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Alternatively activated macrophages play
an important role in host defense in the
context of a T helper type 2 (Th2) micro-
environment such as parasitic infection.
However, the role of these macrophages
during secondary challenge with Th1
pathogens is poorly defined. In this
study, thioglycollate-elicited mouse peri-
toneal macrophages were treated with
interleukin-4 (IL-4) or IL-13 in vitro and
challenged with Neisseria meningitidis.
After 8 to 12 hours of IL-4 pretreatment, the
nonopsonic phagocytic uptake of N men-

ingitidis was markedly reduced, depend-
ing on the common IL-4R� chain, but
independent of Scavenger receptor A and
macrophage receptor with collagenous
structure (MARCO), 2 known receptors
for N meningitidis. Inhibition of phagocy-
tosis extended to several other microbial
particles, zymosan, and other bacteria.
Concomitantly, IL-4 potentiated the secre-
tion of proinflammatory cytokines, after
additional bacterial stimulation, which de-
pended on the MyD88 signaling pathway.
Similar results were obtained after intra-

peritoneal stimulation of IL-4 and N men-
ingitidis in vivo. Further in vitro studies
showed a striking correlation with inhibi-
tion of Akt phosphorylation and stimula-
tion of the mitogen-activated protein ki-
nase pathway; inhibition of phagocytosis
was associated with inhibition of phago-
some formation. These findings are relevant
to host defense in mixed infections within a
Th2 microenvironment and shed light on
immunologic functions associated with al-
ternative priming and full activation of mac-
rophages. (Blood. 2010;115:353-362)

Introduction

Macrophages (M�s) play an important role in the innate and
acquired host response to intracellular and extracellular patho-
gens. They contribute to the recognition, uptake, and killing of
microorganisms and multicellular parasites, antigen presenta-
tion to T and B lymphocytes, and inflammation during both
acute and chronic infections.1 The phenotype of M�s is
markedly heterogeneous,2 with distinct signatures of gene
expression and effector functions associated with Toll-like
receptor (TLR; innate),3 interferon-� (IFN-�; classical activa-
tion)4 and interleukin-4 (IL-4)/IL-13 (alternative activation)5

pathways. Although the role of M�s in T helper type 1
(Th1)–dependent antimicrobial responses is well defined, their
functions in Th2-dependent or mixed responses remain poorly
understood. IL-4 and IL-13 have overlapping but distinct effects
on M�s, dependent on a common IL-4R�,6 with profound
changes in the expression of a range of cellular proteins and
functions broadly implicated in the regulation of inflammation
and repair.5 Most studies hitherto have focused on IL-4 as a sole
differentiating cytokine, without further TLR, Th1, or Th2
stimuli, which may be required to induce full expression of M�
effector mechanisms. It is known that IL-4 pretreatment of M�s
can potentiate lipopolysaccharide (LPS)–induced cytokine and
chemokine production.7-10 IL-4, by itself, has profound effects
on fluid phase and mannose receptor (MR)–dependent and
independent endocytosis, as well as modifying other elements of
the endocytic pathway.11-13 However, the effects of IL-4 on
phagocytosis of opsonized and unopsonized bacteria, yeasts, or

other particles are not clear,14-16 nor has the effect of phagocytic
stimuli on intracellular signaling and secretion by IL-4–treated
M�s been defined.

We have studied the effect of IL-4 pretreatment on a well-
characterized phagocytic model, nonopsonic recognition of Neisse-
ria meningitidis by the class A Scavenger receptors, SRA I/II and
macrophage receptor with collagenous structure (MARCO). N men-
ingitidis, a Gram-negative diplococcus, is an important cause of
bacterial meningitis and septic shock in humans.17 We observed a
striking reduction in the uptake of N meningitidis after IL-4
pretreatment of thioglycollate-elicited mouse peritoneal M�s
(ThioM�s), which extended to a range of particles. At the same
time, IL-4 induced a remarkable shift to enhanced secretion of
proinflammatory cytokines, after secondary microbial challenge.
These alterations in cell function occurred in parallel with a switch
in phosphorylation of key signal transducers. Our studies show that
IL-4 can prime M�s to undergo additional, microbial-induced
changes in cellular properties, relevant to host defense and
pathogenesis of infectious and immune diseases.

Methods

Animals

The mice used in this study were older than 8 weeks on a C57/BL6J background.
We used the following knockout (KO) mouse strains: SRA (SRA�/�),18 MARCO
(MARCO�/�),19 SRA/MARCO double knockout (SRA�/�/MARCO�/�),20

IL-4R� (IL-4R��/�),21 and MyD88 (MyD88�/�).22 All animals were housed
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under specific pathogen-free conditions and handled in accordance with guide-
lines issued by the United Kingdom Home Office.

Reagents

Mouse recombinant IL-4 and mouse recombinant IL-13 were obtained from
R&D Systems. PD98059 (MEK inhibitor), SB202190 (p38 inhibitor), and
wortmannin (phosphatidylinositol 3-kinase [PI3K] inhibitor) were pur-
chased from Sigma-Aldrich. Fluorescein isothiocyanate–labeled zymosan
and Rhodamine Green X (RdGnX) were obtained from Invitrogen. Bacte-
riologic plastic plates were obtained from Greiner. All the electron
microscopy supplies are from Agar Scientific.

