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Abstract: Proinflammation can predispose the body to autoimmunity and cancer. We have reported
that iPLA2β

´{´ mice are susceptible to autoimmune hepatitis and colitis. Here we determined
whether cytokine release by immune cells could be affected by iPLA2β deficiency alone or combined
with CD95/FasL-antibody treatment in vivo. We also determined whether cancer risk could be
increased in aged mutant mice. Immune cells were isolated from 3-month old male WT and
iPLA2β

´{´ mice, and some were injected with anti-CD95/FasL antibody for 6 h. Kupffer cells (KC) or
splenocytes and liver lymphocytes were stimulated in vitro by lipopolysaccharide or concanavalinA,
respectively. Whole-body iPLA2β deficiency caused increased apoptosis in liver, spleen, and
mesenteric lymph node (MLN). KC from mutant mice showed suppressed release of TNFα and IL-6,
while their splenocytes secreted increased levels of IFNγ and IL-17a. Upon CD95/FasL activation,
the mutant KC in turn showed exaggerated cytokine release, this was accompanied by an increased
release of IFNγ and IL-17a by liver lymphocytes. Aged iPLA2β

´{´ mice did not show follicular
MLN lymphoma commonly seen in aged C57/BL6 mice. Thus, iPLA2β deficiency renders M1-
and Th1/Th17-proinflammation potentially leading to a reduction in age-related MLN lymphoma
during aging.
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1. Introduction

Cancer development has been linked to environmental factors such as tobacco, obesity and
infections which affect cancer incidence by 30%, 14%–20%, and 18%, respectively [1]. A common
feature connecting all these factors to carcinogenesis is inflammation [1]. Acute inflammation is a
necessary requisite in protecting the body against infections, tissue stress and injury. However, gene
mutations and genetic background may result in dysregulated metabolism and signaling pathways
leading to an inability of the body to return to homeostasis, and also rendering it susceptible to chronic
inflammation. It is thought that inflammation changes the homeostatic set points which can promote
inflammation further; for an example, hyperglycemia leading to dysmetabolism of glucose toxicity can
promote inflammation and tissue damage [2]. Ample evidence has shown that chronic inflammation
predisposes the body to chronic diseases and ultimately cancer [1]. The most obvious evidence for
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this is the predisposition of inflammatory bowel disease and hepatitis B and C infection to cause
colon carcinogenesis and hepatocellular carcinoma, respectively [3]. It has been therefore proposed
that in order to decrease the cancer risk, the mechanisms of chronic inflammation and predisposition
need to be intensively studied, which may provide insights into the development of effective cancer
therapies [3].

Genes that play a house-keeping and homeostatic role have been thought to be involved in the
predisposition to chronic inflammation. One of these genes is group VIA calcium-independent
phospholipase A2 or iPLA2β which cleaves a phospholipid at sn-2 position to generate a
lysophospholipid and a fatty acid, generally arachidonic acid [4]. Ample data have shown that
iPLA2β elicits physiologically important functions including phospholipid remodeling, signal
transduction, cell proliferation, and apoptosis [5]. An inhibition of this enzyme induces apoptosis [6],
partly by preventing arachidonate incorporation into phospholipids [7]. Whole-body deletions of
iPLA2β (iPLA2β

´{´ mice) have been generated by homologous recombination showing two major
phenotyopes with reduced fertility in male mice [8], and defects in insulin secretion by pancreatic
β-cells [9]. The latter is caused by the reduction of arachidonate-induced calcium stores in the
endoplasmic reticulum, and increased apoptosis in β-cell mitochondria [4]. The lack of the ability of
mutant mice to secrete insulin results in the observed sensitization of glucose intolerance upon feeding
with high-fat diet or treatment with the β-cell toxin streptozotocin [9]. Upon aging to 1–2 years old,
iPLA2β

´{´ mice show a loss of bone mass associated with a decrease in body weight [10], and their
brains exhibit neuroaxonal dystrophy [11]. Hence, iPLA2β deficiency at the whole body level may
elicit systemic effects associated with chronic inflammation in several tissues, and essentially leading
to injury such as seen in the bone and brain of aged mutant mice [10,11].

Work in our laboratory has supported the homeostatic role of iPLA2β that the livers of iPLA2β
´{´

mice show increased apoptosis associated with increased inflammation [12]. While iPLA2β
´{´ mice

physically appear to be normal, they however exhibit in vivo susceptibility towards lipopolysaccharide
(LPS)-induced liver injury [12], concanavalinA (ConA)-induced autoimmune hepatitis [13], and
dextran sodium sulfate induced-colitis [14]. More relevantly, it has been shown that iPLA2β mediates
apoptotic cell clearance through the generation of lysophosphatidylcholine (LPC) [15], and the enzyme
itself has been shown to also regulate the speed and directionality of monocytes during chemotaxis [16].
This defect in apoptotic cell clearance might explain the observed susceptibility of iPLA2β

´{´ mice
towards stress-induced injury. It is known that dying cells actively promote their own removal by
secreting “find-me” and “eat-me” signals [17]. One such “find-me” signal has been identified as
LPC which is produced by activated iPLA2β during cleaved caspase 3-mediated apoptosis [15]. A
number of studies have also shown that mice deficient in a “find-me” signal exhibit the inability
to remove apoptotic cells [18,19]. It is plausible that the lack of LPC during iPLA2β deficiency
results in an accumulation of apoptotic cells which become secondary necrotic, and subsequently
trigger a pro-inflammatory response by immune cells [20,21]. Furthermore, mice lacking G protein
coupled receptor 132 (G2A-R) which is thought to be an LPC-receptor have been shown to develop an
autoimmune disease with a phenotype similar to systemic lupus erythematodes [22]. Hence, ample
data have suggested a homeostatic role of iPLA2β likely in immune cells, and that this altered immunity
may render the susceptibility for inflammation and injury as observed in our experiments [12–14].

It has been recognized that dysregulation of cytokine release during inflammation and infection is
an important component in the development of autoimmune diseases and cancer [23,24], particularly
those cytokines released by macrophages and T cells [25]. We therefore aimed to determine whether
macrophages and lymphocytes isolated from iPLA2β

´{´ mice would exhibit altered cytokine release
upon in vitro stimulation. As CD95/FasL is capable of inducing proinflammatory cytokines [26], we further
studied whether treatment of iPLA2β

´{´ mice with anti-CD95/FasL antibody would cause exaggerated
cytokine release by immune cells. Finally, we also determined whether iPLA2β deficiency could affect
lymphoma incidence of a cancer prone immune organ—mesenteric lymph node (MLN).
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2. Results and Discussion

2.1. Deficiency of iPLA2β Increases Apoptosis in Spleen and Primes Splenocytes for Th1/Th17 Response

In terms of inflammation and immune response the spleen holds a unique role in the body. It
is the largest secondary lymphoid organ comprising a quarter of the body’s lymphocytes, and the
immune responses to blood transmitted antigens are initiated in the spleen [27]. Noteworthily, by
immunohistochemical (IHC) staining of cleaved caspase 3, the spleens of aged 19–24 months old
male iPLA2β

´{´ (KO) mice displayed a nearly 5-fold increase in the number of apoptotic splenocytes
compared with those of control WT mice (Figure 1A). This was accompanied with a 1.6-fold elevation
of caspase 3/7 activity in spleen homogenates (Supplementary Figure S1A). As we anticipated that
increased apoptosis was a prerequisite for proinflammation in iPLA2β-deficient mice [15–22], we
determined the functional cytokine release by splenocytes. In young male mice, we observed that
iPLA2β deficiency did not alter spontaneous cytokine release by splenocytes. However, iPLA2β

´{´

splenocytes exhibited exaggerated release of IFN-γ and IL-17a when stimulated with 10 µg/mL ConA
for 48 h (Figure 1B). In particular, ConA treatment stimulated the release of IL-17a by ~8 folds in control
splenocytes and by ~20 folds in iPLA2β

´{´ splenocytes, (Figure 1B). ConA stimulation increased the
release of TNFα, IL-10, and IL-4 to the same levels among mutant and control splenocytes (Figure 1B,
and Supplementary Figure S1B). Thus, our data showed that ablation of iPLA2β in young mice primed
the splenocytes for Th1/Th17 cytokine release upon ConA stimulation Hence, abnormal Th1/Th17
cytokine release by mutant splenocytes may have rendered autoimmunity [28–30], and this was
associated with increased apoptosis in spleens of aged mutant mice (Figure 1A).
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Figure 1. Deficiency of iPLA2β increased apoptosis in spleen associated with the sensitized Th1/Th17 
release by splenocytes. (A) Representative cleaved caspase 3 IHC-staining of a spleen of WT and KO 
(left panel) and its quantification of positive cells (right panel). Male mice at 19–24-months old were 
used (N = 8–14 per group); (B) ELISA determination of spontaneous and ConA-stimulated release of 
IFNγ, IL-17, and TNFα (pg/mL) by splenocytes isolated from 3-month old WT and mutant male mice 
(N = 4–6 per group). Saline or 10 µg/mL ConA was used to treat WT and KO splenocytes for 48 h, and 
a fold-increase of cytokine release by ConA treatment was calculated. * p < 0.05 vs. WT; ** p < 0.005 vs. WT. 

