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TLR9 activation is important for the maintenance of mycobacteria-elicited pulmonary granulomatous responses,  
hallmarks of protective immune responses following mycobacterial infection. However, the mechanism or 
mechanisms underlying this effect of TLR9 are not clear. Here, we show that Tlr9-deficient mice challenged 
with a Mycobacterium antigen display an altered Th17 cytokine profile, decreased accumulation of granuloma-
associated myeloid DCs, and profoundly impaired delta-like 4 (dll4) Notch ligand expression. Mechanistic 
analysis revealed that WT bone marrow–derived DCs but not macrophages promoted the differentiation of 
Th17 cells from bacillus Calmette-Guérin–challenged (BCG-challenged) lung CD4+ T cells. Both lung and bone 
marrow DCs isolated from Tlr9-deficient mice inoculated with Mycobacterium antigen expressed lower levels of 
dll4 Notch ligand than the same cells isolated from WT mice. Passively immunizing WT mice with neutralizing 
antibodies specific for dll4 during granuloma formation resulted in larger granulomas and lower levels of 
Th17-related cytokines. In addition, dll4 specifically regulated Th17 activation in vitro. Together, these results 
suggest dll4 plays an important role in promoting Th17 effector activity during a mycobacterial challenge. 
Furthermore, TLR9 seems to be required for optimal dll4 expression and the regulation of Mycobacterium 
antigen–elicited granuloma formation in mice.

Granulomas represent a spectrum of inflammatory sequestration 
responses that may be initiated by a variety of agents, including 
noninfectious environmental factors and infectious microbial 
pathogens (1, 2). One of the most well-characterized bacteria-
induced granulomagenic diseases is tuberculosis. It has been esti-
mated that one-third of the world’s population is infected with 
Mycobacterium tuberculosis — resulting in more than 8 million cases 
of active tuberculosis with 1.6 million deaths globally in 2005 
alone (3). While the mechanism or mechanisms of granuloma for-
mation are not clear, this distinct cellular response is considered a 
histologic hallmark for a protective immune response. The gran-
ulomatous reaction is likely initiated by innate immune events; 
however, the continued intensity and chronicity is dependent 
upon the engagement of acquired immune mechanisms. We pre-
viously described a model of polarized Th1 cell–mediated anam-
nestic pulmonary granulomatous inflammation in sensitized mice 
induced by pulmonary embolization of agarose beads coated with 
covalently bound Ags of mycobacteria-derived purified protein 
derivative (PPD) (4). Cytokine and chemokine analyses of this 
model indicated protein profiles consistent with a predominant 

Th1 cell involvement and histologically showed an enrichment of 
DCs and macrophages at the granuloma sites (5, 6).

DCs and macrophages can respond to microbial ligands through 
TLRs (7), which function in the recognition of microbial compo-
nents and play an important role in both the innate and adaptive 
immune responses (8–10). Microbial products, including Mycobac-
terium Ags, can activate specific TLR and induce specific gene tran-
scription, resulting in the upregulation and secretion of select che-
mokines and cytokines (11–13). The involvement of TLR2, TLR4, 
TLR6, and TLR9 has been shown to be important in the recognition 
of Mycobacterium Ags in both mice and humans (14–16). TLR9 rec-
ognizes both viral and bacterial CpG-DNA motifs including those 
of mycobacteria, which, when bound to TLR9 on macrophages and 
DCs, cause their activation (17–20). In a previous study, we dem-
onstrated that TLR9 activation is essential for the maintenance of 
a Mycobacterium Ag–elicited pulmonary granulomatous response; 
however, the exact mechanism is not known (21).

CD4+ T cells are essential regulators of immune responses and 
inflammatory diseases. Recently, IL-17–producing T cells have 
been described and named Th17 (22). Th17 cells are preferential 
producers of IL-17A and IL-17F (22) and play an essential role in 
host defense via protection against bacterial pathogens (23, 24). A 
combination of TGF-β plus IL-6 was recently shown to be essential 
for the initial differentiation of Th17 cells (25). Upon differentia-
tion, IL-21 is significantly induced by the developing Th17 cells 
and acts in an autocrine fashion to amplify this population (26, 
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27). IL-23, a p40p19 heterodimeric cytokine (28), then stabilizes 
the differentiated Th17 cells (29). Despite our growing knowledge 
of Th17 cells, the mechanism triggering IL-17 expression in these 
cells and their role in host defense within the context of granu-
loma formation remains to be determined.

Recent data have indicated that the controlled expression of 
Notch receptor proteins on Th cells is essential for normal T cell 
development and maturation (30). There are 5 mammalian ligands 
(delta-like 1 [dll1], dll3, dll4, Jagged-1, and Jagged-2), each of which 
can activate any of the 4 Notch receptors (Notch1, -2, -3, -4) (31). 
APCs, which express both Notch ligands and TLRs, can also induce 
naive T cell differentiation to Th1 or Th2 phenotypes with TLR-
ligand binding (32). The connection between the TLR and Notch 
pathways has helped to define the complex role of APCs in the reg-
ulation of Th1/Th2 differentiation. In the presence of functional 
MyD88, TLR binding activates the upregulation of dll4, which 
causes the differentiation of naive Th cells to a Th1 phenotype. In 
the absence of functional MyD88, TLR pathways are inactive and 
constitutively expressed Jagged-1 can cause the differentiation of 
naive Th cells to a Th2 phenotype (33, 34). In contrast, precisely 
how Notch protein activation regulates Th17 cell phenotype and 
the relationship of TLRs in these processes is poorly understood.

