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Commensal bacteria that colonize 
mammalian mucosal surfaces are 

reported to influence T helper type 2 
(T

H
2) cytokine-dependent inflamma-

tion and susceptibility to allergic disease. 
However, the mechanisms that underlie 
these observations are only beginning 
to be understood. We recently utilized 
studies of murine model systems and 
atopic patient populations to elucidate 
a mechanism by which commensal bac-
teria-derived signals limit serum immu-
noglobulin E levels, influence basophil 
development and steady-state circulat-
ing basophil populations and regulate 
basophil-associated T

H
2 cell responses 

and allergic inflammation. In this adden-
dum, we summarize the findings of our 
recent work and other developments in 
the field, discuss the broader implica-
tions of these findings and generate new 
hypotheses regarding our understanding 
of host-commensal relationships. These 
areas of investigation may be applicable 
to the development of new preventative 
or therapeutic approaches to reduce the 
burden of allergic disease.

Introduction

Allergic diseases have reached pandemic 
levels1 and represent a significant source of 
morbidity, mortality and healthcare cost.2 
These chronic inflammatory diseases are 
characterized by interleukin (IL)-4, IL-5, 
IL-9 and IL-13 production by CD4+ T 
helper type 2 (T

H
2) cells, immunoglobu-

lin E (IgE) production by B cells and the 
recruitment of effector cells to sites of 
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tissue inflammation.3,4 It is thought that 
susceptibility to T

H
2 cytokine-depen-

dent allergic inflammation is influenced 
by both polymorphisms in mammalian 
genes5 as well as environmental factors 
including host diet and exposure to pol-
lutants or infectious agents.6-8 However, 
the specific genetic and environmental 
stimuli that influence allergy susceptibil-
ity, and how these factors contribute to the 
development of allergic disease, are ongo-
ing fields of research.

The human intestine is colonized by 
100 trillion microorganisms belonging 
to each of the three domains of life.9,10 Of 
these, bacteria are the most abundant; the 
colon is home to a population of trillions 
of commensal bacteria11 that is estimated 
to be composed of thousands of differ-
ent species.12 Epidemiologic studies have 
identified associations between alterations 
in the composition of commensal bacte-
rial communities and the development 
of allergic disease. For example, infants 
who develop allergies display altered 
intestinal bacterial populations early in 
life,13 and children who have undergone 
treatment with broad-spectrum antibiot-
ics are at an increased risk of developing 
allergic disease.14,15 Together, these and 
other observations provoke the hypoth-
esis that commensal bacteria influence 
the severity of allergic disease. However, 
the molecular and cellular mechanisms by 
which commensal bacteria-derived signals 
regulate allergic inflammation are not well 
understood.16,17

Studies of animal model systems have 
identified correlations between alterations 
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and cell adhesion.38-40 Building upon these 
findings, we hypothesized that antibiotic-
induced elevations in serum IgE levels 
might be associated with quantitative or 
qualitative alterations in systemic granu-
locyte populations. Consistent with this 
hypothesis, increases in steady-state serum 
IgE levels that occurred upon antibiotic 
treatment of mice correlated with elevated 
blood basophil populations. A similar cor-
relation was observed in germ-free mice41 
indicating that the elevations in circulat-
ing basophils were the result of a reduction 
in commensal-derived signals. To deter-
mine whether the correlation between 
serum IgE levels and blood basophil 
populations represented a causal relation-
ship, an IgE-deficient mouse strain (Igh-
7-/-) was utilized. Antibiotic treatment of 
IgE-deficient mice did not influence blood 
basophil populations, indicating that IgE 
contributes to the elevations in circu-
lating basophils observed in antibiotic-
treated mice. Additionally, injection of 
IgE-deficient mice with monoclonal IgE 
resulted in antigen-independent elevations 
in blood basophils. Together, these find-
ings identified commensal bacteria and 
IgE as regulators of circulating basophil 
populations in mice.

