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Introduction
Exposure to high levels of  beryllium (Be) in the workplace causes activation of  the innate immune system 
with the recruitment of  neutrophils to the lung and the development of  intra-alveolar edema, consistent 
with acute lung injury (1). With ongoing exposure, a subset of  these individuals develop chronic beryllium 
disease (CBD), a granulomatous lung disorder that is characterized by an influx of  Be-specific CD4+ T cells 
into the lung and fibrosis (2–4). The development of  Be sensitization and CBD has been strongly linked to 
HLA-DPB1 alleles expressing a glutamic acid at position 69 of  the β-chain (βGlu69) (5–9), and the major-
ity of  Be-specific CD4+ T cells recognize antigen in an HLA-DP–restricted manner, suggesting that these 
molecules are crucial for disease development due to their ability to bind and present Be to antigen-specific 
CD4+ T cells (10–14). In mice transgenic (Tg) for HLA-DP2, the most prevalent βGlu69-expressing allele, 
Be oxide (BeO) exposure results in the accumulation of  mononuclear cells in a peribronchovascular distri-
bution in the lung and an HLA-DP2–restricted Be-specific adaptive immune response (15, 16). Important-
ly, a subset of  these Be-specific CD4+ T cells recognize the same HLA-DP2 peptide/Be epitope as T cells 
derived from the lungs of  CBD subjects (15). Thus, this murine model replicates many of  the features of  
the human disease (15, 16). However, the mechanisms linking innate immune activation and the develop-
ment of  a Be-specific adaptive immune response remain unknown.

Intratracheal instillation of  crystalline sterile particulates [e.g., Be hydroxide Be(OH)2 and aluminum 
hydroxide (Al(OH)3)] induces alveolar macrophage cell death and the subsequent release of  damage-asso-
ciated molecular pattern molecules (DAMPS), including IL-1α and DNA, that drive inflammation (17–19). 
Despite similarities in the mechanism by which Be(OH)2 and Al(OH)3 induce inflammation in the lung, 
significant differences exists. For example, the adjuvant properties of  Be(OH)2 in the lung were dependent 
on MyD88 and independent of  the IL-1 pathway (17), while IL-1α was shown to play a key role in the adju-
vant effects of  Al(OH)3 (18). These differing adjuvant effects translate into the generation of  different CD4+ 

Susceptibility to chronic beryllium (Be) disease (CBD) is linked to HLA-DP molecules possessing 
a glutamic acid at the 69th position of the β-chain (βGlu69), with the most prevalent βGlu69-
containing molecule being HLA-DP2. We have previously shown that HLA-DP2–transgenic (HLA-
DP2–Tg) mice exposed to Be oxide (BeO) develop mononuclear infiltrates in a peribronchovascular 
distribution and a beryllium-specific, HLA-DP2–restricted CD4+ T cell response. In addition 
to T cells, B cells constituted a major portion of infiltrated leukocytes in the lung of BeO-
exposed HLA-DP2–Tg mice and sequester BeO particles within ectopic lymphoid aggregates and 
granulomas. B cell depletion was associated with a loss of lymphoid aggregates and granulomas 
as well as a significant increase in lung injury in BeO-exposed mice. The protective role of B cells 
was innate in origin, and BeO-induced B cell recruitment to the lung was dependent on MyD88 
signaling. Similar to BeO-exposed HLA-DP2–Tg mice, B cells also accumulate in the lungs of CBD 
subjects, located at the periphery and surrounding the granuloma. Overall, our data suggest 
what we believe is a novel modulatory role for B cells in the protection of the lung against sterile 
particulate exposure, with B cell recruitment to the inflamed lung occurring in an antigen-
independent and MyD88-dependent manner.
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T cell responses, with Be(OH)2 driving the expansion of  Th1-type T cells (20, 21) and Al(OH)3 generating 
Th2-type T cells and enhancing IgE production and eosinophilic inflammation (18).

Here, we noted that, in addition to CD3+ T cells, intratracheal BeO exposure resulted in the recruit-
ment of  large numbers of  activated follicular B cells to the lung. These B cells were organized in ectopic 
lymphoid aggregates (ELAs) equipped with high endothelial venules (HEVs) and containing CXCL13-ex-
pressing stromal-like cells. Depletion of  B cells had no effect of  the quantity of  Be-specific CD4+ T cells 
in the lung. However, B cell depletion eliminated the ELAs and enhanced lung injury, suggesting that B 
cells and these tertiary lymphoid structures play a protective role after BeO exposure. In MD4 BCR–Tg 
mice, B cell recruitment to the lung continued even in the absence of  both the HLA-DP2 transgene and a 
Be-specific CD4+ T cell response, suggesting that the protective role of  these B cells was innate in origin 
and independent of  antigen. Finally, BeO-induced B cell recruitment to the lung was dependent on MyD88 
and CXCL13 and independent of  DNA signaling pathways such as TLR9 and STING. B cell accumulation 
was also noted in the lungs of  CBD patients, surrounding the granulomas. Taken together, our findings 
suggest what we believe is a novel role of  B cells in the sequestration of  particulate antigen within ELAs to 
protect the lung from BeO-induced innate immune injury.

Results
B cell accumulation in the lungs of  BeO-exposed HLA-DP2–Tg mice. We have previously shown that HLA-DP2–Tg 
FVB/N mice exposed to 100 μg BeO via oropharyngeal aspiration on days 0, 1, and 2 and challenged with 
BeO (100 μg) on days 14, 15, 18, and 19 prior to sacrifice on day 21 develop a CD4+ T cell alveolitis (15). A 
subset of  these CD4+ T cells are Be specific and recognize the same T cell epitopes as those T cells derived 
from the lungs of  HLA-DP2–expressing CBD patients (15). In addition to CD3+ T cells, the lungs of  BeO-ex-
posed HLA-DP2–Tg mice contain neutrophils, recruited monocyte/macrophages (Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.125494DS1), 
and large populations of  CD19+ B cells at day 21 (Figure 1). As shown in the representative density plots in 
Figure 1A and cumulative data in Figure 1B, 46% of bronchoalveolar lavage (BAL) cells in the lymphocyte 
gate expressed CD19 compared with 29% expressing CD3. Overall, BeO exposure resulted in the accumu-
lation of  a significantly increased number of  CD19+ B cells in the BAL fluid (BALF) of  BeO-exposed mice 
compared with PBS-treated control mice (Figure 1C). B cells recruited to the BAL, lung, and lung-draining 
lymph nodes (LDLNs) coexpressed CD19 and B220 (Supplemental Figure 2). BAL B cells were mature, 
expressing CD22 as well as surface IgM and IgD (data not shown). Using CD21 and CD23 to phenotype 
these cells, the predominant B cell subset in the spleen and LDLNs was follicular B cells (Figure 1D). As 
expected, marginal zone B cells were absent in BAL or LDLNs, and follicular B cells in BAL were equally 
divided between cells that expressed CD23 and those that had lost CD23 expression (Figure 1, D and E). Few 
CD23–CD21– B cells were present in the spleen and LDLNs (Figure 1D). We were unable to assess CD23 
expression on lung B cells because collagenase digestion of  lung tissue strips CD23 from the cell surface (22).

BAL CD23– B cells in BeO-exposed HLA-DP2–Tg mice were significantly more activated than their 
CD23+ counterparts based on increased expression of  CD86 (Figure 1F), CD40 (Figure 1G), and HLA-DP 
(Figure 1H). Similar findings were seen in the spleen for CD86 and CD40, with no difference in HLA-
DP2 expression seen in CD23– and CD23+ B cells. Compared with spleen B cells, BAL B cells expressed 
significantly greater CD86 (Figure 1F), CD40 (Figure 1G), and HLA-DP (Figure 1H), regardless of  CD23 
expression. Collectively, these data show an influx of  activated, mature follicular B cells into the BAL of  
HLA-DP2–Tg mice exposed to BeO.

