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Vimentin has been implicated in pulmonary sarcoidosis as a T-cell autoantigen, particu-
larly in the context of HLA-DRB1*03, the Vα2.3/Vβ22 T-cell receptor (TCR), and Löfgren’s 
syndrome. As vimentin is a known antigenic target in B-cell-mediated autoimmunity, 
we investigated in situ humoral anti-vimentin responses in pulmonary sarcoidosis and 
their relationship with HLA-DRB1*03. Sarcoid and healthy control (HC) lung biopsies 
were analyzed by multi-color confocal microscopy for B-cells, T-cells, proliferation, and 
vimentin, and compared to tonsillectomy tissue. Bronchoalveolar lavage fluid (BALF) 
and serum from 48 sarcoidosis patients and 15 healthy volunteers were typed for HLA-
DRB1*03 and titrated for antibodies to full-length vimentin, vimentin truncations, and 
total IgG and IgA by ELISA. Presence of extracellular vimentin in BALF was determined 
by mass spectrometry and T-cell populations measured by flow cytometry. Sarcoid lung 
samples, especially from HLA-DRB1*03+ patients, contained vimentin-rich tertiary lym-
phoid structures and corresponding BALF was highly enriched for both IgG and IgA anti- 
vimentin antibody (AVA) titers. Furthermore, sarcoidosis patient BALF AVA concentrations 
(expressed as arbitrary units per milligram of total immunoglobulin isotype) correlated 
with the percentage of CD4+ T-cells expressing the Vα2.3/Vβ22 TCR. BALF antibody 
reactivity to the vimentin N-terminus was most prominent in HCs, whereas reactivity to 
the C-terminus (VimC-term) was enriched in the sarcoid lung. Specifically, HLA-DRB1*03+ 
patient BALF contained higher concentrations of anti-VimC-term antibodies than BALF 
from both HCs and HLA-DRB1*03− patients. Consistent with the lung as a site of AVA 
production, the concentration of AVAs in BALF was dramatically higher than in matched 
serum samples. Overall, there was a poor correlation between BALF and serum AVA 
concentrations. Together, these studies reveal the presence of linked in situ recognition 
of vimentin by both T- and B-cells in HLA-DRB1*03+ sarcoidosis patients, associated 
with a selective humoral immune response to the vimentin C-terminus.

Keywords: sarcoidosis, bronchoalveolar lavage fluid, autoantibodies, vimentin, löfgren’s syndrome, hla-DrB1*03

inTrODUcTiOn

Sarcoidosis is a multisystem granulomatous disorder of unknown etiology that primarily affects the 
lungs (1). The disease is associated with accumulation of CD4+ T-cells in bronchoalveolar lavage fluid 
(BALF), which is particularly pronounced in patients with the acute disease form, "Löfgren’s syndrome" 
(LS). LS is distinguished by specific clinical symptoms, including an acute disease onset, bilateral 
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hilar lymphadenopathy (BHL), erythema nodosum (EN), and/or 
bilateral ankle arthritis, and usually a self-limiting disease course. 
In patients positive for the HLA-DRB1*03 allele (2), dominance 
of T-cells, in the BALF (but not in matched peripheral blood), 
expressing T-cell receptor (TCR) segments Vα2.3 and Vβ22 is 
indicative of restricted antigen recognition in the inflamed lung. 
Importantly, a higher frequency of these T-cells associates with 
more rapid clinical recovery (3–5). Interestingly, in patients with 
expanded Vα2.3+Vβ22+ T-cells in the lung, peripheral frequen-
cies remain low. This observation suggests that peripheral blood 
is a poor surrogate for pathogenic processes in the sarcoid lung.

Although primarily considered a T-cell-driven disorder, 
evidence for B-cell involvement in sarcoidosis, and the interplay 
between the two cell types, has been suggested by a direct cor-
relation between the percentage of T-cells and antibody-secreting 
cells in BALF. Systemic sarcoidosis is associated with polyclonal 
hypergammaglobulinemia, and frequencies of IgA-, IgG-, and 
IgM-secreting cells in BALF are found to be proportional to those 
isolated from matched lung tissue samples (6). Furthermore, 
single-color immunohistochemistry suggests CD20+ B-cells, and 
to a lesser degree CD138+ plasma cells, to be common in sarcoid 
granulomas (7). Significantly, the correlation of BALF-derived 
antibody-secreting cells with relative frequencies of B-cells and 
plasma cells in corresponding lung biopsies (6) suggests BALF to 
be a good surrogate for immune processes in the lung parenchyma.

Interestingly, EN is considered to result from deposition of 
immune complexes (8, 9), which suggests a direct role for B-cells 
and antibody production in LS. However, the search for antigens 
targeted by humoral immunity in sarcoidosis has thus far been 
inconclusive. In one protein array screen, IgG antibodies to zinc-
finger protein 688 and mitochondrial protein L43 were more 
abundant in sarcoid BALF than controls and higher in non-LS 
than LS BALF (10). However, no association with other clinical 
parameters could be identified. One of the limitations of this 
study was the lack of normalization of titers to these candidate 
autoantigens for BALF total immunoglobulin isotype. Therefore, 
no specific enrichment for antibodies reactive with these antigens 
could be identified. Furthermore, it is also not known whether 
these antigens are accessible in sarcoid tissue, or if they, or cross-
reactive antigens, drive in situ adaptive immunity.

Using mass spectrometric characterization of peptides eluted 
from sarcoid BALF antigen-presenting cell HLA-DR molecules 
(11, 12), we have previously identified the type III intermediate 
filament vimentin as a candidate antigen for driving expansion 
of Vα2.3+Vβ22+-expressing CD4+ T-cell clones. The C-terminal 
eluted peptide, DSLPLVDTHSKRTLL, has been shown to trigger 
IFNγ responses in T-cells from HLA-DRB1*03+ patients with 
active disease (13), and by molecular modeling, ideally fits the 
peptide-binding cleft of the HLA-DRB1*03-TCR Vα2.3/Vβ22 
complex (14). A separate study has also identified vimentin as a 
component of the Kveim reagent, previously used for diagnostic 
purposes due to its ability to specifically induce granulomatous 
responses in sarcoidosis patients (15). Importantly, Kveim-derived 
vimentin promotes T-cell IFNγ production (16). Vimentin is, 
therefore, one of the most promising candidates for driving in situ 
expansion of Vα2.3+Vβ22+ CD4+ T-cells in patients expressing 
HLA-DRB1*03.

Humoral immunity to vimentin has been identified in other 
inflammatory lesions (17, 18). Most notably, lupus tubulointer-
stitial nephritis is associated with a dominant in  situ humoral 
immune response to vimentin, which is itself highly upregulated 
in inflamed tissue. Also, higher serum anti-vimentin antibody 
(AVA) titers correlate with severity of tubulointerstitial inflam-
mation (17). Interestingly, HLA-DRB1*03 carriage is frequent in 
both systemic lupus erythematosus (more than 60%) (19) and 
sarcoidosis (30–40% of all patients; ~70% of LS patients) (20). 
These data suggest that in  situ adaptive immunity to vimentin 
might be common in chronic inflammation, especially in patients 
positive for HLA-DRB1*03.

