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Clearance of invading pathogens is essential to preventing overwhelming inflammation and sepsis that are 
symptomatic of bacterial peritonitis. Macrophages participate in this innate immune response by engulfing 
and digesting pathogens, a process called phagocytosis. Oxidized phospholipids (OxPL) are danger-
associated molecular patterns (DAMPs) generated in response to infection that can prevent the phagocytic 
clearance of bacteria. We investigated the mechanism underlying OxPL action in macrophages. Exposure 
to OxPL induced alterations in actin polymerization, resulting in spreading of peritoneal macrophages 
and diminished uptake of E. coli. Pharmacological and cell-based studies showed that an anchored pool of 
PKA mediates the effects of OxPL. Gene silencing approaches identified the A-kinase anchoring protein 
(AKAP) WAVE1 as an effector of OxPL action in vitro. Chimeric Wave1–/– mice survived significantly longer 
after infection with E. coli and OxPL treatment in vivo. Moreover, we found that endogenously generated 
OxPL in human peritoneal dialysis fluid from end-stage renal failure patients inhibited phagocytosis via 
WAVE1. Collectively, these data uncover an unanticipated role for WAVE1 as a critical modulator of the 
innate immune response to severe bacterial infections.

Introduction
Invasion of bacteria into the peritoneal cavity leads to the imme-
diate initiation of an inflammatory response. Integral to this 
response are oxygen radicals that are primarily generated to kill 
microbes. However, these agents also damage host structures 
through the peroxidation of membrane phospholipids (1). Oxi-
dized phospholipids (OxPL) are endogenous modulators of the 
inflammatory response that were recently classified as a new 
entity of danger-associated molecular patterns (DAMPs) (2). As 
such, previous reports documented a role for these DAMPs in var-
ious inflammatory conditions such as atherosclerosis (3, 4) lung 
inflammation (5–8), or inflammatory brain lesions (9, 10). The 
precise contribution of OxPL to these diseases is not fully under-
stood, with some reports postulating a proinflammatory role 
(7), while others describe antiinflammatory properties (11). The 
impact of OxPL on the course of infectious diseases was unknown 
until we discovered that administration of OxPL impaired sur-
vival during E. coli peritonitis by inhibiting phagocytosis of bac-
teria (12). More recently, OxPL were found involved in the host 
defense against Mycobacterium leprae in humans, which further 
underscores the critical crosstalk between innate immunity and 
lipid metabolism (13).

Phagocytosis of pathogens is a major defense mechanism pro-
vided by macrophages and neutrophils. Local control of bacterial 
replication is a prerequisite to preventing systemic spread and 

sepsis (14–16). Mechanistically, phagocytosis is a complex pro-
cess employing a plethora of receptors and pathways that culmi-
nates in the modulation of the actin cytoskeleton (17). Here, we 
investigated the mechanism of action underlying the detrimental 
effects of OxPL during E. coli peritonitis. We found that OxPL 
induce alterations in actin polymerization, which resulted in 
spreading of peritoneal macrophages and concomitantly dimin-
ished uptake of E. coli. Biochemical and gene silencing studies 
revealed that an anchored pool of PKA mediated these effects. 
The specificity of PKA activity was provided by the Wiskott-
Aldrich syndrome protein (WASP) family verprolin-homologous 
protein 1 (WAVE1), a protein that controls actin polymerization 
via the Arp2/3 complex (18). In contrast to all other WASP fam-
ily members, WAVE1 is predominantly known as an A-kinase 
anchoring protein (AKAP) that contributes to the specificity of 
PKA by tethering it to Arp2/3 (19). Only recently, WAVE1 was 
found expressed in bone marrow–derived macrophages, but its 
function there remained unknown (20).

Results
OxPL as generated during E. coli peritonitis inhibit phagocytosis and 
induce a cell spread in peritoneal macrophages. We have shown that 
administration of OxPL impaired survival during E. coli peritoni-
tis by inhibiting phagocytosis of the bacteria (12). Further inves-
tigation of this phenomenon has uncovered a role for endog-
enously produced OxPL as biologically relevant modulators of  
E. coli infections during peritonitis. Levels of OxPL in the perito-
neal lavage fluid (PLF) were significantly increased after infection 
with E. coli when compared with samples from healthy mice, as 
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measured with a monoclonal antibody that recognizes the phos-
phocholine headgroup of OxPL (Figure 1A and ref. 21). Quan-
tification of OxPL generated during E. coli peritonitis in vivo as 
compared with OxPL levels in cell supernatants following exog-
enous administration of OxPL in vitro demonstrated compara-
ble amounts (Figure 1A). More detailed analyses demonstrated 
that these equivalent amounts of OxPL (Figure 1A) reduced the 
uptake of bacteria by peritoneal macrophages in a dose-depen-
dent manner (Figure 1, B and C). Consequently, administration 
of OxPL led to enhanced bacterial loads in the peritoneal cav-
ity (Figure 1D). Control experiments confirmed that delivery of 
native phospholipids did not have this effect (Figure 1D).

