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 INTRODUCTION 
 The role of the innate immune system in the development 

of inappropriate allergic sensitization to innocuous antigens 

has been of great interest in the field of allergy and immuno logy. 

The idea that microbial products promote a regulatory tone 

in the immune system — and therefore a reduction in expo-

sure to microbial products promotes allergic disease — is the 

central idea behind the hygiene hypothesis. Alternatively, 

microbial products such as bacterial toxins 1,2  or lipopoly-

saccharide 3  can have adjuvant activity that supports allergic 

sensitization. 

 There is interest in harnessing the innate immune system 

therapeutically for the purpose of reprogramming an immune 

response from a T-helper type 2 (Th2)-biased response to a 

regulatory or Th1-biased response. Several microbial-based 

approaches have been tested at the pre-clinical level for the 

treatment of food allergy. The use of heat-killed listeria as an 

adjuvant together with peanut allergens, either unmodified or 

modified to reduce immunoglobulin E (IgE) binding, resulted 

in significant reductions in peanut-induced symptoms in mice 

and dogs. 4,5  Heat-killed  Escherichia coli  containing modified 

peanut allergens was also shown to tolerize mice to peanut 

when administered by the rectal route. 6  Toll-like receptor 9 

(TLR9) ligands (cytosine phosphate guanosine (CpG) oligo-

nucleotides) given at the time of sensitization to peanut could 

suppress sensitization to peanut 7,8  in mice. Furthermore, 

TLR9 agonists coupled to ragweed have been used with some 

success in human trials for allergic rhinitis. House-dust mite 

has also been conjugated with CpG in virus-like particles for 

the purpose of immunotherapy, with promising preliminary 

results. 9  TLR9 ligands are potent Th1 adjuvants and can be 

used at mucosal sites to prime for humoral and cellular immune 

responses. 10,11  A major source of endogenous TLR9 ligands is 

the intestinal flora, and a loss of constitutive signaling through 

the flora in TLR9-deficient mice has been shown to have sig-

nificant effects on the responsiveness of the mucosal immune 

system. TLR9    −     /     −     mice have a decreased number of effector 

cells producing interferon  �  and interleukin (IL)-17 in the small 

intestine, and an increased number of Foxp3     +      regulatory T 

cells, 12  suggesting that TLR9 ligands function as endogenous 

adjuvants. Others have found that TLR9 influences the colonic 

epithelium leading to a suppressed responsiveness to inflamma-

tory signaling, and they observed that TLR9    −     /     −     mice exhibit 

an enhanced susceptibility to experimental colitis. 13  There is 

a window of responsiveness of the mucosal immune system to 

CpG oligonucleotides in the neonatal period, 14  indicating that 
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early exposure to this class of TLR ligand may profoundly influ-

ence the immune tone of the small intestine in adulthood. This 

idea is supported by the recent finding of a gene – environment 

interaction between TLR9 polymorphisms and breast-feeding 

in the development of sensitization to foods. 15  We hypo thesized 

that constitutive signaling to the mucosal immune system 

through TLR9 could influence the susceptibility to allergic 

sensitization to foods. We tested this hypothesis through the 

use of experimental models of peanut-induced sensitization 

and anaphylaxis in mice deficient in TLR9, and found that 

TLR9 was required to indirectly promote the generation of IgE 

and IgA from B cells.   

 RESULTS  
 TLR9-deficient mice have reduced susceptibility to 
peanut-induced sensitization and anaphylaxis 
 Mice were orally sensitized to peanut by repeated feeding 

together with the mucosal adjuvant cholera toxin (CT). Mice 

on the C57BL / 6 background strain do not respond to oral pea-

nut challenge with anaphylaxis, but develop a robust peanut-

specific IgE response and will respond to intraperitoneal (IP) 

peanut challenge. This model of sensitization to peanut utilizing 

IP re-challenge has been shown to be primarily mast cell and IgE 

dependent, with minor but detectable contribution from mac-

rophages and IgG. 16,17  C57BL / 6 TLR9    +     /     +     mice sensitized and 

challenged with peanut extract underwent systemic anaphylaxis, 

as measured by a significant drop in the core body temperature 

( Figure 1a ). The severity of anaphylaxis was significantly less 

but not absent in TLR9    −     /     −     mice (mean temperature of 36.4 ° C 

in TLR9    −     /     −     mice compared with 33.6 ° C in TLR9    +     /     +     mice 

