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Introduction

Sepsis is a life-threatening condition described as a syndrome
of infection complicated by acute organ dysfunction. It is still
a leading cause of death in intensive care units despite early
aggressive antibiotic treatments to control bacterial infection.
Septic peritonitis is caused by an overwhelming inflammatory
reaction of the host following the invasion of the peritoneal cav-
ity by microorganisms (1). The role played by extravasated neu-
trophils and inflammatory monocytes during septic peritonitis
has been extensively studied (2). However, the influence of local
sentinel cells, such as as mast cells, which reside in the peritoneal
cavity and are able to respond during the early phase of infection
remains poorly understood.

Mast cells are particularly well represented among hemato-
poietic effectors in the peritoneum. These tissue-resident cells,
which were originally assigned a role in allergic reactions, are
increasingly recognized as being key regulatory cells that are
involved in the inflammatory process (3). Mast cells appear to play
both proinflammatory and antiinflammatory roles, depending
on the timing, strength, or type (acute or chronic) of inflam-
matory disorder (4, 5), and an important aspect of this func-
tion is the control of other immune cells such as lymphocytes,
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Controlling the overwhelming inflammatory reaction associated with polymicrobial sepsis remains a prevalent clinical
challenge with few treatment options. In septic peritonitis, blood neutrophils and monocytes are rapidly recruited into the
peritoneal cavity to control infection, but the role of resident sentinel cells during the early phase of infection is less clear. In
particular, the influence of mast cells on other tissue-resident cells remains poorly understood. Here, we developed a mouse
model that allows both visualization and conditional ablation of mast cells and basophils to investigate the role of mast
cells in severe septic peritonitis. Specific depletion of mast cells led to increased survival rates in mice with acute sepsis.
Furthermore, we determined that mast cells impair the phagocytic action of resident macrophages, thereby allowing local and
systemic bacterial proliferation. Mast cells did not influence local recruitment of neutrophils and monocytes or the release
of inflammatory cytokines. Phagocytosis inhibition by mast cells involved their ability to release prestored IL-4 within 15
minutes after bacterial encounter, and treatment with an IL-4-neutralizing antibody prevented this inhibitory effect and
improved survival of septic mice. Our study uncovers a local crosstalk between mast cells and macrophages during the early
phase of sepsis development that aggravates the outcome of severe bacterial infection.

neutrophils, and monocytes through the ability of mast cells to
secrete various types of inflammatory mediators (6). One hall-
mark of mast cells is that they store many of these mediators,
including cytokines, within secretory compartments, ready for
immediate release upon activation (7). However, little is known
about the way mast cells interact with other tissue-resident cells
during an inflammatory response.

Cecal ligation and puncture (CLP), an acute model of sepsis,
has been extensively used to assess the specific role innate cells
play in the development of the early stages of inflammation. We
and others have shown that infiltrating monocytes and macro-
phages can play a crucial role in the resolution of sepsis (8, 9).
However, although addressed in several studies, the role of perito-
neal mast cells (PMCs) in the pathology of sepsis remains unclear,
largely due to the lack of appropriate animal models (10-17). Mast
cell-deficient Kit"" and Kit"*"/"" mice, which are often used to
study the role of mast cells in inflammation, carry mutations in the
Kit (CD117) locus coding for the stem cell factor receptor and have
additional hematopoietic abnormalities, such as neutrophilia and
a deficiency of peritoneal macrophages, that likely influence the
outcome of inflammatory reactions (17, 18).

To study the role of mast cells in severe sepsis, therefore, we
generated a mouse model with no adventitious hematopoietic
abnormalities and that allowed the conditional ablation of mast
cells and basophils. After repopulation of basophils and following
the induction of acute CLP, we demonstrated that mast cells play
a detrimental role by promptly inhibiting the phagocytic capacity
of resident macrophages and hence controlling the early stages of
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Figure 1. Visualization and efficient depletion of mast cells and basophils in RMB mice. (A) Detection of mast cells (FceRI*tdT*CD117*) by flow cytometry
in the peritoneal cavity (left panel) and dermis (right panel) of RMB mice before and after 2 i.p. DT injections. (B) Detection of basophils (FceRI*tdT*CD49b*)
in the blood (left panel) and in the spleen (right panel) of RMB mice before and after DT treatment. Dotted lines represent isotype control antibodies.
Numbers in each panel represent the percentage of mast cells and basophils among CD45* gated cells. (C) Flow cytometric analysis of blood leukocytes in
B6 and untreated RMB mice. Data represent the mean + SEM. (D) Percentage of blood lymphocytes, neutrophils, and monocytes in B6 and untreated RMB

mice and in RMB mice 1 week or 3 weeks after DT treatment, as determined by a hematological analyzer (n = 9 mice/group). Data are representative of 5

independent experiments (A-C).

infection. This noxious effect is mediated by the release of pre-
formed IL-4 as early as 15 minutes following the TLR4-depen-
dent bacterial stimulation of mast cells. Our results demonstrate
a novel functional crosstalk between PMCs and macrophages
involving the immediate release of prestored IL-4 by mast cells
after bacterial exposure at the onset of infection, which has detri-
mental effects on survival in severe sepsis.
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Results

