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Abstract

This article summarizes the author's research on fish oil derived n-3 fatty acids, plasma membrane
organization and B cell function. We first cover basic model membrane studies that investigated
how docosahexaenoic acid (DHA) targeted the organization of sphingolipid-cholesterol enriched
lipid microdomains. A key finding here was that DHA had a relatively poor affinity for
cholesterol. This work led to a model that predicted DHA acyl chains in cells would manipulate
lipid-protein microdomain organization and thereby function. We then review how the predictions
of the model were tested with B cells /n vitro followed by experiments using mice fed fish oil.
These studies reveal a highly complex picture on how n-3 fatty acids target lipid-protein
organization and B cell function. Key findings are: 1) n-3 fatty acids target not just the plasma
membrane but also endomembrane organization; 2) DHA, but not eicosapentaenoic acid (EPA),
disrupts microdomain spatial distribution (i.e. clustering), 3) DHA alters protein lateral
organization and 4) changes in membrane organization are accompanied by functional effects on
both innate and adaptive B cell function. Altogether, the research over the past ten years has led to
an evolution of the original model on how DHA reorganizes membrane microdomains. The work
raises the intriguing possibility of testing the model at the human level to target health and disease.

Fish oil contains biologically active n-3 polyunsaturated fatty acids (PUFA), which have
tremendous potential for the treatment of a wide variety of human afflictions associated with
chronic inflammation [1]. One focus area of fish oil research is on underlying mechanisms
by which n-3 fatty acids regulate the function of immune cells. This article briefly covers the
author's research (S.R.S) over the past decade, which has focused on the mechanisms by
which n-3 PUFAs reorganize plasma membrane microdomains and thereby cellular
function.

The inception of the DHA-lipid microdomain model

In the late 1990s, there was a wealth of data emerging about how the n-3 PUFA
docosahexaenoic acid (DHA) could manipulate the molecular organization of the plasma
membrane. Several excellent reviews by Stillwell and Wassall summarize the basic effects
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of DHA on membrane properties that were revealed over the course of several years [2, 3].
These studies showed DHA influenced membrane microviscosity (the most commonly used
endpoint in many studies even today), permeability, phospholipid flip-flop, curvature stress,
elasticity, protein conformation and microdomain formation [2].

The lipid raft model, that aimed to explain compartmentalization of cell signaling, also
emerged in the late 1990s [4]. This model proposed that liquid-ordered sphingolipid-
cholesterol enriched domains coalesced to sequester protein clusters and thereby regulate
signaling. A central component of the model was that rafts accumulated saturated acyl
chains [4]. Thus, it was timely to address if DHA acyl chains, which are highly disordered,
could target the organization of sphingolipid/cholesterol enriched liquid-ordered domains

3.

In the lab of Bill Stillwell, we collaborated with several groups to address the question of
how would DHA impact the formation of raft domains. We conducted a series of studies
using pressure-area isotherms, differential scanning calorimetry, detergent extraction, 2H
NMR spectroscopy and X-ray diffraction in model membranes [5-9], which provided a
highly controlled system to study the molecular behavior of DHA acyl chains. A key finding
was that phosphatidylethanolamines (PE) containing DHA had a poor affinity for cholesterol
relative to other unsaturated fatty acids [9]. Based on these studies, we proposed a model in
which a DHA-containing PE would avoid steric interactions with cholesterol to form a
distinct non-raft domain. This model did not address how a phosphatidylcholine (PC)
containing DHA or other n-3 PUFAs would interact with sphingomyelin and cholesterol.
This is an essential point that has recently been addressed that | will come back to at the end
of the article.

There were three major predictions of the DHA-lipid microdomain model that were
proposed in 2004 [8]: 1) In cells, DHA should largely avoid cholesterol-enriched lipid rafts;
2) the incorporation of DHA into the nonraft phase should disrupt the spatial distribution of
select proteins; 3) the culmination of changes in lipid and protein organization would result
in downstream functional changes. | sought to test these predictions as a post-doctoral
fellow with a focus on establishing functional relevance first (prediction #3).

