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Abstract 

The Gram-positive bacterium Listeria monocytogenes (L.m.) is the etiological agent 

of Listeriosis. The early phase of this infection is characterized by a strong innate 

host response that plays a major role during Listeriosis. This is emphasized by the 

fact that mice deficient in both T-cell and humoral immunity have a remarkable ability 

to control infection. Mast cells are among the principal effectors of innate immunity. 

Thus far, these cells have been studied mainly in the context of hyperreactive 

conditions such as allergy and autoimmune diseases. In the present study, we 

evaluated the significance of mast cells during the early phase of L.m infection. 

Compared to controls, mice depleted of mast cells showed hundred-fold higher 

bacterial burden in spleen and liver and were significantly impaired in the mobilization 

neutrophils. Although L.m interacts with and triggers mast cell degranulation, bacteria 

were hardly found within such cells. Mainly neutrophils and macrophages 

phagozytosed L.m. Thus, although not directly involved in bacterial uptake, mast cells 

control infection by initiating neutrophils influx to the site of infection. We show that 

this is initiated by presynthesized TNF-α, which is rapidly secreted via degranulation 

of mast cell upon activation by L.m. We also show that upon recruitment, neutrophils 

also become activated and additionally secrete TNF-α thus amplifying the anti-L.m 

inflammatory response. 



 3

Introduction 

The Gram-positive bacterium Listeria monocytogenes (L.m.) is the causative agent of 

listeriosis whose manifestations include septicemia, meningitis, encephalitis and 

abortions (Vazquez-Boland et al., 2001). Multiple components of the immune system 

are involved in protection of the host against L.m. and its sterile clearance. Effective 

innate immunity is necessary to control pathogen replication during the first 2-3 days 

of infection. This either eliminates the microbe or modifies bacterial expansion, 

thereby preventing overwhelming sepsis. At the same time, the stage is set for T-cell 

dependent elimination of the pathogen (Cousens and Wing, 2000;Pamer, 2004). The 

significance of innate immune responses during listeriosis is emphasized by the fact 

that scid mice i.e. mice deficient in both T-cell and humoral immunity have a 

remarkable ability to control the infection (Bancroft et al., 1991;Carrero et al., 

2006;Nickol and Bonventre, 1977).  

Mast cells are among the principal effectors of the innate immune system. They have 

a wide tissue distribution, especially at the host-environment interfaces such as the 

skin, airways and gastrointestinal tract, where pathogens and other environmental 

agents are frequently encountered (Galli et al., 2005). Thus far, mast cells have 

largely been studied in the context of debilitating hyperreactive conditions like 

allergies. However, their role in host defenses against infectious agents has attracted 

increasing attention (Malaviya et al., 1994;Malaviya et al., 1996;Malaviya and 

Abraham, 2000;Malaviya and Georges, 2002;McLachlan et al., 2003;Shelburne et 

al., 2006). Here, we provide evidence that mast cells play a major role in the control 

of peritoneal infection of mice by L.m. During the early stages of peritonitis induced 

by L.m., bacterial uptake is mainly mediated by neutrophils and macrophages but not 

mast cells. However, when depleted of mast cells, mice were found to be highly 
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impaired in controling L.m. Such mice also exhibited diminished mobilization of 

neutrophils to the site of infection. Our data suggest that upon activation by L.m., 

mast cells rapidly degranulate hence secreting pre-synthesized proinflammatory 

mediators such as TNF-α. This mobilizes neutrophils to the site of infection. Once 

recruited, these highly bactericidic phagocytes not only mediate bacterial uptake and 

destruction but are in turn activated to secrete inflammatory mediators such as TNF-

α, hence, amplifying the anti-listerial inflammatory response. 
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Results 

Mast cells are required for effective anti-listerial defense 

In BALB/c mice, mast cells make up around 1-2% of peritoneal cells (Supplementary 

Figure 1). Therefore, the peritoneal route of infection with L.m. was chosen to 

evaluate the role of mast cells during the early phase of anti-listerial host response in 

normal and mast cell depleted mice. Mast cell depletion was achieved using anti-c-Kit 

antibodies as previously described (Brandt et al., 2003). In these mice, analysis of 

bone marrow, peripheral blood, spleen and peritoneal cells indicated that this 

procedure could deplete up to more than 90% of mast cells without any significant 

effect on the population dynamics of other cell types such as macrophages, 

neutrophils, and lymphocytes at least for the first 3 days after anti-c-Kit administration 

(Table 1 and Supplementary Figure 1). However, to avoid unspecific long-term 

effects due to the anti-c-Kit treatment, infection experiments were carried out 24 hrs 

after antibody administration.  