Bacterial culture and labeling

N meningitidis serogroup B (strain MC58),23 a kind gift of Dr Richard
Moxon (Weatherall Institute of Molecular Medicine, University of Oxford),
was cultivated as described.23 For fluorescent labeling, N meningitidis was
resuspended in 70% ethanol overnight at 4°C and labeled with RdGnX
(RdGnX-N meningitidis).24 Ethanol inactivation of the intact organism
preserves ligand activity for both SR-A and TLR-4 and allows ligation of
both receptors.25

Particle uptake assay

For in vitro uptake by M�s, peritoneal cells were isolated by lavage
with ice-cold PBS from mice that had been treated intraperitoneally
4 days previously with 1 mL 4% thioglycollate broth (Sigma-Aldrich).
M�s were plated in 6-well bacteriologic plastic vessels at a density of
106 cells per well in OPTIMEM medium, with or without IL-4 or IL-13,
for 48 hours. Cells were washed with PBS and challenged with
RdGnX-N meningitides (100 bacteria/M�) for 2 hours at 37°C. After
incubation, unbound particles were removed by washing 3 times with
cold PBS. M�s were harvested with cold PBS containing 4 mg/mL
lidocaine-HCl and 10mM EDTA (PBS/EDTA/lidocaine), before fixation
with 2% paraformaldehyde (PFA). Fluorescence was determined on a
FACScan instrument (Becton Dickinson), and the results were analyzed
with FlowJo (TreeStar Inc) software. The mean fluorescence of unchal-
lenged control cells was subtracted from the mean fluorescence of each
test sample, and the average was determined. Results are representative
of at least 3 independent experiments. Statistical significance was
determined using the Student t test.

The effect of IL-4 on N meningitidis binding was determined as
described in the paragraph above, but each step was performed at 4°C.

Lysate preparation, SDS–polyacrylamide gel electrophoresis,
and Western blotting

To prepare whole-cell lysates, ThioM�s (106 cells/well) were cultivated
on bacteriologic plastic. The cells were washed with PBS and lysed with
ice-cold RIPA buffer (25mM Tris-HCl pH 7.6, 150mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS) containing 1mM PMSF
and protease inhibitor cocktail (Roche Applied Science). Twenty micro-
grams of protein were separated on a 6% SDS–polyacrylamide gel and
transferred to nitrocellulose (Amersham). The membrane was blocked in
5% milk in PBS/0.1% Tween 20 and probed overnight with primary
antibodies. After washing with PBS/Tween, blots were probed with
HRP-conjugated secondary antibody (The Jackson Laboratory) for
1 hour at room temperature. Staining was shown by chemiluminescence
(ECL protein detection system; Amersham), and bands were visualized
on Hyperfilm-ECL (Amersham). The Abs used were 2F8 (rat IgG2b
anti–mouse SRA mAb)26; ED31 (rat IgG2b anti–mouse MARCO
mAb),27 and 5D3 (rat IgG2a anti–mouse MR mAb).28 All other
antibodies were purchased from Cell Signaling.

Immunofluorescent detection of SRA, MARCO, and Dectin 1
expression by FACS

ThioM�s (106 cells/well) were cultivated on bacteriologic plastic and
stimulated for different periods with IL-4. Cells were washed 3 times

with PBS, detached with PBS/EDTA/lidocaine then incubated in
blocking buffer (PBS, 0.5% BSA, 2mM NaN3, 2mM EDTA, 5% goat
serum, 5% rabbit serum) for 30 minutes at 4°C. Cells were incubated
with primary Abs for 1 hour at 4°C in blocking buffer and washed
3 times with fluorescence-activated cell sorting (FACS) wash buffer
(PBS 0.5% BSA, 2mM NaN3, 2mM EDTA). Cells were probed with an
Alexa 488–secondary antibody (Molecular Probes) for 1 hour at 4°C in
blocking buffer and washed 3 times with FACS wash buffer. Cells were
fixed with 2% PFA, and fluorescence was analyzed on a FACScan
(Becton Dickinson), using FlowJo (TreeStar Inc) software. The primary
Abs used in this study were 2F8, ED31, and 2A11 (rat IgG2b anti–mouse
Dectin 1 mAb).29

Determination of cytokine release

ThioM�s (106 cells/ well) were plated on bacteriologic plastic, stimulated for
48 hours with IL-4, and challenged with N meningitidis (100 bacteria /M�)
for 24 hours. Supernatants were harvested, centrifuged at 8000g, and stored
at �80°C. Levels of tumor necrosis factor (TNF-�; eBioscience) and IL-6
(BD Biosciences) were determined by enzyme-linked immunoabsorbent
assay (ELISA), according to the manufacturer’s instructions. The level of
IL-12p70 was determined using the mouse FlowCytomix system (Bender
MedSystems GmbH).