Translation to in vitro reveals the complexity of DHA's impact on the B cell

In 2004, a few labs were reporting that n-3 PUFAs administered in the mouse diet or in
culture resulted in uptake of EPA and/or DHA into detergent resistant membranes (DRMs),
a very crude approximation of lipid rafts in cells [10, 11]. More importantly, it was reported
that changes in DRM composition were accompanied by suppression in downstream
signaling and subsequent proliferation and activation of CD4* T cells [12] [13]. Therefore, it
was timely to start an investigation of the effects of DHA on B cells, a cell type poorly
studied with n-3 PUFAs.

In the lab of Michael Edidin, | initially aimed to test the effects of treating human B
lymphoblasts with DHA in order to study protein function in the endoplasmic reticulum.
Unexpectedly, while optimizing methods of fatty acid administration to cells, we discovered
that overnight treatment with 50-100PM DHA suppressed the ability of these cells to be
lysed by alloreactive CD8" T cells relative to a control [14]. The data were highly consistent
with studies showing n-3 PUFAs could suppress antigen presentation by other cell types in
vitro [15] and ex vivo [16]. This fulfilled prediction #3 of the model that DHA should have
an impact on cellular function, as one would expect. However, it was unclear what the
underlying mechanisms were, which would end up addressing predictions 1 and 2 of the
proposed model.
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Two major mechanisms were driving the functional response of DHA on B cells, which
were beyond simple changes in membrane composition and microviscosity. One, DHA
lowered surface levels of the major histocompatibility complex (MHC) class I, the
molecules on the B cell surface that present antigen to cognate CD8" T cells [14]. The
reduction in MHC class | surface expression was due to DHA targeting endomembrane
MHC class | forward traffic from the ER to the Golgi. Second, DHA diminished the ability
of B cells to physically conjugate to the T cells. This event is dependent on the formation of
the immunological synapse, which requires the appropriate spatio-temporal organization of
key plasma membrane antigen presenting, co-stimulatory, and adhesion proteins [17].

There were several limitations of our study, which had to be addressed in order to move the
field forward. One, the effects were not just limited to DHA. Arachidonic acid also had an
effect, which raised the possibility that this was a general effect of PUFAS [14]. Second, it
was entirely plausible that the observations were due to the concentrations of fatty acid and/
or the methods of administering the fatty acids. Indeed, we showed that administration of
esterified DHA phospholipid vesicles to B cells gave different results on MHC class |
surface expression than administration of fatty acid-BSA complexes [18]. Thus, the next
major move was to translate the work from model membranes and cells to other /n vitro
models and more importantly into animals. Therefore, in my own lab starting in 2008, we
set up new experiments in cell culture and in animals, relying heavily on appropriate
imaging approaches for the study of membrane domains.

DHA but not EPA targets lipid and protein spatial distribution

The first set of studies continued the /n vitrowork on MHC class 1. Here we discovered that
treatment of EL4 cells (an immortal cell line) with DHA, but not EPA, diminished the
clustering of cholera-toxin induced lipid microdomains [19]. On a micron scale, DHA
appeared to increase the size of the microdomains. Furthermore, we found that DHA but not
EPA treatment modified the lateral organization of MHC class I, which suggested an
additional mechanism by which DHA could be regulating antigen presentation. These
studies also opened the door to differences in the molecular organization of EPA vs. DHA.

