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Bronchus-associated	lymphoid	tissue	(BALT)	was	originally	described	as	a	mucosal	lymphoid	organ	in	the	
lungs	of	some	species.	However,	while	the	lungs	of	naive	mice	and	humans	typically	lack	BALT,	pulmonary	
infection	in	mice	leads	to	the	development	of	inducible	BALT	(iBALT),	which	is	located	in	peribronchial,	
perivascular,	and	interstitial	areas	throughout	the	lung.	Here	we	investigated	whether	iBALT	forms	in	patients	
with	a	variety	of	interstitial	lung	diseases.	We	show	that	while	iBALT	can	be	found	in	the	lungs	of	patients	suf-
fering	from	multiple	diseases,	well-developed	iBALT	is	most	prevalent	in	patients	with	pulmonary	complica-
tions	of	RA	and	Sjögren	syndrome.	In	these	patients,	iBALT	consisted	of	numerous	B	cell	follicles	containing	
germinal	centers	and	follicular	dendritic	cells.	A	loosely	defined	T	cell	area	surrounded	the	B	cell	follicles	
while	lymphatics	and	high	endothelial	venules	were	found	at	the	B	cell/T	cell	interface.	Increased	expression	
of	lymphoid-organizing	chemokines,	such	as	CXCL13	and	CCL21,	as	well	as	molecules	involved	in	the	immu-
nopathology	of	RA,	such	as	B	cell–activating	factor	of	the	TNF	family	(BAFF),	ICOS	ligand,	and	lymphotoxin,	
correlated	with	more	well-developed	iBALT.	Finally,	the	presence	of	iBALT	correlated	with	tissue	damage	in	
the	lungs	of	RA	patients,	suggesting	that	iBALT	participates	in	local	RA	pathogenesis.

Introduction
Bronchus-associated  lymphoid  tissue  (BALT)  was  originally 
described as a submucosal lymphoid organ, similar to Peyer patches, 
found along the bifurcations of the upper bronchi directly beneath 
the epithelium and generally lying between an artery and a bron-
chus (1). Although some species appear to develop BALT indepen-
dently of antigenic stimulation (2), most normal mice and humans 
have little evidence of BALT (3). However, pulmonary infection or 
inflammation in mice leads to the development of lymphoid fol-
licles that are not restricted to the upper airways and are termed 
inducible BALT (iBALT) (4). Similar areas are occasionally found in 
humans with pulmonary diseases (5–10). However, there is little 
information about what type of pulmonary disease leads to the 
development of iBALT or the cellular and molecular mechanisms 
that control the formation of this pulmonary structure.

The homeostatic chemokines CXCL13, CCL19, and CCL21 are 
important for the organization of secondary lymphoid tissues 
and are required for efficient adaptive immune responses (11–13).  
CXCL13 is mainly produced by reticular cells, such as follicular 
dendritic cells (FDCs) (11), and attracts CXCR5+ cells to the B 
cell follicle (14, 15). In contrast, CCL21 and CCL19 are produced 
by stromal cells (16), high endothelial venules (HEVs) (12), and 

DCs and attract CCR7+ T cells as well as activated CCR7+ DCs 
and B cells to the T cell zone (12, 16). The coordinated activities 
of these chemokines maintain the compartmentalized structure 
of lymphoid tissues and make encounters between lymphocytes 
and activated, antigen-bearing APCs more likely (11, 12), ulti-
mately  leading to more efficient  immune responses (16, 17). 
Homeostatic chemokines are also important for the develop-
ment of lymphoid organs during embryogenesis (18–21) and are 
expressed in ectopic lymphoid structures in murine and human 
diseases characterized by chronic inflammation (22–37). In each 
case, the formation of ectopic lymphoid follicles is thought to be 
triggered by chronic inflammation caused by autoimmunity or 
infection (reviewed in refs. 38, 39).

In this study, we determined whether a variety of interstitial 
lung diseases of known and unknown etiology could lead to the 
formation of iBALT. Surprisingly, we found that despite severe 
pulmonary pathology in many cases, iBALT was preferentially 
formed in the lungs of patients with pulmonary complications of 
RA and Sjögren syndrome (SS). Well-developed iBALT in RA lungs 
consisted of B cell follicles containing central FDC networks and 
zones of active B cell proliferation with a germinal center–like 
structure. T cells surrounded the follicles and sometimes formed 
interfollicular zones. We also observed expression of peripheral 
lymph node addressin (PNAd) and the lymphatic marker M2A on 
endothelial cells around the B cell follicles on the borders of the 
B and T cell areas. The increased expression of a wide variety of 
chemokines (CXCL13, CXCL9, CXCL14, CCL11, and CCL19) as 
well as several cytokines and costimulatory molecules (B cell–acti-
vating factor of the TNF family [BAFF], ICOS ligand [ICOS-L],  
lymphotoxin α [LTα], LTβ, and IL-13) and the transcription fac-
tor BCL-6 correlated with an increased number and structural 
complexity of iBALT areas in the lung. Finally, iBALT formation 
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was also associated with local collagen deposition, citrullination 
of proteins in the lung, and local production of antibodies against 
citrullinated proteins. Thus, the formation of iBALT is observed 
in pulmonary complications of RA and is associated with the 
development of local pathology.