Determination of in vivo uptake of N meningitidis after IL-4
treatment

C57/BL6J mice (older than 8 weeks) were injected intraperitoneally with
100 ng IL-4, 12 hours and 2 hours (injection of PBS for the control) before
challenge with 108 ethanol-killed RdGnX-N meningitidis for 2 hours. The
infiltrate was collected by lavage with PBS, and cells were fixed with
2% paraformaldehyde. Fluorescence was analyzed by flow cytometry,
using FlowJo (TreeStar Inc) software. The scatter profile and labeling with
F4-80 were used to gate M�s in the peritoneal washout.

Determination of in vivo cytokine production after IL-4
treatment

C57/BL6J mice (older than 8 weeks) were injected intraperitoneally with
100 ng IL-4, 12 hours and 2 hours (injection of PBS for the control) before
challenge with 2 � 106 N meningitidis for 2 hours. The infiltrate was
collected by lavage with PBS and spun down. TNF-� and IL-6 were
assayed by ELISA in the supernatants.

Electron microscopy

ThioM�s were treated for 48 hours with IL-4 and challenged with
zymosan (20 particles/M�) for 30 minutes at 37°C. For transmission
electron microscopy (TEM), ThioM�s were plated on bacteriologic
plastic and fixed with the use of a mixture of 2.5% glutaraldehyde, 2%
paraformaldehyde, and 0.1% picric acid in 100mM cacodylate buffer
(pH 7.0) containing 2mM EGTA and 1mM MgCl2. The samples were
post-fixed in 1% osmium in 100mM cacodylate buffer (pH 7.0) for
1 hour at 4°C, washed with distilled water, and stained en bloc with 2%
aqueous uranyl acetate for 2 hours at 4°C, in the dark. The samples were
dehydrated with ethanol, and the cells were released from plastic using
propylene oxide. The cells were pelleted and washed several times with
propylene oxide (to remove the dissolved plastic still present in
solution) and embedded in resin. Ultrathin (� 70-nm thick) sections
were cut, stained with uranyl acetate and lead citrate, and examined in a
FEI Tecnai 12 electron microscope.

For scanning electron microscopy, ThioM�s were plated on coverslips
and fixed as described in the paragraph above. Samples were rinsed several
times with distilled water, dehydrated through a series of ethanol washes,
and critical point-dried. After sputter-coating with gold, samples were
examined in a JOEL JSM 5510 scanning electron microscope. Images were
viewed with an FEI Tecnai 12 microscope (FEI UK Ltd) operating at 80 kV
with a 20-�m objective aperture using a Gatan US1000 1 2k-2k CCD
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camera and Gatan DigitalMicrograph software Version 3.11.1. Images were
analyzed with Adobe Photoshop software.

Results
Alternative activation of M�s decreases N meningitidis uptake

Alternatively activated M�s are present during Th2-type re-
sponses, particularly in allergic, cellular, and humoral reactions
to extracellular pathogens. However, the phagocytic capacity of
alternatively activated M�s for microorganisms is poorly
defined. To examine this function, ThioM�s were stimulated for
48 hours with recombinant IL-4 and challenged with RdGnX-
N meningitidis (100 bacteria/M�) for 2 hours in the absence of
serum. FACS analysis showed heterogeneity in the uptake of
N meningitidis by wild-type M�s (WT M�s). IL-4 treatment
decreased N meningitidis uptake by ThioM�s and more particu-
larly induced the loss of the population with the higher capacity

for uptake (P � .001; Figure 1A). Moreover, IL-4 induced a
dose-dependent decrease of N meningitidis uptake (Figure 1B).
A time course study showed that inhibition of uptake by IL-4
became evident after 12 hours of treatment (Figure 1C) and was
sustained for the duration of the experiment (48 hours), without
loss of M� viability. Similar results were obtained with Biogel
polyacrylamide bead–elicited M�s (data not shown). We deter-
mined that IL-4 also affected uptake of other bacteria such as
Escherichia coli as well as of other particles such as zymosan
and latex beads (supplemental Figure 1, available on the Blood
website; see the Supplemental Materials link at the top of the
online article). Viability of the cells, verified by Trypan blue
exclusion and phase contrast microscopy, was not modified by
IL-4 treatment. To confirm the specific effect of alternative
activation of M�s, we demonstrated that IL-13 also inhibited
N meningitidis uptake by ThioM�s (Figure 1D). Moreover, we
treated ThioM�s lacking the common IL-4/IL-13 receptor �
chain, shared by IL-4 and IL-13 (IL-4R��/� ThioM�s) with
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Figure 1. Alternative activation of M�s decreases
N meningitidis uptake. (A) Flow cytometric analysis of
ThioM� ingestion of Rhodamine Green labeled Neisse-
ria (RdGnX-N.m.). ThioM�s were stimulated with IL-4 for
48 hours and challenged with ethanol-fixed RdGnX-N.m.
(100 bacteria/M�) for 2 hours at 37°C. The mean fluores-
cence for each treatment was determined by flow cytom-
etry. The histogram shows the effect of IL-4 treatment on
uptake of N meningitidis. (B) IL-4 induces a dose-
dependent inhibition of N meningitidis uptake. ThioM�s
were stimulated with different concentrations of IL-4 for
48 hours and challenged as described. The mean fluores-
cence for each population was determined by flow
cytometry. The average mean fluorescence for each
condition is shown. Error bars indicate SDs. (C) IL-4–
inhibited RdGnX-N.m. uptake by M�s in a time-
dependent manner. ThioM�s were stimulated for
different periods with IL-4 and challenged as above.
Unchallenged cells served as a negative control. The
mean fluorescence for each population was determined
by flow cytometry. The average mean fluorescence for
each condition is shown. Error bars indicate SDs. (D) The
inhibition of N meningitidis uptake is specific for alterna-
tive activation of M�s. (Left) ThioM�s were stimulated
with IL-13 (10 ng/mL) for 48 hours and challenged with
ethanol-fixed RdGnX-N.m. The mean fluorescence for
each treatment was determined by flow cytometry. The
histogram shows the effect of IL-13 treatment on uptake
of N meningitidis. (Right) IL-4 inhibited N meningitidis
uptake by ThioM�s via IL-4R�. WT or IL-4R��/� ThioM�s
were incubated for 48 hours with IL-4 (5 ng/mL) and
challenged with RdGnX-N.m. as described. After fixation
with 2% paraformaldehyde, the mean fluorescence for
each population was determined by flow cytometry. The
figure showed the average mean fluorescence intensity
of 3 independent experiments. Error bars indicate SDs.
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IL-4, followed by challenge with N meningitidis. IL-4–treated
WT ThioM�s had an approximately 50% to 80% dose-
dependent reduction in ingestion of N meningitidis, which was
absent in IL-4R��/� ThioM�s (Figure 1D).