We further addressed the potential /n7 vitro mechanisms by which DHA could be disrupting
lipid microdomain clustering. One possibility was that DHA could be manipulating
microdomain clustering by directly incorporating into the domains. Indeed, the Wassall lab
(with whom we collaborated) demonstrated in model membranes that PCs containing DHA,
more than EPA, incorporated directly into nanoscale sphingolipids/cholesterol domains and
thereby manipulated domain size [20]. In cells, we have reported that DHA incorporated
into DRMs and had no effect on nonraft organization as measured by staining of the nonraft
probe FAST-Dil [21]. Given the limitations of the DRM method of isolation, more direct
evidence has emerged from lipidomic analysis showing EPA can incorporate directly into
ordered regions of the Jurkat immunological synapse [22]. Thus, prediction #2 that DHA
should largely avoid rafts was not entirely consistent with measurements in cells and in
model membranes.

We have also addressed if DHA is disrupting lipid microdomain clustering by targeting
cholesterol lateral distribution. We discovered trends suggesting DHA was pushing
cholesterol molecules from detergent resistant to detergent soluble membranes (DSM) [19,
23]. However, a recent study showed that DHA treatment at a high dose moved cholesterol
from DRMs to DSMs in SH-SY5Y cells [24]. More direct evidence has emerged with
staining of cholesterol and changes in its lateral distribution upon DHA treatment in HB4a
cells [25].
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Again, it is important to note how the recent studies highlight the complexity of the cell.
Originally, we had observed that DHA esterified to PEs avoided cholesterol, yet in several
cell types, DHA can incorporate into raft-like domains. On the other hand, recent work in
model membranes shows that DHA esterified to PCs can incorporate into rafts, consistent
with our work with EL4 cells and that of others [20]. Thus, it appears that DHA behaves
differently when esterified to a PC versus a PE.

Fish oil targets B cell lipid spatial distribution and cellular function at the
animal level

We have conducted studies with C57BL/6 mice to determine how fish oil targets splenic
B220* B cell microdomain organization and function. We have found that lipid
microdomain clustering, induced by cholera toxin cross-linking, is diminished with fish oil
[21, 23]. A re-analysis of the data suggest that the effects of n-3 fatty acids are dose
dependent (Fig. 1A). On a micron scale, the microdomains appear to be larger in response to
increasing levels of EPA/DHA (Fig. 1B). Mechanistically, we have shown, similar to our
cell culture studies, that fish oil is not targeting non-raft distribution but selectively targeting
lipid microdomain distribution. Furthermore, we have demonstrated that the effects on
microdomain clustering are specific for fish oil since administration of n-6 PUFA diets had
no effect [21].

Surprisingly, using polarization imaging, we discovered that fish oil has a greater ordering
effect upon formation of lipid microclusters relative to no clustering [23]. These results are
in agreement with studies with CD4* T cells to show that n-3 PUFAs target microdomain
size and order in the immunological synapse [26-28]. This revealed that DHA can actually
exert an ordering effect on the membrane upon formation of lipid microdomains. However,
the probe used to measure molecular order has its own limitations given that it detects
solvent relaxation, so the probe may be simply reporting on the headgroup region rather than
acyl chain order. Therefore, in a recent study, we used a custom synthesized DHA-labeled
fluorophore to show that when DHA incorporates into an ordered lipid microdomain, the
DHA acyl chain increases its order and lowers its rotational diffusion [29]. We are now
pursuing additional studies on molecular order and the impact of disrupting the lipid
environment on the organization of signaling proteins in B cells.

We have uncovered two different functional outcomes of fish oil on B cell function ex vivo.
We first discovered that a high dose of fish oil increased B cell activation in response to the
T-independent antigen lipopolysaccharide (LPS), a peptidoglycan from the outer membrane
of Gram-negative bacteria [30]. We initially interpreted our data to imply that fish oil's
enhancement of B cell activation was simply a consequence of a high dose of n-3 PUFAs,
which had negative effects such as increased body weight and reduced locomotor activity
[31]. Very recently, we reproduced the results with a lower dose of fish oil on B cell
activation with LPS [23]. The dose modeled the equivalent of a human consuming ~4 grams
per day, which is achievable as an over-the-counter supplement and currently in use
pharmacologically to suppress elevated triglycerides. These results are in agreement with
emerging data that fish oil has immune enhancing properties. For example, a very recent
study showed that treating human B cells with DHA-derived metabolites increased antibody
production [32]. Also, Arnadottir et al. showed fish oil suppressed the proportion of classical
monocytes in blood of healthy mice but actually enhanced their number upon LPS induced
inflammation [33]. Thus, fish oil may have immune enhancing effects upon inflammation
that lead to resolution of inflammation.