Given the existing molecular data linking HLA-DRB1*03 with 
Vα2.3+Vβ22+ CD4+ T-cells, adaptive immunity to vimentin and 
LS, we in this study focused on the influence of HLA-DRB1*03 
carriage on the in situ humoral response to vimentin. Having estab-
lished the presence of structures capable of supporting a T-cell-
dependent B-cell response to vimentin, we further investigated the 
associations between the magnitude and subtypes of AVAs with 
HLA-DRB1*03 carriage and the extent of the Vα2.3+Vβ22+ CD4+ 
T-cell response in the inflamed lung. We hereby demonstrate that 
there is indeed a strong enrichment of BALF C-terminal AVAs 
in HLA-DRB1*03+ sarcoidosis patients. These data infer that in 
sarcoidosis, HLA-DRB1*03 carriage is associated, in  situ, with 
both increased frequencies of Vα2.3+Vβ22+ CD4+ T-cells that can 
recognize a C-terminal vimentin peptide, and humoral immunity 
to the vimentin C-terminus. Interestingly, secretion of AVAs in 
the lung did not correlate with serum AVA titers. Together, these 
data suggest a self-contained in situ adaptive immune response 
to the vimentin C-terminus in sarcoidosis patients, which is 
particularly pronounced in those expressing HLA-DRB1*03.

MaTerials anD MeThODs

study subjects, Bronchoscopy, and Bal
Bronchoscopy with Bronchoalveolar lavage (BAL) was 
performed as previously descri bed (21). Forty-eight newly 
diagnosed sarcoidosis patients (16 females) with a median age of 
39.5 years (Table 1) were inclu ded in the study. All patients were 
HLA-typed and diagnosed with sarcoidosis according to criteria 
established by the World Association of Sarcoidosis and Other 
Granulomatous Disorders (WASOG) (22). Specifically, these 
included typical clinical and radiographic manifestations, findings 
at bronchoscopy with BAL including an elevated CD4/CD8 ratio 
and, if required, positive biopsies, as well as exclusion of other 
diagnoses. Twenty-six of the 48 patients were diagnosed with LS, 
defined as an acute onset, usually with fever, chest radiographic 
findings of BHL, sometimes with pulmonary infiltrates, and EN 
and/or bilateral ankle arthritis. At the time of BAL, two patients 
(one LS and one non-LS) were treated with methotrexate and 
prednisolone. In addition, one LS patient and one non-LS patient 
had previously received methotrexate and prednisolone but 
were untreated at the time of BAL. All other patients included in 
the study were untreated. In addition, BALF, serum, and BALF 
cells from 15 healthy volunteers (7 females) with normal chest 
radiography and matched for frequency of HLA-DRB1*03, were 
analyzed for comparison.
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TaBle 1 | Clinical characteristics of sarcoidosis patients and controls.

among all sarcoidosis 
patients (n = 48)

among löfgren’s syndrome 
(ls) patients (n = 26)

among non-ls patients 
(n = 22)

among healthy 
controls (n = 15)

Sex (male/female) 32/16 17/9 15/7 8/7
Age, years 39.5 (33.0–51.0) 36.0 (32.3–42.8) 47.5 (34.0–62.0) 25.0 (21.5–28.5)
Chest radiographic stage 0/I/II/III/IVa,# 0/23/21/0/2 0/19/7/0/0 0/4/14/0/2 N/A
Smoking status (never-smoker/former/current) 24/17/7 12/7/7 12/10/0 12/0/3
VC (% of predicted) 91.0 (79.0–98.8) 94.5 (81.5–102.0) 84.5 (76.5–94.5) N/A
DLCO (% of predicted) 87.0 (77.5–95.0) 88.5 (83.0–101.0) 84.0 (77.0–93.0) N/A
FEV1 (% of predicted) 85.0 (72.0–93.0) 91.0 (83.0–99.5) 78.5 (66.5–91.3) 105.0 (101.3–108.8)
Bronchoalveolar lavage fluid (BALF)  
cell concentration (106 cells/L)¤

210.7 (123.8–338.3) 218.6 (143.7–342.2) 205.5 (117.3–324.1) 74.7 (44.8–115.4)

% BALF recovery 62.5 (51.5–71.0) 68.0 (58.0–71.8) 57.5 (48.5–63.8) 68.0 (58.0–70.0)
% BALF macrophages 76.9 (60.6–85.6) 81.5 (62.2–88.3) 72.9 (55.2–81.1) 90.0 (87.5–94.4)
% BALF lymphocytes† 20.2 (12.4–37.4) 17.5 (10.2–35.7) 21.3 (16.9–41.7) 7.7 (5.0–11.5)
% BALF neutrophils 1.35 (0.6–2.1) 1.7 (0.6–2.2) 1.2 (0.9–1.5) 1.0 (0.4–1.8)
% BALF eosinophils 0.2 (0.0–0.6) 0.2 (0.0–0.6) 0.4 (0.0–0.8) 0.0 (0.0–0.6)
% BALF CD3+CD4+ cells‡ 85.9 (80.1–90.8) 89.8 (84.2–92.0) 83.9 (75.8–87.9) 63.5 (57.6–71.5)
BALF CD4/CD8 ratioφ 9.1 (6.0–16.9) 14.2 (6.8–18.2) 7.5 (4.7–9.2) 2.1 (1.5–3.2)
HLA-DRB1*03+/DRB1*03−DRB3*01+/
DRB1*03−DRB3*01−*

24/10/14 20/4/2 4/6/12 3/3/9

% Vα2.3+Vβ22+ CD4+ T-cells in BALFΔ 4.3 (1.4–7.6) 5.4 (3.2–8.9) 1.1 (0.3–2.8) 0.2 (0.1–0.3)

