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Tregs	expressing	the	transcription	factor	Foxp3	suppress	self-reactive	T	cells,	prevent	autoimmunity,	and	help	
contain	immune	responses	to	foreign	antigens,	thereby	limiting	the	potential	for	inadvertent	tissue	damage.	
Mutations	in	the	FOXP3	gene	result	in	Treg	deficiency	in	mice	and	humans,	which	leads	to	the	development	of	
a	multisystem	autoimmune	inflammatory	disease.	The	contribution	of	dysregulated	innate	immune	responses	
to	the	pathogenesis	of	Foxp3	deficiency	disease	is	unknown.	In	this	study,	we	examined	the	role	of	microbial	
signals	in	the	pathogenesis	of	Foxp3	deficiency	disease	by	studying	Foxp3	mutant	mice	that	had	concurrent	
deficiencies	in	TLR	signaling	pathways.	Global	deficiency	of	the	common	TLR	adaptor	MyD88	offered	partial	
protection	from	Foxp3	deficiency	disease.	Specifically,	it	protected	from	disease	at	the		environmental	inter-
faces	of	the	skin,	lungs,	and	gut.	In	contrast,	systemic	disease,	in	the	form	of	unrestrained	lymphoprolifera-
tion,	continued	unabated.	The	effect	of	MyD88	deficiency	at	environmental	interfaces	involved	the	disrup-
tion	of	chemokine	gradients	that	recruit	effector	T	cells	and	DCs,	resulting	in	their	entrapment	in	secondary	
lymphoid	tissues.	These	results	suggests	that	Tregs	have	a	key	role	in	maintaining	tolerance	at	host-microbial	
interfaces	by	restraining	tonic	MyD88-dependent	proinflammatory	signals.	Moreover,	microbial	factors	may	
play	a	substantial	role	in	the	pathogenesis	of	human	autoimmune	disease	resulting	from	Treg	deficiency.

Introduction
Foxp3+ Tregs are central to the maintenance of peripheral toler-
ance (1). Tregs exert dominant suppression of self-reactive T cells 
and help contain immune responses to foreign antigens, thereby 
limiting the potential for inadvertent tissue damage. Absence of 
functional Tregs as a result of mutations in Foxp3, a transcription 
factor critical to the differentiated functions of Tregs, gives rise to 
multisystem autoimmunity in both humans and mice. This lethal 
inflammatory  disease  commonly  involves  the  environmental 
interfaces in the skin, lungs, and gut; infiltration of other organs, 
such as the liver, pancreas, and thyroid gland; and unrestrained 
lympho- and myeloproliferation (2–6).

A role for the microbial flora in disease pathogenesis is suggested 
by the pathological involvement of mucosal tissues and is in agree-
ment with previous findings implicating Tregs in the maintenance 
of tolerance of the commensal bacteria present at the mucosal inter-
face. Studies using the lymphopenia-associated model of inflamma-
tory bowel disease have established a requisite role for the commen-
sal bacterial flora in triggering effector T cell activation and bowel 
inflammation in the absence of Tregs. This process is reversed by 
replacing the Tregs by adoptive transfer immunotherapy (7). More 
broadly, the commensal bacterial flora can be construed as part of 
the “extended self,” which includes both tissue antigens and the 
resident microbiome. Tregs are therefore expected to play a critical 
role in countering the steady-state activation of the innate immune 
response induced by the microbial flora through pattern recogni-
tion receptors, most notably TLRs. However, the contribution of 

dysregulated innate immune responses to the autoimmune inflam-
matory disease triggered by Foxp3 deficiency is unknown. Regional 
deficiency of Tregs in the skin is associated with the development of 
an inflammatory skin disease, although the mechanisms by which 
that disease develops are unclear (8, 9). Accordingly, we hypoth-
esized that in Foxp3-deficient mice, the commensal bacteria trig-
ger unrestrained innate and adaptive immune responses, in part 
by activating pattern recognition receptors, which may be critical 
to disease pathogenesis. We examined disease outcome in Foxp3-
deficient mice (referred to herein as Foxp3mut mice) concurrently 
lacking in individual TLRs or in myeloid differentiation primary 
response gene 88 (Myd88), a signaling adaptor molecule common 
to most TLRs and to some other receptors, including those for  
IL-1, IL-18, and IL-33 (10). Our findings dissociated the autoim-
mune inflammatory disease of Foxp3 deficiency into a MyD88-sen-
sitive component that involved tissues at the environmental inter-
faces and a systemic lympho- and myeloproliferative component 
that was unrestrained by MyD88 deficiency.

Results
Concurrent MyD88 deficiency protects against inflammatory skin disease 
in Foxp3mut mice. Foxp3 deficiency results in poor growth and a sys-
temic autoimmune inflammatory disease. Foxp3mut mice developed 
severe skin inflammation as a direct result of Treg deficiency, lead-
ing to dermal thickening and fibrosis, fur loss, and necrotized ears, 
lobes, and tails (Figure 1A and refs. 8, 9). The skin was dry and 
itchy, and persistent scratching resulted in superficial hemorrhag-
es (Figure 1, A and C). Examination of Foxp3mut mouse skin pathol-
ogy revealed intense immune infiltration in the dermis, extend-
ing to the epidermal layer. The epidermis was hyperplastic, with 
intracellular and intercellular edema. The dermis was thickened, 
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with the sebaceous glands mostly absent and the loose packing of 
collagen fibers disrupted (Figure 1D).

To determine whether the skin inflammation was driven by unre-
strained activation of innate immune pathways by the microbial 
flora, we examined the status of the skin disease in Foxp3mut mice 
lacking MyD88, an adaptor protein critical to the functioning of 
several microbial sensors. Uniquely among the different pathways 
tested, concurrent MyD88 deficiency suppressed many of the stig-
mas caused by Foxp3 deficiency. Weight gain in Myd88–/–Foxp3mut 
mice significantly improved compared with Foxp3mut controls, 
indicative of systemic effects. Concurrent MyD88 deficiency also 
rescued, in large measure, the skin disease of Foxp3mut mice: pre-
venting the fur loss, preserving the ears and tails, and improving 
the dryness and hemorrhaging (Figure 1, A–C). Recently weaned 

Myd88–/–Foxp3mut mice were frequently  indistinguishable from 
their unaffected littermates, except for their slightly smaller size 
and very mild blepharitis (Figure 1B). Myd88–/–Foxp3mut mice had 
striking improvement in skin pathology (Figure 1D). Although 
immune infiltrates were present in the skin of Myd88–/–Foxp3mut 
mice, extensive damage of the skin did not occur. The collagen 
fibers in the skin of Myd88–/–Foxp3mut mice were loosely packed, as 
in the skin of WT mice, and immune infiltration was restricted to 
the basal layers of the dermis (Figure 1D).

