
The         Effect         of         Bacterial         Infection         on         Mast         Cell         Gene         Expression

Mohammed         Elgilani

Degree         project         in         biology,         Master         of         science         (2         years),         2009
Examensarbete         i         biologi         30         hp         till         masterexamen,         2009
Biology         Education         Centre,         Uppsala         University,         and         SLU,         Deparment         of         Anatomy,         Physiology         and
Biochemistry
Supervisor:         Gunnar         Pejler



1 

 

 The Effect of Bacterial Infection on Mast Cell Gene Expression 

 

Summary 

In this study I wanted to test the hypothesis that mast cell infection with Streptococcus equi, 

the bacteria that cause strangles in horses, induces an inflammatory response. Bone marrow 

derived mast cells (BMMCs) were infected with Streptococcus equ. Uninfected BMMCs were 

used as controls. The expression of interleukin-6 (IL-6), (interleukin-13) IL-13, Monocyte 

chemotactic protein-1 (MCP-1), Tumor necrosis factor-alpha  (TNF-α) and Granzyme D by mast 

cells was assessed. The Investigation included wild type mast cells and mast cells deficient in 

Toll-like receptor 2 (TLR2), Toll- like receptor4 (TLR4), and MyD88. 

High levels of secreted cytokines were detected after 24 hours of infection, whereas only low 

levels were detected after 4 hours. Mast cells lacking TLR2 had a decreased level of production 

of the four cytokines/chemokines.  Infected mast cells had a higher Granzyme D expression 

than the uninfected control cells, with the expression being highest four hours after infection. 

Degranulated mast cells had a lower level of intracellular Granzyme D than did control cells, 

indicating the presence of Granzyme D in the secretory granules of mast cells. 

Together, these data indicate that the mast cell expression of cytokines in response to S equi is 

dependent on TLR2 and Myd88, but to a lesser extent on TLR4. Further, S.equi infection of mast 

cells also induced Granzyme D expression and it was shown that Granzyme D is present in 

secretory granules of mast cells and released after infection  
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Introduction 

Mast cells discovery dates back to 1863 when Friedrich von Recklinghausen saw them in the 

frog mesentery [1]. They are tissue resident cells originating from a hematopoietic progenitor in 

the bone marrow. Mast cells can have round, oval, spindle or spider-like shape [2]. Mast cells 

occupy the interface points between the host and environment, such as the skin, the intestinal 

mucosa and sub-mucosa [1]. Mast cells have been incriminated of having damaging roles in IgE- 

mediated hypersensitivity [3]. Besides, they have also been shown to have roles in atopic 

disease, contact dermatitis, fibrotic lung disease, psoriasis, scleroderma, rheumatoid arthritis, 

interstitial cystitis, ulcerative colitis, and Crohn’s disease [1]. However, there is a body of 

evidence indicating a positive and protective role played by mast cells against bacterial 

infection [4][5]. Mast cells can be activated in different ways, one way is through IgE [ 6], and  

IgG [7]. Another way involves the binding of Pathogen Associated Molecular Patterns (PAMPs) 

by TLRs, and a third way of activation requires complement [ 8]. Activation of mast cells leads to 

the release of preformed mediators such as histamine and serotonin, serine proteases like 

tryptase and chymase, acid hydrolases like beta-hexosaminidase, but also to de novo synthesis 

of arachidonic acid metabolites like leukotrienes and prostaglandins. Cytokines like TNF-α , IL-1, 

IL-3, IL-4, IL-5, IL-6, IL-8 and IL-13 are also produced [1]. 

The immune system recognizes pathogens through two mechanisms, the adaptive and innate 

immune response [9]. Adaptive mechanisms involve microbial recognition by means of T cell 

and B cell receptors [10].  Innate recognition of microbes is performed by a group of 

transmembrane receptors, having  an extracellular  leucine rich repeat domain and an 

intracellular Toll/IL-1 receptor (TIR) domain [ 10][11]. This class of receptors is referred to as the 
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Toll-like receptors (TLRs)[10 ]. Now there are ten known TLRs in mammals [11] [10]. Mast cells 

express TLR2, 4, 6 and 8 [ 12].  