In the present study, Th17 cytokine (IL-17A, IL-17F, IL-6, IL-21,  
IL-23, TGF-β) expression was determined in both WT and Tlr9–/–  
mice immunized with bacillus Calmette-Guérin (BCG) and subse-
quently challenged with PPD-coated beads to induce lung granu-
lomas. We demonstrate that Tlr9-deficient mice developed signifi-
cantly larger granulomas with an abrogated Th17 cytokine profile 
and an impaired accumulation of DCs as compared with control 
mouse granulomas. Lung- and BM-derived DCs from Tlr9–/– mice 
stimulated with Mycobacterium Ags showed lower expression of 
both Th17 cytokines such as IL-6 and the Notch ligand dll4. We 
also found that BM-derived DCs but not BM-derived macrophages 
promoted Th17 differentiation of lung CD4+ T cells while both 
of these APCs promoted Th1 differentiation. Our results further 
showed that specific neutralization of dll4 during pulmonary 
granuloma formation induced development of larger granulomas 
and decreased levels of Th17-type cytokines. Moreover, in in vitro 
experiments, anti-dll4 Ab specifically blocked IL-17 expression, 
while overexpression of dll4 augmented IL-17 production. The 
results of this study show that dll4 influences the development of 
Th17 and that TLR9 deficiency leads to impaired dll4 induction, 
which collectively provides a key pathway for mechanistically con-
trolling mycobacteria-dependent granulomatous responses.

Tlr9–/– mice display an altered cytokine phenotype during Mycobacterium 
Ag–elicited pulmonary granuloma formation. To investigate the role of 
TLR9 on the effector stage of Mycobacterium Ag–elicited responses, 
mice were sensitized intratracheally with 2.5 × 105 CFUs of live 
BCG and 14 days later challenged via the tail vein with PPD-cou-
pled beads. As shown in Figure 1, there is a striking histological 
(Figure 1A) and size (Figure 1B) difference between the BCG/
mycobacteria-induced lung granuloma developing in WT and 
that in Tlr9–/– mice. To understand the differences between pul-
monary granuloma formation in Tlr9–/– and WT mice, we exam-
ined the cytokine profile in the granulomatous lungs. When com-
pared with lungs of WT mice, granulomatous lungs of Tlr9–/– mice 
expressed significantly lower levels of IL-17 protein (Figure 1C) as 
well as decreased IL-17A and IL-17F mRNA expression (Figure 1, 

D and E). Moreover, the mRNA expression levels of IL-6, IL-21, and 
IL-23p19, which respectively support the differentiation, expan-
sion, and stabilization of Th17 cells, were significantly reduced 
in Tlr9–/– mice at most time points considered (Figure 1F). Inter-
estingly, the mRNA expression level of TGF-β was not altered in 
the granulomatous lungs. We also investigated TNF-α and IL-10 
expression, as Th17 responsiveness is amplified by TNF-α (35) and 
inhibited by IL-10 (36). As shown in Figure 1F, the mRNA expres-
sion of TNF-α was decreased while that of IL-10 was enhanced in 
Tlr9–/– mice compared with WT mice. The protein expression data 
also showed significantly enhanced cytokine levels of IL-6, IL-23, 
and TNF-α in WT mice compared with Tlr9–/– mice (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI35647DS1).

Impaired Th17 cell phenotype and reduced numbers of myeloid DCs in 
Tlr9–/– mice during pulmonary granuloma formation. To further char-
acterize the changes in Th profiles that occurred between WT and 
Tlr9–/– mice during granuloma formation, the populations of Th1, 
Th2, and Th17 cells from PPD-bead challenged mice were assessed. 
Flow cytometric analysis revealed that the number of IFN-γ– and 
IL-4–producing CD4+ T cells was similar between these mice, 
while the number of IL-17–producing CD4+ T cells was severely 
decreased in Tlr9-deficient lungs 4 days after PPD-bead challenge 
(Figure 2, A and B).

Since Th cell subset differentiation and activation involves sig-
nals provided by APC populations, we hypothesized that TLR9 
deletion might influence Th17 cell activity by affecting APCs. 
We first assessed numbers of APCs in granulomatous lungs by 
examining CD45+ leukocytes 4 days after PPD-bead challenge. 
Compared with WT mice, the number of myeloid DCs (mDCs) 
(CD11b+CD11c+) was significantly decreased in Tlr9–/– mice, while 
plasmacytoid DC (B220+CD11c+) numbers were similar in both 
sets of mice (Figure 2C). In contrast, the number of F4/80+ macro-
phages was significantly increased in Tlr9–/– mice (Figure 2C). How-
ever, the number of Gr-1hi neutrophils was similar in both groups 
of mice (Figure 2C). These results were also supported by confocal 
immunofluorescent analysis, which showed fewer CD11c+ stain-
ing cells (red) and an increase in F4/80+ cells (green) associated 
with the local lung granulomas in Tlr9–/– mice (Figure 2D).

To further determine the reason why the number of DCs was 
reduced in Tlr9–/– mice, we investigated chemokine expression 
during granuloma formation. As shown in Figure 2E, the mRNA 
expression levels of CCL20 and CCL22 were significantly decreased 
in Tlr9–/– mice. Interestingly, CCL20 and CCL22 have been shown 
to play a crucial role in the recruitment of immature DCs into 
inflammatory lesions (37, 38).