and 37.8 ° C in naive mice). This reduced susceptibility to ana-

phylaxis in TLR9    −     /     −     was associated with significantly lower 

peanut-specific IgE levels in serum obtained before challenge as 

compared with wild-type controls ( Figure 1b ). TLR9-deficiency 

was also associated with a significant reduction in peanut-

specific IgA responses in serum ( Figure 1d ), whereas peanut-

specific IgG1 responses were similar in TLR9    +     /     +     and     −     /     −     

mice ( Figure 1c ). Sensitization to peanut was associated with 

a mixed cytokine response from allergen re-stimulated spleen 

cells. Similar levels of IL-13, IL-10, and interferon  �  were 

observed in TLR9    −     /     −     mice, whereas IL-17 levels were signifi-

cantly elevated in orally sensitized TLR9    −     /     −     mice ( Figure 1e ). 

IL-4 was routinely below the level of detection.   

 Impact of TLR9 deficiency on IgE-expressing B cells 
 To investigate the source of IgE production in peanut-sensitized 

mice, we performed flow cytometry to detect IgE-expressing 

cells. We examined cells in the bone marrow, spleen, mesenteric 

lymph node, and Peyer ’ s patch (PP). A significant population of 

IgE    +     cells with B-cell markers (CD19, B220, but not the plasma 

cell marker CD138) was found in the spleen and bone marrow, 

but not in mesenteric lymph node or PP (see  Supplementary 

Figure S1  online). Mature IgE transcripts in the spleen and 

bone marrow were confirmed by RT-PCR (data not shown). 

Permeabilization of the cells was required for the detection 

of these cells, indicating minimal surface IgE expression. The 

median fluorescence intensity of IgE expression was elevated 

after sensitization. TLR9    −     /     −     mice had a marked reduction in 

the fluorescence intensity of IgE expressed by the B cells, even 

in the naive state ( Figure 2 ). This was confirmed by measuring 

total serum IgE in the naive and sensitized TLR9    +     /     +     and     −     /     −     

mice, which demonstrated a significant reduction in total IgE at 

baseline and after sensitization in TLR9    −     /     −     mice. By contrast, 

total IgA as measured in either serum or feces at baseline was 

not affected by TLR9 deficiency.   

 Mast cells from TLR9    −     /     −     mice become functional upon 
passive sensitization with IgE 
 Peanut-induced anaphylaxis is dependent primarily on activation 

of mast cells by cross-linking IgE, although minor contributions 

       Figure 1             Impact of Toll-like receptor 9 (TLR9) deficiency on peanut 
(PN)-induced anaphylaxis and antibody and cytokine responses. 
TLR9     +     /     +     or     −     /     −     mice were orally sensitized to PN with cholera toxin 
(PN / CT), followed by intraperitoneal challenge with crude PN extract. 
( a ) Body temperature measured 30   min after PN challenge. ( b ) PN-
specific immunoglobulin E (IgE), ( c ) IgG1, and ( d ) IgA as measured 
by enzyme-linked immunosorbent assay in serum obtained 1 – 2 days 
before challenge. ( e ) Cytokine secretion measured after re-stimulation 
of spleen cells with PN extract. Spleen cells were harvested immediately 
after allergen challenge. ( a ) is combined data from two independent 
experiments; ( b  –  e ) are from one representative experiment of two, with 
 n     =    10 (    +     /     +    ) and 8 (    −     /     −    ).  *  *  *  P     <    0.001,  *  *  P     <    0.01,  *  P     <    0.05 comparing 
the indicated groups. IFN, interferon; IL, interleukin; NS, not significant; 
OD, optical density.  
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from macrophages and IgG have also been demonstrated. 16,17  

To assess the function of mast cells in TLR9    −     /     −     mice, we first 

examined peritoneal mast cells by flow cytometry. The number 

of c-kit     +      IgE     +      cells in the peritoneal cavity was not significantly 

different in TLR9    +     /     +     and     −     /     −     mice (data not shown); how-

ever as shown in  Figure 3a , there was a marked reduction in 

the level of IgE on the surface of peritoneal mast cells from the 

sensitized TLR9    −     /     −     mice as compared with TLR9    +     /     +     mice. 