B cell localization in BeO-induced granulomatous inflammation. We have previously shown that WT FVB/N 
mice exposed to BeO develop few scattered cellular infiltrates (15). Conversely, HLA-DP2–Tg FVB/N 
mice exposed to BeO developed lymphocytic infiltrates in a peribronchovascular distribution (Figure 2A) 
with scattered granulomas (yellow arrow in Figure 2C and ref. 15). Reticulin fibers were intermixed within 
lymphocytic infiltrates in the lungs of  mice after BeO exposure (Figure 2B, yellow arrows). In Figure 2D, a 
high-power view shows particulate-laden giant cells within a granuloma with reticulin fibers surrounding 
and likely supporting the structure of  the granuloma. In order to localize the lymphocyte subsets within 
these infiltrates, we performed immunohistochemistry (Figure 2, E and F). CD4+ T cells were scattered 
throughout the infiltrates (Figure 2E), while B220+ B cells made up the majority of  these cellular infiltrates 
and were concentrated into structures resembling primary B cell follicles in secondary lymphoid organs 
(Figure 2F). Consistent with our findings in the BAL, B cells were the predominant lymphocyte subset in 
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these peribronchovascular lymphoid aggregates. Using morphometric analysis, BeO-induced ELAs were 
significantly larger in size (P < 0.0001; Figure 2G) and more numerous (P = 0.03; Figure 2H) compared 
with those in mice instilled with PBS.

BeO exposure results in the formation of  ELAs. B cells are attracted to lymphoid follicles by homeostatic B 
cell chemokines, such as CXC chemokine ligand 13 (CXCL13), produced by follicular dendritic cells (FDCs) 
(23, 24) and stromal cells (25). We stained formalin-fixed, paraffin-embedded lung sections with mAbs spe-
cific for CXCL13 and FDCs (FDCM1, CD21/CD35) and identified CXCL13+ cells scattered throughout 
the ELAs of  BeO-exposed HLA-DP2–Tg mice (Figure 3A). Although we did not detect FDC networks, 
B cells were numerous in the ELAs of  mice treated with BeO (Figure 3A). In contrast, PBS-exposed mice 
had few CXCL13+ cells with round-shape morphology in the interstitial space, suggesting that these cells are 

Figure 1. B cell accumulation and activation in the lungs after BeO exposure in FVB/N HLA-DP2–Tg mice. HLA-DP2–Tg FVB/N mice were exposed to PBS 
or BeO as described in Methods, and BAL was harvested on day 21 and analyzed by flow cytometry. (A) Representative density plots show the percentage 
of CD19+ B cells and CD3+ T cells in the BAL of PBS- (left) and BeO-exposed (right) mice. The numbers in each density plot indicate the percentage of cells in 
each population. (B) Percentage of lymphocytes that are CD3+ T cells and CD19+ B cells in the BAL are cumulatively shown for PBS- and BeO-exposed mice. 
(C) Number of CD19+ B cells in the BAL of HLA-DP2–Tg mice exposed to either PBS or BeO is shown. (D) B220+CD19+ B cells in spleen were stained for CD21 
and CD23 expression to establish gates for marginal zone B cells (CD21+CD23–) and follicular B cells (CD23+CD21–) in BAL and lung-draining lymph nodes 
(LDLNs). The numbers in each gate indicate the percentage of cells in each B cell subset. (E) Percentage of CD23+ and CD23– B cells in the spleen and BAL 
of HLA-DP2–Tg mice after BeO exposure is shown. The expression (mean fluorescence intensity [MFI]) of costimulatory molecules CD86 (F) and CD40 (G), 
and HLA-DP (H) on CD19+CD23+ and CD19+CD23– B cells derived from spleen (n = 10 mice/group) and BAL (n = 6 mice/group) of HLA-DP2–Tg mice after BeO 
exposure is shown. Data are representative of 3 independent experiments having 5 to 10 mice per group. Solid lines and error bars depict the mean ± SEM. 
Student’s t test (2 tailed) (B and C) and 2-way ANOVA were used to test for differences. A P value of <0.05 was considered statistically significant.
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CXCL13+ mononuclear phagocytes (Figure 3E). Recently, Fleige et al. (26) reported CXCL12-dependent 
induction of  inducible bronchus-associated lymphoid tissue (iBALT) in the absence of  FDCs in mice infect-
ed with Pseudomonas. Therefore, we stained lung sections with antibodies directed against CXCL12, periph-
eral node addressin (PNAd) expressed in HEVs, and lymphatic vessel endothelial hyaluronan 1 (Lyve-1). 
CXCL12+PNAd+ HEVs and lymphatics were detected at the border of  B cell areas in lungs of  HLA-DP2–Tg 
mice treated with BeO (Figure 3B). PNAd+ structures and lymphatics were evident in control mice; however, 
HEVs were not positive for CXCL12 and associated with no immune cell recruitment (Figure 3F).

To analyze B and T cell compartmentalization as well as the presence of  IgG+ antibody-secreting 
cells (ASCs), we stained lung sections with antibodies specific for CD3ε, CD45R (B220), and IgG. 
B cell aggregates containing T cells within as well as T cells in extrafollicular locations were seen in 
HLA-DP2–Tg mice receiving BeO (Figure 3C). In addition, cells staining for cytoplasmic IgG were 
located outside of  B cell follicles, suggesting ASCs are likely derived from ELAs (Figure 3C). Con-
versely, B and T cells were scarce in the lungs of  mice exposed to PBS (Figure 3G). Surprisingly, few 
large proliferating centroblasts positive for proliferating cell nuclear antigen and peanut agglutinin 
(PCNA+PNA+B220lo) were seen in the B cell aggregates of  mice instilled with BeO (Figure 3D), while 
none were detected in the lungs of  PBS-treated HLA-DP2–Tg mice (Figure 3H).

LDLNs served as internal controls for our multicolor fluorescent staining and confirmed that differ-
entiation of  pulmonary stromal cells into FDCs was not occurring after BeO instillation (Supplemental 
Figure 3A) or after PBS exposure (Supplemental Figure 3E). Immunofluorescence staining of  LDLNs 
from BeO-exposed (Supplemental Figure 3B) or PBS-exposed (Supplemental Figure 3F) mice confirmed 
that PNAd+ HEVs were positive for CXCL12 and that there was no activation of  B cells, at least based on 

