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Brief Definit ive Report

Bronchus-associated lymphoid tissue (BALT) 
represents a major component of the larger 
network of mucosa-associated lymphoid tis-
sues, which essentially contribute to the initia-
tion and maintenance of protective immune 
responses against invading pathogens. BALT is 
defined as aggregations of immune cells in the 
lung, containing a follicle-like structure com-
posed of B cells which is surrounded by para-
follicular T cell areas (Randall, 2010). To be 
classified as BALT, such lymphoid aggregates 
have to be situated adjacent to a bronchus and 
next to a vein and an artery. Furthermore, BALT 
contains some myeloid cells, in particular DCs, 
a network of stromal cells, and, depending on 

its state of maturation, follicular DCs (FDCs) 
within the B cell follicles (Kocks et al., 2007; 
Halle et al., 2009; Randall, 2010). The forma-
tion of high endothelial venules and lymphatic 
vessels facilitates the recirculation of lympho-
cytes (Xu et al., 2003).

Although the lungs of naive mice (as well as 
adult humans) are typically devoid of BALT, 
pulmonary infection in mice with pathogens such 
as influenza virus (Moyron-Quiroz et al., 2004), 
murine herpesvirus 68 (Kocks et al., 2009), 
Mycobacterium tuberculosis (Kahnert et al., 2007), or 
modified vaccinia virus Ankara (MVA) (Halle et al., 
2009) have been described to induce these ter-
tiary lymphoid structures. Despite morphological 
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Ectopic lymphoid tissue, such as bronchus-associated lymphoid tissue (BALT) in the lung, 
develops spontaneously at sites of chronic inflammation or during infection. The molecular 
mechanisms underlying the neogenesis of such tertiary lymphoid tissue are still poorly under-
stood. We show that the type of inflammation-inducing pathogen determines which key 
factors are required for the formation and maturation of BALT. Thus, a single intranasal 
administration of the poxvirus modified vaccinia virus Ankara (MVA) is sufficient to induce 
highly organized BALT with densely packed B cell follicles containing a network of CXCL13-
expressing follicular DCs (FDCs), as well as CXCL12-producing follicular stromal cells. In 
contrast, mice treated with P. aeruginosa (P.a.) develop BALT but B cell follicles lack FDCs 
while still harboring CXCL12-positive follicular stromal cells. Furthermore, in IL-17–deficient 
mice, P.a.-induced BALT largely lacks B cells as well as CXCL12-expressing stromal cells, and 
only loose infiltrates of T cells are present. We show that Toll-like receptor pathways are 
required for BALT induction by P.a., but not MVA, and provide evidence that IL-17 drives the 
differentiation of lung stroma toward podoplanin-positive CXCL12-expressing cells that allow 
follicle formation even in the absence of FDCs. Taken together, our results identify distinct 
pathogen-dependent induction and maturation pathways for BALT formation.

© 2014 Fleige et al. This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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occurs completely independent of this cytokine (Fleige et al., 
2012). Collectively, these data strongly suggested that at least 
two different signaling pathways can independently control 
BALT induction.

In the present study, we used MVA and P. aeruginosa (P.a.) 
to dissect the different pathways for BALT induction and 
maturation. While MVA-induced BALT harbored CXCL13+ 
FDCs in WT, Il17a/f/, and Myd88/Trif/ mice, BALT 
induced by P.a. generally failed to develop FDCs and, within 
Il17a/f/ and Myd88/Trif/ mice, showed an impaired 
morphological development and maturation.

Mechanistically, P.a. was found to induce, in an IL-17– 
dependent process, follicular stromal cells to express CXCL12 
which enabled B cell recruitment and follicle formation in 
BALT even in the absence of FDCs. Furthermore, our study 
identified  T cells within BALT as a major source for IL-17, 
triggering the differentiation of stromal cells into podoplanin+ 
(gp38) follicular cells that express CXCL12.

RESULTS AND DISCUSSION
P.a.-induced BALT depends on IL-17
We have recently shown that a single intranasal application of 
the replication-deficient MVA is sufficient to induce highly 
organized BALT (Halle et al., 2009), whereas others have re-
ported that repetitive inhalations of heat-killed P.a. also lead 
to the development of BALT (Toyoshima et al., 2000). To gain 

and functional similarities between lymph nodes and BALT, 
developmental pathways that control the formation and main-
tenance of the latter remain largely unknown. The develop-
ment of lymph nodes requires the presence of lymphotoxin 
(LT) 12-expressing lymphoid tissue inducer (LTi) cells  
(van de Pavert and Mebius, 2010) to stimulate the differentiation 
of stromal organizer cells, which in turn express lymphocyte-
recruiting chemokines such as CXCL13 and CCL21. In con-
trast, induction of BALT and the presence of CXCL13- and 
CCL21-expressing cells within these structures seem to occur 
independently of LTi cells (Moyron-Quiroz et al., 2004), 
instead relying on DCs (Halle et al., 2009) expressing LT12 
(GeurtsvanKessel et al., 2009).