Figure 1. Deficiency of iPLA2β increased apoptosis in spleen associated with the sensitized Th1/Th17
release by splenocytes. (A) Representative cleaved caspase 3 IHC-staining of a spleen of WT and KO
(left panel) and its quantification of positive cells (right panel). Male mice at 19–24-months old were
used (N = 8–14 per group); (B) ELISA determination of spontaneous and ConA-stimulated release
of IFNγ, IL-17, and TNFα (pg/mL) by splenocytes isolated from 3-month old WT and mutant male
mice (N = 4–6 per group). Saline or 10 µg/mL ConA was used to treat WT and KO splenocytes for
48 h, and a fold-increase of cytokine release by ConA treatment was calculated. * p < 0.05 vs. WT;
** p < 0.005 vs. WT.
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The observed exaggerated Th1/Th17 cytokine release by mutant splenocytes may also be applied
to resident lymphocytes in other organs such as liver and intestine. The activation of these lymphocytes
may in turn activate monocytes and macrophages, and further exacerbate tissue injury. This may be
the case in our previous report showing increased apoptosis and inflammation associated with liver
damage and duodenal enteropathy in ConA-induced autoimmune hepatitis in iPLA2β

´{´ mice [13].
In line with this notion, Crohn’s disease is thought to be caused by Th1/Th17 cell activity [31,32],
which might promote cancer development [3]. Furthermore, IL-17a has been shown to be an important
promoter of colonic hyperplasia and tumor formation [32] possibly by inducing the release of IL-6 and
TNFα [25], and the latter is one of the key proinflammatory cytokines in macrophages [33]. On the
contrary, it has been reported that IFN-γ and IL-17a can support growth of fully established cancers by
secondarily inducing Th2 lymphocytes or M2 macrophages in repair mechanism [34,35]. On the other
hand, IFN-γ may inhibit tumorgenesis as it is shown that IFN-γ double-knockout mice are prone to
neoplasms caused by chronic inflammation [35,36]. Thus, we speculate that Th1/Th17 cytokines from
mutant splenocytes may promote tumorigenesis during preneoplastic progression, and together with
Th2 and M2 cytokines IFNγ may suppress tumorigenesis of full-grown tumors.

2.2. iPLA2β Deficiency Increases Apoptosis in Liver Associated with Suppressed Cytokine Release by KC

Another highly immunologically active organ is the liver which contains the largest group
of fixed macrophages in the body which screen antigen-rich blood from the gastrointestinal tract
and also phagocytose apoptotic hepatocytes [37,38]. From iPLA2β IHC staining of human livers,
we could demonstrate that iPLA2β was expressed ubiquitously in hepatocytes and immune cells
(Figure 2A). Regrettably, our antibodies against iPLA2β did not work with mouse liver tissues. By
quantitative RT-PCR, however, we could not detect any iPLA2β mRNA in livers of iPLA2β-deficient
mice suggesting a depletion of iPLA2β in immune cells (Figure 2B, left panel). Similar to the observation
in spleen, a significant increase of apoptosis (caspase 3/7 activity) was observed in liver homogenates
of 3-month old iPLA2β

´{´ mice (Figure 2B, right panel), which is consistent with our previous study
in 12-month old mutant mice [12].

We further determined whether iPLA2β deficiency could affect cytokine releases by liver
lymphocytes and Kupffer cells (KC). Liver lymphocytes isolated from iPLA2β

´{´ mice did not alter
the release of IFN-γ, IL-17a, and IL-10 either spontaneously or upon ConA stimulation when compared
with those from control mice (Figure 2C). Unlike splenocytes iPLA2β deficiency alone did not have
any effects on liver lymphocytes regarding cytokine release.

Macrophages are categorized into pro-inflammatory M1 or anti-inflammatory M2 macrophages [39].
We here presented our data on KC cytokine release by categorizing into M1-related and M2-related
cytokines. Intriguingly, KC isolated from iPLA2β

´{´ mice spontaneously secreted M1- and M2-related
cytokines at lower levels than those from control mice (Figure 2D,E). To better visualize the effect, we
stimulated KC in vitro with 1 µg/mL LPS for 7 h. Upon LPS stimulation, the mutant KC released IL-6 and
TNFα at significant lower levels than control KC (Figure 2D). This suppressed release was also observed
in the release of IL-10 (but not IL-4) by mutant KC (Figure 2E). It is postulated that apoptotic hepatocytes
(Figure 2B) may render suppressive effects on mutant KC to release M1 and M2 cytokines (Figure 2D,E). A
previous study has shown that macrophages treated with LPS in the presence of apoptotic cells showed
suppressed pro- and anti-inflammatory cytokine release after 24 h [40]. This time delay may be required
to serve the purpose of limiting inflammatory response in damaged tissue thereby preventing chronic
inflammation and an initiation of resolution [41,42]. Especially important in this context is the decreased
release of TNFα by KC of young mutant mice. Increased TNFα contributing to chronic inflammation is
observed in livers of older 12-month old mutant mice [12], and in this case, cancer development may be
amplified at older age [25,33].

Alternatively, the inability of mutant KC to respond to LPS for the release of M1 and M2 cytokines
may also indicate a defect in innate immunity due to iPLA2β deficiency. This may lead to the inability
of mutant mice to respond to infection, again rendering sensitization for further injury. In line with
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this, it has been shown that peritoneal macrophages isolated from iPLA2β
´{´ mice are unable to

respond to viral infection associated with suppressed expression of inducible nitric oxide synthase [43].
Thus, the defect of mutant KC to secrete M1 cytokines may reflect immunosuppression triggered by
iPLA2β deficiency.
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1 µg/mL LPS for 7 h. (A) iPLA2β IHC of human liver showed positive brown staining. IgG was used 
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qRT-PCR. In right panel, caspase 3/7 activity measured by luminescence normalized to the WT levels 
was obtained in liver homogenates of WT and KO mice (N = 3 per group for PCR and N = 4–5 per 
group for luminescence); (C) Spontaneous or ConA-stimulated release of IFNγ, IL-17 and IL-10 
measured by ELISA was determined in liver lymphocytes of 3-month old WT and KO (N = 4–6 per 
group); Spontaneous or LPS-stimulated release of IL-6 and TNFα (D) as well as IL-10 and Il-4 (E) 
measured by ELISA was determined in KC isolated from WT and KO (left panel), and their fold 
increase by LPS was calculated (right panel) (N = 6 per group). * p < 0.05 vs. WT; ** p < 0.005 vs. WT. 
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It is known that the ligation of CD95/FasL receptor (by Jo2 antibody for mouse and CH11 
antibody for humans) on circulating monocytes and tissue macrophages can induce pro-inflammatory 
cytokine response that initiates tissue injury [26,44]. Interestingly, this pro-inflammatory effect by 
CD95/FasL is caspase dependent, but apoptosis independent [26]. As we found that mutant-derived 
KC released decreased levels of cytokines (Figure 2), we therefore further determined whether Jo2 
treatment in vivo could prime KC isolated from iPLA2β−/− mice for proinflammatory response in vitro. 
A high dose of 0.25 µg/g body weight Jo2 antibody normally kills mice within four hours [45]. In our 
experiments, we used a sublethal dose at 0.125 µg/g body weight Jo2 antibody, and mice were 

Figure 2. iPLA2β deficiency leads to increased hepatic apoptosis associated with suppressed M1
cytokine release by KC either spontaneously or during LPS-stimulation. Male mice at 3 months old
were used. Liver lymphocytes were treated with 10 µg/mL ConA for 48 h. KC were treated with
1 µg/mL LPS for 7 h. (A) iPLA2β IHC of human liver showed positive brown staining. IgG was used
as (-) control; (B) In left panel, iPLA2β mRNA expression in livers of young mice was determined by
qRT-PCR. In right panel, caspase 3/7 activity measured by luminescence normalized to the WT levels
was obtained in liver homogenates of WT and KO mice (N = 3 per group for PCR and N = 4–5 per group
for luminescence); (C) Spontaneous or ConA-stimulated release of IFNγ, IL-17 and IL-10 measured
by ELISA was determined in liver lymphocytes of 3-month old WT and KO (N = 4–6 per group);
Spontaneous or LPS-stimulated release of IL-6 and TNFα (D) as well as IL-10 and Il-4 (E) measured by
ELISA was determined in KC isolated from WT and KO (left panel), and their fold increase by LPS was
calculated (right panel) (N = 6 per group). * p < 0.05 vs. WT; ** p < 0.005 vs. WT.

