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Mass spectrometry-based autoimmune profiling
reveals predictive autoantigens
in idiopathic pulmonary fibrosis

Gabriela Leuschner,1,2,8 Anna Semenova,1,8 Christoph H. Mayr,1,8 Theodore S. Kapellos,1 Meshal Ansari,1

Benjamin Seeliger,3 Marion Frankenberger,1,2 Nikolaus Kneidinger,2 Rudolf A. Hatz,4 Anne Hilgendorff,1,5

Antje Prasse,3 Jürgen Behr,2 Matthias Mann,6 and Herbert B. Schiller1,7,9,*

SUMMARY

Autoimmunity plays a role in certain types of lung fibrosis, notably connective tissue disease-associated
interstitial lung disease (CTD-ILD). In idiopathic pulmonary fibrosis (IPF), an incurable and fatal lung dis-
ease, diagnosis typically requires clinical exclusion of autoimmunity. However, autoantibodies of un-
known significance have been detected in IPF patients. We conducted computational analysis of B cell
transcriptomes in published transcriptomics datasets and developed a proteomic Differential Antigen
Capture (DAC) assay that captures plasma antibodies followed by affinity purification of lung proteins
coupled to mass spectrometry. We analyzed antibody capture in two independent cohorts of IPF and
CTL-ILD patients over two disease progression time points. Our findings revealed significant upregulation
of specific immunoglobulins with V-segment bias in IPF across multiple cohorts. We identified a predictive
autoimmune signature linked to reduced transplant-free survival in IPF, persisting over time. Notably, au-
toantibodies against thrombospondin-1 were associatedwith decreased survival, suggesting their poten-
tial as predictive biomarkers.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is currently an incurable disease with a fatal prognosis of 2–5 years after diagnosis.1 Although newly

approved antifibrotic therapies (pirfenidone and nintedanib) can slow down disease progression, the only definitive therapy for IPF is lung

transplantation.2–4 Autoimmunity-driven interstitial lung diseases, such as connective tissue disease-related interstitial lung disease (CTD-

ILD), have a better prognosis and are characterized by the presence of auto-antibodies (e.g., Scl-70 antibody against topoisomerase-I in sys-

temic sclerosis), which are used for diagnosis and classification of the patients. While the absence of inflammation and autoimmunity is

believed to be characteristic of IPF, there is a growing body of evidence that IPF may have clinical features compatible with an underlying

autoimmune process. Circulating autoantibodies have been reported to be present in approximately one-third of IPF patients,5–7 without

meeting the required diagnostic criteria for CTD-ILD and interstitial pneumonia with autoimmune features (IPAF).8 Given the highly diverse

clinical courses of IPF, comprehensive autoantibody profiles from IPF patients may benefit frompersonalized therapy decisions. Furthermore,

it is conceivable that the presence of autoantibodies and autoreactive T cells against unknown antigens could perpetuate pathology in IPF.

Compared to healthy controls and patients with chronic obstructive pulmonary disease (COPD), patients with IPF show higher plasma

levels of the B lymphocyte stimulating factor, which is essential for B cell differentiation and B cell survival as well as more C-X-Cmotif chemo-

kine 13 (CXCL13), mediating B cell recruitment to inflammatory tissue.9,10 Furthermore, we previously identified an unexpectedly high prev-

alence of marginal zone B cell-1 protein (MZB1) positive antibody-secreting plasma B cells in ILD tissues, including IPF.11 In our study, MZB1

levels correlated positively with tissue IgG and negatively with lung function parameters, suggesting a common association of IPF progression
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with antibody-mediated autoimmunity.11 Indeed, it has been shown that high levels of autoantibodies against vimentin,12 heat shock protein

70,13 periplakin as well as anti-parietal cell antibodies,14,15 were associated with more severe disease in IPF.

In this study, we aimed at the characterization of B cell immunity in lung fibrosis and the identification of disease-specific and prognosis-

relevant autoantibodies in IPF and CTD-ILD. We analyzed V-segment usage in antibodies, developed a proteomic workflow for high sensi-

tivity and accuracy detection of lung disease-associated autoantigens, and compared autoreactivity profiles in independent CTD-ILD and IPF

patient cohorts longitudinally. Autoreactivities to THBS1 identified a stable patient endotype with reduced survival independently in both

study cohorts, suggesting that clinical translation of unbiased autoantibody profiling is highly relevant for personalized IPF patient care.

RESULTS

Immunoglobulin V-segment usage bias in IPF

Immunoreceptors are generated by somatic recombination of multiple gene segments in the genome (VDJ recombination). The selection of

V-segments has been shown to be often not random but rather seems to be driven by the nature of the antigen. Thus, V-segment usage may

report a prior history of infections/exposures that led to clonal expansion and therefore a biased usage of particular V-segments, as shown for

COVID-19 and influenza.16,17 Importantly, a biased V-segment usage has been also observed previously in various systemic autoimmune dis-

eases, such as systemic lupus erythematosus (SLE).18

We were interested in V-segment usage in IPF/ILD and hypothesized that the increased prevalence of plasma B cells in IPF lung tissue11

could be associated with an increase in autoreactive antibodies. To analyze the B cell repertoire and V-segment usage in ILD across several

independent patient cohorts we used publicly available scRNA-seq datasets (Figure S1A) and re-analyzed 568,139 single cells from an inte-

grated ILD cell atlas.19 Re-clustering of 9,386 B and plasma cells identified 14 clusters that were present in all three datasets (Figures 1A and

S1B). All B cell clusters were more abundant in the IPF/ILD samples compared to controls (Figures 1B and S1C).

