.
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Discussion
This is the first study to model the early stages of lipid overload in antigen presenting cells.
Lipid overload, associated with a number of metabolic disorders, occurs when adipose tissue
is unable to handle excess fat and a spillover occurs into other tissues (e.g. skeletal, cardiac,
kidney, liver, pancreas, etc) [16,32]. All nucleated cells have MHC class I molecules and can
present antigen to cognate CTL for the elimination of intracellular pathogens. We therefore
tested the effects of lipid overload with PA and OA on MHC class I-mediated antigen
presentation. Our data show PA, but not OA, inhibits antigen presentation to CTL (Fig. 1), this
may be one mechanism by which individuals with lipid overload with saturated fatty acids are
immunocompromised. In addition, our data on stimulation of naïve T cells (Fig. 2) also suggest
the lipid overload with PA could affect B-cell activation of naïve T cells [33]. This is in
agreement with reports on dyslipidemia impairing DC activation of naïve T cells [7,15].

We have ruled out the possibility of free fatty acid release as a mechanism by which APC
function is affected (Fig. S2). Our mechanistic findings are consistent with other studies that
have shown that changes in lipid and/or cytoskeleton organization have an important effect on
antigen presentation. Infection of APC with Leishmania donovani resulted in disruption of
‘lipid raft’ microdomains which lowered antigen presentation by macrophages to T cells
[34]. Our laboratory has shown that cholesterol depletion from APC can enhance antigen
presentation to CTL by increasing MHC class I clustering [25,35]. MHC I clustering was
increased due to a reduction in the levels of the signaling lipid phosphatidylinositol 4,5-
bisphosphate (PIP2), which altered the organization of the actin cytoskeleton [35]. Others have
shown that de-clustering of MHC I molecules in B lymphoblast APC increased resistance of
APC to CTL lysis [36]. Finally, some tumour cells evade CTL lysis by modifying target cell
actin levels [37]. In the present study, we found that PA-treatment of APC inhibited conjugation
to CTL which correlated with a change in F-actin levels (Fig. 7). Future studies will examine
the role of palmitic acid in the formation of the immunological synapse, which is actin
dependent [38].

Differential cellular uptake of PA and OA may affect the underlying functional response to
lysis by activated CTL. PA-treatment does not affect acyl chain order (Fig. 7A,B) but does
result in greater modification of plasma membrane F-actin (Fig. 7C,D). We speculate that PA
exerts its effects on the actin cytoskeleton through a combination of physical, metabolic, or
genetic changes, which are not mutually exclusive. PA may be creating local membrane defects
in the plasma membrane, which could then uncouple the actin cytoskeleton to the inner leaflet
of the plasma membrane. This possibility would be consistent with a recent molecular dynamics
simulation study that proposed that palmitate incorporation into the membrane could create
membrane defects [39]. This would also be consistent with our anisotropy measurements (Fig.
7A,B) (Table 1).

The effects of PA on the actin cytoskeleton may also be linked to its metabolic fate. It is well
established that palmitate serves as an extrinsic stimuli for inducing apoptosis [40]. Although
the APC are not apoptotic with PA-treatment at 12 h (Fig. S1), it is entirely plausible that PA
may be increasing the initial mediators of apoptosis (e.g. ceramides, ROS), which could modify
the actin cytoskeleton [41]. The metabolic argument is supported by data to show that
sequestering PA into lipid droplets with OA can prevent the effects on antigen presentation
(Figs. 5 and 6), consistent with a role for MUFA in preventing apoptosis [32]. Finally, PA-
treatment may induce changes at the gene level. A recent study showed that select tumour cells
evade CTL lysis by lowering target cell F-actin levels, which was related to overexpression of
actin-related genes, ephrin-A2 and scinderin, which also have a role in apoptosis [37]. Perhaps,
PA exerts its effects on actin by affecting the expression of genes involved in actin remodelling.
Future studies will test how PA-treatment could affect the formation of the immunological

Shaikh et al. Page 8

Scand J Immunol. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



synapse by modifying cytoskeleton proteins besides F-actin and membrane lipid/protein lateral
organization and if these changes are related to alterations in the expression of actin-related
genes.

