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Abstract

Cell culture studies show that the nanoscale lateral organization of surface receptors, their
clustering or dispersion, can be altered by changing the lipid composition of the membrane
bilayer. However, little is known about similar changes in vivo, which can be effected by
changing dietary lipids. We describe the use of a newly developed method, k-space image
correlation spectroscopy, KICS, for analysis of quantum dot fluorescence to show that a high fat
diet can alter the nanometer-scale cluster of the murine T cell receptor, TCR on the surface of
naive CD4* T cells. We found that diets enriched primarily in saturated fatty acids increased TCR
nanoscale clustering to a level usually seen only on activated cells. Diets enriched in
monounsaturated or n-3 polyunsaturated fatty acids had no effect on TCR clustering. Also none of
the high fat diets affected TCR clustering on the micrometer scale. Furthermore, the effect of the
diets was similar in young and middle aged mice. Our data establish proof-of-principle that TCR
nanoscale clustering is sensitive to the composition of dietary fat.

Keywords
fatty acids; high fat diet; fluorescence; T cell receptor; quantum dots

Introduction

Lateral organization is a critical determinant of receptor function [1]. Studies in model
membranes and in cell culture have shown that lipids through a variety of mechanisms
including the formation of lipid microdomains, lipid-protein binding, and post-
transcriptional fatty acylation of proteins, all regulate receptor clustering [2-5]. For
example, several laboratories including our own, have demonstrated that the lateral
organization of key immunological proteins can be disrupted in a variety of cell types upon
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cholesterol depletion, in vitro treatment with fatty acids, or knockdown of select lipid
biosynthetic pathways [6-9].

There are several limitations in our understanding of how lipids target receptor clustering.
One major limitation is the paucity of information on the nanoscale, the relevant length scale
for receptor organization [10]. Studies demonstrating that lipids have a role in disrupting
receptor organization have relied heavily on indirect methods ranging from experiments
with biochemical detergent extraction to micrometer scale confocal imaging [11]. A second
limitation is the lack of information at the animal level. No studies to date have addressed
the impact of varying high fat diets on T cell receptor organization.

Here we address both of the limitations mentioned above by measuring the effects of high
fat diets on the nanoscale organization of the T cell receptor for antigen, (TCR). Our
approach relies on a newly developed method of quantitating nanoscale and micron scale
receptor clustering, which entails imaging the stochastic blinking of quantum dots [12, 13].
This method grows out for an image analysis program for measuring diffusing and
clustering on the micrometer scale [13]. We found that a high fat diet enriched in saturated
fatty acids (SFA), but not diets enriched in monounsaturated (MUFA) fatty acids or in n-3
polyunsaturated fatty acids (PUFA), disrupts the nanoscale organization of the TCR.

Materials and Methods

Animals, diets, and cells

Male AND TCR transgenic mice (age 3 or 10 months) were fed either a control purified
low-fat mouse chow (13% of total kcal from fat) or one of three experimental high fat diets
(40% of total kcal from fat) (Harlan-Teklad). The high fat diets were enriched in SFASs,
MUFAs, or n-3 PUFAs. The composition of the diets is shown in Table 1. Given the
differences in age, data are presented as mice that are young (3 months old) and old (10
months old). The mice were fed for 2 weeks and diets were provide every other day to
minimize oxidation. The rationale for selecting this time point was to avoid any differences
in body weight, which can confound the results by altering the frequency of CD4* T cells.
Furthermore, we have previously demonstrated that 2 weeks of feeding is sufficient time for
uptake of fatty acids into lymphocytes [14].

Body weights, food intake, and the frequency of CD4* T cells from the mice fed the
differing diets were measured. The high fat diets had no impact on body weights (data not
shown). Food intake was lower for mice on the high fat diets (p<0.05); however, on a kcal
basis the food intake was equivalent. The frequency of CD4* T cells did not change between
the differing dietary groups (data not shown). CD4* T cells were isolated from spleens using
negative selection (Miltenyi Biotech) and purity (>90%) was verified using a BD LSRII
flow cytometer. For select experiments, naive 5C.C7 splenic T cells were stimulated in
culture for 3 days with pigeon cytochrome C + anti-CD3 conjugated to nanoparticles [15].

