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Abstract
Summary—Specialized proresolving mediators (SPMs) are endogenous bioactive lipid
molecules that play a fundamental role in the regulation of inflammation and its resolution. SPMs
are classified into lipoxins, resolvins, protectins and maresins. Lipoxins and other SPMs have been
identified in important immunological tissues including bone marrow, spleen and blood. Lipoxins
regulate functions of the innate immune system including the promotion of monocyte recruitment
and increase macrophage phagocytosis of apoptotic neutrophils. A major knowledge gap is
whether lipoxins influence adaptive immune cells. Here, we analyzed the actions of lipoxin A4
(LXA4) and its receptor ALX/FPR2 on human B cells. LXA4 decreased IgM and IgG production
on activated B cells through ALX/FPR2-dependent signaling, which downregulated NF-κB p65
nuclear translocation. LXA4 also inhibited human memory B cell antibody production and
proliferation, but not naïve B cell function. Lastly, LXA4 decreased antigen-specific antibody
production in vivo. To our knowledge, this is the first description of the actions of lipoxins on
human B cells, which shows a link between resolution signals and adaptive immunity. Regulating
antibody production is crucial to prevent unwanted inflammation. Harnessing the ability of
lipoxins to decrease memory B cell antibody production can be beneficial to threat inflammatory
and autoimmune disorders.
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Introduction
Inflammation is a tightly regulated process triggered by the presence of foreign pathogens,
trauma or injury. Foremost, resolving inflammation is vital to maintain homeostasis and to
prevent chronic inflammation and disease. Lipid-derived specialized proresolving mediators
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(SPMs) have been identified as major players involved in the regulation of inflammation and
its resolution [1, 2]. The identification of agonists of resolution demonstrated that resolution
of acute inflammation is an active process. SPMs are biosynthesized from either omega-3 or
omega-6 polyunsaturated fatty acids [2]. These endogenous mediators are produced by
transcellular communication in a multistep process regulated by the enzymatic actions of
lipoxygenases (LOX) and the acetylated form of cyclooxygenase-2 (Cox-2) [2]. Omega-3
derived SPMs include those of the resolvin, protectin and maresin families [3]. Bioactive
products derived from omega-6 include the well-described prostaglandins (PGs),
leukotrienes (LTs) as well as the SPMs lipoxins [4, 5].

PGs and LTs are derived from arachidonic acid and are the enzymatic products of Cox-1,
Cox-2 and 5-LOX mediated pathways [4]. PGs and LTs are considered pro-inflammatory
mediators important during the initial stages of inflammation [4]. On the other hand,
lipoxins are alternative enzymatic products of arachidonic acid, that have proresolving
properties during inflammation [6, 7]. Lipoxins are produced via transcellullar biosynthesis,
examples being leukocyte-epithelial cell [8] or leukocyte-platelet interaction [9]. The lipid
mediator profile produced by leukocytes can be altered through the lipid mediator class
switch, a mechanism by which leukocytes stop production of proinflammatory mediators
(i.e. PGs) and switch to the production of proresolution molecules (i.e. lipoxins) [6]. SPMs
of the lipoxin family include LXA4, LXB4, as well as their isomeric isoforms aspirin-
triggered lipoxin (ATL) [6]. SPMs signal through specialized G-protein coupled receptors
(GPCR) [10]. The once orphan ALX/FPR2, is now know to bind LXA4 with high affinity
[11, 12].

The SPM family is diverse, and although all SPMs have proven or potential proresolving
properties, their individual effects may be cell- and context-dependent. Little is known about
the role of SPMs and their actions on B cells. However, we recently discovered that SPMs
of the resolvin family are present in the spleen [13]. Furthermore, the SPM 17-
hydroxydosahexaenoic acid (17-HDHA) promoted B cell differentiation and increased
antibody production [13]. In addition, other SPMs, including lipoxins, have been detected in
blood, bone marrow and tonsil [14, 15]. Lipoxins do have reported activity on some cells of
the immune system. For example, LXA4 limits PMN chemotaxis and stimulates monocyte
recruitment, it increases non-phlogistic macrophage uptake of apoptotic neutrophils and
downregulates the release of pro-inflammatory mediators produced by dendritic cells and T
cells [16–21]. In addition, lipoxins are proposed to have beneficial roles in inflammatory
diseases, including periodontitis, colitis and asthma [22–25]. Severe asthmatic patients have
decreased levels of LXA4 in their lungs [25]. Despite the known localization of lipoxins
within B cell-rich tissue, little is known about their potential impact on adaptive immunity,
i.e. B cells and the humoral immune response. Here, we investigate LXA4 regulation of key
human B cell functions.