Mast cell depleted or control mice were infected intraperitoneally (i.p) with L.m. and 

two 2 days later, bacterial burdens in spleen, liver and peritoneum was determined. 

Compared to controls, mast cell-depleted mice had an approximately 10-fold higher 

L.m. titer in the peritoneum, and a 100 - 1000-fold greater L.m burden in liver and 

spleen (Figure 1 A-C). Apparently, mast cells significantly contribute to the early host 

response against L.m.   

Although the peritoneum was the primary site of infection, as depicted (Figure 1 A-C), 

the difference in the bacterial burden between the control and mast cell depleted 

mice was most pronounced in spleen or liver. Judged by the low CFUs in the 

peritoneum, it is apparent that this location is not the optimal site for the replication of 

L. m. As shown in the present study, this might be attributed to the fact that 
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mobilization of inflammatory cells, a critical component of host defense required for 

bacterial clearance, is most robust at this site. Compared to the peritoneum, 

mobilization of inflammatory cells into the spleen is not only delayed but much lower 

upon L.m infection (Table 1 and data not shown). This together with the fact that 

higher CFUs are found in the spleen suggest that this organ in less restrictive for 

bacterial proliferation. Owed to faster bacterial clearance, the effect of mast cell 

depletion might appear lower at the peritoneum. It however is imaginable that the 

initial mast cell effect is amplified once the bacteria disseminate into the spleen or 

liver where their multiplication is less restricted. 

 

L. monocytogenes uptake is mainly mediated by neutrophils and macrophages 

but not mast cells  

The capacity of mast cells to directly kill bacteria via phagocytosis (Feger et al., 2002) 

or secretion of anti-microbial peptides has been reported (Di Nardo et al., 2003). To 

better understand the underlying mechanisms in listerial control, the role of mast cell 

mediated phagocytosis in the clearance of L.m was evaluated. One hr after i.p. 

infection, peritoneal cells were isolated, incubated with gentamycin to kill extracellular 

bacteria and sorted for mast cells (c-Kit+FcERI+), neutrophils (Gr1+CD11b+), and 

macrophages (Gr1-CD11b+). These cells were then lysed and plated to quantify 

intracellular bacteria. In parallel, aliquots of these cell populations were additionally 

processed for morphological identification by toluidine blue (mast cells) and 

hematoxyline-eosin (neutrophils) stainings (Figure 2). The bulk of bacterial burden 

was found in neutrophils and macrophages while hardly any bacteria were 

associated with mast cells (Figure 3A). This was not due to the relatively low 

abundance of mast cells in the peritoneum. Given their low phagocytic index (Figure 

3B), it is apparent that mast cells do have a very low phagocytic capacity for L.m. 



 7

Indeed, when bone marrow derived mast cells were exposed to L.m. in vitro and 

analyzed by electron microscopy, bacteria were only found to be attached to the 

surface of such cells but not inside (Gekara et al., 2007). Thus, although mast cells 

are generally known to have some phagocytic function (Abraham and Malaviya, 

1997;Malaviya and Abraham, 1998), and have been suggested to recognize L.m via 

their α2β1 integrin (Edelson et al., 2004), their phagocytic efficiency towards L.m. is 

extremely low. On this basis, direct phagocytosis and destruction of intracellular L.m. 

appears unlikely as the mechanism responsible for mast cell dependent clearance. 

Mast cell activation by L. monocytogenes contributes to the recruitment of 

neutrophils to the site of infection  

As mentioned already, the early inflammatory response to infection is characterized 

by the recruitment of inflammatory cells to the site of infection (Unanue, 1997). To 

investigate whether the role of mast cells in the control of L.m infections was due to 

an influence in the recruitment of inflammatory cells, mice were infected i.p with L.m. 

and at different time points sacrificed, and the population dynamics of mast cells, 

macrophages, neutrophils and lymphocytes in the peritoneum was analyzed. Of 

these cell types, the most dramatic shift was evident for Gr1+ cells identified by RB6-

8C5 antibody.  

This anti-Gr1 antibody, which recognizes Ly6G but cross-reacts with Ly6C has been 

used to characterize neutrophils, monocytes and dendritic cells (Colonna et al., 

2004;Nakano et al., 2001;Serbina and Pamer, 2006). Thus, to better define the 

recruited cells, the Gr1+ cells were evaluated for the expression of more surface 

markers. Such cells were found to be positive for CD11b and Ly6C but negative for 

macrophage or B lymphocyte markers such as F4/80 and B220 (Table 1 and data not 
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shown). Upon HE staining more that 95% of these cells were clearly identifiable as 

neutrophils based on their polymorphonuclear shapes (Figure 2).  