Results
iBALT is found in some patients with interstitial lung disease. In order to 
determine whether chronic inflammation in the lung results in the 
formation of iBALT, we examined lung biopsies from patients suf-
fering from a variety of chronic pulmonary diseases. Patients were 
grouped according to disease, and the demographic and clinical 
features of patients in major groups — those with RA, SS, idio-
pathic pulmonary fibrosis (IPF), and hypersensitivity pneumoni-
tis (HP) — are listed in Table 1. All patients in the RA group were 
tested for SS by serology and clinical evaluation and were deemed 
negative. Regardless of group, all patients exhibited clinical, radio-
logical, and functional evidence of interstitial lung disease, with 
variable degrees of dyspnea, decreased lung capacities, and hypox-
emia at rest that worsened during exercise (40).

We first examined sections of healthy lung (Figure 1A) as well as 
sections from patients with IPF/usual interstitial pneumonia (UIP) 
(Figure 1, B and C), HP (Figure 1D), silicotuberculosis (Figure 1E), 
bronchoalveolar carcinoma (Figure 1F), SS (Figure 1G), and RA 
(Figure 1, H–L). Slides were stained with H&E, and we looked for 
clusters of lymphocytes that were suggestive of lymphoid follicles. 
As expected, healthy lung did not show any appreciable accumula-
tions of lymphocytes or inflammatory cells (Figure 1A). In contrast, 
sections of lungs from patients with interstitial lung disease showed 
a wide variety of phenotypes, ranging from scattered lymphocytes 
(Figure 1C) to small lymphoid aggregates (Figure 1, B, E, and G) 
and even numerous, large accumulations of lymphocytes that have 
the appearance of highly organized lymphoid follicles (Figure 1, F, 
J, and L). Although the majority of samples did have at least some 
small lymphoid aggregates, samples from patients with RA and SS 
consistently had more and larger lymphoid areas. However, even 
in the samples from RA patients, lymphoid aggregates exhibited a 
range of sizes and degrees of organization (Figure 1, G–L).

We next confirmed the presence of 
iBALT  using  immunofluorescence. 
We found that lung biopsies from RA 
patients contained clearly organized 
iBALT, with CD21+ FDCs (Figure 2, 
A–F), CD20+ B cell areas with prolif-
erating cell nuclear antigen–positive 
(PCNA+) germinal center B cells (Fig-
ure 2, G–L), CD68+ macrophage-like 
cells both inside and outside the fol-
licles (Figure 2, M–R), and T cells sur-
rounding the follicles and in the inter-
follicular areas (Figure 2, S–X). Again, 
biopsies from RA patients exhibited 
iBALT ranging from the small, poorly 
organized follicles shown in Figure 2, 
A and G, to the large, well-organized 
follicles with polarized germinal cen-
ters in Figure 2, F and L. In contrast, 
most  of  the  biopsies  from  patients 
with other types of pulmonary disease 
did  not  have  FDCs  (summarized  in 

Table 2). In these cases, only small clusters of disorganized B cells 
or T cells were detected. In fact, lymphoid aggregates that could 
be classified as iBALT were observed in only 2 of 10 patients with 
idiopathic interstitial pneumonias, 2 of 6 patients with HP, 0 of 4 
patients with chronic infectious disease, and 1 of 4 patients with 
cancer. In contrast, 8 of 9 patients with pulmonary disease associ-
ated with RA and 3 of 3 patients with pulmonary disease associat-
ed with SS exhibited iBALT in their lungs (Table 2). These findings 
support the idea that iBALT is not strictly induced by pulmonary 
inflammation and that some diseases, such as RA, are more effec-
tive at eliciting organized lymphoid areas in the lung than others. 
Interestingly, lungs from patients with IPF, a disease characterized 
by epithelial cell injury/activation, fibroblastic foci formation, and 
exaggerated accumulation of extracellular matrices (41), did not 
display iBALT (0 of 7 patients) (Table 2).

Areas of well-organized iBALT contain PNAd+ HEVs and M2A+ lym-
phatic vessels. In order to establish whether areas of iBALT were 
simply locally organized accumulations of lymphocytes in areas of 
inflammation or were accessible to recirculating lymphocytes, we 
examined the expression of PNAd in samples containing iBALT. 
As shown in Figure 3, PNAd+ HEVs could often be observed in 
biopsies that contained well-developed iBALT. These HEVs were 
typically observed near the edge of the follicles at the B cell/T cell 
interface (Figure 3, B, C, and F). Although PNAd staining was usu-
ally observed in cells that had characteristics of endothelial cells 
(Figure 3, A, B, and F), it was also observed in cells in a similar 
location, but with a less obvious endothelial morphology (Fig-
ure 3, C and E). In contrast, PNAd+ HEVs were more difficult to 
find in less-organized inflammatory areas and were impossible 
to find in normal lung biopsies (not shown). We also observed 
endothelial cells that expressed the lymphatic marker M2A imme-
diately surrounding the B cell follicles in areas of well-developed 
iBALT (Figure 3, B–E). In addition, expression of this marker was 
occasionally observed in a reticular pattern inside large B cell fol-
licles that contained germinal centers (Figure 3, C and F). How-
ever, in less well-developed areas of iBALT, the lymphatic marker 
M2A was often expressed by isolated cells or short linear clusters 
of cells, which may represent lymphatic vessel precursors (not 

Table 1
Demographic and clinical features of patients with interstitial lung disease