Induced depletion of mast cells and basophils in red mast cell and
basophil mice. The FceRI B chain constitutes one of the sig-
nal-transducing subunits of the high-affinity receptor for IgE and is
expressed specifically in mast cells and basophils in mice (19, 20).
To assess the role of mast cells and/or basophils in inflammation,
we generated a knock-in mouse model called the red mast cell and
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basophil (RMB) mouse. In these mice, the 3-UTR of the Ms4a2
gene encoding the FceRI B chain includes a cassette composed of
an internal ribosomal entry site, a sequence coding for the bright
red td-Tomato (tdT) fluorescent protein, a 2A cleavage sequence,
and the human diphtheria toxin receptor (hDTR) (Supplemental
Figure 1; supplemental material available online with this arti-
cle; doi:10.1172/JCI175212DS1). This allele allows mast cells and
basophils to be tracked on the basis of their red fluorescence and
confers sensitivity to diphtheria toxin (DT). To verify that mast
cells in RMB mice were appropriately labeled and functional, we
obtained bone marrow-derived mast cells (BMMCs) from these
animals and compared their phenotype to those from WT C57Bl/6
(B6) mice. We found that all BMMCs from RMB mice were
tdT-positive, expressed similar levels of mast cell surface markers
(CD117 and FceRlI), and displayed signaling capabilities identical
to those of B6 BMMCs, as shown by ERK phosphorylation, calcium
mobilization, and cellular degranulation (Supplemental Figure 2).
Next, we analyzed different in vivo compartments for the presence
of cells coexpressing tdT and FceRI. FceRI'tdT* mast cells consti-
tuted approximately 2% of cells in the peritoneal cavity and were
all CD117 positive (Figure 1A). Similarly, all FceRI*CD117* cells
expressed tdT (Supplemental Figure 3A). Consistent with previous
reports (21), the peritoneal cavity of 12-week-old mice contained
approximately 8 x 10* FceRI'CD117'td T* mast cells. Two i.p. injec-
tions of DT were sufficient to deplete within 2 days all mast cells
present in the peritoneal cavity (Figure 1A). We observed a similar
population of FceRI*CD117'tdT* mast cells in the skin, and 2 injec-
tions of DT led to their complete depletion as well (Figure 1A). In
contrast, the FceRI'tdT* cells found in the blood and spleen were
CD117 but expressed high levels of CD49b, indicating that they
corresponded to basophils (Figure 1B and Supplemental Figure
3B). Again, 2 injections of DT were sufficient to completely elimi-
nate basophils from these compartments (Figure 1B).

Several mouse models deprived of mast cells or basophils have
been reported. Some of them, notably those relying on mutations
in the Kit locus, display an aberrant hematopoietic compartment,
precluding a proper analysis of the role of mast cells in inflamma-
tory diseases (Supplemental Figure 4 and ref. 22). We therefore
assessed the numbers of various white blood cell populations in
RMB mice to assess changes at the hematopoietic level. An anal-
ysis of CD45" cells from the blood of RMB and B6 mice showed
comparable numbers of neutrophils, eosinophils, monocytes, and
B and T cells (Figure 1C). Furthermore, DT treatment of RMB
mice did not affect the percentage of lymphocytes, neutrophils,
or monocytes (Figure 1D). Altogether, these data suggest that the
RMB mouse model permits the efficient identification and deple-
tion of both mast cells and basophils, without inducing any adven-
titious hematopoietic abnormalities.

Fast repopulation of basophils compared with mast cells. As
shown above, DT injection into RMB mice simultaneously
ablated all mast cell and basophil populations. This allowed us
to simultaneously assess the repopulation kinetics of mast cells
and basophils. While their numbers remained low, some blood
basophils reappeared on day 6 after DT treatment, and they were
completely replenished by day 12 (Figure 2A). In contrast, no sig-
nificant repopulation of PMCs was detected by days 6 or 12 (Figure
2B). Even 2 months after DT injection, less than 6% of mast cells
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had repopulated the peritoneum of RMB mice, and 6 months after
DT treatment, mast cells only reached half their normal levels
(Figure 2C). To evaluate the role of mast cells in vivo, we induced
IgE-triggered passive systemic anaphylaxis (PSA) on day 12 after
DT treatment. The absence of mast cells alone (i.e., after basophil
repopulation) in RMB mice was sufficient to render them resis-
tant to the PSA-induced temperature drop, emphasizing the role
of these cells in IgE-mediated PSA (Figure 2D). Together, these
results show that basophils and PMCs exhibit different repopula-
tion kinetics in RMB mice following ablation with DT, allowing us
to determine the appropriate time window in which to analyze the
physiological role of mast cells independently of basophils. There-
fore, these “mast cell-depleted-only” mice can be used to specifi-
cally investigate the physiological role of mast cells in the absence
of alteration of other immune cells including basophils.

Detrimental role of mast cells in acute sepsis. Next, we used our
DT-treated RMB mice to investigate the role of resident PMCs
in CLP, an acute inflammatory model of sepsis. Severe CLP was
induced according to our previously established protocol (23, 24)
and led to a survival rate of approximately 10% in control RMB
mice 48 hours after induction (Figure 3A). In contrast, DT-treated
RMB mice showed a higher survival rate, with almost 40% of
mice still alive at the end of the examination period (Figure 3A,
left panel). DT injections alone did not affect the overall survival
rate of B6 mice, as they showed an identical survival rate to that of
PBS-injected B6 mice (Figure 3A, right panel).