In addition to their roles as late phase 
effector cells that infiltrate inflamed tis-
sues, basophils are also recruited to drain-
ing lymph nodes early in the response to 
some infectious42 or allergic29,43 stimuli. 
While the development of T

H
2 cell 

responses can occur independently of 
basophils in some models of allergy or 
helminth infection,28,44-46 basophils can 
promote optimal T

H
2 cell responses in oth-

ers.33-35,42,43,47,48-50 In some circumstances, 
basophils have been reported to cooper-
ate with dendritic cells (DCs) to promote 
optimal T

H
2 cell responses.42,43,49 Based 

on these findings, we hypothesized that 
elevated circulating basophil populations 
in antibiotic-treated mice might contrib-
ute to the well-established phenotype of 
exaggerated allergic inflammation in this 
model system.22,23 To test this hypothesis, 
we utilized two models in which basophils 
are thought to contribute to the develop-
ment of optimal T

H
2 cytokine-mediated 

allergic inflammation; the papain prote-
ase model of T

H
2 cell induction and the 

house dust mite model of allergic airway 

mouse model, is associated with elevations 
in serum IgE levels, increased frequencies 
and numbers of circulating basophil pop-
ulations and exaggerated T

H
2 cytokine-

dependent inflammation in a model of 
allergic airway inflammation. Exaggerated 
T

H
2 cell responses were reduced upon 

depletion of basophils, implicating this 
cell type in contributing to the exagger-
ated allergic inflammation observed in 
commensal-depleted hosts. Furthermore, 
IgE was found to be a critical regula-
tor of steady-state basophil responses in 
antibiotic-treated or germ-free mice, and 
B cell-intrinsic expression of MyD88 was 
found to limit serum IgE levels and cir-
culating basophil populations in vivo. 
Commensal-derived signals influenced 
circulating basophil populations by regu-
lating the proliferative capacity of bone 
marrow-resident basophil progenitor 
populations in an IL-3 receptor (IL-3R)-
dependent manner, providing one mecha-
nism by which commensal bacteria limit 
basophil populations in the steady-state. 
Finally, subjects with hyperimmuno-
globulinemia E syndrome were found to 
have elevated frequencies of circulating 
basophils compared with control subjects, 
an observation that is consistent with IgE 
influencing circulating basophil responses 
in human patients. Here, we discuss these 
and other relevant findings that suggest 
commensal bacteria-derived signals act 
via IgE and basophils to influence the 
development of T

H
2 cytokine-dependent 

inflammation and allergic disease.

The Commensal  
Bacteria-IgE-Basophil Axis  

of Allergic Inflammation

Commensal-deficient mice display ele-
vated serum IgE levels compared with 
commensal-sufficient mice.36 Distinct 
from allergen-specific IgE that mediates 
anaphylactic reactions, IgE found in the 
serum of germ-free mice is composed of 
germ-line encoded proteins with natural 
specificities, implicating this molecule in 
functions other than antigen detection.37 
Consistent with this hypothesis, IgE has 
recently been shown to influence multiple 
aspects of granulocyte homeostasis in an 
antigen-independent manner including 
surface protein expression, cell survival 

in commensal bacteria-derived signals 
and exaggerated allergic inflammatory 
responses.18-20 For example, work by 
Noverr et al. indicated that disruption 
of normal murine commensal bacterial 
populations via oral antibiotic treatment, 
followed by subsequent oral inoculation 
of the gastrointestinal tract with Candida 
albicans, results in exaggerated inflam-
matory responses in an IL-13-dependent 
model of allergic airway inflammation.21,22 
Similarly, work by Bashir et al. indicated 
that oral antibiotic treatment potentiates 
the development of IgE-mediated allergy 
to food antigens in mice, a phenomenon 
that is mediated in part by TLR-dependent 
signaling.23 More recent studies have 
focused on identifying the specific effects 
of antibiotic treatment on commensal bac-
terial populations24,25 and have correlated 
allergic propensity with alterations in spe-
cific innate or adaptive immune cell popu-
lations.18,26 For example, work by Olszak 
et al. indicated that germ-free mice dis-
play exaggerated lung inflammation in a 
model of asthma that is concurrent with 
increased pulmonary expression of the 
chemokine ligand CXCL16 and accumu-
lation of invariant natural killer T cells in 
lung tissue.27 Despite these advances, the 
specific cellular and molecular mecha-
nisms responsible for recognition of com-
mensal bacteria-derived signals and the 
initiation and propagation of subsequent 
Th2 cytokine-dependent inflammatory 
responses are poorly understood.