	 RA	(n	=	9)	 SS	(n	=	3)	 IPF	(n	=	7)	 HP	(n	=	6)
Age 47 ± 14.1 60.3 ± 6.4 59 ± 9.1 47 ± 9.3
Sex (F/M) 9/0 2/1 0/7 6/0
Duration of lung symptoms 22.9 ± 24.6 30.3 ± 21.1 30.9 ± 20.6 7.3 ± 6.5
before diagnosis (mo) 
Duration of rheumatic symptoms  54.2 ± 120.5 6.0 ± 2.0 – –
before diagnosis (mo)
FVC predicted (%) 57.6 ± 17.4 75.0 ± 25.4 58.1 ± 8.6 56.8 ± 13.8
FEV1 predicted (%) 59.9 ± 20.7 82.0 ± 26.9 68.9 ± 8.5 59.5 ± 14.7
FEV1/FVC 83.5 ± 15.9 89.7 ± 5.7 92.1 ± 7.6 90.9 ± 4.05
PaO2 50.1 ± 11.8 58.1 ± 6.4 49.6 ± 7.4 57.3 ± 2.8
Sat O2 84.8 ± 76.1 90.6 ± 1.8 87.8 ± 5 90 ± 5.1
BAL Macrophages (%) 74.5 ± 19 65.0 ± 13.5 80.7 ± 7.4 34.7 ± 23.9
Lymphocytes (%) 21.2 ± 19.7 33.0 ± 14.2 12.9 ± 7.6 64 ± 24.4
Neutrophils (%) 0.3 ± 0.5 0.3 ± 1.3 3.3 ± 3.5 0.67 ± 1.2
Eosinophils (%) 4.0 ± 7.0 0.6 ± 1.2 2.7 ± 2 0.5 ± 0.5

FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; PaO2, arterial pressure of oxygen 
(normal values at Mexico City altitude, 67 ± 3 mmHg); Sat O2, oxygen saturation.
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shown). Moreover, in normal lung, only a few small lymphatic ves-
sels were detected by immunofluorescence (not shown). Thus, it 
appears that PNAd+ HEVs and M2A+ lymphatic vessels are located 
at the interface between B cell follicles and T cell areas, where they 
are positioned to facilitate entry and exit of immune cells to and 
from areas of iBALT.

Homeostatic chemokines and LT are expressed in areas of iBALT for-
mation. We next tested whether homeostatic chemokines were 

expressed at sites of iBALT formation. As shown in Figure 4A, 
CCL21 was most easily observed on endothelial cells surround-
ing the B cell follicle in an area similar to where HEVs and lym-
phatic vessels were observed. At larger magnification, CCL21 was 
clearly observed on endothelial-like cells that had a concentric dis-
tribution in structures that looked like blood vessels (Figure 4B). 
Although we did not find colocalization of CCL21 and PNAd (not 
shown), we did observe colocalization of CCL21 and the lymphat-
ic marker M2A (Figure 4C). Finally, we observed limited expres-
sion of CCL21 in a reticular pattern in the T cell areas outside the 
follicles (Figure 4D), consistent with expression by stromal cells 
or dendritic cells. We also examined the expression of CXCL13, 
which is normally expressed in B cell follicles. As shown in Figure 
4, E–H, we found that CXCL13 was expressed in the B cell follicle 
in a pattern characteristic of FDCs. However, we also found strong 
CXCL13 labeling on fibroblast-like cells, fibrils, and blood vessels 
outside of the B cell follicle (Figure 4, E and F). We occasionally 
observed CXCL13-producing CD68+ cells in the B cell follicle (Fig-
ure 4G), which may be germinal center dendritic cells, as previous-
ly reported (42). These results demonstrate that the homeostatic 
chemokines are expressed in a spatially separated fashion in which 
CXCL13 appears to be involved in the organization of the B cell 
follicle and CCL21 appears to coordinate the traffic of cells to and 
from areas of iBALT.

The expression of homeostatic chemokines is controlled by LT 
signaling in secondary lymphoid organs (43, 44). LT is also crucial 
for the expression of the enzymes that regulate PNAd expression 
and the development of HEVs (45, 46). Therefore, we determined 
whether LTα-producing cells could be found in areas of iBALT. As 
shown in Figure 4, I–L, LTα-producing cells were located on the 
edge of B cell follicles in T cell areas of iBALT adjacent to where 
PNAd+ HEVs were found (Figure 3). The location of these cells and 
the high level of cytoplasmic staining for LT suggested that they 
may be activated T cells, which are high producers of this cytokine 
(43). Interestingly, the number of LTα+ cells surrounding the fol-
licular areas increased as iBALT increased in size and organization 
(Figure 4, I and J). Thus, the expression of LTα in the T cell area 
correlates with the formation and expansion of iBALT.

Expression of chemokines and cytokines in iBALT. To get a better idea 
of how various molecules are expressed in tissues that exhibit pro-
gressive degrees of iBALT formation, we extracted RNA from tissue 
samples that were frozen at the time of biopsy and used quantita-
tive PCR to measure the expression of chemokines and cytokines 
that are involved in lymphoid organogenesis and lung pathology. 
As shown in Figure 5A, the expression of the chemokines CXCL13, 
CXCL9, CCL1, CXCL14, and CCL18 was dramatically increased in 
samples from RA patients relative to their expression in normal 
lung. Similarly, the expression of mRNA for CCL11, CCL2, CCL19, 
CXCL10, and CCL21 was modestly increased in samples from RA 
patients (Figure 5B). In each of these cases, increased expression 

Figure 1
Lymphoid aggregates can be observed in sections of human lungs 
from patients with different interstitial lung diseases. Sections of 
formalin-fixed, paraffin-embedded lung biopsies from patients with 
various interstitial lung diseases were stained with H&E. Sample 
numbers are indicated for parts A–L, and the corresponding clinical 
diagnoses and summaries of histological findings are presented in 
Table 2. Original magnification, ×20. Arrows in all panels point to 
examples of lymphoid follicles.
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of these chemokines correlated with increased number, size, and 
organization of iBALT in the corresponding slides (Figures 1 and 
2). In contrast, the expression of other chemokines, including 
CCL17, CXCL2, and CXCL12, either did not substantially increase 
relative to that in normal controls or, in the case of CXCL8, actu-
ally went down (Figure 5C). Thus, increases in the expression of 
only a subset of chemokines correlate with iBALT formation.