Calculation of the top five significant genemarkers uncovered the underlying heterogeneity within the B/plasma cell lineage (Figure S1D).

We used commonly used B cell gene markers20–25 (Table S1), explored their expression levels in the identified clusters (Figures 1C and 1D),

and annotated plasma cells (clusters 1, 2, 5, 8, and 12), mature B cells (clusters 3, 4, 6, and 7), germinal center B cells (cluster 9), and memory B

cells (cluster 11). A mature B cell population characterized by the expression of IFNGR1, CD68, FGR, IL10RA, FOS, and PARVB, was reminis-

cent of the recently described ‘‘atypical’’ B cell state in COVID-1926 (cluster 14) (Figure 1D).

To analyze potential V-segment usage bias in the IPF/ILD samples in comparison to control donor lungs, we isolated the 10%most variable

immunoglobulin genes in each dataset and visualized the agreement between cohorts for genes higher in healthy controls (Figure 1E), or

higher in IPF tissues (Figure 1F). While the healthy control donors did not show any conserved V-segment usage across the three patient co-

horts, we identified 18 transcripts, including 4 IgG heavy chains (IGHG1, IGHG2, IGHG3, and IGHG4) and 14 V-segments (IGLV1-40, IGLV3-21,

IGKV3-11, IGLV3-1, IGKV4-1, IGLV6-57, IGKV1-5, IGHV3-21, IGLV1-44, IGHV1-2, IGHV3-48, IGHV1-18, IGLV3-19, and IGHV4-59), that were

reproducibly increased in ILD/IPF across all cohorts.

Taken together, our analysis indicates a significantly biased usage of V-segments in IPF/ILD that either points toward a shared history of

specific pathogenic exposures or the presence of a particular repertoire of autoreactive plasma B cell clones.18

A mass spectrometry workflow for the proteome-wide discovery of autoantigens in lung disease

Wewanted to explore the potential autoreactivity of plasma B cell clones in IPF/ILD using an unbiased quantitative method. Recent advances

approach autoantigen discovery in a large scale and high throughput manner using protein microarrays,27 or phage display libraries, repre-

senting a synthetic human peptidome.28 These assays do, however, depend on synthetic antigens. We instead developed the Differential

Antigen Capture assay (DAC; see STAR Methods for detailed description), which is based on immunoprecipitation of human lung proteome

extracts with patient immunoglobulins followed by quantitative shotgun proteomics similar to affinity purification (AP)-MS (Figure 2A). To

characterize the sensitivity and specificity of our assay we analyzed plasma from patients with CTD-ILD who had undergone Scl-70 autoreac-

tivity testing by ELISA in their clinical routine (SSc: n = 12; undifferentiated CTD: n = 2; RA: n = 1; Figure 2B). Topoisomerase-I (TOP1) is the

protein target of the Scl-70 auto-antibodies.

The DAC assay scores the proteins from native lung extracts as putative autoantigens in patients when they are significantly enriched

(FDR < 5%) on beads coupled to plasma antibodies from ILD patients versus the beads coupled to plasma antibodies from healthy controls

(Figure 2C). In comparison to patients who had negative results for Scl-70 antibodies (n = 7), our assay identified clinically verified Scl-70-pos-

itive patients (n = 8) with exceptionally good specificity and sensitivity, and equally good performance as the clinically approved ELISA test

(Figures 2D and 2E). In contrast to the ELISA test our method simultaneously identified several other enriched putative autoantigens in these

Figure 1. Pulmonary fibrosis lungs present with elevated B cell numbers and biased V-segment usage

(A) UMAP plots of B/plasma cells mapped by disease group (left), originating dataset (middle) and cluster identity (right).

(B) Bar plot with B cell cluster frequencies in each disease group.

(C) Heatmap of B cell gene signature enrichments in each cluster.

(D) Expression heatmap of B cell gene markers (from C) in each cluster.

(E and F) Venn diagrams showing the overlap of up-regulated most variable immunoglobulin segments between the scRNA-seq datasets of healthy control and

pulmonary fibrosis donors.
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patients (Figure 2C). Thus, in this study, we went on to use the multiplexed and unbiased nature of the DAC assay to discover autoantigens in

ILD and associate patient-specific signatures with clinical features.

IPF patients feature a high prevalence of autoantibodies

To compare auto-reactivities in CTD-ILD and IPF systematically, we performed the DAC assay in two independent study cohorts. Schematics

of cohorts and availability of clinical data are shown in Figure S2. Cohort-1 (Munich; Table S2) included IPF (n = 35), CTD-ILD (n = 26), and

healthy controls (n = 31; meanG SD 58.8G 11.1 years, range 40–82 years). The CTD-ILD patients were diagnosed with systemic scleroderma

(n = 15), undifferentiated CTD (n = 5), rheumatoid arthritis (RA) (n = 4), Sjogren’s syndrome (n = 1) andmixed connective tissue disease (n = 1).

ThemeanG SD agewas 63.3G 8.4 years in IPF and 62.7G 10.2 years in CTD-ILD. Patients with IPF had significantly lower forced vital capacity

(FVC) % pred. than patients with CTD-ILD (54.5 G 15.8 vs. 65.7 G 18.9; p = 0.025) (Tables S3 and S4).