aChest radiography staging as follows: stage 0 = normal chest radiography, stage I = enlarged lymph nodes, stage II = enlarged lymph nodes with parenchymal infiltrates,  
stage III = parenchymal infiltrates without enlarged lymph nodes, and stage IV = signs of pulmonary fibrosis.
All percentage values are denoted as median (p25–p75).
Comparisons of measures in Table 1 based on HLA-DRB1*03 carriage (by the non-parametric Mann–Whitney U test unless otherwise specified) are as follows:
*Frequency of LS in sarcoidosis patients: p < 0.0001 (Fisher’s exact test) [DRB1*03+: 20/24 (83%) > DRB1*03−: 6/24 (25%)].
#Chest radiographic stage; p = 0.0285 (DRB1*03+ < DRB1*03−).
¤BALF cell concentration (106 cells/L); p = 0.7657 (DRB1*03+ < DRB1*03−), p < 0.0001 (DRB1*03+ > HC), p = 0.0006 (DRB1*03– > HC).
†% BALF lymphocytes; p = 0.0100 (DRB1*03+ < DRB1*03−), p = 0.0031 (DRB1*03+ > HC), p < 0.0001 (DRB1*03− > HC).
‡% BALF CD3+CD4+ cells; p = 0.0469 (DRB1*03+ > DRB1*03−), p = 0.0005 (DRB1*03+ > HC), p = 0.0025 (DRB1*03− > HC).
φBALF CD4/CD8 ratio; p = 0.1281 (DRB1*03+ > DRB1*03−), p < 0.0001 (DRB1*03+ > HC and DRB1*03− > HC).
Δ% Vα2.3+Vβ22+ CD4+ T-cells in BALF; p < 0.0001 (DRB1*03+ > DRB1*03−), p = 0.0068 (DRB1*03+ > HC), p = 0.1064 (DRB1*03− > HC).
VC, vital capacity; DLCO, carbon monoxide diffusing capacity; FEV1, forced expiratory volume in 1 s.
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Informed consent was obtained from all subjects and ethical 
approval granted from the Stockholm County Regional Ethical 
Committee (approval numbers: 2005/1031-31/2, 2009/20-32, 
2011/35-32, and 2012/132-32). Joint usage of samples and data 
was further authorized by the Institutional Review Board at the 
University of Chicago (approval numbers: 15065B-AM025 and 
15065B-AM030).

immunofluorescence staining  
of lung Tissue
Granulomatous paraffin-embedded bronchial mucosal biopsies 
from four LS and six non-LS patients of varying HLA type, chest 
radiographic stage, and smoking status were used for detection 
of CD20, CD3, CD4, ki-67, and vimentin. Mucosal biopsies from 
three healthy volunteers were included for comparison. Human 
tonsil tissue served as a positive control. A complete description 
of the staining procedure and subsequent imaging is provided in 
Supplementary Material.

identification of extracellular Vimentin  
by Mass spectrometry
Presence of free vimentin in BALF samples (previously removed 
of cells and particulate matter by centrifugation) was determined 
using pre- or post-concentrated (with 10MWCO columns, 
AmiconUltra-15, Millipore, Tullagreen, Ireland) BALF, subse-
quently diluted in reducing Laemmli buffer. BALF was resolved by 

SDS-PAGE and stained with a Coomassie-based reagent (Instant 
Blue, Expedeon, Cambridge, UK). Proteins were excised for in-gel 
trypsinization and mass spectrometry as described previously 
(17). Comprehensive analyses are specified in Supplementary 
Material.

Vimentin cloning and Protein Purification
Full-length vimentin cloned into the C-terminal 6 His-tag 
fusion expression vector pET-24b (subsequently used for E. coli 
expression and nickel column purification) was kindly provided 
by Mor-Vaknin et al. (University of Michigan). Three vimentin 
truncations were subsequently generated in-house using PCR 
amplification and cloning back within the BamH1 and Hind111 
restriction sites of the multiple cloning site of the pET-24b vector, 
as detailed in Supplementary Material.

elisas
Anti-vimentin antibody ELISAs were performed as for Kinloch 
et  al. (in preparation). A detailed methodology can be found 
in Supplementary Material. For each antigen and isotype, a 
standard curve was generated by performing twofold dilutions 
of frozen aliquots of standard [consisting of pooled sera contain-
ing high titers of antibody to the respective whole antigen or 
truncation, each standard having a neat concentration of 1,000 
arbitrary units (AU)]. AU of antibody titers for each analyte 
were calculated by interpolation from the standard curve, and 
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subsequently multiplying by its dilution factor. ELISAs were 
repeated until values could be interpolated within the range of the 
standard curve. Antibodies titrated to the full-length vimentin 
molecule (amino acids 1–467) are referred to as AVAs, to the 
N-terminal truncation (amino acids 1–259) as anti-VimN-term long,  
to the N-terminal truncation (amino acids 1–137) as anti-
VimN-term short, and to the C-terminal truncation (amino acids 
260–467) as anti-VimC-term. Neat titers (AU) in the text refer to 
the interpolated titers multiplied by their respective dilution 
factors. Concentrations (AU/mg) were calculated by dividing the 
neat titers (AU) by the analytes’ total immunoglobulin isotype 
concentration.

Total IgG and IgA concentrations in serum and BALF were 
titrated using Human IgA and Human IgG ELISA kits (E-80A 
and E-80G, ICL Inc., Portland, OR, USA).

statistical analysis
Anti-vimentin IgG and IgA titers were interpolated using the 
hyperbola (X is concentration) non-linear regression function 
in GraphPad Prism v.7 software (GraphPad Software, Inc., La 
Jolla, CA, USA). Titers were correlated to clinical parameters and 
compared between patient groups by one-way analysis of vari-
ance. The non-parametric Mann–Whitney U test and Wilcoxon’s 
signed rank test were used for individual comparisons between 
two groups, and Spearman rank correlation for association 
between BALF and serum AVA titers, as well as AVA titers and 
BALF CD4/CD8 ratio, percentage of TCR Vα2.3/Vβ22 CD4+ 
T-cells in BALF, and lung function parameters. p  <  0.05 was 
considered significant.

resUlTs

clinical characteristics and Pulmonary 
cell composition Differ Between hla-
DrB1*03 Positive and negative Patients 
and healthy controls (hcs)
Analysis of the study cohort (Table 1) demonstrated significant 
differences between groups in terms of clinical characteristics and 
diagnostic parameters. Specifically, as has been shown in previous 
studies (4, 20), the majority of HLA-DRB1*03+ patients were diag-
nosed with LS, while the opposite was true for HLA-DRB1*03− 
patients (Figure  1A). HLA-DRB1*03+ patients also presented 
with lower chest radiographic staging (Figure  1B), consistent 
with the diagnosis of LS. No significant difference was observed 
with regards to diffusing capacity of carbon monoxide (DLCO), 
although HLA-DRB1*03− patients tended toward a more marked 
reduction in DLCO (Figure 1C). We next compared BALF cell 
composition between HLA-DRB1*03 positive and negative 
patients, as well as HCs. As expected, overall cell concentrations 
(expressed as million cells per liter fluid) (Figure 1D), as well as 
the percentage of lymphocytes in BALF (Figure 1E), were signifi-
cantly elevated in patients compared to controls. Notably, while 
total cell and lymphocyte counts were higher in HLA-DRB1*03− 
patients (Figures  1D,E), the percentage of CD4+ T-cells was 
significantly higher in HLA-DRB1*03+ patients (Figure  1F), 
suggesting a more CD4+ T-cell-driven immune response in those 

patients. Consequently, HLA-DRB1*03+ patients also displayed 
the highest CD4/CD8 ratios (Figure 1G). Finally, as previously 
observed (14), HLA-DRB1*03+ patients demonstrated marked 
predominance of CD4+ T-cells carrying the Vα2.3/Vβ22 TCR 
(Figure 1H).