The changes in cell shape associated with phagocytosis require 
the active remodeling of actin (22). Delivery of OxPL also affects 
actin polymerization (23). Further support for this notion was 
provided by fluorescent imaging of RAW 264.7 macrophages 
showing that treatment with OxPL induced cell spreading, which 
is a hallmark of actin reorganization (Figure 1E). This phenom-
enon was not observed in control experiments in which RAW 

264.7 macrophages were treated with unoxidized phospholipids 
or cytochalasin D, a chemical inhibitor of actin polymerization 
(Figure 1E). Quantification of cell perimeter and area using Cell-
Profiler cell image analysis software confirmed that OxPL treat-
ment induced spreading of cells (Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
JCI60681DS1). Related studies have suggested that this proceeds 
through a pathway where CD36 is a receptor for OxPL (24, 25). 
More detailed analyses attempted to assess the contribution of the 
CD36 scavenger receptor in mediating these OxPL effects. Inter-
estingly, we could not discern a role for CD36 in OxPL-mediated 
cell spreading when experiments were performed in CD36 mutant 
oblivious (CD36obl) peritoneal macrophages, which harbor a non-
functional scavenger receptor (Supplemental Figure 2A). Further 
analyses in these cells demonstrated that although the absence 
of functional CD36 affected phagocytosis of E. coli when com-
pared with WT macrophages, this process is still suppressed in 
the presence of OxPL (Supplemental Figure 2B). A number of 
other receptors have been described to be important in OxPL-

Figure 1
Oxidation of lipids occurs in E. coli peritonitis in vivo and leads to an actin-dependent change in cell shape in vitro. (A) Endogenous levels of 
oxidized phosphatidylcholine were measured in PLF of mice infected with E. coli after 8 or 16 hours, respectively, compared with supernatants 
of RAW 264.7 cells after adding 5 or 10 μg/ml of OxPAPC, respectively. Co, control. (B) RAW 267.4 cells were incubated with indicated doses of 
OxPAPC or DMPC for 15 minutes, and phagocytosis of E. coli was assessed after 60 and 120 minutes (triplicates, representative of 3 indepen-
dent experiments). (C) FACS histogram showing uptake of FITC-labeled E. coli by resident peritoneal macrophages pretreated with 10 μg/ml of 
OxPAPC or DMPC after 60 minutes. (D) Mice (n = 8/group) were infected with 104 CFU E. coli i.p. and treated with 2.5 mg/kg DMPC or OxPAPC 
i.p. Peritoneal CFU counts were enumerated 10 hours after infection. Data (A–D) are presented as mean ± SEM; *P < 0.05; **P < 0.01 versus con-
trols. ***P < 0.001. (E) RAW 264.7 cells were incubated with carrier, DMPC, or OxPAPC (10 μg/ml; 30 minutes) alone or following incubation with 
2 μM cytochalasin D (30 minutes). Cells were subsequently stained for F-actin using phalloidin (green) and PI for nuclei (red). Scale bar: 30 μm.
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Figure 2
PKA activation mediates OxPAPC-associated cell spread and 
inhibition of phagocytosis. (A–C) RAW 264.7 cells were treated 
with carrier, DMPC, or OxPAPC (10 μg/ml, 30 minutes in A;  
5 μg/m, 15 minutes in B and C) alone or following preincubation 
with H89 (10 μM) or PKA amide14–22 (20 μM) (30 minutes). (A) 
Cells were subsequently stained for F-actin (phalloidin; green) 
and PI (red). (B and C) Uptake of FITC-labeled E. coli was evalu-
ated after 60 minutes and is expressed relative to carrier. (D) 
RAW 264.7 cells were transfected with shRNA to the α-isoform 
of PKAc, and silencing was verified by Western blot. (E and F) 
Control (vector or scrambled control) and shRNA-transfected 
cells were preincubated with carrier, DMPC, or OxPAPC (5 μg/ml,  
15 minutes in E; 10 μg/ml, 30 minutes in F). (E) Phagocytosis 
of FITC-labeled E. coli was examined after 60 minutes and is 
expressed relative to carrier. (F) Cells were stained with phal-
loidin–Alexa Fluor 488 (green) and PI (red). Representative 
images of 3 independent experiments are shown. (G) RAW 
264.7 cells were incubated with DMPC or OxPAPC at 10 μg/ml, 
forskolin (100 μM), or carrier for 15 minutes. PKA activity was 
measured as described in Methods. Arrow indicates activated 
PKA (lower band); “positive” and “negative” indicate assay con-
trol. Data are mean ± SEM of triplicates and representative of 
3 independent experiments; *P < 0.05; **P < 0.01; ***P < 0.001 
versus corresponding carrier. Original magnification, ×800.
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mediated effects, such as the platelet-activating factor receptor 
(PAFR) and the prostaglandin E2 (EP2) receptor (26, 27). How-
ever, chemical inhibition of these receptors was neither able to 
abrogate OxPL-mediated spreading nor the inhibition of phago-
cytosis, suggesting that in our cell type and system, neither CD36 
(Supplemental Figure 2) nor PAFR or EP2 receptor plays any role 
(data not shown). To exclude the possibility of toxic effects exert-
ed by OxPL, we performed phagocytosis experiments in which 
phospholipids were removed after preincubation, but prior to 
addition of bacteria. These experiments showed that the inhibi-
tory effects of OxPL were fully reversible over time (Supplemental 
Figure 3). Consistent with previous observations, this reversal was 
slow, suggesting that OxPL could affect cell-associated factors, 
including lipid raft or caveolae organization as described (28–30). 
Collectively, our data argue against toxic effects or competition 
for receptors shared between E. coli and OxPL. Rather, they imply 
that downstream signaling events account for OxPL-mediated 
effects on phagocytosis and cell spreading.