We also examined the expression of cytokines that are known to 
be involved in lymphoid organogenesis. As shown in Figure 5D, the 
expression of LTα and, more strikingly, the expression of LTβ were 
increased in lung samples from RA patients. Similar increases were 
observed in the expression of IL-13 and the transcription factor 
BCL-6 (Figure 5D), which is highly expressed in germinal center  
B cells (47, 48). In contrast, although TNF and IFN-γ were increased 

Table 2
Characteristics of iBALT in patients with interstitial lung disease

No.	 Patient	 Diagnosis	 FDCsA	 B	cells	 T	cells	 No.	follicles	 No.	GCsB

RA
RA1 191-88 NSIP pattern and FB + + + 15 (small) NF
RA2 150-00 NSIP pattern with UIP-like lesions and FB ++ ++ + 40 (medium) 6
RA3 192-04 UIP pattern NF ++ + 57 (small) 20
RA4 314-01 UIP pattern and FB ++ +++ ++ 58 (medium) 18
RA5 208-00 NSIP pattern and FB ++ +++ ++ 50 (medium) 20
RA6 179-01 NSIP pattern with UIP-like lesions ++ ++ ++ 80 (medium) 28
RA7 181-03 NSIP pattern with UIP-like lesions and FB +++ +++ +++ 96 (large) 80
RA8 547-99 NSIP, UIP lesions, and FB + + + 14 (medium) 2
RA9 72-00 NSIP and FB + + + 17 (medium) 2
SS       
SS1 147-05 Primary SS, NSIP pattern, FB, RA  ++ ++ + 40 (medium) 10
SS2 731-02 RA, secondary SS, NSIP,  + + + 20 (medium) 2
SS3 296-05 Primary SS, RA, NSIP, UIP  + + + 32 (medium) 5

Idiopathic	interstitial	pneumonias
IPF1 653-03 IPF/UIP NF + + 2 (small) ND
IPF2 134-04 IPF/UIP  NF + + 11 (small) ND
IPF3 402-97 IPF/UIP  NF + + 16 (small) NF
IPF4 494-01 IPF/UIP  NF + + 15 (small) 4
IPF5 180-01 IPF/UIP  NF ++ + 27 (small) 4
IPF6 483-98 IPF/UIP NF ++ + 37 (small) 1
IPF7 63-02 IPF/UIP NF ++ + 40 (small) 5
IIP1 396-05 DIP + ++ + 45 (small) 20
IIP2 2466-4-1-C DIP NF ++ + 50 (small) 20
IIP3 534-05 NSIP + ++ + 80 (small) 11

Interstitial	lung	disease	of	known	etiology	
HP1 166-03 HP NF ++ + 20 (small) ND
HP2 179-03 HP + ++ + 25 (small) 6
HP3 397-04 HP NF ++ + 27 (small) 4
HP4 84-00 HP NF ++ + 35 (small) 4
HP5 401-03 HP NF ++ + 40 (small) ND
HP6 575-03 HP + ++ + 40 (medium) 10

Infectious	diseases
ID1 104-87 Silicotuberculosis NF + + NF NF
ID2 130-04 Histoplasmosis NF + + NF NF
ID3 A-4501-20 Tuberculosis NF + + 4 (small) NF
ID4 EP-14-00 Tuberculosis NF + + 12 (small) NF

Lung	cancer	
CA1 EP-7-00 Adenocarcinoma NF + + NF NF
CA2 Zero/one Adenocarcinoma NF + + 10 (small) NF
CA3 221-1-86 Squamous cell carcinoma NF + + 14 (small) NF
CA4 258-04 Bronchoalveolar carcinoma + +++ ++ 80 (large) 50

Diagnosis, tissue collection, and initial histopathological analysis were performed at the Instituto Nacional de Enfermedades Respiratorias. Thin sections of 
paraffin-embedded tissues were also analyzed by immunofluorescence at the Trudeau Institute. Tissues were probed with anti-CD21 (FDCs), anti-CD20 
(B cells), anti-CD3 (T cells), and anti-PCNA (proliferating cells). Patients were grouped according to diagnosis: RA (RA1–RA9), SS (SS1–SS3), idiopathic 
interstitial pneumonia (IPF1–IPF7 and IIP1–IIP3), HP (HP1–HP6), infectious diseases (ID1–ID4), and cancer (CA1–CA4). Patient numbers that are under-
lined indicate those who had iBALT. ARelative frequency of FDC clusters; BNumber of germinal centers per slide. FB, follicular bronchiolitis; NF, not found; 
ND, not determined; DIP, desquamative interstitial pneumonia.
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in some samples relative to their expression in normal controls 
(Figure 5D), these increases did not correlate with increased size 
and complexity of iBALT. Thus, the level of iBALT organization 
correlates with the expression of molecules involved in lymphoid 
organogenesis and with the expression of some molecules involved 
in Th2-driven pathology.