 TLRs identify components that are common to pathogens but are not expressed by host cells 

[10].  These components, the so called pathogen associated molecular patterns (PAMPs) [10 ],  

are vital for the survival of microbes and are therefore highly conserved [10 ]. TLRs bind the 

above mentioned components, including diverse microbial components such as 

lipopolysaccharide (LPS),  peptidoglycan, zymosan[10], the cell wall component of yeast, 

endogenous ligands such as Heat shock proteins, extracellular matrix components such as 

fibronectin, hyaluronic acid, and heparan sulfate, glycoinositolphospholipids from Trypanosoma 

Cruzi, glycolipids from Treponema maltophilum  Flagellin , double-stranded (ds) RNA and  

Bacterial DNA [11].See table(1) 

Beside TLRs there are other innate pattern recognition receptors (PRRs) , including C-type 

lectins such as mannose and beta –glucan receptors [13]. Another group of PRRs are the 

nucleotide oligomerisation domain (Nod)- Like Receptors (NLRs) [10]. These proteins are 

expressed intracellularly [14]. The ligands that are bound by these receptors have not been 

identified completely [14] although it has been shown that NLRs identify cytosolic bacterial 

peptidoglycan, flagellin and toxins [14]. When activated, the PRRs mediate signaling through 

Nuclear factor- kB  (NF-kB), which results in the elaboration of an inflammatory response [14]. 

 



 

Table 1. TLRs and their PAMPs

 

Toll Like Receptors Signaling Pathways  

TLR signaling pathways can be divided into two, Myd88 dependent and myd88 independent. 

Myd88 dependent signaling is common to all receptors, while myd 88 independent signaling is 

specific for TLR4.[10]   

Common signaling pathway requires four molecules, th

interacting protein (TOLLIP) , TNF receptor

IL-1R-associatedkinase  (IRAK) [10]. Activated TLRs bind myd88 through

(IL-1) receptor (TIR) domain, a domain common to both TLRs and myd88 [10]. Myd88 has 

another domain called death domain [10]. This domain binds IRAK [9]. IRAK is escorted to the 
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Toll Like Receptors Signaling Pathways   

TLR signaling pathways can be divided into two, Myd88 dependent and myd88 independent. 

Myd88 dependent signaling is common to all receptors, while myd 88 independent signaling is 

Common signaling pathway requires four molecules, the adaptor proteins: myd 88 and 

interacting protein (TOLLIP) , TNF receptor-associated factor 6 (TRAF6) and the protein kinase, 

associatedkinase  (IRAK) [10]. Activated TLRs bind myd88 through the Toll/interelukin

a domain common to both TLRs and myd88 [10]. Myd88 has 

another domain called death domain [10]. This domain binds IRAK [9]. IRAK is escorted to the 

TLR signaling pathways can be divided into two, Myd88 dependent and myd88 independent. 

Myd88 dependent signaling is common to all receptors, while myd 88 independent signaling is 

e adaptor proteins: myd 88 and Toll-

associated factor 6 (TRAF6) and the protein kinase, 

the Toll/interelukin-1 

a domain common to both TLRs and myd88 [10]. Myd88 has 

another domain called death domain [10]. This domain binds IRAK [9]. IRAK is escorted to the 



 

receptor complex and is phosphorylated [10]. Then phosphorylated IRAK binds TRAF6 [10] 

which in turn activates TGF-beta activated kinase 1

kinase kinase 6 (MKK6) [10]. TAK1activates 

mitogen-activated protein kinases

TOLLIP, another adaptor protein can have the same function as myd88, i.e. it can bind both TLR 

and IRAK and escort IRAK to the receptor complex.[10]

Myd88 independent signaling involves other adaptors such as

domaincontaining adaptor protein (

Figure 1.  MyD88 dependent signaling

are adaptor proteins. IRAK is a protein kinase. MyD88 interacts with the TLR2 
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receptor complex and is phosphorylated [10]. Then phosphorylated IRAK binds TRAF6 [10] 

beta activated kinase 1 (TAK1) and (mitogen-activated protein 

(MKK6) [10]. TAK1activates nuclear factor-kB (NF-kB) and MKK6 activates

activated protein kinases (p38 MAP kinase) [10]. 

TOLLIP, another adaptor protein can have the same function as myd88, i.e. it can bind both TLR 

and IRAK and escort IRAK to the receptor complex.[10] 

Myd88 independent signaling involves other adaptors such as toll-interleukin 1 rece

domaincontaining adaptor protein (TIRAP) and protein kinase B (PKB) [10] 

.  MyD88 dependent signaling. TLR2 signals only via MyD88. MyD88, TOLLIP and TRAF6 

are adaptor proteins. IRAK is a protein kinase. MyD88 interacts with the TLR2 through binding 

receptor complex and is phosphorylated [10]. Then phosphorylated IRAK binds TRAF6 [10] 

activated protein 

) and MKK6 activates 

TOLLIP, another adaptor protein can have the same function as myd88, i.e. it can bind both TLR 

interleukin 1 receptor (TIR), 

 

. TLR2 signals only via MyD88. MyD88, TOLLIP and TRAF6 

through binding 



 

its TIR domain to TIR domain of the receptor. The death domain of Myd88 binds the death 

domain of IRAK and escorts it to the receptor complex. TOLLIP functions in a similar way, 

through binding the TIR domain of the receptor and IRAK and es

complex.( . Ruslan Medzhitov.(2001

Immunology 1:135-145) 

 

 

 