As MyD88 couples to most individual TLRs, including TLR-1, 
TLR-2, and TLR-4–TLR-9, as well as IL-1R1, IL-1RL1 (also known 
as ST-2), and IL-18R (10–12), we examined whether individual 
TLRs were responsible for the salutary effects of MyD88 deficiency.  
Whereas MyD88 deficiency prolonged survival of Foxp3mut mice, 

Figure 1
Concurrent MyD88 deficiency protects against the inflammatory skin manifestations and runting of Foxp3mut mice. (A) Gross appearance of 
mutant mice compared with a WT control. (B) Myd88–/– and Myd88–/–Foxp3mut littermates around 30 days of age. (C) Phenotypic characteristics 
of WT and mutant mice at 30 days of age, including weight, alopecia, skin hemorrhage, and dryness. (D) MyD88 deficiency protects against skin 
inflammation in Foxp3-deficient mice. Shown are H&E and Trichrome staining. Original magnification, ×200. Results for C and D are representa-
tive of 4–21 mice per group, derived from 4–13 independent experiments. *P < 0.05; ***P < 0.001.
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deficiency of  individual receptors — including IL-1R1, TLR-2,  
TLR-4,  TLR-5,  and  the  TLR  trafficking  regulator  Unc93B1 
— did not (data not shown and Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI40591DS1). Concurrent TLR-2 deficiency exacerbated  the 
autoimmune inflammatory disease of Foxp3 deficiency, leading 
to severe runting. Mice that survived beyond weaning exhibited 
signs of inflammatory skin disease, such as dryness and alopecia, 
and the immune infiltration in the skin was more severe than in 
Foxp3mut mice (Supplemental Figure 1B). Tlr4–/–Foxp3mut mice also 
exhibited severe inflammatory skin disease with densely packed 

collagen fibers, and their survival was not extended beyond that 
of Foxp3mut mice (Supplemental Figure 1B). IL-1R1 deficiency pro-
vided partial protection against the skin inflammation, mostly 
in the epidermis, with preservation of the hair follicles, but it 
aggravated the growth retardation and disease progression seen in 
Foxp3mut mice (Supplemental Figure 1B). An Unc93B1 mutation 
that disrupts the trafficking of TLR-3, TLR-7, TLR-8, and TLR-9 
did not relieve the runting and resulted in severe eye disease (data 
not shown and refs. 13–15). A concurrent mutation in the adaptor 
Trif that uncouples it from TLR-3 and TLR-4 was also detrimental 
to Foxp3mut mice (data not shown and refs. 16, 17). These results 

Figure 2
MyD88 deficiency downregulates markers of immune activation in the skin of Foxp3mut mice. (A and B) Downregulation of NF-κB activation and 
ICAM-1 expression. Immunohistochemistry staining of phospho–NF-κB p65 subunit (A) and ICAM-1 (B) in the skin of WT and mutant mice. 
Original magnification, ×200. Results are representative of 4 mice per group from 2 independent experiments. (C) Downregulation of cytokines 
associated with the adaptive and innate immune responses. Transcript expression of the respective cytokines was determined by real-time PCR 
analysis. Each point represents results obtained from 1 individual mouse. Results are from 4–21 mice per group, derived from 4–13 independent 
experiments. *P < 0.05; **P < 0.01.
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Figure 3
Concurrent MyD88 deficiency protects from tissue inflammation in the lungs and small intestines of Foxp3mut mice. (A) Histopathology (H&E 
staining) of lung, small intestine, liver, pancreas, and salivary gland tissues of WT, Foxp3mut, and Myd88–/–Foxp3mut mice. Arrowheads denote 
inflammatory infiltrates in Foxp3mut mouse small intestine. Original magnification, ×200. (B) Inflammation scores. Each point represents results 
obtained from 1 individual mouse. (C and D) Flow cytometric analysis (C) and enumeration (D) of IFN-γ and IL-17a expression in CD4+ T cells 
in lung and small intestinal tissues (LPL fraction) of WT and mutant mice. Results are from 4–11 mice per group, derived from 2–3 independent 
experiments. *P < 0.05; **P < 0.01.
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suggested that MyD88 deficiency might protect against Foxp3 
deficiency by blocking combinatorial TLR signaling, rather than 
any one specific pathway.

Concurrent MyD88 deficiency downregulates cutaneous NF-κB 
expression and activation in Foxp3mut mice. The transcription factor 
NF-κB is the key downstream mediator of MyD88 activity and 
subsequent inflammation. MyD88-dependent signaling causes 
translocation of NF-κB complexes to the nucleus and phosphor-
ylation of the transactivating subunit p65 RelA, thus enabling 
NF-κB–dependent transcription (18–20). To determine the tis-
sues involved in the protective effects of MyD88 deficiency on 
the inflammatory skin disease of Foxp3mut mice, we examined the 
status of phosphorylated p65 RelA in the skin of Foxp3mut and 
Myd88–/–Foxp3mut mice by immunohistochemistry using an anti–
phospho–p65 RelA antibody. Intense phospho–NF-κB reactivity 
with a nuclear staining pattern could be detected in the epidermis, 
dermis, and immune infiltrates of Foxp3mut mice (Figure 2A). In 
contrast, in Myd88–/–Foxp3mut mice, phospho–NF-κB staining was 
profoundly reduced in the keratinocyte layer and the epidermis. 
It was still detected in the dermis (albeit at reduced levels), mostly 
related to the residual immune infiltrates still present, which 
suggests that protection was provided in part by the absence of 
MyD88 downstream signals in resident tissue.

The decline in NF-κB signaling in the Myd88–/–Foxp3mut skin was 
further linked to the improved inflammation by examination of in 
situ expression of ICAM-1, whose expression is induced by NF-κB 
activation. ICAM-1 expression on keratinocytes can be induced by 
NF-κB and cytokines such as TNF-α and IFN-γ to meditate the 
recruitment and trafficking of leukocytes into the skin (21–23). 
ICAM-1 expression paralleled the intensity of NF-κB signaling and 
was highly expressed the skin of Foxp3mut mice, but was restricted 
to the deep dermis of Myd88–/–Foxp3mut mice (Figure 2B). Overall, 
these results confirmed that MyD88 deficiency downregulated  
NF-κB activation and the expression of NF-κB–regulated gene 
products in the skin, most prominently at the epidermal interface.