Inhibition of N meningitidis phagocytosis by IL-4 treatment of
M�s is independent of SRA and MARCO expression

Phagocytosis is a complex mechanism that begins with the recognition
and binding of pathogens by pattern-recognition receptors, followed by
rearrangement of the actin cytoskeleton, leading to internalization. To
elucidate the effect of IL-4 on N meningitidis binding, ThioM�s were
stimulated for 48 hours with IL-4 and challenged for 2 hours with
RdGnX-N meningitidis at 4°C to inhibit ingestion. The association of
RdGnX-N meningitidis was dependent on temperature, with more
bacteria associated with ThioM�s at 37°C than at 4°C (MFI 500 vs 4);
however, our results indicated that IL-4 did not reduce N meningitidis
binding at the cell surface (Figure 2A).

To confirm these data, we studied the effect of IL-4 treatment on
expression of SRA and MARCO, well-characterized nonopsonic
pattern recognition receptors for N meningitidis.24,25 ThioM�s
were stimulated for 48 hours with IL-4 and analyzed for SRA and
MARCO surface expression. IL-4 treatment decreased the surface
expression of SRA receptor to a limited extent, whereas the level of
MARCO surface expression was not altered (Figure 2B). The
observed decrease of SRA and MARCO expressions was out of

proportion to, and did not correlate with, the drastic inhibition of
N meningitidis uptake.

To extend this analysis, SRA KO (SRA�/�), MARCO KO
(MARCO�/�), and SRA/MARCO double KO (SRA�/�/
MARCO�/�) ThioM�s were stimulated with IL-4 and challenged
with RdGnX-N meningitidis. We confirmed that untreated SRA-
deficient M�s had a substantial reduction in N meningitidis
ingestion25 (Figure 2C). By contrast, loss of MARCO expression
was associated with a modest increase of N meningitidis uptake in
untreated M�s, whereas IL-4 treatment of MARCO�/� M�s
inhibited N meningitidis ingestion similarly to that observed with
WT M�s (P � .001). The SRA�/�/MARCO�/� ThioM�s showed
a similar response profile to that of the SRA�/� M�s (Figure 2C).
Our data confirmed that, although SRA is a major pattern recogni-
tion receptor for N meningitidis in ThioM�s, IL-4 inhibition of
N meningitidis uptake was independent of the expression of either
scavenger receptor. Moreover, surface expression of Dectin-1 and
MR, phagocytic receptors thought to play a role in zymosan
recognition,30 was significantly higher on IL-4–stimulated ThioM�s
(supplemental Figure 1C; data not shown), confirming previous
results.31 Despite increased receptor expression, IL-4 treatment
decreased zymosan uptake (supplemental Figure 1C). These data
strongly suggest that alternative activation of M�s inhibited a
phagocytic mechanism independent of pattern recognition receptor
expression.
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Figure 2. IL-4 priming of M�s does not modify SRA and
MARCO expression or decrease N meningitidis binding at
M� surface. (A) Effect of IL-4 on N meningitidis binding at the
M� surface. ThioM�s were treated for 48 hours with IL-4 and
incubated for 2 hours at 4°C with RdGnX-N.m. (Nm; 100 bacteria/
M�). The average mean fluorescence intensity of 2 independent
experiments is presented as a bar diagram. Error bars indicate
SDs. (B) Effect of IL-4 on surface expression of SRA and
MARCO. ThioM�s were treated for 48 hours with IL-4, and SRA
and MARCO cell surface expressions were determined by flow
cytometry using �MARCO mAb (ED31) or �SRA mAb (2F8). One
experiment representative of 2 is shown. (C) Effect of alternative
activation on RdGnX-N.m. uptake by WT, SRA�/�, MARCO�/�,
and SRA�/�/MARCO�/� M�s. ThioM�s were treated for 48 hours
with IL-4 and incubated for 2 hours at 37°C with RdGnX-N.m.
(100 bacteria/M�). The average mean fluorescence intensity for
4 independent experiments is presented as a bar diagram. Error
bars indicate SDs.
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Inhibition of N meningitidis phagocytosis by IL-4 treatment of
M�s is associated with increased proinflammatory cytokine
secretion