Finally, a striking features of this study is that the mechanisms by which SFA exert their effects
are highly similar to the way in which n-3 PUFA, which are well known immunosuppressants,
downregulate MHC class I-and class II-mediated antigen presentation [21,42–45]. We
previously showed that treatment of human B lymphoblasts with either n-3 or n-6 PUFA
increased their resistance to alloreactive T-cell lysis by inhibiting MHC class I ER to Golgi
trafficking and APC–T-cell conjugation [21]. It is important to note that in our previous study,
we observed no effect of 100 μM PA-treatment on antigen presentation; however, we did not
test higher concentrations of PA, as used in this study [21]. A number of laboratories have
shown that PUFA inhibited MHC class II antigen presentation, which correlated with changes
in MHC class II and adhesion molecule surface expression [42,43,46]. The Stulnig laboratory
has also shown that treatment of T cells with PUFA inhibits the formation of an immunological
synapse by blocking cytoskeleton organization [47]. We propose that SFA, modelling
conditions of hyperlipidemia and PUFA, modelling intake of fish oils, could downregulate
immune responses using similar mechanisms. However, more experiments with a wide range
of SFA and PUFA will be required to assess if these fatty acids have similar effects on antigen
presentation through MHC class I and II.

Summary
In summary, our studies show that PA-treatment of APC downregulates antigen presentation
to cognate T cells which is driven in part by changes in MHC class I surface expression, APC–
T-cell conjugation, and modification of F-actin levels. OA-treatment has no effect on antigen
presentation and can prevent the effects of PA. The mechanisms of downregulation are highly
similar to those observed with polyunsaturated fatty acids on MHC class I and II-mediated
antigen presentation. Downregulation of antigen presentation with SFA induced lipid overload
may be a potential mechanism by which high fat diets enriched in SFA render obese individuals
to be immunocompromised. Current studies are underway in animals to assess lipid overload
in immune cells and potential immunosuppression with high fat diets through the MHC class
I pathway.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PA-treated APC are resistant to lysis by activated CTL. (A) Representative experiment
comparing specific lysis of APC as a function of effector to lipid-treated targets. Target T2-
Kb cells were incubated with 250–500 μM PA or OA complexed to BSA, or BSA alone, for
12 h at 37 °C, peptide pulsed, labelled with 51Cr and mixed with activated 2C CTL for 4
h. 51Cr release was measured in terms of radioactive counts in the supernatants normalized to
maximal release and corrected for leakage, as described in the Materials and methods. (B)
Sample histogram of CTL lysis measured by Annexin V-Cy5 staining using flow cytometry.
Control or lipid-treated T2-Kb-YFPs were incubated with activated CTL for 2 h, at which time
apoptotic cells were identified as YFP+ Annexin V-Cy5+7-AAD−. (C) Average change in
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percent specific lysis at E/T = 5/1. Data in C (average ± SE) are from five independent
measurements (**P < 0.01).
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Figure 2.
PA-treatment of APC inhibits their ability to activate naïve T cells. (A) Sample flow cytometry
fluorescence dot plots of naïve T-cell activation, assessed by staining with anti-mouse CD69-
PECy7 and CD8-PE. Cells are gated on live CD8+ T cells. The numbers in the upper right
quadrant are the percentage of CD69+ T cells activated with T2-Kb cells treated with 500 μM
BSA, PA, or OA. T cell only is the negative control. (B) Change in percentage of activated
CD69+ T cells with and without lipid treatment. (C) Geometric mean of CD69 surface
expression of CD8+ T cells stimulated with BSA-, PA-, or OA-treated T2-Kbs. T2-Kb cells
were treated with 250–500 μM PA or OA for 12 h at 37 °C, peptide pulsed, and then mixed
with naïve T cells isolated from the spleens of 2C transgenic mice at a ratio of 1/1. Activation
of naïve T cells was measured with flow cytometry 6 h later. Data in B and C (average ± SE)
are from three independent measurements (*P < 0.01).
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Figure 3.
Fatty acid treatment of APC lowers MHC class I surface expression. T2-Kb cells were treated
for 12 h with 250–500 μM BSA, PA, or OA at 37 °C and pulsed with 1 nM SIY. MHC class
I surface expression was measured with antibody binding (20.8.4s) using flow cytometry. (A)
Sample flow cytometry histogram of 20.8.5-Cy5 staining for MHC class I. (B) Median
fluorescence intensity (MFI) values (average ± SE) of 20.8.5-Cy5 staining for MHC class I on
T2-Kb cells treated with BSA, PA or OA from three independent measurements (*P < 0.05).
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Figure 4.
PA-treatment of APC inhibits conjugation with activated CTL. (A) Sample flow cytometry
dot plots of activated CTL, T2-Kb-YFPs, and conjugates. T2-Kb-YFP cells were treated with
BSA, PA, or OA for 12 h, peptide pulsed, and mixed with DiD loaded CTL at a ratio of 1/1.
Conjugates were identified as YFP+DiD+ after 15 min of incubation at 37 °C. The numbers in
the upper right quadrant are the percentage of T cells conjugated. (B) Change in the rate of
APC–T-cell conjugation (percentage of T cells conjugated to APC). Data are pooled from two
separate experiments. (C) Change in APC–T-cell conjugation (average ± SE) relative to the
BSA control from three to four independent measurements at 15 min (*P < 0.01).
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Figure 5.
OA-treatment of APC prevents the effects of PA on antigen presentation. (A) Treatment of
T2-Kbs with 500 μM PA + 500 μM OA does not affect cell viability. Sample flow cytometry
dot plots of Annexin V-Cy5, 7-AAD staining. Cells are greater than 90% viabile (lower left
quadrant). (B) CTL lysis of T2-Kb-YFP cells treated with BSA or 500 μM PA + 500 μM OA.
Cells were treated for 12 h at 37 °C, peptide pulsed, and mixed with activated CTL (E/T = 5)
for 2 h at which time apoptotic cells were identified as YFP+ Annexin V-Cy5+ 7AAD−. (C)
Change (average ± SE) in lysis is from two to three independent measurements (**P < 0.01).
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Figure 6.
Accumulation of fatty acids into triglyceride-rich lipid droplets protects against changes in
antigen presentation. (A) Confocal fluorescence microscopy images of C1C12 BODIPY
(green), Nile Red (red), or C16BODIPY (yellow) in T2-Kb cells treated for 12 h with BSA,
500 μM PA, 500 μM OA, or 500 μM PA + 500 μM OA. Images are false coloured and the
nucleus is stained with DAPI (blue). C1C12BODIPY and Nile Red report on accumulation of
monounsaturated fatty acids in neutral lipid stores and C16BODIPY reports on incorporation
of palmitate. (B) Box plot statistics for the fluorscence microscopy data represented in A for
n = 31–43 cells per treatment condition. The frequency is area (pixels2) occupied by
C1C12BODIPY, Nile red, or C16BODIPY in lipid droplets of T2-Kb cells above a defined
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threshold. Note that non-overlapping notches (dashed line) represent statistical significance
[27].
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Figure 7.
PA and OA exert differential effects on the structure of the plasma membrane. (A) The effects
of PA- and OA-treatment on plasma membrane structure were assessed using time-resolved
fluorescence anisotropy measurements. Data were analysed using an empirical sum-of-three
exponentials model, which quantifies probe order in terms of (A) the order parameter, S, and
probe rotational dynamics in terms of (B) the average rotational correlation time. (C) Changes
in actin remodeling of the plasma membrane was assessed with phalloidin (red) binding on
APC using confocal fluorescence microscopy. (D) Box plot statistics for the fluorescence
microscopy data represented in C for n = 25–30 cells per condition. The frequency is pixel
intensity of phalloidin after subtraction of background. Note that non-overlapping notches
(dashed line) of the box plots represents statistical significance [27]. T2-Kb cells were treated
for 12 h with BSA, 500 μM PA, 500 μM OA, or 500 μM PA + 500 μM OA. Values in A–B
are average ± SE from two independent experiments (*P < 0.05, **P < 0.01, P < 0.001).