We also analyzed the expression of several cytokines, costimula-
tory molecules, and enzymes that are involved in the pathogenesis 
of RA. As shown in Figure 6, the enzyme peptidyl arginine deimi-
nase-2 (PADI-2), which is involved in the citrullination of proteins 
(49), is highly expressed in biopsies containing iBALT relative to 
its expression in normal lung. Similarly, the costimulatory mol-
ecule ICOS and ICOS-L are highly expressed in the lungs of RA 
patients as is the B cell stimulatory cytokine BAFF (Figure 6). 
Thus, molecules associated with lymphoid organogenesis and RA 

pathogenesis are highly expressed in areas of iBALT. To determine 
whether iBALT supported local immune responses to autoanti-
gens, we next looked for plasma cells specific for rheumatoid fac-
tor or citrullinated proteins in areas of iBALT. As shown in Figure 
7, we found scattered cells that bound biotinylated human IgG 
(Figure 7A) or citrullinated proteins (Figure 7B) surrounding the 
follicles of iBALT. These cells exhibited cytoplasmic staining and 
had plasma cell morphology (Figure 7, C and D). These data sug-
gest that some iBALT follicles support the differentiation of B cells 
specific for autoantigens.

We also determined whether autoantibodies could be found in 
the serum or bronchoalveolar lavage (BAL) fluid from patients 
with RA. Although rheumatoid factor could easily be detected in 
the serum of RA patients (Figure 7E), we did not find detectable 
levels of rheumatoid factor in the BAL fluid (not shown). In con-

Figure 2
Cellular organization of iBALT in the lungs of patients with RA. Sections of formalin-fixed, paraffin-embedded lung biopsies from patients with 
RA were analyzed by immunofluorescence using antibodies specific to CD21 (A–F), CD20 and PCNA (G–L), CD68 (M–R), and CD3 (S–X). All 
sections were counterstained with DAPI (blue). The B cell follicles are outlined with dashed yellow lines in M–X. Original magnification, ×100.
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trast, anti–cyclic citrullinated peptide (anti-CCP) antibodies were 
observed in both serum and BAL fluid of RA patients (Figure 7F). 
Furthermore, the levels of anti-CCP antibodies were increased in 
patients that had more well-developed iBALT. These data suggest 
that anti-CCP antibodies are produced locally in the lung and con-
tribute to pulmonary pathology.

The formation of iBALT is associated with tissue damage in the lung. We 
next looked for the deposition of collagen, the development of 
fibrosis, and the presence of citrullinated proteins in the lung as 
measures of pathology in areas surrounding iBALT in the lungs 
of RA patients. Staining with Masson trichrome revealed dense 
areas of collagen deposition sur-
rounding the follicles, blood ves-
sels, and airways in lungs of RA 
patients  that exhibited highly 
organized iBALT (Figure 8A). We 

also examined the expression of α-SMA, which is a classic marker 
of myofibroblasts with increased proliferative and fibrogenic activ-
ity and is generally linked to an exaggerated local inflammatory/
fibrotic response. In lung sections from patients with RA, increased 
numbers of cells expressing α-SMA were found in areas adjacent 
to airways and blood vessels and, in some cases, even surrounding 
the follicles (Figure 8B). These areas were often close to germinal 
centers, as detected by staining with PCNA (Figure 8B). Further-
more, extensive areas of citrullinated proteins were observed in and 
around iBALT follicles (Figure 8C). Thus, the presence of iBALT in 
the lungs of RA patients appears to correlate with local pathology.

Figure 3
Vascular endothelial cells expressing markers of 
lymphatic vessels and HEVs are found surround-
ing the B cell follicles. Sections of formalin-fixed, 
paraffin-embedded lung biopsies from patients 
with RA (A and D–F), HP (B), and desquama-
tive interstitial pneumonia (C) were analyzed by 
immunofluorescence using antibodies specific for 
lymphatic endothelium (M2A) and HEVs (PNAd). 
All sections were counterstained with DAPI (blue). 
Original magnification, ×200.

Figure 4
The chemokines CXCL13 and 
CCL21 as well as the cytokine LTα 
are expressed in areas of iBALT. 
Sections of formalin-fixed, paraf-
fin-embedded lung biopsies from 
patients with RA (A, D, E, H–L), HP 
(B and C), and desquamative inter-
stitial pneumonia (F and G) were 
analyzed by immunofluorescence 
using antibodies specific to CCL21 
and CD3 (A, B, and D), CCL21 
and M2A (C), CXCL13 and CD68 
(E–H), and LTα (I–L). All sections 
were counterstained with DAPI 
(blue). B cell follicles are outlined 
with dashed yellow lines in panels 
I–L. Original magnification, ×100 
(A, E, F, and I–L); ×200 (B, G, and 
H); ×400 (C and D).
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Discussion
Our data show that iBALT is present in the lungs of patients with 
a wide variety of interstitial lung diseases. However, iBALT is most 
prevalent in patients with pulmonary manifestations of autoim-
mune diseases, such as RA and SS. In these patients, iBALT is asso-
ciated with the expression of chemokines and cytokines that sup-
port lymphoid tissue development and organization. The presence 
of well-organized iBALT is also associated with the local expres-
sion of cytokines, costimulatory molecules, and enzymes that are 
involved in the pathology of RA. Consistent with a possible role 
in local pathology, patients with well-developed iBALT exhibited 
higher levels of anti-CCP antibodies in BAL fluid. Thus, iBALT 
appears to play a role in pulmonary manifestations of RA.

The original observations of BALT by Bienenstock (50) described 
a novel mucosal lymphoid tissue underlying a dome epithelium 
along the large airways. In contrast, the lymphoid follicles described 
here are found in both the upper and lower lungs and rarely have 
the typical dome structure of mucosal lymphoid tissues. Instead, 
they have the appearance of ectopic lymphoid follicles like those 

in rheumatoid joints (35). Therefore, we have termed these areas 
inducible BALT or iBALT in order to distinguish them from classic 
BALT structures, which are true mucosal lymphoid tissues.