The finding that most of Gr1+ cells in the peritoneum are neutrophils is interesing in 

view of the published findings showing that monocytes constitute a significant 

proportion of Gr1+ cells in the L.m infected spleen (Serbina and Pamer, 2006). It is 

thus likely that the mechanisms of cellular recruitment at these distinct sites following 

intravenous and intraperitoneal challenge are different. 

We also investigated the kinetics of cellular recruitment into the peritoneum. Figure 

6B-C shows the number of neutrophils and mast cells in the peritoneal cavity at 

different time points after L.m. inoculation. As depicted, influx of neutrophils could be 

detected as early as 30 min and peaked around 3 hrs after L.m. inoculation (Figure 

6B). This is in clear contrast to mast cells, which remained constant throughout this 

early course of infection (Figure 6C).  

To evaluate the significance of neutrophil recruitment in the control of L.m infection, 

mice were depleted of neutrophils using the RB6-8C5 antibody prior to infection. As 

shown before (Conlan, 1997a;Conlan, 1997b;Lopez et al., 2000), compared to 

controls, such mice contained 100 fold more bacteria in liver and spleen by day 2 of 

infection (Supplementary Figure 2) and finally succumbed to L.m (data not shown). 

This, plus the fact that most bacteria in the early phase of infection are mainly found 

in neutrophils (Figure 3) clearly demonstrate that the rapid influx of neutrophils to the 

site of infection is essential for listerial control.  

Unlike most inflammatory cells, mast cells are packed with granules containing 

preformed inflammatory mediators. Upon activation with the appropriate stimuli, 

these cells degranulate (exocytosis of granules). Thus immediate secretion of a 

battery of inflammatory mediators takes place which could then mobilize other 

inflammatory cells like neutrophils. Although mast cells are hardly involved in listerial 
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uptake, nor are they recruited to the site of infection (Figures 3, Figure 6C and Table 

2C), in vitro experiments from our recent study (Gekara et al., 2007) already 

suggested that mast cells do indeed interact with and are activated by L.m. We thus 

decided to evaluate whether L.m does activate mast cells in vivo during infection. 

LAMP-1 (CD107a) is an intracellular protein found on granule membranes, which 

upon degranulation becomes exposed on the cell surface (Grutzkau et al., 2004). To 

check for in vivo degranulation of mast cells, mice were inoculated i.p with L.m and 

afterwards, peritoneal mast cells were analyzed by flow cytometry for surface 

expression of CD107a. Compared to the uninfected control, mast cells from infected 

mice had a significantly elevated LAMP-1 surface expression, which was detectable 

as earlier as 30 min post infection (Figure 4A-D and data not shown). As a positive 

control, mast cells from animals injected with the mast cell specific activator, 

compound 48/80 (Cpd 48/80) were also analyzed and found to have an elevated 

LAMP-1 surface expression (data not shown). This clearly shows that L.m does 

trigger degranulation of mast cells in vivo. 

When mice were analyzed in more details to determine the consequences of mast 

cell activation, both L.m and Cpd 48/80 were found to elicit a rapid influx of 

neutrophils (Figure 4E-G). Since the recruitment of neutrophils induced by L.m or 

Cpd 48/80 was dose dependent, it is noteworthy to mention that the relative influx 

elicited by these agents (Figure 4F and G) cannot quantitatively be compared 

directly.  

To definitively demonstrate the significance of mast cell activation for the recruitment 

of neutrophils, mice were depleted of mast cells and then infected. As shown in 

Figure 5A, mast cell depletion led to a significant impairment in the mobilization of 

neutrophils. Together, these results demonstrate that upon infection, mast cell 
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activation by L.m. triggers a rapid influx of neutrophils to the site of infection to control 

bacterial expansion. 

L. monocytogenes induces TNF- α  accumulation in the peritoneal cavity in a 

mast cell dependent manner  

Next, we sought to determine the product/s of mast cells that are responsible for the 

recruitment of neutrophils during the earliest stage of L.m. infection. Given the fast 

kinetics by which neutropils were recruited, the role of preformed mediators secreted 

immediately by mast cells upon degranulation was considered.  

TNF-α is one of the preformed mast cell mediators (Galli et al., 1991). This cytokine 

is very important in the control of L.m. infection since mice that lack TNF-α or its 

receptor quickly succumb to L.m. (Pasparakis et al., 1996;Pfeffer et al., 1993;Rothe 

et al., 1993). In addition, TNF-α has been reported to play a role in the recruitment of 

various inflammatory cells to sites of infection by different pathogens (Malaviya et al., 

1996;McLachlan et al., 2003). Our in vitro studies show that L.m. or listeriolysin O 

(LLO), the pore forming toxin of L.m. induces bone marrow derived mast cells to 

degranulate hence secreting this cytokine (Gekara et al., 2007). To extend these 

findings, the role of mast cells in the in vivo TNF-α response during L.m infection was 

investigated. As shown in Figure 5B, TNF-α levels in animals depleted ofmast cells 

were significantly lower compared to the undepleted controls. This is similar to the 

decreased neutrophil mobilization described before (Figure 5A). 