The second cohort (Hannover; Table S5) also included IPF (n = 40) and CTD-ILD patients (n = 20; Sjogren’s syndrome n = 6; systemic scle-

rosis n = 5; RA n = 5; CREST syndrome n = 3; antisynthetase syndrome n = 1). On average, with a mean G SD age of 70.4 G 8.1 years, IPF

patients from cohort-2 were significantly older than all other patients (p = 0.003) and patients from Hannover had significantly better lung

function than patients from Munich.

Using the DAC assay we quantified on average >500 proteins per patient sample in all patient groups in both study cohorts (Figure 3A).

Putative autoantigens enriched over healthy controls were mostly cytoplasmic, nuclear, and cytoskeletal components (Figures 3B–3D), with

infrequent yet biologically relevant reactivity to receptors and secreted proteins (Figure 3E). Overall, 17 antigens were shared across cohorts

and disease entities (Figure 3F).

Since the Hannover cohort represented ILD patients at an earlier stage of their disease progression (better lung function), we also per-

formed the DAC assay at a follow-up visit (3.1 years mean time from first sampling with SD of 1.6 years) (Tables S6 and S7). Furthermore,

the cohort contained seven healthy serum controls (Table S7). Interestingly, the CTD-ILD and IPF-specific autoantigens were preserved at

the second time point with a significant enrichment over control samples, indicating a remarkably stable autoimmune phenotype of these

patients (Figures 3G and 3H).

Taking together both cohorts, the meanG SD number of autoantigens per patient was 16 G 40 in IPF and 9G 15 in CTD-ILD, revealing

that surprisingly the prevalence of autoantibodies was not lower in IPF compared to autoimmune-associated ILD (Figure 4A). Independent of

A B C

D E

Figure 2. A proteomic workflow detects autoantigens with high sensitivity and specificity

(A) Experimental workflow. Antibodies captured from plasma are used to precipitate proteins from native lung protein extracts. Differential protein binding to

beads (disease versus healthy controls) is quantified using shotgun MS-based proteomics.

(B) Detection of plasma antibody reactivity to an autoantigen (SLC-70) by mass spectrometry was compared to a clinically obtained ELISA test in patients with

CTD-ILD (SSc: n = 12; undifferentiated CTD: n = 2; RA: n = 1).

(C) Representative volcano plot of one patient with systemic sclerosis (SSc) positive for the Scl-70 antigen (Toposisomerase 1; TOP1) shows enrichment of the

autoantigen versus healthy donors. Red dots indicate significantly enriched proteins (FDR < 5%).

(D and E) Each patient sample in panel Bwasmeasured in triplicates resulting in the depicted number of true and false positives. The specificity of significant Top1

(Scl-70) enrichment in ILD compared to healthy donor controls by MS analysis was 100%, while sensitivity was 96% (ROC analysis).
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Figure 3. Protein quantification and GO terms of enriched autoantigens

(A) Number of quantified proteins across experimental groups and cohorts.

(B–D) Categories of Autoantigens identified in IPF and CTD-ILD showed similar distribution, in cohort-1 (Munich) (B), cohort-2 (Hannover) (C), and when both

cohorts combined (D).

(E) Autoantigens in both cohorts combined, that correspond to the Uniprot keywords ‘‘secreted’’ and ‘‘receptor’’; blue corresponds to IPF and red to CTL-ILD

patients.

(F) Bar graph showing the frequency distribution of 17 antigens found in common in the four groups (IPF and CTD-ILD patients from both cohorts).

(G and H) IPF- and CTD-ILD-specific autoantigens from the table shown in (E) were analyzed at a follow-up sampling as shown (3.1 years mean time from first

sampling with SD of 1.6 years), p-value was defined with Kruskal-Wallis test.

ll
OPEN ACCESS

iScience 26, 108345, November 17, 2023 5

iScience
Article



the cohort, we recognized a broad heterogeneity of autoantigens in IPF: whereas themajority of identified autoreactivities in both IPF cohorts

were only found in 1–2 patients, less than 10% of these antigens were enriched in 5 or more patients (Figure 4B).

In IPF patients from cohort-1, the most commonly found autoantigens were RUVBL2, HIST2H3PS2, and TUBB8. While autoreactivity to

RUVBL2 and HIST2H3PS2 was not associated with any differences of FVC in IPF patients from cohort-1 (Figures S3A and S3B), patients

A C

B

D E

F

Figure 4. Common and individual autoantigens in IPF and CTD-ILD

(A) Number of significantly enriched autoantigens per patient in cohort-1 and cohort-2.

(B) Percentage distribution of identified autoantigens in IPF cohort-1 and IPF cohort-2.

(C) Venn diagram of individual and shared autoantigens in IPF and CTD-ILD across two cohorts (see Table S8 for Venn diagram loadings).

(D) Bar graph of the 15 most commonly detected autoantigens in IPF (present in at least three patients from each IPF cohort).

(E) Bar graph of the nine most commonly found autoantigens in CTD-ILD (present in at least two patients from each CTD-ILD cohort).

(F) Heatmap of all four groups lists the top identified autoantigens that were significantly enriched in at least three patients in at least one group. Color code

shows the score that is the sum of the Student’s t test statistics of significant proteins (FDR < 10%).
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with reactivity toward RUVBL2 showed a trend for better survival (p = 0.052; Figure S3D). The detection of TUBB8 autoantibodies was signif-

icantly associated with higher FVC and better transplant-free survival in IPF patients from cohort-1 (Figures S3C and S3E). In cohort-2, RUVBL2

and TUBB8 were not frequently detected. In contrast, themost commonly detected autoantigens were FCN3, RPL35 and SERPINA1. None of

these three antigens was associated with altered FVC levels (Figure S3F–S3H).