Figure 2.  MyD88 independent signalling

of MyD88. TIRAP, another adaptor protein binds the TIR domain of TLR4 and  the protein kinase 
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its TIR domain to TIR domain of the receptor. The death domain of Myd88 binds the death 

domain of IRAK and escorts it to the receptor complex. TOLLIP functions in a similar way, 

through binding the TIR domain of the receptor and IRAK and escorting IRAK to the receptor 

2001). Toll-like receptors and innate immunity. Nature Reviews 

MyD88 independent signalling. TLR4  can carry out signal transduction in the absence 

of MyD88. TIRAP, another adaptor protein binds the TIR domain of TLR4 and  the protein kinase 

its TIR domain to TIR domain of the receptor. The death domain of Myd88 binds the death 

domain of IRAK and escorts it to the receptor complex. TOLLIP functions in a similar way, 

corting IRAK to the receptor 

Nature Reviews 

 

. TLR4  can carry out signal transduction in the absence 

of MyD88. TIRAP, another adaptor protein binds the TIR domain of TLR4 and  the protein kinase 
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PKR. Finally NF-kB , JNK and p38 are activated. ( . Ruslan Medzhitov.(2001). Toll-like receptors 

and innate immunity. Nature Reviews Immunology 1:135-145) 

Granzymes 

Granzymes belong to the serine proteases [15][16]. They are expressed by cytotoxic T cells and 

natural killers (NK) cells [17]. Granzymes B, C, D, E, F, and G show a sequence similarity ranging 

from 59.6 to 94% [18]. Granzymes can be classified into three categories depending on their 

substrate specificity. The first group are the granzymes that resemble the serine protease 

chymotrypsin in enzymatic activity. Another class of granzymes resembles trypsin and a third 

class of granzymes is characterized by cleaving after unbranched hydrophobic residues [15]. 

Granzymes, in particular Granzyme B, are strongly implicated in apoptosis [15]. The mechanism 

of apoptosis involves the delivery of the granzyme B into the target cell, a process that requires 

perforin.  Perforin makes pores in the target cell, and granzyme B enters the target cell through 

these pores [16] 

Granzyme B is responsible for the cleavage and activation of caspase-3, which in turn activates 

a caspase-dependent proteolytic cascade, This finally results in activation of caspase activated 

deoxyribonuclease (CAD) [19Kenneth P]. CAD digests DNA, leading to cell death [19]. 

Granzyme B may function in another way through contributing to mitochondrial outer 

membrane damage. This leads to the release of proapoptotic molecules such as cytchrome c 

[19][ 20]. Apoptosis might also be induced by other enzymes through targeting various cellular 

components.[ 19]  
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The aim of this study was to study the response of mast cells towards infection with 

Streptoccocus equi, the causative agent of strangles in horses [ 21]. This bacterium is 

responsible for 30% of all reported equine infections in the world [21]. The study focused on 

the expression of IL-6, IL-13, MCP-1, TNF-α and Granzyme D. IL-13 has a range of functions, e.g. 

it improves parasitic survival within macrophages [1]. IL-6 is involved in B cell differentiation 

and in the acute phase reaction following bacterial infection [1]. TNF-α acts as a 

chemoattractant and activator for neutrophils [1]. MCP-1 is involved in the recruitment of mast 

cells during wound healing in humans [23]. 

 The production of IL-6, IL-13, MCP-1, TNF-α and Granzyme D following infection was 

investigated in different bone marrow derived mast cell (BMMC) phenotypes (wild type, TLR2 

knockout, TLR4 knockout, and MyD88 knockout). I also investigated the expression of 

Granzyme D at different time points upon infection with S.equi. as well as the levels of 

Granzyme D in cell pellets and conditioned media from degranulated and non-degranulated 

mast cells. Degranulation was induced by calcium ionophore (A23187) and through TNP-

haptenized ovalbumin (TNP-OVA) binding to IgE. 

Materials and Methods 

Growing and counting mast cells 

Mast cells were grown in the medium with a density of half million cells per ml. every three 

days, cells were counted and fresh medium was added. Cells were spin down at 1200 rpm for 8 

minutes, using a megafuge 1.0 R, then cells were resuspended in fresh medium. Cells were 

counted under the microscope by means of a hemacytometer, a slide divided into many units, 
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and  each unit is divided into 16 chambers. The volume of each unit is 10
-4

ml. about 10 µl was 

put in the slide, and mast cells were counted under the microscope. Then the concentration of 

mast cells was calculated. 