large Vimentin-rich cellular aggregates 
containing B-cells and T-cells are 
abundant in the sarcoid lung
Previously, we demonstrated that HLA-DRB1*03+ sarcoidosis 
patients have an in  situ expansion of Vα2.3+Vβ22+ T-cells that 
recognize vimentin peptides in the context of HLA-DRB1*03. 
We, therefore, sought to determine if this in situ T-cell response 
could be associated with anti-vimentin humoral immunity. As 
B-cell counts are not routinely assessed in sarcoidosis BALF, 
we examined B-cell frequency and distribution by multi-color 
immunofluorescence of mucosal biopsy samples. Therefore, we 
stained mucosal biopsies or tonsil tissue with antibodies specific 
for CD20, CD4, and vimentin, and then acquired images using 
multi-color confocal microscopy (Figure 2).

First, to confirm that we could efficiently stain for the above-
mentioned cellular markers using paraffin-embedded tissue, 
human tonsillectomy tissue was used as a positive control. This 
tissue type is commonly used in multi-color confocal microscopic 
analyses of human inflamed lesions as it is readily available, and 
abundant in lymphocytes and other inflammatory cell types 
organized in classic secondary lymphoid organ germinal center-
type structures. In tonsil samples [Figure 2A(i) and Figure 2B, 
left panel], T-cell- and B-cell-rich zones suggestive of germinal 
center light zones were readily apparent. Several cells in these 
light zone-like structures also expressed vimentin, consistent 
with the known induction of vimentin in activated T-cells (23) 
and macrophages (24). In contrast, there was no significant fluo-
rescence in tonsil stained without primary antibodies (Figure S1 
in Supplementary Material).

Staining of inflamed sarcoidosis lung samples demonstrated 
that vimentin was more abundant in the more cellular, inflamed 
lung than in healthy tissue [Figure  2A(ii–iv) and Figure  2B, 
middle and right panels]. Vimentin was found in areas contain-
ing infiltrating CD4+ and CD20+ cells. Of the ten (six HLA-
DRB1*03+ and four HLA-DRB1*03−) studied sarcoid biopsies, all 
but one (from an HLA-DRB1*03− patient) contained large CD4+ 
CD20+ vimentin-rich clusters (data not shown). In contrast, in 
the healthy lung, vimentin expression was primarily restricted to 
the pulmonary epithelium. Diffuse CD20+ cell scatterings were 
infrequent in the healthy parenchyma (data not shown), and 
occasional small aggregates of CD4+ and CD20+ sub-epithelial 
lymphocytes were also observed [Figure 2A(iv)].

In three of six HLA-DRB1*03+ biopsies, large dense aggregates 
consisting of B-cells, with CD4+ T-cells interspersed and around 
the edges were apparent [Figure 2A(ii) and Figure 2B, middle 
panel]. In the most inflamed parenchyma, these areas comprised 
over half of the biopsy area and contained zones reminiscent 
of structures observed in tonsils. In two of six HLA-DRB1*03+ 
biopsies, and four out of four HLA-DRB1*03− biopsies, aggre-
gates were smaller and large B-cell populations were less evident.
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FigUre 1 | Differences in lung characteristics of HLA-DRB1*03 positive and negative patients and healthy controls. Analysis of clinical characteristics and 
bronchoalveolar lavage fluid (BALF) parameters of the study cohort was performed according to standard diagnostic routines. Frequency of Löfgren’s syndrome (LS) 
and non-LS, respectively, in patients positive or negative for HLA-DRB1*03 was determined by Fischer’s exact test (a) following HLA typing and independent 
verification of diagnosis by at least two pulmonary specialists. Similarly, differences in chest radiographic stage (B) and DLCO (c) were assessed using standard 
clinical measurements. BALF cell measurements (D–h) were performed by ex vivo cell count (D,e) and flow cytometric analysis (F–h) following separation of cells 
and fluid by centrifugation. Comparisons between groups were performed using the non-parametric Mann–Whitney U test and all values are presented as median 
with interquartile range. Statistically significant differences between groups are indicated as two-tailed p-values according to the following scheme: *p < 0.05; 
**p < 0.01; ***p < 0.001; and ****p < 0.0001.
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To further verify the localization of B-cell clusters to the 
sarcoid granuloma, and to quantify potential differences in B-cell 
abundance in HLA-DRB1*03 positive and negative patients, 
additional analyses were performed involving the generation 
of digitally stitched fields of view, as well as hematoxylin and 
eosin (H&E) stains of granulomatous structures (Figure S2 in 
Supplementary Material). By comparison of the area and inte-
grated pixel intensity of the largest single individual CD20+ zone 
from each biopsy, HLA-DRB1*03+ patients (Figures S2A–C in 
Supplementary Material) were shown to comprise significantly 
larger and denser CD20+ zones than HLA-DRB1*03− patients 
(Figures S2D–F in Supplementary Material), further support-
ing the intensified B-cell response in this patient group (Figure 
S2G in Supplementary Material). While B-cell clusters in HLA-
DRB1*03− patients were small and primarily located around the 

granuloma, B-cell zones in HLA-DRB1*03+ patients were spread 
throughout the parenchyma (where only diffuse scatterings were 
found in the healthy lung), even when granulomatous structures 
were not evident.

Tertiary lymphoid structures in the 
inflamed lung harbor ki-67+ cells
To explore if the sarcoid lung tertiary lymphoid structures could 
be sites of lymphocyte expansion, tissue samples were stained for 
ki-67, which marks cells that have recently proliferated, as well 
as for CD4+ T-cells and CD20+ B-cells (Figures 3A,B). In tonsils 
[Figure 3A(i) and Figure 3B, left panel], frequent proliferating 
CD20+ B-cells were observed interspersed with, and surrounded 
by, CD3+CD4+ T-cells. Likewise, tissue from HLA-DRB1*03+ 
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FigUre 2 | Vimentin, B-cells, and T-cells accumulate and co-localize in sarcoid lung. Specificities of anti-vimentin, anti-CD20 (B-cells), and anti-CD4 (T-cells) 
antibodies were confirmed by multi-colored immunofluorescence staining of human tonsil [(a) i]. Detection was performed using fluorophore-labeled secondary 
antibodies and false colors subsequently assigned to respective wavelength’s acquired channel. Nuclei were counter-stained with Hoechst. Digital image contrasts 
of the tissue were also acquired. Analogous stains were performed on HLA-DRB1*03+ Löfgren’s syndrome (LS) [(a) ii], HLA-DRB1*03− non-LS [(a) iii], and healthy 
[(a) iv] mucosal biopsies. Examples of the highest orders of lymphoid organization for each patient group are provided. Magnified areas of merged channels from (a) 
for the respective tissues (as labeled) showing areas positive for vimentin, B-cells, and T-cells are focused on in (B). Negative control images can be found in 
Supplementary Material. Images were acquired with an oil immersion 40× objective. Scale bar length = 25 µm. Colored boxes correspond to highlighted areas of 
interest magnified from adjacent images.
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patients showed a similar pattern of ki-67+ cells in and around 
B-cell: T-cell clusters, with both B-cells and T-cells often express-
ing ki-67 [Figure  3A(ii) and Figure  3B, middle panel]. The 
HLA-DRB1*03− aggregates contained fewer B-cells (Figure S2 in 
Supplementary Material), and CD20+ B-cell proliferation was less 
evident [Figure 3A(iii) and Figure 3B, right panel].