Classic BALT that is observed in some species is constitutively 
present in the absence of antigenic stimulation (2, 51–53), sug-
gesting that its formation is developmentally regulated. How-
ever, pigs raised in a pathogen-free environment and humans 
who died from nonrespiratory causes generally lack detectable 
BALT (2). Moreover, in human fetal and infant lungs, organized 
BALT is often found in cases of amnionitis or intrauterine pneu-
monia but is found in only 10% of fetuses without any evident 
sign of infection and is poorly organized in these cases (10, 54). 
Moreover, iBALT is not detectable in the lungs of naive C57BL/6 
mice but does develop after influenza infection (4). Together, 
these data suggest that BALT is induced primarily after antigen 
encounter. However, it is not clear how the follicles of iBALT 
gain access to antigen without a dome epithelium that contains 
M cells for transporting antigen. Although we do observe lym-
phatic vessels surrounding the B cell follicles of iBALT, we do not 

Figure 5
Expression of genes that correlate with lymphoid tissue organization in lung biopsies that contain iBALT. DNA-free RNA was extracted from 
normal lung (NL) or lung biopsies from patients who had pulmonary diseases associated with RA. The 4 samples selected exhibited a range of 
phenotypes from those with low levels of iBALT (RA2 and SS1), higher levels of iBALT (RA4), and the highest levels of iBALT (RA7). Extracted 
mRNA was reverse transcribed and used in a quantitative PCR array to determine relative mRNA expression patterns. The mRNA levels of each 
gene in each sample were first normalized to the expression of 18S RNA in that sample and then normalized to the expression of that gene in 
normal lung. The expression of selected chemokine mRNAs showed strong increases (A), moderate increases (B), or no increases (C) relative 
to mRNA expression in normal lung. The expression of selected cytokine mRNAs was also compared with that in normal lung (D). The levels of 
18S RNA in the 4 patient samples were independently analyzed (in duplicate) by semiquantitative PCR and shown to be similar in all samples 
(bottom panel of C).
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know whether they are afferent or efferent lymphatics or both. 
Afferent lymphatics could be supplying antigen and APCs from 
distal parts of the lung. However, if only efferent lymphatics are 
present, then it seems that only autoantigens located directly in 
iBALT would be available to stimulate lymphocytes. This may 
explain why iBALT is so extensive in RA patients.

If continuous exposure to antigen is the driving force behind 
iBALT formation, it is not altogether surprising that silica par-

ticles or cancers lacking recognizable tumor antigens are insuf-
ficient to induce iBALT formation. In contrast, patients with RA 
and SS are continuously exposed to autoantigens while patients 
with  HP  are  frequently  exposed  to  particular  environmental 
antigens, consistent with the extensive iBALT in these patients. 
However, exposure to antigen cannot be the only factor involved 
in the development of iBALT since cigarette smoke and adverse 
environmental exposure are also linked to iBALT induction (3, 55, 
56). In addition, one might predict that the presence of live organ-
isms such as Mycobacterium tuberculosis and Histoplasma capsulatum 
would be associated with iBALT formation, as they are clearly a 
source of antigen. Thus, the specific type of immune response, 
the type of cells that are activated, and the cytokines that are pro-
duced are likely to play key roles in the development of iBALT 
beyond simple exposure to antigen.

The formation of ectopic lymphoid tissue at other sites corre-
lates with the local expression of homeostatic chemokines (27, 
30, 34, 36, 37, 42, 57). In fact, the induction of CXCL13 expres-
sion is one of the strongest correlates for the development of 
ectopic lymphoid follicles in rheumatoid joints. Furthermore, 
the overexpression of CXCL13 at ectopic sites, such as the pan-
creas, is sufficient to drive the development of ectopic lymphoid 
follicles with B and T cell areas, FDCs, and HEVs (58). Although 
CXCL13 is constitutively expressed in conventional lymphoid 
tissues,  we  know  from  previous  studies  that  it  is  inducibly 
expressed in the lung after influenza infection (4). Therefore, 
it is not surprising that CXCL13 is the most strongly induced 
mRNA that we examined in the biopsies of lung tissue contain-
ing iBALT and that its level of expression correlates with the 
extent of iBALT formation. These data suggest that the induced 
expression  of  CXCL13  is  important  for  the  development  of 
iBALT. However, it is unclear exactly how CXCL13 is involved. 
During embryogenesis, CXCL13 plays a key role in the recruit-

Figure 6
Expression of genes that correlate with RA pathology in lung biopsies 
that contain iBALT. DNA-free RNA was extracted from normal lung 
or lung biopsies from patients who had pulmonary diseases associ-
ated with RA. Extracted mRNA was reverse transcribed and used in 
semiquantitative PCR reactions to determine relative mRNA expression 
patterns. Samples were analyzed for expression of PADI-2, ICOS-L,  
ICOS, and BAFF. The expression of β2M was used as a control for 
mRNA quality and loading. PCR products were resolved on agarose 
gels, and the bands represent the only products observed. No bands 
were detected from RNA samples that were not reverse transcribed.