Mice and cell isolation 

  Mice were housed at the animal facility at BMC (Uppsala University). Two month old mice 

were sacrificed. Mice were killed with CO and  hind tibia and femur were removed. A syringe 

filled with PBS was used to flush out the bone marrow into a new tube containing PBS. Cells 

were transferred to growth medium and incubated at 37°C. Five hundred ml of medium 

contained 290 ml of DMEM, 150 ml of WEHI-3B-conditioned medium, 50 ml of fetal bovine 

serum (FBS), 6µg/ml of Penicillin, and 5 µg/ml of/Streptomycin, 5ml of  Pest and 5ml of L –

Glutamine. Another culture media containing stem cell factor (SCF)(1250 µl ) and IL- 3 (250 µl ) 

was also prepared. Cells were grown for 6 weeks. Maturation of mast cells was confirmed by 

beta-hexosaminidase release in response to TNP-OVA and calcium ionophore (A23187). 

 A23187- mediated degranulation 

Cells were counted, and 5 million cells were used. The cells had been washed twice with 

Tyrodes buffer after centrifugation. Then they were resuspended in 500 µl of Tyrodes buffer. 

Two hundred µl of the resuspended cells were put in 2 different wells (24 well plate). Two µl of 

2µM A23187 was added to one of the wells. The plate was incubated at 37°C for 1 hour. The 

medium was collected and the cells were spun down. The medium was transferred to another 

tube and stored at -20°C. 
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IgE mediated degranulation 

Four point three million mast cells were spun down and resuspended in 800 µl of culture 

medium. IgE anti TNP was added (1.75 µl). Cells were incubated for 5 hours. The  Cells were 

then washed 2x with Tyrodes buffer. Then they were resuspended in 800 µl Tyrodes buffer. 

Four hundred µl of cell suspension was put in 2 different wells (24 well plate), and 2.4 µl TNP-

OVA (diluted 1:100) was added to one of the wells. The plate was incubated at 37°C for 1 hour. 

The medium was taken up. Cells were centrifuged down. The medium was transferred to 

another tube and stored at -20°C. 

Beta-Hexosaminidase Assay 

Twenty µl of mast cells supernatant were taken from media and put in an ELISA plate well. 80µl 

of 1 mM p-nitrophenyl N-acetyl-beta-Deglucosamine in 0.05 M citrate buffer (PH 4.5). The plate 

was incubated 1 h at 37°C. 200 µl of 0.05 M sodium carbonate buffer (pH 10.00) was added to 

the well. Then the optical density was read at 405nm. 

Infection 

Infection experiments were carried out at the genetic centre of SLU.  Streptococcus equi was 

grown over night at 37°C without shaking. 1 million cells/ml of mast cells were infected with 25 

million cells/ml of the bacteria. A 16 chamber plate was used to co-culture mast cells with the 

bacteria. Wild type, TLR2-deficient, TLR4-deficient and Myd 88-deficient mast cells were placed 

on separate plates and infected with the same amounts of S.equi. Another group of the 4 kinds 
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of mast cells was grown without the bacteria to act as a control. Both the infected mast cells 

and the control were incubated at 37°C. Medium was directly collected from wells at intervals 

of 4, 6 and 24 hours. Media was centrifuged down, media and pellets were frozen and kept for 

subsequent experiments. 

ELISA 

Different ELISA kits were used to quantify the production of different cytokines. Kits were 

provided by Peprotech. Capture antibody was diluted with PBS. ELISA kits for different 

cytokines are slightly different. 100μl of capture antibody was added to each ELISA plate well. 

The plate was sealed and incubated overnight at room temperature. The wells were aspirated 

to remove the liquid, and the plate was washed three times using 300 μl of wash buffer (100 ml 

10x PBS, 2.5 ml 20% Tween in a total volume of 1L) per well. After the last wash the plate was 

inverted to remove residual buffer and blotted on paper towel. 300 μl of blocking buffer was 

added to each well. The plate was incubated for 1 hour at room temperature. Standard samples 

were diluted from 2000 to zero pg/ml in diluent. 100 μl of standard or samples was added to 

each well in duplicate. The plate was incubated at room temperature for 2 hours. Plates were 

aspirated and washed three times. Detection antibody was diluted to the concentration stated 

in the kit. 100 μl of detection antibody was added to each well. The plate was incubated at 

room temperature for 2 hours. 5.5 μl of Avidin- HRP conjugate 1:2000 was diluted in diluent for 

a total volume of 11 ml. 100 μl was added to each well. Then the plate was incubated for 30 

minutes at room temperature. 100 μl of ABTS Liquid Substrate was added to each well. Plates 

were incubated at room temperature until color development. Color development was 
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monitored with an ELISA plate reader (Sunrise) at 405 nm with wave length correction of 650 

nm. 

Western Blot 

Cell pellets were lysed in10 μl DTT and 60 μl SDS Sample buffer. Water was added to 200μl. 

Samples were heated for 5 -10 minutes at 100°C, 10 μl of each sample was loaded to the gel. 