Total antibody responses are enriched  
in the sarcoid lung
Antibody production in the inflamed sarcoid lung was determined 
using cell-depleted BALF. Total IgG and total IgA concentrations 
were elevated in HLA-DRB1*03+ and HLA-DRB1*03− sarcoid 
lung when compared to HCs [Figure 4A(i–ii)]. Between patient 
groups, HLA-DRB1*03+ individuals tended to have lower total 
IgG and IgA concentrations, but this only reached statistical sig-
nificance for IgA. Conversely, no differences in the concentration 

of serum total isotypes were observed between any of the groups 
[Figure 4A(iii–iv)].

To determine whether soluble vimentin was present and, 
therefore, antigenically accessible to B-cells, we assessed SDS-
PAGE-resolved cell-free BALF samples by mass spectrometry 
for vimentin. Due to the wide range of protein concentrations 
in BALF samples (13–885 µg/ml, see Supplementary Material), 
samples were also analyzed following concentration, to increase 
the probability of detecting vimentin. Molecular weight ranges 
excised for analysis covered a range within which vimentin forms 
have previously been demonstrated (Figure  4B) (17). Peptide 
analyses demonstrated that extracellular vimentin was detectable 
in three of the four HLA-DRB1*03+ LS and three of four HLA-
DRB1*03− non-LS samples analyzed (Supplementary Material). 
Multiple vimentin peptides were observed, which in total 
covered 58% of the vimentin molecule (Figure  4C). Vimentin 
was also detected in the one healthy control sample analyzed, 
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FigUre 3 | T-cells, B-cells, and proliferating cells in tonsil, HLA-DRB1*03+, and HLA-DRB1*03− sarcoid lung. As for Figure 2, tonsil was used as a positive control 
for multi-color confocal microscopy, but using CD4+ T-cell markers CD3 and CD4, the B-cell marker CD20, and the proliferation marker ki-67 [(a) i]. Analogous 
stains were performed on HLA-DRB1*03+ LS [(a) ii] and HLA-DRB1*03− non-LS lung [(a) iii] tissue biopsies. Magnified areas of merged channels labeled showing 
typical proliferating cell populations are detailed in (B). Images were acquired with an oil immersion 40× objective. Scale bar length = 25 µm. Colored boxes 
correspond to highlighted areas of interest magnified from adjacent images.
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demonstrating that extracellular vimentin was not restricted to 
the sarcoid lung.

BalF igg and iga aVa Titers are elevated 
in sarcoidosis
To investigate T-cell-dependent B-cell responses to vimentin in 
the sarcoid lung, we measured the reactivity of BALF IgG and IgA 
antibodies with full-length human vimentin using a custom-made 
ELISA. As demonstrated in Figure 5A(i–ii), neat titers of AVAs 
were elevated in sarcoidosis patients, but comparable between 
the HLA-DRB1*03+ and HLA-DRB1*03− patient subgroups. In 
contrast, when neat AVA titers were corrected for concentrations 
of total IgG and IgA (AU/mg), there were no significant differ-
ences in AVA corrected titers between either sarcoidosis patient 
group or HCs [Figure 5A(iii–iv)].

aVa concentrations are higher in the 
lung Than Peripheral Blood
Anti-vimentin antibodies titers were also measured in matched 
peripheral blood samples (Figure 5B). No difference was observed 
in the serum between sarcoidosis and HCs, whether for neat 
[Figure 5B(i–ii) titers (as AU) or corrected AVA concentrations  

(as AU/mg), Figure  5B(iii–iv)]. However, it was apparent that 
corrected AVA concentrations in BALF were much higher than 
those in serum. For IgG, the concentration of sarcoid BALF AVAs 
was, on mean average 9.7-fold higher (with a maximum of 150.0-
fold) than the corresponding serum concentration, while for IgA 
AVAs the difference was 4.2-fold (with a maximum of 29.4-fold). 
AVAs were also elevated in the BALF of HCs for both IgG (average 
4.9-fold, maximum 6.5-fold) and IgA (average 5.6-fold, maximum 
10.3-fold). These data indicate that, in both HCs and sarcoidosis 
patients, AVAs are preferentially secreted in the lung. However, in 
some sarcoid patients, lung AVA secretion is dramatically increased.

We next examined if there was a relationship between BALF 
and serum AVA concentrations [Figure 5C(i–iv)]. Remarkably, 
the only association between patient lung and serum AVA levels 
that reached statistical significance was for concentration of IgA 
AVA [Figure 5C(iv)]. These data indicate that there is a poor cor-
relation between BALF and serum AVA concentrations.

humoral immunity to the Vimentin 
c-Terminus in hla-DrB1*03+ sarcoidosis
To determine whether a dominant region of vimentin was 
selectively targeted by serum and BALF AVAs, we titrated AVA 
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FigUre 4 | Soluble IgG, IgA, and extracellular vimentin in bronchoalveolar lavage fluid (BALF). The respective total IgG and IgA concentrations of all BALF samples 
[(a) i–ii] were first determined by ELISA, and compared to serum concentrations [(a) iii–iv]. Data comparisons performed using the non-parametric Mann–Whitney U 
test. Values are presented as median with interquartile range, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. Selected samples were subsequently 
concentrated by size-exclusion chromatography, or left neat and resolved on 4–12% Bis-Tris-gels by reducing SDS-PAGE (B). The molecular weight range (red bar) 
for each of the lanes of Coomassie-stained gels was excised for each sample. Relative molecular weights as determined by the molecular weight ladder (far left lane) 
are indicated (kDa). All vimentin peptides determined by mass spectrometry are highlighted in emboldened black, and those confirmed to >97% probability 
underlined (c). BALF samples run on SDS-PAGE gels were from HLA-DRB1*03+ (samples 1–4), HLA-DRB1*03− patients (samples 5–8), and one healthy control 
(sample 9). Lane 10 served as a negative control (Laemmli buffer alone). Mass spectrometry and protein concentration data for the respective patient samples are 
provided in the Supplementary Material.
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IgG and IgA antibodies to short N-terminal, long N-terminal, 
and C-terminal vimentin truncations (Figure  6). Neat BALF 
IgG AVA titers (AU) were higher for each of the three vimentin 
truncations in sarcoidosis than HCs [Figure 6A(i,iii,v)]. In com-
parison, for IgA, only neat titers (AU) to the vimentin C-terminus 
were enriched in sarcoidosis [Figure 6A(ii,iv,vi)]. Interestingly, 
when comparing BALF titers as concentrations (AU/mg), HCs 
had higher concentrations of IgA [Figure 6B(ii,iv)], but not IgG 
[Figure 6B(i,iii)], antibodies to both vimentin N-terminal trun-
cations. In comparison, HLA-DRB1*03+ patients demonstrated 
higher IgA and IgG concentrations to the vimentin C-terminus 
than HCs and HLA-DRB1*03− patients [Figure  6B(v–vi)]. In 
contrast, there were no differences in serum AVA concentrations 
to the different truncations between patient groups and control 
populations (Figure S3 in Supplementary Material). These data 
indicate that, in the lung, sarcoidosis patients preferentially 
secrete AVAs reactive with the C-terminus of vimentin, and 
that this is augmented with carriage of the HLA-DRB1*03 