To test the function of mast cells in TLR9    +     /     +     and     −     /     −     mice, 

mice were passively sensitized with serum containing high levels 

of peanut-specific IgE by injection into the ear pinna. As control, 

the other ear was injected with ovalbumin-IgE – positive serum. 

The next day, mice were injected intravenously with Evans Blue 

and peanut extract, and the extent of extravasation in the ear was 

measured ( Figure 3b ). TLR9    +     /     +     and     −     /     −     mice responded to 

peanut challenge with a similar level of extravasation in the ear 

passively sensitized with peanut-IgE    +     serum, indicating that 

mast cells of TLR9    −     /     −     mice are functional and the major defect 

is at the level of IgE production.   

 TLR9 influences PP development 
 It has been described that TLR9    −     /     −     mice have elevated num-

bers of regulatory T cells in their small intestinal lamina propria 

and within PPs 12  that could potentially explain the suppressed 

response to oral sensitization. In addition, the defect in IgA 

suggested a mucosal immunoglobulin production defect. In 

our colony of co-housed TLR9    +     /     +     and     −     /     −     mice, we did 

not observe any difference in the number of intestinal CD4     +      

Foxp3     +      cells (in lamina propria, mesenteric lymph node, or PP) 

(see  Supplementary Figure S2  online), nor did we observe any 

quantitative difference in CD4 or CD8 T cells, B cells, or den-

dritic cells (see  Supplementary Figure S2  online). However, 

we did observe that the PPs were reduced in size in TLR9    −     /     −     

mice. Quantification of the number of grossly visible PPs per 

small intestine and the total yield of cells from the PPs per small 

intestine showed that there was a significant reduction in number 

of visible PPs as well as the size of PPs in TLR9    −     /     −     mice. In addi-

tion, histological examination showed that the number of follicles 

per patch was also reduced in TLR9    −     /     −     mice ( Figure 4 ).   

 Resistance to sensitization to peanut in TLR9    −     /     −     mice is not 
restricted to the gastrointestinal tract 
 It has been described that crude peanut contains insoluble par-

ticles that are readily taken up by M cells overlying the PP, 18  and 

we have previously observed that site of uptake in the gastro-

intestinal tract has a significant role in the allergic response to 

food allergens. 19  To determine whether resistance to sensiti-

zation was due to the reduced PP development, we sensitized 

  Figure 2             Detection of immunoglobulin E (IgE)    +     B cells. Mice were left naive as control, or sensitized with peanut (PN) with cholera toxin (PN / CT) 
for 6 weeks. Sensitization was verified by measurement of PN-specific IgE in serum. Mice were not allergen challenged before collection of tissues. 
( a ) Representative staining in bone marrow (BM) and spleen cells. Live CD19    +     cells were gated, and plots show IgE vs. CD19 in TLR9    +     /     +     (Toll-like 
receptor 9) and TLR9    −     /     −     mice orally sensitized to PN (PN / CT) or naive. ( b ) Median fluorescence intensity (MFI) of IgE in IgE    +     B cells gated as above. 
 N     =    3 / group (spleen) and 2 / group (BM).  *  P     <    0.05. ( c ) Total IgE measured by enzyme-linked immunosorbent assay in serum of naive or PN-sensitized 
(PN / CT) TLR9    +     /     +     or     −     /     −     mice.  *  *  P     <    0.01,  n     =    8 – 15 mice / group.  
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mice to peanut by non-oral routes, either IP injection with alum 

adjuvant, or by the epicutaneous route by applying peanut and 

CT topically to the skin. 20  As shown in  Figure 5 , TLR9    −     /     −     

mice were resistant to peanut-induced anaphylaxis whether 

sensitization occurred through the IP route or the epicutane-

ous route. There was no significant difference between body 

temperatures in epicutaneously sensitized TLR9    +     /     +     and     −     /     −     

mice after challenge, but     +     /     +     mice had a significant drop in 

body temperature compared with pre-challenge temperatures, 

whereas TLR9    −     /     −     mice did not. By both routes of sensitization, 

there was a significant suppression of IgE in TLR9    −     /     −     mice. 