MyD88 deficiency downregulates cutaneous Th cell lymphokine and pro-
inflammatory cytokine expression in the skin of Foxp3mut mice. The effect 
of concurrent TLR and MyD88 deficiency on local immune activa-
tion in the skin of Foxp3mut mice was further evaluated by examin-
ing the in situ levels of cytokine mRNA. Transcript levels of Ifng, 
Il4 and Il10, and Il17a (the signature lymphokines of the Th1, Th2, 
and Th17 cell subsets, respectively) were upregulated in the skin of 
Foxp3mut mice (Figure 2C). This is consistent with our previous find-
ings that the systemic inflammation and autoimmunity of Foxp3 
deficiency is a result of generalized immune dysregulation and not 
skewed toward a specific Th cell response (5). Foxp3mut mice also 
had marked upregulation of other proinflammatory cytokines, 
such as Tnfa, Il1a, Il6, and Il18, compared with WT mice (Figure 
2C). The dysregulated expression of lymphokines and cytokines in 
the skin of Foxp3mut mice was either unaffected or further increased 
upon the concurrent deficiency of Tlr2, Tlr4, or Il1r1 (Supplemental 
Figure 1C). In contrast, mRNA levels of Th cell lymphokines and 
proinflammatory cytokines were broadly decreased in the Myd88–/– 

Foxp3mut mice, consistent with the suppression of in situ T cell activa-
tion and tissue inflammation (Figure 2C). Thymic stromal lympho-
poietin, which mediates skin inflammation by activating DCs and 
the recruitment of other leukocytes (24, 25), was not upregulated 
in the skin of Foxp3mut mice. Levels of Il33, another cytokine impli-
cated in skin inflammation, were unchanged between single- and 
double-mutant mice (data not shown).

MyD88 deficiency protects against bowel and lung inflammation in 
Foxp3mut mice. The protective effect of concurrent MyD88 deficiency  
extended beyond the skin and included other mucosal interfaces 
in the gut and lung. Foxp3mut mice developed an inflammatory 
bowel disease involving the small intestines, which was charac-
terized by lymphocytic infiltration in the lamina propria that 
extended to the serosa (Figure 3, A and B). MyD88 deficiency 
protected against the bowel inflammation, resulting in the reso-
lution of the lymphocytic infiltrate (Figure 3, A and B). Foxp3 
deficiency was also characterized by intense lung inflammation 
that was associated with a diffuse, nodular lymphocytic infiltrate 
mixed with smaller numbers of plasmacytoid cells, macrophages, 
and myeloid elements that extended around the blood vessels and 
airways and into the interstitium (Figure 3, A and B). The bronchi 
exhibited an eosinophilic crystalline pneumonia with goblet cell 
metaplasia, consistent with elevated Th2 cytokines and allergic 
airway inflammation. Whereas concurrent TLR-2, TLR-4, and 
IL-1R1 deficiency exacerbated the lung disease of Foxp3mut mice 
(Supplemental Figure 1B), MyD88 deficiency markedly reduced 
the vascular and airway inflammation, as well as the goblet cell 
metaplasia and eosinophilic airway deposits (Figure 3, A and B).  
MyD88  deficiency  did  not  affect  the  periportal  lymphocytic 
infiltration of livers in Foxp3mut mice (Figure 3, A and B), which 
suggests that MyD88 deficiency may not protect against the evo-
lution of inflammation and autoimmunity in this tissue. Histo-
pathological analysis of the pancreas revealed inflammation in 
both Foxp3mut and Myd88–/–Foxp3mut mice that primarily affected 
the exocrine pancreas, including the acinar cells and connect-
ing ducts, with minimal involvement of the islets. There was a 
trend toward increased inflammation in the exocrine pancreas of 
Myd88–/–Foxp3mut mice that did not achieve significance. In con-
trast, analysis of the salivary gland revealed more severe inflam-
mation in Myd88–/–Foxp3mut than Foxp3mut mice (Figure 3, A and 
B). Analysis of Th subsets in the lungs and small intestines of 
Myd88–/–Foxp3mut mice revealed limited CD4+ T cell infiltration 
and decreased frequency and number of Th1 and Th17 cells com-
pared with Foxp3mut mice (Figure 3, C and D). These findings indi-
cate that Myd88 deficiency protects against infiltrating effector  
T cells in the lungs and the small intestine.

To determine whether the protective effects of MyD88 deficiency 
could be reproduced by decreasing the microbial load, we exam-
ined the effect of antibiotic treatment on Foxp3mut mice. Treatment 
of Foxp3mut mice from birth with a 2-antibiotic regimen increased 
weight gain  in  the affected pups, although this was  less pro-
nounced than that seen with concurrent MyD88 deficiency (Fig-
ure 4A). This antibiotic regimen was associated with complete sup-
pression of inflammation in the intestines, whereas inflammation 
in the skin, lungs, and liver was only modestly affected (Figure 4, B 
and C). There was decreased expression of Il6 and Il17a in the skin 
of antibiotic-treated Foxp3mut mice (Figure 4D), whereas the levels 
of other cytokines were either unchanged or increased (data not 
shown). Antibiotic treatment did not restrain the lymphoprolif-
erative disease, which was unchanged in the spleen and more pro-
nounced in the draining lymph nodes compared with untreated  
mice (Figure 4E and data not shown). Treatment with a 4-antibi-
otic regimen proved deleterious, with decreased weight gain and 
early death of Foxp3mut mice (data not shown). The amelioration 
of some disease parameters by a limited and less broad-spectrum 
antibiotic regimen suggests a complex relationship between micro-
bial load and disease pathogenesis.
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MyD88 deficiency exacerbates the lymphoproliferative disease of Foxp3mut 
mice. In contrast to the protective effect of MyD88 deficiency on 
inflammation at the environmental interfaces in the skin, gut, and 
lung tissues, MyD88 deficiency accentuated the lymphoid expan-
sion seen in Foxp3mut mice (Figure 5A). The total number of lym-
phocytes in skin-draining lymph nodes, spleens, and mesenteric 
lymph nodes was increased in Myd88–/–Foxp3mut mice (Figure 5B and 
Supplemental Figure 2). This expansion was already established 
upon weaning of Myd88–/–Foxp3mut mice, and it further progressed 
at older ages (Supplemental Figure 3). It reflected heightened pro-
liferation, as determined by BrdU staining, and a marked increase 
in the size of different lymphoid subpopulations (Figure 5, B and 
C). Flow cytometric analysis of the intracellular cytokine expression 
profile of CD4+ T cells isolated from Foxp3mut and Myd88–/–Foxp3mut 
draining lymph nodes revealed production of Th1, Th2, and Th17 
cytokines by both groups, with increased numbers of Th cytokine–

producing CD4+ T cells in Myd88–/–Foxp3mut mice (Figure 5, D and 
E). In T cells from the lymphoid and mucosal tissues of Foxp3mut 
mice, concurrent MyD88 deficiency did not adversely affect the 
expression of activation pathways relevant to the function of the 
CD4+ effector memory population, such as OX40 and CD30 ligand 
(Supplemental Figure 4). Combined interruption of both pathways 
has previously been reported to ameliorate the disease of Foxp3mut 
mice (26). Overall, these findings indicate that Myd88–/–Foxp3mut 
mice exhibit aggravated lymphoproliferative disease in their sec-
ondary lymphoid tissues, with no evidence of impaired T cell acti-
vation or Th cell differentiation.