Figure 2. BeO exposure resulted in the formation of ectopic lymphoid aggregates (ELAs) and granulomatous inflam-
mation in HLA-DP2–Tg mice. HLA-DP2–Tg mice were exposed to BeO as described in Methods, lungs were harvested on 
day 21, and serial sections were analyzed by H&E and reticulin staining (A–D) or were analyzed by immunohistochem-
ical staining for CD4 and B220 (E and F). BeO exposure of HLA-DP2–Tg mice induced ELAs (A and B) and granuloma 
formation (C and D) in the lungs of HLA-DP2–Tg mice (H&E stained in A and B; reticulin stained in C and D; original 
magnification, ×40). Yellow arrows in B and D depict the distribution of type IV collagen within the aggregates and 
granulomas, respectively. The yellow arrow in C depicts a multinucleated giant cell. (E) Immunohistochemical staining 
of CD4+ cells and (F) B220+ cells infiltrating the lungs of BeO-exposed HLA-DP2–Tg mice. Original magnification (E and 
F), ×2 (left) and ×20 (right). Histology images are representative of 5 to 6 animals per group from 3 independent exper-
iments. Scale bars: 20 μm. The average size (G) and number (H) of ELAs in the lungs of BeO-exposed HLA-DP2–Tg mice 
are shown. Statistical significance was determined using a Student’s t test (2 tailed), and the solid lines and error bars 
depict the mean ± SEM. A P value of <0.05 was considered statistically significant.
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the scarce numbers of  IgG+ ASCs (Supplemental Figure 3, C and G) and the absence of  proliferating B cell 
blasts (Supplemental Figure 3, D and H). Thus, our systematic characterization of  these ELAs shows that 
BeO instillation induces the formation of  lymphoid structures equipped with Lyve-1 lymphatics, PNAd+ 
HEVs decorated with CXCL12, and stromal cells that produce CXCL13, which attract CXCR5+ B and T 
cells to the lungs. Finally, the lack of  germinal centers in the LDLNs suggest that BeO instillation is prefer-
entially inducing a local innate immune response in the lung and that ASCs are potentially being produced 
in the absence of  a germinal center.

Elevated CXCL13 in the BALF of  BeO-exposed HLA-DP2–Tg mice. Homeostatic chemokines, such as 
CXCL13, CC chemokine ligand 19 (CCL19), and CCL21 are expressed in secondary lymphoid organs, 
directing the recruitment and organization of  lymphocytes and dendritic cells for the induction of  highly 
regulated immune responses (25, 27, 28). In addition, these chemokines are expressed in nonlymphoid 
tissues after inflammation or infection, recruiting lymphocytes to sites of  inflammation (29, 30). To 
determine the stimulus for B cell recruitment to the lungs during BeO exposure, we performed ELISAs 
for CXCL13, CCL19, and CCL21. Compared with PBS-exposed HLA-DP2–Tg mice, BALF obtained 
from BeO-exposed HLA-DP2–Tg mice contained large quantities of  CXCL13 (P < 0.0001; Figure 4). 
Similarly, significantly larger quantities of  both CCL19 (P < 0.0001) and CCL21 (P < 0.05) were present 
in the BALF of  HLA-DP2–Tg mice exposed to BeO compared with PBS-treated control mice (Figure 4).

Next, we examined the expression of  CXCR4 and CXCR5, receptors for CXCL12 and CXCL13, 
respectively, on B cells in BAL, lungs, LDLNs, and spleen and noted increased expression of  CXCR4 on 
BAL B cells compared with the other organs (Supplemental Figure 4). CXCR5 was highly expressed on B 
cells in all of  the compartments analyzed, with slightly decreased expression in lung tissue (Supplemental 
Figure 4), suggesting that the recruitment of  B cells in the alveolar space is guided by coordinated expres-
sion of  chemokines and their receptors. Collectively, these findings confirm a key role for CXCL12 and 
CXCL13 in the recruitment of  CXCR4+CXCR5+ B cells to the BAL following BeO inhalation.

Figure 3. BeO exposure of HLA-DP2–Tg mice induced the formation of ectopic lymphoid aggregates (ELAs). Repre-
sentative multicolor immunofluorescence lung images of serial sections from HLA-DP2–Tg mice exposed to either BeO 
(A–D) or PBS (E–H) are shown. Original magnification, ×200. (A and E) Lung sections were stained for CXCL13 (red), 
FDC-M1 (green), and nuclei were stained with DAPI (blue). (A) FDC-M1+ cells with branched stromal cell morphology 
were not present; however, CXCL13+ cells with stromal cell morphology (white arrows) were located inside lymphoid 
aggregates of BeO-exposed mice. (E) CXCL13+ cells with monocyte/macrophage–like morphology (white arrows) were 
present in PBS-treated HLA-DP2–Tg mice in the absence of ELAs. (B and F) Lung sections were stained for expression 
of CXCL12 (green), PNAd/high endothelial venule (HEV) cells (red), lymphatic vessels/Lyve-1 (white), and with DAPI 
(blue). (B) ELAs with CXCL12+ (green) PNAd+ HEVs (orange asterisk), and Lyve-1+ lymphatics were present in BeO-treat-
ed HLA-DP2–Tg mice. (F) A small PNAd+ HEV and Lyve-1+ lymphatics in PBS-treated HLA-DP2–Tg mice are shown. (C 
and G) Lung sections were stained for expression of IgG (green), CD3 (red), B220 (white), and with DAPI (blue). (C) CD3+ 
T cells outside and inside of B220+ B cell aggregates in the lungs of BeO-treated HLA-DP2–Tg–mice are shown. (G) Few 
dispersed B220+ B cells and CD3+ T cells were seen in the PBS-treated HLA-DP2–Tg mice. (D and H) Lung sections were 
stained for expression of PCNA (red), PNA (green), B220 (white), and with DAPI (blue). (D) Large B cell blasts (PCNA+P-
NA+B220lo, yellow arrowheads) were present in B cell aggregates of BeO-treated HLA-DP2–Tg mice. (H) Rare B220+ B 
cells were seen in the small ELAs observed in PBS-treated HLA-DP2–Tg mice and were not expressing PCNA or PNA. 
Yellow scale bars: 100 μm.
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Effects of  B cell depletion on lung inflammation. In order to determine the role of  B cells in BeO-induced 
lung inflammation, we depleted B cells with an anti–mouse CD20 mAb, 5D2, that was injected intraper-
itoneally (i.p.) 2 days prior to BeO exposure and weekly for the duration of  the experiment. As shown in 
Supplemental Figure 5A, treatment with 5D2 depleted B cells from the BAL, lung, LDLNs, and spleen 
at day 21, with a greater than 97% reduction in B cell numbers. B cell depletion was also associated with 
a significantly decreased total serum IgG (Supplemental Figure 5B) as well as a decrease in serum IgG1, 
IgG2a, and IgG2b, with no change in IgG3 (Supplemental Figure 5C).

B cell depletion resulted in a modest, albeit significant, decrease in the number of  WBCs in the BAL (P 
< 0.05; Figure 5A). In addition to the loss of  B cells, a significant reduction in the number of  BAL CD4+ T 
cells contributed to the overall reduction in the cellularity of  the BAL (P < 0.05; Figure 6A). Compared with 
unexposed HLA-DP2–Tg mice, BeO exposure significantly increased secretion of  IL-1α, IL-1β, KC, IFN-γ–
induced protein 10 (IP-10), IFN-γ, and MIP-1α (P < 0.0001 for all cytokines) in lung homogenates (Figure 
5B). Following B cell depletion, significant reductions in lung IL-1α (P < 0.0001), IL-1β (P < 0.05), KC (P < 
0.0001), IP-10 (P < 0.05), IFN-γ (P < 0.0001), and MIP-1α (P < 0.0001) were seen, although the reductions in 
all of  these cytokines remained significantly elevated compared with unexposed mice (P < 0.0001; Figure 5B). 
Collectively, these data suggest that B cells contribute to the BeO-induced inflammatory response.