Peanut-specific IgA was elevated in response to cutaneous, but 

not IP sensitization, and this was also significantly suppressed 

in TLR9    −     /     −     mice. These data indicate that the resistance of 

TLR9    −     /     −     mice to peanut sensitization is systemic, and not 

restricted to the induction of responses within the intestinal 

mucosa.   

 TLR9-dependent promotion of IgE production is through 
indirect activity on B cells 
 TLR9 ligands have been shown to have direct activity on IgE 

production from B cells  in vitro , 21,22  although the results were 

conflicting, with one report showing suppression, whereas the 

other showed enhancement of IgE. We wanted to test whether 

the effect of TLR9 deficiency on IgE production was through 

direct or indirect actions on B cells. To test this, we reconstituted 

Rag1-deficient mice with B cells from naive TLR9    +     /     +     or     −     /     −     

mice, together with CD4    +     T cells from TLR9    +     /     +     mice primed 

with peanut / alum to increase the precursor frequency of pea-

nut-specific T cells. Total and peanut-specific IgE was measured 

before (4 weeks post transfer) and 6 weeks after sensitization of 

the recipient mice. Transfer of B cells without peanut-primed 

T cells did not support peanut-specific IgE production in recipi-

ent mice, demonstrating the T-cell dependence of the genera-

tion of peanut-specific IgE. Sensitization of the recipient mice 

was necessary to generate peanut-specific IgE responses. Rag1-

deficient mice receiving wild-type or TLR9    −     /     −     B cells plus 

wild-type peanut-primed T cells generated similar levels of total 

and peanut-specific IgE after sensitization, and were similarly 

susceptible to peanut-induced anaphylaxis ( Figure 6 ), demon-

strating that TLR9    −     /     −     B cells acquire the capacity to generate 

robust IgE responses in a wild-type milieu.    

   Figure 3             Impact of Toll-like receptor 9 (TLR9) deficiency on mast 
cells. ( a ) Peritoneal cells were harvested from naive or orally peanut 
(PN)-sensitized (PN with cholera toxin (PN / CT)) TLR9    +     /     +     or     −     /     −     
mice. Peritoneal cells were harvested from sensitized un-challenged 
mice. Mast cells were gated based on c-kit and immunoglobulin E (IgE) 
staining, and the level of IgE positivity was compared in naive and 
sensitized     +     /     +     and     −     /     −     mice. ( b ) Naive TLR9    +     /     +     or     −     /     −     mice were 
passively sensitized in the ear with serum from PN-sensitized mice or 
ovalbumin (OVA)-sensitized mice as controls. The next day, mice were 
intravenously injected with Evans Blue and PN extract, and extravasation 
in each ear was quantified by spectrophotometry.  *  P     <    0.05, NS, not 
significant. ( n     =    5 / group). OD, optical density.  

  Figure 4             Impact of Toll-like receptor 9 (TLR9) deficiency on Peyer ’ s patches (PPs). ( a ) The entire small intestine (SI) from naive TLR9    +     /     +     or     −     /     −     
mice was removed and the total number of visible PPs per mouse was counted. ( b ) Cells were isolated by collagenase digestion and the yield of cells 
per mouse was determined. Segments of intestine containing a PP were fixed, embedded, and cross-sections stained with hematoxylin and eosin. ( c ) 
The number of follicles per PP was counted.  *  *  P     <    0.01.  
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 DISCUSSION 
 Exposure to microbial factors has been hypothesized to 