Tlr9–/– mice display altered mDC mobilization and dll4 Notch ligand 
expression during Mycobacterium Ag–elicited pulmonary granuloma 
formation. We next examined possible functional changes in DCs 
from Tlr9–/– mice during pulmonary granuloma formation. We ini-
tially assessed the cytokine profile of DCs recovered from granu-
lomatous lungs. In these experiments, lung CD11b+CD11c+ DCs 
were sorted on a FACSAria cell sorter (BD Biosciences). After DC 
purification, more than 95% of the cells were CD11b+CD11c+. DCs 
from Tlr9-deficient lungs harvested at day 4 after PPD-bead chal-
lenge showed lower mRNA levels for IL-6, IL-12p40, and IL-23p19 
compared with those from WT mice (Figure 3A). In contrast, the 
Tlr9-deficient DCs showed enhanced IL-10 mRNA levels (Figure 
3A). We also measured transcripts for Notch ligands dll4 and Jag-
ged-1, which can differentially affect Th differentiation/activation. 
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In particular, dll4 has been reported as an important factor for 
differentiation of Th cells (33). As shown in Figure 3B, levels of 
dll4 mRNA were significantly lower in Tlr9–/– mice, whereas Jag-
ged-1 mRNA levels were similar between WT and Tlr9–/– lung DCs 
(Figure 3B). Notch ligands dll1, dll3, and Jagged-2 were below 
detection levels of our assay (data not shown). In agreement with 

the DC transcript data, we also found that dll4 mRNA levels were 
increased in whole granulomatous lungs from WT mice over the 
study period (Figure 3C), while the expression of dll1, Jagged-1, 
and Jagged-2 was unchanged. dll3 was not detected here or in 
any experiments described below. In contrast, dll4 mRNA levels 
were profoundly reduced in whole granulomatous lungs from 
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Tlr9–/– mice compared with WT mice over the study period (Figure 
3D). As with the purified DCs, there were no significant differ-
ences in Notch ligand dll1, Jagged-1, and Jagged-2 mRNA levels 
in whole granulomatous lungs from WT and Tlr9–/– mice (data 
not shown). In addition, flow analysis demonstrated that lung 
mDCs (CD11b+CD11c+) expressed lower protein levels of dll4 in 
Tlr9–/– mice compared with WT mice (Figure 3E).

BM-derived DCs from Tlr9–/– mice produce lower levels of Th17-related  
cytokines with impaired dll4 expression after BCG stimulation. The 
above studies suggested that APCs from Tlr9–/– mice were func-

tionally altered at least with regard 
to specific cytokine and dll4 Notch 
ligand expression. To determine 
whether the TLR9 signaling path-
way regulates dll4 Notch ligand 
expression, we stimulated BM-
derived DCs with CpG for 6 hours, 
harvested cells, and assessed sam-
ples for mRNA expression. The 
mRNA level of dll4 was dramati-
cally and significantly increased 
compared with that of other 
Notch ligands, dll1, Jagged-1, and 
Jagged-2, in BM-derived DCs from 
WT mice (Figure 4A).

To further investigate whether 
dll4 might influence T cell activa-
tion, we generated APCs from WT 
and Tlr9–/– BM for use in a cytokine 
elicitation assay. Since macro-
phages and DCs are significant cel-
lular components of granulomas as 
well as potential APCs, we generated 
both DCs and macrophages from 
BM of WT and Tlr9–/– mice. These 
were first characterized by their 
ability to express specific cytokine 
and Notch ligand mRNA. DCs and 
macrophage cultures were infect-
ed with BCG (MOI = 0.1 or 1) for  
6 hours. Cells were harvested and 
samples assessed for mRNA expres-
sion. The BCG-elicited transcripts 
for IL-6, IL-12p40, IL-23p19, and 
TNF-α were significantly lower in 
BM-derived DCs from Tlr9–/– mice 
when compared with BM-derived 
DCs from WT mice (Figure 4B), 
while IL-10 transcripts were unde-
tectable (data not shown). In con-
trast, BM-derived macrophages 
from Tlr9–/– mice and WT mice 
showed no significant differences 
in expression levels of IL-12p40, 
IL-6, and IL-23p19 mRNA (Figure 
4C). However, TNF-α transcripts 
were significantly lower, while  
IL-10 mRNA levels were enhanced 
in BM-derived macrophages from 
Tlr9–/– mice (Figure 4C).

These macrophages did not show alternatively activated mac-
rophage characteristics such as increased FIZZ-1 and Arginase-1  
expression, and there was no significant difference in the expres-
sion of these in BM-derived macrophages from WT and Tlr9–/– 
mice during BCG stimulation (Supplemental Figure 2). In regard 
to Notch ligands, dll4 transcript induction was significantly 
decreased in Tlr9–/– DCs with no effect on Jagged-1 transcripts 
(Figure 4B). In contrast, no significant difference in dll4 expres-
sion was observed in BCG-challenged or -unchallenged mac-
rophages derived from WT or Tlr9–/– mice (Figure 4C). Also, no 
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transcript expression of the Notch ligands dll1, dll3, and Jagged-2 
was detected in BM-derived macrophages (data not shown). Flow 
analysis data showed BM-derived DCs express lower protein lev-
els of dll4 in Tlr9–/– mice compared with in WT mice during BCG 
stimulation (Figure 4D).