B cell depletion had no effect on the generation of  the Be-specific adaptive immune response. Based on the 
importance of  B cells as antigen-presenting cells in other immune-mediated disease, such as type 1 dia-
betes (31, 32), we initially hypothesized the lung B cells were serving as antigen-presenting cells for the 
induction of  the Be-specific Th1-polarized adaptive immune response. Using ELISPOT to measure beryl-
lium-specific T cell responses, we determined the number of  IFN-γ– and IL-2– secreting CD4+ T cells 
in the lungs of  BeO-exposed HLA-DP2–Tg mice that were treated with either anti-CD20 mAb or an 
isotype control mAb. To ensure that equal numbers of  CD4+ T cells were added per well, CD4+ T cells 
were positively selected via magnetic beads, and 2.5 × 105 CD4+ T cells were cultured with equal numbers 
of  purified CD19+ splenic B cells from an unexposed HLA-DP2–Tg mouse in the presence or absence 
of  BeSO4. As shown in Figure 6A, the number of  IFN-γ–secreting (left panel) and IL-2–secreting (right 
panel) CD4+ T cells in the lung was unchanged regardless of  the presence of  B cells. To determine whether 
the frequency of  epitope-specific CD4+ T cells in the lung was altered by B cell depletion, we stained lung 
CD4+ T cells with Be-pulsed HLA-DP2-plexin A4 tetramers as previously described (14, 15). Total lung 
cells were analyzed by flow cytometry, with gating on live, B220+, F4/80+, CD8+, CD44hi, and CD4+ T 
cells, followed by examination of  tetramer binding. No HLA-DP2 tetramer staining was detected in the 
lung of  PBS-exposed mice or in the spleen of  PBS, BeO-exposed mice (data not shown). Conversely, 
representative density plots show a distinct population of  CD4+CD44hi T cells binding to the HLA-DP2-
plexin A4/Be tetramer in the lungs of  BeO-exposed mice in the presence or absence of  B cells (0.9% and 
0.9%, respectively; Figure 6B). Cumulatively, no difference was seen in the percentage or number of  HLA-
DP2-plexin A4/Be tetramer–binding CD4+ T cells in the lungs of  BeO-exposed HLA-DP2–Tg mice in the 
presence or absence of  B cells (Figure 6, C and D).

Figure 4. BeO exposure induced secretion of homeostatic B cell chemokines. HLA-DP2–Tg mice were exposed to BeO as 
described in Methods and sacrificed on day 21. Quantification of the homeostatic B cell chemokines CXCL13 (left), CCL19 
(middle), and CCL21 (right), in the bronchoalveolar lavage fluid (BALF) obtained from HLA-DP2–Tg mice treated with either 
PBS or BeO is shown. Cumulative data from 3 separate experiments having 3 to 5 mice per group are shown, and the mean 
concentration (pg/ml) is shown as a solid line. Statistical significance was determined using a Student’s t test (2 tailed), 
and the solid line and error bars depict the mean ± SEM. A P value of <0.05 was considered statistically significant.
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B cells modulate ELA and granuloma formation and protect against BeO-induced lung injury. One of the earliest 
noted toxic effects of Be exposure in the workplace was the induction of tracheobronchitis and acute lung injury 
(1). As shown in Figure 2A and Figure 7, A and B, BeO exposure in HLA-DP2–Tg mice induces ELA and 
granuloma formation around bronchi and blood vessels. With B cell depletion, lymphocytic cell infiltration and 
granuloma formation in the lung were significantly diminished (Figure 7, E and F). To localize BeO distribution 
within the lungs of BeO-exposed mice, we performed dark-field microscopy. As shown in Figure 7C, BeO was 
sequestered within the ELAs in HLA-DP2–Tg mice with intact B cells, while BeO particles were randomly 
distributed within the interstitium and alveolar walls of B cell–depleted mice (Figure 7G). Quantitative analysis 
of BeO particles within the lungs showed their sequestration within ELAs as compared with the alveolar space 

Figure 5. B cell depletion reduced cellular recruitment to the lung and reduced inflammatory cytokine/chemokine 
secretion in BeO-exposed HLA-DP2–Tg mice. HLA-DP2–Tg FVB/N mice were injected intraperitoneally with either anti–
mouse CD20 mAb (5D2) or a murine IgG2a isotype control antibody 2 days prior to BeO exposure, and then weekly for 
the duration of the experiment. BALF was harvested on day 21 and analyzed by flow cytometry and cytokine bead array. 
(A) Total number of cells (left) and CD4+ T cells (right) in the BAL of BeO-exposed HLA-DP2–Tg mice and treated with 
either isotype or anti-CD20 mAb is shown. (B) Cytokines and chemokines measured by cytokine bead array in BALF 
collected from unexposed HLA-DP2–Tg mice or BeO-exposed HLA-DP2–Tg mice treated with either isotype control or 
anti-CD20 mAb is shown. Cumulative data from 2 separate experiments having 3 to 5 mice per group are shown, and 
the mean ± SEM concentration (pg/ml) is shown as a solid line with error bars. Statistical significance was determined 
using a 2-way ANOVA, and a P value of <0.05 was considered statistically significant.

https://doi.org/10.1172/jci.insight.125494


8insight.jci.org   https://doi.org/10.1172/jci.insight.125494

R E S E A R C H  A R T I C L E

(Figure 7I). As compared with the delicate alveolar structures in BeO-exposed mice (Figure 7D), B cell–deplet-
ed, BeO-exposed HLA-DP2–Tg mice showed epithelial cell injury and diffuse particulate-containing monocytes 
(Figure 7H). To confirm alveolar injury, we compared total protein, albumin, and podoplanin (T1A) in the 
BALF of HLA-DP2–Tg mice that were either unexposed or exposed to BeO in the presence or absence of B 
cells. As shown in Figure 7, J–L, BeO significantly increased BAL total protein, albumin, and T1A compared 
with unexposed mice. In addition, the absence of B cells further increased total protein (P < 0.01), albumin (P 
< 0.0001), and T1A (P < 0.05) in the BAL compared with isotype-treated BeO-exposed HLA-DP2–Tg mice 
(Figure 7, J–L). Taken together, these data suggest that B cells play a critical role in sequestering toxic particles 
within lymphocytic cell infiltrates and granulomas, thus protecting the lung from injury.

Figure 6. B cell depletion had no effect on the development of a Be-specific CD4+ T cell response in BeO-exposed HLA-
DP2–Tg mice. (A) ELISPOT assay shows beryllium-specific spot-forming units (SFU) for IFN-γ (left) and IL-2 (right) produc-
tion by purified CD4+ T cells derived from lung cells of BeO-exposed HLA-DP2–Tg mice treated with either isotype control 
or anti-CD20 mAb (5D2). (B) Representative density plots showing HLA-DP2-PLXNA4/Be tetramer staining of gated CD4+ 
T cells from ex vivo BAL cells of HLA-DP2–Tg mice treated with either isotype control (left) or anti-CD20 mAb (right). The 
numbers in each density plot represent the percentage of tetramer-binding CD4+ T cells. Summary of the (C) frequency 
and (D) number of tetramer-positive ex vivo BAL CD4+ T cells in the BALF of BeO-exposed HLA-DP2–Tg mice treated with 
either isotype or anti-CD20 mAb. Dots on graphs indicate values from individual mice (n = 9/group), and bars indicate 
means. Data are representative of 3 independent experiments. A lack of statistical significance was determined using 
a Student’s t test (2 tailed), and the solid line and error bars depict the mean ± SEM. A P value of <0.05 was considered 
statistically significant.
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BeO-induced B cell recruitment to the lungs is dependent on MyD88 signaling pathways. Although B cells are not 
required for the generation of a Be-specific CD4+ T cell response in the lung of HLA-DP2–Tg mice, we queried 
whether B cells would be recruited to the lung in the absence of the HLA-DP2 transgene. We exposed WT 
C57BL/6J (B6) and MD4 BCR–Tg C57BL/6J (MD4) mice to BeO using an identical exposure method to that 
used in the HLA-DP2–Tg mice (15). In heterozygous MD4 mice, greater than 95% of B cells are specific for 
hen egg lysozyme (33). We observed a significant recruitment of B cells to the lungs of BeO-exposed MD4 mice 

