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 INTRODUCTION 
 Potent Th2 responses concomitant with profound mastocy-

tosis are characteristics of infection with gastrointestinal (GI) 

nematodes. Mast cells (MCs) have long been recognized as 

effector cells playing key roles in the pathology associated with 

inflammatory diseases ranging from allergy to GI helminth 

infection. Following activation, MCs contribute to inflamma-

tion by excessive and / or inappropriate release of preformed 

and  de novo -synthesized mediators, including cytokines, which 

may also amplify and perpetuate responses via recruitment of 

inflammatory cells. 1 – 8  Infection with GI nematode parasites, 

most notably  Trichinella spiralis,  is associated with mastocytosis 

accompanied by the systemic release of the  � -chymase, mouse 

MC protease-1 (mMCP-1). 9 – 11  Depletion of MCs or infection 

of MC-deficient WBB6F1-KitW / KitW-v ( W / W   v  ) mice has 

demonstrated a role for MCs in the expulsion of some GI 

nematode infections, 12 – 15  with expulsion being accompanied by 

intestinal inflammation mediated by MCs and their products. We 

have previously demonstrated amelioration of the intestinal patho-

logy accompanying the loss of  T. spiralis  following infection of 

 W / W   v   or mMCP-1-deficient mice, 16,17  and this was associated 

with decreased levels of interleukin (IL)-4 and tumor necrosis 

factor (TNF)- � . Production of cytokines by MCs has also been 

shown to influence both pathological and protective immune 

responses. Inflammatory bowel diseases including Crohn ’ s 

disease are usually associated with Th1 responses; 18  however, 

increased numbers of MCs are present in tissue from Crohn ’ s 

disease patients. 19,20  Indeed, the main cell type expressing TNF- �  

in inflamed tissue of Crohn ’ s disease are MCs. 21,22  MC-derived 

TNF can act both directly and indirectly to induce intestinal 

inflammation, e.g., recruitment of neutrophils in bacterial 

peritonitis is mainly via the production of TNF- �  by MCs. 8  

MC-derived TNF can also impact on the development of T-cell 

responses since MC-associated TNF promoted dendritic cell 

(DC) migration in a model of contact hypersensitivity; 23  addi-

tionally, MC-derived TNF could enhance T-cell activation. 24  

 Mast cells also have the capacity to skew the T-helper pheno-

type of the immune response. In addition to being the main cell 

type expressing IL-4 and IL-13 in asthma, 25  our own studies 

have shown that Th2 responses are reduced and Th1 responses 

increased in  W / W   v   mice, suggesting a role for MCs in promot-

ing and / or amplifying the Th2 responses responsible for protec-

tion and pathology. 17  Similarly, infection of  W / W   v   mice with 

 Trichuris muris  resulted in decreased levels of IL-4 and enhanced 
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IFN- �  production. 26  More recently, MCs have been shown to 

control the Th1 / Th2 balance by modulating DCs. 27  Thus, MCs 

have the capacity to bias an immune response toward a Th2 

phenotype and contribute to the magnitude and perpetuation of 

Th2-biased responses. MCs may therefore act not only as effec-

tor cells in mediating expulsion of GI helminths but also could 

promote or amplify the Th2 response required for parasite loss 

and accompanying enteropathy. 

 In the current study, we asked whether MC-derived IL-4 and 

TNF affect the protective and pathological responses accom-

panying infection with GI helminths. We found that both 

MC-derived IL-4 and TNF were required for parasite 

expulsion, the development of enteropathy, and the accompa-

nying Th2 response, thus implicating MC-derived cytokines in 

controlling the Th2 response in helminth infection.   

 RESULTS  
 MC-derived IL-4 and TNF are required for GI helminth 
expulsion 
 Previously, we demonstrated that MCs are required for the 

expulsion of the GI helminth  T. spiralis  and the accompany-

ing enteropathy and this was associated with a decreased Th2 

response. 17  To directly evaluate the role of the MC-derived 

cytokines in parasite expulsion and the development of intesti-

nal pathology, MC-deficient  W / W   v   mice were reconstituted with 

bone marrow (BM) from wild-type, IL-4     −     /     −     , or TNF     −     /     −      mice. 