The chemokine receptor CXCR4 is expressed on B cells 
and facilitates their efficacious migratory response toward its 
ligand CXCL12 (Okada et al., 2002). In combination with 
two other homeostatic chemokine receptors, CXCR5 and 
CCR7, CXCR4 is regulating the homing of B cells to Peyer’s 
patches (Okada et al., 2002), but so far the functional relevance 
of the CXCL12–CXCR4 axis for B cell homing toward or 
follicle formation within BALT has not been addressed.

Recently, a model for BALT induction based on the re-
peated intranasal sensitization of newborn mice with LPS has 
been reported to be dependent on the production of IL-17 
by T cells (Rangel-Moreno et al., 2011). At the same time, we 
demonstrated that the formation of MVA-induced BALT  

Figure 1. P.a.-induced BALT lacks FDCs 
and depends on IL-17. (A–G) Immunofluor-
escence microscopy of BALT in the lungs of 
10–12-wk-old C57BL/6 WT (A–C) or C57BL/6 
Il17a/f/ (D–G) mice. 12 d after intranasal 
(i.n.) administration of heat-inactivated P.a. or 
intact MVA, frozen lung sections were stained 
with the antibodies indicated. Bars, 100 µm. 
Data are representative of two to four inde-
pendent experiments with 9–16 WT and  
7 Il17a /f/ mice. Arrowheads in E and F indi-
cate unspecific staining of vessels and bronchi 
that is also present in controls lacking primary 
antibodies. (H) Expression of LT12 (solid black 
line) on B220+ cells from lungs of WT mice  
8–12 d after i.n. administration of P.a. or MVA 
assessed by flow cytometry. Gray shaded histo-
grams depict control staining with anti–human 
IgG only. Data are representative of two inde-
pendent experiments with 3–4 mice analyzed 
per group. (I) Number of PNA+ cells per 104 µm2 
BALT section area 12 d after P.a. or MVA  
administration. Data are derived from two 
independent experiments with 9 MVA-treated 
and 8 P.a.-treated WT mice. Error bars indicate 
median and IQR; ***, P < 0.001. (J) Number of 
IgA-, IgG-, and IgM-expressing CD138+ plasma 
cells per 104 µm2 BALT section area 12 d after  
P.a. or MVA administration. Data are derived 
from two independent experiments with  
5 MVA-treated and 6 P.a.-treated WT mice. 
Error bars indicate mean and SD; ***, P < 0.001.
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development of FDCs and consequently of germinal centers. 
The absence of FDCs in P.a.-induced BALT was paralleled 
by impaired germinal center formation reflected by strongly 
reduced numbers of PNA+ B cells in P.a.-induced BALT 
(Fig. 1 I). Neither serum nor bronchoalveolar lavage antibody 
titers against the BALT-inducing pathogen showed significant 
differences for any of the isotypes tested (IgG1, IgG2b, IgG2c, 
IgM, and IgA; not depicted), but more CD138+IgA+ plasma 
cells could be detected in MVA- than in P.a.-induced BALT 
(Fig. 1 J). Together, these findings indicate that FDCs present 
in BALT support local IgA class switch and that lymphoid 
organs other than BALT, such as bronchial lymph nodes, 
participate in the humoral immune response against BALT- 
inducing pathogens. Because lymphoid structures induced by 
P.a. in the lungs of Il17a/f/ mice (and further gene targeted 
mice; see below) do not display the characteristic morphology  
of BALT, i.e., lacking segregated B cell follicles and T cell 
areas, we will refer to them as lymphoid aggregates through-
out the manuscript.

Quantitative analysis of the number of lymphoid aggre-
gates per lung section, the size of individual lymphoid aggre-
gates, and the cumulated size of all lymphoid aggregates failed 
to reveal any differences between WT and Il17a/f/ mice 
after MVA or P.a. exposure (Fig. 2, A–C). To further analyze 
and quantify the difference of P.a.-induced lymphoid tissue in 
WT and Il17a/f/ mice, we classified all induced aggregates 
into three types based on the status of B cell distribution. Ag-
gregates with densely packed B cell follicles and clearly segre-
gated T cell zones (i.e., typical BALT) were classified as type I 
(Fig. 2 D, left). Lymphoid aggregates which failed to develop 
densely packed follicles but still contained numerous B cells 
were defined as type II aggregates (Fig. 2 D, middle), whereas 
all induced aggregates containing none or only very few B cells, 

further insight into the role of IL-17 in BALT formation, we 
applied heat-inactivated P.a. (intranasally, on day 0 and day 6) 
to WT C57BL/6 (WT) and IL17a/f-deficient (Il17a/f/) 
mice and compared the resulting BALT to that induced by a 
single intranasal application of MVA.