2.3. Sublethal Dose CD95/FasL Treatment Primes Mutant KC for Enhanced M1 Cytokine Release

It is known that the ligation of CD95/FasL receptor (by Jo2 antibody for mouse and CH11 antibody
for humans) on circulating monocytes and tissue macrophages can induce pro-inflammatory cytokine
response that initiates tissue injury [26,44]. Interestingly, this pro-inflammatory effect by CD95/FasL is
caspase dependent, but apoptosis independent [26]. As we found that mutant-derived KC released
decreased levels of cytokines (Figure 2), we therefore further determined whether Jo2 treatment in vivo
could prime KC isolated from iPLA2β

´{´ mice for proinflammatory response in vitro. A high dose of
0.25 µg/g body weight Jo2 antibody normally kills mice within four hours [45]. In our experiments,
we used a sublethal dose at 0.125 µg/g body weight Jo2 antibody, and mice were sacrificed 6 hours
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later. This low dose treatment failed to significantly induce any increases in serum transaminases (AST
and ALT) in control and iPLA2β

´{´ mice (Figure 3A). The extent of apoptosis measured by caspase 3
activity in liver homogenates of control and mutant mice was also not significantly affected (Figure 3B,
right panel). However, Jo2 treatment caused a marked increase in caspase 8 activity by 3 folds in
mutant and control mice alike (Figure 3B, right panel).
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Figure 3. Sublethal dose Jo2 treatment caused a very mild effect on liver injury and apoptosis but 
primes KC from mutant mice for a marked increase of IL-6 release either spontaneously or during 
LPS stimulation. Three-month old mice were treated with saline or 0.125 µg/g body weight Jo2 
antibody for 6 h. KC were treated with saline or 1 µg/mL LPS for 7 h. (A) Activity of serum 
transaminases (AST and ALT) in U/L were determined in WT and KO mice (N = 3–7 per group);  
(B) Caspase 8 and caspase 3/7 activities measured by luminescence were determined in liver 
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IL-6 and TNFα measured by ELISA was determined in KC isolated from WT and KO (N = 6 per group), 
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however this elevation has been shown to be independent from apoptosis in mouse liver [46,47].  
In another study, low dose Jo2 administration does not necessarily elevate ALT levels [48]. Our low-dose 
Jo-2 treatment elicited only a moderate effect in elevating hepatic caspase 8 activity, but did not 
sufficiently elevate serum transaminases, and hepatic caspase 3 activity. However this mild effect of 
Jo2 apparently could prime immune cells for cytokine release. 

For spontaneous cytokine release by KC, we observed that Jo2 administration led to a strong  
(6-fold) increase of IL-6 release by mutant KC, whereas it had a suppressive effect on WT KC (Figure 3C). 

Figure 3. Sublethal dose Jo2 treatment caused a very mild effect on liver injury and apoptosis but
primes KC from mutant mice for a marked increase of IL-6 release either spontaneously or during LPS
stimulation. Three-month old mice were treated with saline or 0.125 µg/g body weight Jo2 antibody
for 6 h. KC were treated with saline or 1 µg/mL LPS for 7 h. (A) Activity of serum transaminases
(AST and ALT) in U/L were determined in WT and KO mice (N = 3–7 per group); (B) Caspase 8 and
caspase 3/7 activities measured by luminescence were determined in liver homogenates of WT and
KO (N = 3–7 per group); Spontaneous (C) and LPS-stimulated (D) release of IL-6 and TNFα measured
by ELISA was determined in KC isolated from WT and KO (N = 6 per group), and the fold increase by
Jo2 was calculated (right-hand panel). * p < 0.05 vs. untreated; ** p < 0.005 vs. untreated.

Transaminase elevation is normally observed with Jo2 administration reflecting hepatotoxicity,
however this elevation has been shown to be independent from apoptosis in mouse liver [46,47]. In
another study, low dose Jo2 administration does not necessarily elevate ALT levels [48]. Our low-dose
Jo-2 treatment elicited only a moderate effect in elevating hepatic caspase 8 activity, but did not
sufficiently elevate serum transaminases, and hepatic caspase 3 activity. However this mild effect of
Jo2 apparently could prime immune cells for cytokine release.

For spontaneous cytokine release by KC, we observed that Jo2 administration led to a strong
(6-fold) increase of IL-6 release by mutant KC, whereas it had a suppressive effect on WT KC (Figure 3C).
Mutant KC responded to Jo2 for TNFα secretion to a slight lesser extent than control KC. This weak
effect by Jo2 treatment was consistent with a previous report that spontaneous release of TNFα by
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macrophages was not affected by CD95/FasL treatment [26]. We found that the response to Jo2 for
spontaneous IL-10 and IL-4 release was the same between mutant and control KC (Supplementary
Figure S2A), indicating a lack of effects on M2-cytokines by in vivo Jo2.

For LPS-stimulated release, both mutant and control KC responded to Jo2 treatment with a
marked increase of both IL-6 and TNFα, while the mutant KC responded to Jo2 with a much greater
extent than control KC as seen by fold change by Jo2 (Figure 3D). For LPS-stimulated release, we
found that the response to Jo2 for IL-10 and IL-4 release was the same between mutant and control KC
(Supplementary Figure S2B), again indicating no role of Jo2 on M2 release.

Collectively, Jo2 administration at nonlethal dose was able to prime iPLA2β-deficient KC for an
exaggerated increase in M1 cytokines in an absence of overt liver injury and apoptosis (Figure 3A,B).
The exaggerated stimulated release of TNFα and IL-6 by mutant KC is in line with our previous
findings that the duodenal enteropathy in ConA-treated iPLA2β

´{´ mice is mainly due to TNFα and
IL-6 from macrophage activation detected in the intestine [13].

2.4. Sublethal-Dose CD95/FasL Treatment Primes Mutant Liver Lymphocytes for a Weak Increase in Th1
Cytokine Release

In addition to KC, Jo2 administration in vivo may prime other immune cells for cytokine release
as well [49]. Thus, we further determined the cytokine release by liver lymphocytes and splenocytes in
control and iPLA2β

´{´ mice treated with Jo2.
For spontaneous release, liver lymphocytes isolated from iPLA2β

´{´ mice responded to Jo2
treatment by moderately increasing the release IFN-γ and IL-17a by ~1.3–1.5 fold when compared
with those cells isolated from control mice (Figure 4A). Splenocytes from iPLA2β

´{´ mice responded
similarly to Jo2 with a ~1.3-fold increase of IFN-γ and IL-10 release (Figure 4B). For spontaneous
release, we could observe that a weak extent of Jo2 response for Th1 cytokine release by mutant liver
lymphocytes (Figure 4A,B), while a much stronger increase was observed for M1 cytokine release by
mutant KC (Figure 3C).

For stimulated release by ConA in vitro, liver lymphocytes isolated from Jo2-treated control and
iPLA2β

´{´ mice secreted IFN-γ and IL-17a to the same extent (Figure 4C). Similarly, ConA-treated
splenocytes isolated from Jo2-treated control and mutant mice released IFN-γ and IL-4 to the same
extent (Figure 4D); whereas there was a suppressive release of IL-17a by mutant splenocytes upon Jo2
treatment. For stimulated release, there was no difference on Jo2 response among mutant and control
liver lymphocytes (Figure 4C,D), whereas a much stronger increase was observed for M1 cytokine
release by mutant KC (Figure 3D).

As autoimmune hepatitis is associated with an increased release of IFN-γ and IL-17a [50,51], the
weak increase of spontaneous and stimulated release of Th1-cytokines by liver lymphocytes from
iPLA2β

´{´ mice is consistent with our reported susceptibility of iPLA2β
´{´ mice to ConA-induced

autoimmune hepatitis [13]. Regarding Jo2 treatment in vivo, macrophages and KC appeared to be the
first line of cells which were strongly sensitized by iPLA2β deficiency, and these primed cells may
have in turn elicited sensitized effects onto liver lymphocytes with a lesser extent in response pattern.

2.5. Mesenteric Lymph Node Abnormalities of Aged iPLA2β-Deficient Mice

As iPLA2β
´{´ mice progressively develop abnormalities in the bone, and brain at 1–2 years of

age, we were interested in investigating whether there were any abnormalities in the mesenteric lymph
nodes (MLN) of mutant mice at old age, since this organ is prone for neoplastic development [52]. We
allowed our mouse colonies to age to 19–24 months old during 2012–2014. Unfortunately, we later
discovered that the rooms where our transgenic mice were housed during this time were infected with
Helicobacter hepaticus (H. hepaticus). This could have an impact on our results and their interpretation as
discussed below.
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Figure 4. Sublethal in vivo Jo2 treatment of KO mice led to a weak increase in Th1 cytokine release by 
liver lymphocytes and splenocytes. Three-month old mice were treated with saline or 0.125 µg/g body 
weight Jo2 antibody for 6 h. (A) The spontaneous release of IFNγ and IL-17a measured by ELISA was 
determined in liver lymphocytes isolated from WT and KO (N = 4–5 per group); (B) The release of 
IFNγ and IL-10 measured by ELISA was determined in splenocytes of WT and KO (N = 5–6 per group); 
(C) The ConA-stimulated release of IFNγ, IL-17aγ, and IL-10 was determined in liver lymphocytes 
from WT and KO (N = 6 per group); (D) The ConA-stimulated release of IFNγ, IL-17a, and IL-4 was 
determined in splenocytes of WT and KO (N = 4 per group). * p < 0.05 vs. control; ** p < 0.005 vs. control. 

We screened 16 mutant and 11 control aged male mice for monitoring possible MLN neoplasm. 
The first result on H&E staining of MLN showed that the number of tingible body macrophages 
(TBM) located in the germinal center was decreased in iPLA2β−/− mice, when compared with that in 
control mice (Figure 5A). This decrease would result in an impaired engulfment of apoptotic cells by 
TBM, and this was consistently observed by an increase of IHC staining of cleaved caspase 3 in 
mutant MLN (Figure 5B). Concomitantly, there was a severe reduction in cellularity score with the 
CD45R IHC staining in the cortex and medulla of iPLA2β−/− MLN (Figure 5C), while CD3 IHC staining 
was unaffected by iPLA2β deficiency (Supplementary Figure S3). The loss of cellularity of CD45R or 
B (+) cells in mutant MLN may indicate an abnormality in adaptive immunity. This is in line with the 
inability of mutant KC to secrete M1 and M2 cytokines indicating abnormal innate immunity  
(Figure 2C,D). 