5μl of a protein ladder (Fermentas) was used as molecular size marker. The proteins were 

separated by SDS-PAGE. Proteins were transferred from the gel to a nitrocellulose membrane 

using a wet transfer method. The membrane was put in 5% milk in TBS and incubated for 1 

hour at room temperature to block unspecific binding, then the membrane was washed 3 times 

for 5 minutes in TBS with 1% TWEEN-20, and probed with anti-granzyme D antibody, 50 μl of 

the primary antibody was diluted in 5 ml of 5% milk in TBS with 0.1% TWEEN-20. The 

membrane was placed in a plastic bag and put on the rocking table over night or for 1 to 3 

hours at room temperature. The membrane was washed 3 times for 10 minutes with TBS with 

0.1% TWEEN-20. Anti-mouse IgG secondary antibody (Santa Cruz Biotechnology) was added to 

the membrane. 3 μl of the antibody was diluted in 15 ml of 5% milk in TBS with 1% TWEEN-20. 

The membrane was put on the rocking table for 1 to 2 hours at room temperature, washed 2 

times with TBS with 0.1% TWEEN-20 for 10 minutes and one time with TBS for 10 minutes. 2 ml 

of Western blot detection reagents (GE Health care ) was added to the membrane. Reagents 

were mixed 1 to 1. When actin was used as a control, 5 μl of anti-actin antibody (Santa Cruz 

biotechnology) was diluted in 5 ml of 5% milk in TBS with 0.1% TWEEN-20. 
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Results 

Cytokines 

Infection of BMMCs with S equi induced the secretion of MCP-1 (Fig. 3), IL-6 (Fig. 4 ) , IL-13 (Fig. 

5) and TNF-α (Fig. 6). Their levels were markedly higher 24 h after addition of bacteria than 

after 4 h. In the absence of S equi addition, neither of these cytokines/chemokines were 

induced. Wild type mast cells produced high level of MCP-1, IL-6, IL-13 and TNF-alpha but, as 

shown in Fig.3-6, the secretion of all these cytokines/chemokines was markedly decreased in 

TLR2-deficient BMMCs. It is also apparent that the secretion of MCP-1, IL6 and TNF-alpha in 

response to S. equi was reduced in myd 88-deficient BMMCs, in agreement with a role for myd 

88-dependent signaling in TLR2-mediated responses. For IL-13, there was a trend of decreased 

secretion by myd 88-deficient BMMCs versus controls, but this was not statistically significant. 

These experiments also showed that there was a reduced cytokine/chemokine response 

towards S equi in TLR4-deficient BMMCs (Fig 3-6). Notably though, the effect of TLR4-deficiency 

was less pronounced as compared with the absence of TLR2, and for IL-6 and IL-13, the 

reduction did not reach statistical significance.     

Granzyme D 

In an initial Affymetrix gene chip gene profiling experiment, it was shown that S equi induced a 

large panel of cytokines and chemokines, including MCP-1, IL-6, IL-13 and TNF-alpha. In 

addition, it was noted that S equi infection induced a dramatic increase in the expression of the 

Granzyme D gene (Table 2.  Elin Rönnberg, Gunnar Pejler; unpublished). Therefore, experiments 

were carried out to confirm the upregulated Granzyme D expression and to investigate the 
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cellular location of Granzyme D. Indeed, a Western blot analysis of cell pellets taken after 

infection of mast cells with S equi showed that Granzyme D expression was upregulated upon 

infection (Fig. 7(A), 7(B), 6(A), 6(B). The expression of Granzyme D by infected mast cells was 

investigated at different time points: 4, 6 and 24 hours. After 4 hours, infected mast cells 

expressed higher levels of Granzyme D than after 24 hours. After 24 hours there was very week 

expression by uninfected mast cells, while Granzyme D was no longer detected in infected cells. 

Granzyme D was also present in media samples after 24 hours of mast cells incubation with S. 

equi  (Fig 10 and 11). This clearly indicates that it is secreted by mast cells during degranulation.   

Granzyme D expression has not been detected previously in mast cells, and it is therefore no 

knowledge regarding the intracellular location of Granzyme D in mast cells. Since granzymes are 

present in cytolytic granules of CD8+ T cells, we hypothesized that granzyme D may have a 

corresponding location also in mast cells, i.e. being present in the mast cell secretory granules. 

If so, it would be expected that Granzyme D is released by mast cells following stimulation of 

the cells with agents that cause degranulation. For this purpose we used both a calcium 

ionophore and IgE-,mediated degranulation. As shown in Fig 9, mast cells that were 

degranulated with A23187 and IgE exhibited higher level of expression than degranulated mast 

cells (Fig. 9 ), suggesting that `granzyme D is located within secretory granules.Granzyme D was 

also present in the mediasamples, 24 hours after infection (Fig 10 and 11). This clearly indicates 

that it is secreted by mast cells during degranulation.  