Granulocytes, including mast cells, 
eosinophils and basophils can be activated 
by an array of stimuli including antibod-
ies, cytokines and proteases,28,29 have been 
shown to express MHC class II,30-32 to be 
potent sources of IL-4 and, depending on 
the model, contribute to the development 
of optimal T

H
2 cytokine responses.33-35 

Given the proposed role for commensal 
bacteria in influencing allergy susceptibil-
ity, and the identification of granulocytes 
as innate cells that promote T

H
2 cytokine-

mediated inflammation, our recent pub-
lication examined whether commensal 
bacteria-derived signals influence granu-
locyte homeostasis or allergic inflamma-
tion.77 We found that depletion or the 
absence of commensal bacteria, achieved 
via treatment with broad-spectrum oral 
antibiotics or utilization of a germ-free 
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cocktail of known bacteria, have led to 
the identification of specific commensal 
populations with distinct immunomodu-
latory functions. For example, Clostridium 
species have been shown to induce intes-
tinal regulatory T cell populations and 
promote resistance to colitis62 while seg-
mented filamentous bacteria have been 
shown to induce T

H
17 cell populations 

in the small intestine and mediate protec-
tive responses to the intestinal pathogen 
Citrobacter rodentium.63 Because of their 
various strengths and weaknesses, comple-
mentary use of both the germ-free and the 
antibiotic-treated model systems will be 
essential to furthering our understanding 
of mammalian host-commensal mutualis-
tic relationships.

CpG and MyD88 as Regulators of 
Circulating Basophil Populations

To further elucidate the molecular and 
cellular mechanisms by which commensal 
bacteria-derived signals influence serum 
IgE levels and circulating basophil popu-
lations, we next sought to identify specific 
commensal bacteria-derived signals and 
immune cell types that were mediators 
of the commensal bacteria-IgE-basophil 
axis. Unmethylated CpG motifs in bac-
terial DNA are recognized by Toll-like 
receptor 9 and inhibit IgE class switching 
by B cells in vitro in a MyD88-dependent 
manner.64 Additionally, administration of 
CpG has been shown to reduce the sever-
ity of food allergy in a TLR4-deficient 
mouse model.23 Consistent with CpG 
regulating IgE levels and circulating 
basophils in vivo, treatment of germ-free 
mice with CpG motifs resulted in reduc-
tions in both serum IgE levels and blood 
basophil populations. We next sought to 
expand upon these observations by exam-
ining the role of MyD88-dependent sig-
naling in B cells on serum IgE levels and 
circulating basophils in vivo. To do so, we 
adoptively transferred MyD88-sufficient 
or deficient B cells into B cell-deficient 
mice. We found that mice reconstituted 
with MyD88-deficient B cells displayed 
elevated serum IgE levels and blood baso-
phil populations compared to controls. 
Together, these findings indicate that that 
B cell-intrinsic MyD88-dependent signal-
ing limits serum IgE levels and circulating 

expression and TSLP-dependent basophil 
responses is warranted.

As discussed above, basophils cooper-
ate with DCs to promote optimal T

H
2 

cell responses in some cases.42,43,49 Non-
basophil antigen presenting cell popula-
tions were not significantly influenced 
by commensal bacteria-derived signals in 
our experimental systems. However, while 
basophils were shown to contribute to 
the development of exaggerated allergen-
induced T

H
2 cell responses using two 

methods of basophil depletion, T
H
2 cell 

frequencies were slightly higher in anti-
biotic-treated mice depleted of basophils 
compared with conventionally-reared 
mice depleted of basophils. This observa-
tion suggests that other immune cell types 
or molecules contribute to the exaggerated 
T

H
2 cell responses observed in antibiotic-

treated or germ-free mice. Further exami-
nation of DCs, regulatory T cells and 
other immune cell populations known 
to influence T

H
2 cytokine-mediated 

inflammatory responses should therefore 
be undertaken. When undertaking such 
studies, it is important to note that DCs, 
basophils, eosinophils and mast cells can 
share expression of certain cell surface 
markers such as FcεR1 and CD123.54-58 
As such, gating strategies based on multi-
ple cell surface markers, utilization of cell 
sorting and subsequent cytological and 
transcription analyses as well as cell-spe-
cific depletion methods must be utilized 
to ensure that resulting phenotypes are 
accurately attributed to the cell popula-
tion in question.