We next examined the possibility that the protective effect of 
MyD88 deficiency in Foxp3mut mice is related to altered DC expan-
sion or function. As previously noted by Kim and Rudensky, Foxp3 
deficiency is associated with the expansion of CD11c+I-Ab+ DCs 
(27). The total number of DCs and the fraction of DCs incorporat-

Figure 4
Effect of antibiotic therapy on immunopathology of Foxp3mut mice. (A) Weight at 30 days of age in WT and mutant mice treated or not with a 
dual antibiotic (Abx) regimen (doxycycline and cotrimoxazole). Results are representative of 5–9 mice per group, derived from 3–5 independent 
experiments. (B) Tissue histology (H&E staining) of WT and antibiotic-treated Foxp3mut mice. Original magnification, ×200. (C) Tissue inflamma-
tory scores in WT, Foxp3mut, and antibiotic-treated Foxp3mut mice. (D) Expression of Il6 and Il17a transcripts, as evaluated by real-time PCR, in 
skin of WT, Foxp3mut, and antibiotic-treated Foxp3mut mice. (E) Total lymphocyte counts and absolute number of CD4+ effector memory T cells 
(CD4+CD62LloCD44hi), CD8+ T cells, and B220+ B cells in the draining lymph nodes. Results are representative of 4–19 mice per group, derived 
from 3–12 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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ing the BrdU label in the draining lymph nodes of Myd88–/–Foxp3mut 
mice was increased compared with Foxp3mut mice (Figure 5C and 
Figure 6, A and B). In contrast, the number of DCs in the lungs 
of Myd88–/–Foxp3mut mice decreased relative to Foxp3mut mice (Fig-
ure 6B). Expression of activation markers, including CD40, CD80, 
and CD86, was either unchanged or enhanced in Myd88–/–Foxp3mut 
compared with Foxp3mut DCs (Figure 6A). Compared with DCs 
isolated from Foxp3mut mice, DCs from Myd88–/–Foxp3mut draining 
lymph nodes were effective in driving the proliferation of OT-II 

transgenic T cells that express an OVA323–339 peptide–specific TCR 
(Figure 6C). Together, these data indicate that the protective effect 
of MyD88 deficiency on Foxp3mut mice is not due to the curtailment 
of DC proliferation or accessory cell function, but is associated 
with decreased expansion of DCs in the target interface tissues.

To further determine the effect of MyD88 signaling in DCs on 
disease pathogenesis, we generated Foxp3mut mice that were homo-
zygous for a floxed Myd88 allele and carried a Cre recombinase driv-
en by the Cd11c promoter. We then compared disease attributes in 

Figure 5
MyD88 deficiency does not restrain the lymphoproliferative disease of Foxp3 deficiency. (A) Photomicrograph of spleen and draining (axillary 
and inguinal) lymph nodes of 30-day-old WT, Myd88–/–, Foxp3mut, and Myd88–/–Foxp3mut mice. (B) Total lymphocyte counts and absolute number 
of CD4+ effector memory T cells, CD8+ T cells, and B220+ B cells in the draining lymph nodes. (C) Percent BrdU-labeled cells in different cell 
populations in the draining lymph nodes. (D) Flow cytometric analysis of IL-4, IFN-γ, and IL-17a expression in CD4+ T cells in draining lymph 
node. Numbers in quadrants indicate percentage of gated cells present. (E) Absolute number of cytokine-secreting CD4+ T cells in D. Each dot 
represents the absolute cell number (×106) from a single mouse; columns denote means. Results in A–E are representative of 3–5 experiments 
involving 5–10 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001.
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Foxp3mut mice that expressed competent Myd88 alleles (Myd88fl/fl 

Foxp3mut) with those in which the Myd88 alleles were deleted by 
the Cre recombinase (Cd11c-Cre+Myd88Δ/ΔFoxp3mut). Deletion of 
MyD88 in CD11c+ cells did not significantly affect most param-
eters associated with the lymphoproliferative disease of Foxp3mut 
mice, including lymphocyte subset cell counts and Th cell lym-
phokine  expression  (Figure  6D  and  data  not  shown).  More-
over, Cd11c-Cre+Myd88Δ/ΔFoxp3mut mice exhibited no protection 
from disease at the environmental interfaces, which was either 
unchanged or augmented compared with Myd88fl/flFoxp3mut mice 
(data not shown). Examination of lymphocyte infiltrates in the 
lungs and small intestines of Cd11c-Cre+Myd88Δ/ΔFoxp3mut mice 
revealed either similar or increased numbers of Th1 and Th17 
effector cells compared with Myd88fl/flFoxp3mut mice (Figure 6E). 
These results established that abrogation of MyD88 signaling 
in CD11c+ antigen-presenting cells, including DCs and macro-
phages, had no bearing on the protection against inflammation 
at the environmental interfaces in Myd88–/–Foxp3mut mice.

MyD88 deficiency inhibits the recruitment of effector T cells to target 
interface tissues. The decreased tissue infiltration in the face of 
hyperplasia of secondary lymphoid tissues in Myd88–/–Foxp3mut 
mice suggested that the protective function of MyD88 deficien-
cy involves altered trafficking, retention, and/or expansion of 
effector lymphocytes to target tissues. This hypothesis was test-
ed by the adoptive transfer of congenically marked (CD45.2+), 
CFSE-labeled CD4+CD44hiCD62lo activated T cells isolated from 
draining lymph nodes of Myd88–/–Foxp3mut donors into CD45.1+ 
Foxp3mut recipient mice. Reciprocal experiments were also car-
ried  out  in  which  CD45.1+,  CFSE-labeled  Foxp3mut  effector  
T  cells  were  transferred  into  CD45.2+  Myd88–/–Foxp3mut  or 
Foxp3mut recipients. Markedly fewer numbers of Foxp3mut effec-
tor CD4+ T cells were detected in Myd88–/–Foxp3mut compared 
with Foxp3mut lungs (Figure 7, A–C). In contrast, Foxp3mut effec-
tor CD4+ T cells were enriched in the lymph nodes of Myd88–/–

Foxp3mut recipient mice. The decreased number of CD4+ T cells 
in the lungs of Myd88–/–Foxp3mut recipient mice was not caused 
by decreased proliferation of the resident T cells, as evidenced 
by the vigorous dilution of their CFSE label (Figure 7, D and E). 
Overall, these results indicated that defective homing of effector 
T cells into target interface tissues and their retention therein 
are key mechanisms underlying the protective effect of concur-
rent MyD88 deficiency in Foxp3mut mice.