12 d after application of both P.a. and MVA, we ob-
served BALT formation in WT mice, characterized by 
the presence of B cell follicles surrounded by T cell areas  
(Fig. 1 A). Interestingly, whereas MVA-induced BALT contained 
CXCL13+CD21/CD35+ FDCs, BALT induced by P.a. was 
characterized by the absence of FDCs or other CXCL13-
expressing cells (Fig. 1 B). We therefore analyzed the expres-
sion of other chemokines and identified the ligand for the 
chemokine receptor CXCR4 (Okada et al., 2002) in both 
MVA- and P.a.-induced BALT stromal cells (Fig. 1 C). In-
terestingly, P.a. failed to induce BALT in Il17a/f/ mice. 
Lymphoid structures induced under these conditions lacked, 
to a large degree, organized B cell follicles, and B and T cells 
present were distributed throughout the structures (Fig. 1,  
D and E). Furthermore, CXCL12-expressing stromal cells were 
also largely absent (Fig. 1 F). In contrast, as reported before, 
MVA-induced BALT developed virtually identically in the 
lungs of WT and Il17a/f/ mice, including the presence of 
CXCL13-expressing FDCs and CXCL12-expressing follicu-
lar stromal cells (Fig. 1 G). Of interest, CXCL12+ follicular 
stromal cells do not express CD21/CD35 and are thus dif-
ferent from FDCs (unpublished data). Because LT is known 
to drive FDC differentiation, we analyzed lung B cells from  
P.a.- or MVA-treated mice for the expression of LT12. 
Whereas LT12 was expressed on lung B cells of MVA-treated 
mice, it was not detectable on lung B cells of P.a.-treated mice 
(Fig. 1 H). These data indicate that distinct pathogens have dif-
ferent effects on LT12 expression that might also affect the 

Figure 2. Formation of B cell follicles in P.a.- 
induced BALT requires IL-17. (A–C) Quantification of 
MVA-induced BALT in the lungs of WT (n = 16) and  
Il17a/f/ (n = 7) mice as well as P.a.-induced BALT in 
the lungs of WT (n = 9) and Il17a/f/ (n = 7) mice. Data 
are derived from at least two independent experiments; 
error bars represent mean ± SD. (A) Number of lymphoid 
aggregates/section. (B) Size of individual lymphoid  
aggregates. (C) Cumulative BALT size calculated as sum 
of all individual lymphoid structures per lung section.  
(D) Representative immunofluorescence micrographs of 
three different types (I, II, and III) of P.a.-induced BALT. 
Bars, 100 µm. (E) Relative frequency of P.a.-induced type I, 
type II, and type III BALT in lungs of WT (n = 9) and  
Il17a/f/ (n = 7) mice. Data are derived from at least 
two independent experiments. Error bars indicate mean 
and SD; ***, P < 0.001, color of stars refers to the type of 
BALT as indicated.
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suggesting additive effects of these signaling adaptors during 
BALT induction by P.a. (Fig. 3 A).

In contrast, MVA-induced lymphoid aggregates in 
Myd88/Trif/ mice were not significantly different from 
those of WT mice, whereas Cardif-deficient mice possessed 
aggregates that were even larger (Fig. 3 B), confirming a role 
for this adapter in the immune response to MVA infection. 
Because MVA is known to be sensed by a combination of 
multiple extra- and intracellular pattern recognition recep-
tors, such as TLR2-TLR6 heterodimers, MDA-5 (melanoma 
differentiation-associated gene 5), and the NALP3 (NACHT, 
LRR, and PYD domains-containing protein 3) inflamma-
some (Delaloye et al., 2009), it seems plausible that singular 
defects in selected pathways can be compensated by others 
to still allow for the formation of highly organized MVA-
induced BALT.

Interfering with CXCL12/CXCR4 signaling leads to impaired 
B cell follicle formation in P.a.-induced lymphoid tissue
We next addressed the functional role of CXCL12 in the de-
velopment and maintenance of B cell follicles in P.a.-induced 
lymphoid aggregates. To this end, we injected neutralizing 
anti-CXCL12 antibodies i.p. at days 6 and 9 of P.a. BALT in-
duction. This treatment strongly reduced the number of in-
duced lymphoid aggregates (Fig. 4 A), whereas the individual 
size of the remaining aggregates was not significantly changed 
(not depicted). Only 10% of the remaining lymphoid ag-
gregates developed densely packed B cell follicles (type I  
aggregates), whereas the vast majority was of type II or III 
(Fig. 4 A). These findings suggest that CXCL12 plays a crucial 
role for the recruitment of B cells and the development and 
maintenance of B cell follicles within P.a.-induced BALT.