Mortality in sepsis results from multiorgan failure due to
uncontrolled bacterial proliferation and dissemination as well
as the excessive production of proinflammatory cytokines (25).
Accordingly, chemokines and cytokines such as MCP-1, IFN-y,
IL-6, and TNF were elevated at 6, 12, 18, and 24 hours after CLP
induction. However, we observed no difference in these levels
between PBS- and DT-treated RMB mice (Figure 3B). We next
checked for the presence of bacteria in the peritoneum and serum
of PBS- and DT-treated RMB mice. As early as 6 hours after CLP
induction, the level of bacteria detected in peritoneal lavage was
markedly lower in mast cell-depleted RMB mice than in con-
trol RMB mice (Figure 3C, left panel). Likewise, 18 hours after
CLP induction, bacteremia was considerably lower in mast cell-
depleted RMB mice than in control RMB mice (Figure 3C, right
panel). Furthermore, we observed no difference in mortality
between PBS- and DT-treated mice in the sepsis model induced
by injection of LPS, emphasizing that the increased survival rate
of mast cell-depleted mice is dependent on the bacterial burden
(Supplemental Figure 5). These results indicate that mast cells
play a detrimental role in severe sepsis by preventing the efficient
control of bacterial dissemination.

Mast cells affect resident macrophage levels during sepsis. The
increased presence of bacteria suggested a possible deficit in
immune effector cell function. Resident peritoneal macrophages
have been proposed to play an important role in the control of
sepsis (8, 9). Therefore, before inducing sepsis, we first analyzed
whether injection of DT into the peritoneal cavity affects resi-
dent cell populations. We noted no difference in the number of
resident macrophages (Ly6C"°F4/80%), eosinophils, B cells, or
T cells in DT-treated RMB mice as compared with the numbers
detectedintheir PBS-treated oruntreated counterparts or control
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Figure 2. Differential repopulation kinetics of mast cells and basophils after DT depletion. (A and B) Flow cytometric analysis of blood basophils
(CD49*tdT*) (A) and PMCs (CD117+tdT*) (B) at 6 and 12 days after DT injection. Numbers in each panel correspond to the percentage of basophils or mast
cells among CD45* cells. (€) Analysis of PMCs (FceRI*tdT*CD117*) in RMB mice 2, 3, 4, and 6 months after DT injection as compared with those from
untreated RMB and B6 mice (n = 4 mice/group). (D) Temperature was monitored every 10 minutes after the induction of passive systemic anaphylaxis
in RMB mice injected with PBS (black circles) or DT (dark gray circles) as well as in B6 mice injected with PBS (light gray circles) or DT (white circles). n =5
mice/group. Data are representative of 5 independent experiments and represent the mean + SEM.

B6 mice (Figure 4A). Next, we investigated how the induction
of the CLP procedure affected resident and infiltrating cell pop-
ulations. Remarkably, resident macrophage numbers rapidly
decreased in DT-treated RMB mice when compared with those
in PBS-treated RMB mice during the early stages of infection, at
6 and 12 hours (Figure 4, B and C), while the numbers of B cells
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remained unaffected by DT treatment (Figure 4D). Of note, peri-
toneal macrophages as well as NK, NKT, and ILC2 were not sen-
sitive to DT, unlike BMMCs (Supplemental Figure 6, A-C). With
respect to the numbers of infiltrating cells such as inflammatory
monocytes or neutrophils, we found no difference between
those in DT- and PBS-treated RMB mice (Figure 4, E and F).
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Taken together, these results suggest that mast cells play an
important role during the early stages of sepsis by controlling
resident macrophage numbers rather than affecting the recruit-
ment of inflammatory cells.

Mast cells rapidly regulate phagocytosis of E. coli by peritoneal
macrophages. We have shown above that the absence of mast
cells correlates with lower bacteremia and the early disappear-
ance of resident macrophages. Macrophage disappearance is
known to be a marker of their activity following peritoneal infec-
tion (26, 27). We therefore hypothesized that mast cells directly
affect resident macrophage function by controlling their phago-
cytic activity during the early stages of infection. To test this
hypothesis, we injected FITC-labeled E. coli bacteria into the
peritoneal cavity of DT- or PBS-treated RMB mice. After 15 min-
utes, mice were sacrificed, and resident peritoneal macrophages
were analyzed for their phagocytic activity by monitoring their