Protection against pathogens is mediated mainly by phagocyto-
sis, inducing an immune response characterized by production
of inflammatory cytokines.25 ThioM�s were treated for 48 hours
with IL-4 and challenged for 24 hours with N meningitidis.
Results showed that IL-4 by itself did not modify cytokine
production, whereas N meningitidis, in the absence of IL-4,
increased TNF-�, IL-6, and IL-12p70 production, as expected.25

Strikingly, IL-4 and N meningitidis–cotreated M�s secreted
substantially higher levels of proinflammatory cytokines (Figure
3A-B), not observed after alternative activation of IL-4R��/�

ThioM�s (Figure 3B), confirming that increased proinflamma-
tory secretion depended on the IL-4 receptor pathway. The
anti-inflammatory cytokine IL-10 was not detected in our
system (data not shown).

Comparison of cytokine production by WT and SRA�/�,
MARCO�/�, and SRA�/�/MARCO�/� ThioM�s showed the same
profile, independent of phagocytosis (Figure 3B). These data
suggested that ingestion of N meningitidis via SRA is not necessary
for M� activation and that increased cytokine production after
alternative activation does not depend on SRA and MARCO
receptors. LPS is a potent stimulus for M� gene expression,
especially of TNF-�, by engaging a TLR4 membrane signaling
complex. Peiser et al25 demonstrated previously that M�s require

TLR signaling for M� activation after N meningitidis exposure;
we, therefore, determined the role of the MyD88 pathway in the
enhanced secretion of proinflammatory cytokines by IL-4–treated
M�s. MyD88�/� M�s had a greatly reduced response to N menin-
gitidis, and the enhanced production of cytokines induced by IL-4
after N meningitidis challenge was abrogated (Figure 3C). How-
ever, the absence of MyD88 had no comparable effect on the
uptake of RdGnX-N meningitidis by ThioM�s (Figure 3D). These
results confirmed that IL-4 pretreatment reduced phagocytosis but
increased cytokine secretion, but they established that these
responses differed in their requirement for MyD88.

IL-4 treatment in vivo impairs phagocytosis but also increases
proinflammatory cytokine secretion

The results described in the paragraph above have shown that
alternative activation inhibited phagocytosis of RdGnX-N meningi-
tidis while potentiating particle-induced proinflammatory cytokine
production in vitro. To confirm the biologic relevance of these
findings, we assayed the effect of IL-4 on phagocytosis of
N meningitidis in vivo, in the absence of thioglycollate stimulation.
We injected RdGnX-N meningitidis into the peritoneum of C57/
BL6J mice preinjected or not with IL-4 and analyzed N meningiti-
dis uptake by peritoneal M�s after 2 hours, by FACS. Preinjection
of IL-4 decreased N meningitidis uptake significantly (P 	 .004;
Figure 4A). Moreover, the decrease of uptake was associated with
increased proinflammatory cytokine production in the peritoneal
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Figure 3. Alternative activation potentiates N men-
ingitidis–induced proinflammatory cytokine secre-
tion via MyD88, independent of SRA and MARCO.
(A) WT ThioM�s were cultivated 48 hours in the pres-
ence or absence of IL-4 and incubated for 24 hours
with or without N meningitidis (Nm; 100 bacteria/cell).
The culture supernatant was analyzed for production
of TNF-� and IL-6 by ELISA and by FlowCytomix for
IL-12 p70 production. Data represent the mean 
 SEM
of replicates from 1 experiment, representative of 3 ex-
periments. (B) Increased proinflammatory secretion
depended on the IL-4 receptor pathway but was
independent of pathogen recognition receptor expres-
sion. (Left) WT (f) and IL-4R��/� (�) ThioM�s were
cultivated 48 hours in the presence or absence of IL-4
and incubated for 24 hours with or without N meningiti-
dis (100 bacteria/cell). The culture supernatant was
analyzed for production of TNF-� and IL-6 by ELISA.
Data represent the mean 
 SEM of replicates from
1 experiment, representative of 3 experiments. (Right)
WT, SRA�/�, MARCO�/�, and SRA�/�/MARCO�/�

ThioM�s were cultivated for 48 hours in the presence
or absence of IL-4 and challenged with or without
N meningitidis (100 bacteria/cells) for 24 hours. The
culture supernatant was harvested and analyzed for
IL-6 secretion by ELISA. (C) MyD88�/� ThioM�s were
cultivated for 48 hours in the presence or absence of
IL-4 and challenged with or without N meningitidis for
24 hours. Cell supernatants were assayed for TNF-�
by ELISA. (D) Flow cytometry of ingestion of RdGnX-
N meningitidis by WT and MyD88�/� ThioM�s.
ThioM�s were treated for 48 hours with different
concentrations of IL-4 and incubated for 2 hours at
37°C with RdGnX-N meningitidis (100 bacteria/M�).
The average mean fluorescence intensity of 3 indepen-
dent experiments is shown as a bar diagram. Error
bars indicate SDs.
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cavity over a period of 2 hours (IL-6, P 	 .01; TNF-�, P 	 .002;
Figure 4B). These results have shown that the modulation of M�
phenotype induced by IL-4 in vitro could also be shown in vivo.