Mice were reconstituted with BM rather than BM-derived MCs 

(BMMCs) since it is reported that BMMCs fail to reconstitute 

the intestine and restore protective responses to GI helminthes. 28  

BM reconstitution of  W / W   V   mice was determined by enumerat-

ing erythrocytes. Transfer of 5 × 10 5  BM cells corrected the ane-

mia of  W / W   V   mice with a significant increase in the number 

of erythrocytes in  W / W   v   mice-transferred BM from wild-type, 

IL-4     −     /     −     , and TNF     −     /     −      mice (on a C57Bl6 background) ( Figure 1 ). 

Although  W / W   v   mice are on a C57BL6 background, we wished 

to ensure that the kinetics of parasite loss were similar in mice 

reconstituted with BM from homologous wild-type  W / W   v   

littermates and C57BL6.  W / W   v     +     /     +     , C57BL6, and  W / W   v   mice 

reconstituted with BM from  W / W   v     +     /     +     or C57BL6 mice showed 

similar erythrocyte number, worm expulsion, IL-4 production 

from antigen-stimulated mesenteric lymph nodes (MLNs), and 

total immunoglobin E (IgE) levels (data not shown). Thus, BM 

from C57BL6 was used as wild type in subsequent experiments 

since this was the same background as the cytokine-deficient 

mice used. 

 We have previously shown that MC-deficient mice are 

impaired in their ability to expel  T. spiralis  17  and it can be simi-

larly seen that  W / W   v   mice have significantly greater numbers 

of parasites present in comparison to wild-type mice at day 14 

postinfection (p.i.) ( Figure 2 ). Reconstitution of mice with BM 

from wild-type mice restored their ability to expel their parasites; 

however,  W / W   v   mice reconstituted with IL-4     −     /     −      or TNF     −     /     −      BM 

had significantly higher worm burdens in comparison to wild-

type mice ( Figure 2 ).   

 MC-derived IL-4 and TNF are required for the enteropathy 
accompanying GI helminth infection 
 Infection of mice with  T. spiralis  resulted in significant vil-

lus atrophy, crypt hyperplasia, increase in numbers of mitotic 

figures, and increased gut weight ( Figure 3 ). In comparison, 

MC-deficient  W / W   v   mice have significantly reduced levels of 

enteropathy with significantly longer villi, shorter crypts, fewer 

mitotic figures, and lower gut weight similar to that previously 

described. 17  Reconstitution of  W / W   v   mice with wild-type BM 

resulted in enteropathy similar to that in wild-type mice with 

significant villus atrophy, crypt hyperplasia, increased numbers 

of mitotic figures, and gut weight. In contrast, reconstitution of 
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  Figure 1        Bone marrow from wild-type, TNF     −     /     −     , and IL-4     −     /     −      mice 
corrects the anemia in  W / W   v   mice. MC-deficient  W / W   v   mice were 
reconstituted with BM from wild-type, TNF     −     /     −     , and IL-4     −     /     −      mice and red 
blood cell counts determined 8 weeks later. Data are expressed as mean 
number of erythrocytes / ml    +    s.e.m., five mice were used per group.  * This 
experiment was repeated twice with similar results; significantly different 
to WT ( P     <    0.05). BM, bone marrow; MC, mast cell; WT, wild-type.  
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   Figure 2        Parasite expulsion is delayed in MC-deficient mice reconstituted 
with TNF     −     /     −      or IL-4     −     /     −      BM. Establishment and expulsion of  T. spiralis  
was measured in wild-type and MC-deficient mice reconstituted with 
BM from wild-type, IL-4     −     /     −     , or TNF     −     /     −      mice at days 6 and 14 p.i. The 
small intestine was excised and the total number of worms present was 
counted. Data are expressed as mean number of worms per mouse    +    
s.e.m., five mice were used per group.  * This experiment was repeated 
twice with similar results; significantly different to wild-type C57BL / 6 mice 
( P     <    0.05). BM, bone marrow; MC, mast cell; p.i., postinfection; WT, 
wild-type.  
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 W / W   v   mice with BM from either IL-4     −     /     −      or TNF     −     /     −      mice failed 

to restore intestinal inflammation with significantly reduced 

villus atrophy, crypt hyperplasia, decreased numbers of mitotic 

figures, and decreased gut weight in comparison to  W / W   v   mice 

reconstituted with wild-type BM.   

 MC-derived IL-4 and TNF are required for the induction of Th2 
responses accompanying GI helminth infection 
 Mast cell-deficient  W / W   v   mice have previously been shown to 

have reduced Th2 responses following infection with  T. spiralis.  17  

Therefore, we wished to determine whether the presence of 

MC-derived cytokines could be responsible for the induction 

of Th2 responses accompanying infection with GI helminths. 