Results
Human peripheral blood B cells express and upregulate ALX/FPR2 upon activation

LXA4 signals through its specific receptor ALX/FPR2 [10]. This GPCR is a member of the
formyl peptide receptor (FPR) family [26], which has been identified in cells of the immune
system including macrophages, T cells and also the promyelocytic leukemic cell line 60
(HL-60) [16, 27–30]. We first investigated whether human B cells contain ALX/FPR2
mRNA and protein. To test this, B cells were rigorously isolated from peripheral blood by
positive selection and mRNA was collected. Members of the FPR family share a high degree
of sequence homology [31]. Therefore, nested PCR was used to minimize non-specific
amplification of other FPRs [32]. Semi-quantitative PCR results showed that human B cells,
express ALX/FPR2 mRNA (Figure 1A–B). Next, ALX/FPR2 protein expression was
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measured on both B cells. Flow cytometry results showed that B cells express ALX/FPR2
on their surface at levels comparable to those of monocytes, a cell type which highly
expresses ALX/FPR2 (Figure 1C–D) [27, 29]. In addition, the human B cell line JeKo-1,
was found to express ALX/FPR2 mRNA (Figure 1E). Using shRNA, ALX/FPR 2
expression was knocked down (Figure 1E–G). These results show that both, primary human
B cells as well as human B cell lines, express ALX/FPR2 on their surface.

ALX/FPR2 expression can be upregulated on airway epithelial cells and infiltrating
leukocytes after mitogen activation [24]. Therefore, to further confirm ALX/FPR2 protein
expression, purified CD19+ B cells were cultured and activated with CpG ODN 2395 plus
anti-IgM. ALX/FPR2 expression was measured using cell surface staining 24 hours and 48
hours after activation (Figure 1D–E). B cells stimulated strongly increased ALX/FPR2
expression over time compared to non-stimulated B cells.

LXA4 decreased IgM and IgG production via ALX/FPR2-mediated signaling
Lipoxins affect leukocyte functions such as neutrophil chemotaxis and dendritic cell
cytokine production [33–35]. During the adaptive immune response, B cells are the effector
cell that produces antibodies. Consequently, the effects of LXA4 on B cell antibody
production were measured. Purified human B cells from eight different individuals were
pretreated with vehicle control or LXA4, followed by stimulation with CpG ODN 2395 plus
anti-IgM. Supernatants were collected after 6 days of culture and IgM and IgG antibody
levels were analyzed (Figure 2). Results showed that LXA4-treated B cells produced
significantly lower IgM and IgG levels in all subjects (Figure 2A–B). In some cases, IgM
was decreased as much as 88% and IgG by as much as 78%

Other SPMs are known to signal through multiple SPM receptors. RvD1 for example,
signals via both human GRP32 and ALX/FPR2 in mice and isolated cells [36]. Even though
B cells express ALX/FPR2 on their surface, it is possible that LXA4 binds to other SPM
receptors. The N-t-Butoxycarbonyl-phenylalanine-leucyl-phenylalanine-leucyl-
phenylalanine (Boc-2) peptide is a commonly used ALX/FPR2 antagonist, which blocks
LXA4 binding due to its tert-butyloxylcarbonyl group at the N-terminus [31, 37]. Therefore,
Boc-2 was used to test whether LXA4 was signaling through ALX/FPR2 on B cells [38].
Purified B cells were pretreated with Boc-2, followed by LXA4 treatment and mitogen
stimulation. IgM and IgG levels were measured after 6 days of culture (Figure 2C–D).
Boc-2 effectively blocked the LXA4-mediated antibody decrease. These results show that
LXA4 decreases B cell antibody production by interacting with ALX/FPR2.

ALX/FPR2 signaling in PMN inhibits LPS-induced nuclear translocation of nuclear factor-
kB (NF-kB) [39]. SPMs, such as RvD1 and LxA4 analogues have been shown to decrease
NF-kB activation in human PMNs, leukocytes as well as in mouse models [39, 40].
Furthermore, NF-κB is upregulated upon B cell activation and regulates B cell proliferation
and differentiation [41]. Therefore NF-κB, specifically p65, nuclear translocation was
measured after LXA4 treatment. Human B cells were pretreated with LXA4 followed by
mitogen activation. Cells were harvested for either protein analysis or intracellular staining
(Figure 3). Nuclear protein extract showed LXA4 decreased NF-κB (p65) translocation to
the nucleus (Figure 3A). In addition, NF-κB nuclear colocalization, as analyzed by
ImageStream, confirmed a decreased in the percentage of cells translocating NF-κB in the
LXA4 treated group (Figure 3B–D).

ALX/FPR2 is differentially express in naïve and memory B cells
The predominant B cell populations present in circulating blood are naïve and memory B
cells. The ratio of naïve to memory B cells is variable among donors and is influenced by
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age and antigen exposure throughout life [42, 43]. In our initial experiments, we observed
that ALX/FPR2 expression and antibody response to LXA4 was variable among different
donors. As different donors have differences in B cell population distribution, we asked if
LXA4 was affecting a specific B cell population. Peripheral B cells were stained for
characteristic naïve and memory B cell surface markers and analyzed by flow cytometry.
Results showed that naïve B cells (CD19+ CD27− IgD+) and memory B cells (CD19+

CD27+ IgD−) express different levels of ALX/FPR2 (Figure 4A). Interestingly, memory B
cells consistently expressed higher levels of ALX/FPR2 compared to naïve B cells.