Finally, while we did not observe sig-
nificant differences between the germ-free 
or antibiotic-treated models in our study, 
these model systems are not identical.10 
One of the best characterized differences 
between these two models is the signifi-
cantly reduced lymphoid compartment 
of germ-free compared with antibiotic-
treated mice.59-61 Due to such limitations, 
it is essential that observations made in 
germ-free mice be confirmed in an anti-
biotic treatment system. However, there 
are also considerable benefits to germ-free 
systems such as the ability to perform 
monocolonization studies with defined 
microbial species. Gnotobiotic studies, 
in which the intestine is selectively colo-
nized with a single bacterial species or a 

inflammation.28,29 Compared with con-
ventionally-reared mice, antibiotic-treated 
mice displayed exaggerated T

H
2 cell 

development and allergic airway inflam-
mation using these models. Depletion of 
basophils, using a monoclonal antibody to 
the FcεRIα receptor,29 resulted in reduced 
T

H
2 cell responses upon allergen expo-

sure. However, mast cells and some den-
dritic cells can express FcεRIα so caution 
must be exercised in interpreting findings 
using this approach. As an alternative 
strategy, we employed a diphtheria toxin-
dependent basophil depletion mouse sys-
tem.51 Efficient and selective depletion of 
basophils using this system also resulted 
in reduced T

H
2 cell responses. Together, 

these results indicate that commensal 
bacteria-derived signals limit basophil-
mediated T

H
2 cell responses and allergic 

inflammation.
The steady-state changes in basophil 

populations observed in antibiotic-treated 
or germ-free mice were primarily quanti-
tative. Other than an increase in surface 
bound IgE, significant alterations in sur-
face marker phenotype were not observed 
in our experimental systems when compar-
ing basophils from commensal-sufficient 
or commensal-deficient hosts. However, 
these findings do not exclude a role for 
commensal-derived signals in regulating 
qualitative measures of basophil function 
such as inflammatory cytokine produc-
tion. One mechanism by which com-
mensal-derived signals could influence 
qualitative measures of basophil function 
is by altering expression of thymic stromal 
lymphopoietin (TSLP). TSLP, a cytokine 
derived from epithelial cells as well as other 
immune cell populations, has been found 
to be regulated by IgE and is elevated 
in the intestines of germ-free mice.52,53 
Compared with the basophil growth fac-
tor IL-3, TSLP can elicit a functionally 
distinct population of basophils from bone 
marrow progenitor populations.51 While 
TSLP was not critical for the quantita-
tive expansion of steady-state circulating 
basophil populations in our experimental 
systems, commensal bacteria-derived sig-
nals may influence TSLP-TSLP receptor 
interactions and basophil populations in 
ways not yet appreciated. As such, further 
analysis of the effects of selective manipu-
lation of commensal bacteria on TSLP 
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marrow cells from antibiotic-treated or 
germ-free mice exhibited increased poten-
tial for basophil development compared 
with an equal number of bone marrow 
cells from conventionally-reared mice. 
These findings indicate that bone marrow 
from antibiotic-treated or germ-free mice 
has an increased hematopoietic potential 
for the development of mature basophils.

To further examine the mechanisms 
by which commensal bacteria influence 
basophil development, we first examined 
bone marrow-resident basophil precur-
sor (BaP) populations. We found that 
BaPs from antibiotic-treated or germ-free 
mice displayed elevated surface expres-
sion of IL-3R compared with BaPs from 
conventionally-reared mice. To determine 
whether the increased IL-3R expression 
on BaPs from antibiotic-treated mice 
conferred increased cell responsiveness to 
IL-3, we sort-purified BaPs from conven-
tionally-reared or antibiotic-treated mice 
and cultured them in the presence of IL-3. 
Cultures of BaPs from antibiotic-treated 
mice displayed increased basophil devel-
opment in the presence of IL-3 compared 
with cultures of BaPs from conventionally-
reared mice, indicating that BaPs from 

(Fig. 1B). Finally, commensal-derived sig-
nals may act on one or more intermediary 
cell populations to influence production 
of a signaling molecule that is detected by 
B cells in a MyD88-dependent manner 
(Fig. 1C). Elucidating these mechanisms 
may lead to the development of specific 
therapeutics designed to manipulate pro-
duction of IgE by B cells.