The locus of action of MyD88 deficiency in protecting against 
tissue inflammation in Foxp3mut mice was also examined using 
a disease transfer model in which Foxp3mut or Myd88–/–Foxp3mut 
unfractionated lymph node cells were adoptively transferred into 
RAG1-deficient hosts that were either sufficient or deficient for 
MyD88. The lack of Tregs in the adoptively transferred Foxp3mut 
lymphocytes enabled an autoimmune inflammatory disease char-
acterized by weight loss and severe small intestinal inflammation, 
with mild lymphocytic infiltration of lung and liver tissues (Figure 
8, A–C, and data not shown). In contrast, Foxp3mut lymphocytes 
transferred into Myd88–/–Rag1–/– hosts were ineffective in inducing 
disease, as evidenced by preservation of weight gain, tissue pathol-
ogy, and inflammation scores (Figure 8, A–C), indicative of a pro-
tective function of MyD88 deficiency in resident tissues. Transfer 
of Myd88–/–Foxp3mut lymphocytes into Rag1–/– hosts also induced 
disease marked by weight loss similar to that induced by Foxp3mut 
lymphocytes, albeit with delayed onset of weight loss and tissue 
inflammation (Figure 8, A–C). Thus, the protective function of 
MyD88 deficiency in this model appeared to act primarily at the 
level of resident intestinal tissues.

To  further determine  the  tissue compartments  involved  in 
the proinflammatory actions of MyD88  in Foxp3mut mice, we 
used radiation chimera in which either the hematopoietic com-
partments or the stromal cells were MyD88 deficient. In these 
experiments, effector T cells from Foxp3mut mice were adoptively 
transferred into Rag1–/– recipients whose hematopoietic elements 
were rendered MyD88 deficient using Myd88–/–Rag1–/– donor BM 
(MyD88 stroma-sufficient, BM-deficient chimera). In parallel, we 
transferred Foxp3mut effector T cells into Myd88–/–Rag1–/– recipients 
whose hematopoietic elements were derived from MyD88-suffi-
cient Rag1–/– donor BM (MyD88 stroma-deficient, BM-sufficient 
chimera). The chimeric mice were then examined for evidence of 
inflammatory bowel disease induced by the adoptively transferred 
effector T cells. MyD88 deficiency in either stroma- or BM-derived 
elements protected against small intestinal inflammation (Figure 
8, D and E, and data not shown), which indicates that both types 
of resident tissue lineages contribute to interface tissue inflam-
mation in Foxp3mut mice.

MyD88 deficiency disrupts chemokine gradients operative at the envi-
ronmental interfaces of Foxp3mut mice. To determine whether  the 
decreased number of T cells in target tissues reflects a defect in  
T cell homing, we examined the expression of chemokines and 
chemokine receptors involved in tissue homing and inflamma-
tion, including CCL22 and CCR4 (lung and skin homing); CXCR3, 
CXCL9, and CXCL10 (Th1 type tissue inflammation); and CCL20 
and CCR6 (Th17 and DC homing) (8, 28, 29). Transcript levels of 
Cxcl9, Cxcl10, Ccl20, and Ccl22 were markedly decreased in the lung, 
skin, and small intestine tissues of Myd88–/–Foxp3mut compared 
with Foxp3mut mice, whereas the receptor levels were for the most 
part maintained (Figure 9, A–C, and data not shown). In contrast, 
level of these chemokines in the draining lymph nodes of Myd88–/–

Foxp3mut mice were similar to those of Foxp3mut mice or, in the case 
of Ccl20, increased (Figure 9D). These results indicate that MyD88 
deficiency disrupts key chemokine gradients operative in the hom-
ing of Th cells and DCs to interface tissues of Foxp3mut mice.

Discussion
Here, we demonstrated that MyD88 ablation dissociates the auto-
immune inflammatory disease caused by Foxp3 deficiency into 2 
components: an autoimmune inflammatory component at the 

Figure 6
The protective effects of MyD88 deficiency are not caused by curtailed 
DC function. (A) Flow cytometric analysis shows percent CD11c+I-Ab+ 
DCs present in the lungs and draining lymph nodes of WT, Myd88–/–, 
Foxp3mut, and Myd88–/–Foxp3mut mice. Expression of CD40, CD80, 
and CD86 on gated CD11c+I-Ab+ DCs from the draining lymph nodes is 
also shown. (B) Absolute number of CD11c+I-Ab+ DCs in the lungs and 
draining lymph nodes. Each dot represents the absolute cell number 
from a single mouse; columns denote means. (C) DC antigen-present-
ing function. DCs were pulsed with OVA, then cultured with OVA323–339 
peptide–specific OT-II TCR transgenic T cells. (D) Total, CD4+ T cell, 
CD8+ T cell, and B cell counts in draining lymph nodes and spleens 
of WT, Myd88fl/flFoxp3mut, and Cd11c-Cre+Myd88Δ/ΔFoxp3mut mice. 
(E) IFN-γ and IL-17a expression in CD4+ T cells in the lungs, small 
intestines (LPL fraction), draining lymph nodes, and spleens. Results 
are representative of 3–5 experiments involving 5–10 mice per group.  
*P < 0.05; **P < 0.01.
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Figure 7
MyD88 deficiency restricts the recruit-
ment of effector T cells to the lungs of 
Foxp3mut mice. (A and B) Flow cyto-
metric analysis of CD45.1/CD45.2 con-
genically marked (A) or CFSE-labeled 
(B) CD4+CD44hiCD62lo T cells derived 
from Foxp3mut or Myd88–/–Foxp3mut 
draining lymph nodes and transferred 
into the indicated recipient mice. At 72 
hours after transfer, lung tissues were 
collected and examined to assess the 
presence or absence of the transferred 
T cells. Numbers denote percent trans-
ferred T cells in the boxed regions.  
n = 3–5 mice per group. (C) Absolute 
number of congenically marked donor 
T cells in the lungs and draining lymph 
nodes of recipient mice. (D) Flow cyto-
metric analysis of CFSE dilution in trans-
ferred T cells isolated from the lungs and 
draining lymph nodes of recipient mice. 
Percentage of cells undergoing at least 
1 cellular division is shown within histo-
grams. (E) Percent proliferating cells, 
based on CFSE dilution analysis (D), 
in donor T cells isolated from recipient 
mice. Results are representative of 3–5 
independent experiments. **P < 0.01; 
***P < 0.001.
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environmental interfaces in the skin, gut, and lungs that was sup-
pressed upon MyD88 deficiency, and a systemic lymphoprolifera-
tive component that was not. Thus, a critical function for Tregs in 
mediating tolerance to MyD88-dependent inflammatory signals 
at the environmental interfaces may be deduced.

Mechanisms  by  which  MyD88  deficiency  was  protective  in 
Foxp3mut mice included downregulation of both innate and adap-
tive immune responses at the environmental interfaces. MyD88 
deficiency reversed the intense NF-κB activation in the skin and 
downregulated the expression of cytokines associated with innate 
immune activation, including IL-1α, TNF-α and IL-18. MyD88 
deficiency also downregulated the adaptive immune responses at 
the environmental interfaces in the skin, lung, and small intes-
tines, with decreased Th cell recruitment and curtailed expression 
of their signature lymphokines. In contrast, there was sustained 
immune activation and Th cell accumulation in the secondary 
lymphoid tissues of Myd88–/–Foxp3mut mice. This dichotomy was 
the result of decreased T cell and DC homing to those interfaces, 
which was confirmed by reciprocal T cell transfer studies between 
Foxp3mut and Myd88–/–Foxp3mut mice and underlined by the disrup-
tion of chemokine gradients normally operative in Foxp3mut mice.