Because ALX/FPR2 expression is upregulated upon B cell activation (Figure 1), ALX/FPR2
expression was measured on sorted naïve and memory B cells following mitogen
stimulation. Purified B cells were stained and FACS sorted into naïve (CD19+ CD27−) and
memory (CD19+ CD27+) B cell populations. Both naïve and memory B cells were treated
with polyclonal activators or left untreated. B cells were collected 24, 48 and 72 hours after
activation and ALX/FPR2 surface expression was measured in both naïve and memory B
cell populations (Figure 4B). At 24, 48 and 72 hours, non-treated naïve B cells expressed
lower levels of ALX/FPR2 compared to memory cells. However, ALX/FPR2 expression on
activated naïve B cells increased over time and reached levels similar to those on activated
memory cells. On the other hand, non-stimulated memory B cells expressed a higher basal
level of ALX/FPR2 on their surface, which was maintained over time.

LXA4 decreases memory but not naïve B cell antibody production
Based on the differential expression of ALX/FPR2 on human B cell subsets, we asked if
LXA4 preferentially influenced either memory or naïve B cell functions. Peripheral B cells
were sorted into naïve (CD19+ CD27−) and memory (CD19+ CD27+) B cell fractions. Both
cell populations were treated with LXA4 or vehicle control, followed by mitogen activation
(Figure 5). After 6 days of culture, both cells and supernatants were collected and IgM and
IgG production was measured (Figure 5A–D). Interestingly, LXA4 treatment did not affect
antibody production on naïve B cells (Figure 5A–B). In contrast, memory B cells, which
constitutively express high levels of ALX/FPR2, had a 2-fold decrease in IgM and IgG
production when treated with LXA4 (Figure 5C–D).

LXA4 did not affect the amount of antibodies produced per cell in neither naïve nor memory
cells as analyzed by ELISpot (data not shown). In addition, the number of antibody-
secreting cells present in the naïve B cell cultures treated with LXA4 did not change (Figure
5F–G). However, LXA4 significantly decreased the number of antibody-secreting cells in
the memory B cell cultures (Figure 5H–I). These results show that LXA4 selectively affects
memory B cell antibody production, but not that of naïve B cells.

LXA4 decreases memory but not naïve B cell proliferation
Upon mitogen encounter, B cells, particularly memory B cells, undergo rapid expansion and
produce large amounts of antibody [44, 45]. Decreased proliferation could be at least
partially responsible for the decreased antibody production and decreased number of
antibody-secreting cells. Therefore, proliferation was measured on vehicle-and LXA4-
treated B cells (Figure 6). Again, LXA4 did not affect naïve B cell proliferation (Figure 6A).
Nonetheless, LXA4 significantly decreased memory B cell proliferation (Figure 6B).
Following antigen recognition, both naïve and memory B cells can further differentiate.
Naïve B cells can become memory or plasma cells, while antigen-cognate memory B cells
can quickly differentiate into plasma cells capable of producing high-affinity antibodies
[45]. Decreased differentiation could also be responsible for the LXA4-mediated antibody
production decrease. In order to test these possibilities, LXA4-treated naïve and memory B
cells populations were stained for B cell differentiation surface markers and naïve, memory,
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and antibody-secreting B cell populations were analyzed by flow cytometry (Supplemental
figure 1). Results showed that LXA4 does not affect cell differentiation of naïve nor memory
B cell populations. Lastly, LXA4 was not cytotoxic to B cells as it did not affect naïve nor
memory B cell viability (Figure 6C–D).

LXA4 decreases antigen-specific antibody production in vitro and in vivo
Next, we tested the effects of LXA4 on mouse cells. Under in vitro conditions, LXA4
decreased mouse B cell antibody production (Figure 7C–D), as well as splenocyte
proliferation (Figure 7E). LXA4 did not decrease cell viability (Figure 7F). Knowing that
mouse B cells respond to LXA4, the effects of LXA4 on the memory B cell antibody
response were measure in an in vivo immunization model. Using OVA as a model antigen,
mice were immunized and treated with either LXA4 or vehicle control and the primary
antibody response was measured after 2 weeks (Figure 8A–B). Interestingly, mice treated
with LXA4 had a 4-fold decrease in OVA-specific IgM and a 2-fold decrease in OVA-
specific IgG titers. Subsequently, a secondary challenge was performed and the antibody-
mediated response was analyzed (Figure 8C–D). Mice initially treated with LXA4 had a 6-
fold decrease in OVA-specific IgM titers and a non-significant decrease in OVA-specific
IgG levels.

Discussion
To our knowledge, this is the first evidence describing the expression and function of ALX/
FPR2 on human B cells. The current study provides new important findings that
demonstrate that primary B cells and the B cell line JeKo-1, express ALX/FPR2 on their
surface. Furthermore, primary B cells upregulate ALX/FPR2 expression upon mitogen
activation. Surprisingly, ALX/FPR2 is differentially expressed among naïve and memory B
cell populations. Naïve B cells have lower basal expression of ALX/FPR2 which is
upregulated following mitogen stimulation. On the other hand, memory B cells have higher
expression levels of ALX/FPR2, which remain unchanged even after B cell activation.