but considerable amounts of T cells, were counted as type III 
aggregates (Fig. 2 D, right). The majority (75%) of P.a.-induced 
lymphoid aggregates in WT mice belonged to type I, whereas 
only 10% of lymphoid structures in Il17a/f/ mice met the 
criteria for this type. In contrast, <5% of lymphoid aggregates 
in WT mice were type III aggregates after P.a. exposition, but 
>50% of all aggregates in Il17a/f/ mice belonged to this 
group (Fig. 2 E). Collectively, these data indicate that IL-17 
signaling plays an essential role in the formation of B cell  
follicles in P.a.- but not MVA-induced BALT. Furthermore, 
MVA induces CXCL13+ FDCs as well as CXCL12-expressing 
follicular stromal cells, whereas application of P.a. does not 
allow for FDC differentiation and induces CXCL12+ stromal 
cells only in the presence of IL-17.

Additive effects of MyD88 and TRIF in P.a.-induced BALT
Recent studies have shown that TLRs are involved in the 
recognition of P.a. (Adamo et al., 2004) and that the two 
adaptor molecules MyD88 and TRIF divide TLR signaling 
pathways. Furthermore, caspase recruitment domain adaptor-
inducing interferon- (Cardif) is a crucial adaptor molecule 
in the signaling cascade of RIG-I–like receptors in antiviral 
responses such as against MVA (Delaloye et al., 2009). We 
therefore attempted to induce BALT in mice deficient for 
one (Myd88/, Trif/, or Cardif/) or two (Myd88/Trif/) 
of these adaptors.

Although Cardif deficiency had no effect on P.a.-induced 
BALT, deficiency for MyD88 or TRIF affected the number, 
size, and type of lymphoid aggregates induced; structures were 
reduced in number and size, and B cells were both less fre-
quent and aggregated. Interestingly, in Myd88/Trif double-
deficient mice, these impairments were even more severe, 

Figure 3. Additive effects of MyD88 and TRIF in  
P.a.-induced BALT. (A) Quantification of P.a.-induced BALT in the 
lungs of WT (n = 9), Cardif/ (n = 5), Myd88/ (n = 5), Trif/ 
(n = 6), and Myd88/Trif/ (n = 7) mice. (B) Quantification of 
MVA-induced BALT in the lungs of WT (n = 8), Cardif/ (n = 5), 
and Myd88/Trif/ (n = 4) mice. Cumulative BALT size (right) 
was calculated as the sum of all individual lymphoid structures 
per lung section. Data are derived from at least two independent 
experiments. Error bars indicate mean and SD; *, P < 0.05;  
***, P < 0.001, gene-targeted versus WT; color of stars refers  
to the type of BALT as indicated.
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To further corroborate this hypothesis, we administered 
AMD3100, a competitive antagonist for CXCR4 (De Clercq, 
2003), to WT mice during BALT induction by P.a. AMD3100 
treatment resulted in a significant reduction of ectopic lym-
phoid tissue in the lungs regarding the number of lymphoid 
aggregates as well as their individual and cumulative size 
(Fig. 4 B and not depicted). Less than 25% of the lymphoid 
aggregates present met the criteria for type I aggregates, 
whereas the majority was characterized by loose infiltrates of 
T and B cells (Fig. 4 B). Collectively, these experiments 
demonstrate that the CXCL12–CXCR4 signaling pathway is  
essential for appropriate maturation of B cell follicles in  
P.a.-induced BALT. Interestingly, when testing for a role of 
CXCL12–CXCR4 in MVA-mediated BALT induction, we 
did not detect any differences between AMD3100- and PBS-
treated WT mice, including the unchanged presence of FDCs 
(Fig. 4 C and not depicted). In contrast, treatment of CXCR5-
deficient mice with AMD3100 led to a reduction in numbers 
and size of lymphoid aggregates, as well as of type I aggregate 
frequencies (Fig. 4 D).

These data suggest that both CXCL12 and CXCL13 
contribute to the formation of B cell follicles in induced  
lymphoid tissue in the lung, and that some pathogens, such as 
MVA, induce both chemokines while others, such as P.a., only 
induce CXCL12 in follicular stromal cells, a process which is  
dependent on IL-17. Importantly, in the presence of functional 

CXCR5 and CXCL13-expressing FDCs, CXCL12 is obvi-
ously not required for B cell recruitment and follicle for-
mation in BALT. However, lymphoid structures induced by 
pathogens that fail to induce CXCL13-expressing FDCs, 
such as P.a., can only mature into BALT with segregated B 
and T cell areas when the inducing agent triggers CXCL12 
expression on stromal cells other than FDCs.