Studies using a model of T cell–induced inflammatory bowel dis-
ease in Rag1–/– hosts revealed that the protective effect of MyD88 
deficiency was operative primarily at the level of the target tissues 
and involved both resident stromal and hematopoietic elements. 

MyD88 deficiency in either lineage was sufficient to provide pro-
tection, which implies cooperative interaction between the 2 tissue 
components in the recruitment of infiltrating immune cells. This 
may involve a relay model in which the generation of chemokines 
by epithelial and other stromal cell types is amplified by resident 
or recruited hematopoietic cells, although the details of such inter-
action would require further investigation.

Global MyD88 deficiency did not restrain DC expansion and 
activation associated with Foxp3 deficiency. Rather, DCs were more 
abundant in the secondary lymphoid tissues of Myd88–/–Foxp3mut 
mice. Furthermore, selective deletion of MyD88 in CD11c+ anti-
gen-presenting cells did not offer protection against  interface 
inflammation, which indicates that additional hematopoietic ele-
ments may be involved in the protective effect of MyD88 deficiency. 
Recent studies revealed that steady-state DC trafficking and matu-
ration proceed unaltered in the context of a germ-free environment 
or combined MyD88/Trif deficiency, which indicates that they are 
relatively independent of stimulation by the commensal flora (30). 
Tregs regulate DC maturation and expansion through aggregation 
and out-competing other T cells for DC-derived antigen presen-
tation and costimulation (31). The loss of this regulatory process 
upon Treg deficiency may be critical to the pathogenesis of the sys-
temic lymphoproliferative disease of Foxp3 deficiency.

Whereas MyD88 deficiency protected against disease at the 
environmental interfaces of Foxp3mut mice, it did not limit the 

Figure 8
Protective function of tissue MyD88 deficiency against inflammatory bowel disease induced by Foxp3mut lymphocytes. (A) Weight change after 
adoptive transfer of 1 × 106 unfractionated draining lymph node cells from Foxp3mut or Myd88–/–Foxp3mut mice into Rag1–/– or Myd88–/–Rag1–/– 
mice. n = 3–5 per group. (B) Gut inflammation scores for mice as in A. (C) Representative histological sections (H&E staining) from the small 
intestines of mice as in A. Original magnification, ×200. (D) Weight change after adoptive transfer of 1 × 106 unfractionated draining lymph node 
cells from Foxp3mut mice into Rag1–/– or Myd88–/–Rag1–/– radiation chimeric recipients of BM transplants from the indicated mice. n = 3–5 per 
group. (E) Myd88 mRNA expression in BM cells of mice as in D. Results in A–C and in D and E are each representative of 2 independent experi-
ments. *P < 0.05; **P < 0.01; ***P < 0.001.
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systemic lymphoproliferative disease. Examination of spleens 
and  lymph  nodes  of  Myd88–/–Foxp3mut  double-mutant  mice 
revealed  even  more  pronounced  lymphoproliferation,  with 
expansion of CD4+ and CD8+ T cells, B220+ B cells, and DCs. 
The exaggerated lymphoproliferative disease may be the result 
of several factors, the most prominent being the disruption of 
chemokine gradients that guide effector lymphocytes to target 
interface tissues. As a result of this disruption,  lymphocytes 
accumulated in secondary lymphoid tissues. B cell expansion 
in Myd88–/–Foxp3mut double-mutant mice may also reflect the 

requirement for MyD88 in the elimination of autoreactive B 
cells from circulation (32).

The dissociation of the autoimmune inflammatory disease of 
Foxp3 deficiency into mucosal and systemic components that 
were differentially responsive to MyD88 signaling points to dis-
tinct Treg pathways controlling the respective disease component. 
Specifically, different Treg subpopulations have been implicated 
in dampening mucosal inflammation versus restraining homeo-
static/autoreactive lymphoproliferation. In that regard, inflamma-
tory disease at the mucosal surfaces is precipitated upon deple-

Figure 9
MyD88 deficiency disrupts chemokine gradients involved in the homing of effector T cells and DCs to the lungs, skin, and small intestine of Foxp3mut 
mice. Shown are transcript levels of Cxcl9, Cxcl10, Ccl22, Ccl20, and Cxcl3 in lungs (A), skin (B), small intestines (C), and draining lymph nodes (D) 
of WT and mutant mice. mRNA levels were determined by real-time PCR analysis. Each point represents results obtained from 1 individual mouse. 
Results are representative of 4–10 mice per group, derived from 3–5 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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tion of induced Tregs (iTregs), a subpopulation of the Treg pool 
that is derived from naive CD4+ T cells in the periphery and whose  
T cell repertoire is distinct from that of the thymus-derived natu-
ral Tregs (nTregs) (33). Induction of iTregs is promoted by micro-
bial signals, implicating these cells in mediating tolerance to the 
commensal flora (34, 35). TLR-2 signaling in CD4+ T cells pro-
motes iTreg formation, and TLR-2/MyD88 signaling allows for 
Treg expansion in the context of microbial stimulation (34, 36). 
In contrast, the systemic lymphoproliferative disease may largely 
reflect the loss of nTregs, whose T cell repertoire is geared toward 
repression of self-autoreactivity (37–39).

Attribution of an MyD88-dependent component of Foxp3 defi-
ciency disease to microbial signals can be deduced by its selective 
localization at the environmental interfaces, by the function of 
MyD88 as a conduit for signaling by microbial sensors, and by 
the partial recapitulation of Myd88–/–Foxp3mut deficiency disease 
upon treatment of Foxp3mut mice with a restricted set of antibiotics. 
Using a different approach to study the role of microbial signals 
in autoimmunity due to Treg deficiency, Chinen et al. compared 
disease pathology upon acute Treg depletion in adult mice reared 
in a germ-free as opposed to a flora-replete (i.e., specific patho-
gen–free) environment (40). In their model, the intestinal disease, 
but not the lung or skin disease, was ameliorated in the germ-free 
mice, whereas the systemic autoimmune disease was unaltered or 
exacerbated. Differences in outcomes may relate to disease mod-
els themselves: the one reported herein used a congenital, chronic 
model of Treg deficiency, whereas that of Chinen et al. is acutely 
induced in adult mice (40). Another major difference is that germ-
free mice may lack microbial flora that are beneficial to disease 
outcome. This is supported by the demonstration of a protective 
effect of MyD88 deficiency against type 1 diabetes in NOD mice 
with replete flora, but not in germ-free animals (41).