A bioplex proteomic assay or ELISA system was used to com-
pare the cytokine protein phenotypes for IL-12p40, IL-6, TNF-α,  
IL-10, and IL-23 in BCG-stimulated BM-derived DCs and macro-
phages recovered from Tlr9–/– and WT mice. Our results showed 
a decrease in IL-12p40, IL-6, and IL-23 protein production in 

BM-derived DCs from Tlr9–/– mice compared with those from 
WT mice, while BM-derived macrophages from both WT and 
Tlr9–/– mice produced comparable low levels of IL-12p40 and 
similar amounts of IL-6 and IL-23 (Supplemental Figure 3, A, B, 
and E). We also investigated TNF-α and IL-10 protein production 
from BM-derived macrophages, which were the main source of 
these cytokines; interestingly, macrophages from the Tlr9–/– mice 
expressed significantly lower levels of TNF-α and significantly 
higher levels of IL-10 compared with macrophages from WT mice 
(Supplemental Figure 3, C and D).
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Specific neutralization of IL-6 during Mycobacterium Ag–elicited pulmo-
nary granuloma formation increases granuloma size with impaired Th17 
cells. IL-6 plays an important role in the differentiation of Th17, 
and Tlr9–/– mice showed lower expression of IL-6 in both whole 
lungs and DCs during granuloma formation when compared with 
WT mice. To further examine the distinct role of IL-6, we blocked 
its activity with anti–IL-6 Abs. This treatment in WT mice reca-
pitulated the Tlr9–/– state, resulting in significantly larger granu-
lomas (Figure 5, A and B), and abrogated IL-17 production (Figure 
5C). Specifically, the treatment of mice with anti–IL-6 Ab led to a 
significant decrease not only in IL-17A and IL-17F expression but 
also in IL-21 expression (Figure 5D). Moreover, flow cytometric 
analysis revealed that the number of IFN-γ– and IL-4–producing 
CD4+ T cells was similar between anti–IL-6–treated mice and con-
trol mice, while the number of IL-17–producing CD4+ T cells was 
significantly decreased in anti–IL-6 Ab–treated lungs 4 days after 
PPD-bead challenge (Figure 5, E and F).

BM-derived DCs but not macrophages promote the expression of IL-17 
from lung T cells during a BCG-induced immune response. We next com-
pared BCG-stimulated DCs and macrophages with respect to their 
influence on lung CD4+ T effector cell expression using a coculture 
cytokine elicitation assay. As shown in Figure 6, both BM-derived 
DCs and BM-derived macrophages were able to induce IFN-γ pro-
duction by CD4+ T cells isolated from the granulomatous lungs 
of either WT or Tlr9–/– mice (Figure 6, A and C). However, IFN-γ 
production was significantly less when the DCs or macrophages 
were derived from Tlr9–/– mice (Figure 6, A and C). Interestingly, 
only BM-derived DCs were capable of inducing IL-17; however, 
DCs recovered from Tlr9–/– mice were impaired in this capacity, as 
compared with DCs from WT mice. (Figure 6, B and D).

dll4 regulates mycobacteria-elicited Th17 effector cell expression. Our 
studies of BM-derived APCs suggested that CD11c+ mDCs but 
not macrophages supported the Th17 effector response. More-
over, Tlr9–/– mDCs from either granulomatous lungs or from 
BM showed a consistent defect in dll4 Notch ligand expression, 
pointing to a possible relationship among TLR9, dll4, and Th17 
effector expression. To test this in vivo, we blocked dll4 func-
tionality in WT mice by passive immunization with Ab directed 
against murine dll4. This treatment recapitulated the Tlr9–/– state, 
resulting in significantly larger granulomas (Figure 7, A and B), 
reduced mDC elicitation (Figure 7C), altered IL-17 protein levels 
(Figure 7D), and lower Th17-related cytokine transcript expres-

sion (Figure 7E). Specifically, the treatment of mice with anti-dll4 
led to a significant decrease in both IL-17A and IL-17F expression 
compared with that in control mice (Figure 7E) and decreased 
the expression of Th17-related cytokines IL-6 and IL-21 (Figure 
7E). There was no significant difference in IL-23p19, TNF-α, and 
TGF-β expression between treated and control groups (data not 
shown). To further characterize the effect of dll4 blockade during 
granuloma formation, we evaluated DC numbers in the lungs of 
control and anti-dll4–treated mice by flow cytometry 4 days after 
PPD bead challenge. As shown in Figure 7C, the number of mDCs 
(CD11b+CD11c+) was significantly decreased in anti-dll4–treated 
mice. To determine whether the decreased numbers of DCs seen 
in granulomas from anti-dll4–treated mice were due to impaired 
recruitment of DCs, we examined the chemokine expression in the 
lung. As shown in Figure 7F, the treatment of mice with anti-dll4 
led to decreased expression in the lungs of DC and Th17 recruit-
ment chemokine CCL20.

dll4 specifically regulates activation of Th17 cytokines during immune 
response. To directly test the effect of dll4 on the Th phenotype, 
we performed an in vitro lung CD4+ T cell cytokine expression 
assay with BCG-stimulated BM-derived DCs with either depletion 
or addition of dll4. As shown in Figure 8, A and B, addition of 
recombinant dll4 augmented IL-17 production from T cells iso-
lated from BCG-challenged lungs concomitant with BCG-treated 
BM-derived DCs while having no effect on IFN-γ production. 
Additionally, anti-dll4 Ab added to similar cultures significantly 
decreased IL-17 production with no effect on IFN-γ production 
(Figure 8, C and D). To determine whether the effect of dll4 on 
IL-17 and IFN-γ was Ag specific, we evaluated the production of 
these cytokines by splenic CD4+ T cells harvested from DO11.10 
mice, which have OVA-specific TCR, that were cocultured with 
BM-derived DCs from WT or Tlr9–/– mice (Figure 8, E and F). 
No significant differences in the production of IFN-γ and IL-17 
were seen in T cells cocultured with BM-derived DCs from WT 
or Tlr9–/– mice after stimulation with only OVA, underscoring the 
importance of DC-derived TLR9 activation, as these APCs engage 
T cell activation events.