Up-regulation of CXCL12 expression  
in pulmonary stromal cells by IL-17
To confirm the hypothesis that IL-17 promotes the expres-
sion of CXCL12, pulmonary stromal cells were isolated 
from WT mice and cultured for various periods of time  
in the presence or absence of recombinant IL-17. In a time-
dependent manner, IL-17 treatment resulted in increased 
production of CXCL12 as determined by ELISA (Fig. 5 A). 
Podoplanin+CD31 stromal cells could be identified as the 
major source of CXCL12 at all tested time points (Fig. 5 B). 
Furthermore, immunofluorescence microscopy of cultured 
pulmonary stromal cells revealed heterogeneous expression of 
CXCL12 after stimulation with IL-17. A considerable pro-
portion of stromal cells expressed CXCL12 at high levels but 
CXCL12low cells were also present (Fig. 5 C). Interestingly, 
many CXCL12-expressing cells co-expressed podoplanin 
(Fig. 5 C) but were negative for CD31, a marker for vascular 
endothelial cells, or CD21/35, a marker for FDCs (not de-
picted). This expression profile is characteristic for fibroblastic 
reticular cells (FRCs) present in lymph nodes, suggesting that 
podoplanin+ CD31CD21/35 FRC-like pulmonary stro-
mal cells are a source of CXCL12 in induced BALT. Indeed, 
immunohistological analysis of P.a.-induced lymphoid aggre-
gates in the lung revealed that CXCL12 is expressed by many 
podoplanin+ stromal cells (Fig. 5 D) but also by cells lacking 
podoplanin expression.

Given that IL-17 signaling promotes the expression of 
CXCL12 on pulmonary stromal cells, we further investigated 
the influence of  T cells, which have been shown to be a 
potent source of IL-17 in the lung (Lockhart et al., 2006). To 
this end, we treated  T cell–deficient (Tcrd/) mice intra-
nasally with P.a. and found a BALT phenotype similar to that 
of Il17a/f/ mice, including a reduced frequency of type I 
aggregates (Fig. 5 E). In contrast to IL-17–deficient mice 
BALT induced by P.a. in Tcrd/ mice was less frequently 
present and smaller in cumulative size when compared with 
WT mice indicating that  T cells have other roles in BALT 
formation in addition to IL-17 production. We then analyzed 
P.a.-induced lymphoid aggregates in reporter mice harboring 
 T cells with a green fluorescent nucleus (TcrdH2BeGFP 
mice). Few  T cells were already present within areas of in-
filtrating T and B cells at day 4 of BALT induction, whereas 
clusters of  T cells appeared at day 7 and were abundantly 
present in mature aggregates at day 12 (Fig. 5 F). Hardly any 
 T cells were found outside lymphoid aggregates but were 
also present in MVA-induced BALT (Fig. 5 F and not de-
picted). Flow cytometry from cells isolated from the lungs at day 
12 of P.a.-treated mice revealed that  T cells were present 

Figure 4. CXCL12/CXCR4 signaling is required for development of 
B cell follicles in P.a.-induced BALT. (A) Number of lymphoid aggre-
gates per section and cumulative size of lymphoid structures per section of 
P.a.-induced BALT after i.p. treatment of WT mice with neutralizing anti-
CXCL12 antibodies (anti-CXCL12; n = 6) or isotype control (Iso; n = 5; data 
are derived from three independent experiments). (B–D) Number of lym-
phoid aggregates per section and cumulative size of lymphoid structures 
per section of BALT induced in WT (B and C) or CXCR5/ (D) mice after  
P.a. (B) or MVA (C and D) administration in the absence (PBS; n = 4–5) or 
presence (AMD; n = 8) of AMD3100. Data are derived from at least two 
independent experiments. Error bars indicate mean and SD; *, P < 0.05;  
***, P < 0.001; color of stars refers to the type of BALT as indicated.
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at higher frequencies in P.a.- than in MVA-induced BALT 
(9.50 ± 4.4% of all leukocytes vs. 5.85 ± 0.7%, mean and SD) 
and that >70% of  T cells expressed IL-17 at high levels, 
whereas only few CD4+ T cells expressed low levels of this 
cytokine (Fig. 5 G). Because IL-17+  T cells were amply 
present in B cell follicles that contain CXCL12-producing 
cells, we asked if IL-17 could potentially have a direct effect 
on these cells. Indeed, quantitative RT-PCR on freshly iso-
lated stromal cells revealed that podoplanin (gp38)+CD31 
FRC-like cells express high levels of IL-17Rc (Fig. 5 H). To-
gether, these data indicate that IL-17, primarily produced  
by  T cells in the lung, allows for the activation of IL-
17Rc+podoplanin+ pulmonary stromal cells to express CXCL12. 
This chemokine then leads to recruitment of B cells and fol-
licle formation in BALT induced by pathogens which, such as 
P.a., lack the capacity to induce FDCs.