Figure 7. BeO exposure enhanced acute lung injury in HLA-DP2–Tg mice deficient in B cells. (A and E) Low-magnifica-
tion view of H&E-stained lung tissue collected from BeO-exposed HLA-DP2–Tg mice treated with isotype control (A) or 
anti-CD20 (E) mAb is shown. (B and F) Higher-magnification view of A and B is shown. Dark-field microscopic images 
show BeO particle distribution (white nodules) in the lungs of BeO-exposed mice treated with either isotype control 
(C) or anti-CD20 (G) mAb. High-magnification view of alveolar tissue in BeO-exposed HLA-DP2–Tg mice treated with 
isotype control (D) or anti-CD20 (H) mAb is shown. Scale bars: 20 μm. (I) Quantitative analysis of BeO particles within 
the granuloma and alveolar space. Concentrations of total protein (J), albumin (K), and podoplanin (TIA) (L) measured 
by ELISA in BALF from isotype control or anti-CD20 mAb–treated BeO-exposed HLA-DP2–Tg mice is shown. Cumulative 
data from 2 independent experiments having 3 to 5 mice per group are shown, and the mean ± SEM concentration (pg/
ml) is shown as a solid line with error bars. Statistical significance was determined using a Student’s t test (2 tailed) (I) 
or 2-way ANOVA (J–L), and a P value of <0.05 was considered statistically significant.
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compared with PBS-treated MD4 mice (Figure 8A). In addition, the number of B cells recruited to the lung was 
significantly greater in MD4 mice compared with B6 mice (P < 0.05). These data show that B cells expressing 
a defined BCR that does not recognize Be are recruited to the lungs following exposure to BeO, suggesting an 
antigen-independent recruitment of B cells to the target organ in response to BeO exposure.

To investigate the innate mechanism of  B cell recruitment to the lungs of  BeO-exposed mice, we que-
ried whether the MyD88 pathway was involved in the recruitment of  B cells to the lungs of  BeO-exposed 
mice. Given that Be exposure induced cellular death and the release of  DNA (17), we also examined the 
role of  TLR9 and STING, innate immune sensors involved in the recognition of  DNA. Thus, we exposed 
WT B6, MyD88-KO, TLR9-KO, and STING-KO mice to BeO and analyzed the number of  B cells in lung 
tissue at day 21. We found similar numbers of  B cells in the lungs of  BeO-exposed WT, TLR9-KO, and 
STING-KO mice that were significantly increased compared with PBS-exposed mice (P < 0.05; Figure 8B). 
Conversely, mice lacking MyD88 showed an impaired recruitment of  B cells to the lung in response 
to BeO exposure (Figure 8B). To delineate the underlying mechanism of  MyD88 dependence of  B cell 
recruitment, we measured CXCL13 in the BALF of  WT B6, MyD88-KO, TLR9-KO, and STING-KO mice 
exposed to either PBS or BeO. As shown in Figure 8C, CXCL13 secretion was significantly diminished 
in BeO-exposed MyD88-KO compared with BeO-exposed WT, TLR9-KO, and STING-KO mice, and no 
differences were noted in CXCL13 levels between PBS- or BeO-exposed MyD88-KO. Because decreased B 
cells in the BALF and lung tissue were associated with the enhanced level of  lung injury (Figure 7, J–L), 
we therefore examined lung injury in BeO-exposed WT B6, TLR9-KO, STING-KO, and MyD88-KO mice. 
BeO-exposed MyD88-KO mice showed elevated levels of  total protein, albumin, and T1A in the BALF 
after BeO exposure compared with WT B6, TLR9-KO, and STING-KO mice exposed to BeO (Figure 8D) 
as well as to PBS-exposed control mice. Conversely, total protein, albumin, and T1A levels in BALF were 
similar between BeO-exposed WT B6, TLR9-KO, and STING-KO mice. Collectively, these data show that 
the BeO-induced damage response is sensed in a MyD88-dependent manner with the resultant secretion of  
CXCL13 in the lung, thus promoting an antigen-independent B cell recruitment to the lung.

Figure 8. B cell recruitment to the lung after BeO exposure was independent of antigen and dependent on MyD88 signaling. (A) Total numbers of B 
cells in the lungs of WT C57BL/6J (B6) and MD4 BCR–Tg (MD4) mice exposed to either PBS or BeO is shown. Cumulative data from 2 separate experiments 
having 5 mice per group are shown. (B) Total numbers of B cells in the lungs of WT C57BL/6J (B6), MyD88–/–, TLR9–/–, and STING–/– mice exposed to either 
PBS or BeO are shown. (C) CXCL13 (pg/ml) and (D) total protein (left), albumin (middle), and T1A (right) levels in the bronchoalveolar lavage fluid of WT 
C57BL/6J (B6), MyD88–/–, TLR9–/–, and STING–/– mice exposed to either PBS or BeO are shown. Data are representative of 3 independent experiments having 
5 mice per group. Statistical significance was determined using a 2-way ANOVA, and the solid line and error bars depict the mean ± SEM. A P value of 
<0.05 was considered statistically significant.
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B cells surround granulomas in the lungs of  CBD patients. To determine the clinical relevance of  our murine 
findings, we obtained transbronchial lung biopsies from CBD patients (n = 5) and performed multicolor 
immunofluorescence microscopy to assess the presence and location of  B cells. Figure 9, A and B, shows 
H&E staining of  a granuloma with its centrally located macrophages and surrounding lymphocytic infil-
trates. Immunofluorescence staining of  the granuloma depicted in Figure 9, A and B, show CD20+ B cells 
(white) surrounding the granuloma in a pattern that resembles B cell accumulation in BeO-exposed HLA-
DP2–Tg mice (Figure 9C). Similar findings were seen in the lungs of  the other CBD patients.

Discussion
The study of  the immunopathogenesis of  rare diseases is facilitated by the generation of  murine models 
that reproduce the major features of  the human disease. In the case of  CBD, we previously utilized an 
HLA-DP2–Tg FVB/N mouse and showed that these mice developed Be-specific CD4+ T cells in spleen 
and lung that were HLA-DP2 restricted and secreted IFN-γ and IL-2 after BeO exposure, replicating the 
major features of  the disease (15). In addition to CD3+ T cells, in the present study we identified large pop-
ulations of  activated follicular B cells in the lung of  these mice after BeO exposure that were organized into 
ELAs. CD20+ B cells were also present in the lungs of  CBD patients, located at the periphery of  the granu-
loma. Although B and T cells were compartmentalized in ELAs, the structures lacked germinal centers as 
well as FDC networks, histological features compatible with the early stages of  organization in iBALT (29, 
30, 34). Based on the ability of  these lymphoid aggregates to serve as sites of  immune-response generation 
in the lung (34), we hypothesized that the generation of  the Be-specific CD4+ T cell response would be 
diminished in the absence of  B cells, the predominant cell comprising these ELAs. Although B cell deple-
tion abrogated the lymphoid aggregates and granuloma formation, the number of  Be-responsive CD4+ T 
cells in the lung was unchanged, suggesting that the ELAs were dispensable for the generation of  the T cell 
response and that B cells were not primarily functioning as APCs in the lung. However, in the absence of  B 
cells and lymphoid aggregates, lung injury was significantly increased, suggesting that innate B cells were 
preventing lung injury induced by a sterile particulate through a MyD88- and CXCL13-dependent manner.