Schematic of TLR9/Notch ligand (dll4)/Th17 phenotype pathway in the 
evolution of mycobacteria-dependent lung granuloma. As summarized 
in the schematic found in Figure 9, DCs via a TLR9/dll4 network 
are instrumental in the differentiation of Th17 cells during myco-
bacteria-dependent granuloma formation. Granulomas in Tlr9–/–  
mice present with decreased numbers of both Th17 cells and 
mDCs, yet they exhibit an increase in the elicitation of granuloma 
macrophages and an overall exacerbation of the size of the devel-
oping lung lesion. In addition, the granulomatous lungs of the 
Tlr9–/– mice possess impaired levels of dll4 and the chemokines 
CCL20 and CCL22 as well as lower levels of IL-17 and the family of 
Th17 related cytokines, as compared with WT mice. Collectively, 
the data support a key contribution of DC-dependent TLR9 and 
dll4 expression to the development of a Th17 phenotype during 
mycobacteria-directed immune responses.

The present investigation represents what we believe is the first 
analysis of cell-mediated Th17-related pulmonary Mycobacterium 
Ag–elicited granuloma formation in mice with targeted disrup-
tion of the TLR9 gene and defines a role for TLR9 in the induc-
tion of dll4 and Th17 expression using both in vivo and in vitro 
approaches. Our results demonstrate that dll4 supports Th17 
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effector function and the TLR9 signaling pathway plays a cen-
tral role by upregulating dll4 in response to Mycobacterium Ags. 
Our studies demonstrate that Tlr9-deficient mice exhibited sig-
nificantly larger granuloma formation with an accompanied 
impaired Th17-like response. The observed histologic alterations 
in lung granuloma development in Tlr9–/– mice coincided with a 
significant decrease in lung mDCs, which are crucial to the differ-
entiation of Th17 cells, as well as decreased levels of dll4 on DCs 
when compared with those of WT mice.

We have utilized a well-established model of granulomatous lung 
inflammation that employs the embolization of sepharose beads 
coated with PPD from M. tuberculosis into previously immunized 
BCG mice. This model possesses many of the histologic charac-
teristics observed in Mycobacterium infections (21). It is likely that 
TLRs are mechanistically involved in this process, as DNA from 

BCG has been shown to have immunostimulatory properties (39) 
due to the binding of unmethylated bacterial DNA CpG motifs 
to host cell TLR9 (17, 40), which causes the activation of innate 
immune cells (19, 20). Our studies showed reduced expression of 
IL-17 in Tlr9–/– mice as well as larger granuloma formation when 
compared with WT mice, suggesting the pivotal role of TLR9 
in driving the Th17-mediated immune response to Mycobacte-
rium Ags. The involvement of IL-17 in immune response against 
intracellular bacteria Mycobacterium bovis BCG or M. tuberculosis 
has been suggested from the analysis of IL-23–deficient mice (41).  
IL-23 shares a p40 subunit with IL-12, a Th1-inducing cytokine 
(42). However, IL-12 and IL-23 are, respectively, DC- and macro-
phage-derived heterodimeric cytokines with distinct functions and 
structures (43, 44). IL-12 preferentially induces T cells to produce 
IFN-γ, thereby activating phagocytes to kill intracellular patho-
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gens. In contrast, IL-23 promotes chronic inflammatory responses 
such as those observed in EAE (45) and collagen-induced arthritis 
(46), largely by stimulating T cells to produce IL-17 (47, 48).

Although IL-23 appeared to be required for Th17-mediated 
immunopathology, more recent reports indicate that it is not 
required for Th17 commitment and that the concomitant activity 
of IL-6 and TGF-β appears to be necessary for initiation of Th17 
differentiation (25). However, IL-23 does appear to be important 
for amplifying and/or stabilizing the Th17 phenotype (49). The  
IL-12/23p40–deficient mice, which lack both IL-12 and IL-23, were 
more susceptible to microbial infection than IL-12p35–deficient 
mice, which lack only IL-12 (41). In contrast, IL-23p19–deficient 
mice, which lack only IL-23, showed normal protective immu-
nity against Mycobacterium Ags (50). These studies are consistent 
with our data showing that enhanced granuloma formation with 
decreased IL-17 production in lungs may be correlated with a 
reduction in both IL-12p40 and IL-23p19 expression on DCs in 
Tlr9-deficient mice. Recent studies have shown that IL-17 does 
not play a significant protective role during a primary immune 
response; however, the presence of T cells capable of producing 
IL-17 during a secondary immune response does contribute to 
protection against Mycobacterium Ag challenge (51–53). These 
investigations suggest that Mycobacterium Ag–specific Th17 cells 
are potentially a new class of effector T cells that respond to myco-
bacterial challenge. The published reports cited above agree with 
our findings, which show that IL-17 expression and the Th17 
population in lungs receiving only a primary BCG infection are 
identical between WT and Tlr9–/– mice (data not shown). Interest-
ingly, both the expression of IL-17 and the number of Th17 cells 
were reduced in Tlr9–/– mice compared with WT mice following 
secondary PPD-bead challenge.