have a critical role in the development of allergic sensitiza-

tion. Epidemiological evidence indicates that lifestyle factors 

associated with higher rates of microbial exposure or infec-

tion are protective against atopy. Studies have also implicated 

changes in the gastrointestinal flora as a risk factor for eczema 

in children. Evidence does not indicate that microbial factors 

are solely protective: bacterial toxins such as CT  2  and sta-

phylococcal enterotoxin B, 1  lipopolysaccharide, 3  and NOD2 

(nucleotide-binding oligomerization domain – containing 

protein 2) 23  have adjuvant activity and promote allergic sen-

sitization and inflammation using experimental models of 

allergy or asthma. Endogenous signals via TLR9 have been 

shown to modulate the adaptive immune response in the small 

intestine, 12  and we hypothesized that signals via TLR9 would 

alter susceptibility to allergic sensitization. We found that 

TLR9    −     /     −     mice had reduced susceptibility to allergic sensi-

tization to peanut. This was not due to an altered Th2 cytokine 

response to peanut but was associated with a selective defect in 

IgE and IgA production that could be reversed by transferring 

TLR9    −     /     −     B cells to TLR9    +     /     +     mice. 

 TLR9 polymorphisms have been found to be associated 

with wheeze, but not allergen-specific IgE, 24  and with atopic 

eczema. 25  In the latter study, a gain-of-function allele was 

associated with increased risk of atopic eczema. Hong  et al.  15  

recently reported gene – environment interactions between 

TLR9 and breast-feeding in IgE sensitization to foods. The 

finding that the intestine is highly responsive to TLR9 in the 

neonatal period 14  supports the hypothesis that early exposure 

to microbial antigens may be decisive in programming the IgE 

response to food allergens. Our results show that a deficiency 

in TLR9 signaling can result in protection or resistance in 

generation of IgE; we speculate that a gain of function in TLR9 

signaling could have the opposite effect. 

 TLR9 is a cytoplasmic pattern recognition molecule that 

is widely expressed on hematopoietic cells and has also 

been described as a surface receptor on intestinal epithelial 

cells. 13,26  Ligands for TLR9 include unmethylated DNA con-

taining CpG motifs (common in bacterial DNA) and viral 

DNA. TLR9 ligands are potent stimulators of type-I interferon 

from plasmacytoid dendritic cells, and promote the activation 

and proliferation of B cells. Stimulation via TLR9 suppresses 

class-switching of naive B cells to IgE, 21,27  and  in vivo  treat-

ment with synthetic oligonucleotides that activate TLR9 have 

been shown to suppress IgE production. 8,28  Furthermore, in 

models of fungal asthma induced by  Aspergillus , it was found 

that TLR9    −     /     −     mice had enhanced IgE responses after fun-

gal infection. 29  However, in contrast with those findings, it 

was recently reported that TLR9 ligands could synergize 

with CD40 and TACI (transmembrane activator and calcium 

modulator and cyclophilin ligand inter actor) to promote B-cell 

activation and IgE class-switching. 22  The authors hypothesized 

that the difference in responses could be due to sub-optimal 

  Figure 5             Sensitization to peanut (PN) by non-oral routes. TLR9    +     /     +     (Toll-like receptor 9) and     −     /     −     mice were sensitized to PN by intraperitoneal 
injection with alum (IP), or by repeated epicutaneous exposure (skin). ( a ) Body temperature measured 30   min after IP challenge with 500    � g of 
PN extract. ( b ) Immunoglobulin E (IgE), ( c ) IgA, and ( d ) IgG1 antibodies were measured in serum obtained 1 – 2 days before challenge.  *  P     <    0.05, 
 *  *  P     <    0.01. OD, optical density.  
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concentrations of CpG used in their study compared with the 