The induction of  B cell aggregates in the lung has been documented in humans with rheumatoid 
arthritis (35), tuberculosis (36), chronic obstructive lung disease (37), and sarcoidosis (38), diseases that 
are characterized by chronicity and persistent antigen stimulation. CBD shares these features with the 
above disorders (39). At least for rheumatoid arthritis (35) and tuberculosis (36), the formation of  iBALT 
and granulomas, respectively, was associated with increased expression of  CXCL13, CCL19, and CCL21. 
These homeostatic chemokines are predominantly expressed in secondary lymphoid organs and facilitate 
the homing and localization of  lymphocytes and dendritic cells in these organs (27, 28, 40). However, in 
the setting of  lung infection and inflammation, CXCL13, CCL19, and CCL21 are induced in the lung and 
participate in the recruitment of  immune cells (30, 41), as was the case in the current study where BeO 
exposure was associated with significantly increased expression of  CXCL13, CCL19, and CCL21 and the 
recruitment of  large populations of  activated T and B cells to the lung.

Seminal studies by Randall and colleagues showed that protective primary immune responses could 
be generated in iBALT in the absence of  secondary lymphoid organs and that early stages of  iBALT for-
mation were dependent on IL-17 (29, 30, 34). In the present study, BeO-induced ELAs were poorly orga-
nized without obvious B and T cell zones, FDC networks, or germinal centers. It is possible that these 
structures would further organize with continued BeO exposure beyond 21 days. It is also possible that the 

Figure 9. B cells accumulate at the periphery of granulomas in the lungs of a CBD patient. H&E staining of a trans-
bronchial biopsy specimen from a CBD patient. Original magnification, ×100 (A) and ×200 (B). (C) Immunofluorescence 
staining (×200) shows CD3+ cells and CD20+ B cells in the lung granuloma of a CBD patient. Data are representative of 
images from 5 CBD subjects. Scale bar: 100 μm. 
 

https://doi.org/10.1172/jci.insight.125494


1 2insight.jci.org   https://doi.org/10.1172/jci.insight.125494

R E S E A R C H  A R T I C L E

poorly organized nature of  the BeO-induced lymphoid aggregates relates to the Th1-polarized Be-induced 
immune response and the absence of  IL-17, which has been shown to be critical for iBALT formation 
(29). Of  note, the BeO-induced lymphoid aggregates were equipped with HEVs and are likely a source of  
CCL19 and CCL21, suggesting their potential ability to support T cell responses in the lung. However, our 
data strongly support the hypothesis that the Be-specific CD4+ T cell response was initiated in LDLNs. 
For example, Be(OH)2 can function as an adjuvant, activating and inducing the trafficking of  dendritic 
cells to LDLNs as well as enhancing the generation of  antigen-specific memory CD4+ T cells (3, 17). In 
the present study, we show that the ELAs and granulomas were eliminated following depletion of  B cells, 
while the quantity of  Be-specific CD4+ T cells in the lung was unaltered. Thus, our findings are consistent 
with previously published studies suggesting that in mice with an intact immune system, the formation of  
ectopic lymphoid structures can support the recruitment of  T and B cells that were antigen primed in the 
LDLNs to the target organ (30). In addition, the dark-field microscopy images show clusters of  BeO within 
the lymphoid aggregates and granulomas that could function as an antigen depot, allowing for persistent 
antigen exposure, which is characteristic of  the human disease (2, 4).

BeO-induced B cell recruitment to the lung was associated with enhanced lung inflammation, since 
B cell depletion resulted in significantly decreased IL-1α, IL-1β, KC, IP-10, IFN-γ, and MIP-1α in lung 
homogenates. However, despite diminished inflammatory cytokine/chemokine secretion, the loss of  fol-
licular B cells and the ELAs exacerbated BeO-induced acute lung injury. These findings suggest a novel 
innate role of  B cells in protecting the lung from injury through sequestration of  antigen within the ELAs 
and granulomas. In both influenza (30, 34) and Schistosoma mansoni (41) infections, these lymphoid aggre-
gates can generate and maintain the local immune response in the lung. In the case of  a toxic sterile par-
ticulate, like BeO, that is repeatedly inhaled and poorly cleared, sequestering BeO within granulomas and 
lymphoid aggregates limits lung exposure, thus constraining lung injury. This is not unprecedented, since 
Moyron-Quiroz et al. (34) showed that influenza-specific immune responses generated in iBALT were less 
pathogenic than those generated systemically. Our findings also suggest caution with the use of  B cell–
depleting therapies in granulomatous lung diseases, like sarcoidosis and CBD. Although B cell infiltrates 
have been identified in granulomas of  sarcoidosis patients (38), this caution is reiterated with the results 
of  a recent prospective, open-label, phase I/II trial of  rituximab, a chimeric anti-CD20 mAb that depletes 
CD20+ B cells (42), in refractory sarcoidosis, which showed an inconsistent clinical response with 2 of  10 
patients dying of  respiratory failure during the study period.

The innate role of  B cells in our model is further supported by BeO-induced recruitment of  B cells to 
the lung in MD4 mice, which express a single BCR specific for an irrelevant antigen (hen egg lysozyme). 
In fact, significantly greater numbers of  B cells were recruited to the lung of  MD4 mice as compared with 
WT C57BL/6J mice. Importantly, BeO-induced B cell recruitment to the lungs was dependent on MyD88 
signaling pathways, and the mechanism of  MyD88 dependence was through the induction of  CXCL13 
secretion in the lung and the resultant promotion of  an antigen-independent B cell recruitment to the 
lung. Although TLR9 and STING were strong candidates for the involved pathogen recognition receptor, 
B cell recruitment to the lung in response to BeO was not altered in these mice. Thus, the innate receptor 
upstream of  MyD88 responsible for B cell recruitment to the lung remains unknown at the present time.

The expansion and maintenance of  the Be-specific CD4+ T cells in the lungs of  HLA-DP2–Tg mice 
in the absence of  B cells demonstrates that B cells are not required antigen-presenting cells in CBD patho-
genesis. This is in contrast to type 1 diabetes, where B cells serve as critical antigen-presenting cells for the 
initiation of  T cell–mediated autoimmune diabetes in nonobese diabetic mice (32), and treatment with anti-
CD20 mAb prevents and reverses autoimmune diabetes in mice (31). It remains possible that the recruited 
follicular B cells in the lung play an adaptive role in BeO-induced inflammation. This is supported by 
the increased serum IgG and its subtypes after BeO exposure compared with untreated mice that was 
subsequently diminished after anti-CD20 mAb treatment. In addition, the number of  B cells in the lungs 
of  HLA-DP2–Tg FVB/N was increased 6-fold over WT C57BL/6J mice, mice incapable of  developing a 
Be-specific CD4+ T cell response in the absence of  the HLA-DP2 transgene.

Collectively, these findings support a protective role for B cells and the ELAs in BeO-induced lung inju-
ry. The formation of  these cellular aggregates sequesters this sterile particulate antigen and limits BeO-in-
duced innate immune activation and injury. In CBD patients, B cells are also located at the periphery 
of  the granuloma, providing clinical relevance to our murine findings. Our findings also suggest that the 
development of  B cell clusters in the lung in response to inhaled antigen likely exists on a continuum from 
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ELAs to iBALT. In the case of  sterile particulates, we speculate that this protective innate mechanism tele-
ologically evolved to enhance survival against repeated lung injury following exposure to antigen, with the 
wayward consequence being the development of  an antigen-specific adaptive immune response, persistent 
T cell activation, and lung fibrosis.