Previous studies indicate that the TNF-α response during L.m infection involves a 

number of cell types.  Dendritic cells, monocytes, macrophages, neutrophils and 

even T cells have for instance been reported to be important sources of TNF-α 
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during L.m infection (Grivennikov et al., 2005;Serbina et al., 2003;Serbina and 

Pamer, 2006).  

Considering that depletion of mast cell impairs mobilization of neutrophils, it was not 

immediately clear whether the diminished TNF-α levels in such mice (Figure 5) was 

directly due to lack of mast cells or the decrease in neutrophil numbers. To determine 

the relative contribution of mast cells and neutrophils in the overall TNF-α response, 

control mice and mice depleted of either mast cells or neutrophils were infected with 

L.m. They were then analyzed at different time points to correlate the kinetics of 

neutrophil mobilization and TNF-α secretion. L.m. was found to elicit a very rapid 

TNF-α secretion attaining a peak as early as 30 min and then gradually receding to 

near basal level by 6 hrs post infection (Figure 6A). Mast cell depleted mice showed 

a highly diminished and a delayed TNF-α response.  

TNF-α levels in the WT and neutrophil depleted mice were comparable at the very 

early stage (30 min) of L.m. infection. However, at later time points (3 - 6 hrs post 

infection), the neutrophil depleted mice exhibited a highly significant decrease in 

TNF-α levels. Taken together, we envisage two waves of TNF-α secretion during the 

first 6 hours of L.m infection: the first wave peaking at 30 min and a second but 

weaker wave that peaks 3 hrs post infection.  

The first wave of TNF-α secretion was absent or highly diminished in the mast cells 

depleted mice. The second coincided with the height of neutrophil influx in the wild 

type control but was absent in neutrophil depleted animals. Therefore we are strongly 

pursuaded to conclude that the first wave of TNF-α secretion is due to mast cell 

degranulation, while the second is most likely due to the recruited neutrophils. It is 

worth pointing out that this mechanism of TNF-α secretion contrasts to that described 

for the spleen where Tip DCs and a subset of CCR2+ monocytes were reported to be 
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major sources of TNF-α during L.m infection.(Serbina et al., 2003;Serbina and 

Pamer, 2006). This difference might be ascribed to the routes of infection used and 

the intrinsic differences in cellular composition of these organs. . 

Role of TNF-α in the recruitment of neutrophils to the site of infection 

In view of the above results, we sought to directly test the role of TNF-α in neutrophil 

mobilization. Mice were inoculated with anti-TNF-α or an isotype control before L.m. 

infection. The anti-TNF-α neutralizing antibody significantly impaired the recruitment 

of neutrophils by L.m. (Figure 7). Conversely, administration of recombinant TNF-α 

led to a rapid influx of neutrophils into the peritoneum (Figure 8). 

 

LLO induces influx of neutrophils into the peritoneum 

Our in vitro data suggested that upon exposure to L.m, mast cells undergo 

degranulation and secreteTNF-α immediately in a manner dependent on listeriolysin 

O (Gekara et al., 2007). To better understand this mechanisms of mast cell activation 

and neutrophil mobilization during L.m infection, we tested whether purified LLO 

alone could also trigger recruitment of neutrophils. Control or mast cell depleted mice 

were inoculated i.p with LLO or TNF-α (as positive control) and one hour later they 

were analyzed for intraperitoneal influx of neutrophils. Purified LLO induced a rapid 

influx of neutrophils into the peritoneum, which was significantly diminished in mast 

cell depleted mice (Figure 8). The residual but significant recruitment of neutrophils in 

the depleted mice could either be due to residual undepleted mast cells or 

mechanisms independent of such cells. 
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Discussion 

Our data demonstrate that mast cells play a critical role in the very early host defense 

against L.m. This is clearly demonstrated by the fact that in their absence, mice are 

compromised in the ability to mobilize neutrophils to the site of infection. This results 

in uncontrolled bacterial proliferation in multiple organs such as the peritoneum, 

spleen and liver. Our results confirm and extend recent concepts regarding the role of 

mast cells in the control of bacterial infections (Malaviya and Georges, 

2002;Marshall, 2004) and corroborate results obtained lately in mast cell 

reconstituted W/Wv mice (Edelson et al., 2004). However, in contrast to our results, 

no difference in L.m burden was observed between the mast cell deficient and 

reconstituted animals in the latter study.  