Infection of wild-type mice with  T. spiralis  resulted in a signifi-

cant increase in the production of the Th2 cytokines IL-4, IL-13 

and IL-9 in comparison to uninfected mice ( Figure 4a – c ).  W / W   v   

mice had significantly reduced levels of IL-4, IL-13, and IL-9 in 

comparison to wild-type mice, whereas reconstitution of  W / W   v   

mice with wild-type BM restored the levels of these cytokines 

similar to wild-type. In contrast, reconstitution of  W / W   v   mice 

with IL-4     −     /     −      or TNF     −     /     −      BM failed to restore the levels of Th2 

cytokines to wild-type levels. Following infection with  T. spi-

ralis, W / W   v   mice reconstituted with wild-type BM produced 

similar low levels of the Th1 cytokine IFN- �  as wild-type mice 

( Figure 4e ), while unreconstituted  W / W   v   mice and those recon-

stituted with IL-4     −     /     −      or TNF     −     /     −      BM produced significantly 

higher levels than wild-type mice. Stimulation of MLN cells with 

ConA elicited similar levels of IL-4 in all groups thus confirming 

that reconstituted  W / W   v   mice were competent for IL-4 produc-

tion (data not shown). 

 We have previously shown that TNF is important for the 

development of enteropathy accompanying  T. spiralis  infection 

since TNF-R-deficient mice have reduced pathology. 9  Evaluation 

of TNF- �  levels in serum confirmed our previous findings that 

 W / W   v   mice have reduced levels in comparison to wild-type 

mice following  T. spiralis  infection ( Figure 4d ). Reconstitution 

of mice with wild-type BM restored levels of TNF- �  following 

infection to that similar to wild-type animals, in contrast, while 

levels were significantly increased in  W / W   v   mice reconstituted 

with IL-4     −     /     −      BM in comparison to unreconstituted  W / W   v  ; this 

was significantly lower than those reconstituted with wild-type 

BM.  W / W   v   mice reconstituted with TNF     −     /     −      BM showed no 

significant increase in serum TNF- �  following infection with 

 T. spiralis . This therefore suggests that MCs are an important 

cellular source of TNF produced following infection with GI 

helminths. 

 To further evaluate the effect on Th responses of reconstitut-

ing  W / W   v   mice with BM from wild-type, IL-4     −     /     −     , or TNF     −     /     −      

mice, antibody levels were determined in serum. Measurement 

of total serum IgE showed an increase in levels in wild-type 

mice following infection, while levels were also increased fol-

lowing infection of  W / W   v   mice; this was significantly lower than 

that observed in wild-type mice ( Figure 5a ). Reconstitution of 

 W / W   v   mice with wild-type BM resulted in an increase in IgE 

levels similar to those observed in wild-type mice whereas those 

reconstituted with IL-4     −     /     −      or TNF     −     /     −      BM were comparable 

to that seen in  W / W   v   mice. A similar pattern of responses was 

seen when  Trichinella  antigen-specific responses were meas-

ured ( Figure 5b ) with significantly increased IgG1 responses 

observed following infection of wild-type or  W / W   v   mice recons-

tituted with wild-type BM. Responses of  W / W   v   mice were 

increased in comparison to uninfected mice but significantly 
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  Figure 3        Parasite-induced enteropathy is reduced in MC-deficient mice 
reconstituted with TNF     −     /     −      or IL-4     −     /     −      BM. The development of villus 
atrophy and crypt hyperplasia, proliferation in crypt epithelium, and 
intestinal edema was measured in wild-type and MC-deficient mice 
reconstituted with BM from wild-type, IL-4     −     /     −     , or TNF     −     /     −      mice at days 0, 
6, and 14 p.i. Data are expressed as ( a ) mean length of villus and crypts 
( � m)    +    s.e.m., ( b ) mean number of mitotic figures per villus crypt unit 
(MF / VCU) per mouse, or ( c ) mean weight (g)    +    s.e.m. Five mice were 
used per group.  * This experiment was repeated twice with similar results; 
significantly different to uninfected mice.   †  Significantly different to wild-
type C57BL / 6 mice.   §  Significantly different to  W / W   v      +    WT BM ( P     <    0.05).  
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lower than that observed in wild-type mice.  W / W   v   mice recon-

stituted with IL-4     −     /     −      or TNF     −     /     −      BM were similar to those seen 

in  W / W   v   mice. There were no significant  Trichinella  antigen-

specific IgG2a responses observed in any of the groups exam-

ined (data not shown).   