Cell spreading via specific PKA activation by OxPL inhibits phagocy-
tosis. Next, we focused on assessing the relative contributions of 
phosphoinositide and cAMP-dependent signaling pathways in the 
control of OxPL-mediated phagocytosis and cell spreading. Acti-
vation of PI3K and the concomitant mobilization of Rho family 
small GTPases have been implicated in actin-remodeling events in 
macrophages (17, 23, 31). However, treatment with pharmacologi-
cal agents that target PI3K (wortmannin at 50 nM and LY294002 
at 10 μM) and Rho GTPases (Rho kinase inhibitor Y27632 at 10 
μM and clostridium toxin B at 100 ng/ml, which inactivates Rho, 
Rac, and Cdc42) had no effect on OxPL action in macrophages 
(Supplemental Figure 4 and data not shown). Mobilization of 
cAMP-responsive events is known to suppress receptor-mediated 
phagocytosis in macrophages (32). Accordingly, pretreatment 
with pharmacological inhibitors of PKA, including H89 and PKA 
amide14–22 (33, 34), abolished OxPL-induced actin spread (Figure 
2A) and completely abrogated the inhibition of phagocytosis (Fig-
ure 2, B and C). However, H89 did increase baseline phagocytosis 

Figure 3
OxPL-induced inhibition of phagocytosis requires anchoring of PKA in vivo and in vitro. (A) RAW 264.7 cells were incubated with carrier, DMPC, 
or OxPAPC (10 μg/ml) alone or after treatment with 100 μM Ht-31 (30 minutes) and stained with phalloidin (green) and PI (red). Original mag-
nification, ×800. (B) RAW 264.7 cells were treated with carrier or phospholipids (5 μg/ml; 15 minutes) alone or after preincubation with Ht-31  
(100 μM) for 30 minutes. Phagocytosis of FITC-labeled E. coli was analyzed using FACS after 60 minutes. Uptake is expressed relative to carrier.  
**P < 0.01. Data show mean ± SEM of triplicates and are representative of 3 independent experiments. (C) Mice received carrier or 2.5 mg/kg 
OxPAPC i.p. and/or 100 μM of Ht-31 immediately before infection with 104 CFU E. coli. At 10 hours after infection, PLF was harvested and bacterial 
CFUs enumerated. Data are mean ± SEM of 2 independent experiments from n = 7–9 mice/group; **P < 0.01 versus carrier. (D) Mice received 
2.5 mg/kg DMPC or OxPAPC i.p. followed by i.p. injection of vehicle or Ht-31 (OxPAPC–Ht-31), after which they were infected with 104 CFU  
E. coli. Survival was monitored every 2 hours; n = 12 mice/group. P values indicate differences between OxPAPC versus DMPC or OxPAPC 
versus OxPAPC-Ht-31, respectively.
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of the dimyristoyl-phosphatodyl-choline (DMPC) control. This 
nonspecific effect was lower for PKA amide14–22, a more specific 
inhibitor of PKA than H89, which binds to the catalytic subunit 
of PKA in the nanomolar range (refs. 35–37 and Figure 2, B versus 

C). More definitive results were obtained with gene silencing of 
the α-isoform of the catalytic subunit of PKA using shRNA, which 
successfully reversed OxPL-associated inhibition of phagocytosis 
and reduced OxPL-induced spreading (Figure 2, D–F). These find-

Figure 4
The AKAP WAVE1 mediates OxPL inhibition of phagocytosis in peritoneal macrophages. AKAP-Lbc (150 bp), Wave1 (116 bp), and Gravin (136 bp) 
mRNA expression in (A) RAW 264.7 or (B) primary peritoneal macrophages; GAPDH (372 bp). (C) Western blot verifying silencing of Wave1 (82 
kD) in RAW 264.7 cells; β-actin control (37 kD). (D) Scrambled control and shRNA (targeting Wave1) cells incubated with carrier, DMPC, or OxPAPC 
(10 μg/ml) and stained with phalloidin (green) and PI for nuclei (red). Original magnification, ×800. (E) Phagocytosis of E. coli (60 minutes) assayed 
in scrambled control and shRNA-Wave1 cells preincubated with carrier, DMPC, or OxPAPC (5 μg/ml). Data depicted are mean ± SEM of triplicates, 
*P < 0.05 versus corresponding carrier/DMPC. (F) mRNA expression and (G) Western blot for Wave1 in WT and Wave1–/– primary peritoneal mac-
rophages (WAVE1 82 kD; β-actin 39 kD). (H) Primary peritoneal macrophages of WT and Wave1–/– mice incubated with carrier, DMPC, or OxPAPC 
(10 μg/ml) and stained with phalloidin (green) and PI (red). (I) Phagocytosis of FITC-labeled E. coli (60 minutes) by WT and Wave1–/– peritoneal 
macrophages analyzed after prior incubation with DMPC or OxPAPC (5 μg/ml). Data are mean ± SEM of triplicates of 2 independent experiments; 
**P < 0.01 versus corresponding DMPC.
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ings led us to hypothesize that OxPL itself activates PKA. Indeed, 
incubation with OxPL but not native phospholipids (DMPC) 
increased PKA activity (Figure 2G). Of note, we observed that 
forskolin that activates PKA via cAMP was not able to mimic the 
antiphagocytic effects of OxPL (Supplemental Figure 5), strongly 
suggesting that although PKA’s catalytic activity was necessary for 
OxPL-mediated effects and that OxPL can induce PKA phosphor-
ylation, the localization of PKA is essential for OxPL-mediated 
effects. Taken together, these results allow us to demonstrate that 
OxPL activates PKA, which in turn propagates cellular events asso-
ciated with actin spread and inhibition of phagocytosis.