 

 

Discussion 

The production of the 4 cytokines/chemokines was low at 4 hours after infection and peaked at 

24 hours after infection. The reason for this delayed response is probably that it takes some 

time before the cytokine production is turned on. I did not investigate cytokine/chemochine 

secretion at a time points between 4 and 24 hours. It might be possible that 

cytokine/chemokine levels might have been higher at these intermediate time points. Unlike 

mast cells lacking TLR2, TLR4 or myd 88, wild type mast cells have functional receptors and 

myd88, so they might be activated in many ways. 

 Knocking out TLR2 in mast cells resulted in down

cytokines/chemokines that have been investigated. Most likely, this was because the mast cells 
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Table 2.  The expression levels of mouse 1L

TNF, IL-6, MCP-1 and Granzyme D 

The production of the 4 cytokines/chemokines was low at 4 hours after infection and peaked at 

s after infection. The reason for this delayed response is probably that it takes some 

time before the cytokine production is turned on. I did not investigate cytokine/chemochine 

secretion at a time points between 4 and 24 hours. It might be possible that 

cytokine/chemokine levels might have been higher at these intermediate time points. Unlike 

mast cells lacking TLR2, TLR4 or myd 88, wild type mast cells have functional receptors and 

myd88, so they might be activated in many ways.  

st cells resulted in down-regulated production of the 4 

cytokines/chemokines that have been investigated. Most likely, this was because the mast cells 

 

he expression levels of mouse 1L-13, 

 

The production of the 4 cytokines/chemokines was low at 4 hours after infection and peaked at 

s after infection. The reason for this delayed response is probably that it takes some 

time before the cytokine production is turned on. I did not investigate cytokine/chemochine 

cytokine/chemokine levels might have been higher at these intermediate time points. Unlike 

mast cells lacking TLR2, TLR4 or myd 88, wild type mast cells have functional receptors and 

regulated production of the 4 

cytokines/chemokines that have been investigated. Most likely, this was because the mast cells 
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were stimulated by S.equi which is a Gram-positive bacteria. Peptidoglycan is a cell wall 

component of Gram positive bacteria, and mast cells recognize peptidoglycan through TLR2 [5]. 

 Myd88 is common to all TLRs, However, in the case of IL-13, the absence of Myd88 did not 

lower its levels of production. The reason behind this finding is not entirely clear. However,It is 

important to note that there is Myd88-independent TLR signaling, as exemplified by TLR4 and 

TLR3. Hence, it is possible that the IL-13 induction was mediated by a such, Myd88, 

independent pathway.  

TLR4 is necessary for responses towards LPS, LPS being a cell wall component of Gram negative 

bacteria. Lipoteichoic acids are associated with Gram positive bacteria but can also activate 

TLR4. It is thus possible that Lipoteichoic acids from S.equi is responsible for mast cell activation 

through interacting with TLR4. Accordingly, TLR4-deficient mast cells might be unable to 

interact with lipoteichoic acid, resulting in lowered signal transduction and cytokine/chemokine 

secretion. Another possibility is that TLR4 might be activated through binding of endogenous 

ligands such as heat shock proteins (HSPs). These proteins are conserved from bacteria to 

mammals and act as internal sensors of infection. HSP60 can activate TLR4 and induce an 

inflammatory response.  

Another possible explanation for the effect of TLR4-deficiency on cytokine/chemokine secretion 

might be LPS contamination of S.equi .   

An important fact is that mast cells express IgG receptors. Identification of microbial 

components by IgG bound to mast cells can trigger mast cell activation and the consequent 



17 

 

inflammatory response. Thus, mast cells activation through IgG may account for the residual 

cytokine/chemokine secretion from mast cells deficient in TLR4 and myd88.  

It has been shown that mast cells express TLR8 [12], however the ligand or ligands that activate 

TLR8 are not known [11]. Nevertheless, it is possible that TLR8 accounts, at least partly, for the 

TLR2/TLR4-independent cytokine/chemokine induction in response to S. equi infection. 

However, the putative PAMP expressed by S equi that interacts with mast cell TLR8 remains to 

be identified.  

We show that infected mast cells express higher levels of of Granzyme D than did the control 

cells. This implies that Granzyme D has a role in the response to bacterial infection.  At 4 hours, 

there were higher levels of expression compared to 24 hours. Most likely, this can be explained 

by that the cells started to die off after 24 hours. Western blot analysis could reveal the 

presence of Granzyme D in mast-cell conditioned media, after 24 hours of mast cells incubation 

with S. equi. This finding is important since it proves that Granzyme D is released by the mast 

cells, possibly through degranulation processes. Western blot analysis of cell pellets of 

degranulated mast cells revealed higher levels of Granzyme D in the control than in 

degranulated cells. These results are consistent with the results from Western blot of media 

samples, suggesting that Granzyme D is present in mast cell secretory granules. 