This study identifies two different pathways for pathogen-
induced BALT formation: MVA-induced BALT contains 
FDCs as well as CXCL12+ follicular stromal cells while  
P.a.-induced BALT lacks FDCs but contains CXCL12+ stro-
mal cells. The latter allows B cell recruitment and follicle for-
mation via B cell–expressed CXCR4 even in the absence of 
CXCL13-positive FDCs recruiting B cells via CXCR5. We 
also tested for a potential role for CCL21, a ligand for CCR7, 
in follicle formation of P.a.-induced BALT. In contrast to 
CXCL12 and CXCL13, CCL21 was found on HEVs but not 
in B cell follicles (unpublished data). This observation, to-
gether with our earlier findings that CCR7-deficient mice 
develop BALT spontaneously (Kocks et al., 2007), argues 
against a role for CCR7 in the formation of follicles in BALT. 
The finding that IL-17 plays an important role for the differ-
entiation of lung stromal cells (as well as potentially other 
cells) to CXCL12-expressing follicular stromal cells, a step es-
sential for BALT formation in the absence of FDCs, provides 
novel insights on the differential requirement for IL-17 in 
BALT induction reported earlier (Rangel-Moreno et al., 
2011; Fleige et al., 2012). We have recently shown that MVA-
induced BALT acts as a general priming site for the initiation 

Figure 5. IL-17 induces CXCL12 expression of pulmonary stromal 
cells. (A and B) Pulmonary stromal cells were isolated and cultured in the 
absence or presence of 100 ng/ml murine IL-17 for 4, 7, or 12 d.  
(A) CXCL12 production determined by ELISA at the time point indicated. 
Data are derived from three independent experiments with duplicate cul-
tures. Error bars indicate mean and SD; ***, P < 0.001. (B) CD45 cultured 
stromal cells were sorted at days 4, 7, and 12 of culture according to their 
gp38 and CD31 expression as indicated. Relative expression levels of 
CXCL12 normalized to Gapdh determined by qRT-PCR in duplicates.  
Expression of CXCL12 in the absence of IL-17 has been set to 1 for each 
point of time and cell population analyzed (dashed line). Data are derived 
from two independent experiments. Error bars indicate mean and SD;  
*, P < 0.05; **, P < 0.01, versus without IL-17. (C and D) Immunofluor-
escence of pulmonary stromal cells grown for 12 d on adhesive slides in the 
presence of IL-17 (C) and BALT sections 12 d after intranasal application 
of P.a. (D) Red, anti-CXCL12 (left); green, anti-podoplanin (middle); merge 
(right). Arrowheads indicate CXCL12high cells, and arrows indicate CXCL12low 

cells. Images are representative of at least three independent experiments. 
Bars, 100 µm. (E) Quantification of P.a.-induced BALT in the lungs of WT 
(n = 9) and Tcrd –/– (n = 8) mice. Data are derived from three independent 
experiments. Mean and SD; ***, P < 0.001, color of stars refers to the type 
of BALT as indicated. (F) Immunofluorescence microscopy of P.a.-induced 
(top) and MVA-induced BALT (bottom) in TcrdH2BeGFP mice 12 d after i.n. 
administration; red, anti-B220; blue, anti-CD3; green,  T cells. Bars,  
100 µm. Images are representative for 4–5 mice analyzed in two independent 
experiments. (G) IL-17 expression on T cell subpopulations isolated from 
lungs of WT mice 12 d after i.n. administration of P.a. For intracellular  
IL-17 staining, cells were either stimulated with PMA/ionomycin or left 
unstimulated. Data are representative for three independent experiments 
with n = 8 mice analyzed. (H) Freshly isolated CD45 pulmonary stromal 
cells were sorted according to CD31 and gp38 expression in groups as 
indicated. Expression levels of Il17rc normalized to Gapdh were deter-
mined by qRT-PCR in duplicates. Data are derived from two independent 
experiments; mean and SD.
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saline with 0.05% Tween 20, blocked with 5% mouse or rat serum, and 
stained with the following antibodies at room temperature for 45 min: B220-
Cy3 (RA3-GB2), CD3-Cy5 (17A2; all prepared in-house), CD21/35-FITC 
(7G6; BD), and podoplanin/gp38-biotin (8.1.1; eBioscience) detected with 
streptavidin-Cy3. Chemokine staining was performed by using a Tyramide 
Signal Amplification (TSA) Cyanine 3 system (PerkinElmer). The following 
antibodies were used: goat anti-CXCL13 (AF 470; R&D Systems) and goat 
anti-CXCL12 (PeproTech) detected with donkey anti–goat HRP (Jackson 
ImmunoResearch Laboratories, Inc.).