Comparing significantly enriched autoantigens across diagnosis and patient cohorts showed substantial variation with most identified

autoantigens specific to either a particular diagnosis or cohort (Figure 4C; Table S8). Some of this variance may be due to cohort specific

differences. For instance, the CTD-ILDs from cohort-1 included 62.5% of SSc-ILD patients, while the largest CTD-entity of cohort-2 was Sjog-

ren’s syndrome. Nevertheless, a total of 17 autoantigens were shared in all 4 groups (Figure 4C), and 15 autoantigens were present in at least

three patients in each IPF cohort, with FCN3 being the most commonly detected (Figure 4D). We further identified 9 autoantigens that were

present in at least two patients in each CTD-ILD cohort, including the CTD-ILD specific TOP1 with SERPINA1 having the highest prevalence

(Figure 4E). Overall, the autoantigens showed common and distinct associations with study groups (Figure 4F). Of note, IPF patients from

cohort-1, which was the clinically most severely affected group, had the largest autoantibody repertoire (Figure 4F). A total of 50.6% (n =

279) of all identified autoantigens were found exclusively in IPF from cohort-1. A high proportion (n = 179; 70.6%) of these individually iden-

tified autoantigens were detected in only four patients with IPF from cohort-1 (Figure 4A). These patients appeared to have a distinct auto-

immune signature (range 69–279 autoantigens per patient). Clinically, however, there was no evidence of CTD-ILD or IPAF in these patients. In

comparison to all other IPF patients from cohort-1, FVC and transplant-free survival were similar in the four IPF patients with distinct autoim-

mune signature (Figure S4).

We specifically looked out for commonly known autoantigens that have been previously associated with various autoimmune diseases,

such as different members of the heat shock protein 70 family (Figure S5). While HSPB1, HSPA5, HSPA12B, and HSPA6 were enriched in

IPF, and different types of CTD-ILD, HSPA4, and HSPA9 were only detected in IPF patients. Aminoacyl tRNA synthetase (AARS) was marked

as significantly upregulated in one CTD-ILD patient with Antisynthetase syndrome (ASyS) in cohort-2 and additionally in one Systemic scle-

rosis (SSc) CTD-ILD patient in cohort-1. Regarding Lupus-specific antigens: Ro52 (TRIM21) was significantly upregulated in two SSc patients in

cohort-1 and one SSc and one Sjögren’s syndrome patient in cohort 2. Additionally, Ro-52 was upregulated in four IPF patients in cohort-1.

Further, Ro60 (TROVE2) specific antibodies were upregulated only in CTD-ILD patients in cohort-1: two SSc, one Sjögren’s syndrome, and one

RA. Autoantibodies against SSB were present in only one RA patient in cohort-1. Finally, auto-reactivities against Fodrin (SPTAN1/SPTBN1)

were found in onepatient withmixed connective tissue disease in cohort-1; however, they were also significantly upregulated in IPF patients in

both cohorts. Anti-centromere antibodies were not detected in any of the cohorts.

In summary, our analysis identified a large number of IPF and CTD-ILD specific and overlapping autoantigens of both intracellular and

extracellular nature that persisted in longitudinal analysis. The functional significance of these autoreactivities is currently unclear.

An autoantigen signature is associated with transplant-free survival in IPF

To assess the predictive value of the autoantigens discovered in this study we performed Kaplan-Meier survival analysis for 58 autoantigens

present in at least 3 patients. The mean G SD follow-up in the study cohort was 1.7 G 1.1 years. While in cohort-1, 4 patients died and 17

underwent lung transplantation, in cohort-2, 10 patients died and none underwent lung transplantation.

Autoreactivities predicted improved andworsened clinical outcomes. Patients with autoreactivities towardAPOA4orGPX1 showedbetter

transplant-free survival (Figures 5A and 5B). Autoreactivity to the ECM glycoprotein thrombospondin-1 (THBS1) predicted a worse survival

independently in both study cohorts (Figures 5C and 5D). In a combined analysis of both cohorts, we additionally found THBS1 (n = 6;

8.0%; p = 0.002; Figure 5E), TUBB1 (n = 5; 6.7%; p = 0.019; Figure 5F), and CD5L (n = 3; 4.0%; p = 0.0015; Figure 5G) as being associated

with significantly reduced transplant-free survival time. In multiple regression analysis controlling for the confounding age, FVC and gender,

both THBS1 and TUBB1 were significant predictors for transplant-free survival (THBS1 HR: 3.98; 95%-CI: 1.432–11.074; p = 0.008; TUBB1, HR

3.469; 95%-CI: 1.150–10.464; p = 0.027).

Patients with autoreactivity for THBS1 often shared autoreactivity with TUBB1, which hinted toward a shared autoantigen repertoire in IPF

patients at risk for mortality/lung transplantation. Displaying autoreactivities of IPF patients from both cohorts in a heatmap (Figure 5H), we

detected two major clusters. Additionally, PCA analysis of the Z-scored Student’s t test statistics of the top 58 autoantigens identified two

groups (Figures 5I and 5J). All of the patients in group_1 (n = 11) were from the heatmap cluster-1 and six of nine patients (66.7%) fromgroup_2

were from the heatmap cluster-2.