AKAP inhibition prevents detrimental effects of OxPAPC in vitro and 
in vivo. It is widely acknowledged that PKA phosphorylation 
events control a plethora of processes and that the specificity of 
this kinase in different cellular compartments is directed through 
interaction with AKAPs (38, 39). To investigate whether PKA-
AKAP interaction is required for OxPL-induced effects, we exploit-
ed a cell-permeable AKAP-inhibitory peptide (stearated Ht-31) 
that blocks association of the regulatory subunit RII of PKA with 
AKAPs (40). Preincubating macrophages with Ht-31 abrogated the 
change in cell shape caused by OxPL (Figure 3A) and concomitant-
ly prevented OxPL-associated inhibition of phagocytosis (Figure 
3B). Notably, administration of Ht-31 together with OxPL at the 
onset of E. coli peritonitis in mice prevented the increase in bacte-
rial loads caused by OxPL in vivo (Figure 3C). Survival analysis 
corroborated these findings, as disruption of PKA anchoring with 
Ht-31 peptide was able to reverse the detrimental effects of OxPL 
during E. coli peritonitis in vivo (Figure 3D). These data strongly 
suggest that AKAP interactions contribute to OxPL-induced PKA 
activation, resulting in diminished phagocytosis of bacteria.

WAVE1 mediates antiphagocytic properties of OxPL in vitro. Among 
the 50 AKAPs discovered thus far, only Gravin, AKAP-Lbc, and 
WAVE1 are thought to interface with the actin cytoskeleton (38). 
However, only AKAP-Lbc and WAVE1 are expressed in RAW 264.7 
cells and primary peritoneal macrophages (Figure 4, A and B, and 
Supplemental Figure 6). shRNA-mediated gene-silencing tech-
niques revealed that knockdown of WAVE1 suppressed OxPL-
associated actin spread and inhibition of phagocytosis (Figure 4, 
C–E). In contrast, gene silencing of AKAP-Lbc had no effect (data 
not shown). Given that WAVE1 shRNA also resulted in a decrease 
in baseline phagocytosis (Figure 4E), more definitive support for 
this concept was provided when similar experiments were per-
formed in primary peritoneal macrophages isolated from Wave1–/– 

mice (Figure 4, F–H, and ref. 41). Wave1–/– macrophages exhibited 
neither cell spreading nor impaired bacterial uptake upon OxPL 
treatment (Figure 4, H and I). These results imply that a pool of 
PKA associated with WAVE1 modulates cell spreading and inhibi-
tion of phagocytosis in macrophages.

Knock out of Wave1 prevents detrimental effects of OxPL in E. coli peri-
tonitis. We then evaluated the role of WAVE1 during E. coli perito-
nitis in vivo. To exclude the potential influence of the altered size 
of Wave1–/– mice (41), we generated chimeric mice on a C57BL/6 
background. For this we administered bone marrow of Wave1–/– or 
WT littermates to lethally irradiated C57BL/6 mice and ensured 
complete reconstitution with Wave1–/– donor peritoneal macro-
phages after 9 weeks (Supplemental Figure 7 and ref. 42). Follow-
ing i.p. injection of either DMPC or OxPL, we infected mice with  
E. coli i.p. and examined their ability to contain bacterial dissemi-
nation. OxPL treatment led to enhanced bacterial outgrowth in 
mice that received WT bone marrow (Figure 5, A–C). In contrast, 
chimeric mice with Wave1–/– peritoneal macrophages appeared 
resistant to the effects of OxPL (Figure 5, A–C). The CFU count in 
PLF, liver, and blood was similar to the values measured in control 
mice that received unoxidized lipids. Moreover, Wave1–/– macro-
phages seemed resistant to the OxPL-associated impairment of 
survival during E. coli peritonitis (Figure 5D). Collectively, these 
data confirm that WAVE1 mediates the inhibition of phagocytosis 
caused by OxPL in vitro and in vivo.

Endogenously generated OxPL inhibit phagocytosis in a WAVE1-depen-
dent manner. To finally study the potential clinical implication, we 
investigated the direct impact of endogenously generated OxPL 
on bacterial phagocytosis. We searched for conditions of chron-
ic inflammation with access to body fluids. We chose to collect 
peritoneal dialysis fluid (PDF) from patients with renal failure, 
as we anticipated this to contain enhanced levels of OxPL due to 
impaired antioxidant defense mechanisms, increased oxidative 
stress (43–45), and the risk for recurrent bacterial peritonitis and 
sepsis (46, 47), symptomatic for this group of patients. There-
fore we studied PDF for the presence and activity of OxPL. OxPL 
could be detected in PDF from peritoneal dialysis patients (Fig-
ure 6A). Incubation of primary murine peritoneal macrophages 
with human PDF per se did not influence bacterial phagocytosis. 
However, upon removal of antibodies via protein G beads or heat 
inactivation (data not shown), human PDF particularly inhibited 
phagocytosis (Figure 6B and Supplemental Figure 8A), suggesting 
that contaminating proteins and antibodies compensated for the 