We inherently observed that aged WT male mice showed strikingly high rates of follicular center 
cell lymphoma of MLN (Figure 5D, top panel). This lymphoma is the most common malignancy in 
C57/BL6 mice known to be of B cell origin [52]. In the light of H. hepaticus infection in our animal 
facility, we can only speculate about the impact of this on our data. C57/BL6 mice are typically 

Figure 4. Sublethal in vivo Jo2 treatment of KO mice led to a weak increase in Th1 cytokine release by
liver lymphocytes and splenocytes. Three-month old mice were treated with saline or 0.125 µg/g body
weight Jo2 antibody for 6 h. (A) The spontaneous release of IFNγ and IL-17a measured by ELISA was
determined in liver lymphocytes isolated from WT and KO (N = 4–5 per group); (B) The release of
IFNγ and IL-10 measured by ELISA was determined in splenocytes of WT and KO (N = 5–6 per group);
(C) The ConA-stimulated release of IFNγ, IL-17aγ, and IL-10 was determined in liver lymphocytes
from WT and KO (N = 6 per group); (D) The ConA-stimulated release of IFNγ, IL-17a, and IL-4 was
determined in splenocytes of WT and KO (N = 4 per group). * p < 0.05 vs. control; ** p < 0.005 vs. control.

We screened 16 mutant and 11 control aged male mice for monitoring possible MLN neoplasm.
The first result on H&E staining of MLN showed that the number of tingible body macrophages (TBM)
located in the germinal center was decreased in iPLA2β

´{´ mice, when compared with that in control
mice (Figure 5A). This decrease would result in an impaired engulfment of apoptotic cells by TBM,
and this was consistently observed by an increase of IHC staining of cleaved caspase 3 in mutant
MLN (Figure 5B). Concomitantly, there was a severe reduction in cellularity score with the CD45R
IHC staining in the cortex and medulla of iPLA2β

´{´ MLN (Figure 5C), while CD3 IHC staining
was unaffected by iPLA2β deficiency (Supplementary Figure S3). The loss of cellularity of CD45R or
B (+) cells in mutant MLN may indicate an abnormality in adaptive immunity. This is in line with
the inability of mutant KC to secrete M1 and M2 cytokines indicating abnormal innate immunity
(Figure 2C,D).

We inherently observed that aged WT male mice showed strikingly high rates of follicular center
cell lymphoma of MLN (Figure 5D, top panel). This lymphoma is the most common malignancy in
C57/BL6 mice known to be of B cell origin [52]. In the light of H. hepaticus infection in our animal
facility, we can only speculate about the impact of this on our data. C57/BL6 mice are typically
resistant to damage caused by H. hepaticus [53]. H. hepaticus infection in mice causes an increase of
IFN-γ and IL-17a levels and shown to be linked to hepatitis, colitis and colon cancer [54]. Thus, the
high incidence of MLN follicular center cell lymphoma in aged male WT mice may not have been due
to H. hepaticus infection.
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arrow) in the germinal centers of WT and KO (left panel), and TBM quantification (right panel) (N = 6–8 
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indicated by an arrow). Compared with normal MLN from WT mice, this lymphoma exhibited the 
loss of MLN architecture as indicated by CD3 and CD45R staining (Figure 5E). The CD45 IHC 
staining of follicular lymphoma in WT MLN was more strongly and uniformly than that of normal 
WT MLN (Figure 5E), supporting the active proliferation of B cells in follicular lymphoma. 

The incidence of MLN follicular lymphoma was found to be decreased in aged iPLA2β−/− male 
mice (Figure 5D, top panel).The decreased incidence of follicular center cell lymphoma in aged 
mutant mice was consistent with decreased B cell cellularity in iPLA2β−/− MLN (Figure 5C). This decreased 
incidence could be further explained by the homeostatic role of iPLA2β in lymphocyte proliferation [55], 

Figure 5. iPLA2β deficiency caused MLN apoptosis, loss of B cell cellularity, reduction in the incidence
of follicular center cell lymphoma, and a rare MLN histiocytosis. Male mice at 19–24 months old
were used (A) Representative H&E staining showed tingible body macrophages (TBM indicated by a
white arrow) in the germinal centers of WT and KO (left panel), and TBM quantification (right panel)
(N = 6–8 per group); (B) Representative cleaved caspase 3 IHC (indicated by a white arrow) showed
apoptosis in WT and KO MLN (left panel), and apoptotic cell quantification (right panel) (N = 9 per
group); (C) Representative CD45R IHC staining showed cellularity of cortex and medulla of WT and
KO MLN (left panel), and CD45R (+) quantification (right panel) (N = 3–4 per group for medulla, and
N = 5–9 per group for cortex); (D) Quantification of lymphoma incidence (N = 11–16 per group, upper
panel). Bottom panel shows H&E of MLN follicular lymphoma from a WT mouse with centroblasts
indicated by an arrow; (E) Representative CD3 (top) and CD45R (bottom) IHC staining of from left to
right normal and lymphoma of MLN of WT mice. (F) Macroscopic picture, H&E and MLN lymphoma
of KO#352 mouse. * p < 0.05 vs. control; ** p < 0.005 vs. control; ˆ40, ˆ100, ˆ200, ˆ400 magnification.

The WT MLN follicular lymphoma was typically composed of centroblasts and centrocytes at
various proportions with various sizes and shape (Figure 5D, bottom panel with centroblasts indicated
by an arrow). Compared with normal MLN from WT mice, this lymphoma exhibited the loss of MLN
architecture as indicated by CD3 and CD45R staining (Figure 5E). The CD45 IHC staining of follicular
lymphoma in WT MLN was more strongly and uniformly than that of normal WT MLN (Figure 5E),
supporting the active proliferation of B cells in follicular lymphoma.

The incidence of MLN follicular lymphoma was found to be decreased in aged iPLA2β
´{´

male mice (Figure 5D, top panel).The decreased incidence of follicular center cell lymphoma in aged
mutant mice was consistent with decreased B cell cellularity in iPLA2β

´{´ MLN (Figure 5C). This
decreased incidence could be further explained by the homeostatic role of iPLA2β in lymphocyte
proliferation [55], whereby the full-grown lymphoma cells have adapted themselves to utilize iPLA2β

for their rapid hyperplastic growth [56].
Furthermore, it has been shown that IFN-γ is an important factor in suppressing lymphoma

development [57], but on the other hand, IL-6 and TNFα are tumor promoting [35]. IL-6 especially
plays a pivotal role in in vivo B cell neoplasm genesis [58]. The alteration in cytokine release by
immune cells from young mutant mice showing an increase of IFN-γ (by mutant splenocytes), and
decreased IL-6 and TNFα (by mutant KC) may provide a microenvironment that does not support the
development of MLN lymphoma in aged iPLA2β

´{´ mutant mice.
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Notwithstanding this, among 16 aged iPLA2β
´{´ male mice, only one mutant MLN (KO#352)

showed a small hyperplasia being different from follicular center cell lymphoma (Figure 5F). This
hyperplasia showed a loss of MLN architecture with no discernible structure of cortex, paracortex,
subcapsular sinus as well as medullary cords and sinuses. At higher magnification of KO#352 MLN, a
sheet of elongated or spindle cells with fusiform in appearance could be observed, and these lymphoma
cells were multinucleated (Figure 5F, bottom panel). These cells could be of non-lymphoid and myeloid
origin [59]. We speculate that KO#352 MLN hyperplasia could be histiocyte-associated large B cell
lymphoma [52] or histiocytic sarcoma [59]. However, the lymphoma seen in KO#352 MLN was neither
CD3- nor CD45R-positive (Figure 5F), suggesting that these lymphoma cells were not of T nor B cell
origin. The incidence of histiocytic sarcoma is occasionally seen in MLN of C57/BL6 mice [52]. We
however did not observe any abnormalities in 11 MLN of aged control male mice.

We also observed abnormalities in the liver of KO#352 mice showing an enlargement of
hepatocytes, the presence of inclusions body in hepatocyte nuclei, and marked infiltration of immune
cells (data not shown). This indicates that KO#352 had a systemic inflammation possibly by histiocytes
invading into the liver. It is known that H. hepaticus infected mice develop lympho-histiocytic infiltrates
in the hepatic parenchyma [60], and CYP1B1-deficient mice that are inefficient at removing apoptotic
and necrotic cells can develop high incidence of histiocytic sarcoma during H. hepaticus infection [61].
Therefore, deficiency of iPLA2β in this particular KO#352 may have abrogated the known protective
nature of C57/BL6 mice against H. hepaticus [53]. We thus speculate that the MLN histiocytic sarcoma
seen in KO#352 may have been due to H. hepaticus sensitization. Further experiments are warranted
to confirm whether deliberately infecting iPLA2β-deficient mice with H. hepaticus would lead to the
development of MLN histiocytic hyperplasia.

Taken together, with aging an increase in apoptosis in MLN was associated with an inherent loss of B
cell cellularity, decreased amount of lymphoma and in one exceptional mutant mouse, i.e., KO#352, a rare
histiocytic lymphoma could be formed.