Stromal cells, isolated from the lung, were grown for 10–12 d on Histo-
Bond cover slides, air dried, acetone-fixed for 10 min, and stained with the 
following antibodies: podoplanin-biotin (8.1.1; eBioscience), goat anti-
CXCL12 (PeproTech), and the secondary antibodies donkey anti–goat HRP 
and streptavidin Cy3 (Jackson ImmunoResearch Laboratories, Inc.). Immuno-
histological analysis of the lung was performed at room temperature using  
a motorized epifluorescence microscope (BX61; UPlanSApo objectives: 
10×/0.4, 20×/0.75, and 40×/0.9) equipped with a fluorescence camera  
(F-View II) and cellSens software (all from Olympus).

Quantification of BALT. The amount of BALT was quantified as follows: 
whole central sections of four different areas (close to main bronchi and ves-
sels) per lung/mice were analyzed. Individual BALT structures were counted 
and measured, and the cumulative lymphoid size was calculated as the sum of 
all individual lymphoid structures present on one central lung section (poly-
gon tool, cellSens software; Olympus). For categorization of induced lym-
phoid aggregates, we assigned all lymphoid aggregates to three types based on 
their B cell status and calculated the means of lymphoid aggregates per sec-
tion and the means of cumulative lymphoid size for all three types.

Isolation and culture of primary pulmonary stromal cells. Lungs 
from 8–12-wk-old mice were digested using liberase and DNase I (both 
from Roche), filtered through a 100-µm cell strainer and single-cell suspen-
sions were cultured overnight in DMEM substituted with 10% FCS,  
1% penicillin and streptomycin, 400 µl/liter gentamycin, and 3.5 µl/liter  
-mercaptoethanol. Non-adherent cells were removed the next day, and after  
3 d fresh medium was added to the remaining cells. Adherent cells were 
grown for an additional 3 d and were then treated for 4, 7, or 12 d with 
100 ng/ml IL-17 (PeproTech). For cell sorting, either freshly isolated or cultured 
CD45 stromal cells were sorted according to podoplanin (gp38) and CD31 
expression into four fractions: gp38+CD31, gp38+CD31+, gp38CD31+, 
and gp38CD31.

RNA extraction and quantitative RT-PCR. Cells were harvested and 
total RNA was extracted by using an RNeasy Plus Mini kit (QIAGEN). 
cDNA was prepared with Superscript III and random hexamer primers (In-
vitrogen). Quantitative RT-PCR was performed using the SYBR Premix 
EX Taq (Takara Bio Inc.) on a LightCycler machine (Roche). Expression 
levels were measured using the following primers: Cxcl12 forward, 5-GA-
GAGCCACATCGCCAGAG-3, reverse, 5-TTTCGGGTCAATGCAC-
ACTTG-3; Il17rc forward, 5-GAGTCCCTGCCAGCCACTT-3, reverse,  
5-ACTGGAAATCTTGTGGCTCC-3; and Gapdh forward, 5-GTGCC-
AGCCTCGTCCCGTAG-3, reverse, 5-TTGCCGTGAGTGGAGTCA-
TAC-3. Relative expression levels were calculated by normalizing CXCL12 
or IL-17Rc levels to Gapdh and using the 2Ct method.

ELISA. Concentration of CXCL12 in supernatants of cultured pulmonary 
stromal cells was measured by sandwich ELISA using mouse CXCL12 
Quantikine ELISA kit (R&D Systems). An automated microplate reader set 
at 450 nm was used to measure OD. The mean minimum detectable dose for 
CXCL12 was 0.044 ng/ml. A calibration standard ranging from 0.156 to  
10 ng/ml was used to draw a standard curve by plotting OD versus the con-
centration of CXCL12.

Flow cytometry and intracellular cytokine staining. Lungs were per-
fused with PBS, cut into small pieces, and digested with 0.5 mg/ml collagenase 

of adaptive immune responses, not only against the BALT- 
inducing pathogen but also against unrelated antigens (Halle et al., 
2009). As previously reported by others (Rangel-Moreno 
et al., 2007), we also observed largely unaffected antibody class 
switch in FDC-less BALT. Given that ectopic lymphoid tissues 
are commonly assumed to play a crucial role in the pathogene-
sis of autoimmune diseases such as diabetes or rheumatoid ar-
thritis, IL-17 targeting approaches might allow for interference 
with tertiary lymphoid tissue development, at least in situations 
where FDCs are not involved. The differential role of IL-17 in 
ectopic lymphoid tissue formation might also help to explain 
why some autoimmune patients benefit more than others from 
anti–IL-17 treatment (Patel et al., 2013).