Figure 5
Chimeric Wave1-KO mice are rendered unresponsive to OxPL. (A–D) WT mice reconstituted with WT or Wave1–/– bone marrow were treated with 
DMPC or OxPAPC (2.5 mg/kg) i.p. and infected with 104–5 CFU E. coli i.p. (A) Peritoneal, (B) liver, and (C) blood CFU counts were enumerated 
10 hours after infection, and (D) survival was monitored every 2 hours. Data are from n = 9–12 mice/group and are presented as mean ± SEM; 
*P < 0.05 versus corresponding DMPC control.
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inhibitory effects of OxPL. Further confirmation that antibodies 
masked the antiphagocytic effects of OxPL was obtained by show-
ing that PLF from Ldlr/Rag-DKO mice that contained elevated 
OxPL levels upon a high-fat diet (data not shown) but lacked 
antibodies due to the absence of B cells inhibited bacterial phago-
cytosis (Figure 6C). This inhibitory effect of PLF was abolished 
in the presence of H89 (not shown) or Ht-31 (Figure 6C). Ldlr/
Rag-DKO mice not only lack IgG but also IgM. EO6 is a prototypic 
natural IgM antibody that specifically recognizes the phospho-
choline head group of OxPL and was shown earlier to neutralize 
OxPL-mediated effects (21, 48, 49). We show here that EO6 was 
also able to reverse the OxPL-mediated inhibition of phagocyto-
sis (Figure 6D). Strengthening the biological role of lipids such as 
OxPL in human PDF, we discovered that only the lipid phase of 
chloroform-extracted PDF potently inhibited phagocytosis (Fig-
ure 6E), whereas lipid removal from Ig-depleted PDF with charcoal 
reversed the inhibitory effect (data not shown). In line with Fig-
ure 6D, neutralization of OxPL by treatment with EO6 antibod-
ies reversed the inhibitory effect on phagocytosis by Ig-depleted 
human PDF (Figure 6F). Last but not least, inhibition of phago-
cytosis by Ig-depleted human PDF was reversed in the absence of 

WAVE1 (Figure 6G and Supplemental Figure 8B). In concert, these 
data illustrate that WAVE1 mediates inhibition of phagocytosis 
by endogenously generated OxPL that can be detected in clinical 
specimens such as PDF.

Discussion
In this study, we investigated the mechanism by which OxPL affect 
phagocytosis during E. coli peritonitis. We have discovered what 
we believe is a previously unrecognized role of the cytoskeletal-
associated AKAP WAVE1 in macrophages.

WAVE1 belongs to the WASP family, which controls actin poly-
merization via the Arp2/3 complex (18). In contrast with other 
WASP family members, WAVE1 also functions to anchor PKA and 
the Abl tyrosine kinase at sites of actin reorganization (19). So far, 
the majority of WAVE1 action has been studied in the brain. Wave1–/–  
mice exhibit altered synaptic transmission, depleted neuronal 
migration, behavioral deficits, and reduced viability (41, 50). These 
electrophysiological and behavioral deficits have been traced back to 
abnormalities in dynamic actin polymerization and dendritic spine 
morphology (51). We have now uncovered an unanticipated role 
for WAVE1 and PKA in innate immunity. Three lines of evidence 

Figure 6
OxPL in human PDF inhibit phagocytosis in the presence of WAVE1. (A) Levels of oxidized phosphocholine were measured using the EO6 mAb 
or an isotype control in PDF from 2 patients undergoing peritoneal dialysis. (B) Murine primary peritoneal macrophages were incubated for 15 
minutes with PDF of 1 representative patient (patient A), and phagocytosis of E. coli after 60 minutes was assessed by FACS. Ig depletion was 
done with protein G beads. (C) PLF from Ldlr–/–Rag–/– mice on normal diet (ND) or high-fat diet (HFD) was placed on primary peritoneal mac-
rophages in the presence or absence of Ht-31 (100 μM) and phagocytosis of E. coli after 60 minutes. (D) RAW 264.7 macrophages were either 
preincubated with EO6 antibody or isotype control (1 μg/ml) for 1 hour, then with OxPL or DMPC (5 μg/ml) for 15 minutes. Phagocytosis of E. coli 
was assessed after 60 minutes by FACS. Control assays were done in RPMI. (E) PDF of patient A was subjected to chloroform extraction, and the 
resultant water or lipid fraction was added to RAW 264.7 cells 15 minutes prior to addition of E. coli. Phagocytosis was assayed after 60 minutes 
by FACS. Control assays were done in RPMI. (F) RAW 264.7 macrophages were incubated for 15 minutes with IgG-depleted PDF that had been 
pretreated with either EO6 or isotype control antibody (10 μg/ml) for 1 hour, and phagocytosis of E. coli after 60 minutes was assessed by FACS. 
(G) WT and Wave1–/– primary peritoneal macrophages were incubated with Ig-depleted PDF from patient A, and phagocytosis of E. coli was deter-
mined was analyzed. Data are mean ± SEM of at least duplicate experiments; *P < 0.05; **P < 0.01; ***P < 0.001 versus corresponding control.
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support this claim: (a) inhibition of PKA and disruption of PKA 
anchoring suppress OxPL-induced cell spreading and phagocytosis 
(Figures 2 and 3); (b) WAVE1 was recently found to be expressed in 
bone marrow–derived macrophages (20); and (c) gene silencing of 
WAVE1 or ablation of this AKAP gene in peritoneal macrophages 
protect against OxPL challenge in situ and in vivo (Figures 4–6).