Regulation of Basophil  
Development by Commensal  

Bacteria and IgE

We next sought to determine the mecha-
nism by which commensal-derived sig-
nals and IgE regulate circulating basophil 
populations. Initially, based on previous 
studies of other granulocyte populations, 
we hypothesized that commensal bacte-
ria-derived signals would act via IgE to 
influence basophil survival.38-40 However, 
our initial studies suggested that basophil 
survival is not significantly dysregulated in 
antibiotic-treated or germ-free mice. These 
findings provoked the hypothesis that com-
mensal bacteria-derived signals may influ-
ence basophil development. Consistent 
with this hypothesis, we found that bone 

basophil populations in vivo and that 
CpG is sufficient to limit serum IgE levels 
and circulating basophil populations in 
the absence of other commensal bacteria-
derived signals.

While extending the molecular and 
cellular understanding of how commen-
sal bacteria influence serum IgE levels in 
the steady-state, the observation that B 
cell-intrinsic MyD88-dependent signal-
ing limits serum IgE levels and circulating 
basophils in vivo raises further questions. 
The simplest explanation for our observa-
tion is direct detection of commensal bac-
teria-derived signals by B cells resulting in 
reduced IgE class switching and produc-
tion. However, this raises the question as 
to where in the body B cells interact with 
commensal-derived signals. One possibil-
ity is that B cells circulate through intes-
tinal-associated compartments such as the 
lamina propria where they are exposed to 
commensal bacteria-derived signals (Fig. 
1A). Alternatively, B cells may encoun-
ter commensal bacteria-derived signals in 
mesenteric lymph nodes65 or commensal 
bacteria-derived signals may be present sys-
temically at high enough levels to impart 
effects on systemic B cell populations 

Figure 1. Potential mechanisms by which commensal-derived signals may act in a B cell-intrinsic, MyD88-dependent manner to influence IgE produc-
tion. (A) Commensal-derived signals (green spheres) may act in a MyD88-dependent manner on B cells in the lamina propria or other intestinal-asso-
ciated tissues to limit production of IgE. (B) Alternatively, commensal bacteria or their signals may be transported to mesenteric lymph nodes where 
they could act in a MyD88-dependent manner on B cells to limit production of IgE. (C) Finally, commensal-derived signals may act via one or more 
intermediate cell types or signaling molecules to influence B cell production of IgE in a MyD88-dependent manner. Figure adapted from reference 10.
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as well as total BaP frequencies, were 
reduced in germ-free mice upon depletion 
of IgE. Together, these results indicate 
that commensal bacteria-derived signals 
limit basophil development from the bone 

on both bone marrow BaP IL-3R expres-
sion and total bone marrow BaP popula-
tions. Consistent with IgE mediating the 
alterations to BaP populations observed in 
germ-free mice, BaP expression of IL-3R, 

antibiotic-treated mice are more responsive 
to IL-3 stimulation. Finally, to determine 
whether IgE was required for commensal 
bacterial effects on BaP populations, we 
examined the influence of IgE depletion 

Figure 2. The commensal bacteria-IgE-basophil axis of allergic inflammation. (A) Commensal bacteria-derived signals (green spheres) act via B cell-
intrinsic, MyD88-dependent signaling pathways to limit circulating levels of IgE. (B) IgE acts on bone marrow-resident basophil precursor popula-
tions to increase surface expression of the IL-3 receptor and development of mature circulating basophils. (C) Upon allergen exposure, basophils are 
recruited to draining lymph nodes where they potentiate the development of TH2 cell responses and TH2 cytokine-dependent allergic inflammation. 
Figure adapted from reference 10.
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found in control subjects.72 Consistent 
with our observations in mice, we found 
that subjects with hyperimmunoglobulin 
E syndrome display elevations in circulat-
ing basophil populations compared with 
controls suggesting that IgE-mediated 
regulation of basophil homeostasis may be 
relevant to the pathogenesis of this human 
disease. Additionally, Herbst et al. recently 
reported a role for isotype-switched anti-
bodies in promoting basophil expansion 
and effector function following animal 
models of helminth infection.73 Further 
investigation is need to determine whether 
IgE-mediated regulation of basophil 
homeostasis contributes to the inflam-
mation observed in patients with hyper-
immunoglobulin E syndrome or other 
conditions in which serum IgE levels are 
elevated such as atopy or infection.

