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Abstract

N-3 polyunsaturated fatty acids (PUFA) exert immunomodulatory effects on B cells. We
previously demonstrated that n-3 PUFAs enhanced the relative percentage and/or frequency of
select B2 cell subsets. The objectives here were to determine if n-3 PUFAS: i) could boost
cytokines that target B cell frequency, ii) enhance the frequency of the B1 population and iii) to
identify the mechanism by which n-3 PUFAs modify the proportion of B cells. Administration of
n-3 PUFAs as fish oil to C57BL/6 mice enhanced secretion of the Th2 cytokine IL-5 but not IL-9
or IL-13. N-3 PUFAs had no influence on the percentage or frequency of peritoneal B1 or B2
cells. Subsequent experiments with IL-57~ knockout mice showed n-3 PUFAs decreased the
percentage of bone marrow B220'°1gM"i cells and increased the proportion and number of splenic
IgM*1gD'°CD21!° cells compared to the control. These results, when compared with our previous
findings with wild type mice, suggested I1L-5 had no role in mediating the effect of n-3 PUFAs on
B cell populations. To confirm this conclusion, we assayed IL-5 secretion in a diet-induced
obesity model in which n-3 PUFAs enhanced the frequency of select B cell subsets. N-3 PUFA
supplementation as ethyl esters to obesogenic diets did not alter circulating IL-5 levels.
Altogether, the data establish that n-3 PUFASs as fish oil can increase circulating IL-5 in lean mice,
which has implications for several disease endpoints, but this increase in IL-5 is not the
mechanistic link between n-3 PUFAs and changes in B cell populations.
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Introduction

Long chain n-3 polyunsaturated fatty acids (PUFA) (i.e. omega-3 fats) found in fish oil are
bioactive molecules with great potential for manipulating the immune system. Indeed, pre-
clinical studies in cell culture and rodent models show that the n-3 PUFAs eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acids are immunomodulatory and can influence both
innate and adaptive immunity [1, 2]. Supporting clinical studies however have revealed
mixed results on the efficacy of n-3 PUFASs for differing immunological outcomes [3-5].
The gap between pre-clinical and clinical studies is likely driven by numerous variables, one
of which may be the lack of understanding of the cellular mechanisms by which n-3 PUFAs
target the immune system [6]. Once the underlying mechanisms of these fatty acids are
better delineated at the pre-clinical level, then more focused clinical studies can be designed.

Recent studies from our laboratory and from others show that n-3 PUFAs can target various
aspects of B cell biology in murine models. To exemplify, n-3 PUFAs modify B cell
activation, antigen presentation to helper T cells, antibody production, surface expression of
select molecules, development in bone marrow, and the relative percentage or frequency of
B cells in specific tissues [7-13]. While these studies have established that numerous
functional endpoints of B cells are modified with n-3 PUFAs, the underlying mechanisms
for the most part remain unknown. In the present study, we tackled one potential underlying
mechanism by which n-3 PUFAs could modify the fraction of differing B cell subsets.

B cell growth and development are tightly regulated in response to cytokines secreted from
other cell types. In particular, IL-5 is a Th2 cytokine that stimulates proliferation and
differentiation of B cells [14, 15]. There is a considerable gap in knowledge on whether n-3
PUFAs can influence the circulating levels of cytokines such as IL-5. Therefore, our first
objective was to determine if n-3 PUFAs could enhance IL-5 secretion, in addition to other
cytokines, in response to intraperitoneal stimulation with a T-independent antigen. We then
determined if n-3 PUFAs influenced the proportion of peritoneal B cells, particularly the
IL-5 responsive B1 subset in wild type mice [16]. This was critical to address given that
select B1 cells have a beneficial role in metabolic diseases such as atherosclerosis and
insulin resistance [17, 18]. Finally, we utilized IL-5 knockout mice to determine if n-3
PUFAs could enhance select B cell subsets in the absence of IL-5 secretion.