IL-4 pretreatment inhibits Akt but stimulates p42/p44 and p38
phosphorylation

In M�s, Fc-receptor–mediated phagocytosis is regulated by phos-
pholipid-modifying enzymes such as PI3K,32 and cytokine secre-
tion is associated with mitogen-activated protein kinase (MAPK)
activation. To characterize the signaling pathways required during
phagocytosis of N meningitidis and cytokine secretion, ThioM�s
were stimulated with inhibitors of p38 (SB202190), MEK1 (p42/
p44 activator kinase; PD98059), or PI3K (wortmannin) for 1 hour,
before and during 2-hour challenge with RdGnX-N meningitidis.
Effects of the different inhibitors on N meningitidis uptake were
determined by FACS. Inhibition of PI3K completely abolished
N meningitidis uptake (P 	 .001), and inhibition of p38 decreased
N meningitidis uptake to the same extent as IL-4 (P 	 .003). By
contrast, inhibition of the p42/p44 pathway had no effect on
N meningitidis uptake (Figure 5A). Phagocytosis of N meningiti-
dis, therefore, required the activation of PI3K and the p38 kinase
pathways. Furthermore, we demonstrated that TNF-� and IL-6
secretion depended on p38 phosphorylation, but it was independent
of the PI3K and p42/p44 pathways (Figure 5B). Because IL-4
inhibited phagocytosis of N meningitidis by M�s, we determined
the effect of IL-4 on kinase activities. ThioM�s were treated for
48 hours with IL-4 and challenged for different periods with
N meningitidis, and the total levels of proteins and the phosphory-
lated forms of p38, Akt (kinase activated by PI3K), and p42/p44
were determined by Western blotting. Our results showed that IL-4
did not modify phosphorylation of the different kinases in the
absence of N meningitidis. We demonstrated that N meningitidis by
itself induced maximal activation of Akt after 30 minutes of
stimulation, whereas Akt phosphorylation was markedly reduced in
the presence of IL-4. Maximal phosphorylation of p42/p44 and p38
was observed after 15 minutes of N meningitidis stimulation.

Cotreatment with IL-4 potentiated the activation of p42/p44 and
p38, which was sustained over time (Figure 5C). We concluded that
IL-4 treatment inhibited the PI3K pathway, required for N meningi-
tidis phagocytosis, and that the PI3K pathway could be one of the
targets of IL-4 that lead to inhibition of phagocytosis. Conversely,
enhanced p38 phosphorylation was consistent with the increased
proinflammatory cytokine secretion observed after IL-4 priming.

IL-4 pretreatment inhibits phagosome formation

In M�s, inhibition of PI3K arrests phagocytic cup closure.32 To
determine whether the inhibition of PI3K by IL-4 modulates
phagosome formation, ThioM�s were stimulated for 48 hours with
IL-4 and challenged with zymosan, a more suitable particle for
morphologic studies. Scanning electron microscopy showed that,
by 30 minutes, no zymosan particle was detected on the surface of
untreated ThioM�s, and TEM showed that zymosan particles were
all intracellular. By contrast, in IL-4–treated cells, many zymosan
particles were observed on the cell surface in phagocytic cups, in
which distal margins remained open (Figure 6).

Discussion

Using a 2-stage model of IL-4 pretreatment followed by N meningi-
tidis challenge, our studies have shown a striking switch of M�
phenotype from efficient phagocytosis to reduced uptake (Figure
1), coupled to potentiation of proinflammatory cytokine release in
response to microbial stimulation (Figure 3), and associated with
altered phosphorylation of signaling pathways implicated in phago-
cytosis and secretion (Figure 5; schematic representation in Figure
7). The alteration of phenotype depended on the IL-4R� chain
shared with IL-13, and a more than 12-hour delay after IL-4
treatment, consistent with IL-4–induced changes in M� gene
expression (Figure 1). Down-regulation of uptake by IL-4 was also
observed with other bacteria such as E coli and with other
phagocytic particles, including zymosan (supplemental Figure 1),

Figure 4. IL-4 impairs uptake of RdGnX-N meningiti-
dis and increases antibacterial proinflammatory re-
sponse in vivo. (A left) Flow cytometry profile of uptake
of RdGnX-N.m. (Nm) by peritoneal cells. RdGnX-
N meningitidis cells (108) were injected in the peritoneum
of C57/BL6J mice. Animals were preinjected with IL-4,
and the inflammatory infiltrate was collected by lavage.
Mice preinjected with PBS were used as control. (Right)
Scatter plot showing effect of IL-4 on RdGnX-N meningiti-
dis uptake by M�s. (B) Cytokine ELISA for TNF-� and
IL-6 production in peritoneal lavage fluid. Ethanol-killed
N meningitidis cells (2 � 106) were injected into the
peritoneum of C57/BL6J mice, preinjected with IL-4. The
inflammatory infiltrate was collected by lavage, and the
supernatant was assayed for TNF-� and IL-6. Mice
preinjected with PBS were used as controls. Each symbol
represents 1 animal.