allele. Conversely, healthy individuals presented with a greater 
proportion of AVAs specific for the N-terminus. To further 
emphasize the skewing of the proportion of AVAs targeting the 
C-terminus in the inflamed lung, the ratio between concentra-
tions of C-terminal and N-terminal (either long or short) AVAs 
in BALF was calculated for HLA-DRB1*03 positive and negative 
patients, as well as for HCs (Figures S4 and S5 in Supplementary 
Material). These analyses confirmed the observation that the 
proportion of both IgG and IgA antibodies reactive to the 
C-terminus is elevated in the sarcoid, compared to the healthy 
lung. Also, comparing these same AVA subtype concentration 
ratios between BALF and serum within each group, as well as 
between individual subjects, demonstrated that the propor-
tion of antibodies to the C-terminus was higher in the BALF 
of sarcoidosis patients (irrespective of HLA-DRB1*03 carriage) 
but not in HCs, again implicating the sarcoid lung as a site of 
heightened proportional secretion of antibodies to the vimentin 
C-terminus.
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FigUre 5 | IgG and IgA titers in bronchoalveolar lavage fluid (BALF) and serum to recombinant full-length vimentin. Anti-vimentin antibodies titer differences 
between sarcoid patients positive and negative for HLA-DRB1*03, and healthy controls (HC), are given for BALF (a) and serum (B) as neat values [Arbitrary units 
(AU)] on the left (i,ii), and as concentrations of total immunoglobulin isotype (AU/mg) on the right (iii,iv). Titer comparisons between the two patient groups and HC 
were performed using the non-parametric Mann–Whitney U test and values presented as median with interquartile range. Statistical significances are denoted as 
two-tailed p-values as follows: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. Spearman correlations of respective antibody titers between matched BALF 
and serum samples from total sarcoidosis patients (positive and negative for HLA-DRB1*03 combined) are shown in (c) for neat values (i,ii) and concentrations (iii,iv) 
of total immunoglobulin isotype. Lines of best-fit are shown. (i) r = −0.020, 95% confidence interval −0.320 to 0.283, p = 0.894; (ii) r = −0.010, 95% confidence 
interval −0.310 to 0.293, p = 0.950; (iii) r = −0.052, 95% confidence interval −0.348 to 0.254, p = 0.735; and (iv) r = 0.366, 95% confidence interval 0.072 to 
0.601, p = 0.0135*.
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aVa Titers correlate With cD4/cD8 ratio 
and Percentage of Vα2.3+Vβ22+ cD4+ 
T-cells
We next examined the relationships between concentrations 
(AU/mg) of lung-secreted AVAs and BALF T-cell populations 
(as measured by flow cytometry). For these analyses, all clinical 
subgroups of sarcoidosis were combined to increase statistical 
power (Figures  7 and 8). As demonstrated in Figure  7, there 
was a positive correlation between all assayed IgG and IgA AVA 
subtype concentrations and CD4/CD8 ratios. For full-length 
vimentin [Figure 7A(i–ii)], a strong association with IgA AVA 
concentration was observed, while the association with IgG 
AVA concentration did not reach statistical significance. There 
was also a positive correlation between CD4/CD8 ratio and 
IgA concentrations to both the long N-terminal [Figure 7B(ii)] 
and C-terminal [Figure  7D(ii)] truncations. In contrast, only 

concentrations of IgG to the N-terminal domains showed sta-
tistically significant positive correlations with CD4/CD8 ratio 
[Figure 7B(i)] and [Figure 7C(i)].

Importantly, positive correlations were also observed 
between BALF IgG and IgA AVA subtype concentrations and 
the percentage of BALF CD4+ T-cells expressing the Vα2.3/
Vβ22 TCR (Figure  8). Concentrations of both IgA and IgG 
reactive with full-length vimentin correlated with the propor-
tion of Vα2.3+Vβ22+ T-cells [Figure  8A(i–ii)], as did both 
IgG [Figure 8B(i) and Figure 8C(i)] and IgA [Figure 8C(ii)] 
AVAs to the N-terminal domain. Interestingly, statistical sig-
nificance was not quite reached in the correlations of Vα2.3/
Vβ22 frequency and concentrations of IgG and IgA AVAs to 
the C-terminus (Figure  8D). However, considering all AVA 
subtypes collectively, these data strongly suggest that secreted 
AVA in the lung is associated with clonal expansion of T-cells 
expressing the Vα2.3/Vβ22 TCR.
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FigUre 6 | Bronchoalveolar lavage fluid (BALF) IgG and IgA titers to N- and C-terminal vimentin. Differences in BALF titers of IgG and IgA to long (VimN-term long) and 
short N-terminal (VimN-term short) and a C-terminal recombinant fraction (VimC-term) of vimentin, between sarcoid patient groups and healthy controls are given as neat 
values [Arbitrary units (AU)] [(a) i–vi] and as concentrations of total immunoglobulin isotype (AU/mg) [(B) i–vi]. Titer comparisons between the two patient groups and 
HC were performed using the non-parametric Mann–Whitney U test. Values are presented as median with interquartile range and statistical significances are 
denoted as two-tailed p-values as follows: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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BalF aVa concentrations negatively 
associate With lung Function
To determine if AVAs could relate to disease severity, BALF 
concentrations were compared to DLCO, a measure of lung 
function (Figure S6 in Supplementary Material). Low DLCOs 
tended to broadly correlate with high AVA titers. However, only 
IgA AVA titers against the long N-terminal truncation were 
statistically associated with low DLCO values (Figure S6B(ii) in 
Supplementary Material). Nevertheless, these data suggest that 
high titers of AVAs might be associated with more severe disease.