Based on the PCA groups, we again performed Kaplan-Meier survival curves for transplant-free survival. While patients from PCA-group-1

(cohort-1: n = 8; cohort-2: n = 3) did not show differences in comparison to all other IPF patients (Figure 5K), patients from PCA-group 2

(cohort-1: n = 4; cohort-2: n = 5) had a significantly shorter transplant-free survival in comparison to all other IPF patients from cohort-1

and -2 (median survival 0.9 years versus 3.4 years; p = 0.046; Figure 5L). Of note, these patients did not differ significantly in terms of baseline

FVC (p = 0.155) and age (p = 0.282) from the other IPF patients at the time of analysis.

Finally, wemeasured PCA-group-1 and PCA-group-2 proteins in a longitudinal setting. PCA-group-1was stably elevated over control sam-

ples at the baseline and follow-up time points (Figure 5M, p value < 0.05; follow-up was 3.1 years mean time from first sampling with SD of 1.6

years). PCA-group-2 proteins were also enriched over the control group at both time points with a slight increase observed in the follow-up

samples (Figure 5N, p value < 0.05), again indicating that the observed auto activities constitute a remarkably stable and long-lasting pheno-

type of these patients.
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DISCUSSION

Developing themass spectrometry-basedDAC assay we were able to globally compare the pulmonary auto-reactivities of plasma antibodies

in CTD-ILD and IPF patients, which revealed (1) a surprisingly high prevalence of antibody-mediated autoimmune reactions in IPF compared

to CTD-ILD, which coincides with (2) a significant immunoglobulin V-segment bias stable across independent cohorts. Longitudinal analysis

showed that (3) patient-specific autoreactivities remained stable over several years, indicating the relevance of thesemeasurements to define

patient endotypes at risk. Indeed, we (4) identified autoreactivity profiles, in particular THBS1, that predicted reduced survival in IPF patients,

independent of the patient cohort.

Our newly developed autoantigen discovery workflow is highly competitive with current state-of-the-art workflows in several respects. First,

we only needed minute amounts of plasma samples (20–50 mL per patient). Second, a non-targeted approach was used. We fed the immuno-

precipitation assay with a full representation of the diseased lung proteome and identified antigens using mass spectrometry. Targeted assays

depend on recombinant purified proteins, making comprehensive and high throughput screening difficult. Third, autoantigens can carry dis-

ease-associated posttranslational proteinmodifications (PTMs), which also cannot be easily addressedwithmethods based on recombinant pro-

teins.We are therefore confident that the DAC assay offers several advantages for both basic research and future clinical utility. For instance, the

DAC assay can be used to shed light on the currently ongoing discussion on the potential role of autoantibodies in (long) COVID-19.29

Autoantibodies against THBS1, which were found in 8% of IPF patients, were an independent predictor for transplant-free survival in IPF

patients in both study and validation cohorts when adjusting for baseline age, FVC and gender. THBS1 is an ECM glycoprotein with multiple

functions, including the inhibition and stimulation of angiogenesis and tumor progression or wound healing.30 Interestingly, loss of THBS1

was associated with impaired lung regeneration,31 suggesting that autoantibodies in patients may cause loss of function phenotypes that

promote fibrosis as a consequence of failed alveolar epithelial regeneration. In both study cohorts, we found several patients who partially

shared a similar set of autoantigens including THBS1 (PCA-group-2 in Figure 5I) that had a significantly worsened prognosis. This signature of

autoantigens is enriched for proteins functional in either the regulation of TGF-beta32,33 (THBS1 and LTBP1) or fibroblast focal adhesions34,35

(TLN1, ZYX, and LIMS1) as well as the cytoskeleton (TUBB1 and CALD1). Together, these data suggest that the autoreactivities in PCA-group-

2 that were associated with reduced patient survival may modulate the TGF-beta pathway as well as cell shape and adhesion mechanisms.

Our study also identified autoreactivities that were associated with better outcomes (e.g., APOA4 and GPX1). The concept of protective

autoimmunity has recently been suggested in the COVID-19 context based on the observation that autoantibodies toward chemokines were

associated with favorable disease outcomes and negatively correlated with the development of long COVID at 1 year post-infection.36,37

Application of the DAC assay to the (long-) COVID-19 context and autoimmunity post-viral infection in general will thus be a very interesting

and promising future direction.

In conclusion, the surprisingly high prevalence of autoantibodies in IPF warrants further research on their causal roles in disease progres-

sion or their function in protecting the patient. Based on autoimmune reactivity profiles, we identified a molecular endotype of IPF patients at

risk that is worth further clinical investigation.

Limitations of the study

We acknowledge the limitations of our study. Wemade use of two retrospective cohorts that were highly distinct and therefore characterized

by important differences. First, IPF patients from cohort-2 were not only older but were less restricted in terms of lung function compared to

patients from cohort-1. Moreover, the body fluids we used from cohort-1 were plasma samples and the ones from cohort-2 serum, which

might account for some of the heterogeneity between cohorts. The sensitivity of the DAC assay depends on several parameters that can

vary for the respective autoantigen/antibody pairs. The enrichment of autoantigen depends on (1) autoantibody titer in plasma, (2) antibody

affinity, (3) concentration of autoantigen in the tissue extract, and (4) other unknown criteria. Since we had to choose one defined condition for

our experiments we expected to miss some of the possible targets.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

Figure 5. Identification of predictive autoantigens in IPF

(A–G) Kaplan-Meier analysis for transplant-free survival shows a significantly reduced survival in IPF patients with autoantibodies to THBS1, TUBB1, and CD5L

respectively.

(H) 58 proteins that were detected in both IPF cohorts and in at least two patients in one of the cohorts were grouped by hierarchical clustering.

(I) Patients were grouped by principal component analysis with the same protein enrichment values used in (H).