We were able to corroborate previously described findings by 
making use of biological samples that contained endogenously 
enhanced levels of OxPL. Elevated levels of OxPL present in PDF 
from patients with renal failure undergoing peritoneal dialysis or 
in PLF from Ldlr/Rag-DKO mice on a high-fat diet diminished bac-
terial phagocytosis. In either case, disruption of PKA anchorage by 
administration of Ht-31 or WAVE1 deficiency proved sufficient to 
restore phagocytosis (Figure 6 and Supplemental Figure 8).

Several clinical conditions, such as end-stage renal failure, cardio-
vascular disease, and type 2 diabetes, are characterized by chronic 
inflammation and an increased risk for severe bacterial infection 
(47, 52–54). The reason for this enhanced susceptibility to bacterial 
infections is not well understood (53). Recent reports emphasized 
the tremendously enhanced risk of death from sepsis and infec-
tions in patients with renal failure, with mortality from sepsis being 
50 times higher in patients on dialysis as compared with the general 
population (47, 55). We hypothesized that in these patients, chron-
ic inflammation and the resulting generation of oxidation prod-
ucts such as OxPL might importantly contribute to impaired host 
defense by inhibiting phagocytosis of bacteria. To address this idea 
we selected end-stage renal failure patients undergoing peritoneal 
dialysis, since oxidative modifications in PDF and altered phago-
cytosis in the peritoneal compartment were observed earlier (44, 
45, 56, 57). Our investigations clearly enabled us to demonstrate a 
role for OxPL in inhibiting phagocytosis in these patients (Figure 6) 
and furthermore allowed us to demonstrate the importance of the 
AKAP WAVE1 herein. Of note, the presence of endogenous anti-
bodies and possibly other serum components partly masked the 
effects of endogenous OxPL in PDF. The importance of antibod-
ies and complement in facilitating phagocytosis is well established 
(17) and explains that IgG-depleted PDF (Figure 6, B and E) or PLF 
from antibody-deficient Ldlr/Rag-DKO (Figure 6C) mice unleashed 
the pronounced effect of OxPL on phagocytosis. In line with this, 
higher incidences of bacterial peritonitis were reported in children 
on peritoneal dialysis with reduced antibody levels (58).

While IgG directly augments phagocytosis via opsonization of 
bacteria, serum components such as C-reactive protein and natu-
ral antibodies are able to bind and specifically neutralize the bio-
logical effects of OxPL (37, 38). We confirm the neutralizing role 
of natural antibodies, since the natural IgM antibody EO6 that 
recognizes and blocks the phosphocholine residue of OxPL was 
sufficient to abolish the antiphagocytic effects of OxPL (Figure 
6D) as well as Ig-depleted human PDF (Figure 6F). These data not 
only reveal that EO6 prevents the antiphagocytic effects of OxPL 
but furthermore provide some evidence as to the active compo-
nent in oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phos-
phorylcholine (OxPAPC), since the biological activities of POVPC, 
PEIPC, and PECPC, but not PGPC, have been shown earlier to be 
particularly neutralized by this antibody (59, 60).

During acute infections, host defense mechanisms are pri-
marily aimed at establishing a highly phagocytic milieu, which 
might be the reason why we did not observe a more pronounced, 
although still significant, effect of OxPL in this murine sepsis 
model. Given the protective mechanisms outlined above, we 

deem it still remarkable that WAVE1 deficiency was sufficient 
to protect against the detrimental effects of these DAMPs. We 
also performed cecal ligation and puncture (CLP) experiments, 
but could not observe any effect of OxPL and therefore also not 
WAVE1 in this model (data not shown). This indirectly confirms 
that OxPL predominantly affect phagocytosis because phago-
cytosis of bacteria is not that essential after CLP due to abscess 
formations around the cecum with containment of bacteria 
(61). As such, it is known that the lack of antibodies is not asso-
ciated with an altered outcome from CLP (62), whereas Rag-defi-
cient mice with E. coli peritonitis suffer from impaired bacterial 
clearance and worsened survival (63).

Collectively, these findings not only underscore the advantages 
of PKA anchoring as a means to enhance the selectivity of cAMP-
responsive events, but also unearth an additional role for the 
WAVE1 signaling complex. We are the first, to our knowledge, 
to describe the function of WAVE1 in macrophages and a role 
for WAVE1 in innate immunity. However, it is important to note 
that WAVE1 affected phagocytosis only in the presence of OxPL, 
thus indicating a requirement for oxidative stress as seen dur-
ing serious inflammatory diseases or infections. Although the 
precise contribution of OxPL in the E. coli peritonitis model and 
in patients with renal failure discussed in this report is not yet 
fully understood, an important implication of this study is that 
diminished bacterial clearance is attenuated by interfering with a 
WAVE1-associated pool of PKA.

The lack of effective therapies to combat sepsis (64) and the 
enhanced risk for bacterial infections in patients with chronic 
inflammatory diseases makes it tempting to speculate that target-
ing OxPL’s negative impact on bacterial phagocytosis by WAVE1 
inhibitors might prove to be a promising future direction for ther-
apeutic intervention.