A number of reasons could account for the difference between these studies. First, 

the intrinsic difference in the two systems i.e reconstitution of mast cell deficient mice 

versus mast cell depletion could influence the readout. For instance, whereas over 90 

% of mast cells were depleted in our study, reconstituted mice contained only 10 to 

20% of normal numbers of peritoneal mast cells. This could account for the modest 

mast cell-dependent anti-listerial defense in that particular study (Edelson et al., 

2004). An alternative possibility could be the difference in infection dose and the 

genetic background of the mice. In our study an intraperitoneal dose of 1x105 

Listeria/mouse was used compared to 5x104. Although these doses may not be very 

different per se, the reconstituted W/Wv mice might be highly resistant to L.m. 

infection as compared to BALB/c mice employed in our study. This factor renders 

direct comparison difficult. Indeed, when we compare mobilization of neutrophils in 

different mice strains following i.p infection with the same dose, we find that L.m. 

triggers stronger responses in BALB/c compared to C57BL/6 (data not shown).  
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The rapid release of TNF-α is a hallmark of mast cell activation since they are the 

only cells that store preformed TNF-α (Galli et al., 1991;Galli and Nakae, 

2003;McLachlan et al., 2003). Accordingly, inoculation of L.m. into the peritoneal 

cavity induced a rapid mast cell dependent accumulation of TNF-α in this 

compartment. The importance of this cytokine for the influx of neutrophils was directly 

indicated by intraperitoneal TNF-α injection and anti-TNF-α antibody neutralization 

experiments. Our results indicate that, although mast cells are the source of the very 

initial TNF-α response, neutrophils also significantly contribute to TNF-α secretion, 

especially at later stages. Thus, once recruited, neutrophils become activated by L.m 

and amplify the overall anti-listerial inflammatory response by additionally secreting 

TNF-α.  

 While implicating the role of TNF-α, our results do not exclude the potential role of  

other mediators in neutrophil mobilization. The fact that removal of TNF-α failed to 

completely abolish neutrophil influx, is consistent with such a prospect. Indeed other 

mast cell secreted factors such as leukotrienes or protreases such as tryptase have 

been described to play a role in neutrophil mobilization (Malaviya et al., 

1993;Malaviya and Abraham, 1998;Malaviya and Abraham, 2000;Spada et al., 

1997;Zhang et al., 1992).  

TNF-α can mediate recruitment of inflammatory cells via several mechanisms. It may 

act in an auto/paracrine fashion to stimulate release of other chemokines such as 

MIP-2, which is a potent chemoattractant for neutrophils (Ramos et al., 2003). 

Similarly, TNF-α could facilitate neutrophil extravasation by triggering endothelial 

cells to express various cell adhesion molecules like ELAM-1 which would then 

enhance adhesion of neutrophils to endothelial cells, thereby facilitating neutrophil 

efflux (Abraham and Malaviya, 1997;Galli et al., 1991;Wershil et al., 1991;Zhang et 
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al., 1992). Apart from recruitment of inflammatory cells, TNF-α could also facilitate 

bacterial clearance by enhancing the bactericidal activities of neutrophils (Malaviya 

and Abraham, 2001). 

In spite of the evidence for mast cells, our results also suggest that neutrophils 

mobilization during L.m. infection is not exclusively a mast cell act. For instance, 

although our procedure resulted in the depletion of mast cells by about 90%, 

mobilization of neutrophils in such mice upon L.m infection was still found to be fairly 

significant (40-50%). Therefore, sources of chemoattractants other then mast cells 

most likely exist. 

Tissue macrophages, blood monocytes, dendritic cells and Kupffer cells of liver are 

traditionally the best-known sources of TNF−α. Unlike mast cells, which are packed 

with preformed mediators ready for secretion upon activation, the secretion of TNF-α 

by other cell types is however delayed by the time required to complete de novo 

synthesis of this potent cytokine. As such, mast cells provide the only readily 

available source of TNF-α during the early course of infection.  

Several components of L.m. are known to be involved in the induction inflammatory 

responses during infection. LLO, the pore forming toxin largely considered to be the 

main virulence determinant is known to trigger a plethora of host responses via a 

variety of mechanisms, (Gekara et al., 2005;Gekara and Weiss, 2004). Induction of 

calcium signals by LLO is for instance very crucial for L.m-induced mast cell 

degranulation (Gekara et al., 2007). Consistently, purified LLO when administered 

into mice is alone able to mediate recruitment of neutrophils in a mast-cell dependent 

manner. However, since the overall inflammatory response of the host to L.m. clearly 

involves the co-ordinated and often redundant actions of several bacterial 

components, other bacterial components cannot also be ruled out at the moment. 

Recent studies, in which α2β intergrin and its ligand C1q were demonstrated as 
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possible co-receptor for mast cell activation by L.m. (Edelson et al., 2004;Edelson et 

al., 2006), are in keeping with this idea.  