shift in FITC fluorescence. Mast cell-depleted mice presented
markedly higher peritoneal macrophage phagocytosis than did
PBS-injected control mice (Figure 5A, upper panel). Likewise,
mast cell-deficient Kit"<#"<" mice exhibited higher macro-
phage phagocytosis than did B6 mice (Figure 5A, lower panel).
These results indicate that the absence of mast cells either in
DT-treated RMB or Kit"-<"/"sh mice is associated with enhanced
phagocytic activity by resident macrophages. We next assessed
whether this inhibitory effect on macrophage phagocytosis was
due to the release of soluble factors by mast cells. BMMCs were
stimulated with LPS or fixed bacteria for 2 hours, and cell-free
supernatants were transferred onto B6 peritoneal macrophages,
selected by adherence, in the presence of FITC-labeled E. coli to
follow macrophage phagocytic activity. We noted an inhibition
of macrophage phagocytosis with supernatants of mast cells
stimulated with either LPS or bacteria (Figure 5B).
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Figure 4. Decrease in resident macrophage numbers in mast cell-deficient mice after sepsis. (A) Identical levels of resident macrophages, T and B
lymphocytes, as well as eosinophils in B6, RMB, and PBS- or DT-treated RMB mice before CLP determined by flow cytometric analysis. (B and C) Labeling
profiles of resident macrophages in DT- and PBS-treated mice 6 hours after CLP (B) and absolute numbers at 6, 12, and 18 hours after CLP (C). Numbers
above gated areas in B indicate the percentage of macrophages among CD45" cells. (D-F) Flow cytometric analysis of B cells (D), inflammatory monocytes
(E), and neutrophils (F) in the peritoneum at 6, 12, and 18 hours after CLP in PBS-injected (white bars) and DT-treated RMB mice (black bars). Data are
representative of 5 independent experiments and represent the mean + SEM. *P < 0.05.

Inhibition of macrophage phagocytosis by mast cells involves ~ we confirmed the rapid inhibitory effect of mast cells on phago-
TLR4-mediated activation. We next attempted to further charac-  cytosis in vivo in macrophages from PBS-or DT-treated mice 15
terize the inhibition of macrophage phagocytosis by mast cellsby ~ minutes after pHrodo E. coli injection (Figure 6B). Notably, in
developing an assay to specifically quantify the level of bacteria  the absence of mast cell supernatant, macrophages isolated from
internalized within macrophages and used pHrodo E. coli, which  the peritoneal cavity of both DT- and PBS-treated RMB mice pre-
turns fluorescent upon phagosome acidification. An analysis of  sented the same phagocytic capacity and displayed identical pha-
kinetics revealed that mast cell supernatants collected as early  gosomal acidification (Supplemental Figure 7). Since stimulation
as 15 minutes after bacterial stimulation significantly inhibited ~ with both LPS and bacteria was able to induce the production
macrophage phagocytosis, while supernatants from unstimulated  of inhibitory soluble factors, we examined whether this process
BMMCs did not (Figure 6A). Using confocal microscopic analysis,  involved TLR signaling in mast cells. Cell-free supernatants from
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dent experiments and represent the mean + SEM.

BMMCs derived from mice deficient in either TLR4 or its down-
stream adaptor protein MyD88 (for phenotyping see Supplemental
Figure 8) and stimulated with bacteria did not impair macrophage
phagocytosis, confirming that the observed inhibition required the
activation of mast cells through the TLR4 signaling pathway (Fig-
ure 6C). Notably, BMMCs from B6 and RMB mice activated with
bacteria inhibited macrophage phagocytosis to a similar extent
(Figure 6C), and inhibitory activity was also observed with stimu-
lated peritoneal-derived mast cells (PDMCs) (Figure 6D), empha-
sizing that both BMMCs and PDMCs are capable of inhibiting
macrophage phagocytosis following bacterial triggering.

Mast cell-derived IL-4 controls phagocytosis by peritoneal macro-
phages. We next attempted to identify the type of soluble factor that
regulates macrophage phagocytosis. Mast cells can rapidly release
a number of cytokines upon stimulation. In particular, they pro-
duce substantial amounts of I/4 mRNA (http://biogps.org/#goto=
genereport&id=16189) and proteins reported to be prestored in
cytoplasmic granules (28-30). Since IL-4 has been suggested to
inhibit the phagocytosis of pathogens by macrophages (31), we
assessed the role of mast cell-derived IL-4 in the regulation of peri-
toneal macrophage phagocytosis. Bacterial triggering induced the
rapid release of IL-4, which was already apparent within 15 min-
utes after addition of the stimulus (Figure 7A). The preincubation
of peritoneal macrophages with recombinant IL-4 inhibited their
phagocytosis of pHrodo E. coli in a dose-dependent manner (Fig-
ure 7B). To examine the involvement of mast cell-derived IL-4
in this inhibition of phagocytosis, we used an IL-4-neutralizing
antibody. The inhibitory effect of cell-free supernatants obtained
from bacteria-stimulated BMMCs on macrophage phagocytosis
was abrogated by the addition of the IL-4-neutralizing antibody, as
compared with that observed with a control antibody (Figure 7C).
Likewise, supernatants obtained from BMMCs from IL-4-deficient
mice failed to inhibit the phagocytosis of E. coli by macrophages,
while supernatants from BMMCs from TNF-deficient mice as well
as from RMB BMMCs demonstrated a strong inhibitory effect (Fig-

ure 7D). Furthermore, macrophages deficient in the a chain of the
IL-4 receptor (IL-4Ra) were no longer susceptible to the inhibitory
signal, confirming that the inhibitory effect was due to IL-4R sig-
naling (Figure 7E). As BMMCs also produce IL-13, which is known
to bind to the IL-4Ra chain (32), we analyzed the possible involve-
ment of IL-13 in the inhibition of macrophage phagocytosis. In con-
trast to the IL-4-neutralizing antibody, the addition of an IL-13-
neutralizing antibody to supernatants from bacteria-stimulated
BMMC:s failed to abrogate their inhibitory effect on macrophage
phagocytosis. Furthermore, supernatants collected from BMMCs
from IL-13-deficient mice after bacterial stimulation were still able
to inhibit phagocytosis (Figure 7F). These experiments strongly
support the specific role of mast cell-derived IL-4 in the inhibition
of macrophage phagocytosis.