Methods
Phospholipids. PAPC and DMPC were obtained from Sigma-Aldrich. DMPC 
was used as control lipid, as it lacks unsaturated fatty acids and thus can-
not be oxidized. OxPAPC was generated by air oxidation (11) and the extent 
of oxidation confirmed by electrospray ionization–mass spectrometry (42). 
Only preparations showing a reproducible pattern of lipid oxidation prod-
ucts were used, and after testing for biological activity and exclusion of LPS 
contamination using the Limulus assay.

Phagocytosis assays. Phagocytosis assays were performed as described pre-
viously (12). Briefly, RAW 264.7 cells or primary resident peritoneal mac-
rophages were plated at 0.5 × 106/ml in 12-well microtiter plates (Greiner) 
and allowed to adhere overnight. After washing steps, RPMI was added 
to wells, and macrophages were incubated for 15 minutes with OxPAPC, 
DMPC (5 μg/ml, unless otherwise indicated), or saline (control). In select-
ed experiments, cells were preincubated for 15 minutes with PDF from 
patients. Subsequently, FITC-labeled heat-killed E. coli (O18:K1) at a MOI 
of 100 was added for 1 hour at 37°C or 4°C, respectively. To remove adher-
ent but not internalized bacteria, cells were treated with proteinase K at 
50 μg/ml for 15 minutes at room temperature. Immediately thereafter, 
cells were placed on ice, washed, and analyzed using a FACScan (BD). The 
phagocytosis index of each sample was calculated as follows: (mean fluo-
rescence × percentage of positive cells at 37°C) minus (mean fluorescence 
× percentage of positive cells at 4°C). Pretreatment with pharmacological 
inhibitors was performed as indicated.

Mice. Pathogen-free C57BL/6 mice were purchased from Charles River. 
CD36obl C57BL/6 mice were provided by Bruce Beutler via the Mutant 
Mouse Regional Resource Centers (MMRC) (65). Wave1–/– mice were gener-
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into the pipeline and identify primary objects (nuclei) using the Otsu 
Adaptative method with 2-class thresholding (threshold range 0.1–1),  
minimized weighted variance, and shape method to distinguish 
clumped objects; (b) identify secondary objects (cytoplasm), based on 
the previously identified primary objects (nuclei), using the propa-
gation method with 2-class Otsu global thresholding (automatically 
calculated threshold range) and minimized weighted variance; and (c) 
generate tables containing cell counts, area, form factor, and perim-
eter measurements. Primary objects detected at the image border were 
excluded from the analysis.

PKA kinase assay. PKA kinase assay (PepTag; Promega) was performed 
according to the manufacturer’s instructions. Brief ly, RAW 264.7 
cells were plated at a density of 1 × 107, treated as indicated, and then 
scratched off in PKA extraction buffer, homogenized using a 25-gauge 
needle, and centrifuged for 5 minutes at 20,000 g. Controls and sample 
reaction were prepared according to the manufacturer′s instructions. 
After adjustment of protein contents, equal amounts were loaded on a 
0.8% agarose gel, and chemiluminescence was recorded with a Bio-Rad 
UV-transilluminator.

Generation of PKAc and WAVE1 shRNA cell lines. PKAc and WAVE1 gene 
silencing was carried out by designing short hairpins using the siRNA 
target designer (Promega,) to nucleotide regions 930-948 (PKAc; Gen-
Bank NM_008854) and 219-237 (WAVE1; GenBank NM_031877). 
As a control, scrambled nucleotide sequences comprising the shRNA 
to each transcript were used (Supplemental Table 1). Nucleotides 
were annealed and ligated into the PstI site of the psiSTRIKE vector 
(Promega), and plasmids were transformed into competent DH5-α 
cells. Purified recombinant DNA (Promega Maxiprep kit) (2 μg) was 
transfected into 2 × 106 RAW 264.7 cells using the Amaxa Cell Line Kit 
V (Amaxa). Transfected cells were selected with 7 μg/ml puromycin and 
stable cell lines generated.

Western blotting. Macrophages were washed and lysed as described (68), 
and 25 μg of supernatant was separated by electrophoresis on a 10% 
SDS polyacrylamide gel. Following electrophoresis, the gels were trans-
ferred to PVDF membranes. Antibodies specific for PKAcα (Santa Cruz 
Biotechnology Inc.) and WAVE1 (Sigma-Aldrich) were used at a dilution 
of 1:1000 and β-actin antibody (Sigma-Aldrich) at 1:500. Immunoreac-
tive proteins were detected by the enhanced chemiluminescent protocol 
(GE Healthcare).

Evaluation of mRNA expression in peritoneal macrophages. QIAGEN’s RNEasy 
kit was used for RNA extraction, which included a DNase step, and cDNA 
was converted using the Superscript III first-strand synthesis system as 
described by the supplier (Invitrogen). RT-PCR was conducted accord-
ing to the LightCycler FastStart DNA MasterPLUS SYBR Green I system 
using the Roche Light Cycler II sequence detector (Roche Applied Science). 
Sequences are listed in Supplemental Table 2.