LXA4 was found to potently decrease IgM and IgG antibody production in a dose-dependent
manner. This effect is ALX/FPR2 dependent. Further analysis revealed that LXA4
specifically decreases antibody production and proliferation on memory B cells, but not on
naïve B cells. Although LXA4 did not significantly decrease antibody production on naïve B
cells, there was a decreasing trend in both, antibody production, as well as the number of
antibody-secreting cells among all donors. This decrease in antibody production and
antibody-secreting cells could be due to the increased expression of ALX/FPR2 following
naïve B cells activation and differentiation into new memory B cells. The difference in
ALX/FPR2 expression between naïve and memory B cells explains the specific effects of
LXA4 on either B cell population. The complete signaling mechanism of ALX/FPR2
remains to be further studied and understood. However, it is possible that high ALX/FPR2
expression is needed for LXA4 to trigger a decrease in antibody production and
proliferation, thus suggesting a signaling threshold as a control mechanism.

NF-κB activation is necessary for the initiation of a signaling cascade regulating B cell
activation, proliferation and differentiation. Interestingly, LXA4 decreased NF-κB
translocation to the nucleus during B cell activation. In addition, LXA4 decreased memory B
cell proliferation. It is possible that LXA4 decreases B cell proliferation by inhibiting NF-κB
signaling. Further study of the downstream signaling mechanism of ALX/FPR2 on human B
cells is necessary to better understand the effects of LXA4. Interestingly, LXA4 did not
affect naïve nor memory B cell differentiation, nor was it cytotoxic to cells. Therefore,
decreased B cell proliferation is at least partly responsible for the observed decreased
antibody production by LXA4-treated memory B cells. LXA4-mediated decreased IgM and
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IgG antibody production has important implications in the development of anti-
inflammatory therapies.

Previous studies have shown using a collagen-induced arthritis mouse model, that the ALX/
FPR2 agonist, BML-111, decreased collagen-specific IgG2a titers [46]. In our study, LXA4
strongly decreased OVA-specific IgM and IgG production during the primary antibody
response in vivo. Decreased antibody production further hindered the antibody memory
response upon rechallenge particularly OVA-specific IgM production. Our findings provide
proof-of-principle as to the role of LXA4 during the humoral immune response in vivo.
There are many questions that have not been addressed and are the subject of future
investigations. For example, whether the decreased antibody production in vivo is i) directly
a result of LXA4 signaling on B cells, or ii) whether other important immunological
processes, such as antigen presentation, are also affected. Our in vitro results showed that
mouse B cells express the LXA4 receptor, and that treatment with LXA4 downregulates
antibody production and proliferation. Therefore, it is possible that under physiological
conditions, LXA4 directly affects B cells functions. On the other hand, LXA4 can decrease
dendritic cell IL-12 production and migration to the splenic T cell zone following mitogen
challenge in vivo, a process that can directly decrease antigen presentation [34]. Overall, it is
important to further explore the effects of LXA4 on B cells and other cells of the adaptive
immune system.

Although grouped as a family, individual SPMs can have different effects. We recently
found that the SPM 17-HDHA increases antibody production while promoting B cell
differentiation towards an antibody-secreting cell [13]. In addition, 17-HDHA increased
expression of the transcription factor AID, which is involved in class switch recombination
and somatic hypermutation, both important processes during antibody affinity maturation
[13]. In the context of resolution, the effects of 17-HDHA on B cells are different, but not
opposing to those of LXA4. While LXA4 decreased memory B cell proliferation and
antibody production, 17-HDHA promoted B cell differentiation. Although LXA4 and 17-
HDHA are members of the SPM family, the effects of each SPM on the immune system
may be context-dependent and cell-specific. Therefore, it is important to consider the nature
of the inflammatory signal (i.e. trauma, pathogen, injury) and the balance of SPMs
produced, would orchestrate the proper resolution program, thus assuring efficient immune
protection.

SPMs are present in many tissues including tonsils, bone marrow and spleen [13–15, 47–
49]. Nevertheless, very little is known about SPM production during the adaptive immune
response. In particular the microenvironment under which B cells are exposed to LXA4 and
other SPMs. LOXs, which regulate the enzymatic production of SPMs, are found in multiple
cells of the immune system including neutrophils, monocytes, macrophages, mast cells and
B cells [50]. It is possible that B cells and other immune cells produce SPMs such as LXA4.
Importantly, not all SPMs are produced simultaneously. For example, RvD3 is produced
during the late stages of resolution, unlike RvD1 and RvD2, which are present in the early
resolution phase [51]. The implications for the temporal regulation of SPMs are not fully
understood. Therefore, it is important to better understand the microenvironment and
kinetics under which B cells are exposed to different SPMs, such as LXA4.