Distinct Treg effector mechanisms may also be operative in con-
trolling mucosal inflammation versus systemic lymphoprolifera-
tion. These include IL-10, whose expression by Tregs is essential 
for maintenance of mucosal tolerance, and CTLA-4, whose expres-
sion by Tregs protects against systemic lymphoproliferative disease 
(42–44). Foxp3-conditional IL-10 knockout mice develop sponta-
neous intestinal and lung inflammation, while lacking features 
of dysregulated systemic lymphoproliferation (42). Il10 mRNA 
levels were elevated in the skin of Foxp3mut, Il1r1–/–Foxp3mut, Tlr2–/–

Foxp3mut, and Tlr4–/–Foxp3mut mice, but less so in Myd88–/–Foxp3mut 
mice. Since IL-10 can be produced by the responding lymphocytes, 
this could be a reflection of the level of inflammation present in 
the skin. These findings indicated that the suppression of inter-
face tissue inflammation in Myd88–/–Foxp3mut mice is unlikely to 
be a function of IL-10 production.

Inhibition of MyD88-dependent pathways has been previously 
shown to exert protective effects in models of inflammatory bowel 
disease, including IL-10 deficiency (45) and, more recently, hypo-
morphic SHP-1 deficiency in Ptpnspin mice and autoimmune diabe-
tes in NOD mice (41, 46). The mechanisms by which this protection 
takes place may be distinct. IL-1R1 deficiency, found to be protec-
tive in Ptpnspin mice, ameliorated the skin disease of Foxp3mut mice, 
but did not affect disease progression in other tissues or protect 
against runting and early mortality. Other MyD88-coupled path-
ways, including TLR-2, TLR-4, TLR-5, and Unc93B1 (TLR-7–TLR-9),  
did  not  protect  against  disease  progression  or  prolong  sur-
vival, although individual disease parameters were occasionally 
improved (e.g., weight gain in Tlr4–/–Foxp3mut mice). These results 

suggest that  it  is the combinatorial signaling through several 
MyD88-coupled TLRs that determines the pathogenic outcome 
in Foxp3 deficiency. The identity of the pathways involved in such 
combinatorial signaling requires further investigation.

Finally, the studies reported herein have direct bearing on the 
pathogenesis of human diseases related to Treg deficiency, most 
prominently immune dysregulation, polyendocrinopathy, enter-
opathy, X-linked syndrome (IPEX), which is caused by mutation 
in the human FOXP3 gene (4). Similar to Foxp3-deficient mice, 
human subjects with IPEX manifest an autoimmune inflammatory 
disease with a component involving the environmental interfaces 
(enteropathy, food allergy, eczema, and interstitial lymphocytic 
pneumonitis) and another manifesting as a systemic autoimmune 
lymphoproliferative process associated with type 1 diabetes melli-
tus and numerous other autoimmune phenomena (4, 47). It could 
be anticipated that the IPEX disease component involving the envi-
ronmental interfaces is similarly dependent on MyD88 signaling 
and reflects a role for microbial factors in disease pathogenesis.

Methods
Mice. The Foxp3 mutant strains Foxp3K276→X and Foxp3ΔEGFP were derived 
as previously described (5, 48). The following mouse strains were obtained 
from the Jackson Laboratory: Rag1–/–, Tlr2–/–, Tlr4–/– (B6.B10ScN-Tlr4lps–del), 
Tlr5–/–, Il1r1–/–, Trifm (Ticam1Lps2), Myd88fl/fl (Myd88tm1Defr), and Cd11c-Cre+. 
Unc93B1 mutant mice were obtained from the Mutant Mouse Regional 
Resource Centers (MMRRC) repository. MyD88-deficient mice were a gift 
from S. Akira (Osaka University, Osaka, Japan). Heterozygous Foxp3K276→X 
females were crossed to the respective homozygous mutant males to create 
double-mutant mice. Myd88–/– and Rag1–/– mice were similarly crossed to 
create Myd88–/–Rag1–/– double-mutant mice. All mice used in these studies 
were on the C57BL/6 background.

Inflammatory scores. The severity of skin hemorrhaging and tissue dam-
age was scored as follows: 0, normal skin; 1, erythema due to scratching 
(usually on the face or behind the ears); 2, erosions behind the ears and/or 
cartilage damage to one ear; 3, damage to both ears with bleeding (as indi-
cated by scabbing); 4, extensive damage to both ears and tail with bleeding. 
The severity of skin dryness was scored as follows: 0, normal; 1, 1–2 areas 
less than 2 mm in diameter with scales; 2, ≥2 areas of scales on skin; 3, areas 
of hard scaly plaques; 4, majority of body covered in coalescing hard scaly 
plaques. Alopecia was scored as a percentage of hair loss, with the head 
constituting 5%, forelimbs 2.5% each, hindlimbs 5% each, dorsal trunk 50%, 
and ventral trunk 30%.

Histopathological scoring of tissue inflammation was done by a blinded 
observer, and the final scores reflected averages of scores from 5 different 
×200 fields per tissue per mouse. Lung inflammation was scored separately 
for cellular infiltration around blood vessels and airways, as follows: 0, no 
infiltrates; 1, few inflammatory cells; 2, a ring of inflammatory cells 1 cell 
layer deep; 3, a ring of inflammatory cells 2–4 cells deep; 4, a ring of inflam-
matory cells >4 cells deep. A composite score was determined by adding the 
inflammatory scores for both vessels and airways. Intestinal inflammation 
was scored as follows: 0, no inflammatory cells; 1, small, isolated infiltrates; 
2, moderately sized infiltrates; 3, extensive, multifocal infiltrates; 4, severe 
inflammatory cell infiltration extending to the serosa (transmural).

Liver inflammation was scored separately for inflammation at portal 
areas, as follows: 0, no inflammatory cells; 1, mild, scattered infiltrates; 2, 
moderate infiltrates occupying less than 50% of the portal areas; 3, extensive 
infiltrates in the portal areas; 4, severe, with infiltrates completely packing 
the portal area and spilling over into the parenchyma. Hepatocyte necrosis 
was scored as follows: 0, no necrosis; 1, scattered necrotic cells; 2, patchy 
necrosis affecting isolated areas; 3, marked necrosis affecting large segments 
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of the parenchyma, but <50% of the total area; 4, severe necrosis affecting 
>80% of the liver parenchyma. Pancreatic and salivary gland inflammation 
was scored based on the degree of inflammatory cellular infiltrations pres-
ent in the tissue: 0, no inflammation; 1, mild inflammatory infiltrates; 2, 
moderate scattered infiltrates; 3, moderate and diffuse or severe and focal; 
4, severe and diffuse; 5, severe and destruction of the tissue.

Quantitative PCR. Tissues were snap-frozen in liquid nitrogen and homog-
enized in TRIzol (Invitrogen). After chloroform extraction, the RNA was 
then purified using the RNeasy kit (Qiagen). Reverse transcription was 
performed using Superscript III and oligo dT (Invitrogen). Taqman gene 
probes were used with Taqman Universal Fast Master Mix (Applied Biosys-
tems) and ran on a Step-One-Plus machine (Applied Biosystems). Cytokine 
expression levels were analyzed using GAPDH as an endogenous control 
(Applied Biosystems) and WT mouse RNA as the exogenous control. Rela-
tive expression was calculated using the ΔΔCt method.