3. Experimental Section

3.1. Animals and Treatment

We received iPLA2β-null (iPLA2β
´{´) mice as a kind gift from Dr. John Turk (Washington University

School of Medicine, St. Louis, MO, USA). Mice were bred with C57/B6L background, and genotyped
based on published work [9]. All mice were kept at the animal facility of the University of Heidelberg.
iPLA2β

+/+ WT mice were used as control. Two different sets of experiments were performed. To assess the
influence of aging, 19–24 months old male mice were used. For measurement of cytokine release by isolated
immune cells, male mice at 3–7 months old were used. Apoptosis was induced by an intraperitoneal
injection of CD95/FasL antibody (purified Hamster Anti-mouse CD95 obtained from BD Bioscience,
Heidelberg, Germany) at a concentration of 0.125 µg/g body weight solute in saline containing 0.1% BSA.
Six hours later mice were killed and blood, liver, spleen, MLN, kidney, lung and thymus were harvested.
All experiments were approved by the Animal Care and Use Committee of the University of Heidelberg.

3.2. Biochemical Assays

To avoid hemolysis, plasma samples were centrifuged at 1500 rpm for 10 min at 4 ˝C and the
supernatants were collected and stored at ´20 ˝C or 4 ˝C until use [62,63]. The activities of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) were measured using diagnostic kits
from Randox (Krefeld, Germany). For determination of apoptosis activity in tissue homogenates,
caspase3/7Gl0 and caspase8Gl0 kits (Promega, Mannheim, Germany) was used by measuring
luminescence over 200 sec with a Lumat LB 9507 (Berthold Technologies, Bad Wildbad, Germany).
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3.3. Histology and Immunohistochemistry (IHC)

Spleen and MLN were fixed overnight using Bouin’s solution (Sigma, Taufkirchen, Germany).
The fixed tissue specimens were embedded in paraffin blocks and cut into 3-µm sections. The sections
were stained with hematoxylin and eosin (H&E) for histology. For IHC, following deparaffinizing and
re-hydration, specimens were subjected to heat-induced epitope retrieval by heating to 95–98 ˝C for
20 min in 10 mM citrate buffer (pH 6.0). Samples were treated with 3% H2O2 and blocked with PBS
containing 10% serum for 1 h at room temperature. Sections were incubated with a primary antibody
overnight. Cleaved caspase 3 antibody (dilution 1:300) was obtained from Cell signaling (Frankfurt,
Germany), and CD45R (1:100) and CD3 (1:200) antibody were obtained from Abcam (Cambridge, UK).
For secondary antibody, an avidin-biotin complex kit from Abcam was used to stain cleaved caspase 3,
whereas a goat anti-rat (Santa Cruz Biotechnology, Heidelberg, Germany) and a goat anti-rabbit
(Abcam) secondary antibody was used to stain CD45R and CD3, respectively. Staining was detected
using diaminobenzidine and slides were counterstained with hematoxylin prior to mounting. Slides
were evaluated by an Olympus microscope.

Human liver slides were provided by the tissue bank of the National Center for Tumor Disease
(NCT, Heidelberg, Germany) in accordance with the regulations of the tissue bank and the approval of
the ethics committee of the University of Heidelberg. IHC staining was performed with an antibody
against iPLA2β (1:250) (Santa Cruz Biotechnology). Mouse IgG (1:1000) was used as a negative control
(Santa Cruz Biotechnology).

3.4. Cell Isolation and Cell Culture

KC were isolated accordingly to published procedure [64]. Briefly after anesthesia, mouse liver
was perfused to remove blood followed by perfusion with buffer containing collagenase. The liver
was passed through a 100-µm cell strainer (BD Bioscience). After centrifugation at 20ˆ g for 2 min,
supernatants were collected and subjected the lysis of red blood cells using hypotonic sodium chloride.
KC in supernatants were purified by gradient separation by using Optiprep (Axis-shield, Dundee,
Scotland) at 24%, 17%, 11.5% and 8.4% iodixanol. Following 20-min centrifugation at 1400ˆ g, KC were
retrieved from the interphase between 24%–17% and 17%–11.5%. KC were resuspended in DMEM
containing 10% FCS at 1 ˆ 106 cells/mL, and plated in a 96-well plate. After 24-h incubation in a 5%
CO2/37 ˝C incubator, KC were treated with E. coli LPS (Sigma) at 1 µg/mL for 7 h. The medium was
collected and stored at 20 ˝C until use.

Splenocytes were isolated as previously described [65]. Briefly, spleens were removed and
passed through a 70-µm cell strainer. Red blood cells were removed by using Tris-NH4Cl. Cells were
resuspended in RPMI-1640 containing 10% FCS at 2.5 ˆ 106 cells/mL, and plated in a 24-well plate.
Cells were treated with or without 10 µg/mL ConA (Sigma) for 48 h in a 5%-CO2 incubator at 37 ˝C.
The medium was collected and stored at 20 ˝C until use.

Liver lymphocytes were isolated as previously described [66]. Briefly, the liver was perfused as
described earlier, and was passed through a 70-µm cell strainer. Detached cells from the liver were
resuspended in 35% Percoll (GE Healthcare Bio-sciences, Uppsala, Sweden) containing 100 U/mL
heparin, and subsequently centrifuged at 500ˆ g for 15 min. Red blood cells were removed by using
Tris-NH4Cl. Cells were resuspended in complete RPMI medium and plated at 2.5 ˆ 106 cells/mL in a
24-well plate. Further treatment was the same as for splenocytes.

3.5. Determination of Cytokine Release

The levels of IL-10, IL-6, TNFα, IL-17a, and IFNγ in medium were determined by using ELISA
kits obtained from BioLegend (Cologne, Germany). ELISA kits for determination of IL-4, IL-6, and
TNFα were obtained from eBioscience (Frankfurt, Germany). Supernatants of cultured immune cells
with or without stimulation were measured, and a standard curve was run to normalize to pg/mL. All
experiments were performed in two independent experiments to establish reproducibility.
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3.6. Quantitative qRT-PCR

Total RNA was isolated from liver by using Gen Elute™ Miniprep Kit from Sigma (Steinheim,
Germany). Five micrograms RNA were converted to cDNA by using a cDNA synthesis kit from
Thermo Scientific (Karlsruhe, Germany). Gene expression was analyzed by quantitative real-time
polymerase chain reaction (qRT-PCR) using Applied Biosystems TaqMan® gene expression assays
with Roche Probes Master mix, and run on a Roche 480. Expression level of target gene in triplets was
calculated using ∆–Ct transformation method, and normalized to house-keeping gene GAPDH.

3.7. Statistics

All results were plotted as mean ˘ SEM, and p < 0.05 was considered significant. Significance
was determined with Mann-Whitney Test using GraphPad Prism 5.

4. Conclusions

In conclusion, the major effect upon iPLA2β deletion was an induction of apoptosis in
immunologically active organs, namely, liver, spleen, and MLN. This led to multiple abnormalities
including immunosuppression of M1-releated KC cytokine release, and the priming of splenocytes
to release pro-inflammatory Th1/Th17-related cytokines. Mutant KC and to a lesser extent liver
lymphocytes showed pro-inflammatory M1 phenotype upon Jo2 stimulation in vivo. These data are
consistent with our previous findings showing susceptibility of mutant mice to chronic inflammatory
diseases [13,14]. Upon aging, MLN of mutant mice showed loss of B cell cellularity with a lesser
incidence of follicular lymphoma than control mice. However, a rare histiocytic lymphoma was
found in a mutant mouse. Our work may highlight a possibility to screen for iPLA2β mutation in
human chronic inflammatory diseases, and correlate with disease progression and clinical activity.
Because an impairment of apoptotic cell clearance is the main feature of iPLA2β deficiency and chronic
inflammatory diseases can predispose to cancer genesis, it may be pertinent to investigate along this
line more extensively in regards to tumor risk [67]. We are now testing whether iPLA2β

´{´ mice
would be susceptible for nitrosamine-induced liver cancer in a chronic model.

Supplementary Materials: Supplementary figures are available online at http://www.mdpi.com/2072-6694/7/
4/0901/s1.

Acknowledgments: We thank John Turk for providing iPLA2β
´{´ mice. This study was supported by Deutsche

Forschungsgemeinschaft grants (CH288/6-2, and STR216/15-3).