Memory B cells are responsible for the antibody-mediated adaptive immune response which
confers long-term protection against infiltrating pathogens. The effects of LXA4 on human
memory B cells provide a link between resolution signals and adaptive immunity. Decreased
antibody production following antigen clearance is beneficial in returning to a homeostatic
state and preventing unwanted inflammation. However, a reduced antibody-mediated
response can have detrimental consequences with respect to fighting infiltrating pathogens.
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In fact, microorganisms such as Toxoplasma gondii and Mycobacterium tuberculosis already
take advantage of LXA4-proresolving properties in order to avoid immune-surveillance
recognition [35, 48, 52]. It is critical to further study the role of lipoxins and other SPMs
during the adaptive immune response. This is particularly important in the field of
vaccinology and autoimmune disorders. For example, it is possible that a diet rich in
omega-6, which favors LXA4 production, could decrease vaccination efficiency. On the
other hand, decreasing antibody production against self-antigens can be beneficial for the
development of new therapies against autoimmune disorders.

Materials and Methods
Human B lymphocyte isolation

Peripheral blood B cells were purified from healthy human donors under the ethical
permission provided by the Research Subjects Review Board at the University of Rochester.
Buffy coat was extracted from whole blood and suspended in 1 x PBS. Ficoll-Paque
(Amersham Biosciences, Piscataway, NJ) gradient centrifugation was then performed to
isolate PBMCs [53, 54]. B cell purification was done using CD19 Dynabeads and CD19
Detachabead (Invitrogen, Carlsbad, CA), cell purity was >98% CD19+ [43, 53, 54]. In
addition, purified human B cells were stained and sorted using CD19 (clone SJ25C1 or
HIB19, BD bioscience, San Jose, CA), CD27 (clone M-T271, BD bioscience, San Jose, CA)
and sorted using a FACSAria cell sorter (BD bioscience, San Jose, CA), purity >98% [43].

Reagents and culture conditions
Purified human B cells or mouse splenocytes were cultured in RPMI 1640 (GIBCO/
Invitrogen, Carlsbad, CA) and supplemented with 5% fetal bovine serum, 2 mM L-
glutamine, 5 × 10-5 M 2-ME, 10 mM HEPES and 50 µg/mL gentamicin. Human B cells
were cultured 1 × 106 cells/ml and stimulated with the indicated mixtures of CpG ODN
2395 sequence 5'-TCGTCGTTTTCGGCGCGCGCCG-3' (1 µg/mL) (Coley Pharmaceutical
Group, Wellesley, MA), rabbit anti-human IgM antibody fragment (2 µg/mL) (Jackson
ImmunoResearch Laboratories, West Grove, PA), F(ab’)2 goat anti-human IgG (anti-Ig) (2
µg/mL), (Jackson ImmunoResearch Laboratories, West Grove, PA), or pansorbin (1:1000)
(Staphylococcus aureus Cowen I strain; Sigma-Aldrich). Mouse splenocytes were cultured
at 1 × 106 cells/ml for up to 6 days and stimulated with LPS (E. coli 055:B5, Sigma) (1 µg/
ml). Lipoxin A4 (Calbiochem, Merk KGaA, Darmstadt, Germany) was suspended in
ethanol, vehicle controls were defined as 1 x PBS with 0.03% ethanol by volume, equivalent
to 100 nM LXA4. LXA4 or vehicle control were added to cell culture 30 minutes before
stimulating B cells or splenocytes with corresponding mitogens. LXA4 or vehicle treatments
were continued for the duration of the culture. In experiments using the ALX/FPR2
antagonist N-Boc-Phe-Leu-Phe-Leu-Phe (Boc-2) (GeneScript, Piscataway, NJ), Boc-2 was
added at the 30 min prior LXA4 treatment. The human embryonic kidney 293 (HEK293)
and promyelocytic HL-60 cell lines were purchased from the American Type Culture
Collection (Manassas, VA). HL-60 differentiation was induced using 1 µM retinoic acid
(Sigma, Saint Louis, MO) [55]. The human mantle cell lymphoma cell line, JeKo-1, was
purchased from American Type Culture Collection (Manassas, VA).

Polymerase chain reaction
Primary B cells were cultured for 48 hours (6 × 106 cells/ml, 500 µl/well) and harvested for
RNA collection using the Qiagen RNAeasy mini kit (Valencia, CA). RNA was reversed
transcribed using Superscript III and random primers (Invitrogen, Carlsbad, CA). ALX/
FPR2 message expression was amplified by nested PCR [32]. Outer primers forward 5’-
CTGCTGGTGCTGCTGGCAAG-3’ and reverse 5’-AATATCCCTGACCCCATCCTC-3’
(1.1 Kb fragment), were used in a 40 cycle PCR reaction (annealing temperature, 61°C),
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followed by inner primers forward 5’-TGCTTGGGGTCACCTTTGTC-3’ and reverse 5’-
TGAAGCAGAATTGGCAGCCG-3’ (950 bp fragment) (annealing temperature, 59°C). 7S
message expression was amplified using the forward primer 5’-
ACCACCAGGTTGCCTAAGGA-3’ and the reverse primer 5’-
CACGGGAGTTTTGACCTGCT-3’ in a 30 cycle PCR reaction (annealing temperature,
60°C). PrimePCR SYBR Green Assays were used to amplify human CD14, CD3 and
CD11b expression as suggested by the manufacturer (Bio-Rad, Hercules, CA). Results were
analyzed using Bio-Rad iCycler software (Bio-Rad, Hercules, CA).