 Mastocytosis induced by infection with helminths requires 
the presence of MC-derived IL-4 but not TNF 
 We have previously shown that mice lacking IL-4 and TNF have 

reduced MC responses in comparison to wild-type mice; thus, 

it was of interest to determine whether MC-derived IL-4 or 

TNF altered the capacity to mount a mastocytosis. As has been 

demonstrated previously, 17  infection of wild-type mice with 

 T. spiralis  results in a significant mastocytosis with a significant 

increase in the  � -chymase mMCP-1, while an absence of MCs 

and mMCP-1 is observed upon infection of  W / W   v   mice ( Figure 

6 ). Reconstitution of  W / W   v   mice with wild-type BM resulted in 

a restoration in both the MC number and production of 

mMCP-1; in contrast, however, MC responses were significantly 

lower following reconstitution with both TNF     −     /     −      and IL-4     −     /     −      

BM, with responses in mice transferred with IL-4     −     /     −      being 

significantly lower than those reconstituted with TNF     −     /     −      BM. 

These data therefore suggest that IL-4 and, to a lesser extent, 

TNF are required for the induction of the MC response follow-

ing infection with GI helminths. 

 Although there are a number of reports suggesting that MCs 

develop normally in IL-4     −     /     −     - or TNF     −     /     −     -deficient mice, 23,24,29 – 31  

the reduced numbers of MCs seen in  W / W   v   mice reconstituted 

with IL-4     −     /     −      or TNF     −     /     −      BM may be due to reduced numbers of 

MC precursors (MCp) in BM. Following enumeration of MCp 

in BM, it was observed that there were no significant differences 

between wild-type (1 / 1,135 ± 127), IL-4     −     /     −      (1 / 1,256 ± 184), or 

TNF     −     /     −      mice (1 / 1,454 ± 116), thus suggesting that the deficiency 

in the MC response in IL-4     −     /     −      or TNF     −     /     −      is not the result of a 

deficiency in the numbers of MCp.    

 DISCUSSION 
 The results from this study confirm the critical role played by 

MCs in the expulsion of GI helminths; furthermore, it also 

underlines their importance in the induction of the intestinal 

inflammation accompanying infection with these parasites. 

More importantly, it highlights the role of MCs in the produc-

tion of cytokines required for the generation of protective Th2 

responses. The identification of the cellular sources of Th2 

cytokines is of utmost importance in understanding how Th2 

responses are initiated, amplified, and perpetuated in not only 

helminth infection but also allergic conditions such as asthma. 

We show here that MC-derived IL-4 makes a major contribution 

to the generation and amplification of Th2 responses needed for 

loss of GI helminths. Crucially, we also show that MC-derived 

TNF is a major requirement for induction of Th2 responses by 

GI helminth infection. 

 Here, we clearly demonstrate that MCs and MC-derived 

cytokines contribute to the induction of Th2 responses induced 
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    Figure 4        Th2 cytokines are reduced in MC-deficient mice reconstituted with TNF     −     /     −      or IL-4     −     /     −      BM. MLNs were removed from uninfected and infected 
mice, wild-type and MC-deficient mice reconstituted with BM from wild-type, IL-4     −     /     −     , or TNF     −     /     −      mice at day 6 p.i. and levels of ( a ) IL-9, ( b ) IL-4, 
( c ) IL-13, and ( e ) IFN- �  determined. Single-cell suspensions were made from individual animals and cultured at 1 × 10 6  cells with 50    � g   ml     −    1  TAg for 
24   h and cytokine levels in culture supernatants determined by ELISA. ( d ) Serum levels of TNF- �  were determined by ELISA. Data expressed mean 
cytokine concentration in pg   ml     −    1     +    s.e.m. Five mice were used per group.  * This experiment was repeated twice with similar results; significantly 
different to uninfected mice.   †  Significantly different to wild-type C57BL / 6 mice.   §  Significantly different to  W / W   v      +    WT BM ( P     <    0.05). BM, bone marrow; 
C, crypt; ELISA, enzyme-linked immunosorbent assay; MC, mast cell; p.i., postinfection; WT, wild-type.  
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by GI nematodes and confirm our previous studies showing 

that MCs were required for the induction of protective and 

pathological responses in GI helminth infection. 17  We have now 

extended these studies and demonstrated that loss of  T. spiralis  

from mice reconstituted with BM from IL-4- or TNF- � -deficient 

mice was reduced in comparison to mice reconstituted with BM 

from wild-type mice, and this was associated with a reduction 

in Th2 responses as assessed by decreased production of the 

Th2 cytokines IL-4 and IL-9 and the antibody isotypes IgG1 

and IgE. Furthermore, the decreased Th2 responses observed in 

these animals were also associated with a substantially reduced 

mastocytosis. 