Granzymes are predominantly implicated in apoptosis [ 15], although no biological function has 

previously been assigned to granzyme D. However, since Granzymes B, C, D, E and F show a 

quite large extent of sequence similarity (59.6 to 94% [15]) it may be inferred that also 

Granzyme D may have a role in apoptosis.  
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It has been shown that transfection of mast cells with perforin enables mast cells to kill other 

cells, however transfecting the Granzyme B gene into mast cells does not enable mast cells to 

kill other cells. [19]. One interesting thing to investigate is the expression of perforin by mast 

cells upon bacterial infection. If perforin could be detected, a likely function of Granzyme D 

expressed by infected mast cells would be to promote apoptosis, either of other mast cells or 

for bystander cells. In the absence of perforin expression of mast cells, it is more likely that the 

mast cell granzyme D has other functions, although these remain to be identified. Importantly, 

Granzymes have been shown to possess other functions, i.e. functions not related to apoptosis. 

For example, there is a suggestion that Granzyme A might contribute to the regulation of B cell 

proliferation by inducing B cell mitogenesis without antigen activation [15]. Thus, it is acting like 

a cytokine. Interestingly, Granzymes are also able to directly induce cytokine secretion [15]. 

Hence, granzymes may contribute to the inflammatory response by acting at multiple levels. 

Conclusions 

Secretion of cytokines by mast cells in response to infection with S.equi was detected after 24 

hours of infection. (low levels after 4 hours). Cytokine/chemokine expression is dependent on 

TLR2 and Myd88, but to a lesser extent on TLR4. 

 S.equi  infection of mast induces Granzyme D expression. It was possible to show that 

Granzyme D is present in secretory granules of mast cells and released after mast cells infection 

with S.equi 
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Figure 3.  ELISA for MCP-1 from media of control and infected mast cells. Wild type, TLR2 

Knockout, TLR4 Knockout, and Myd 88 Knockout mast cells were grown with and without 

S.equi, after 4 and 24  hours  media of infected mast cells and control were collected, and ELISA 

was done for MCP-1. Student T-test was used to compare the expression levels of MCP-1 by 
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wild type, TLR2 knock out,TLR4 knock out and myd 88 knock out mast cells. (p<0.05: *. P<0.01: 

**. P<0.001:***) 

 

                                                                                                                                                               

 

Figure 4. ELISA for IL-6 from media of control and infected mast cells. Wild type, TLR2 Knockout, 

TLR4 Knockout, and Myd 88 Knockout, mast cells were cultured with or without S.equi. IL-6 

production was quantified 4 hours and 24 hours after infection. Student T-test was used to 

compare the expression levels of IL-6 by wild type, TLR2 knock out, LR4 knock out and myd 88 

knock out mast cells. (p<0.05: *. P<0.01: **. P<0.001:***) 
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Figure 5. ELISA for IL-13 from media of control and infected mast cells. Wild type, TLR2 

Knockout, TLR4 Knockout, and Myd 88 Knockout mast cells were cultured with or without 

S.equi. IL-13 production was quantified 4 hours and 24 hours after infection. Student T-test was 

used to compare the expression levels of IL-13 by wild type, TLR2 knock out, LR4 knock out and 

myd 88 knock out mast cells. (p<0.05: *. P<0.01: **. P<0.001: ***) 

 

Control 4h S.equi 4h Control 24h S.equi 24h
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

WT

TLR2 ko

TLR4 ko

Myd88 ko

**

ns

ns



22 

 

 

Figure 6. ELISA for TNF-α from media of control and infected mast cells.  Wild type, TLR2 

Knockout, TLR4 Knockout, and Myd 88 Knockout mast cells were cultured with or without 

S.equi. TNF-Alfa production was quantified 4 hours and 24 hours after infection. Student T-test 

was used to compare the expression levels of TNF-α by wild type, TLR2 knock out, LR4 knock 

out and myd 88 knock out mast cells. (p<0.05: *. P<0.01: **. P<0.001:***) 
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Figure 7. Western blot of pellets of 

Mast Cell pellets were lysed in10 µl DTT and 60 µl SDS Sample buffer. The proteins were 

separated by SDS-PAGE, then they were transferred to a nitrocellulose membrane. The 

membrane was probed with anti 

Lanes 2,5 infected mast cells (4 hours). 4,9 infected mast cells (24 hours). 6,7 control (4 hours). 

3,8 control (24 hours) 
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Figure 7. Western blot of pellets of control and infected mast cells. (A) Granzyme D, (B) actin). 

Mast Cell pellets were lysed in10 µl DTT and 60 µl SDS Sample buffer. The proteins were 

PAGE, then they were transferred to a nitrocellulose membrane. The 

h anti – granzyme D. Then it was incubated with anti

Lanes 2,5 infected mast cells (4 hours). 4,9 infected mast cells (24 hours). 6,7 control (4 hours). 