Materials and Methods

Mice and diets

Male C57BL/6 or IL5~/~ (C57BL/6-115MLKOP/3) mice, purchased from Jackson
Laboratories, consumed a purified control low fat soybean oil enriched diet or a menhaden
fish oil enriched diet (containing n-3 PUFAS) for 4 weeks, as previously described [12]. The
n-3 PUFA enriched diet contained 1.3% of the total kcal from docosahexaenoic acid (DHA)
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and 2% from eicosapentaenoic acid (EPA). For a select study, C57BL/6 mice were fed high
fat diets supplemented with EPA or DHA ethyl esters, as previously described [13]. Mice
were sacrificed via CO, inhalation followed by cervical dislocation. All of the experiments
with mice fulfilled the guidelines established by the East Carolina University Brody School
of Medicine for euthanasia and humane treatment.

In vivo injections and serum collection

At week 3 of dietary intervention, the lean mice were intraperitoneal (i.p.) injected with 1 pg
of trinitrophenylated-lipopolysaccharide (TNP-LPS, Biosearch Technologies). The rationale
for using a T-independent antigen was to remain consistent with our previous work [12].
Seven days following TNP-LPS injection, blood was collected from the superficial temporal
vein into a capiject tube (Fisher). The blood was centrifuged for 15 minutes at room
temperature at 1300 rpm to separate the serum. The serum was then frozen for cytokine
analyses.

Cytokine levels

Cytokines in serum were measured with a multiplex cytokine kit (Milliplex MAP Kit,
Millipore, MCYTOMAG-70K) per the manufacturer’s directions. The multiplex assay was
analyzed with a Luminex-100, Bio-Plex machine (Bio-Rad) with DD gate adjusted to detect
magnetic beads. The Bio-Plex was run with Bio-Plex manager 4.1 software. Serum levels of
IL-5 were confirmed with an Elisa MAX Standard (Biolegend), as per manufacturer’s
protocol [13].

Analysis of bone marrow B cells

Bone marrow was obtained from the mouse tibia and femur as previously demonstrated
[12]. Briefly, each degloved leg was cleaned with a razor to remove all muscle tissue. The
bone marrow was flushed with 10 mL RPMI 1640 1x media (Mediatech) supplemented with
5% heat-inactivated defined fetal bovine serum (FBS) (Hyclone), 2 mM L-glutamine, and
1% penicillin/streptomycin and placed into 20 mL of the same media. Once the bone
marrow was filtered and the red blood cells lysed, 0.5 x 10° cells were transferred to each
well of a 96 well plate. The bone marrow was stained for 10 minutes on ice with FCR Block
(Miltenyi Biotec) followed by 20 minutes with an antibody cocktail containing B220-FITC
(Miltenyi Biotec), CD19-PerCP/Cy5.5 (Biolegend), IgM-PE (Southern Biotech), IgD-APC
(Biolegend) and CD21-APC/Cy7 (Biolegend) in 1x PBS supplemented with 0.1% BSA.
Dead cells were stained with Sytox Blue (Invitrogen).

Analysis of splenic B cells

Spleens were mechanically disrupted and red blood cells were osmotically lysed to generate
a single cell suspension [13]. B220* B cells were purified from splenocytes with a negative
selection microbead kit obtained from Miltenyi Biotec. 0.5 x 106 splenic B cells were
transferred to a 96 well plate and stained for 20 minutes on ice with a combination of B220-
FITC (Miltenyi Biotec), IgM-PE (Southern Biotech), IgD-APC (Biolegend), CD19-PerCP/
Cy5.5 (Biolegend), CD40-PerCP/Cy5.5 (Biolegend), CD21-APC/Cy7 (Biolegend), and
MHC class 11-PE (Bio X Cell) in 1x PBS supplemented with 0.1% BSA. The splenic B cell
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subsets analyzed were IgM*1gD'°CD21'°, IgM*IgDNCD21'°, IgM*IgDNCD21M, and
IgM*IgD'°CcD21M [12, 19].