Omalizumab is a monoclonal, human-
ized mouse anti-human IgE-specific 
antibody and FDA approved anti-allergy 
drug.74,75 We hypothesized that omali-
zumab treatment could be a therapeutic 
option to influence antigen-independent, 
IgE-mediated regulation of systemic baso-
phil populations. To test whether omali-
zumab treatment influenced circulating 
basophils, conventionally-reared or germ-
free mice were treated with omalizumab 
or control antibody and serum IgE lev-
els and blood basophils were examined. 
Omalizumab treatment of germ-free mice 
resulted in reductions in serum IgE lev-
els and circulating basophil populations 
suggesting a potential role for this drug 
in therapeutically manipulating IgE-
dependent basophil responses. Analysis 
of the effects of omalizumab on human 
basophil populations has also been under-
taken. Depletion of IgE in human sub-
jects results in downregulation of basophil 
surface FcεR1α receptor expression and 
impaired FcεR1α-mediated basophil acti-
vation indicating that omalizumab ther-
apy influences some qualitative aspects 
of basophil physiology.76 Despite these 
advances, further investigation is neces-
sary to determine whether omalizumab 
treatment influences basophil progenitor 
populations, circulating basophil num-
bers, T

H
2 cell responses or basophil 

recruitment to sites of tissue inflammation 

marrow by reducing circulating IgE and 
experssion of IL-3R on BaPs.

The finding that commensal bacteria-
derived signals influence development of 
an immune cell progenitor population in 
the bone marrow has broad implications 
for understanding both normal mamma-
lian physiology and the pathophysiology 
of multiple inflammatory diseases. By 
influencing bone marrow hematopoietic 
programs, relatively small alterations in 
commensal populations could dramati-
cally influence the propensity of their 
host to develop protective or pathogenic 
T

H
2 cell responses to helminth parasites, 

environmental allergens or other stimuli 
that provoke this module of the immune 
response. Recently, several innate pro-
genitor cell populations have been identi-
fied that can give rise to multiple mature 
immune cell populations depending on 
immunologic stimuli to which they are 
exposed.66,67 Commensal bacteria-derived 
signals may influence these or other hema-
topoietic progenitor populations to tip 
the immunologic balance toward or away 
from the development of adaptive immune 
responses. Finally, given that alterations in 
commensal bacteria have been shown to 
influence T

H
17 and Treg responses,62,63,68,69 

commensal regulation of hematopoietic 
programs may have implications beyond 
T

H
2 cell-mediated immunity and allergic 

inflammation to other inflammatory and 
autoimmune disease states.

Relevance to Atopic Patient  
Populations

Given the considerable public health and 
economic burden of allergic diseases, the 
need for the development of new pre-
ventative and therapeutic strategies has 
never been greater.1,2 As such, we sought 
to correlate our findings in animal mod-
els with observations in human subjects 
with atopic disease. Subjects with loss-of-
function polymorphisms in the dedicator 
of cytokinesis 8 gene exhibit an autosomal 
recessive form of hyperimmunoglobulin 
IgE syndrome70,71 which is characterized 
by recurrent infections, increased suscepti-
bility to atopic eczema and average serum 
IgE levels 10 times higher than those 

in human subjects. An appropriately con-
ducted clinical study would be required 
to test these hypotheses in humans. With 
further investigation, omalizumab therapy 
may be found to be an important inter-
vention to influence antigen-independent 
effects of IgE on granulocyte populations.

Conclusion

Here we discuss our recent report of a cel-
lular and molecular mechanism by which 
commensal bacteria-derived signals influ-
ence basophil development and basophil-
associated allergic inflammation (Fig. 2). 
We also propose some hypotheses to be 
tested in future studies. Further investi-
gation of the commensal bacteria-IgE-
basophil axis may allow for the design of 
new strategies to prevent or treat allergic 
disease in atopic patients.
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