doses used in the previous study showing direct inhibitory 

effects of CpG on IgE production  in vitro . Our studies with 

reconstituted Rag1-deficient mice suggest that the modula-

tory effect of TLR9 deficiency on IgE production is not due 

to direct effects on the B cell. Our finding of the impact of 

TLR9 deficiency on IgE production is quite different than the 

impact of the gut flora as a whole. It was recently shown by 

Hill  et al.  30  that eradication of the gut flora with antibiotics 

induced a significant increase in IgE. Total IgE was also ele-

vated in germ-free mice, and in mice lacking the TLR signal-

ing adapter MyD88 (myeloid differentiation primary response 

gene (88)). This effect of the flora was found to be dependent 

on MyD88 expression in the B-cell compartment. Treatment 

with exogenous CpG led to a modest reduction in total IgE lev-

els, consistent with previous reports. This is similar to an ear-

lier finding in a model of peanut allergy, which demonstrated 

that antibiotic treatment enhanced susceptibility to sensitiza-

tion to peanut, and exogenous CpG suppressed sensitization 

to peanut. 7  Therefore, we think that signaling through TLR9 

is important for supportive mechanisms of IgE and IgA pro-

duction during development, rather than directly influencing 

B-cell production of IgE. In addition, peanut may be unique in 

its dependence on TLR9 for IgE production. 

 IgE class-switching in mice is supported by IL-4 and IL-13. 

IL-4 was routinely below the level of detection in our assays, 

but IL-13 was secreted in an antigen-specific manner and was 

not different between TLR9    +     /     +     and     −     /     −     mice. We observed 

a significant increase in peanut-induced IL-17 production in 

TLR9    −     /     −     mice in response to oral sensitization (shown in 

 Figure 1 ). IL-17 and IgE have been shown to negatively correlate 

in some conditions, such as hyper-IgE syndrome. 31  However, 

in data not shown, sensitization by the epicutaneous route was 

not associated with enhanced production of IL-17 in TLR9    −     /     −     

mice, yet IgE and IgA suppression was observed. Therefore, we 

did not find a consistent negative correlation between IgE levels 

and IL-17 production to support a T-cell basis for the altered 

immunoglobulin production. Our data do not suggest that the 

reduced production of IgA and IgE is due to suppressed cytokine 

responses. 

 The finding that both IgE and IgA were suppressed sug-

gested a possible deficiency in mucosal isotype switching. 

We observed that there were developmental changes in the 

gut-associated lymphoid tissues of TLR9-deficient mice. 

TLR9    −     /     −     mice had a significant decrease in the cellularity 

of their PPs. Although PPs are programmed lymphoid organs 

whose development begins prenatally, environmental cues can 

modulate the enlargement of these tissues. An impairment 

in PP development has been noted in a number of knock-

out mice, including those lacking the chemokine receptor 

CCR6 32  and the chemokine CXCL13. 33  It was shown that 

neonatal feeding of CpG induced an upregulation of chemo-

kine expression in the small intestine, 14  that we hypothesize 

would have an important role in the chemoattraction of 

B cells to the PP leading to enlargement of the PP after micro-

bial colonization. The PP is a major site of IgA production, 

and has also been described to be a significant induction site 

of IgE production, even in response to distal systemic immu-

nization. 34  However, we could find no evidence for a local 

mucosal production of IgE. We did not address the impact 

of TLR9 deficiency on the formation of isolated lymphoid 

follicles that are highly sensitive to regulation from the gut 

flora and are also a significant source of IgA production. 35  

The contribution of isolated lymphoid follicles to IgE pro-

duction has not yet been addressed. The selective effect of 

TLR9 deficiency on IgE and IgA in the absence of effects on 

IgG1 or Th2 cytokines suggests that TLR9 is altering factors 

that are common to the support of IgE and IgA production 

 in vivo . Our data, and the recent finding that TLR9 polymor-

phisms are associated with increased risk of food sensitization 

in breast-fed infants 15  highlights the potential importance 

of constitutive signaling through the TLR9 pathway in the 

development of sensitization and tolerance to foods early in 

life. More studies are needed to identify the mechanism of 

this TLR9-dependent source of support for IgE production 

from B cells. A greater understanding of the regulation of 

IgE production is needed to address the increasing health 

problem of atopic diseases.   