Methods
Mice. C57BL/6J, C57BL/6-Tg (IghelMD4)4 Ccg/J, B6.129P2 (SJL)-Myd88tm1.1Defr/J, C57BL/6J-Tlr9M7Btlr/
Mm jax were purchased from Jackson Laboratory. STING-KO mice were donated by John Cambier. HLA-
DP2–Tg FVB/N mice used in these studies were as previously described (43).

Exposure of  mice to BeO. Six- to 8-week-old FVB/N HLA-DP2–Tg mice or WT C57BL/6J, MyD88-KO, 
TLR9-KO, STING-KO, and MD4-Tg mice were exposed to 50 μl of  either sterile PBS or PBS containing 
100 μg BeO (NIST, standard reference material 1877; refs. 44, 45), via oropharyngeal aspiration as previ-
ously described (46) on days 0, 1, and 2. Mice were lightly anesthetized with isoflurane to allow inhalation 
of  sterile PBS or BeO, and a limulus amebocyte assay (Sigma-Aldrich) was performed to confirm that 
preparations contained less than 20 μg of  endotoxin. After sensitization, mice were boosted with either 
BeO or PBS (Hyclone) via oropharyngeal aspiration on days 14, 15, 18, and 19, and euthanized on day 21.

Anti-CD20 treatment. The anti–mouse CD20 mAb, 5D2, and a murine IgG2a isotype control antibody were 
provided by Genentech. Pilot experiments were performed to determine optimal dosing for depletion of periph-
eral blood B cells, which was found to be 5 mg/kg i.p. once a week. Mice were injected i.p. with anti–mouse 
CD20 antibody or control antibody 2 days prior to BeO exposure and weekly for the duration of the experiment.

Preparation of  single-cell suspensions of  splenocytes and lung and LDLN cells. CD45PE mAb (5 μg/mouse, 
Tonbo Biosciences; clone 30-F11) was injected intravenously via the retro-orbital route to separate tissue cells 
from circulating cells (47). Mice were euthanized under anesthesia, and the lungs were perfused with ice-cold 
PBS. Spleens were pressed through a 100-μm cell strainer, rinsing the strainer with PBS. Lungs were removed, 
minced, and digested in RPMI-C containing 1 mg/ml collagenase (Sigma-Aldrich). After 30 minutes, colla-
genase-digested lungs were sequentially disrupted with 16-G and 18-G needles. Collagenase was quenched 
with cold PBS, and lung cells were centrifuged at 250 g for 10 minutes. Erythrocytes were lysed, and lung cells 
were filtered through a 70-μm cell strainer and resuspended in RPMI-C. Spleens and LDLNs were processed 
through a 100-μm cell strainer, rinsing the strainer with PBS. Cells were pelleted by centrifugation at 250 g for 
10 minutes. After ammonium chloride lysis of  erythrocytes, splenocytes were filtered through a 70-μm cell 
strainer and resuspended in complete culture media (RPMI-C), consisting of  RPMI 1640 (HyClone) supple-
mented with 10% heat-inactivated FBS (HyClone) and penicillin and streptomycin (Invitrogen).

Isolation of  BAL cells and BALF. Prior to the lavage, lungs were perfused with 5 ml of  PBS, and lavage 
was accomplished by tracheal cannulation. For BALF acquisition, lavage consisted of  1 ml PBS instillation 
with a 0.75-ml return volume. BALF was centrifuged at 2,000 g for 2 minutes, and the acellular fraction 
was frozen at –80°C for analysis of  lung injury. For BAL cell acquisition, lungs were sequentially lavaged 3 
times with 1 ml of  PBS, and return volumes were pooled and added to an equal volume of  RPMI-C on ice. 
Cells were centrifuged at 250 g for 5 minutes.

Preparation of  lung homogenates and cytokine analysis. Lungs were snap-frozen in liquid nitrogen and 
stored at –80°C. Frozen lungs were thawed in 0.5 ml PBS containing 0.05% Tween 20 and protease inhibi-
tors (Sigma-Aldrich) and homogenized at 35,000 rpm for 30 seconds on ice. Homogenates were centrifuged 
at 10,000 g for 10 minutes at 4°C. Supernatants were transferred to a 96-well microtiter plate and stored 
at –80°C. Supernatants were thawed and treated with nuclease (25 units Benzonase; Sigma-Aldrich) for 
30 minutes at 37°C and centrifuged at 400 g for 5 minutes through a Multiscreen filter plate (Millipore). 
A Mouse Cytokine 20-Plex kit (Invitrogen) was used to evaluate mouse secretion of  IL-1α, IL-1β IP-10, 
IFN-γ, and MIP-1α, according to the manufacturer’s guidelines.

Flow cytometry. Fluorescently labeled antibodies against cell surface antigens were diluted in PBS con-
taining 1% FCS, 0.05% sodium azide, and 0.5 μg/ml CD16/CD32 (Tonbo Biosciences; 2.4G2). Cells were 
incubated for 30 minutes at 4oC, and then washed and resuspended in PBS containing 1% formaldehyde. The 
following antibodies (vendor; clone) were used for multiparameter FACS analysis: CD3 (Tonbo Biosciences; 
145-2C-11), CD4 (BioLegend; RM4-5), CD8 (BioLegend; 53-6.7), CD19 (BioLegend; 6D5), B220 (RA3-
682), CD44 (Tonbo Biosciences; IM7), HLA-DP (purified from hybridoma, B7.21), CXCR4 (BD Pharmin-
gen), and CXCR5 (BioLegend, L138D7). For staining of  innate cells in BAL and LDLNs, antibodies direct-
ed against CD11c (N418), CD11b (M1/70), IA/IE (M5.114.15.2), and Ly6G (1A8) were purchased from 
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eBioscience, and mAbs directed against CD64 (X54-5/7.1) and Siglec-F (E250-4440) were purchased from 
BD Biosciences. For detection of  biotinylated antibodies, samples were incubated with a 1:250 dilution of  
streptavidin-PE (eBioscience; 12-4317-87) for 15 minutes on ice. For HLA-DP2-PLXNA4/Be tetramer stain-
ing, BAL cells were stained as previously described (14, 16). In brief, cells were incubated in 25 μl of  culture 
medium containing tetramer (20 μg/ml) for 2 hours at 37°C in a humidified 10% CO2 incubator, with gentle 
mixing every 30 minutes, followed by surface staining as described above. Data were obtained using an LSR 
II Flow Cytometer (BD), and all postacquisition analyses were performed in FlowJo (v10.06). For absolute 
number per organ, the total cell number was multiplied by the percentage of  cells in the live cell gate.

Analysis of  IFN-γ and IL-2 production by ELISPOT assay. ELISPOT plates (ImmunoSpot M200, BD Bio-
sciences) were coated with IFN-γ or IL-2 capture mAb (eBioscience) overnight and blocked with RPMI-C 
for 2 hours at room temperature (48). Lung CD4+ T cells were negatively selected via magnetic beads, and 
2.5 × 105 CD4+ T cells were combined with equal numbers of  purified CD19+ splenic B cells in triplicate 
from an unexposed HLA-DP2–Tg mouse. Cells were incubated overnight at 37°C with medium or BeSO4 
(100 μM). IFN-γ or IL-2 detection mAbs (eBioscience) were added, and spots visualized by avidin–horse-
radish peroxidase and 3-amino-9-ethylcarbazole substrate reagent (BD Biosciences). ELISPOT plates were 
analyzed using a CTL Immunospot Analyzer (Cellular Technology Ltd), and results reported as mean ± 
SD spot-forming units (SFUs) per well minus background SFUs.