In conclusion, we have provided evidence for the role of mast cells in the initiation of 

the early anti-Listeria host responses. In the race between the host and pathogen, 

survival of the host depends on its ability to harness a quick and robust assault on 

the pathogen. Due to their strategic localization in common portals of infection, mast 

cells are likely to be the first inflammatory cells to contact invading pathogens. This, 

plus the fact that they are the only cells in the body that have preformed inflammatory 

mediators ready for secretion, positions them in the forefront of inflammatory 

responses necessary for control of bacterial pathogens. Thus, any incapacitation of 

host defenses at the very initial but crucial stage of infection owed to loss of mast cell 

function, as demonstrated here, tips the balance in favor of L.m. and makes the 

difference between life and death several days later. 
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Materials and methods 

Animals 

8-10 weeks BALB/c mice were purchased from Harlan (Borchen, Germany). 

 

Antibodies and reagents 

Commercial antibodies: anti-mouse TNF-α, anti-mouse FcεRIα-FITC, CD11b-FITC 

(Ebioscience), anti-mouse F4/80-APC (Serotec) anti-mouse B220-APC, control rat 

IgG and anti-LAMP-1-FITC, anti-mouse Ly6C-biotin and Streptavidin- APC (BD 

Bioscience Pharmingen). IgD anti-mouse TNF-α was a kind gift from Dr. Falk 

(Regensburg). Antibodies purified from hybridoma supernatants: anti-c-Kit (ACK-4), 

anti-Gr1 (clone RB6-C5), anti-mouse CD3 (clone 500A2) conjugated with FITC. 

Compound 48/80 was obtained from Sigma-Aldrich (Steinheim Germany). LLO was 

purified from over-expressing Listeria innocua (Darji et al., 1995). 

 

Depletion of neutrophils and mast cells, neutralization of TNF-α 

BALB/c mice were injected intraperitoneally with 1.5 mg anti-c-Kit. Over 90% of mast 

cells were depleted with this procedure (Supplementary Figure 1 and Table 1). Since 

c-Kit is also expressed in progenitors, we considered whether the anti-c-Kit treatment 

also affects other cell populations in addition to mast cells. Analysis of mice 2 - 3 

days after anti-c-Kit treatment showed no significant effect on other populations other 

than mast cells (See Supplementary Figure 1 and Table 1). This indicated that the 

first 3 days after antibody administration is too short a time frame for the 

differentiation of progenitors into populations such as lymphocytes (B and T cells), 

macrophages and neutrophils. For this reason, most of our experiments were 

conducted within this period. 
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For depletion of neutrophils, mice were injected intraperitoneally with 100 µg of RB6-

8C5 mAb. More than 97% neutrophils were depleted this way as judged by analysis 

of bone marrow and peripheral blood cells (data not shown). For TNF-α 

neutralisation, 250 µg rat anti-TNF-α clone MP6-XT3 were injected intraperitoneally 

30 min before infection. 

 

Cell sorting and enumeration bacteria in peritoneal cells of L.m infected mice. 

Mice were infected intraperioneally with 106 L.m, sacrificed after 1 hr, peritoneal cells 

pooled and incubated for 30 min in 5 µg/ml gentamycin to kill extracellular bacteria. 

Cells were stained for cell type markers FcεRI+, c-Kit+, Gr1+, CD11b+ and F4/80+. A 

total of 1.47 X 107 cells were sorted yielding 5.9 x104 mast cells, 2.5 x106 neutrophils 

and 3.8 x106 macrophages. To determine viable bacteria sorted cells were lysed in 

Triton X-100 and plated on BHI agar plates. 

  

Identification of mast cells and neutrophils  

Mast cells were identified as c-Kit+ FcεRI+ cells. These cells were also isolated then 

positively identified as mast cells by the standard toluidine blue (Figure 2A-C). 

Several combinations of markers were used to identify neutrophils (Gr1+). Gr1+ cells 

were found to be Ly6C and CD11b positive but were negative for F4/80 and B220 

(macrophage and B lymphocyte markers respectively. Careful analysis of the 

(Gr1+CD11b+), (Ly6C+CD11b+) gates showed that these populations were identical 

(Table 1 and data not shown).  Upon sorting and processing for morphological 

characterization (hematoxylin-eosin staining), both (Gr1+CD11b+) and 

(Ly6C+CD11b+) populations were clearly identifiable as neutrophils based on their 

polymorphonulear shapes (Figure 2D-G and data not shown).  

In vivo evaluation of mast cell degranulation by flow cytometry  
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Groups of 5 mice were inoculated i.p with control buffer or L. m (106 organisms). 