(J) Scatterplot showing the loadings of component 1 and component 2 of the PCA in (I).
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significantly reduced survival in group_2 (L).

(M and N) PCA group 1 and 2 proteins from the table shown in panel (J) were analyzed at a follow-up sampling as shown (3.1 years mean time from first sampling

with SD of 1.6 years), p-value was defined with Kruskal-Wallis test .
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

PhosSTOP Roche Cat#4906845001

cOmplete�, EDTA-freier Proteasehemmer-

Cocktail

Roche Cat#11873580001

Lys-C Endoproteinase, MS Grade Thermo Scientific Cat# 90051

Trypsin Protease, MS Grade Thermo Scientific Cat# 90059

Critical commercial assays

Pierce BCA Protein Assay Kits Thermo Scientific Cat#23225

Deposited data

DAC assay Munich, cohort 1 This paper PXD024113

DAC assay Hannover, cohort 2 This paper PXD024123

Sc-transcriptomic data, IPF and control lung

tissue

Mayer et al., 2021 NA

Sc-transcriptomic data, IPF and control lung

tissue

Habermann et al.38 GSE135893

Sc-transcriptomic data, IPF and control lung

tissue

Reyman et al.39 https://nupulmonary.org/resources/

Software and algorithms

MaxQuant software https://www.maxquant.org/ v1.6.7.0

Perseus software https://maxquant.net/perseus/ v 1.5.3.0, 1.6.2.3, 1.6.10.50

DEP package https://bioconductor.org/packages/release/

bioc/html/DEP.html

v1.21.0

Seurat https://satijalab.org/seurat/ v4.1.0

R https://www.r-project.org/ v4.0.5

Harmony algorithm https://github.com/immunogenomics/

harmony

v0.1.0

AUCell package https://www.bioconductor.org/packages/

release/bioc/html/AUCell.html

v1.12.0

GraphPad Prism https://www.graphpad.com/features v5.0

Other

Bioruptor� Plus sonication device Digenode Cat#B01020001

Pierce� Protein G Agarose Thermo Scientific Cat# 20397

TissueLyser 2 Qiagen NA

MultiScreenHTS BV Filter Plate, 1.2 mm, clear,

sterile

Merck Cat# MSBVS1210

CDS Empore� SDB-RPS Extraction Disks Fisher Scientific Cat# 13-110-022

EASY-nLC� 1200 System Thermo Scientific Cat# LC140

timsTOF Pro Bruker Daltonik NA

ReproSil-Pur C18-AQ 1.9 mm resin Dr.Maisch GmbH NA

UniProt FASTA database https://www.uniprot.org/ UP000005640_9606

EASY-nLC 1000 System Thermo Scientific Cat# LC120

Q-Exactive Mass Spectrometer Thermo Scientific NA
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact to Herbert B.

Schiller (herbert.schiller@helmholtz-munich.de).

Materials availability

Reagents and enzymes were obtained from the commercial sources described in the STAR Methods key resources table.

Data and code availability

� Proteome raw data andMaxQuant processing tables can be downloaded from the PRIDE repository40 Accession numbers are listed in

the key resources table.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study cohort

Human lung tissues, derived from lung transplantation (donor and ILD recipients), were obtained from the BioArchive of the Comprehensive

Pneumology Center Munich (CPC-M). The autoantibody study population consisted of two independent ILD cohorts. Plasma samples of

study cohort 1 (Munich cohort) were derived from IPF and CTD-ILD patients from the BioArchive of the CPC-M. Healthy controls were

also received from the BioArchive of the CPC-M according to comparable ages as far as possible, although 1:1 matching was not possible

the age range was comparable. Controls showed no signs of infection or respiratory symptoms.

Blood samples were either collected in the respective ILD outpatient clinic during routine visits or in the inpatient unit during evaluation for

lung transplantation. Diagnosis of IPF wasmade by high-resolution computed tomography (HRCT), or, if available, histopathological findings

from surgical lung biopsies (SLB) according to the official ATS/ERS/JRS/ALAT statement on the diagnosis and management of IPF. Patients

with CTD-ILD had a radiographic proven ILD with underlying systemic sclerosis, Sjogren syndrome, rheumatoid arthritis, polyarthritis or un-

differentiated CTD. Information about sex, age, and ethnicity as well as some additional clinical data of patients from cohort 1 and cohort 2 is

provided in the Tables S3 and S4.

All patients/healthy controls had to be older than 18 years and all gave written informed consent. The study was performed according to

the local ethics committee of the Ludwig-Maximilian University Munich (approval numbers 333-10 and 382-10). Patients gave written informed

consent to the DZL broad-consent form and the study was approved by the local ethics committee of theMedizinische Hochschule Hannover

(2923-2015).