Interestingly, although fish oil enhanced an innate B cell response, we also observed that B
cell antigen presentation was suppressed, highly consistent with the aforementioned /n vitro
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studies [23]. Specifically, B cells isolated from mice fed fish oil did not efficiently activate
naive CD4* T cells. This raises the intriguing possibility that fish oil has both immune
enhancing and immunosuppressive effects on B cells, which appears to be dependent on the
type of antigen and underlying mechanisms of action associated with the receptors for the
antigens. We are now focused on addressing how fish oil impacts several aspects of innate
and adaptive B cell function ex vivoand in vivo.

Conclusions

Since the inception of the DHA-lipid microdomain model, our lab and many others have
made tremendous progress in establishing the mechanism by which DHA targets the
biophysical organization of the membrane. A summary of key concepts from these studies,
in addition to model systems and methods used, are provided in Table 1. More work is
required to obtain a complete picture on how DHA, unlike EPA, by targeting the clustering
of membrane microdomains, is able to alter protein lateral distribution and ultimately exert
immunomodulatory effects. By having a solid mechanistic foundation, we aim to translate
the model into humans in order to effectively implement EPA and DHA into the clinic for
treating specific ailments and for making sound dietary recommendations for the general
public.
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Figure 1. N-3fatty acids diminish the clustering of murine B cell cholera-toxin induced lipid
microdomains

(A) Samples images demonstrating cross-linked GM1 lipid microdomains on the surface of
splenic B220" B cells isolated from mice fed differing diets. Domains were visualized with
cholera toxin subunit B-FITC. The percentage of total kcal from EPA and DHA are
indicated. (B) The size of the clusters increases with increasing levels of EPA and DHA.
The cluster sizes are normalized to the control since the data are pooled from separate
studies [21, 23]. It is important to note that although microdomain size increases on a micron
scale, it remains unclear what the impact of the diet is on a nanometer scale.
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Summary of key concepts, model systems, and methods used to study how n-3 PUFAS reorganize lipid-
protein microdomain distribution. The concepts are presented in chronological order.

Key concepts

Model System

Methods

Lipid Environment

* DHA has a poor affinity for cholesterol

Model membranes - DHA
esterified to PE

NMR, X-ray diffraction, DSC, pressure-
area isotherms

« DHA incorporates into nonraft-like liquid-disordered
domains

Model membranes - DHA
esterified to PE

NMR, detergent extraction, DSC, atomic
force imaging

* DHA incorporates directly into DRMs

In vitro, ex vivo

Detergent extraction

« Fish oil or EPA/DHA do not target nonraft organization

In vitro, ex vivo

Confocal & FRET imaging

« Fish oil targets lipid microdomain size on a micron scale
and molecular order

EX vivo

Confocal & polarization imaging

* DHA has a tendency to push cholesterol from DRMs to
DSMs

In vitro, ex vivo

Detergent extraction, imaging

* DHA, but not EPA, targets micron and nanoscale lipid
microdomain size and order

In vitro, model membranes

NMR, confocal and polarization imaging

« DHA, but not EPA, incorporates into liquid-ordered
domains

Model membranes - DHA
esterified to PC

NMR

Protein Environment

 Mice fed fish oil or fat-1 transgenic mice display a change
in organization of key proteins (e.g. PKC8) in the
immunological synapse

In vitro, ex vivo

Confocal imaging

* DHA, but not EPA, moves MHC class | from nonraft to
raft-like microdomains

In vitro

Confocal and FRET imaging

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2013 December 01.