When sorted and subjected to toluidine blue staining, we found that all c-Kit+ cells in 

the peritoneum were mast cells (data not shown). Thus, to evaluate mast cell 

degranulation, pooled peritoneal cells from mice infected or not with L.m were stained 

with anti-cKit and and anti-LAMP-1. Viable i.e propidium iodide negative, cKit+ cells 

(i.e viable mast cells) were then analyzed for surface expression of LAMP-1. 

 

TNF-α Bioassay  

Following i.p. inoculation of 1X105 L. m., mice were sacrificed, peritoneal cavities 

were flashed each with 1 ml of tissue culture medium and the washouts were 

centrifuged. Cell pellets were analyzed by FACS while supernatants were tested for 

biological activity of TNF-α using the L929 cells. Briefly: 4x104 L929 cells were 

seeded into a 96-well plate. After overnight incubation, the medium was replaced with 

100 µl of medium containing actinomycin D (6.25 µg/ml) and 50 µl of the sample 

supernatant. Recombinant TNF-α  were used as reference. After 24 h, supernatants 

were aspirated and cell viability determined using the EZ4U KIT (BIOMEDICA, Viena, 

Austria).  

 

Statistical analysis 

Data in the text and figures are expressed as the mean ±SD. Statistical comparisons 

were carried out using the Student’s t-test. p values less than 0.05 were considered 

significant. 
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Legends 

Figure 1. Mast cell depletion enhances susceptibility to L. monocytogenes 

infection. WT (isotype control) and mast cell depleted mice were infected 

intraperitoneally with 1x105 L.m and sacrificed 2 days later to determine the bacterial 

burden in the liver, spleen and peritoneum. The circles, and triangles represent 

individual mice while the bars represent the geometric mean of CFU/organ. The data 

are representative for 3 independent experiments. (** p< 0.005, * p= 0,01). 

 

Figure 2. Morphological characterization of peritoneal mast cells and 

neutrophils. Peritoneal cells from control mice or mice infected intraperitoneally for 1 

hr with1x106 L.m mice were stained with anti-FcεRI , anti-c-Kit, anti-Gr1 and CD11b. 

FcεRI+c-Kit+ (mast cells) FcεRI+c-Kit- (uncharacterised cells), Gr1+CD11b+ 

(neutrophils) as well as Gr1-CD11b+ (macrophages) were analyzed by flow cytometry 

(see gatings in A and D) then isolated by cell sorting. These cells were then 

cytospinned and subjected to toluidine blue (B-C) and hematoxylin-eosin (E and F) 

staining. Mast cell granules were identifiable as dark blue upon toluidine blue staining 

(B). D and E shows FACS staining of peritoneal cells from uninfected and infected 

mice respectively. HE staining shows that up to 95% of cells recruited to the 

peritoneum are neutrophils (polymorphonuclear shaped). 

 

Figure 3. Uptake of L. monocytogenes by peritoneal cells in the early stages of 

infection. 1 hr after intraperitoneal inoculation of 1x106 L.m organisms, mice were 

sacrificed and peritoneal cells were incubated for 30 min in 5 µg/ml gentamycin to kill 

extracellular bacteria. Subsequently, cells were stained with antibodies against 

various cell surface markers before sorting them for mast cells (FcεRI+, c-Kit+), 
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neutrophils (Gr1+, CD11b+) and macrophages (F4/80+, CD11b+, Gr1-) by FACS. After 

lysing cells with Triton X-100 to release intracellular bacteria, the preparations were 

plated on agar plates for colony counting. A, absolute number of CFUs associated 

with the indicated cell populations. B, phagocytic indices (CFU divided by number of 

cells). The FACS gatings and morphological characterization of these cell 

populations are shown in Figure 2.  

 

Figure 4. L. monocytogenes induces mast cell degranulation and mobilization 

of neutrophils. A-D, In vivo degranulation of mast cell by L.m. Groups of 5 mice 

were inoculated i.p with control buffer or L. m (106 organisms). After 1 hr, mice were 

sacrificed and peritoneal cells from each group pooled, then stained with anti-cKit 

and anti-LAMP-1 antibodies. Mast cells (c-Kit+ gated cells shown in A and C) were 

then analyzed for surface expression LAMP-1 (B and D). E-G, L.m and and the mast 

cell activator Cpd 48/80 induces neutrophils mobilization. Mice were injected 

intraperitoneally with: control medium (D), 1X105 L.m organisms (F), 30 µg Cpd 40/80 

(G). After 1 hr, peritoneal exudate cells were isolated then stained with anti-Gr1 and 

anti-B220 to estimate influx of neutrophils (Gr1+, B220-) by flow cytometry. 