IL-6 contributes to host resistance against mycobacterial infec-
tion due to its immunoenhancing activity (54). Our study showed 
that specific blockage of IL-6 recapitulates the granuloma pheno-
type in Tlr9–/– mice with a decreased number of Th17 cells and 
lower expression of IL-21. IL-21, a cytokine induced by IL-6 in acti-

vated T cells, is another cytokine highly expressed by mouse Th17 
cells (27). IL-21 potently induces Th17 differentiation and devel-
ops a positive feedback loop to further amplify the Th17 response 
(55). The decreased production of IL-17 in Tlr9-deficient lungs 
during granuloma formation results from reduced levels of IL-6 
and IL-21. In addition, our data demonstrated a decrease in DCs 
and enhanced macrophage recruitment during pulmonary granu-
loma formation in Tlr9–/– mice. The lower production of IL-6 dur-
ing mycobacterial challenge in Tlr9-deficient DCs may contribute 
to decreased numbers of Th17 cells during pulmonary granuloma 
formation. Moreover, we have demonstrated in this study that 
BCG-pulsed DCs but not macrophages induced IL-17 production 
by lung CD4+ T cells after restimulation. Denning et al. demon-
strated that lamina propria macrophages, which produce IL-10, 
suppress the differentiation of Th17, while lamina propria DCs 
induce IL-17 production (36). The data in our study demonstrated 
enhanced production of IL-10 in BM-derived macrophages during 
mycobacterial challenge in Tlr9–/– mice. The data also suggest these 
are not alternatively activated macrophages but type II–activated 
macrophages that produce high levels of IL-10 (56). Because mac-
rophages from Tlr9–/– mice produce decreased amounts of TNF-α 
and enhanced levels of IL-10 compared with WT-derived macro-
phages, they fail to support a Th17 phenotype.

Our results demonstrate that DC-derived Notch ligand dll4 
regulates activation of Th17 cytokines in response to Mycobac-
terium Ags. The present investigation represents what we believe 
is the first analysis of cell-mediated Th17-related pulmonary 
granuloma formation in mice and examines the role of dll4 in 
Th17 cytokine response in both in vivo and in vitro studies. 
Our studies demonstrate that anti-dll4–treated mice exhibited 
significantly larger granuloma formation with an accompanied 
impaired Th17-like response. Our studies also show that dll4 is 
required for optimal IL-17 production to Ag, but its role in Th17 
differentiation is uncertain.

Just as the study of the biology of TLRs had its origin in devel-
opmental biology and then transitioned into inflammation and 
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immunity, the field of Notch and Notch ligands began with early 
discoveries rooted in developmental biology. However, it is now 
clear that the Notch system is an important bridge between APCs 
and T cell communication circuits. DCs can respond to micro-
bial ligands through TLRs (7), which function in the recognition 
of microbial components and play an important role in both the 
innate and adaptive immune response. CD4+ T cells are essential 
regulators of adaptive immune responses and inflammatory diseas-
es. Upon antigenic stimulation by DCs, naive CD4+ T cells become 
activated, expand, and differentiate into various effector T cell help-

er subsets termed Th1, Th2 and Th17 and are characterized by the 
production of distinct cytokines and effector functions (57).

Recent progress shows the importance of Th17 in both innate 
and acquired immunity against mycobacterial infections (42). 
However, there has been little research on the role of the Notch–
Notch ligand system in acquired mycobacterial immunity and on 
the requirement of Notch activation in the development of Th17 
responses. Our data establish that the Notch system is an impor-
tant bridge between APCs and T cell communication circuits and, 
further, demonstrate that dll4 neutralization in vivo and in vitro 
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during mycobacteria-induced pulmonary granuloma significantly 
reduces Th17 type cytokine production. Moreover, overexpression 
of dll4 augmented IL-17 production from T cells isolated from 
BCG-stimulated lungs. Importantly, dll4 was the primary Notch 
ligand upregulated on lung DCs and on BM-derived DCs grown in 
culture during mycobacterial challenge.

dll4 expression from BCG-stimulated DCs from Tlr9–/– mice was 
not totally abrogated, as dll4 was increased 8-fold; however, dll4 
expression was increased 40-fold in BCG-stimulated WT DCs. 
The observation that in the absence of TLR9 some dll4 was still 
seen suggests that other pathways, potentially other TLRs, may 
interact with BCG Ags to upregulate dll4, but this upregulation 
is most potent in the presence of functional TLR9. We further 
established that these effects were specifically mycobacterial/
Mycobacterium Ag dependent because DCs from WT and Tlr9–/– 
mice induced similar levels of IL-17 production from OVA-spe-
cific splenic T cells isolated from DO11.10 mice. Thus, in contrast 
to BCG, OVA stimulation does not use the TLR9 pathway. These 
data demonstrate that TLR9 is essential for a positive immune 
response to mycobacterial challenge and induces the Th17 pheno-
type via upregulation of dll4. These factors may also contribute to 
the exacerbation of chronic diseases seen clinically. The molecu-
lar mechanism of TLR9-mediated upregulation of dll4 expression 
during infection remains to be elucidated. It is unknown whether 
IL-6 or other key cytokines are critical to this process; however, 

determining the mechanism may reveal a potential clinical target 
for granuloma diseases.