Analysis of peritoneal B cells

The outer skin of the mouse was removed from the peritoneum, exposing the inner skin
lining [20]. 5 ml of cold 1x PBS supplemented with 3% FBS was injected into the peritoneal
cavity with a 27G needle and then the peritoneal cavity was gently massaged. A small
incision was made in the inner skin and a disposable pipette was utilized to collect the 1x
PBS supplemented with 3% FBS. 0.5 x 10° cells were transferred to a 96 well plate and
stained for 20 minutes on ice with a combination of CD19-PerCP/Cy5.5 (Biolegend) and
CD23-PE/Cy7 (Biolegend) in 1x PBS supplemented with 0.1% BSA. The peritoneal subsets
analyzed were CD19MCD23° (B1) and CD19MCD23" (B2) [20].

Flow cytometry

B cells were stained with fluorophore labeled antibodies as described above [12]. Data were
acquired with a BD LSR |1 flow cytometer. Analysis of the B cell subsets were based on the
percentage of live cells and gating strategies are presented throughout the results.

Statistical analysis

For the majority of the studies, the data are from 4-8 independent experiments (with one
mouse per diet used per experiment) as indicated in the figure legends. The data sets showed
normalized distributions and were analyzed using GraphPad Prism. Statistical significance
was established using an unpaired two-tailed t test or a one-way ANOVA followed by a
post-hoc Bonferroni multiple comparison t test. P values less than 0.05 were considered to
be significant.

Results

N-3 PUFAs enhanced circulating levels of IL-5 in C57BL/6 mice but had no influence on the
percentage of B1 cells in the peritoneal cavity

We first determined if n-3 PUFASs enhanced the levels of select circulating cytokines known
to influence B cell proliferation, differentiation, and/or development. Analysis of cytokine
secretion in response to i.p. TNP-LPS stimulation revealed that n-3 PUFASs increased I1L-5
secretion by 2.1 fold compared to the control (Figure 1). N-3 PUFAs had no effect on either
IL-9 or IL-13 levels (Figure 1).

We next tested the hypothesis that increased IL-5 secretion in wild type mice would increase
the proportion of B1 cells in the peritoneal cavity. The flow cytometry gating strategy for
peritoneal B1 and B2 cells is depicted in Figure 2A. As expected, the percentage of B1 cells
(~20-25%) was generally higher in the peritoneal cavity than B2 cells (~15%) (Figure 2B).
However, there was no influence of n-3 PUFAs on the relative percentage of either B1 or B2
subsets. Similarly, the frequency of B1 and B2 cells was not modified by n-3 PUFAs (Figure
2C).
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N-3 PUFAs decreased the percentage of bone marrow B220'°IgM"i cells in IL-57~ mice

We have previously shown that n-3 PUFAs modify the proportion of select B cell subsets in
the bone marrow and spleen [12]. Given that IL-5 has a role in influencing these
populations, we pursued studies in an IL-5 knockout model (IL-57/) to determine if
increased IL-5 in response to n-3 PUFAS is mechanistically driving the changes in select
populations. We first confirmed that IL-5 levels were low in IL-57/~ mice that were fed
control or n-3 PUFA diets. Cytokine analysis showed that IL-5 levels were essentially not
detectable with IL-5/~ mice consuming either the control or n-3 PUFA enriched diet
(Supplemental Figure 1).

The gating strategy for the bone marrow cells was the same as previously shown [12].
Analysis of the relative proportion of bone marrow cells showed that n-3 PUFASs had no
effect on the B220"IgM'© cells and had a tendency to decrease the B220" IgMNi population
compared to the control (Supplemental Figure 2). The bone marrow B220'°1gM" population
was decreased by approximately a third with mice fed the n-3 PUFA diet relative to mice
consuming the control diet.