Survival of septic mice is impaired by mast cell IL-4 and can be
restored by anti-IL-4 treatment. Finally, we assessed the role of
mast cell-derived IL-4 in vivo in the control of severe sepsis and
the potential effects of treatment with an IL-4-neutralizing anti-
body. First, BMMCs from IL-4-deficient mice were used to repop-
ulate RMB mice previously depleted of endogenous mast cells
following DT treatment (Supplemental Figure 9). Mice were then
assessed for survival after the induction of CLP. Mice repopulated
with B6 mast cells showed decreased survival as compared with
mice repopulated with IL-4-deficient BMMCs (Figure 8A), cor-
roborating the role of mast cell-derived IL-4 in the control of sep-
sis in vivo. To further confirm the key role of IL-4, we next asked
whether treatment with an anti-IL-4 antibody might improve the
survival of septic mice. The administration of an IL-4-neutralizing
antibody (10 pg per mouse) to B6 mice during CLP surgery, just
before wound closure, led to increased survival when compared
with treatment using control IgG (Figure 8B). Collectively, these
results suggest that IL-4 secreted by bacteria-stimulated mast
cells impairs resident macrophage phagocytosis, accounting for
the increased mast cell-dependent mortality observed in severe
sepsis (Supplemental Figure 10).
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Figure 6. Macrophage phagocytosis inhibition by mast cells is dependent on TLR4. (A) Representative confocal microscopic analysis of in vitro peritoneal
macrophage phagocytosis of pHrodo E. coli (in red) after the addition (+ BMMC supernatants) or not (- BMMC supernatants) of cell-free supernatants from
BMMCs activated for 15 minutes with fixed bacteria. Right: Histograms show inhibition of macrophage phagocytosis by supernatants of unstimulated
(Without bacteria) BMMCs or BMMCs activated for 15, 30, 60, or 120 minutes with fixed bacteria. (B) Representative confocal analysis of in vivo peritoneal
macrophage phagocytosis of pHrodo E. coli (in red) injected for 15 minutes into the peritoneal cavity of PBS- or DT-treated RMB mice. Cells from the peri-
toneal cavity were collected and subjected to a cytospin protocol before labeling. (€ and D) In vitro peritoneal macrophage phagocytosis of pHrodo E. coli in
the presence of supernatants from BMMCs (C) or PDMCs (D) derived from B6, RMB, TIr47-, and Myd88~/~ mice activated with fixed bacteria and assessed
by confocal microscopy. Data are representative of 4 independent experiments and represent the mean + SEM. **P < 0.01.

Discussion

In addition to their well-known functions in IgE-mediated allergies
and worm infections, mast cells are now viewed as highly versatile
inflammatory cells that play important roles in many pathologies.
They can be stimulated by numerous cytokines and neuropeptides
as well as by pathogens including viruses and bacteria (33). In the
present study, we developed a novel mast cell-deficient mouse
model called the RMB mouse that, in contrast to Kit-dependent
models, does not bear hematological abnormalities. Using these
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RMB mice, we show that mast cells are detrimental to survival in a
severe sepsis model. This effect involves the rapid E. coli-mediated
release of the Th2 cytokine IL-4 by PMCs, which dampens phago-
cytosis by resident macrophages. Previous studies indicated that
mast cell responses to bacterial infection can vary depending on the
type of pathogen, the site of infection, and the sensitization state of
the mast cells (34). Recent data have shown that bacterial products
such as S. aureus A-toxin can be a potent inducer of mast cell degran-
ulation (35), while secreted Salmonella protein tyrosine phosphatase
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Figure 7. IL-4 released from mast cells decreases macrophage phagocytosis. (A) IL-4 from PMCs before (white circles) and after a 15-minute stimulation
with bacteria (black circles) or PMA/ionomycin (gray circles). NS, not stimulated. Each circle represents an individual experiment; small horizontal lines

indicate the mean of 4 independent experiments. *P < 0.05. (B) Peritoneal mac
of recombinant IL-4. **P < 0.01; ***P < 0.001. (C) Peritoneal macrophage phago

rophage phagocytosis of pHrodo E. coli in the presence of different doses
cytosis of pHrodo E. coli in the presence of cell-free supernatants from

BMMCs activated by fixed bacteria and preincubated with anti-IL-4-blocking antibody or isotype control IgG antibody. **P < 0.01. (D) Peritoneal macro-
phage phagocytosis of pHrodo E. coli in the presence of supernatants from RMB-derived BMMCs derived from RMB, //47~, or Tnf~ mice activated with
fixed bacteria. **P < 0.01. (E) Phagocytosis of pHrodo E. coli by l/4ra-deficient peritoneal macrophage in the presence of cell-free supernatants from RMB

BMMCs activated by fixed bacteria. (F) Peritoneal macrophage phagocytosis of

pHrodo E. coli in the presence of cell-free supernatants from RMB BMMCs

activated by fixed bacteria and preincubated with anti-IL-13 or anti-IL-13 plus anti-IL-4-blocking antibodies and bacteria-activated supernatants from
1113~ BMMCs. Data are representative of 4 (A) and 3 (B-F) independent experiments and represent the mean + SEM. **P < 0.01; ***P < 0.001.