METHOD DETAILS

Patient material processing

For plasma sampling, fresh venous blood was collected in EDTA-coated vacutainer tubes (Sarstedt, Nümbrecht, Germany). After centrifuga-

tion, supernatant plasma was separated fromblood cells and immediately stored at 80�Cdegrees in the CPC BioArchive. For cohort 2, Serum

samples were obtained from the collaborators in Hannover, and stored at �80�C.
Protein extraction of end-stage lung tissue was performed from the explanted lungs of ILD patients and healthy donors undergoing lung

transplantation. To encompass the potentially higher antigenic variation in ILD samples, we prioritized ILD tissue samples for immunoprecip-

itation (n = 41). In addition, we added non-ILD control samples from healthy tissue (n = 12) to encompass an even broader range of potential

antigenic variance. After lung transplantation, the lung tissue is collected in our CPC BioArchive in a standardized way. Lung tissue is cut into

pieces of 0.5 cm3, snap-frozen in liquid nitrogen, and stored at -80�Cdegrees. For protein extraction, frozen lung tissue pieces were subject to

cryo-bead milling in TissueLyser2 (Qiagen). The resulting powder was resuspended in RIPA buffer (50mM Tris HCl pH 7.4, 150 mM NaCl, 1%

Triton X100, 0.5% sodium deoxycholate, 1 mM EDTA, 0.1% SDS) supplemented with protease inhibitor and a phosphatase inhibitor cocktail

(both Roche; Penzberg, Germany) and assisted by sonication (10 cycles, 30sec power, 30-sec pause) (Bioruptor, Diagenode). Samples were

incubated on ice for 30 minutes and undissolved debris was removed by centrifugation for 5 minutes at 18000g. Bicinchoninacid Assay (BCA)

(Pierce), was used to analyze protein concentration. For the protein extraction pool, equal amounts of all samples were pooled.

Differential antigen capture assay (DAC)

To identify autoantigen-autoantibody interactions in ILD, we developed the Differential Antigen Capture assay (DAC), based on immunopre-

cipitation. Protein G agarose-coupled beads (Pierce, Thermo Fisher Scientific, 20397), which can bind up to 11-15mg human IgG per ml of

settled resin (50% of slurry), according to manufacturer information, were used to catch antibodies from plasma. Protein extract from ILD

and control patient lung tissue was added subsequently to capture antigens, binding to the antibodies on the beads. Immunoprecipitation

was performed in triplicates for each patient.
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Plasma was thawed on ice and centrifuged at 16.000xg for 5 minutes at 4�C degrees. As described above, antigen protein extraction was

derived from end-stage lung tissue from the explanted lungs of 41 ILD patients and 12 healthy donors undergoing lung transplantation, and

equal amounts of all samples were pooled. Protein extractions were also thawed on ice.

First, 20ml of Protein G agarose beads were put in 96 well-filter plates (MultiScreenHTS-BV, 1.2 mm, Millipore) and washed with 200ml wash

buffer (0.1% IGEPAL, 5% Glycerol, 50 mM Tris pH 7.4, 150 mMNaCl, Roche EDTA free protease inhibitor) by centrifugation at 100g for 1 min-

ute. Beads were then loaded with a mixture of 195ml of wash buffer and 5ml of plasma (Munich cohort)/serum (Hannover cohort) supernatants,

and incubated for 1 hour at room temperature, at 900 rpm shaking. Afterwards, the supernatant was removed from the filter plates by centri-

fugation at 100g for 1 minute and the beads were washed 3 times with 200ml wash buffer.

Antibody-saturated beads were loaded with 150mg of antigen-containing protein extract in 200ul wash buffer and incubated for 1 hour at

room temperature shaking at 400 rpm. Filter plates werewashedwithwash buffer (without protease inhibitor) three times and then three times

with PBS to prepare for proteomic digestion.

Mass spectrometry analysis of cohorts 1 and 2

Immunoprecipitation samples were subject to on-bead digest. Beads were incubated in digestion buffer (50 ml 8 M Urea Hepes pH8, 0.5mg

LysC (Thermo Scientific, in ABC), 10 mM DTT) for 1 hour at room temperature in a shaker (600 rpm). Afterwards, 0.5mg Trypsin (Thermo Sci-

entific) was added in 200ml 50 mM ABC with 55 mM CAA and beads were again incubated for 1 hour at room temperature gently shaking

(600rpm). 96 well filter plates were centrifuged at 100g for 1 minute and digested peptides as flow-through were collected in clean 96 well

plates. Filters were washed again with 50ml quenching buffer [2M Urea, 50 mM Thiourea, 2mM Hepes in 50 mM ABC (= 50mM

NH4HCO3)] and centrifuged at 100g for 1 minute. Digestion continued overnight at 37�C and 600rpm and was stopped by acidifying the

samples to 1% TFA.

Peptides were purified using stage tips containing a poly(styrene-divinylbenzene) copolymer modified with sulfonic acid groups (SDB-

RPS).41,42 Stage tips were first activated with 100ml ACN. For equilibration, we first ran 100ml 30%MeOH, 1% TFA over the stage tips, and

then 200ml 0.2% TFA. The samples were loaded in 1 % TFA. Afterward, stage tips were first washed twice with 100ml isopropanol in 1%

TFA and then again with 200ml 0.2% TFA. Finally, samples were eluted with 60ml of 5% Ammonia and 80% ACN. Afterwards, samples were

evaporated at 30�C degree (Eppendorf Evaporator Plus). The final eluates were dissolved in 6 ml buffer A* (MS-loading buffer) under

sonication.