shRNA transfection
ALX/FPR2 expression was knocked down in human JeKo-1 B cells using SureSilencing
shRNA plasmid as suggested by manufacturer (Qiagen, Valencia, CA). In brief, JeKo-1
cells were cultured in RPMI 1640 (GIBCO/Invitrogen, Carlsbad, CA) and supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 5 × 10-5 M 2-ME, 10 mM HEPES and 50
µg/mL gentamicin. Plasmids containing either ALX/FPR2 shRNA or control shRNA were
introduced into cells by electroporation. Stably transfected cells were selected using
Puromycin. Cells were then harvested for mRNA and protein analysis.

Cell staining
B cells were stained for surface markers with a mixture of fluorochrome-conjugated
antibodies which include: CD19 (clone SJ25C1 or HIB19, BD bioscience, San Jose, CA),
CD27 (clone M-T271, BD bioscience, San Jose, CA), CD38 (clone HIT2, BD bioscience,
San Jose, CA), IgD (clone IA6-2, BD bioscience, San Jose, CA), IgM (clone G20–127, BD
bioscience, San Jose, CA), IgG (clone G18–145, BD bioscience, San Jose, CA), FPRL-1
(clone 304405, R&D systems, Minneapolis, MN), CD14 ( M5E2, BD bioscience, San Jose,
CA), fluorochrome-conjugated anti-mouse (Jackson ImmunoResearch, West Grove, PA) if
non-conjugated antibody was included in the staining panel. Mouse splenocytes were
stained with CD19 (clone 1D3, BD bioscience, San Jose, CA), B220 (clone RA3–6B2,
eBioscience, San Diego, CA), CD3 (clone 145-2C11, Biolegend, San Diego, CA). All
samples were stained for viability using 7AAD Cell Viability Solution (BD bioscience, San
Jose, CA). Fluorescence minus one (FMO) controls were included in each staining protocol.
Samples were run on a 12-color LSRII flow cytometer (BD bioscience, San Jose, CA) and
analyzed by FlowJo software (Tree Star Inc., Ashland, OR).

ELISA and ELISpot assays
CD19+ human B cells or mouse splenocytes were cultured in 96-well plates and treated for 6
days as described above. Supernatants from cultured cells were collected and IgM and IgG
levels were measured by ELISA quantification kit as specified by the manufacturer (Bethyl
Laboratories, Montgomery, TX). Ovalbumin (OVA)-specific antibodies were measured
using pre-coated OVA (10 µg/ml) plates and mouse-specific IgM and IgG ELISA kits
(Bethyl Laboratories, Montgomery, TX). For ELISpot analysis, cells were cultured for 5
days and transferred to ELISpot plates (Millipore, Billerica, MA) coated with either goat
anti-IgM or IgG antibodies (Biosource, Carlsbad, CA) as recommended by the
manufacturer. Alkaline phosphatase-conjugated goat anti-human IgG (Jackson
ImmunoResearch Laboratories) or anti-human IgM antibody (Biosource, Carlsbad, CA) was
used to detect spots and developed using Vector AP substrate kit III (Vector Laboratories,
Burlingame, CA). Spots were counted using a CTL plate reader and analyzed by
ImmunoSpot software (Cellular Technologies, Shaker Heights, OH).
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Western blot
Purified B cells were cultured (6 × 106 cells/ml, 500 µl/well) and treated as described in the
Results section. Cells were harvested for protein extraction as specified by the manufacturer
of the Nuclear Extraction Kit (Active Motif, Carlsbad, CA). Gradient SDS-PAGE gels
(Pierce/Thermo Fisher Scientific, Rockford, IL) were loaded with 5 µg of protein and
transferred to PVDF membranes (Millipore, Billerica, MA). Membrane was probed with
p65 (clone F-6, Santa Cruz Biotechnology, Santa Cruz, CA), beta-tubulin (Abcam,
Cambridge, MA), actin (Calbiochem/EMD Chemicals, Gibbstown, NJ) and HRP conjugated
goat anti-mouse or goat anti-rabbit antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA). ECL reagent (Perkin Elmer Life Sciences Inc., Boston, MA) was use to
visualize Western blots.

ImageStream
B cells were fixed using 4% paraformaldehyde EM grade (Electron Microscopy Sciences,
Hatfield, PA) and permeabilized with BD phosflow PermBuffer III (BD bioscience, San
Jose, CA). Cells were stained with anti-CD19 (clone HIB19, BD bioscience, San Jose, CA),
anti-p65 (clone C-20, Santa Cruz Biotechnology, Santa Cruz, CA), DRAQ5 (Cell Signaling
Technology, Danvers, MA) and a fluorochrome-conjugate anti-rabbit IgG if a non-
conjugated antibody was used (Invitrogen, Grand Island, NY). Samples were run on an
ImageStream X (Amnis Corporation, Seattle, WA), and analyzed using IDEAS software
(Amnis Corporation, Seattle, WA).