Chemokines constitute a family of structurally related 
chemotactic cytokines that direct the migration of leukocytes 
throughout the body under both physiological and inflammatory 
conditions (58). CCL20 and CCR6 play a role in the recruitment of 
immature DCs and their precursors to sites of potential Ag entry 
(37, 59). The lower expression of CCL20 during mycobacterial 
challenge in both Tlr9-deficient and anti-dll4–treated lung may 
contribute to the observed decreased DC numbers during pulmo-
nary granuloma formation. In addition, Hirota et al. showed that 
IL-17–producing Th17 cells express CCR6. Th17 cells induced 
in vivo in normal mice via homeostatic proliferation similarly 
express CCR6 as well as CCL20 (59). The above published reports 
agree with our findings, which show that lower CCL20 expres-
sion in both lungs from Tlr9–/– mice and lungs with anti-dll4 Ab 
might be correlated with not only impaired DC migration but 
also reduced numbers of Th17 cells in lungs during mycobacteria-
induced pulmonary granuloma formation.

Our findings indicate that dll4 neutralization in vivo during 
granuloma formation dramatically decreased the Th17 cytokine 
profile (i.e., IL-17A, IL-17F, IL-6, and IL-21), but had no effect 
on the Th1 (IFN-γ) or Th2 (IL-4) cytokine profiles (data not 
shown). Recent studies demonstrate that both bacterial LPS 
and respiratory virus infection work through TLR4 to induce 
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DC-derived dll4 expression, which in turn regulates the balance 
of Th1/Th2 (60, 61). It appears that dll4-regulated immune 
response of Th17 in mycobacterial infection may be different 
from other types of infection. Interestingly, both the TLR9 
signaling pathway and the robust expression of dll4 on DCs 
is induced via the MyD88 pathway (60, 61). In this study, we 
demonstrate a decreased expression of dll4 on DCs from Tlr9-
deficient mice compared with DCs from WT mice, thus linking 
these pathways together. The present investigation represents 
an in-depth analysis of Th17 responses with targeted neutral-
ization of dll4 and demonstrates that Th17 cytokine expression 
was inhibited by neutralizing dll4 and, further, was promoted 
by dll4 administration.

In summary, we present a comprehensive in vivo analysis of 
TLR9 participation in a granuloma model induced by myco-
bacteria-associated Ags. TLR9 deficiency resulted in accelerated 
granulomatous response and a decreased Th17 cytokine profile 
during pulmonary granuloma formation. This was associated 
with a decreased number of mDCs, which can promote the dif-
ferentiation of Th17 cells, and a significantly increased expres-
sion of dll4. Furthermore, Th17 cytokine expression was specifi-
cally regulated by dll4 expression on DCs. This study supports 
the concept that an understanding of dll4 regulation of the 
Th17 response may provide mechanistic approaches for modi-
fying and controlling the immune response that may ultimately 
have clinical applicability.
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Mice. Male WT mice and male DO11.10 mice, both on a BALB/c back-
ground, were purchased from The Jackson ImmunoResearch Laboratories. 
Male BALB/c mice lacking the TLR9 gene (Tlr9–/–) were provided by T.J. 
Standiford (University of Michigan Medical School, Ann Arbor, Michigan, 
USA). All mice were used for experiments at 8 to 12 weeks of age. These 
mice were maintained under specific pathogen–free conditions and pro-
vided with food and water ad libitum in the University Laboratory Animal 
Medicine (ULAM) facility at the University of Michigan Medical School. All 
animal protocols were approved by ULAM.

Abs. Rat mAbs specific for mouse CD3 (17A2), CD4 (L3T4), CD11b 
(M1/70), CD11c (HL3), CD16/32 (2.4G2), CD45 (30-F11), CD45R/B220 
(RA3-6B2), Gr-1 (RB6-8C5), IFN-γ (XMG1.2), IL-4 (11B11), and IL-17 
(TC11-18H10) were purchased from BD Biosciences — Pharmingen. Rat 
anti-F4/80 (CI: A3-1) mAb was purchased from AbD Serotec. Rabbit anti-
mouse dll4 Abs were prepared as previously described (60).

Sensitization and granuloma induction. Mice were sensitized by intratracheal 
injection of 2.5 × 105 CFUs of BCG (a gift from M. Sandor, University of 
Wisconsin School of Medicine and Public Health, Madison, Wisconsin, 
USA) in 100 µl of saline. Fourteen days later, mice were challenged i.v. with 
5500 Sepharose 4B beads (in 0.5 ml PBS) covalently coupled to PPD, as pre-
viously described (5). Mice were sacrificed 4, 8, or 16 days after i.v. injection. 
In some experiments, mice were treated with anti–IL-6 (100 µg) (eBiosci-
ence), anti-dll4, or control Abs on days 0 and 2 of bead challenge.

Histological and immunofluorescent examination. Individual excised lung 
lobes were inflated and fixed with 10% buffered formalin for morpho-
metric analysis. The areas of the granulomas were measured in a blinded 
fashion on H&E-stained sections of paraffin-embedded lungs using com-
puter-assisted morphometry as previously described (21). For immuno-
fluorescent analysis, lungs were embedded in Tissue-Tek OCT compound 
(Sakura) and then frozen in liquid nitrogen. Seven-micron cryostat sec-
tions were fixed in ice-cold acetone, then incubated with primary Abs 
followed by appropriate Alexa-labeled secondary Abs (Molecular Probes; 
Invitrogen). Finally, the sections were analyzed by the Zeiss LSM 510 Con-
focal Microscope System (Zeiss).