 

  
  

 

control and infected mast cells. (A) Granzyme D, (B) actin). 

Mast Cell pellets were lysed in10 µl DTT and 60 µl SDS Sample buffer. The proteins were 

PAGE, then they were transferred to a nitrocellulose membrane. The 

granzyme D. Then it was incubated with anti-mouse IgG.  

Lanes 2,5 infected mast cells (4 hours). 4,9 infected mast cells (24 hours). 6,7 control (4 hours). 



 

 

Figure 8. Western blot of Granzyme D from pellets of control and infected mast cells. (A) 

Granzyme D, (B) actin. Mast cell pellets were lysed in10 µl DTT and 60 µl SDS Sample buffer. 

The proteins were separated by SDS

membrane. The membrane was probed with anti 

mouse IgG . In (B), the membrane was probed with anti

mouse IgG. Lane1: Ladder. 2: Control (4hours). 3: Infected (4h). 4

6: Control (24h). 7: Infected (24h).  
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Figure 8. Western blot of Granzyme D from pellets of control and infected mast cells. (A) 

Granzyme D, (B) actin. Mast cell pellets were lysed in10 µl DTT and 60 µl SDS Sample buffer. 

The proteins were separated by SDS-PAGE, then they were transferred to a nitrocellulose 

membrane. The membrane was probed with anti – granzyme D antibody, and then with anti 

mouse IgG . In (B), the membrane was probed with anti-actin antibody, and then with anti 

mouse IgG. Lane1: Ladder. 2: Control (4hours). 3: Infected (4h). 4: Control (6h). 5: Infected (6h). 

6: Control (24h). 7: Infected (24h).   

  

 

Figure 8. Western blot of Granzyme D from pellets of control and infected mast cells. (A) 

Granzyme D, (B) actin. Mast cell pellets were lysed in10 µl DTT and 60 µl SDS Sample buffer. 

nitrocellulose 

granzyme D antibody, and then with anti 

actin antibody, and then with anti 

: Control (6h). 5: Infected (6h). 



 

    

 

 

Figure 9. Reduction of cell-associated Granzyme D after mast cell degranulation

Calcium ionophore and IgE  . Mast cell pellets were lysed in10 µl DTT and 

buffer. The proteins were separated by SDS

nitrocellulose membrane. The membrane was probed with anti 

then with anti mouse IgG . In (B), the membrane was probed with anti

with anti mouse IgG . Lane1: undegranulated.  2:  degranulated. 3: undegranulated. 4: 

degranulated  
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associated Granzyme D after mast cell degranulation

. Mast cell pellets were lysed in10 µl DTT and 60 µl SDS Sample 

buffer. The proteins were separated by SDS-PAGE, then they were transferred to a 

nitrocellulose membrane. The membrane was probed with anti – granzyme D antibody, and 

then with anti mouse IgG . In (B), the membrane was probed with anti-actin antibody, and then 

with anti mouse IgG . Lane1: undegranulated.  2:  degranulated. 3: undegranulated. 4: 

 

associated Granzyme D after mast cell degranulation through 

60 µl SDS Sample 

PAGE, then they were transferred to a 

granzyme D antibody, and 

in antibody, and then 

with anti mouse IgG . Lane1: undegranulated.  2:  degranulated. 3: undegranulated. 4: 



 

                                                                                         

 

Figure10. Secretion of GranzymeD

were separated by SDS-PAGE, then they were transferred to a nitrocellulose membrane. The 

membrane was probed with anti 

IgG. Lanes 1: ladder.  2,3: control. 4,5 infected. 6,7: control. 8,9:  infected  

 

                                                                                           

Figure11. Secretion of GranzymeD by infected mast cells. Media were collected 24 hours after 

mast cell growing  with or without 
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                                                                                         24 hours 

Figure10. Secretion of GranzymeD by mast cells. The proteins of mast cell media  

PAGE, then they were transferred to a nitrocellulose membrane. The 

membrane was probed with anti – granzyme D. After that it was incubated with anti

ontrol. 4,5 infected. 6,7: control. 8,9:  infected   

                                                                                           24 hours 

Figure11. Secretion of GranzymeD by infected mast cells. Media were collected 24 hours after 

mast cell growing  with or without S.equi. The proteins of mast cell media were separated by 

 

by mast cells. The proteins of mast cell media   

PAGE, then they were transferred to a nitrocellulose membrane. The 

granzyme D. After that it was incubated with anti-mouse 

 

Figure11. Secretion of GranzymeD by infected mast cells. Media were collected 24 hours after 

The proteins of mast cell media were separated by 
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SDS-PAGE, then they were transferred to a nitrocellulose membrane. The membrane was 

probed with anti – granzyme D antibody. After that it was incubated with anti-mouse IgG. 

Lane1: ladder. 2,3 Control. 4,5 Infected mast cells  
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