Quantum dot imaging and k-space image correlation spectroscopy (kICS)

T cells were labeled with anti-CD3 antibody conjugated quantum dots and imaged as
recently described [12]. Briefly, cells were imaged video imaged on a 3-1 Marianas Live
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Cell Imaging Workstation. Each image in a series of 300-500 frames, taken 550 ms apart,
was fast Fourier-transformed in two dimensions to convert to k-space followed by temporal
correlation of the series [12]. Image analysis and extraction of DA, a measure of micron-
scale clustering and theta ratio, a measure of the blinking frequency of the quantum
fluorescence was done using custom MatLab routines available from the Wiseman
Laboratory [13]. Theta ratio was interpreted in terms of clustering following the analysis in
[12]. For image analyses, ~10 labeled cells were analyzed per treatment. Each cell image
yielded information on 10’s of spots of fluorescence.

All data are from multiple independent experiments. Data were analyzed using a one-way
ANOVA followed by a post-hoc Bonferroni multiple comparisons t test or an unpaired two-
tail t test. P<0.05 was considered statistically significant.

As seen in Figure 1A, T cells labeled on their TCR by antibody-conjugated quantum dots
displayed large and small spots of fluorescence, labeling TCR. In movies of labeled cells it
could be seen that some of these spots blinked on and off, a known property of quantum dot
fluorescence (data not shown). Since the anti-CD3 quantum dots are ~60nm diameter, even
small fluorescent spots (apparent diameter 200-300 nm) may contain several quantum dots.
The problem then is to detect the spatial relationship of the dots within a single fluorescent
spot. Rather than count and characterize individual spots, we used k-space image correlation
spectroscopy, kICS, to characterize the photophysics (blinking) and distribution of
fluorescence for all spots each cell [13]. This method proceeds through a time series image
of a given cell calculating changes in correlation functions over space and time. Besides
deriving parameters for micron-scale distribution of fluorescence, DA, these calculations
characterize a blinking parameter, 0 ratio, which is small when spots blink rapidly and large
when they blink slowly or not at all. Correlative AFM and fluorescence microscopy has
shown that slow blinking (long times for fluorescence on or off) is associated with
nanometer proximity of quantum dots [16]. Together, 0 ratio and DA, characterize clustering
on scales of tens to hundreds of nanometers [12, 13].

We first measured the effects of the high fat diets, relative to a control low fat diet, on
micrometer scale TCR organization in terms of DA. There was no significant effect on DA
with the high fat diets compared to the control low fat diet (Figure 1B). The extent of
clustering (magnitude of DA) was comparable to the low level, DA 10-200, measured for
both naive CD4* (Figure 1C) and CD8* T cells [12]. This contrasts with DA of activated T
cells, which was 10-100-fold higher (Figure 1C) [12]. Thus, the high fat diets do not alter
the large-scale distribution of labeled TCR.

We next analyzed images in terms of 0 ratio (Figure 2A), a measure of clustering that is
appropriate to detecting nanoscale changes in membrane organization, for example changes
in lipid microdomains or in the organization of the membrane skeleton. Unlike DA which
varies over orders of magnitude depending on T cell state, 0 ratio has a limited range of
values, in practice from ~0.2 to 1.0. KICS image analysis showed that TCR of cells from
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mice (both young and older) fed high fat diets enriched in SFAs were significantly more
clustered than TCR on cells of mice fed either a low fat control diet or a high fat diet
enriched in MUFAs or n-3 PUFAs (Figure 2A). Mean 0 ratios for all cells except those fed
SFA-enriched diet, were typical for naive CD4" cells, 0.4-0.5 [11]. In contrast, mean 0
ratios for cells from animals fed SFA-enriched diet, ~0.6, were the same as those for CD4*
cells activated by antigen+anti-CD3 (Figure 2B).

Discussion

The present study advances the field by using in vivo dietary manipulation to modify cell
plasma membrane organization. We show that a high fat diet enriched in SFAs enhances
TCR clustering to the point that TCR of explanted naive CD4* T cells are distributed in a
manner similar to their distribution on activated CD4* T cells. Our approach is a significant
step forward by relying on in vivo dietary manipulation rather than in vitro methods of
disrupting the plasma membrane. The data raise the intriguing possibility that dietary fat
composition is a regulator of nanoscale TCR clustering. This is relevant to the field of
inflammation and metabolic disorders. There are numerous reports that diets high in select
fatty acids, such as SFAs, are associated with chronic inflammation [17-20]. The enhanced
nanoscale clustering of TCR in animals fed high SFA would be expected to enhance
signaling upon antigen engagement and so increase and possibly prolong inflammatory
responses. Several studies indeed show that adipose-tissue resident CD4* T cells have a
central role in the development of pro-inflammatory macrophages that contribute toward
insulin resistance [21, 22].