Cell isolation. Single-cell suspensions from draining lymph nodes (axil-
lary, lateral axillary, and inguinal) and spleen were generated by mechan-
ical disruption. For lamina propria lymphocyte (LPL) isolation, mesen-
teric and fat tissues were removed from the small intestine. To release 
intestinal epithelial cells,  small  intestine  fragments were  incubated 
twice in PBS containing 20% FCS (Invitrogen) and EDTA (5 mM; Sigma-
Aldrich) for 15 minutes at 37°C with gentle agitation. The remaining 
pieces were minced and incubated in PBS containing 20% FCS, collage-
nase D (1 mg/ml; Roche), and DNAse (0.5 mg/ml; Sigma-Aldrich) for  
40 minutes at 37°C. The LPLs were further separated with a Percoll gra-
dient (GE Healthcare). After centrifugation at 960 g for 30 minutes, the 
LPL population was collected at the interface of the 44% and 76% of 
the Percoll gradient. Cells were washed and used for intracellular stain-
ing. For lung cell suspensions, lungs were carefully removed, washed in 
cold PBS, and minced into small pieces. Those pieces were incubated 
in RPMI1640 (Invitrogen) containing collagenase (3 mg/ml; Sigma-
Aldrich), DNAse (0.5 mg/ml), and 20% FCS for 30 minutes at 37°C. 
Cells were collected by filtering through a 70-μm cell strainer and sub-
sequently used for flow cytometry.

Flow cytometry. 1 × 106 cells were surface stained with fluorochrome-
conjugated  antibodies  (eBioscience  and  BD)  in  PBS  containing  1% 
FCS and Fc-block (eBioscience). The cells were subsequently analyzed 
on a FACSCalibur or LSRII cytometer (BD). For intracellular cytokine 
staining, cells were stimulated for 4 hours with PMA (50 ng/ml; Sigma-
Aldrich) and ionomycin (500 ng/ml; Sigma-Aldrich) in the presence of 
Golgi Plug (BD Biosciences — Pharmingen) for the last 2 hours. After 
surface staining, intracellular cytokines were detected using eBiosci-
ence fixation/permeabilization buffers and cytokine-specific antibod-
ies, according to the manufacturer’s  instructions. For assessment of  
T cell proliferation by BrdU incorporation, 30-day-old WT and mutant 
littermate male mice were injected intraperitoneally with 1 mg BrdU 
(BD); injection was repeated 2 hours later. The draining lymph nodes 
were harvested 4 hours after injection, and stained for DC-, B cell–, and  
T cell–specific cell surface markers and intracellular anti-BrdU. Flow data 
were analyzed with FlowJo software (Tree Star Inc.).

Histology and immunohistochemistry. Skin and intestinal sections were 
fixed in 10% formalin for 24 hours, then embedded in paraffin. 4-μm 
sections were stained with H&E or Trichrome and evaluated by a pathol-
ogist. Phosphorylated NF-κB staining was carried out using a polyclonal 
rabbit anti–phospho–serine 276 NF-κB p65 subunit antibody (Abcam) 
and the ABC alkaline phosphatase staining system (Vector Laboratories) 
with Vector red as substrate. ICAM-1 staining was carried out using a 
goat polyclonal anti–ICAM-1 antibody (Santa Cruz Biotechnology) and 
the ABC alkaline peroxidase staining system (Vector Laboratories) with 
DAB as staining substrate.

Antibiotic treatment. Mating pairs were placed on a 2-antibiotic regi-
men, with doxycycline in the chow at 1,000 ppm and cotrimoxazole (sul-
famethoxazole and 0.16 mg/ml trimethoprim) in the drinking water at  
0.8 mg/ml. A 4-antibiotic regimen included 1 g/l kanamycin, 0.5 g/l van-
comycin, 1 g/l metronidizol, and 10 mg/l amphotercin-B (45). Litters born 
to antibiotic-treated pairs were continued on the same regimen for a total 
of 30 days postnatally, at which time they were analyzed.

BM chimeras. Sulfatrim (1 g/l sulfamethoxazole plus 0.2 g/l trimethoprim; 
Hitech Pharmacal), kanamycin (1 g/l; Sigma-Aldrich), and ampicillin (1 g/l; 
Sigma-Aldrich) were added to the drinking water of 7-week-old Rag1–/– or 
Myd88–/–Rag1–/– recipients 1 week before irradiation. BM was isolated from 
femurs and tibias of either Rag1–/– or Myd88–/–Rag1–/– donor mice. 3 × 106 
cells suspended in PBS were injected intravenously into lethally γ-irradi-
ated (8 Gy) recipients. Mice were left to reconstitute for 8 weeks. BM recon-
stitution was verified by qPCR (TaqMan).

Adoptive transfer experiments. 5 × 106 lymph node cells from Foxp3mut or 
Myd88–/–Foxp3mut were transferred by intravenous injection into Rag1–/– or 
Myd88–/–Rag1–/– mice. The weights of the recipient mice were monitored 
twice per week, and tissues were obtained for histology at the end of the 
experiments. Effector T cells (CD4+CD44hiCD62lo) were isolated from 
lymph nodes of Foxp3mut and Myd88–/–Foxp3mut mice, CFSE labeled, and 
adoptively transferred by intravenous injection into Foxp3mut and Myd88–/– 

Foxp3mut mice (49). Lungs were collected at 72 hours after injection and 
analyzed for CFSE-labeled T cells.

Proliferation assays. CD4+ T cells were isolated from OT-II transgenic mice 
by negative selection using CD4+ T cell isolation kits (Miltenyi Biotec) or 
on mouse CD4 columns (R&D Systems). DCs were isolated using a DC iso-
lation kit (Miltenyi Biotec), pulsed with ovalbumin (Sigma-Aldrich), and 
cocultured with T cells for 72 hours. 3H-thymidine (0.4 μCi) was added in 
the last 18 hours of culture. For assessment of cell proliferation in vivo by 
BrdU incorporation, 30-day-old mice were injected intraperitoneally with 
1 mg BrdU; injection was repeated 2 hours later. The indicated tissues were 
harvested 2 hours after the second injection, and lymphocytes were sub-
jected to intracellular staining with anti-BrdU mAb.

Statistics. Results were analyzed using Student’s unpaired, 2-tailed t test, 
1-way ANOVA with Bonferroni or Newman Keuls post-test analysis, and 
repeated-measures 2-way ANOVA with Bonferroni post-test analysis. Sur-
vival analysis was carried out using the log-rank test. Results are presented 
as means (horizontal lines or rectangular bars) and SEM (where applica-
ble). P values less than 0.05 were considered significant.

Study approval. All animal studies were reviewed and approved by the 
UCLA office of Animal Research Oversight.
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