Figure 7
Local production of autoantibodies in the lungs of RA patients with iBALT. Sections were stained with biotinylated human IgG (A and C) to detect 
plasma cells producing rheumatoid factor (RF) or with citrullinated fibrinogen (B and D) to detect plasma cells producing antibodies against 
citrullinated proteins (CP). Sections were counterstained with anti-CD20 to detect B cell follicles (A–D). Original magnification, ×100. Titers of 
rheumatoid factor in serum were determined by ELISA (E). Relative units of anti-CCP antibodies in serum and BAL fluid were determined by 
ELISA (F). RU, relative units.
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ment of LTi cells, which initiate the formation and organization 
of lymphoid organs, such as LNs and Peyer patches (21). Thus, 
the induced expression of CXCL13 may recruit similar types 
of cells to the lung, which initiate the formation of iBALT. On 
the other hand, CXCL13 may simply serve to recruit B cells and 
organize them into follicles. Since they express LTαβ heterotri-
mers on their surfaces (59), B cells may be sufficient to initiate 
the formation of iBALT. Similar events probably take place in 
rheumatoid joints that develop ectopic lymphoid follicles. How-
ever, the relationship between the structures in the joints of RA 
patients and those in the lungs remains unclear.

Based on its role  in the organization of other lymphoid tis-
sues (44) and the dramatically increased expression of LTβ that 
we observed in areas of iBALT, it is likely that LT is also involved 
in iBALT formation. Consistent with this, increasing numbers of 
LTα-producing cells were observed in the T cell zone as the num-
ber and size of iBALT areas increased (Figure 4). These LTα+ cells 
are likely to be activated T cells, which can produce large amounts 
of this cytokine. However, we did not observe LTα expression on 
B cells in follicles, possibly due to the low level of LT expression 
on B cells (44) and the limited sensitivity of immunofluorescence. 
LT is also important for the differentiation of HEVs and for the 
expression of PNAd (43, 45, 46, 60). In the samples of human 
lungs studied here, LTα-producing cells were located around the  
B cell follicles in areas where we found vessels that expressed PNAd. 
Thus, it is possible that interactions between LTα-expressing cells 
and TNF-R1– or LTβR-expressing endothelial cells could trigger 

the development of HEVs and the expression of PNAd. Therefore, 
LTα probably plays a role in the expression of homeostatic chemo-
kines, the maintenance of B cell follicles, and the differentiation of 
PNAd-expressing HEVs in areas of iBALT.

A final issue is whether immune responses in iBALT are ben-
eficial or detrimental to pulmonary function. In the examples 
shown here, iBALT is clearly associated with pathology, includ-
ing local fibrosis, collagen deposition, citrullination of proteins, 
and production of cytokines and chemokines such as IL-13 and 
CCL11, which are associated with the pathology of asthma (61). 
The presence of α-SMA+ cells, fibroblasts, and collagen in close 
proximity to germinal centers suggests that iBALT is playing an 
active role in the induction of local immune responses that are 
responsible for local tissue damage. Moreover, the presence of 
plasma cells specific for citrullinated proteins and the high lev-
els of anti-CCP antibodies found in the BAL fluid suggest that 
autoantibodies are produced locally in the lung — possibly after 
the expansion of autoreactive B cells in the germinal centers of 
iBALT. Thus, iBALT may exacerbate local pathology in response 
to autoantigens. However, the presence of iBALT also appears 
to play a beneficial role in mice infected with influenza and pro-
motes functional local T and B cell responses that clear virus 
without triggering systemic pathology (4). Therefore, it is impor-
tant to understand the mechanisms that control iBALT forma-
tion and function and use this information to develop ways to 
intervene in pulmonary pathology and to enhance respiratory 
immunity to pathogens

Figure 8
Local pathology correlates with iBALT formation in lung biopsies from RA patients. Sections of formalin-fixed, paraffin-embedded lung biopsies 
from patients with RA were stained with Masson trichrome to detect fibroblasts and collagen deposition (A) and stained with antibodies against 
α-SMA (green) and PCNA (red) (B). Samples in B were also counterstained with DAPI (blue). Sections were treated to modify citrullinated pro-
teins, which were detected by immunohistochemistry (C). Original magnification, ×100 (normal lung in B, ×200).
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Methods
Tissue samples and patient diagnosis. Archival samples of diagnostic lung biop-
sies from 36 patients were used in this study. Two biopsies were obtained 
from each patient, and slides from each biopsy were examined. Biopsies 
and serum samples were obtained for diagnosis purposes upon informed 
consent of the subjects. The protocol for collecting biopsies and serum 
samples was approved by the Ethics Committee of the Instituto Nacional 
de Enfermedades Respiratorias. Diagnosis of IPF was confirmed by tissue 
findings of UIP (62). Pathological diagnosis of idiopathic nonspecific inter-
stitial pneumonia (NSIP) and desquamative interstitial pneumonia were 
established by their typical morphologic features as described elsewhere 
(62). Morphological evaluation of HP showed diffuse interstitial inflam-
mation, primarily around bronchioles. The inflammatory infiltrate con-
sisted predominantly of mononuclear cells, mainly lymphocytes, although 
clusters of multinucleated giant cells or small and loosely arranged granu-
lomas were also observed (63). Diagnosis of RA and SS was done accord-
ing to criteria recommended by the American College of Rheumatology 
(64, 65). Lung morphologic findings were classified as described (66) and 
included NSIP pattern, UIP pattern, and follicular bronchiolitis. Patients 
with infectious lung diseases also presented with interstitial lung disease of 
unknown etiology, and the precise diagnosis was confirmed upon biopsy. 
Tissue samples were taken by open lung biopsy, usually 1 week after hospi-
tal admission. None of the patients had been treated with corticosteroids 
or immunosuppressive drugs at the time of biopsy.