If SFA affects clustering generally, then other membrane receptors provoking inflammation
may be involved. For example, a report demonstrating that TLR4 activation is enhanced by
SFA suggests that one mechanism is enhanced dimerization [23]. Furthermore, SFAs may
be targeting the underlying lipid organization in many cell types. For instance, signaling
lipid microdomains were shown to be disrupted with increased levels of saturated fatty acids
in neurodegenerative disorders [24]. Gagon et al. demonstrated that stimulating the TCR
with major histocompatibility complex loaded with peptide promoted the release of the
CD3e domain from the membrane, which was highly dependent on the local concentration
of phosphatidylserine molecules [25]. It is conceivable that accumulation of saturated acyl
chains in phosphatidylserines could have an impact on the release of the CD3e domain.

Although SFAs had an impact on TCR nanoscale clustering, the unsaturated fatty acids had
no effect. MUFAs generally do not disrupt lipid-protein spatial distribution and have limited
efficacy in exerting changes in immune responses [14, 26]. However, several studies
demonstrate that long chain n-3 PUFAs from fish oil disrupt protein localization and
signaling in the immunological synapse accompanied by a reduction in downstream T cell
cytokine secretion [27-29]. N-3 PUFASs generally have a role in influencing immune
responses through a variety of mechanisms [30, 31]. We speculate that n-3 PUFAs may be
exerting their effects on T cells by reorganizing other proteins (i.e. co-stimulatory
molecules) that are essential for the formation of a mature immunological synapse.
Alternatively, n-3 PUFAs may only exert their effects when the TCR is stimulated with
cognate antigen presenting cells [32, 33]. Furthermore, given that eicosapentaenoic (EPA)
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and docosahexaenoic (DHA) acid in fish oils are not biologically equivalent [34-36], it is
conceivable that EPA and DHA had opposite effects on TCR clustering, which could not be
detected with the use of mixed n-3 PUFA enriched oils. Future studies with EPA and DHA
alone will be essential to establish how TCR clustering is influenced.
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Figure 1. KICS analyses reveal no influence of the type of dietary fat on CD4* TCR micron scale
clustering

(A) Sample images demonstrating blinking of quantum dots on the surface of naive CD4* T
cells isolated from mice fed differing diets. The approximate diameter of the cells is 7um.
(B) DA for CD4* T cells isolated from mice fed a low fat or high fat diets enriched in SFAs,
MUFAs, or n-3 PUFAs. Data are average + S.E.M. from 30-44 cells analyzed from 3
independent experiments per diet per age group. Asterisks indicate significance relative to
all other diets. (C) Control experiment demonstrating DA values are elevated in activated T
cells relative to naive resting T cells in culture. Note, in contrast to cells in A & B, here
naive cells were cultured for 3 days before analysis. Data are from 12 cells analyzed per
condition. Asterisks indicate significance relative to the naive condition: ***P<0.001.
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Figure 2. KICS analyses reveal an increase in TCR nanoscale clustering with a diet enriched in
saturated fatty acids

(A) Theta ratio for CD4* T cells isolated from mice fed a low fat or high fat diets enriched
in SFAs, MUFAs, or n-3 PUFAs. Data are average = S.E.M. from 30-44 cells analyzed
from 3 independent experiments per diet per age group. Asterisks indicate significance
relative to all other diets: **P<0.01 and ***P<0.001. (B) Control experiment demonstrating
theta ratio values are elevated in activated T cells relative to naive resting T cells in culture
after 3 days in culture. Data are from 12 cells analyzed per condition. Asterisk indicates
significance relative to the naive condition: *P<0.05.
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Table 1
Composition of experimental diets

Values listed below are grams of ingredients per kilogram of diet for a low fat control diet and high fat diets
enriched in saturated (SFA), monounsaturated (MUFA), and n-3 polyunsaturated (PUFA) fatty acids.
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Ingredient Control | SFA | MUFA | n-3 PUFA
Casein 185.0 220.0 220.0 220.0
L-cystine 25 3.0 3.0 3.0
Corn Starch 370.0 173.9 173.9 173.9
Maltodextrin 140.0 140.0 140.0 140.0
Sucrose 150.0 150.0 150.0 150.0
Cellulose 50.0 50.0 50.0 50.0
Coconut oil 0.0 185.0 0.0 0.0
Soybean oil 50.0 15.0 15.0 15.0
Olive oil 0.0 0.0 185.0 0.0
Fish oil 0.0 0.0 0.0 92.5
Flaxseed oil 0.0 0.0 0.0 925
Mineral mix AIN-93M-MX 35.0 42.0 42.0 42.0
Vitamin mix AIN-93-VX 15.0 18.0 18.0 18.0
Choline Bitartrate 25 3.0 3.0 3.0
TBHQ 0.02 0.06 0.06 0.06
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