Author Contributions: J.I. performed experiments, cell preparation, analyzed samples, performed data analyses,
and wrote manuscript. S.T-K. performed mouse breeding and genotyping. B.S. provided human liver slides, and
advice on IHC. W.S. designed experiments and provided advice. W.C. designed the experiments, performed liver
perfusion, and edited manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aggarwal, B.B.; Vijayalekshmi, R.V.; Sung, B. Targeting inflammatory pathways for prevention and therapy
of cancer: Short-term friend, long-term foe. Clin. Cancer Res. 2009, 15, 425–430. [CrossRef] [PubMed]

2. Kotas, M.E.; Medzhitov, R. Homeostasis, inflammation, and disease susceptibility. Cell 2015, 160, 816–827.
[CrossRef] [PubMed]

3. Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883–899.
[CrossRef] [PubMed]

4. Ramanadham, S.; Ali, T.; Ashley, J.W.; Bone, R.N.; Hancock, W.D.; Lei, X. Calcium-independent
phospholipases A2 and their roles in biological processes and diseases. J. Lipid Res. 2015, 56, 1643–1668.
[CrossRef] [PubMed]

5. Balsinde, J.; Balboa, M.A. Cellular regulation and proposed biological functions of group VIA
calcium-independent phospholipase A2 in activated cells. Cell. Signal. 2005, 17, 1052–1062. [CrossRef]
[PubMed]

2438

http://dx.doi.org/10.1158/1078-0432.CCR-08-0149
http://www.ncbi.nlm.nih.gov/pubmed/19147746
http://dx.doi.org/10.1016/j.cell.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25723161
http://dx.doi.org/10.1016/j.cell.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20303878
http://dx.doi.org/10.1194/jlr.R058701
http://www.ncbi.nlm.nih.gov/pubmed/26023050
http://dx.doi.org/10.1016/j.cellsig.2005.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15993747


Cancers 2015, 7, 2427–2442

6. Balsinde, J.; Bianco, I.D.; Ackermann, E.J.; Conde-Frieboes, K.; Dennis, E.A. Inhibition of
calcium-independent phospholipase A2 prevents arachidonic acid incorporation and phospholipid
remodeling in P388D1 macrophages. Proc. Natl. Acad. Sci. USA 1995, 92, 8527–8531. [CrossRef] [PubMed]

7. Perez, R.; Matabosch, X.; Llebaria, A.; Balboa, M.A.; Balsinde, J. Blockade of arachidonic acid incorporation
into phospholipids induces apoptosis in U937 promonocytic cells. J. Lipid Res. 2006, 47, 484–491. [CrossRef]
[PubMed]

8. Bao, S.; Miller, D.J.; Ma, Z.; Wohltmann, M.; Eng, G.; Ramanadham, S.; Moley, K.; Turk, J. Male mice that
do not express group VI phospholipase A2 produce spermatozoa with impaired motility and have greatly
reduced fertility. J. Biol. Chem. 2004, 279, 38194–38200. [CrossRef] [PubMed]

9. Bao, S.; Song, H.; Wohltmann, M.; Ramanadham, S.; Jin, W.; Bohrer, A.; Turk, J. Insulin secretory responses
and phospholipid composition of pancreatic islets from mice that do not express Group VIA phospholipase
A2 and effects of metabolic stress on glucose homeostasis. J. Biol. Chem. 2006, 281, 20958–20973. [CrossRef]
[PubMed]

10. Ramanadham, S.; Yarasheski, K.E.; Silva, M.J.; Wohltmann, M.; Novack, D.V.; Christiansen, B.; Tu, X.;
Zhang, S.; Lei, X.; Turk, J. Age-related changes in bone morphology are accelerated in group VIA
phospholipase A2 (iPLA2β)-null mice. Am. J. Pathol. 2008, 172, 868–881. [CrossRef] [PubMed]

11. Shinzawa, K.; Sumi, H.; Ikawa, M.; Matsuoka, Y.; Okabe, M.; Sakoda, S.; Tsujimoto, Y. Neuroaxonal dystrophy
caused by group VIA phospholipase A2 deficiency in mice: A model of human neurodegenerative disease.
J. Neurosci. 2008, 28, 2212–2220. [CrossRef] [PubMed]

12. Xu, W.; Tuma, S.; Katava, N.; Pathil-Warth, A.; Stremmel, W.; Chamulitrat, W. Deficiencies of
Calcium-independent Phospholipase A2 B in vivo Causes Reduced Systemic Lipids and Lipoproteins
Concomitant with Increased Hepatic Apoptosis and Inflammation. In Proceeding of The International
Liver CongressTM (EASL), Barcelona, Spain, 18–22 April 2012.

13. Jiao, L.; Gan-Schreier, H.; Tuma-Kellner, S.; Stremmel, W.; Chamulitrat, W. Sensitization to autoimmune
hepatitis in group VIA calcium-independent phospholipase A2-null mice led to duodenal villous atrophy
with apoptosis, goblet cell hyperplasia and leaked bile acids. Biochim. Biophys. Acta 2015, 1852, 1646–1657.
[CrossRef] [PubMed]

14. Jiao, L.; Inhoffen, J.; Gan-Schreier, H.; Tuma-Kellner, S.; Stremmel, W.; Sun, Z.; Chamulitrat, W. Deficiency of
Group VIA Phospholipase A2 (iPLA2β) Renders Susceptibility for Chemical-Induced Colitis. Dig. Dis. Sci.
2015. in press. [CrossRef] [PubMed]

15. Lauber, K.; Bohn, E.; Kröber, S.M.; Xiao, Y.J.; Blumenthal, S.G.; Lindemann, R.K.; Marini, P.; Wiedig, C.;
Zobywalski, A.; Baksh, S.; et al. Apoptotic cells induce migration of phagocytes via caspase-3-mediated
release of a lipid attraction signal. Cell 2003, 113, 717–730. [CrossRef]

16. Mishra, R.S.; Carnevale, K.A.; Cathcart, M.K. iPLA2β: Front and center in human monocyte chemotaxis to
MCP-1. J. Exp. Med. 2008, 205, 347–359. [CrossRef] [PubMed]

17. Poon, I.K.; Lucas, C.D.; Rossi, A.G.; Ravichandran, K.S. Apoptotic cell clearance: Basic biology and
therapeutic potential. Nat. Rev. Immunol. 2014, 14, 166–180. [CrossRef] [PubMed]

18. Truman, L.A.; Ford, C.A.; Pasikowska, M.; Pound, J.D.; Wilkinson, S.J.; Dumitriu, I.E.; Melville, L.;
Melrose, L.A.; Ogden, C.A.; Nibbs, R.; et al. CX3CL1/fractalkine is released from apoptotic lymphocytes to
stimulate macrophage chemotaxis. Blood 2008, 112, 5026–5036. [CrossRef] [PubMed]

19. Elliott, M.R.; Chekeni, F.B.; Trampont, P.C.; Lazarowski, E.R.; Kadl, A.; Walk, S.F.; Park, D.; Woodson, R.I.;
Ostankovich, M.; Sharma, P.; et al. Nucleotides released by apoptotic cells act as a find-me signal to promote
phagocytic clearance. Nature 2009, 461, 282–286. [CrossRef] [PubMed]

20. Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers
inflammation. Nature 2002, 418, 191–195. [CrossRef] [PubMed]

21. Albert, M.L. Death-defying immunity: Do apoptotic cells influence antigen processing and presentation?
Nat. Rev. Immunol. 2004, 4, 223–231. [CrossRef] [PubMed]

22. Le, L.Q.; Kabarowski, J.H.; Weng, Z.; Satterthwaite, A.B.; Harvill, E.T.; Jensen, E.R.; Miller, J.F.; Witte, O.N.
Mice lacking the orphan G protein-coupled receptor G2A develop a late-onset autoimmune syndrome.
Immunity 2001, 14, 561–571. [CrossRef]

23. O’Shea, J.J.; Ma, A.; Lipsky, P. Cytokines and autoimmunity. Nat. Rev. Immunol. 2002, 2, 37–45. [CrossRef]
[PubMed]

2439

http://dx.doi.org/10.1073/pnas.92.18.8527
http://www.ncbi.nlm.nih.gov/pubmed/7667324
http://dx.doi.org/10.1194/jlr.M500397-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16326977
http://dx.doi.org/10.1074/jbc.M406489200
http://www.ncbi.nlm.nih.gov/pubmed/15252026
http://dx.doi.org/10.1074/jbc.M600075200
http://www.ncbi.nlm.nih.gov/pubmed/16732058
http://dx.doi.org/10.2353/ajpath.2008.070756
http://www.ncbi.nlm.nih.gov/pubmed/18349124
http://dx.doi.org/10.1523/JNEUROSCI.4354-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18305254
http://dx.doi.org/10.1016/j.bbadis.2015.04.025
http://www.ncbi.nlm.nih.gov/pubmed/25957555
http://dx.doi.org/10.1007/s10620-015-3807-5
http://www.ncbi.nlm.nih.gov/pubmed/26182903
http://dx.doi.org/10.1016/S0092-8674(03)00422-7
http://dx.doi.org/10.1084/jem.20071243
http://www.ncbi.nlm.nih.gov/pubmed/18208975
http://dx.doi.org/10.1038/nri3607
http://www.ncbi.nlm.nih.gov/pubmed/24481336
http://dx.doi.org/10.1182/blood-2008-06-162404
http://www.ncbi.nlm.nih.gov/pubmed/18799722
http://dx.doi.org/10.1038/nature08296
http://www.ncbi.nlm.nih.gov/pubmed/19741708
http://dx.doi.org/10.1038/nature00858
http://www.ncbi.nlm.nih.gov/pubmed/12110890
http://dx.doi.org/10.1038/nri11308
http://www.ncbi.nlm.nih.gov/pubmed/15039759
http://dx.doi.org/10.1016/S1074-7613(01)00145-5
http://dx.doi.org/10.1038/nri702
http://www.ncbi.nlm.nih.gov/pubmed/11905836


Cancers 2015, 7, 2427–2442

24. Dranoff, G. Cytokines in cancer pathogenesis and cancer therapy. Nat. Rev. Cancer 2004, 4, 11–22. [CrossRef]
[PubMed]

25. Lin, W.W.; Karin, M. A cytokine-mediated link between innate immunity, inflammation, and cancer.
J. Clin. Investig. 2007, 117, 1175–1183. [CrossRef] [PubMed]