ELISA. Rheumatoid factor was measured in serum and BAL by ELISA. 
Antibodies against CCP were detected in serum and BAL using a commer-
cial ELISA kit (Immunoscan RA; EURO-DIAGNOSTICA) according to the 
instructions of the manufacturer. Results were reported as relative units/
ml and were considered positive above 5 relative units/ml.

Histochemical and immunofluorescent staining. Sections were stained with 
H&E for standard histology and with Masson trichrome to detect colla-
gen deposition. For immunofluorescent staining, slides were incubated at 
60°C overnight to melt the paraffin and then hydrated in xilol, alcohol, 
and water. For antigen retrieval, slides were immersed in 0.01 M citrate, 
pH 6, and heated at 96°C for 30 minutes. For CXCL13 staining, antigen 
retrieval required adding 500 μg/ml proteinase K (Roche Diagnostics) in 
50 mM Tris, 1 mM EDTA, pH 8.0, for 5 minutes at 37°C. Nonspecific 
binding was blocked with 5% normal donkey serum and 2 μg/ml Fc block 
for 30 minutes. Endogenous biotin was blocked with a sequential avidin-
biotin incubation step (Sigma-Aldrich). Primary antibodies were incubated 
overnight at room temperature. Labeled secondary antibodies were incu-
bated for 3 hours at room temperature. Finally, slides were incubated with 
streptavidin conjugated to either Alexa Fluor 594 or Alexa Fluor 488 and 
counterstained with ProLong Gold antifade with DAPI from Invitrogen. 
All sections were viewed with a Zeiss Axioplan 2 microscope. Images were 
recorded with a Zeiss AxioCam HR digital camera.

Antibodies. Unlabeled antibodies included rabbit anti-CD3ε and anti-
CD21 (2G9) from Lab Vision Corp.; anti-CD20 (L26) and anti-CD68  
(PG-M1) from Dako; goat anti-PCNA from Santa Cruz Biotechnology 
Inc.; anti–TNF-β (5802.21), goat anti-CXCL13, goat anti-CCL21, and anti– 
α-SMA (1A4) from R&D Systems; anti-PNAd (MECA 79) from BD Biosci-
ences; and anti-M2A (D2-40) from Vector Laboratories. Secondary antibod-
ies included biotinylated F(ab′)2 donkey anti-mouse IgG and biotinylated 
F(ab′)2 donkey anti-rabbit IgG from Jackson ImmunoResearch Laborato-

ries Inc.; Alexa Fluor 594–labeled donkey anti-goat IgG from Molecular 
Probes; and Texas Red–labeled donkey anti-rat IgM from Sigma-Aldrich.

Detection of plasma cells secreting antibodies against RF and citrullinated proteins. 
Citrullinated fibrinogen was generated as described (67). Briefly, plasmino-
gen-depleted human fibrinogen (Calbiochem; EMD Biosciences) was incu-
bated at 0.86 mg/ml with 10 U/ml of rabbit skeletal muscle peptidyl argi-
nine deiminase (Sigma-Aldrich) in 0.1 M Tris-HCl (pH 7.4), 10 mM CaCl2, 
and 5 mM DTT for 2 hours at 50°C. The enzyme was inactivated by adding 
2% SDS and heating at 100°C for 3 minutes. Deiminated fibrinogen was 
dialyzed against 0.01 M carbonate buffer overnight and biotinylated using 
NHS-LC biotin (Pierce Biotechnology). Biotinylated, deiminated fibrinogen 
was used to detect cells producing antibodies against deiminated fibrino-
gen. In a similar way, biotinylated human IgG (Jackson ImmunoResearch 
Laboratories Inc.) was used to visualize rheumatoid factor–producing cells. 
Citrullinated proteins were detected with the anti-modified citrullinated 
protein kit (Upstate USA Inc.) using published protocols (68, 69). Sections 
that were not chemically modified, sections without primary antibody, and 
sections from healthy lung were used as controls.

RNA purification and PCR. Total RNA from healthy lungs was obtained 
from Chemicon International and Cell Applications Inc. RNA was extract-
ed from lung biopsies using the RNeasy Maxi Kit from QIAGEN. Total 
RNA (2 μg) was reverse transcribed using SuperScript II and random hex-
amers (Invitrogen). cDNA (20 ng) was added to each well of a PCR array 
for quantitative PCR (Human Inflammatory Cytokines & Receptors and 
Human Angiogenesis arrays, RT2 Profiler PCR Array; SuperArrays). PCR 
cycles were performed according to the manufacturer's instructions. The 
relative level of mRNA expression for each gene in each sample was first 
normalized to the expression of 18S RNA in that sample and then normal-
ized to the level of mRNA expression in healthy lung.

For semiquantitative PCR, 2 μg of RNA from each sample was treated 
with 2 units of amplification-grade DNAse I (Invitrogen) for 30 minutes 
at room temperature. DNAse was inactivated by adding 1 μl of 25 mM 
EDTA (Invitrogen) and heating at 65°C for 10 minutes. cDNA was gener-
ated from 2 μg of DNAse-treated RNA using SuperScript II and random 
hexamers (Invitrogen). cDNA (100 ng) was amplified using Expand High 
Fidelity PCR System (Roche Diagnostics). Cycling conditions and prim-
ers were as follows: β-2 microglobulin, 35 cycles (70); BAFF, 35 cycles (70); 
ICOS, 38 cycles (71); ICOS-L, 38 cycles (71); and PADI-2, 38 cycles (72). A 
total of 25 μl of the PCR product was loaded in 1% agarose gels, resolved 
for 1 hour, and visualized by ethidium bromide. Images were taken with a 
Gel Doc 1000 (Bio-Rad) and saved as TIFFs.
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