DiscUssiOn

Primarily described as a T-cell-mediated inflammatory disorder, 
conclusive evidence of antigen-specific humoral responses in 
sarcoidosis has been lacking. Furthermore, it was formerly 

unknown whether T- and B-cells collaborate in  situ and if this 
contributes to disease presentation and outcome. In this study, 
we demonstrate that sarcoidosis can be associated with features 
of tertiary lymphoid neogenesis, including organized clusters of 
B- and T-cells, reminiscent of germinal centers typically found in 
secondary lymphoid organs. Furthermore, our findings implicate 
vimentin as at least one of the antigens driving in situ adaptive 
immunity in sarcoid lungs. The correlation of BALF AVA con-
centrations with CD4/CD8 ratio and the frequency of clonally 
expanded Vα2.3+Vβ22+ CD4+ T-cells further support con-
comitant propagation of antigen-specific B- and T-cell responses  
in the lung. Strikingly, while total immunoglobulin secretion in 
the lungs of HLA-DRB1*03+ patients tended to be lower than in 
HLA-DRB1*03− patients, these patients had a higher concentra-
tion of AVAs targeting the vimentin C-terminus, consistent with 
a more antigenically focused antibody response, yet of lower 
overall magnitude. The amplification of T- and B-cell clusters 
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FigUre 7 | Associations of bronchoalveolar lavage fluid (BALF) CD4/CD8 ratio with BALF antibodies to different vimentin truncations in sarcoidosis patients. Spearman’s 
correlations between (combined HLA-DRB1*03+ and HLA-DRB1*03−) patient-matched BALF CD4/CD8 ratios (as determined by flow cytometry) and BALF antibody 
concentrations (Arbitrary units/mg) to full-length (anti-vimentin antibodies) (a) and truncated vimentin (B–D) for both IgG (i) and IgA (ii). Lines of best-fit are shown.
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FigUre 8 | Association of Vα2.3+Vβ22+ CD4+ T-cells in bronchoalveolar lavage fluid (BALF) with antibodies to different vimentin truncations. Spearman’s correlations 
between (combined HLA-DRB1*03+ and HLA-DRB1*03−) patient-matched BALF Vα2.3+Vβ22+ CD4+ T-cell percentage (of total CD4+ T-cells; as determined by flow 
cytometry) and BALF antibody concentrations (Arbitrary units/mg) to full-length (anti-vimentin antibodies) (a) and truncated vimentin (B–D) for both IgG (i) and IgA 
(ii). Lines of best-fit are shown.
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throughout the parenchyma in the HLA-DRB1*03+ sarcoid lung, 
where granulomas were not always evident, suggests the more 
numerous CD20+ B-cells to predominantly serve an antigen-
presenting function in a local transient inflammation within the 
inducible bronchus-associated lymphoid tissue.

In sarcoidosis, significant differences in AVA production 
were observed between HLA-DRB1*03 positive and negative 
patients and not between LS and non-LS sarcoidosis patients 
(data not shown). Moreover, AVA concentrations correlated with 
the percentage of Vα2.3+Vβ22+ CD4+ T-cells in BALF. These 
observations suggest that HLA-DRB1*03, rather than clinical 
diagnosis, is the dominant factor in sarcoidosis associated with 
AVA responses. This conclusion is consistent with previous 
findings showing expansions of Vα2.3+Vβ22+ CD4+ T-cells in 
the presence of HLA-DRB1*03, irrespective of other features of 
LS (14), and highlights the necessity of a future classification of 
patients based on genetic and/or immunological features rather 
than symptomatic presentation. At present, HLA-DRB1*03+ 
non-LS and HLA-DRB1*03− LS patients constitute a "gray zone" 
from a diagnostic and prognostic perspective and would benefit 
from enhanced understanding of the molecular patterns, such as 
B- and T-cell responses, that drive disease progression.

Importantly, AVA responses are not exclusive to sarcoidosis. 
AVA concentrations were also enriched in the BALF of healthy 
individuals compared to serum, suggesting that constitutive 
secretion of AVAs is a feature of ordinary lung homeostasis. 
Indeed, immunoreactivity to vimentin is likely to be a common 
occurrence in the normal immunoglobulin repertoire. In our 
own studies, immunoreactivity to vimentin is present in up to 
5% of mature and anergic B-cells from healthy donors (Kinloch 
et al., in preparation). Which domains of vimentin these antibod-
ies commonly target is not known. However, the predominance 
of N-terminal vimentin immunoreactivity in B-cell lymphomas 
(25), and the frequent presence of N-terminal reactivity in 
healthy subjects in the current study, suggest that N-terminal 
immunoreactivity is a common phenomenon in the healthy 
B-cell repertoire.

In addition, elevated serum AVAs have been reported in 
another inflammatory lung disease, interstitial pulmonary fibrosis 
(26). While this study demonstrated a correlation between serum 
IgG AVA levels and poor prognosis, it did not determine whether 
the correlation was also true for BALF AVAs, or if identified AVAs 
targeted specific vimentin domains. Moreover, it could not be elu-
cidated whether elevated serum AVA titers were associated with 
in situ tertiary lymphoid structures or specific HLA allotypes.

In sarcoidosis patients, we identified both an increased AVA 
response in situ and a shift in vimentin epitopes targeted by AVAs 
to the C-terminal domain. This was true for both IgG and IgA 
AVAs and, of the three groups studied, it was HLA-DRB1*03+ 
patients whose total lung antibody populations were most 
dominated by anti-VimC-term antibodies. Intriguingly, we have 
previously demonstrated a C-terminal vimentin peptide that ide-
ally fits into the peptide-binding cleft of this HLA molecule (14). 
These two observations alone suggest a coordinated epitope shift 
to the vimentin C-terminus for both B- and T-cell in situ adap-
tive immunity especially in HLA-DRB1*03+ sarcoidosis patients. 
However, when correlating the BALF concentrations of various  

AVA subtypes with proportions of BALF CD4+ T-cells express-
ing the Vα2.3/Vβ22 TCR, anti-VimC-term antibodies (although 
positively associative) did not reach statistical significance. Given 
the nature of T-cell-mediated B-cell responses, B-cells producing 
antibodies to the vimentin N-terminus could receive help from 
CD4+ T-cells recognizing the C-terminus. Likewise, B-cells pro-
ducing antibodies to the vimentin C-terminus could receive help 
from CD4+ T-cells recognizing N-terminal epitopes. The positive, 
and for the most part statistically significant, correlations of all 
AVA types with Vα2.3+Vβ22+ T-cell frequency indicates that this 
is one of the T-cell clonotypes that can activate any AVA expressing 
B-cell (irrespective of vimentin epitope recognized by surface Ig)  
to become an AVA-secreting cell.

The reason for the shift of antibody production to the vimentin 
C-terminus in the inflamed, and, most notably, HLA-DRB1*03+ 
lung, where the greatest enrichment of these antibodies is 
observed, remains unclear. Candidate factors include greater 
accessibility of vimentin C-terminal epitopes during inflamma-
tion, and cross-reactivity with similar epitopes on other antigens 
that become more available in an inflammatory environment.