 

Figure 5. Mast cells depletion significantly impairs TNF-α response and 

neutrophil recruitment induced by L. monocytogenes. A, 24 hrs after injection of 

the isotype control or the anti-c-Kit antibodies, mice were infected i.p with 1x105 L.m 

organisms. After 3 hrs, mice were sacrificed and the peritoneum flashed with tissue 

culture medium. To quantify the number of neutrophils, peritoneal cells were stained 

with anti-Gr1 and anti-CD11b antibodies and (Gr1+, CD11b+) cells were estimated by 

flow cytometry. The bars represent the mean and standard deviation of 4 individually 

analyzed mice per group. Difference between normal and mast cell depleted mice 
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was highly significant (* p<0.005). B, TNF-α activity in the peritoneal cavities of the 

mice in A. Mean and SD is displayed. The difference between isotype control and 

anti-c-Kit treated mice was highly significant (*p<0.005). 

 

Figure 6. The differential role of mast cells and neutrophils in the TNF-

α response during L.m infection. WT (Isotype) control, and mice depleted of 

neutrophils or mast cells, were infected i.p with 1x105 L.m organisms and at the 

indicated time points sacrificed. Peritoneal washouts were analyzed for TNF-α levels 

(A) and the number of neutrophils (B) and mast cells (C). A: Highly significant 

differences in the TNF-α levels between the isotype and anti-c-Kit treated animals at 

all time points (p≤0.006) were observed. Similarly, significant differences between 

isotype control and RB6-8C5 treated mice at 3 and 6 hrs post infection (** p<0,005, * 

p<0.03) were observed. B: Significant differences in neutrophil numbers between the 

isotype and anti-c-Kit treated animals at all the time points (p<0.007) were observed. 

Each time point indicate the mean and standard deviation from 4 mice. 

 

Figure 7. Neutralization of TNF- α impairs the recruitment of neutrophils into the 

peritoneum during L.m infection. A, 30 min after i.p inoculation of 250 µg anti-

mouse TNF-α antibodies,  mice were infected with 1x105 L.m organisms. Three hrs 

later, mice were sacrificed and influx of neutrophils was assessed by flow cytometric 

analysis. The bars represent the mean and standard deviation of four individually 

analyzed mice per group (n =4, * p<0.03). 

 

Figure 8. Listeriolysin O or recombinant TNF-α induce the recruitment of 

neutrophils into the peritoneum. WT (Isotype) control or mice depleted of mast 
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cells were inoculated intraperitoneally with LLO (0.5 µg) or TNF-α (200 pg). After 1 

hr, mice were sacrificed and influx of neutrophils was assessed by flow cytometry. 

The bars represent the mean and standard deviation of three individually analyzed 

mice per group (n= 4 * p=002; **p<0.05; ***p=0.006).  

 

Table 1. Depletion of mast cells in mice using anti-c-Kit antibody. 2 days after 

intraperitoneal injection of an isotype control antibody or the anti-c-Kit antibody, mice 

were infected (or not) intraperitoneally with 105 L.m for 3 hrs. Thereafter they were 

sacrificed and cells from the peritoneum, bone marrow, spleen and peripheral blood 

were stained for the indicated cell type markers then assessed by flow cytometry to 

determine the influence of anti-c-Kit treatment or L.m infection of the population 

dynamics of the indicated cells. Since macrophages are very heterogenous note that 

two different combinations of markers were used. Whereas Gr1-CD11b+ could be 

detected in all these sites, the F4/80+CD11b+ macrophages subtype was not 

detected in the peritoneum. Neutrophils were also identified by two combinations of 

markers (Gr1+CD11b+ and Ly6C+CD11b+) (UD: undetected).   
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Supplementary Information 

Supplementary Figure 1. Depletion of mast cells in mice using anti-c-Kit 

antibody. 2 days after intraperitoneal injection of an isotype control antibody or the 

anti-c-Kit antibody, mice were sacrificed and the peritoneal, bone marrow and 

peripheral blood cells were stained for mast cells (FcεRI+, c-Kit+) and neutrophils 

(Gr1+, CD11b+) then assessed by flow cytometry. As compared to mice injected with 

isotype control, mice injected with anti-c-Kit antibody contained less than 10% mast 

cells in the peritoneum (A) but exhibited normal neutrophil counts in the bone marrow 

(B) and peripheral blood (C). 

 

Supplementary Figure 2. Neutrophils play an essential role in the resolution of 

L. monocytogenes infection. 24 hrs after intraperitoneally administering an isotype 

control antibody or the RB6-8C5 antibody, mice were infected intraperitoneally with 

1x105 L.m. 2 days post infection, mice were sacrificed and bacterial burden of liver 

and spleen was determined. Circles represent individual mice, and bars represent 

geometric mean of colony forming units (cfu)/organ. (* p<0.004). 
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