  Figure 6             Reconstitution of Rag1-deficient mice with TLR9    +     /     +     
(Toll-like receptor 9) or TLR9    −     /     −     B cells. Rag1    −     /     −     mice were 
reconstituted with B cells from naive TLR9     +     /     +     or     −     /     −     mice together 
with CD4    +     T cells from TLR9    +     /     +     mice primed with peanut (PN). 
( n     =    4 / group, and two controls receiving no CD4     +      T cells). ( a ) Total 
(left) and PN-specific (right) immunoglobulin E (IgE) was measured 
4 weeks after cell transfer (pre-sensitization) and after 6 weeks of oral 
sensitization with PN / CT. ( b ) Mice were challenged by the intraperitoneal 
route with PN extract, and rectal temperature measured before and 
30   min after challenge to assess anaphylaxis severity.  *  *  P     <    0.01 using 
a paired  T  test. OD, optical density.  
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 METHODS     
  Mice   .   TLR9    −     /     −     mice were originally generated by Hemmi  et al.  36  
and were maintained as a breeding colony at Mount Sinai School of 
Medicine, NY. Wild-type C57BL / 6 mice were purchased from NCI 
(Frederick, MD). TLR9     +     /     +     and     −     /     −     mice were co-caged in spe-
cific pathogen-free conditions for at least 2 weeks before the start of 
experiments in order to normalize the gut flora. Rag1-deficient mice 
were obtained from Jackson Laboratories (Bar Harbor, ME) and main-
tained as a breeding colony at the Mount Sinai School of Medicine, 
NY. The Institutional Animal Care and Use Committee approved all 
experimental procedures utilizing mice.   

  Sensitization   .   Mice were orally sensitized to peanut by intragas-
tric administration of 10   mg ground peanut (prepared from shelled 
peanuts) in 0.2    m  sodium bicarbonate with 10    � g of CT (List Biologicals, 
Campbell, CA) once a week for 6 weeks. Alternatively, mice were injected 
with 100    � g of ground peanut mixed 1:1 with Alum Imject (Pierce, 
Rockford, IL) every 2 weeks for 2 weeks. Mice were sensitized epicu-
taneously by first removing the abdominal hair with depilatory cream 
(Veet, Reckitt Benckiser, Parsippany, NJ) under anesthesia. A total of 50    � l 
of a solution containing 10   mg of crude ground peanut and 10    � g of CT 
was spread topically on the abdominal skin. Sensitization was repeated 
weekly for 6 weeks as previously described for milk allergens. 20  Mice 
were challenged or used for other experiments 1 week after the last 
sensitization dose.   

  Challenge of mice   .   Mice were challenged with 500    � g of a defatted 
crude peanut extract by IP injection. Body temperature was measured 
30   min after challenge by intrarectal temperature probe (World Precision 
Instruments, Sarasota, FL). Immediately after assessment of anaphy-
laxis severity, mice were euthanized and spleens harvested for  in vitro  
re-stimulation.   

  Antigen-specific cytokine production   .   Spleen cells were isolated, red 
blood cells lysed, and cells plated in complete RPMI in the presence or 
absence of 100    � g   ml  − 1  of a sterile extract of defatted peanut. Cells were 
cultured for 72   h before harvesting of supernatants for measurement of 
cytokines by enzyme-linked immunosorbent assay (all from eBioscience, 
San Diego, CA).   

  Immunoglobulins   .   Serum was obtained 1 – 2 days before allergen 
challenge. Peanut-specific IgE in serum was measured by a capture 
enzyme-linked immunosorbent assay using digoxygenin-labeled 
peanut extract for detection as described previously. 37  Peanut-
specific IgG1 and IgA were detected by applying serum dilutions to 
peanut-coated plates and detecting with biotinylated anti-IgG1 and 
IgA, respectively (antibodies from BD Pharmingen, San Diego, CA). 
Total IgE was measured in serum by capture enzyme-linked immuno-
sorbent assay using antibodies from BD Pharmingen. Total IgA was 
measured in serum and fecal extracts. Fecal pellets were collected and 
homogenized in phosphate-buffered saline. After centrifugation, total 
IgA was measured in supernatants by enzyme-linked immunosorbent 
assay (eBioscience, San Diego, CA) and adjusted to total protein meas-
ured by Bradford assay (Pierce, Rockford, IL).   