Approximately 1 mg of peptides were separated in one-hour gradients on a 50-cm long (75-mm inner diameter) column packed in-house

with ReproSil-Pur C18-AQ 1.9 mm resin (Dr. Maisch GmbH). Reverse-phase chromatography was performed with an EASY-nLC 1000 ultra-

high-pressure system (Thermo Fisher Scientific) coupled to a Q-Exactive Mass Spectrometer (Thermo Scientific). Peptides were loaded

with buffer A (0.1% (v/v) formic acid) and eluted with a nonlinear 60-min gradient of 5–60% buffer B (0.1% (v/v) formic acid, 80% (v/v) aceto-

nitrile) at a flow rate of 250 nl/min. After each gradient, the column was washed with 95% buffer B and re-equilibrated with buffer A. Column

temperature was kept at 50�C by an in-house designed oven with a Peltier element,43 and operational parameters were monitored in real-

time by the SprayQC software (Scheltema&Mann, 2012).MSdatawere acquiredwith a shotgun proteomicsmethod, where in each cycle a full

scan, providing an overview of the full complement of isotope patterns visible at that particular time point, is followed by up to ten data-

dependent MS/MS scans on the most abundant not yet sequenced isotopes (top10 method) (Michalski et al., 2011a). The target value for

the full scan MS spectra was 3 3 106 charges in the 300�1,650 m/z range with a maximum injection time of 20 ms and a resolution of

70,000 at m/z 400. The resulting mass spectra were processed using the MaxQuant software,44 which enabled label-free protein quantifica-

tion.45 Peak lists were searched against the human Uniprot FASTA database (November 2016), and a common contaminants database (247

entries) by the Andromeda search engine.41,46

Mass spectrometry analysis of the longitudinal cohort

Longitudinal samples were processed using the DAC workflow described for Munich and Hannover cohorts. Digested peptides were

measured on a modified trapped ion mobility spectrometry quadrupole time-of-flight mass spectrometer (timsTOF Pro, Bruker Daltonik)

with a nano-electrospray ion source (CaptiveSpray, Bruker Daltonik) coupled to EASY-nLC-1200 system (Thermo Fisher Scientific). Peptides

were loadedwith buffer A (0.1% (v/v) formic acid) at 60�C on a 50 cm columnwith a diameter of 75 mmpacked in-house with ReproSil-Pur C18-

AQ 1.9 mm resin (Dr.MaischGmbH). A linear gradient of 5–30%buffer B (0.1% formic acid and 80%ACN in LC–MS-grade water) was applied to

the column for 45 minutes, followedby an increase to 60% for 5 minutes and a 10-minute wash in 95%buffer B. The total length of the gradient

reached 65 min. Mass spectrometric analysis was performed in data-dependent (ddaPASEF) mode.47

Mass spectrometric raw files acquired on TimsTOF Pro were analyzed with MaxQuant software (version 1.6.7.0). The UniProt FASTA data-

base (2021 release, UP000005640_9606) was used as a reference with a protein-level FDR of 1%. Enzyme specificity was set to trypsin and LysC

with a maximum of two allowedmissed cleavages. Label-free quantification was performed with theMaxLFQ algorithm, and aminimum ratio

count of 1.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA sequencing data analysis

B and plasma cells from publicly available datasets38,39,48 were analyzed using the Seurat (v4.1.0) pipeline in R (v4.0.5). Cell clusters that ex-

pressed high levels of CD19,CD22,MS4A1, IGHM, IGHA1, IGHA2, IGHG1, IGHG2, IGHG3, JCHAIN, CD79A and CD79Bwere subsetted and

the union of variable genes in the 3 datasets (n = 4,619), calculated with FindVariableFeatures, was selected for principal component analysis.

The datasets were integrated with the Harmony algorithm (v0.1.0) and local neighborhoods were computed on 15 principal components with

FindNeighbors. The integrated dataset was further clustered with a resolution of 0.3 and FindClusters. DE gene analysis for all comparisons

was carried out with the FindAllMarkers function, the MAST algorithm for min.pct=0.20 and logfcthreshold=0.25. The top 5 cluster markers

were visualized with pheatmap (v1.0.12).

Calculation of cluster proportions

The frequencies of the B cell clusters were calculated per dataset and disease were calculated with the prop.table() function in Seurat. The

results were visualized with ggplot2 (v3.3.5) in R.

Enrichment of B cell gene signatures

The AUCell package (v1.12.0) was used to test the enrichment of B cell gene signatures in the dataset. Genes with more than 3 counts were

filtered and the cell rankings were computed withAUCell_buildRankings(). The enrichment was carried out withAUCell_calcAUC() for the top

5 % of all genes in the rankings. The gene signature enrichment values or the expression values for genes expressed by at least 10% of cells in

the dataset was visualized with the pheatmap package.

Clinical data

Clinical parameters were obtained at the timewhen the plasmawas collected and included demographics (age, gender, smoking status, lung

function [forced vital capacity (FVC) (% pred.), FVC (l), and diffusing capacity of the lung for carbon monoxide (DLCO) (SB) (% pred.)]. Trans-

plant-free survival was retrospectively evaluated after plasma sampling.

Statistical analysis

Statistical analysis of clinical data included t-test statistics, ANOVA tests, Fisher’s exact test and Kaplan-Meier survival analysis of lung trans-

plantation-free survival using the GraphPad Prism 5 software.

To identify themost commonly and robustly found autoantigens, we used a score based on the sumof the Student’s T-test statistics values:

ILD patients were tested against control patients and of the significantly enriched proteins (FDR<10%), the score was calculated, per patient

per protein (sum score of significantly enriched antigens). Antigens were only included if they were identified in at least three patients in at

least one of the four study groups and a cut-off sum score value >4 was used.

All other statistical and bioinformatics operations (such as normalization, data integration, annotation enrichment analysis, hierarchical

clustering, and principal component analysis), were run with the Perseus software package (version 1.5.3.0 and 1.6.2.3. and 1.6.10.50).45

Proteomics values were filtered, normalized, and imputed using the DEP package (v1.21.0). Visualization and additional statistical analysis

of longitudinal samples were completed within the R environment using ggpubr (v0.5.0).
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