 MCs have been shown to modulate the capacity of DCs to 

polarize T cells both  in vitro  and  in vivo.  27  Degranulation of 

MCs leads to a decrease in tha levels of IFN- �  and increase in 

the levels of IL-4 when cocultured with DCs and while it was 

proposed that this was mediated by histamine, the contribution 

of MC cytokines was not evaluated. 27  Recent studies have fur-

ther shown that mast cell-derived TNF can promote migration 

of DCs during the sensitization of acquired immune responses. 

Contact hypersensitivity is impaired in MC and TNF-deficient 

mice and this impairment was due to decreased DC migration, 

which could only be repaired with TNF replete MCs. MCs can 

also directly enhance T-cell activation and it was shown that 

this was mediated by MC OX40L and T cell OX40 and solu-

ble, but not membrane-bound, TNF- � . 24  MCs and TNF have 

recently been shown to play a role in a murine model of aller-

gic asthma; both MC-deficient  W / W   v   mice and TNF-deficient 

mice showed reduced recruitment of inflammatory cells to the 

lungs and this was associated with a reduction in the local Th2 

response. 32,33  Furthermore, while engraftment of MC-deficient 

 Kit   W-sh / W-sh   mice with TNF-deficient BMMCs failed to restore 

levels of the cytokines IL-4, IL-13, IL-17 and recruitment of 

inflammatory cells including neutrophils and eosinophils, MCs 

and MC-derived TNF were not required for the induction of 

antigen-specific memory T cells. 34  TNF-R-deficient mice or 

mice treated with anti-TNF- �  have shown decreased responses 

to GI helminth, and this is associated with both a decrease 

in MC numbers and a decrease in Th2 responses, most notably 

IL-9 and IL-13. 9,35  Taken together, this suggests that MC-derived 

TNF- �  could play an essential role in the generation of the Th2 

response essential for the expulsion of GI helminths. 