  Isolation of cells   .   Cells were isolated from the intestine using the pub-
lished protocols. 38  The entire small intestine was excised and PPs were 
removed for separate isolation. After treatment with dithiothreitol and 
EDTA to remove epithelium, the tissue was incubated with collagenase 
D (Roche, Indianapolis, IN) and DNase (Roche) before passing through 
a 70- � m filter and separation on a discontinuous Percoll gradient 
(GE Healthcare, Pittsburgh, PA). 

 Peritoneal cells were harvested by injection of RPMI into the 
peritoneum before aspiration. Bone marrow cells were harvested 
by flushing the femurs and tibias with 5   ml of phosphate-buffered 
saline.   

  Flow cytometry   .   All reagents were from eBioscience (La Jolla, CA) unless 
otherwise stated. Cells were blocked with FcBlock before staining with 
surface antibodies and live / dead violet viability reagent (Invitrogen, 
Carlsbad, CA). Cells were fixed and permeabilized (using Foxp3-
specific buffers from eBioscience for Foxp3 staining, or general fixative 
and permeabilization buffer for IgE). Intracellular staining for Foxp3 or 
IgE was performed, and cells were acquired on a LSR II flow cytometer 
(BD Biosciences, San Diego, CA). Analysis was performed using FlowJo 
software (Tree Star, Ashland, OR).   

  Histology   .   Rings of small intestine containing a PP were fixed in 10 %  
formalin, and embedded in paraffin. Tissue sections (4    � m) were cut as 
rings and stained with hematoxylin and eosin. The number of visible 
follicles per PP were quantified and averaged per mouse.   

  Passive cutaneous anaphylaxis   .   Mice were injected in the ear pinna 
with 25    � l of pooled serum from peanut-sensitized mice in one ear or 
from ovalbumin-sensitized mice in the other ear as control. The next day, 
mice were intravenously injected with 0.2   ml of 1 %  Evans Blue contain-
ing 500    � g of peanut extract. After 60   min, at the time when there was 
obvious blueing of the positive ear, the mice were euthanized and entire 
ears were harvested, minced, and extracted with dimethylformamide at 
56 ° C for 18   h. The supernatant was collected, and the absorbance of the 
extract was measured at 655   nm. 39  Anaphylaxis was localized to the ear 
injected with serum from peanut-sensitized mice.   

  Reconstitution of Rag-deficient mice   .   Resting B cells were purified from 
the spleen and mesenteric lymph nodes of naive TLR9    +     /     +     and     −     /     −     
mice by negative selection (Miltenyi Biotec, Auburn, CA). CD4    +     T cells 
were purified by negative selection (StemCell, Vancouver, BC) from the 
spleen of TLR9    +     /     +     mice primed twice with peanut and alum on days 
0 and 14, and harvested on day 28. In all, 5 × 10 6      +     /     +     or     −     /     −     B cells were 
transferred together with 5 × 10 6  CD4    +     T cells. Mice were allowed to 
recover for 4 weeks, and then orally sensitized to peanut with CT adjuvant 
for 6 weeks as described above. Peanut-specific and total IgE levels in 
serum were measured before and after sensitization to peanut.   

  Statistics   .   Difference between TLR9    +     /     +     and     −     /     −     mice were measured 
by two-tailed  T  test, unless indicated otherwise.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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SUPPLEMENTAL FIGURESFigure S1: Representative flow cytometry showing IgE versus CD19 in bone marrow (BM),spleen, Peyer’s patch (PP), or mesenteric lymph node (MLN). IgE+ cells were negative forthe plasma cell marker CD138 at all sites.
Figure S2: Impact of TLR9 deficiency on gastrointestinal lymphoid tissue. Cells from naïvemice were isolated from the Peyer’s patch (A) and mesenteric lymph node (B) of TLR9+/+and -/- mice, and live cell populations identified by flow cytometry.  (C) Regulatory T cellsin the mesenteric lymph node (MLN), lamina propria (LP) or Peyer’s patches (PP) of thesmall intestine were identified by CD4+ Foxp3+ co-staining. Representative flow plots areshown, and the bar graph depicts the mean + SEM of 5 mice per group.
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