MATERIALS AND METHODS
Mice. Mice were bred at a local animal facility or purchased from Charles 
River. Il-17a/f/ mice (Haas et al., 2012), Blr1/ (CXCR5-deficient) mice 
(Förster et al., 1996), Cardif-deficient (Cardif/) mice (Michallet et al., 
2008), MyD88-deficient (MyD88/) mice (Adachi et al., 1998), TRIF- 
deficient (Trif/) mice (Hoebe et al., 2003), MyD88/TRIF double-knockout 
(Myd88/Trif/) mice (Waibler et al., 2009), Tcrd/ mice (Itohara et al., 
1993), and TcrdH2BeGFP mice (Prinz et al., 2006) have been described pre-
viously. All animals were maintained under SPF conditions and used at the 
age of 8–12 wk. All animal experiments have been performed in accordance 
with institutional guidelines and have been approved by the Niedersächsisches 
Landesamt für Verbraucherschutz und Lebensmittelsicherheit.

MVA. Clonal virus isolate F6 at passage 584 on primary chicken embryo  
fibroblasts (CEFs) was used for this study. Recombinant MVA constructs 
have been described previously and virus stocks were generated by standard 
methods (Sutter and Moss, 1992; Kremer et al., 2012). In brief, viruses were 
propagated on CEF, concentrated and purified by ultracentrifugation through 
sucrose, and titrated on CEF to determine infectious units (IU). Mice were 
deeply anesthetized with ketamine/xylazine, and 107 IU MVA diluted in 40 
µl PBS was applied to the nostrils.

P.a. P.a. strain PA14 (Liberati et al., 2006) was routinely cultured at 37°C in 
Luria broth (LB) medium. The bacteria were adjusted to 5 × 109 CFU/ml in 
PBS and were heat-killed at 55°C for 60 min and autoclaving at 121°C for 
90 min. For intranasal administration, mice were deeply anesthetized with 
ketamine/xylazine, and 10 µl of a 5 × 109 CFU/ml P.a. stock was diluted in 
40 µl PBS.

Antibody treatment. For blocking assays, 250 µg neutralizing anti–human/
mouse CXCL12 (clone 79014; R&D Systems) or mouse IgG1 isotype con-
trol Ab was intraperitoneally injected at days 6 and 9 after intranasal applica-
tion of P.a. Mice were analyzed at day 12.

In vivo AMD3100 treatment. To ensure sufficient levels of the antagonist 
throughout the 12-d experimental period, we used osmotic minipumps 
(Model 2002; Alzet) to deliver AMD3100 (Sigma-Aldrich) at a constant rate 
of 250 µg/kg/h. The pumps loaded with AMD3100 diluted in PBS or only 
PBS were implanted dorsolaterally under the skin of WT or CXCR5/ 
mice. All mice were anesthetized with ketamine/xylazine. Osmotic pumps 
were implanted on day 0 simultaneously with intranasal administration of  
either MVA or P.a.

Immunohistology. For immunohistology, mice were perfused with 5 ml of 
ice-cold PBS, and the lung was filled with a 1:1 mixture of Tissue-Tek OCT 
(Sakura) and PBS via the trachea, embedded in OCT, and frozen on dry ice. 
8-µm sections were performed with a cryostat (CM3050; Leica) and fixed for 
10 min in ice-cold acetone. Cryosections were rehydrated in Tris-buffered 
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d and 0.025 mg/ml DNase I in RPMI 1640 with 5% FCS and 25 mM 
Hepes for 45 min at 37°C, followed by enzymatic inactivation by adding  
20 mM EDTA. Digested lungs were mashed through a 40-µm cell strainer 
(Thermo Fisher Scientific) with RPMI 1640 5% FCS. Lymphocytes were 
obtained from the resulting single cell suspension by density gradient centri-
fugation with Lympholyte M. To detect surface expression of LT12, cells 
were pretreated with blocking anti-FcR mAb (2.4.G2). LTR-Ig (Krege  
et al., 2009) was added and detected using goat anti–human IgG-PE (Jackson, 
ImmunoResearch Laboratories, Inc.).

For measurement of intracellular IL-17, lymphocytes were restimulated 
with 50 ng/ml PMA (EMD Millipore) and 2 µg/ml ionomycin (Invitrogen) 
in the presence of brefeldin A (Sigma-Aldrich) for 4 h. Cells were fixed using 
the Cytofix/Cytoperm kit (BD) as described in the supplier’s manual. FACS 
analysis was performed using a LSRII flow cytometer (BD) and FACS sort-
ing was performed on a FACSAria IIU (BD). The following antibodies were 
used: CD45 (clone 104), podoplanin (clone 8.1.1), CD31 (clone Mec 13.3), 
B220 (clone RA3-GB2), CD3 (clone 17A2), CD4 (clone RM4-5), -TCR 
(clone H57-597), TCR- (clone GL3), and IL-17A (clone ebio17B7).

Statistical analysis. Statistical analysis was performed with Prism 4 (Graph-
Pad Software, Inc.). All significant values were determined using unpaired 
two-tailed Student’s t test or one-way ANOVA.
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