 The lack of a MC response as indicated by both reduced MC 

number and mMCP-1 levels in the serum in mice reconstituted 

with BM from either IL-4- or TNF-deficient mice could be 

due to a number of factors including reduced MCp number, 

reduced recruitment to mucosal tissue, or reduced prolifera-

tion of MCp in mucosal tissue. MC precursor frequency and the 

ensuing mastocytosis is significantly lower in strains of mice-

that are poor responders to helminth infection in comparison 

to high-responder mouse strains. 36  However, enumeration of 

MC precursor frequency revealed no difference between wild-

type and cytokine-deficient mice and the MCp frequency we 

observed was similar to that reported previously for C57BL / 6 

mice. 36  Similar frequencies of MCp are observed in BM from 

both thymus-bearing and athymic mice; however, significant 

increases in MCp frequencies are detected in blood, spleen, and 

gut following infection of wild-type, but not athymic, mice with 

 T. spiralis . It was concluded that this was due to a local T cell-

dependent proliferation and maturation of residing MCp. 37  

 Interleukin-4 has been described as being a MC growth fac-

tor 38  and is used to generate MCs from BM  in vitro ; 39  therefore, 

MCp from IL-4-deficient mice may lack the autocrine growth-

promoting capacity of IL-4. IL-4 promotes MC proliferation and 

differentiation but only by synergizing with IL-3 and / or stem cell 

factor. 40  A recent study analyzing regulation of MC IL-4 expres-

sion by Ikaros found no difference in MC growth from IL-4-

deficient mice. 31  Furthermore, mice deficient in IL-4 and / or 
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   Figure 5        Total IgE and antigen-specific IgG1 responses are reduced in 
MC-deficient mice reconstituted with TNF     −     /     −      or IL-4     −     /     −      BM. ( a ) Total IgE 
and ( b )  Trichinella  antigen-specific IgG1 antibody levels were measured 
in sera from uninfected and infected wild-type and MC-deficient mice 
reconstituted with BM from wild-type, IL-4     −     /     −     , or TNF     −     /     −      mice at day 
14 p.i. Total IgE titers were measured by ELISA against a purified 
IgE standard and were expressed as mean  � g   ml     −    1     +    s.e.m. Data are 
expressed as mean IgE concentration ( � g   ml     −    1 )    +    s.e.m. Antigen-specific 
IgG1 titers were assessed by ELISA. Plates were coated with  TAg  at 
2    � g   ml     −    1  and sera were serially diluted. Data expressed as reciprocal 
end-point dilution. Five mice were used per group.  * This experiment was 
repeated twice with similar results; significantly different to uninfected 
mice.   †  Significantly different to wild-type C57BL / 6 mice.   §  Significantly 
different to  W / W   v      +    WT BM ( P     <    0.05). BM, bone marrow; ELISA, enzyme-
linked immunosorbent assay; MC, mast cell; p.i., postinfection; WT, 
wild-type.  
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IL-13 have normal numbers of MCs  in vivo . 41,42  However, there 

are a number of reports in which IL-4-, IL-4-R � -, or Stat-6-defi-

cient mice have similar MC responses to wild-type mice. 30,31  

Indeed, Stat-6-deficient mice show exaggerated IL-4-induced 

mastocytosis, suggesting that Stat-6 is involved in regulating 

MC growth. 30  Other studies have shown that IL-4 induces a 

downregulation of key MC-signaling molecules Fc � R and c-kit 43  

and also promotes the apoptosis of MCs. 44  TNF- �  has not been 

described as a growth factor for MCs and indeed many stud-

ies have successfully cultured MCs from TNF- � -deficient mice 

without any reports of decreased proliferative responses. 23,24,29  

Therefore, the reduced mastocytosis observed in  W / W   v   mice 

reconstituted with TNF- � -deficient BM does not appear to be 

due to reduced MCp or the proliferative capacity of precursors. 

The reduction in MC numbers seen following reconstitution 

of MC-deficient mice with IL-4     −     /     −      or TNF     −     /     −      BM may be a 

consequence of the reduction in the Th2 response, in particular 

the lack of IL-9. IL-9 has been shown to be an essential growth 

factor for the proliferation of mucosal MCs with IL-9-deficient 

mice unable to mount a mastocytosis or expel GI helminths. 

Taken together, this suggests that there are no basic defects in 

MCs from IL-4- or TNF-deficient mice and that TNF, and more 

importantly, IL-4 are not essential factors in promoting masto-

cytosis and their reduced numbers may be a reflection of the 

reduction in the Th2 milieu. 

 Critical signals for homing and recruitment of MCs to the 

intestine may also be provided by IL-4 and / or TNF. MC-com-

mitted progenitors are constitutively recruited by a mechanism 

involving  � 4 � 7 integrin, an adhesion molecule also critical for 

T-cell homing to the gut. The ligand for this, MADCAM, is 

upregulated in intestinal tissue following exposure to TNF-

 � . 45  Recruitment of MC progenitors to the intestine requires 

not only adhesive interactions but also chemokine-directed 

migration and it has been shown that expression of chemokine 
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  Figure 6        Mastocytosis is reduced in MC-deficient mice reconstituted with TNF     −     /     −      or IL-4     −     /     −      BM. Carnoy ’ s fixed jejunum from uninfected and infected 
mice (day 14 p.i.) were processed and stained with 0.5 %  toluidine blue and numbers of mucosal MCs in 20   VCU counted. Serum titers of mMCP-1 from 
uninfected and infected mice (day 14 p.i.) were determined by ELISA in wild-type and MC-deficient mice reconstituted with BM from wild-type, IL-4     −     /     −     , 
or TNF     −     /     −      mice at day 14 p.i. Data are expressed as (a) mean number of MCs / VCU    +    s.e.m. or (b) mean mMCP-1 concentration ( � g   ml     −    1 )    +    s.e.m. Five 
mice were used per group. This experiment was repeated twice with similar results * ; significantly different to uninfected mice.   †  Significantly different 
to wild-type C57BL / 6 mice.   §  Significantly different to  W / Wv     +    WT BM ( P     <    0.05). Representative photomicrographs of toluidine blue-stained intestinal 
tissues from wild-type and MC-deficient mice reconstituted with BM from wild-type, IL-4     −     /     −     , or TNF     −     /     −      mice at days 0 and 14 p.i. ( c ) uninfected 
wild-type, ( d ) infected wild-type, (e) infected  W / Wv , ( f ) infected  W / Wv     +    WT BM, ( g ) infected  W / Wv     +    IL-4 KO BM, ( h ) infected  W / Wv     +    TNF KO BM. 
Arrow indicates MC. BM, bone marrow; ELISA, enzyme-linked immunosorbent assay; MC, mast cell; p.i., postinfection; VCU, villus per crypt units; WT, 
wild-type. Original magnification  × 100.  
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receptors such as CXCR2 and CCR3 is critical for accumulation 