N-3 PUFAs manipulated the percentage and frequency of select splenic B cells in IL-57/~

mice

We also measured the effect of n-3 PUFAs on splenic B cell subsets in 1L-57/~ mice using
flow cytometry (Figure 3A). Relative to the control, n-3 PUFASs increased the percentage of
IgM*IgD'°CD21!° cells by 1.6 fold whereas the percentage of IgM*IgDMNCD21M cells was
minimally lowered by ~5% (Figure 3B). N-3 PUFAs had no effect on the percentage of
IgM*IgDNICD21!° and IgM*1gD!°CD21M cells (Figure 3B).

We calculated the frequency of B cells upon n-3 PUFA intervention. The number of B cells
on average in the control mice was 25.9 x 10° cell per spleen compared to 32 x 108 cells per
spleen for mice consuming n-3 PUFAS. The increase in the number of B cells with n-3
PUFAs showed a trend but failed to reach statistical significance. Nevertheless, there were
twice as many IgM*1gD!°CD21° cells in the spleens of mice consuming n-3 PUFAs
compared mice fed the control (Figure 3C). The number of IgM*IgD!°CD21Mi cells
increased modestly by 1.3 fold with n-3 PUFAs. The frequency of IgM*IgDNCD21!° and
IgM*IgDNCD21M cells was not affected by n-3 PUFAs. We also measured the surface
expression of splenic B cell IgM and 1gD with flow cytometry (Figure 4A). Analysis of
mean fluorescence intensities showed a trend for cell surface IgM expression to be about
10% higher on the splenic B cells from mice fed n-3 PUFAs compared to splenic B cells
from control mice (p =0.09). There was a 10% decrease in cell surface 1gD expression on
splenic B cells from mice fed n-3 PUFASs relative to the control diet (Figure 4B).

IL-5 secretion is not enhanced with n-3 PUFAs in C57BL/6 obese mice

The increase in the frequency of select B cell subsets (Figure 3) after n-3 PUFA feeding in
IL-57/~ mice suggested that increased IL-5 is not the mechanism by which n-3 PUFAs affect
these populations. To confirm this, we measured circulating IL-5 levels in a diet-induced
obesity model using C57BL/6 mice in which we had previously demonstrated that n-3
PUFAs enhanced the percentage and/or frequency of the IgM*IgD!°CD21° subset [13].
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Administration of EPA or DHA ethyl esters as part of a high fat diet had no influence on
serum IL-5 levels (Supplemental Figure 3).

Discussion

This study significantly advances the field of n-3 PUFAs and immunity by answering the
following questions: i) do n-3 PUFAs increase the secretion of select Th2 cytokines,
particularly IL-5? ii) how are the B1 and B2 repertoires in the peritoneal cavity influenced
by dietary supplementation with n-3 PUFAs in C57BL/6 mice? iii) are B cell subsets
increased with dietary n-3 PUFA consumption in IL-57/~ mice? Data from these studies
reveal that n-3 PUFAs enhance IL-5 secretion but this enhanced IL-5 production does not
mechanistically drive the reported changes in select B cell populations, as these changes
generally continued to be observed in the absence of IL-5 production.

The potential role of n-3 PUFAs in boosting Th2 cytokines

Th2 cytokines regulate various aspects of B cell biology and vice versa [21, 22]. IL-5, in
particular, stimulates proliferation and differentiation of B cells and eosinophils [15]. IL-5 is
also important for the induction of IgA class switching in mucosal B cells, protection against
parasitic infection, and pathology of asthma due to stimulation of eosinophils [15]. In
addition, B-1 cells constitutively express the IL-5 receptor and use IL-5 for survival,
proliferation and differentiation to natural antibody-secreting plasma cells [14]. Therefore,
IL-5 has a critical role in immunity and it was essential to understand how n-3 PUFAs
influence IL-5 secretion in vivo.