26. Park, D.R.; Thomsen, A.R.; Frevert, C.W.; Pham, U.; Skerrett, S.J.; Kiener, P.A.; Liles, W.C. Fas (CD95) induces
proinflammatory cytokine responses by human monocytes and monocyte-derived macrophages. J. Immunol.
2003, 170, 6209–6216. [CrossRef] [PubMed]

27. Cesta, M.F. Normal structure, function, and histology of the spleen. Toxicol. Pathol. 2006, 34, 455–465.
[CrossRef] [PubMed]

28. Czaja, A.J. Review article: Chemokines as orchestrators of autoimmune hepatitis and potential therapeutic
targets. Aliment. Pharmacol. Ther. 2014, 40, 261–279. [CrossRef] [PubMed]

29. Harrington, L.E.; Hatton, R.D.; Mangan, P.R.; Turner, H.; Murphy, T.L.; Murphy, K.M.; Weaver, C.T.
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T helper type 1
and 2 lineages. Nat. Immunol. 2005, 6, 1123–1132. [CrossRef] [PubMed]

30. Dardalhon, V.; Korn, T.; Kuchroo, V.K.; Anderson, A.C. Role of Th1 and Th17 cells in organ-specific
autoimmunity. J. Autoimmun. 2008, 31, 252–256. [CrossRef] [PubMed]

31. Brand, S. Crohn's disease: Th1, Th17 or both? The change of a paradigm: New immunological and genetic
insights implicate Th17 cells in the pathogenesis of Crohn’s disease. Gut 2009, 58, 1152–1167. [CrossRef]
[PubMed]

32. Wu, S.; Rhee, K.J.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.R.; Huso, D.L.; Brancati, F.L.; Wick, E.;
McAllister, F.; et al. A human colonic commensal promotes colon tumorigenesis via activation of T helper
type 17 T cell responses. Nat. Med. 2009, 15, 1016–1022. [CrossRef] [PubMed]

33. Mocellin, S.; Rossi, C.R.; Pilati, P.; Nitti, D. Tumor necrosis factor, cancer and anticancer therapy.
Cytokine Growth Factor Rev. 2005, 16, 35–53. [CrossRef] [PubMed]

34. Benchetrit, F.; Ciree, A.; Vives, V.; Warnier, G.; Gey, A.; Sautès-Fridman, C.; Fossiez, F.; Haicheur, N.;
Fridman, W.H.; Tartour, E. Interleukin-17 inhibits tumor cell growth by means of a T-cell-dependent
mechanism. Blood 2002, 99, 2114–2121. [CrossRef] [PubMed]

35. Zamarron, B.F.; Chen, W. Dual roles of immune cells and their factors in cancer development and progression.
Int. J. Biol. Sci. 2011, 7, 651–658. [CrossRef] [PubMed]

36. Enzler, T.; Gillessen, S.; Manis, J.P.; Ferguson, D.; Fleming, J.; Alt, F.W.; Mihm, M.; Dranoff, G. Deficiencies of
GM-CSF and interferon gamma link inflammation and cancer. J. Exp. Med. 2003, 197, 1213–1219. [CrossRef]
[PubMed]

37. Racanelli, V.; Rehermann, B. The liver as an immunological organ. Hepatology 2006, 43, 54–62. [CrossRef]
[PubMed]

38. Mackay, I.R. Hepatoimmunology: A perspective. Immunol. Cell Biol. 2002, 80, 36–44. [CrossRef] [PubMed]
39. Laskin, D.L. Macrophages and inflammatory mediators in chemical toxicity: A battle of forces.

Chem. Res. Toxicol. 2009, 22, 1376–1385. [CrossRef] [PubMed]
40. Lucas, M.; Stuart, L.M.; Savill, J.; Lacy-Hulbert, A. Apoptotic cells and innate immune stimuli combine to

regulate macrophage cytokine secretion. J. Immunol. 2003, 171, 2610–2615. [CrossRef] [PubMed]
41. Huynh, M.L.; Fadok, V.A.; Henson, P.M. Phosphatidylserine-dependent ingestion of apoptotic cells promotes

TGF-beta1 secretion and the resolution of inflammation. J. Clin. Investig. 2002, 109, 41–50. [CrossRef]
[PubMed]

42. Fadok, V.A.; Bratton, D.L.; Konowal, A.; Freed, P.W.; Westcott, J.Y.; Henson, P.M. Macrophages that have
ingested apoptotic cells in vitro inhibit proinflammatory cytokine production through autocrine/paracrine
mechanisms involving TGF-beta, PGE2, and PAF. J. Clin. Investig. 1998, 101, 890–898. [CrossRef] [PubMed]

43. Moran, J.M.; Buller, R.M.; McHowat, J.; Turk, J.; Wohltmann, M.; Gross, R.W.; Corbett, J.A. Genetic and
pharmacologic evidence that calcium-independent phospholipase A2β regulates virus-induced inducible
nitric-oxide synthase expression by macrophages. J. Biol. Chem. 2005, 280, 28162–28168. [CrossRef] [PubMed]

44. Daigle, I.; Rückert, B.; Schnetzler, G.; Simon, H.U. Induction of the IL-10 gene via the fas receptor in
monocytes—An anti-inflammatory mechanism in the absence of apoptosis. Eur. J. Immunol. 2000, 30,
2991–2997. [CrossRef]

2440

http://dx.doi.org/10.1038/nrc1252
http://www.ncbi.nlm.nih.gov/pubmed/14708024
http://dx.doi.org/10.1172/JCI31537
http://www.ncbi.nlm.nih.gov/pubmed/17476347
http://dx.doi.org/10.4049/jimmunol.170.12.6209
http://www.ncbi.nlm.nih.gov/pubmed/12794152
http://dx.doi.org/10.1080/01926230600867743
http://www.ncbi.nlm.nih.gov/pubmed/17067939
http://dx.doi.org/10.1111/apt.12825
http://www.ncbi.nlm.nih.gov/pubmed/24890045
http://dx.doi.org/10.1038/ni1254
http://www.ncbi.nlm.nih.gov/pubmed/16200070
http://dx.doi.org/10.1016/j.jaut.2008.04.017
http://www.ncbi.nlm.nih.gov/pubmed/18502610
http://dx.doi.org/10.1136/gut.2008.163667
http://www.ncbi.nlm.nih.gov/pubmed/19592695
http://dx.doi.org/10.1038/nm.2015
http://www.ncbi.nlm.nih.gov/pubmed/19701202
http://dx.doi.org/10.1016/j.cytogfr.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15733831
http://dx.doi.org/10.1182/blood.V99.6.2114
http://www.ncbi.nlm.nih.gov/pubmed/11877287
http://dx.doi.org/10.7150/ijbs.7.651
http://www.ncbi.nlm.nih.gov/pubmed/21647333
http://dx.doi.org/10.1084/jem.20021258
http://www.ncbi.nlm.nih.gov/pubmed/12732663
http://dx.doi.org/10.1002/hep.21060
http://www.ncbi.nlm.nih.gov/pubmed/16447271
http://dx.doi.org/10.1046/j.1440-1711.2002.01063.x
http://www.ncbi.nlm.nih.gov/pubmed/11869361
http://dx.doi.org/10.1021/tx900086v
http://www.ncbi.nlm.nih.gov/pubmed/19645497
http://dx.doi.org/10.4049/jimmunol.171.5.2610
http://www.ncbi.nlm.nih.gov/pubmed/12928413
http://dx.doi.org/10.1172/JCI0211638
http://www.ncbi.nlm.nih.gov/pubmed/11781349
http://dx.doi.org/10.1172/JCI1112
http://www.ncbi.nlm.nih.gov/pubmed/9466984
http://dx.doi.org/10.1074/jbc.M500013200
http://www.ncbi.nlm.nih.gov/pubmed/15946940
http://dx.doi.org/10.1002/1521-4141(200010)30:10&lt;2991::AID-IMMU2991&gt;3.0.CO;2-1


Cancers 2015, 7, 2427–2442

45. Fickert, P.; Trauner, M.; Fuchsbichler, A.; Zollner, G.; Wagner, M.; Marschall, H.U.; Zatloukal, K.; Denk, H.
Oncosis represents the main type of cell death in mouse models of cholestasis. J. Hepatol. 2005, 42, 378–385.
[CrossRef] [PubMed]

46. Bahjat, F.R.; Dharnidharka, V.R.; Fukuzuka, K.; Morel, L.; Crawford, J.M.; Clare-Salzler, M.J.; Moldawer, L.L.
Reduced susceptibility of nonobese diabetic mice to TNF-α and D-galactosamine-mediated hepatocellular
apoptosis and lethality. J. Immunol. 2000, 165, 6559–6567. [CrossRef] [PubMed]

47. Calabrese, F.; Pontisso, P.; Pettenazzo, E.; Benevegnù, L.; Vario, A.; Chemello, L.; Alberti, A.; Valente, M.
Liver cell apoptosis in chronic hepatitis C correlates with histological but not biochemical activity or serum
HCV-RNA levels. Hepatology 2000, 31, 1153–1159. [CrossRef] [PubMed]

48. Tinel, M.; Berson, A.; Vadrot, N.; Descatoire, V.; Grodet, A.; Feldmann, G.; Thénot, J.P.; Pessayre, D. Subliminal
Fas stimulation increases the hepatotoxicity of acetaminophen and bromobenzene in mice. Hepatology 2004,
39, 655–666. [CrossRef] [PubMed]