IgG ELISAs. Blood was collected by submandibular puncture, and serum obtained using Microtainer 
Serum Separator Tubes (BD). To assess immunoglobulin levels, serum was diluted 1:10,000. The ELISAs 
for total IgG and IgG subclasses were performed according to the manufacturer’s instructions (eBiosci-
ence). Absorbance readings at 450 nM were obtained using a VMax microplate reader (Molecular Devic-
es), and concentrations were calculated using SoftMaxPro software (Molecular Devices).

Lung injury endpoints. To quantitate protein, BALF was diluted 1:10. Ten microliters of  diluted BALF 
was assayed in a Qubit protein fluorometric dye binding assay (ThermoFisher Scientific). Total protein was 
determined using a BSA standard curve according to the manufacturer’s instructions. To measure albumin, a 
bromocresol green (BCG) assay was performed as previously described (49) with modifications. Briefly, 100 
μl of  BALF was combined with 100 μl BCG reagent (BCG dissolved in 300 mM citric acid, pH 4.2 to a final 
concentration of  0.12 mM). Total albumin was determined using a BSA standard curve. Absorbance readings 
were measured at 620 nm using a VMax microplate reader. Concentrations were calculated using GraphPad 
Prism (v.5.0d). To assess relative T1A levels, BALF was diluted 1:100. A double-sandwich ELISA was per-
formed with a goat anti–mouse podoplanin (R&D Systems) capture antibody (10 μg/ml) and biotinylated 
anti–mouse podoplanin (eBioscience; eBio8.1.1) (0.5 μg/ml) as the detection antibody. Coating buffer, assay 
diluent, SA-HRP, and TMB substrate were from eBioscience. The absorbance was measured at 450 nm and 
used to compare the levels of  T1A. Absorbance readings were obtained using a VMax microplate reader.

Histology/scoring. Lungs were inflated and stored in 10% neutral-buffered formalin for 24 hours and 
transferred to 70% ethanol for histopathological analysis of  the lung injury. Immunohistochemistry on 
paraffin-embedded sections of  lung slides was performed by Histowiz. Briefly, each section was stained 
with a 1:500 dilution of  rabbit anti-CD4 (Abcam, EPR19533) or 1:10,000 dilution of  rabbit anti-B220 
(Novus Biologicals, RA3-6B2) using a Bond RX automated stainer (Leica Biosystems). Primary antibodies 
were detected using a rabbit-specific IHC polymer detection kit (Abcam) and the antibody-bound antigen 
sites were visualized by DAB. Sections were counterstained with hematoxylin and whole-slide scanning 
(×40) was performed on an Aperio AT2 (Leica Biosystems) and saved as single-file pyramidal tiled TIFF 
files. Enumeration of  the positive-staining cells was performed using the digital pathology image analysis 
software Qupath (50). Hematoxylin and eosin (H&E) histological staining was done at the UCD Cancer 
Center–Research Histology Shared Resource core. Sequestration of  BeO in the lungs was analyzed by 
ImageJ 1.52k (NIH) using the Renyi entropy method of  thresholding.

Multicolor immunofluorescence microscopy of  formalin-fixed, paraffin-embedded mouse and human lung sections. 
Lung sections (5 μm) were placed on a plate at 60°C to melt paraffin and quickly transferred into xylene. 
Sections were sequentially transferred into ethanol, 95% ethanol, and finally placed into water. To unmask 
antigens, slides were boiled in DAKO antigen retrieval solution (DakoCytomation, catalog S-1699) for 30 
minutes. Lung sections were blocked with 5% donkey serum (Jackson ImmunoResearch Laboratories, cat-
alog 017-000-001) prior to staining with primary antibodies. A set of  lung sections were first incubated with 
goat anti–mouse CXCL13 (R&D Systems, catalog AF470), biotinylated rat anti–mouse CD21/CD35 (Bio-
legend, clone 7E9), and rat anti–mouse FDCM1 (BD Pharmingen, catalog 551320). Alexa Fluor 568–don-
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key anti–goat IgG (ThermoFisher Scientific, catalog A-11057), Alexa Fluor 488–donkey anti–rat IgG (Ther-
moFisher Scientific, catalog A-21208), and Alexa Fluor 488–streptavidin (ThermoFisher Scientific, catalog 
S-11223) were added to lung sections to detect CXCL13-producing cells and CD21/CD35+/FDCM1+ FDCs. 
Another set of  slides were probed with rat anti–mouse/human peripheral node addressin (PNAd, Biolegend, 
MECA-79), FITC–mouse anti–mouse/human C-X-C motif  chemokine 12 (CXCL12, R&D Systems, 79018), 
and rabbit anti–mouse lymphatic vessel hyaluronan receptor 1 (Lyve-1, Acris, catalog DP3513). Cy-3–goat 
anti–rat IgM (Jackson ImmunoResearch Laboratories, catalog 112-166-075), and Alexa Fluor 647–donkey 
anti-rabbit (Jackson ImmunoResearch Laboratories, catalog 711-606-152) were added to visualize PNAd+ 
HEVs, CXCL12-producing cells, and Lyve-1+ lymphatics. Finally, a third group of  lung sections were covered 
with a cocktail of  goat anti-CD3ε (Santa Cruz Biotechnology, M-20), Alexa Fluor 488–donkey anti-mouse 
IgG (Jackson ImmunoResearch Laboratories, catalog 715-546-151), and APC–rat anti–mouse CD45R (B220, 
BD Pharmingen, RA3-6B2), followed by incubation with Alexa Fluor 568–donkey anti-goat (ThermoFisher 
Scientific, catalog A-11057) to label CD3+ T cells, IgG-producing cells, and CD45R/B220+ B cells.

Human lung sections were probed with goat anti-CD3ε (Santa Cruz Biotechnology, M-20), Alexa 
Fluor 488–donkey anti–human IgG (Jackson ImmunoResearch Laboratories, catalog 709-546-149), 
and mouse anti–human CD20 (GeneTex, L26). Bound primary antibodies were detected with Alexa 
Fluor 568–donkey anti–goat IgG (Life Technologies, catalog A-11057) and Alexa Fluor 647–donkey 
anti–mouse IgG (Jackson ImmunoResearch Laboratories, catalog 715-606-151). FDCs in human 
lungs were detected with mouse anti–human CD21 (ThermoFisher Scientific, 2G9). Biotinylated 
donkey anti-mouse (Jackson ImmunoResearch Laboratories, catalog 715-066-150) and Alexa Fluor 
555–streptavidin (Thermo Fisher Scientific, catalog S-32355) were added to slides to reveal primary 
antibodies. Slides were briefly washed in PBS and mounted with Vectashield antifade mounting media 
with DAPI (Vector Laboratories, catalog H-1200). Pictures were taken with a Hamamatsu camera and 
recorded with a Zeiss Axioplan digital camera.

Statistics. Statistical comparisons were analyzed with GraphPad Prism (v.5.0d) using unpaired Stu-
dent’s t test (2-tailed) or 2-way ANOVA. P values < 0.05 were deemed statistically significant. No data sets 
were generated or analyzed during the current study.

Study approval. All experiments were approved by the Institutional Animal Care and Use Com-
mittee of  the University of  Colorado Anschutz Medical Campus (Aurora, CO), in accordance with 
the NIH guidelines for use of  live animals. The University of  Colorado Anschutz Medical Campus is 
accredited by the American Association for Accreditation of  Laboratory Animal Care. Informed con-
sent was obtained from each participant, and the study protocol was approved by the Colorado Multiple 
Institutional Review Board (Aurora, Colorado).
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