Reverse transcription and real-time quantitative PCR analysis. Total RNA was 
isolated from whole lungs or cultured cells by using TRIzol (Invitrogen) 
according to manufacturer’s instructions. In brief, a total of 2.0 µg of RNA 
was reverse transcribed to yield cDNA in a 25-µl reaction mixture containing 
1× first strand (Life Technologies; Invitrogen), 250 ng oligo (dT) primer, 1.6 
mmol/l dNTPs (Invitrogen), 5 U RNase inhibitor (Invitrogen), and 100 U of 
Moloney murine leukemia virus reverse transcriptase (Invitrogen) at 38°C 
for 60 minutes. The reaction was stopped by incubating the cDNA at 94°C 
for 10 minutes. Real-time quantitative PCR analysis was performed by using 
the ABI 7700 Sequence Detector System (PE Applied Biosystems). Thermal 
cycling was performed at 50°C for 2 minutes and 95°C for 10 minutes, fol-
lowed by 40 cycles of amplification at 95°C for 15 seconds and 55°C for 1.5 
minutes for denaturing and annealing, respectively.

Protein analysis of cytokine. Murine cytokine levels were measured in 50 µl  
samples from whole-lung homogenates or culture supernatant using a 
Bio-plex bead-based cytokine assay purchased from Bio-Rad Laboratories. 
TGF-β and IL-23 levels were measured by ELISA as described (eBioscience) 
(21). The cytokine levels in lung homogenates were normalized to the pro-
tein (in milligrams) present in cell-free preparations of each sample mea-
sured by the Bradford assay, as described previously (21).

Flow cytometry. Flow cytometric analyses of lung cells were performed 
as previously described (21). In brief, whole lungs were dispersed in 0.2% 
collagenase (Sigma-Aldrich) in RPMI 1640 (MediaTek) and 5% FBS (Atlas 
Biologicals) at 37°C for 45 minutes to obtain a single-cell suspension. The 
cells were stained with indicated Abs after 10 minutes of preincubation 

with CD16/CD32 Abs (Fc block) and fixed overnight with 4% formalin. 
For intracellular staining of cytokines, lung cells (1.0 × 106 cells/well) were 
cultured in 48-well plates containing plate-bound anti-CD3 (5 µg/ml) and 
soluble anti-CD28 (2.5 µg/ml). After overnight incubation and in the pres-
ence of GolgiPlug (BD Biosciences — Pharmingen) for the last 2 hours at 
37°C and 5% CO2, the cells were stained for surface markers with FITC-con-
jugated anti-CD4 Abs, resuspended in fixation/permeabilization solution 
(BD Cytofix/Cytoperm Kit; BD Biosciences — Pharmingen), and stained 
with PE-conjugated anti–IFN-γ, anti–IL-4, or anti–IL-17 Abs respectively. 
Cells were analyzed using a Cytomics FC 500 (Beckman Coulter), and data 
were analyzed by FlowJo software (Tree Star Inc.).

Generation of BM-derived DCs and macrophages. BM was harvested from unin-
fected, normal mice and filtered through nylon mesh. For generation of 
BM-derived macrophages, BM cells were cultured in L929 cell-conditioned 
medium as described previously (62). Six days after initial BM culture, BM-
derived macrophages were transferred to 96-well plates at a cell density of  
4 × 104 cells/well overnight. For generation of BM-derived DCs, BM cells 
were seeded in T-150 tissue culture flasks at 106 cells/ml in RPMI 1640–
based complete medium with GM-CSF (20 ng/ml) (R&D Systems) after 
depletion of erythrocytes with lysis buffer. Six days later, loosely adherent 
cells were collected and incubated with anti-CD11c coupled to magnetic 
beads for isolation of conventional DCs from the GM-CSF cultures (Milt-
enyi Biotec). BM-derived DCs were purified using positive selection for the 
specific cells by running the cell suspension through a magnetic column. 
The purity of CD11c was more than 95%, as determined by flow cytometry. 
The cells were plated on 96-well plates at a cell density of 3 × 105 cells/well 
overnight. The next day, macrophages and DCs were stimulated with BCG 
(MOI = 0, 0.1, or 1.0) or CpG (1 µM) (Cell Sciences). Six hours later, RNA 
was isolated. Twenty-four hours later, cell-free supernatants were removed 
for analysis in a Bio-Plex bead-based cytokine assay. In some experiments, 
the cells were plated on 96-well plates at a cell density of 4 × 104 cells/well 
overnight. The next day, macrophages and DCs were infected with BCG 
(MOI = 1.0) for 2 hours, then washed before addition of T cells.

In vitro T cell treatments. Fourteen days after intratracheal injection with 
2.5 × 105 CFUs of BCG, CD4+ T cells from lungs were isolated with a mag-
netic bead column (Miltenyi Biotec). More than 97% of cells were CD4 
positive. These cells (2 × 105 cells/well) were exposed to BCG-pulsed BM-
derived DCs or macrophages on 96-well plates at an APC/CD4+ cell ratio 
of 1:5. In some experiments, splenic CD4+ T cells from DO11.10 mice were 
isolated with a magnetic bead column (>97% purity). These cells (2 × 105 
cells/well) were exposed to OVA-pulsed BM-derived DCs on 96-well plates 
at a DC/CD4+ cell ratio of 1:10. Supernatants were harvested 48 hours later 
for cytokine protein analysis.

Statistics. Two-tailed Student’s t test was used to compare groups. Values 
of P < 0.05 were considered significant.
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