358 VARIN et al BLOOD, 14 JANUARY 2010 � VOLUME 115, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/115/2/353/1490493/zh800210000353.pdf by guest on 08 June 2024



but was not observed in assays of MR-dependent and independent
endocytosis of soluble ligands (data not shown).

We demonstrated that IL-4 priming of M�s increased proinflam-
matory cytokine secretion after N meningitidis stimulation. Our
findings confirm and extend earlier studies on LPS7-10,33,34 and
staphylococcal enhancement of proinflammatory cytokine release
by IL-4–pretreated M�s, with altered gene expression and signal
transduction.7 Interestingly, Mylonas et al35 showed that nematode-
elicited peritoneal M�s, which display IL-4–dependent features,
secrete more proinflammatory cytokines in response to LPS/IFN-�
challenge. The investigators also demonstrated that IL-4 priming of
uninfected ThioM�s did not modify cytokine secretion after
LPS/IFN-� stimulation in vitro. Our protocol used intact N menin-
gitidis rather than LPS alone. Other studies have also shown that
IL-4 treatment can increase inflammation and exacerbate the
development of Th1-mediated diseases, such as colitis36 or experi-
mental autoimmune uveoretinitis.37

At the cellular level, our studies provide evidence that alterna-
tive activation of M�s extensively remodels membrane traffic
involved in phagocytosis, signaling, and secretion, together with
changes in gene expression.38 The effect of IL-4 on phagocytosis
has been controversial. Several previous reports have shown that
IL-4 did not modify the uptake of particles such as latex beads or
bacteria,14,15 whereas others have shown increased phagocytosis of

apoptotic neutrophils39,40 or protozoan parasites.41 Our results
showing the inhibitory effect of IL-4 on phagocytosis are supported
by those of Moreno et al,16 who demonstrated that the IL-4/STAT6
pathway decreased the phagocytosis of small particles by M�s,
and by Leidi et al,42 who demonstrated that IL-4 reduced phagocy-
tosis of rituximab-opsonized B cells. Use of particulate pathogen-
derived stimuli (zymosan) or intact N meningitidis made it possible
to characterize the effect of IL-4 pretreatment on phagocytosis and
to explore its mechanisms. IL-4 induced changes in scavenger
receptor and Dectin-1 expression,31,43 major receptors for N menin-
gitidis and zymosan, respectively, as well as MR, which did not
correlate with reduced phagocytosis (Figure 2; supplemental
Figure 1). Although ingestion of N meningitidis and zymosan was
markedly reduced by IL-4, enhanced cytokine secretion may result,
in part, from persistence of a TLR-dependent stimulus at the cell
surface. It will be important to establish whether nonphagocytic or
non-TLR challenges, eg, by immune complexes acting through
FcR, alter signaling and secretion after IL-4 treatment.

We demonstrated that IL-4 altered phosphorylation signaling
pathways implicated in phagocytosis and secretion. Decreased
phosphorylation of Akt, a downstream target of PI3K, was induced
by IL-4 pretreatment, and pharmacologic inhibitors of these
signaling molecules mimicked its effects (Figure 5). Conversely,
the MAPK pathway could be implicated in the potentiation of

A

B

Control

None

IL-4

Wortmannin

PD98059

SB202190

RdGnX-N.m.

N
u

m
b

er
 o

f 
ev

en
ts

700

600

500

400

300

200

100

0

IL
-6

 c
o

n
ce

n
tr

at
io

n
 (

n
g

/m
L)

None PD98059
(MEK1)

SB202190
(p38)

Wortmannin
(PI3K)

None

IL-4

N.m.

N.m. + IL-4

None PD98059
(MEK1)

SB202190
(p38)

Wortmannin
(PI3K)

200

100

0T
N

F
αα

co
n

ce
n

tr
at

io
n

 (
n

g
/ m

L
)

** ** **

None
IL

-4

W
ortm

an
nin

PD90
59

SB20
21

90

300

200

100

0R
d

G
n

X
-N

.m
. u

p
ta

ke
 (

m
ea

n
)

0 15 30 60 t (min)