(SptP) of S. typhimurium, a structural homolog of Yersinia YopH,
suppresses degranulation of skin mast cells (36). Furthermore, the
heterogeneity of mast cells in various tissues may also represent an
important factor determining disease development (5).

Until recently, studies of the role of mast cells in vivo relied
on Kit"" or Kit"-*/"<" mice, both of which harbor Kit mutations
(10-17). These mice exhibit a profound defect in mast cell devel-
opment, but also bear other Kit-related abnormalities including
anemia, neutropenia, or neutrophilia. This limits their use in
the analysis of acute inflammatory conditions that involve other
innate immune cells. Although mast cells can be reintroduced into
Kit"/" or Kit"W-#"-h mice to restore function, such reconstitution

does not yield exactly the same distribution as that seen in WT
mice (37, 38). New mast cell-deficient strains independent of Kit
have thus been generated. These include the Mcpt5-Cre*iDTR*
mice, in which Cre expression under the control of the mast cell
protease 5 promoter is combined with the iDTR line to evaluate
the role of mast cells in dinitrofluorobenzene-induced (DNFB-
induced) contact hypersensitivity (39). In Cpa3°“* mice, mast
cells are absent due to the insertion of Cre recombinase under the
carboxypeptidase A3 promoter, and in contrast to Kit"/"~ mice,
they retain susceptibility to autoimmune arthritis (40). However,
these mice bear other alterations such as a partial reduction in
basophil numbers, a defect also found in Cpa3-Cre Mcl1¥# mice
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Figure 8. Mast cells mediate IL-4-impeded survival in severe sepsis. (A) Survival of DT-treated RMB mice reconstituted with BMMCs from B6 mice (white
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antibody (black circles; n = 18) and isotype control IgG (white circles; n = 18) after acute CLP. *P < 0.05.

(41). Although in our RMB model, both basophils and mast cells
are deleted after DT injections, the fact that basophils are fully
reconstituted 12 days after DT treatment, whereas mast cells are
still absent, allows the selective assessment of the role of mast
cells in various pathological situations.

To address the interaction of mast cells with other tissue-res-
ident cells in bacterial infection, we used a severe model of septic
peritonitis (high-grade sepsis). In this setting of massive bacterial
infection, the kinetics of the immune response via resident peri-
toneal cells is believed to be crucial to contain the spread of the
infection (8, 23). In the peritoneal cavity in steady state, the num-
ber of resident macrophages is 20 times higher than that of mast
cells, which represent only about 2% of resident cells. Although
mast cells may also be capable of phagocytosing bacteria (42),
in the case of severe sepsis, the initial killing of bacteria appears
to be carried out by peritoneal macrophages. Indeed, our data
show that as early as 15 minutes after the injection of fluorescent
bacteria into the peritoneal cavity, these were mostly found to be
ingested by resident macrophages. Strikingly, our experiments
demonstrate that this bactericidal activity of macrophages was
diminished in PBS-treated RMB mice, supporting an aggravating
role of mast cells in sepsis.

Mast cells are known for their ability to release numerous
inflammatory products capable of controlling their cellular envi-
ronment. Indeed, mast cells can quickly release proinflammatory
cytokines such as TNF and IL-6, both of which are central effec-
tors involved in monocyte and macrophage activation and the
local recruitment of neutrophils (43). However, these 2 cytokines
are also secreted in large quantities by peritoneal macrophages,
which vastly outnumber mast cells and can be quickly released
after TLR activation (44, 45). This may explain why we did not
detect any major difference in either TNF or IL-6 levels between
mast cell-deficient and control RMB mice after CLP (46).

Our results indicate that mast cell control over resident
macrophage phagocytosis is mediated by IL-4. Under steady-
state conditions, besides mast cells, the peritoneal cavity mainly
contains Bl lymphocytes and resident macrophages, neither of
which secrete IL-4. Basophils, which are also potent producers
of IL-4, were barely detectable in the peritoneal cavity before or
after CLP, and the numbers of basophils in the circulation were
identical in steady-state and septic conditions. Our data shown
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in Figure 3A clearly demonstrated that the observed difference
in survival rates was dependent only mast cell deficiency, since
basophils were totally replenished. Likewise, we observed no
survival difference in RMB mice 6 days or 12 days after DT treat-
ment, respectively, in the absence or presence of basophils (data
not shown). Thus, basophils have no detectable effect on septic
RMB mice. In mast cells, IL-4 is stored in secretory compart-
ments, ready for secretion upon stimulation (28, 29, 47). IL-4 is
a pleiotropic cytokine with major immune regulatory functions,
such as in naive T cell differentiation and Th2 polarization (48),
alternative macrophage (M2 macrophage) differentiation, and
proliferation of tissue-resident macrophages (49), ultimately
playing an important role in tissue homeostasis and repair (32,
50). Of note, mast cells are essential for the differentiation of
macrophages in milky spots of the peritoneal omentum, known to
play an important role in pathogen elimination (51). Low amounts
of bacteria or endotoxins may diffuse from the gut under steady-
state conditions to weakly stimulate PMCs, thereby allowing the
proliferation of resident macrophages and maintaining resident
cell homeostasis and peritoneal tissue integrity.