Shaikh et al. Page 21

Scand J Immunol. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Shaikh et al. Page 22

Table 1

Time-resolved lifetimes and fluorescence anisotropy data analysed with the BRD model.

Treatment Dperp (ns−1) Frandom Intensity-weighted average lifetime (ns)

BSA (control) 0.142 ± 0.024 0.392 ± 0.020 8.840 ± 0.312

PA 0.222 ± 0.016** 0.378 ± 0.024 8.727 ± 0.087

OA 0.210 ± 0.028** 0.608 ± 0.037** 7.464 ± 0.136*

PA + OA 0.205 ± 0.023* 0.605 ± 0.003** 7.980 ± 0.175

FFA, free fatty acids; PA, palmitic acid; OA, oleic acid.

*
P < 0.05,

**
P < 0.01.

T2-Kb cells were treated for 12 h at 37 °C with BSA alone, or with FFA/BSA complexes consisting of 500 μM PA, 500 μM OA, or 500 μM PA +
500 μM OA and loaded with DPH at a lipid to probe ratio of 300:1. The BRD model quanitifes probe dynamics in terms of the diffusion coefficient
for DPH rotation about its long axis, Dperp, and probe orientational order in terms of the the disorder parameter, Frandom, which is proportional to
the overlap of the orientaional probability distribution with randomly oriented DPH [26].
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