IL-4
C

- + - + - + - +

Phospho-p42/p44

p42/p44

Phospho-Akt

Akt

Phospho-p38

p38

ββ actin

Figure 5. IL-4 pretreatment and N meningitidis chal-
lenge inhibit Akt phosphorylation, but stimulate p42/
p44 and p38 pathways. (A) Phagocytosis of N meningi-
tidis by ThioM�s is dependent on the p38 and PI3K
pathway. ThioM�s were treated with a kinase inhibitor
(PD98059, 50�M; wortmannin, 100nM; SB202190, 50�M)
for 1 hour before and during challenge (2 hours at 37°C)
with RdGnX-N.m. (Nm; 100 bacteria/cell), and phagocy-
tosis was determined by flow cytometry. (Right) FACS
profile of RdGnX-N.m. uptake after treatments. The mean
fluorescence of 1 experiment representative of 3 is shown
as a bar diagram (left). (B) Proinflammatory cytokine
secretion is dependent on the p38 pathway. ThioM�s
were treated with a kinase inhibitor (PD98059, 50�M;
wortmannin, 100nM; or SB202190, 50�M) for 1 hour
before and during challenge (24 hours at 37°C) with
N meningitidis (100 bacteria/cell), and cytokine produc-
tion was determined by ELISA. Results from 1 experi-
ment of 2 are presented. (C) ThioM�s were stimulated
for 48 hours in the presence or absence of IL-4 and
challenged with N meningitidis (100 bacteria/cell) for dif-
ferent periods. Expression of total protein levels and of
the phosphorylated forms of p38, p42/p44, and Akt was
determined by Western blotting. The results of 1 experi-
ment, representative of 2, are presented. A vertical line
has been inserted to indicate a repositioned gel lane.
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proinflammatory cytokine secretion (TNF-�, IL-6). The role of p38
phosphorylation in cytokine production has been controversial.44

Whereas, Rawadi et al45 showed that the production of proinflam-
matory cytokines in response to LPS depends on p38 activity, the
decrease of MAPK activation in MKK3�/� M�s did not modify
LPS-stimulated TNF-� production. IL-12p70 release was also
enhanced by IL-4 followed by N meningitidis, as reported in earlier
studies7-10,34; we did not detect changes in IL-10 or nitric oxide
secretion under the present conditions (A.V., unpublished data,
June 2008).

PI3K is known to be required for phagosome closure32 and
using zymosan, more suitable for microscopic analysis than
N meningitidis, we observed that IL-4 treatment, which inhibited
PI3K activity, reduced phagocytic cup closure, consistent with a
role in inhibition of uptake (Figure 6).

The 2-stage murine model used here is not restricted to ThioM�s,
because our unpublished studies showed identical effects with Biogel-
elicited M�s. We validated our observations in vivo by treating mice
intraperitoneally with IL-4 followed by N meningitidis challenge, in the
absence of thioglycollate stimulation (Figure 4). Although the regime
adopted (IL-4 pretreatment, 2-hour phagocytosis assay, 2-hour cytokine
release) could alter the cell population within the peritoneal cavity (data
not shown), FACS and cytokine analysis of ex vivo F4/80� M�s
showed similar effects on phagocytosis and cytokine secretion as in
vitro studies with costimulated ThioM�s.

It will be important to extend our phagocytic studies to human M�s;
earlier related studies on HIV-1–infected subjects46 indicate that similar
effects on cytokine production could be induced by IL-4 and LPS

challenge. Further studies are also required to establish the relevance of
the present experimental model to coinfections in vivo, in particular its
effect on microbial killing by M�s. In vitro studies by Stenger et al34

and Sadick et al47 indicated that IL-4 pretreatment of Leishmania-
infected mouse M�s in vitro reduced parasite survival. IL-4 priming
followed by microbial or TLR challenge, eg, could have broad
significance in immunity, with deleterious as well as beneficial effects.
Babu et al48 demonstrated that filariasis, associated with a strong Th2
response, significantly decreased the Mycobacterium tuberculosis–
immune response in patients with latent tuberculosis.48 Moreover,
alveolar M�s in Th2-biased asthmatic subjects display reduced phago-
cytic activity.49 We emphasize that the microbial challenge, although not
restricted to N meningitidis, a potent MyD88-dependent stimulus,
implicates TLR pathways in full activation of selected M� effector
functions after IL-4 priming, thus representing a response likely to be
significant in a mixed Th1/Th2 cytokine and TLR ligand–rich
microenvironment.

Our data show that highly differentiated M�s can radically
alter their phenotype and intracellular signaling in response to a
further challenge. These findings are consistent with recent
evidence that, despite long-term exposure to Th2 cytokines in
vivo, M�s could respond to Th1 stimuli and display a classi-
cally activated phenotype.35 Moreover, Hagemann et al50 demon-
strated that tumor-promoting alternatively activated M�s can be
reprogrammed to promote tumor killing. Our data confirm that
highly polarized M�s maintain remarkable plasticity in their
microenvironment.

Figure 6. Microscopy analysis of zymosan phagocytosis by untreated and IL-4–treated ThioM�s. ThioM�s were plated on bacteriologic plastic for TEM or on
coverslips for scanning electron microscopy in the same well. Cells were treated for 48 hours with IL-4 and challenged with zymosan (20 particles/M�) for 30 minutes at
37°C. Scanning electron microscopy showed that zymosan particles were no longer seen on the cell surface of untreated ThioM�s, because all had been internalized by
the cells (TEM data). In IL-4–treated ThioM�s, many incomplete phagocytic cups were observed on the surface of M�s, showing the arrest of the phagocytic cup
closure (white arrows) induced by IL-4 treatment. Moreover, TEM showed that few zymosan particles were internalized in IL-4–treated ThioM�s compared with
untreated M�s.
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Taken together, these studies indicate that IL-4 and IL-13 can prime
M�s for subsequent challenge by an alternative activation process
parallel to, but distinct from, classic priming by IFN-� and LPS.
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