In contrast, in acute inflammation, IL-4 impairs both mac-
rophage phagocytosis and autophagy by altering the signaling
pathways involved (31, 50) and decreases the expression of the
macrophage class A scavenger receptor MARCO, which plays
a key role in the phagocytosis of nonopsonized bacteria (52).
Our data show that during sepsis, E. coli triggers the secretion
of IL-4 from mast cells within 15 minutes in a TLR4-dependent
manner. This secretion was not accompanied by the release of
granule content (data not shown), an indication that, in these
cells, IL-4 is not stored in histamine-containing granules, thus
revealing a degree of selectivity for bacteria-induced IL-4
secretion. Furthermore, IL-4 increases MHC class II expres-
sion induced by IFN-y in mast cells (53). This, in turn, is thought
to increase the ability of mast cells to mobilize T cells locally
through antigen presentation. Thus, IL-4 production by mast
cells in sepsis may represent an attempt by these cells to opti-
mize their orchestration of the local immune response upon
infection. However, since IL-4 production also resulted in a
lower phagocytic response of resident macrophages, it may
represent a strategy evolved by bacteria to divert the immune
response and thereby escape the immune system.
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Taken together, our results show that resident peritoneal
cells play a crucial role in the survival of mice during severe sep-
sis. Unexpectedly, mast cells, through the release of IL-4, reduce
the capacity of resident macrophages to promote bacterial clear-
ance. Thus, whereas IL-4 has been known for its role in enhancing
Th2 immunity and the initiation of tissue repair, its inappropriate
release during the initial stages of an overwhelming acute inflam-
matory reaction proved to be detrimental. In agreement with these
findings, treatment with an IL-4-neutralizing antibody would lead
to the reduction of mouse mortality following peritoneal infection
(54). Therefore, the use of a humanized anti-IL-4 monoclonal
antibody (such as pascolizumab, an antibody that was previously
tested in asthma; ref. 55) could also be evaluated in the early phase
of sepsis. Hence, our results demonstrate the important role of the
crosstalk between resident hematopoietic cells such as mast cells
and macrophages in the outcome of sepsis and indicate that the
nature of the very early inflammatory response may be pivotal in
determining survival following acute infection.

Methods

Mice

Generation of the RMB mouse (official name: B6; B6.Ms4a2™™M) ig
described in the Supplemental Methods. For mast cell and basophil
depletion, mice were injected i.p. twice (2 days apart) with 1 pg DT;
littermate mice injected with PBS were used as controls.

Cell culture

BMMCs were obtained by culturing BM cells from the femurs and tib-
ias of B6, RMB, Tnf”~, Tlr47~, Myd887/~, Il47~, and Il13%%* mice in
medium (RPMI-1640; 15% FCS; 1% nonessential amino acids; 1 mM
Na pyruvate; 54 mM 2-mercaptoethanol) containing recombinant
murine IL-3 and stem cell factor (SCF) at 10 ng/ml (Peprotech) for
5 weeks. Cell suspensions contained more than 98% mast cells, as
assessed by FACS analysis for CD117*FceRI* expression. PDMCs were
obtained from peritoneal lavage cells cultured in the presence of IL-3
and SCF, as for BMMCs.

Flow cytometry

Cells were stained with fluorochrome-conjugated monoclonal anti-
bodies against mouse CD11b (M1/70); Ly6C (AL-21); Ly6G (1A8);
BTCR (H57-597); CD45 (30-F11); CD19 (1D3); CD4 (RM4-5); SiglecF
(E50-2440); and CD8 (53-6.7) (all from BD); I-A/I-E (M5/114.15.2);
F4/80 (BMS8); CD117 (ACK2); CD49b (DX5); and FceRIa (MAR-1) (all
from eBioscience). After blocking Fc receptors with 2.4G2 supernatant,
rat IgG and hamster IgG, cells were stained with the antibodies listed in
the Supplemental Methods and diluted in PBS with 2% FCS and 2 mM
EDTA for 30 minutes at 4°C. In the blood, cells were gated as follows:
after gating out doublets, the CD45" cells were identified, then CD19*
B cells and BTCR" T cells (CD4* and CD8*) were gated. Among CD19"
and BTCR cells, neutrophils (CD11b*Ly6G*) were detected. In the
CD19BTCRLy6G cell population, the tdT* cellsrepresented basophils,
and in the tdT population, eosinophils (CD11b*SiglecF*F4,/80"
MHCII) and monocytes (CD11b*Ly6G Ly6C*) were identified. In the
peritoneal cavity, lymphocytes and eosinophils were detected as above,
mast cells were tdT*FceRIa*CD117+, and resident macrophages were
CD11b*F4/80*Ly6G Ly6CP, as previously described (56). Shortly after
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CLP, massive recruitment of neutrophils and inflammatory monocytes
(CD11b*F4/80 Ly6G Ly6C*) were detected in the peritoneal cavity.
Fluorescent cells were detected using a BD LSR Fortessa instrument
with Diva software (BD Biosciences) and analyzed using Flow]Jo soft-
ware (Tree Star Inc.). Cytokines released into the peritoneal cavity were
analyzed after an i.p. injection of 1 ml PBS by the CBA method (BD
Biosciences), according to the manufacturer’s instructions, on a FACS-
Canto II flow cytometer with Diva software. Hematological parameters
were monitored in blood drawn from the retro-orbital plexus with an
MS9-5 analyzer (Melet Schloesing).