More qualitative analyses and probing of short overlapping 
vimentin epitopes, representing the whole vimentin protein, 
may more definitively reveal whether there are epitopes specifi-
cally targeted by antibodies from HLA-DRB1*03+ patients. The 
C-terminal domain is the most likely source of candidates. Also, 
rather than merely studying relative epitope affinities using soluble 
antibodies in BALF, frequencies of antibody-secreting, as well as 
non-secreting B-cell clones, should be compared. The generation 
of recombinant monoclonal antibodies from dominant clones 
would further determine which epitopes are most frequently 
targeted in situ in HLA-DRB1*03+ patients and the inflammatory 
or regulatory nature of such reactive B-cells.

HLA-DRB1*03 is a commonly carried allele, and the adaptive 
immune response to vimentin is likely to influence pathogenesis 
in HLA-DRB1*03+ patients who suffer from other chronic inflam-
matory conditions characterized by an active in situ lymphocytic 
component. It is reasonable to hypothesize that in such inflamed 
lesions, the HLA-DRB1*03 molecule maintains its capacity to 
present vimentin C-terminal peptides and to support in  situ 
T-cell-mediated B-cell responses to antigens including vimentin. 
While this study specifically focused on this phenomenon in 
pulmonary sarcoidosis, analogous studies are required in order 
to determine whether this trend holds true for HLA-DRB1*03+ 
patients with other inflammatory diseases. Moreover, it remains 
to be elucidated if Vα2.3+Vβ22+ CD4+ T-cells are expanded in situ 
in the lesions of additional HLA-DRB1*03-driven inflammatory 
diseases. One particularly relevant disease to study is rheumatoid 
arthritis (RA), which similarly to pulmonary sarcoidosis can 
present with tertiary lymphoid neogenesis. HLA-DRB1*03+ 
RA patients tend to be anti-CCP seronegative and, reminiscent 
of HLA-DRB1*03+ sarcoidosis patients, have a better prognosis 
(27–29). Importantly, more comprehensive studies of the influ-
ence of HLA-DRB1*03 carriage on antibody production and 
specificity in the healthy lung are also strongly warranted.

Compared to the lung, there was little corresponding enrich-
ment for AVAs in serum. Neither IgG nor IgA for any of the inves-
tigated vimentin substrates showed any consistent relationship 
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between the AVA levels in BALF and serum. This observation is 
complementary to studies demonstrating a much higher diversity 
of TCR repertoires in peripheral blood compared to the lung 
compartment (30) and suggests that adaptive immunity in the 
sarcoid lung is local, restricted, and self-contained.

The higher concentrations of AVAs in the lung than periph-
eral blood in both sarcoidosis patients and HCs may reflect two 
phenomena, both of which are related to more frequent/greater 
history of local antigenic challenge/exposure in the lung and the 
subsequent production of local AVA-producing cells. The first of 
these is challenge from micro-organisms that express vimentin, 
or cross-reactive antigens, entering the respiratory tract. The second  
is previous bouts of inflammation that have resulted in local accu-
mulation of vimentin (and cross-reactive host antigens), and the 
lung’s elicitation of targeted B-cell responses to it. Further studies 
are, however, required to validate each of these two proposed 
mechanisms.

As demonstrated here in sarcoidosis, and previously in lupus 
nephritis (17), vimentin expression is strongly upregulated at 
sites of inflammation. Upon activation, vimentin is released from 
macrophages (24) and, accordingly, soluble vimentin is detected 
in patient BALF samples. This suggests that vimentin is readily 
available for antigen uptake and presentation in the inflamed 
lung.

Interestingly, we noted that high AVA titers were associated 
with reduced lung function. This correlation of heightened anti-
body concentration with decreased lung function was shared by 
all AVA subtypes studied, but only reached statistical significance 
for IgA to the N-terminus. The data presented herein do not allow 
us to draw any direct pathological conclusions regarding AVAs in 
pulmonary sarcoidosis. It, therefore, remains to be determined if/
how AVAs, of different isotypes and specificities, modulate inflam-
mation in situ. Future studies of the function of AVAs, possibly in 
animal models, are required to investigate their pathogenic roles. 
AVAs might contribute to tissue damage by forming immune 
complexes in the extracellular matrix of inflamed tissue where 
vimentin becomes enriched (31). It is also possible that vimen-
tin has an intrinsic innate inflammatory property [as has been 
described for another cytoskeletal protein, F-actin, via DNGR-1 
activation (32)]. If this is indeed the case, binding of AVAs to 
vimentin at different epitopes is likely to modulate the magnitude 
of local vimentin-induced inflammation differently. The presence 
of large extracellular molecular complexes containing vimentin 
would allow vimentin to cross-link B-cell surface receptors due to 
antigenic polyvalency. Should vimentin be recognized by danger-
associated molecular pattern (DAMP) receptors on B-cells, it 
may act in a manner analogous to nucleic acids, which activate 
B-cells by binding to DAMP receptors in endocytic pathways 
(33). Determination of vimentin’s inflammatory properties (and 
subsequent motif mapping), together with patient-purified AVA 
studies are, therefore, central to understanding the pathobiology 
of AVAs.

In addition to antigenic specificity, other factors might deter-
mine whether AVAs are pro- or anti-inflammatory. Indeed, we 
have recently demonstrated that total IgG antibodies secreted 
in the lung of sarcoid patients are hypoglycosylated compared 
to healthy individuals. Furthermore, hypoglycosylated IgG 

antibodies were most prevalent in non-LS patients who have 
more severe disease (Heyder et al., in press). These data suggest 
that in situ AVAs, and other in situ secreted antibodies, might be 
more inflammatory in patients with chronic sarcoidosis.

cOnclUsiOn

In summary, our results demonstrate sarcoidosis to be associated 
with an antigen- and HLA-DRB1*03-restricted humoral immune 
response to vimentin. Preferential secretion of AVAs in the lung, 
the local spatial organization of T- and B-cells, availability of 
antigen and association of AVA secretion with both local CD4+ 
T-cell counts and Vα2.3+Vβ22+ T-cell frequencies all strongly 
indicate that these AVAs arise from local, cognate T:B collabora-
tion. Importantly, our data suggest that lung-secreted AVAs in 
sarcoidosis reflect both an amplification of normal homeostatic 
immunity and a shift in antigenic specificity from the vimentin 
N-terminus to the C-terminus. The close link between HLA-
DRB1*03, LS, and a good prognosis implies that the nature of 
in situ humoral immunity might reflect fundamental differences 
in pathogenic mechanisms of prognostic importance. Further 
studies are, therefore, warranted to gain insight into in situ differ-
ences between B-cells and antibodies associated with resolving 
and fibrotic disease.
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