of MCs in mucosal tissue. 46  Thus, the defects in MC populations 

in following reconstitution of  W / W   v   mice with IL-4- and TNF-

deficient BM may in general reflect the lack of a Th2 environ-

ment and upregulation of appropriate adhesion molecules and 

chemokines. 

 MC-deficient mice demonstrated significantly reduced enter-

opathy in comparison to wild-type mice following infection with 

 T. spiralis  and this is dependent on both MC-derived IL-4 and 

TNF. MC-derived TNF contributes to disease pathogenesis in a 

number of models of disease including sepsis, 7,8  cutaneous granu-

loma formation, 47  skin vasculitis and glomerulonephritis, 48  

contact hypersensitivity, 49  and malaria. 29  Although MCs repre-

sent a significant potential source of TNF, 6  the extent to which 

mast cell-derived TNF might contribute directly to pathological 

responses in GI helminth infection is not clear. The findings that 

MCs and MC-derived TNF make important contributions in the 

development of intestinal inflammation are in accord with pre-

vious observations indicating that MCs and MC-derived TNF 

can promote the migration of cells involved in the inflammatory 

process including neutrophils and monocytes. 8,49,50  

 In conclusion, the multidirectional MC / DC / T-cell interactions 

induced following GI helminth infection suggest a central role for 

MCs in fulfilling regulatory and / or modulatory functions affect-

ing various aspects of the immune response and warrant further 

investigation. While we have not conclusively shown that MCs are 

the source of IL-4 and TNF required for parasite loss, MC-derived 

cytokines make a major contribution to the responses induced by  T. 

spiralis  infection. This not only has implications for the generation 

of protective and pathological responses in GI helminth infections, 

in particular, but also other inflammatory disorders involving MCs. 

Thus anti-TNF therapy currently used to treat diseases such as 

rheumatoid arthritis and Crohn ’ s disease could further be extended 

to treat diseases such as asthma in which MCs play a role due to the 

antagonizing effector functions of TNF from MCs.   

 METHODS     
  Animals and infection   .   The maintenance, infection, and recovery of 
 T. spiralis  were essentially as described previously. 9  Eight- to twelve-
week-old mice were infected with 400  T. spiralis  larvae on day 0 and 
killed at various times p.i. as detailed. Worm burdens were assessed 
as described previously. 9   W / W   v   mice and congenic wild-type 
WBB6F1-    +     /     +     (    +     /     +    ) mice have been well described previously 12  
and were obtained from Jackson Laboratories (Bar Harbor, ME). 
IL-4     −     /     −      mice on a C57BL / 6 background 51  were originally obtained 
from Professor F. Brombacher, University of Cape Town, South Africa 
and TNF     −     /     −      mice on a C57BL / 6 background were originally obtained 
from Professor C. Mueller, University of Bern, Switzerland. 52  All mice 
were bred, maintained, and housed in the University of Strathclyde 
animal facility under standard conditions with free access to food 
and water and all procedures were performed in accordance with the 
Animals (Scientific Procedures) Act, 1986.   

  BM reconstitution   .   The method for reconstituting MC populations in 
 W / W   v   mice by injecting BM cells of congenic mice was described previ-
ously. 53  Briefly, donor wild-type, IL-4     −     /     −     , and TNF     −     /     −      mice were eutha-
nized by cervical dislocation, and BM was flushed from their femurs using 
Hanks ’  balanced salt solution. The BM cells were then pooled, washed, 
and counted using trypan blue exclusion to assess viability. Recipient 

 W / W   v   mice were then reconstituted by tail vein injection of 5 × 10 6  viable 
BM cells suspended in sterile phosphate-buffered saline. BM-reconsti-
tuted  W / W   v   mice were studied 8 – 12 weeks later. Successful reconstitution 
was confirmed by enumerating red blood cells in reconstituted mice that 
revealed the correction of the anemia suffered by  W / W   V   mice.   