Our data demonstrate that n-3 PUFAs in menhaden fish oil increased the levels of IL-5 upon
i.p. TNP-LPS stimulation. The increased IL-5 secretion is consistent with Gurzell et al., who
demonstrated that administration of DHA-enriched fish oil to Smad3~/~ mice enhanced the
frequency of B cells and increased secretion of IL-5, IL-9, and IL-13 in circulation [10].
Schuster et al. also demonstrated in an airway inflammation model that n-3 PUFAs had a
tendency to increase IL-5 secretion [23]. It is important to note that IL-5 is implicated in the
pathogenesis of several diseases, particularly lung inflammatory conditions such as asthma
[24]. The findings from this study and others imply that an enhancement in IL-5 secretion in
humans could have negative consequences for inflammatory lung diseases. However, at this
stage it is premature to assume that increased IL-5 levels will lead to exacerbated disease. In
fact, n-3 PUFAs may have a beneficial role in preventing lung inflammation in asthma and
there is even evidence to show that n-3 PUFAs can lower IL-5 levels [25, 26].

At the cellular level, there is some suggestion that n-3 PUFAS can alter Th2 cytokines. For
instance, n-3 PUFASs in a mouse model increased the secretion of IL-4 by targeting the
function of a mixture of antigen presenting cells [27]. On the other hand, n-3 PUFAs
suppressed the production of Thl cytokines upon stimulation with anti-CD3/CD28
antibodies or hybridomas with no influence on Th2 cytokines [28, 29]. Jang get al.,
illustrated that fat-1 mice, which constitutively produce n-3 PUFAs in the absence of dietary
intervention, decreased Th2 cytokines and moreover there was a decrease in lung infiltration
of select inflammatory cell types [30].
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IL-5 is not driving changes in the percentage and/or frequency of B1 or IgM*IgD'°CD21!0

cells

A recent manuscript showed that n-3 PUFAs enhanced the number of peritoneal B1 cells
upon immunization with methylated BSA [31]. Given that B1 cells express the IL-5 receptor
and are highly sensitive to IL-5 levels, we determined if n-3 PUFAs enhanced the frequency
of B1 cells upon TNP-LPS stimulation. Our assays revealed no influence of n-3 PUFASs on
B1 cells. We even conducted a few select studies measuring Bla B cells and there was no
effect of n-3 PUFAs on this specific subset (data not shown).

We previously reported that n-3 PUFASs enhanced the percentage and frequency of
IgM*IgD'°CD21!° cells upon intervention with TNP-LPS stimulation [12]. Furthermore, we
also observed an increase in the frequency of this population upon supplementing high fat
diets with menhaden fish oil or EPA or DHA ethyl esters, which has implications for
humoral immunity in obesity [12, 13, 19]. The IgM*IgD'°CD21'° population of B cells
represents transitional 1 and B1 cells, which are likely the most receptive to an increase in
IL-5 levels in the spleen. Therefore, if IL-5 was the mechanistic link to drive the
enhancement in this population with n-3 PUFAs, then we would have expected the number
of cells within this population to have remain unchanged between the control and n-3 PUFA
diets with IL-5 knockout mice.

We acknowledge that there were some differences between our previous work with wild
type mice and the results observed here with IL-57~ animals in response to n-3 PUFAs [12].
Namely, the number of total B cells was not elevated and an increase in surface IgM levels
failed to reach significance with n-3 PUFAS; nevertheless, there was a trend for enhanced
membrane IgM expression and increased splenic B cells in the knockout model. Finally, it is
important to note that we verified the conclusion that IL-5 was not driving an increase in the
IgM*IgD!°CD21!° population by assaying for IL-5 levels in response to administration of
EPA or DHA ethyl esters supplemented in high fat diets.