49. Cullen, S.P.; Henry, C.M.; Kearney, C.J.; Logue, S.E.; Feoktistova, M.; Tynan, G.A.; Lavelle, E.C.; Leverkus, M.;
Martin, S.J. Fas/CD95-induced chemokines can serve as "find-me" signals for apoptotic cells. Mol. Cell 2013,
49, 1034–1048. [CrossRef] [PubMed]

50. Vergani, D.; Mieli-Vergani, G. Aetiopathogenesis of autoimmune hepatitis. World J. Gastroenterol. 2008, 14,
3306–3312. [CrossRef] [PubMed]

51. Yu, H.; Huang, J.; Liu, Y.; Ai, G.; Yan, W.; Wang, X.; Ning, Q. IL-17 contributes to autoimmune hepatitis.
J. Huazhong Univ. Sci. Technol. Med. Sci. 2010, 30, 443–446. [CrossRef] [PubMed]

52. Ward, J.M. Lymphomas and leukemias in mice. Exp. Toxicol. Pathol. 2006, 57, 377–381. [CrossRef] [PubMed]
53. Ward, J.M.; Anver, M.R.; Haines, D.C.; Benveniste, R.E. Chronic active hepatitis in mice caused by Helicobacter

hepaticus. Am. J. Pathol. 1994, 145, 959–968. [PubMed]
54. Fox, J.G.; Ge, Z.; Whary, M.T.; Erdman, S.E.; Horwitz, B.H. Helicobacter hepaticus infection in mice: Models for

understanding lower bowel inflammation and cancer. Mucosal Immunol. 2011, 4, 22–30. [CrossRef] [PubMed]
55. Roshak, A.K.; Capper, E.A.; Stevenson, C.; Eichman, C.; Marshall, L.A. Human calcium-independent

phospholipase A2 mediates lymphocyte proliferation. J. Biol. Chem. 2000, 275, 35692–35698. [CrossRef]
[PubMed]

56. Song, Y.; Wilkins, P.; Hu, W.; Murthy, K.S.; Chen, J.; Lee, Z.; Oyesanya, R.; Wu, J.; Barbour, S.E.; Fang, X.
Inhibition of calcium-independent phospholipase A2 suppresses proliferation and tumorigenicity of ovarian
carcinoma cells. Biochem. J. 2007, 406, 427–436. [CrossRef] [PubMed]

57. Street, S.E.; Trapani, J.A.; MacGregor, D.; Smyth, M.J. Suppression of lymphoma and epithelial malignancies
effected by interferon gamma. J. Exp. Med. 2002, 196, 129–134. [CrossRef] [PubMed]

58. Hilbert, D.M.; Kopf, M.; Mock, B.A.; Köhler, G.; Rudikoff, S. Interleukin 6 is essential for in vivo development
of B lineage neoplasms. J. Exp. Med. 1995, 182, 243–248. [CrossRef] [PubMed]

59. Kogan, S.C.; Ward, J.M.; Anver, M.R.; Berman, J.J.; Brayton, C.; Cardiff, R.D.; Carter, J.S.; de Coronado, S.;
Downing, J.R.; Fredrickson, T.N.; et al. Hematopathology subcommittee of the Mouse Models of Human
Cancers Consortium. Bethesda proposals for classification of nonlymphoid hematopoietic neoplasms in
mice. Blood 2002, 100, 238–245. [CrossRef] [PubMed]

60. Lahaie, R.G.; Chiba, N.; Fallone, C. Meeting review—Helicobacter pylori: Basic mechanisms to clinical cure
2000. Can. J. Gastroenterol. 2000, 14, 856–861. [PubMed]

61. Ward, J.M.; Nikolov, N.P.; Tschetter, J.R.; Kopp, J.B.; Gonzales, F.J.; Kimura, S.; Siegel, R.M.
Progressive glomerulonephritis and histiocytic sarcoma associated with macrophage functional defects in
CYP1B1-deficient mice. Toxicol. Pathol. 2004, 32, 710–718. [CrossRef] [PubMed]

62. Henry, J.B. Clinical Diagnosis and Management by Laboratory Methods; Henry, J.B., Ed.; Saunders Company:
Philadelphia, PA, USA, 1979; Volume 1, p. 60.

63. Thavasu, P.W.; Longhurst, S.; Joel, S.P.; Slevin, M.L.; Balkwill, F.R. Measuring cytokine levels in blood.
Importance of anticoagulants, processing, and storage conditions. J. Immunol. Methods 1992, 153, 115–124.
[CrossRef]

64. Schreiber, R.; Taschler, U.; Wolinski, H.; Seper, A.; Tamegger, S.N.; Graf, M.; Kohlwein, S.D.; Haemmerle, G.;
Zimmermann, R.; Zechner, R.; et al. Esterase 22 and β-glucuronidase hydrolyze retinoids in mouse liver.
J. Lipid Res. 2009, 50, 2514–2523. [CrossRef] [PubMed]

65. Xiong, Y.; Zhang, S.; Xu, L.; Song, B.; Huang, G.; Lu, J.; Guan, S. Suppression of T-cell activation in vitro and
in vivo by cordycepin from Cordycepsmilitaris. J. Surg. Res. 2013, 185, 912–922. [CrossRef] [PubMed]

2441

http://dx.doi.org/10.1016/j.jhep.2004.10.016
http://www.ncbi.nlm.nih.gov/pubmed/15710221
http://dx.doi.org/10.4049/jimmunol.165.11.6559
http://www.ncbi.nlm.nih.gov/pubmed/11086099
http://dx.doi.org/10.1053/he.2000.7123
http://www.ncbi.nlm.nih.gov/pubmed/10796892
http://dx.doi.org/10.1002/hep.20094
http://www.ncbi.nlm.nih.gov/pubmed/14999684
http://dx.doi.org/10.1016/j.molcel.2013.01.025
http://www.ncbi.nlm.nih.gov/pubmed/23434371
http://dx.doi.org/10.3748/wjg.14.3306
http://www.ncbi.nlm.nih.gov/pubmed/18528928
http://dx.doi.org/10.1007/s11596-010-0446-0
http://www.ncbi.nlm.nih.gov/pubmed/20714867
http://dx.doi.org/10.1016/j.etp.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/16713211
http://www.ncbi.nlm.nih.gov/pubmed/7943185
http://dx.doi.org/10.1038/mi.2010.61
http://www.ncbi.nlm.nih.gov/pubmed/20944559
http://dx.doi.org/10.1074/jbc.M002273200
http://www.ncbi.nlm.nih.gov/pubmed/10964913
http://dx.doi.org/10.1042/BJ20070631
http://www.ncbi.nlm.nih.gov/pubmed/17555408
http://dx.doi.org/10.1084/jem.20020063
http://www.ncbi.nlm.nih.gov/pubmed/12093877
http://dx.doi.org/10.1084/jem.182.1.243
http://www.ncbi.nlm.nih.gov/pubmed/7790819
http://dx.doi.org/10.1182/blood.V100.1.238
http://www.ncbi.nlm.nih.gov/pubmed/12070033
http://www.ncbi.nlm.nih.gov/pubmed/11111108
http://dx.doi.org/10.1080/01926230490885706
http://www.ncbi.nlm.nih.gov/pubmed/15580705
http://dx.doi.org/10.1016/0022-1759(92)90313-I
http://dx.doi.org/10.1194/jlr.M000950
http://www.ncbi.nlm.nih.gov/pubmed/19723663
http://dx.doi.org/10.1016/j.jss.2013.06.057
http://www.ncbi.nlm.nih.gov/pubmed/23927879


Cancers 2015, 7, 2427–2442

66. Tian, Z.; Sun, R.; Wie, H.; Gao, B. Impaired natural killer (NK) cell activity in leptin receptor deficient mice:
Leptin as a critical regulator in NK cell development and activation. Biochem. Biophys. Res. Commun. 2002,
298, 297–302. [CrossRef]

67. Elliott, M.R.; Ravichandran, K.S. Clearance of apoptotic cells: Implications in health and disease. J. Cell Biol.
2010, 189, 1059–1070. [CrossRef] [PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

2442

http://dx.doi.org/10.1016/S0006-291X(02)02462-2
http://dx.doi.org/10.1083/jcb.201004096
http://www.ncbi.nlm.nih.gov/pubmed/20584912

	Introduction 
	Results and Discussion 
	Deficiency of iPLA2 Increases Apoptosis in Spleen and Primes Splenocytes for Th1/Th17 Response 
	iPLA2 Deficiency Increases Apoptosis in Liver Associated with Suppressed Cytokine Release by KC 
	Sublethal Dose CD95/FasL Treatment Primes Mutant KC for Enhanced M1 Cytokine Release 
	Sublethal-Dose CD95/FasL Treatment Primes Mutant Liver Lymphocytes for a Weak Increase in Th1 Cytokine Release 
	Mesenteric Lymph Node Abnormalities of Aged iPLA2-Deficient Mice 

	Experimental Section 
	Animals and Treatment 
	Biochemical Assays 
	Histology and Immunohistochemistry (IHC) 
	Cell Isolation and Cell Culture 
	Determination of Cytokine Release 
	Quantitative qRT-PCR 
	Statistics 

	Conclusions 