Phagocytosis

For FACS analysis in vitro. Peritoneal macrophages (0.1 x 10°) were
cultured in 6-well plates in RPMI-1640 containing 1% FCS. The next
day, plates were washed, nonadherent cells were discarded, and adher-
ent cells were kept for an additional 24 hours in RPMI with 10% FCS.
BMMCs (4 x 109) were starved of SCF overnight and activated for 2
hours with either 20 x 10°¢ Texas Red fixed bacteria or 100 ng/ml LPS
at 37°C. Supernatants were filtered at 0.22 pm, mixed with 5 x 10¢
FITC-conjugated E. coli (Invitrogen), and added to macrophages for
15 minutes at 37°C to induce phagocytosis. Macrophages were washed
twice with cold PBS and resuspended with PBS containing 5mM EDTA
before staining and acquisition on an LSR Fortessa instrument.

Confocal microscopic analysis in vitro. Peritoneal macrophages
(0.4 x 109 were cultured in 8-well Permanox Lab-Tek slides in RPMI
with 1% FCS overnight. The next day, nonadherent cells were dis-
carded, and adherent cells were cultured in RPMI with 10% FCS. SCF-
starved BMMCs (2 x 10°) were activated for 15 minutes with 10 x 109
E. coli at 37°C. Supernatants were filtered at 0.22 um, and 10 pg/ml
anti-IL-4 (11B11; BioLegend) or anti-IL-13 antibody (eBiol316H) or
control IgG (RTK2071; BioLegend) were added to the supernatant for
15 minutes at room temperature. Supernatants were mixed with 10 x 10¢
pHrodo-labeled bacteria (Invitrogen) and added to macrophages to
assess phagocytosis. Macrophages were identified using a biotinylated
anti-F4,/80 antibody (BMS8; eBioscience) and streptavidin-Alexa Fluor
488. Phagocytosis was assessed on a Zeiss LSM510 confocal microscope
and analyzed using Imaris software. The median fluorescence intensity
(MFI) of red fluorescence was calculated for each macrophage indepen-
dently. To assess the inhibition of phagocytosis by IL-4, various concen-
trations of recombinant murine IL-4 (Peprotech) together with 10 x 10°
pHrodo-labeled bacteria were added to macrophages for 15 minutes at
37°C. Phagocytosis was stopped with 2 washes in ice-cold PBS.

FACS analysis in vivo. FITC-conjugated bacteria (10 x 10°) were
injected into the peritoneal cavity of RMB mice pretreated with PBS or
DT 12 days before, or into B6 or Kit"<"/"~* mice. Mice were sacrificed
15 minutes after injection. Peritoneal cells were stained as described
above and analyzed by FACS.

CLP

Peritonitis was induced by CLP in male mice 12 days after PBS or DT
injection, as previously described (23). Only male mice were used, and
all surgeries were performed within 15 minutes per mouse, with a maxi-
mum of 8 mice per procedure starting at 10 am. No animal was excluded
from the test. After anesthesia, the abdomen was shaved, and the
cecum was exposed through a 1-cm midline incision. The cecum was
ligated at three-quarters of its length with a no. 5 silk suture (Ethicon)
and punctured once with a 21-gauge needle. The cecum was replaced,
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and 1 ml sterile saline (0.9% NaCl) prewarmed to 37°C was injected
into the peritoneal cavity. In some experiments, 10 pg per mouse of an
anti-IL-4 antibody or a control IgG antibody was injected concurrently
with skin closure. For mast cell reconstitution, BMMGCs (2.5 x 10%) were
injected i.p. into 4-week-old RMB mice following DT treatment. The
mice were used for CLP 8 weeks later (DT was reinjected 12 days before
the CLP procedure). Mouse survival was monitored every 8 hours for
the first 3 days and then every 12 hours until day 7.

Passive systemic anaphylaxis and IL-4 secretion assay
See Supplemental Methods for details.

General experimental design and statistical analysis

For animal experiments, littermates were used and randomly distrib-
uted in PBS or DT treatment groups. Statistical analysis significance
was calculated using GraphPad Prism software. Kaplan-Meier survival
curves and the log-rank test were applied for mice survival, and the dif-
ferences in P values between 2 groups were determined using with the
nonparametric Mann-Whitney U test. Data are presented as the means
*SEM, and P values of less than 0.05 were considered significant.

Study approval

RMB, C57Bl/6, and Kit"*""-" mice were housed under specific patho-
gen-free conditions at the mouse facilities of Bichat Medical School.
Mice used in all experiments were 10-14 weeks of age. All animal exper-

The Journal of Clinical Investigation

imental protocols were approved by the French Agricultural Office and
the INSERM ethics committee, and all animal care and experimenta-
tion were conducted in accordance with European directives.
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