Proliferation assay
Purified B cells or mouse splenocytes were cultured for 6 days in 96-well plates (1×105

cells/ml, 200 µl/well). [3H] Thymidine (1µCi/well) was added 12 hours before sample
collection, as previously described [56, 57]. [3H] Thymidine incorporation was then
measured by scintillation spectroscopy using a Topcount Luminometer (PerkinElmer,
Boston, MA).

In vivo immunization
C57BL/6J mice, 8–10 weeks old were (The Jackson Laboratory, Bar Harbor, ME)
immunized with 10 µg OVA adsorbed onto complete Freund’s adjuvant (CFA) (Sigma-
Aldrich, St. Louis, MO) (1:1 ratio) delivered by intraperitoneal (i.p.) injection. Mice were
then given 1 µg lipoxin A4 (Calbiochem, Merk KGaA, Darmstadt, Germany) (suspended in
1 x PBS) or vehicle control (defined as 1 x PBS with 0.04% ethanol by volume) by i.p.
injection. Serum was collected 2 weeks after primary immunization and antibody levels
were measured by ELISA as described above. Ten weeks after primary immunization, mice
were given a second challenge using 10 µg OVA (suspended in PBS) delivered i.p. Sera
were collected 2 weeks after secondary immunization and use for antibody ELISA.

Statistical analysis
Results are expressed as mean ± SEM. Significance was determined by statistical analysis
using a two-tailed paired Student t-test with a Wilcoxon matches-pairs signed rank test or a
two-way ANOVA with a Bonferroni posttest where two or more variables were included.
Unpaired t-test analysis was used when analyzing mouse groups. All tests were carried out
using GraphPad Prism 5 (GraphPad Software, La Jolla, CA). Probability values of p ≤ 0.05
were considered statistically significant
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Abbreviation list

SPMs Specialized proresolving mediators

LXA4 lipoxin A4

FPR formyl peptide receptor

PGs prostaglandins

LTs leukotrienes

LOXs lipoxygenases

Cox cyclooxygenase
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Figure 1. Human B cells express ALX/FPR2
A) Human CD19+ B cells were isolated by magnetic bead purification and sorted for CD19+