There are some limitations of the study. Namely, we did not assay for IgM and IgD
expression in the bone marrow with the IL-5 knockout mice. We have assayed for IgM
expression in bone marrow with mice on a 129 background and have not found an effect
(unpublished results). Our future studies will need to address how n-3 PUFAs influence
development of B cells in the bone marrow. There is a recent study to suggest that high
doses of fish oil diminish the development of mature B cells in the bone marrow in addition
to influencing the development of other cell types such as neutrophils [11, 32]. Furthermore,
we will need to determine how B cell class switching and formation of germinal centers may
be modified in response to EPA and DHA. Finally, we did not test for IgA expression in the
bone marrow or with splenic cells. This will be essential to determine, particularly in light of
our previous data to show that fecal 1gA is elevated [10, 13].

Other potential mechanisms of n-3 PUFAs on B cells

It is important to consider what other mechanisms may be driving the production of select B
cell subsets, which is an area of future investigation. One likely possibility is that dietary n-3
PUFAs, which serve as substrates for specific enzymes, are enhancing the production of pro-
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resolving lipid mediators [33]. Indeed, there is evidence in the literature to show that dietary
n-3 PUFA supplementation can increase levels of pro-resolving lipid mediators, although
there are some labs that question this possibility [34-36]. Furthermore, Phipps and co-
workers have demonstrated that 17-HDHA, a hydroxylated DHA molecule, enhances the
production of antibody secreting cells in vitro and in vivo [37, 38]. Therefore, we speculate
that metabolo-lipidomics analyses will shed light on how n-3 PUFAs as dietary supplements
may be influencing the concentrations of differing specialized pro-resolving lipid mediators
and thereby the frequency of B cell subsets. Other potential mechanisms of n-3 PUFAs
include the possibility that n-3 PUFASs are targeting B cell development and promoting
trafficking in circulation to select tissues. At a molecular level, n-3 PUFAs could be driving
changes in B cell lipid microdomain organization, signaling and gene expression [39, 40].

Conclusion

In summary, our data establish that short-term intake of n-3 PUFAS can increase the
circulating levels of IL-5 with no influence on the percentage or frequency of B1 cells in
C57BL/6 mice. Furthermore, using IL-57/~ mice we demonstrate that n-3 PUFAs increase
the numbers of select B cell subsets in the absence of IL-5 production. Therefore, we have
ruled out n-3 PUFA driven IL-5 production as a mechanism by which n-3 PUFAs
manipulate splenic B cell populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. N-3 PUFAs enhance serum IL-5 levels in C57BL/6 mice
Serum levels of IL-5, IL-9, and IL-13 from mice fed n-3 PUFAs for 4 weeks. Mice were

injected with 1 of TNP-LPS on week 3 and serum was isolated 7 days post-injection.
Values are average + S.E. from 5-6 independent experiments. Asterisk indicates statistical
significance relative to the control diet: *p<0.05.
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Figure 2. N-3 PUFAs have no influence on the percentage of B1 and B2 cells in the peritoneal
cavity of wild type mice

(A) Flow cytometry gating strategy for analyzing B1 and B2 cells in the peritoneal cavity.
(B) Percentage and (C) frequency of B1 and B2 cell subsets. Mice were injected with 1pg of
TNP-LPS on week 3 and analyses were conducted one week later. Values are average + S.E.
from 4 independent experiments.
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Figure 3. N-3 PUFAs modify the percentage and frequency of splenic IgM"IgD"’CDZlIO and

IgM*1gDNIcD21N B cells in 1L-57~ mice

(A) Sample gating strategy for analysis for differing B cell subsets. (B) Percentage and (C)
frequency of differing IgM* B cell subsets from control and n-3 PUFA fed mice. Values are
average = S.E. from 5-6 independent experiments. Asterisks indicate statistical significance
relative to the control diet: *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. N-3 PUFAs lower splenic B cell surface 1gD expression of IL-57" mice
(A) Flow cytometry gating strategy for analysis of surface IgM and IgD expression. (B)

Normalized mean intensity of surface IgM and IgD of B cells. Fluorescence intensity values
required normalization since experimental settings were adjusted between experiments.
Values are average * S.E. from 5-6 independent experiments. Asterisks indicate statistical
significance relative to the control diet: **p<0.01.
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