  Quantitation of intestinal pathology   .   Mucosal architecture and 
epithelial-cell mitotic activity were assessed in samples of jejunum taken 
10   cm from the pylorus, as described previously. 9  Samples were fixed in 25 %  
acetic acid / 75 %  ethanol and stained with Schiff  ’ s reagent (Sigma, Poole, 
UK). Specimens were microdissected and villus and crypt lengths measured 
using an eyepiece micrometer. The number of mitotic figures per crypt were 
also counted. Ten villi and crypts were measured for each sample.   

  MC precursor assay   .   A limiting dilution assay for MCp frequency was 
used to determine differences in MCp frequency in wild-type, IL-4     −     /     −     , 
and TNF     −     /     −      mice as previously described. 36  Briefly, single-cell sus-
pensions of BM cells were prepared and 1 × 10 7  BM cells were serially 
diluted in TI3S medium (Dulbecco ’ s modified Eagle ’ s medium contain-
ing 10 %  fetal calf serum, 100   U   ml     −    1  penicillin, 100   mg   ml     −    1  streptomy-
cin, 2.5   mg   ml     −    1  fungizone, 2   m M L -glutamine, 1   m M  sodium pyruvate 
(all from Gibco, Paisley, UK), 1   ng   ml     −    1  recombinant human TGF-b1 
(Sigma), 1   ng   ml     −    1  recombinant mouse IL-3 (R & D Systems, Abingdon, 
UK), 5   ng   ml     −    1  recombinant mouse IL-9 (R & D Systems), 50   ng   ml     −    1  
recombinant mouse SCF (Peprotech EC Ltd, London, UK)). Sixteen 
aliquots of 100    � l of each dilution were added to a flat-bottomed 96-
well plate and cultured for 7 days in a humidified 5 %  CO 2  incubator; 
after feeding with fresh TI3S, medium plates were cultured for a further 
7 days and then stored at     −    70    ° C. Plates were then freeze-thawed three 
times and the entire content of each well removed for quantitation of 
mMCP-1 levels. Numbers of MCp present were then calculated using 
L-Calc software.   

  MC quantitation   .   Consecutive samples of jejunum were sampled and 
fixed in Carnoy ’ s fixative followed by processing using standard histologi-
cal techniques. Sections were stained with 0.5 %  toluidine blue (Sigma) in 
0.5    M  HCl for MC visualization and counterstained with 0.5 %  safranine 
 O  (Sigma) for 2   min. 9  The number of mucosal MCs were counted in 
10 villus per crypt units (VCU) and data expressed a mean number of 
mucosal MCs per VCU.   

  MMCP-1 analysis     .   The mMCP-1 sandwich enzyme-linked immuno-
sorbent assay (ELISA) kit was a kind gift from Professor Hugh Miller, 
University of Edinburgh, Edinburgh. 16    

  Lymphocyte culture and cytokine responses   .   Single-cell suspensions 
of MLNs were prepared and incubated in the presence of  T. spiralis  lar-
val homogenate (50    � g   ml     −    1  protein). Culture supernatants were har-
vested after 24   h and IL-4, IL-9, IL-13, and IFN- �  levels measured by 
ELISA using paired antibodies as described previously. 9  TNF- �  levels 
were determined in serum by ELISA according to the manufacturer ’ s 
instructions (PharMingen, Oxford, UK).   

  Measurement of antibody responses   .   Parasite-specific IgG1 and IgG2a 
and total IgE levels were determined as described previously. 9   T. spiralis  
larval homogenate was used as a target antigen at 10    � g   ml     −    1  in ELISA, 
and sera were diluted (1 / 100). IgG1 and IgG2a were detected using 
biotinylated anti-mouse IgG1 or IgG2a (PharMingen) at 2    � g   ml     −    1  
each, followed by streptavidin – peroxidase (SAPU, Carluke, UK). Total 
serum IgE levels were measured by ELISA, anti-mouse IgE was used 
as capture antibody and IgE detected using biotinylated anti-mouse 
IgE (PharMingen). An IgE mAb specific for trinitrophenyl (TNP) 
(PharMingen) was used as standard.   

  Statistics   .   Results are expressed as means ± 1 s.e.m. Statistical differ-
ences ( P     �    0.05) between experimental groups were determined using 
the Mann – Whitney  U -test for nonparametric data.       
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