Harvest and handling of PDF. In patients undergoing automated peritoneal 
dialysis, effluent samples were taken from a single long dwell performed 
with a conventional icodextrin-containing peritoneal dialysis solution 
(Extraneal; Baxter Healthcare). Dwell time was at least 14 hours. Informed 
consent was obtained from peritoneal dialysis patients before collection of 
effluent samples. PDF from these patients was depleted of IgG by repeti-
tive incubation of 5 ml PDF with 300 μl protein G sepharose beads (GE 
Healthcare). Lipids were extracted by separating the PDF into 2 phases 
using chloroform/methanol, a method previously used to extract plasma 
lipids (www.cyberlipid.org/extract/extr0006.htm#6). Briefly, 3.75 ml of  
0.5 M KH2PO4 was added to 2.5 ml of PDF, followed by 18.75 ml of chloro-
form and 6.25 ml of methanol. This mix was then vortexed for 2 minutes 
and centrifuged at 440 g for 5 minutes to separate the upper aqueous phase 
from the lower lipid phase.

ated as described (41) and backcrossed 10 times to a C57BL/6 background. 
Ldlr–/– were crossed with Rag–/– mice (Jackson), and backcrossed 10 times 
to a C57BL/6 background to generate Ldlr–/–Rag–/– mice. Male Ldlr–/–Rag–/– 
mice housed under specific pathogen–free conditions were fed on a regular 
chow diet for 8–10 weeks and then switched to an atherogenic diet contain-
ing 21% fat and 0.2% cholesterol (TD88137; Ssniff Spezialdiäten GmbH) 
for an additional 8–10 weeks.

Induction of peritonitis, enumeration of bacteria, and monitoring of survival. 
Peritonitis was induced by i.p. injection of 200 μl saline containing 104 
to 105 CFUs E. coli 018:K1 that were harvested at mid-log phase (12). 
OxPAPC or DMPC (both at 2.5 mg/kg) were administered i.p. imme-
diately before bacterial infection. 100 μM St-Ht-31 (Promega) was 
injected i.p. immediately before administering lipids and bacteria. In 
survival studies, 12 mice/group were inoculated with E. coli, and mor-
tality was assessed every 2 hours. For quantification of bacteria, PLF 
and organs were harvested 10 hours after infection and processed for 
bacterial quantification as described (12).

Measurement of oxidized lipids. To prevent oxidation, all samples 
(human and mouse) were supplemented with butylated hydroxytoluene 
(0.01%) and diethylene triamine pentaacetic acid (DTPA) immediately 
after collection, purged with nitrogen, and stored in aliquots at –70°C. 
PLF and PDF samples were adjusted to 100 μg/ml protein concentra-
tion in PBS containing 0.27 mM EDTA and applied to 96-well Micro-
Fluor microtiter plates (ThermoLabsystems) for overnight incubation 
at 4°C (7). Samples were then incubated with isotype control Ab or 
EO6 (provided by J. L. Witztum, UCSD, San Diego, California, USA) 
for 2 hours at room temperature, followed by a goat-anti-mouse IgM-
AP–labeled secondary antibody (at 1:35,000; Sigma-Aldrich). For devel-
opment, 25 μl of 33% LumiPhos Plus solution (Lumigen) were added 
and light emissions were measured as RLU on a WALLAC VIKTOR II 
luminometer (PerkinElmer).

Bone marrow transplantation. Recipient C57BL/6 bone marrow was 
ablated with a single dose of radiation (9 Gy) using a Cobalt 60 irra-
diator (MDS Nordion) followed by injection of 2 × 106 C57BL/6 or 
Wave1–/– bone marrow cells via the retroorbital sinus as described (66). 
To verify lethal irradiation, 1 mouse from each group (WT or Wave1–/– 
recipients) did not receive bone marrow and was followed over approxi-
mately 10 days, after which all of them succumbed. After 9 weeks, suc-
cessful reconstitution of donor peritoneal macrophages was verified by 
checking for WAVE1 transcripts in freshly isolated peritoneal macro-
phages of n = 3 mice/group.

Confocal microscopy. Cytoskeletal staining was performed with Alexa 
Fluor 488–labeled phalloidin (Invitrogen). Blocking of unspecific back-
ground was done with PBS/1% BSA for 30 minutes. Propidium iodide 
(PI) (Sigma-Aldrich) in the presence of 0.1% Triton X-100 was used 
for nuclear staining. Cells were visualized using a LSM 510 Confocal 
Laserscanning microscope (Zeiss) with a 488 nm and 543 nm excita-
tion line. Incubations with carrier, DMPC, or OxPAPC (10 μg/ml) were 
performed for 30 minutes; pretreatment with cytochalasin D, H89, PKA 
inhibitor amide14–22 (Calbiochem), and Ht-31 (Promega) was performed 
as indicated. Slides were mounted in Fluoprep (BioMerieux). Images 
were generated with a Zeiss 40 Neofluor (×40/1,30 oil) objective at 
room temperature. LSM510 Basis Software Release 3.0 (Service Pack 
3.2) was used as acquisition software. For automated cell shape analy-
sis, confocal microscopy images were generated as described above and 
4 randomly selected microscope field images were generated for each 
condition. The images were split into green and blue channels (Alexa 
Fluor 488–labeled phalloidin [Invitrogen] and DAPI [Sigma-Aldrich], 
respectively), and the CellProfiler cell image analysis software (http://
www.cellprofiler.org) (67) was programmed to (a) load single images 
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