cells. B cell ALX/FPR2 mRNA expression was amplified by nested semi-quantitative PCR.
Differentiated HL-60 and HEK293 cell lines were used as positive and negative controls,
respectively. B) To exclude the presence of contaminating ALX/FPR2 mRNA derived from
other peripheral blood mononuclear cells (PBMCs), expression levels of CD3, CD11b and
CD14 was measured by real-time PCR. CD3, CD11b and CD14 expressions were
normalized to 7S. C) PBMCs were isolated from healthy subjects and ALX/FPR expression
was analyzed by flow cytometry. Cells were gated on the live lymphocyte gate and B cells
(CD19+) and monocytes (CD14+) were analyzed. D) Quantification of ALX/FPR2
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expression on primary B cells and monocytes showed as mean fluorescence intensity (MFI)
(gray dotted line represents background signal). E) JeKo-1 cells were transfected with ALX/
FPR2 shRNA and mRNA knockdown was confirmed by nested PCR analysis. F) ALX/
FPR2 protein knockdown was confirmed in JeKo-1 cells by flow cytometry analysis. G)
Quantification of ALX/FPR2 expression on JeKo-1 cells. H) Primary B cells were either left
non-stimulated or activated with CpG ODN 2395 plus anti-IgM. Here is shown a
representative histogram of ALX/FPR2 expression analyzed by flow cytometry. Cells were
gated on the live lymphocyte gate CD19+ population. I) Quantification of ALX/FPR2
expression. Gray dotted line represents background signal.
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Figure 2. LXA4 reduces IgM and IgG production on human B cells via ALX/FPR2 signaling
Purified B cells from healthy donors were pretreated with LXA4, followed by stimulation
with CpG ODN 2395 plus anti-IgM. Cells were cultured for 6 days at which time
supernatants were collected. A) IgM and B) IgG antibody levels were measured by ELISA
(n=8). C–D) Isolated B cells were pretreated with the ALX/FPR2 antagonist Boc-2 (1 µM).
Cells were then treated with LXA4, followed by activation with CpG ODN 2395 plus anti-
IgM. Supernatants were collected at day 6 of culture, C) IgM and D) IgG production were
measured by ELISA (n=3). Statistical analysis done using one-way ANOVA with a Tukey’s
post test (*p≤0.05, **p≤0.01, n.s. not significant).
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Figure 3. LXA4 signaling decreases NF-κB translocation to the nucleus
CD19+ B cells were treated with LXA4 or vehicle control and stimulated with CpG ODN
2395 plus anti-IgM, cells were then harvested and analyzed for NF-κB p65 translocation to
the nucleus (n=3). A) Nuclear protein extracts were purified and analyzed by Western blot,
β-tubulin and total actin were used as a nuclear purity control and loading control
respectively. B) B cells were fixed, permeabilized and stained with the nuclear dye DRAQ5
(blue), anti-p65 (orange) and analyzed by ImageStream. Left panel shows representative dot
plots of p65/DRAQ5 nuclear colocalization. Right panel shows representative images from
single cells from either p65/DRAQ5 colocalized or non-colocalized populations. C)
Representative histogram of p65/DRAQ5 colocalization (R1 represents colocalization
positive gate). D) Quantification of p65 nuclear translocation normalized to freshly isolated
B cells. Data were analyzed by two-way ANOVA with a Bonferroni post test (*p≤0.05).
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Figure 4. ALX/FPR2 is differentially expressed in naïve and memory B cells
Purified B cells were surface stained and either FACS sorted or analyzed by flow cytometry
(n=3). A) Representative histograms of ALX/FPR2 expression on naïve (CD19+ CD27 IgD)
and memory (CD19+ CD27+ IgD) B cells, all cells were gated on live lymphocyte gate. B) B
cells were stained and FACS sorted into naïve B cells (CD19+ CD27) and memory B cells
(CD19+ CD27+) fractions. Naïve and memory B cells were stimulated with CpG ODN 2395
plus anti-Ig, pansorbin, or left un-stimulated for up 72 hours. At each time point cells were
fixed and stained for ALX/FPR and analyzed by flow cytometry. Representative histograms
of one donor are shown.
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Figure 5. LXA4 decreases antibody production by memory B cells but not naïve B cells
CD19+ B cells were stained and sorted into naïve B cells (CD19+ CD27) and memory B
cells (CD19+ CD27+). Naïve and memory cells were pretreated with LXA4 and stimulated
with CpG ODN 2395 plus anti-Ig (n=4). A–D) After 6 days of culture, supernatants were
collected. Naïve B cell (A) IgM and (B) IgG as well as memory B cell (C) IgM and (D) IgG
levels measured by ELISA. E–I) Antibody-secreting cells were counted by ELISpot. E)
Representative images of IgM secreting cells in naïve and memory B cell cultures. F–I)
Quantification of IgM and IgG antibody-secreting cells in (F–G) naïve and (H–I) memory B
cell cultures. Results expressed as mean ± SEM and analyzed using a one-way ANOVA
with a Tukey’s post test (*p≤0.05, **p≤0.01, n.s. not significant).
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Figure 6. LXA4 decreases proliferation of memory B cells but not naïve B cells
Naïve (CD19+ CD27) and memory (CD19+ CD27+) B cells were sorted, pretreated with
LXA4 and activated with CpG ODN 2395 plus anti-Ig (n=4). A–B) Naïve and memory B
cell proliferation was measured by [3H] thymidine incorporation assay, presented as counts
per minute (cpm). C–D) Naïve and memory B cell viability was measured at day 6 using 7-
AAD exclusion dye and analyzed by flow cytometry. Proliferation data were analyzed by
two-way ANOVA with a Bonferroni posttest. Cell death results were analyzed by one-way
ANOVA with a Tukey’s post test (*p≤0.05, n.s. not significant). Results expressed as mean
± SEM.
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Figure 7. LXA4 decreases mouse B cell antibody production and proliferation in vitro
Mouse splenocytes were stained for flow cytometry analysis (n=3). A) Representative
histogram of ALX/FPRL1 expression on B cells (CD19+ B220+) and T cells (CD3+ B220).
B) Quantification of ALX/FPRL-1 expression shown as MFI (gray dotted line represent
background signal). C–D) Splenocytes were treated with LXA4 or vehicle control, followed
by LPS stimulation. After 6 days of culture C) IgM and D) IgG antibody production was
measured in the supernatants (n=7). E) Proliferation was measured by [3H] thymidine
incorporation assay over 5 days and presented as counts per minute (cpm) (n=5). F)
Quantification of live cells measured by 7-AAD exclusion at day 5 of treatment (n=5).
Results expressed as mean ± SEM. ALX/FPRL1 MFI results were analyzed using a paired
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Student t-test. Antibody production and cell viability results were analyzed using one-way
ANOVA with a Tukey’s post test. Proliferation results were analyzed by two-way ANOVA
with a Bonferroni post test (*p≤0.05, **p≤0.01, ***p≤0.001).
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Figure 8. LXA4 decreases antigen-specific antibody production in vivo
C57BL/6J mice were immunized with both OVA and vehicle control or LXA4 (n=6). Two
weeks after injections mice were bled and sera were isolate and use for OVA-specific A)
IgM and B) IgG ELISA. Ten weeks after initial immunization mice were rechallenged with
OVA, bled 2 weeks after secondary immunization and sera were use for OVA-specific C)
IgM and D) IgG ELISA. Results expressed as mean ± SEM. Data were analyzed using an
unpaired t-test (*p≤0.05, n.s. not significant).

Ramon et al. Page 23

Eur J Immunol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


