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Abstract

Small cell lung cancer (SCLC) elicits the generation of autoantibodies that result in unique 

paraneoplastic neurological syndromes. The mechanistic basis for the formation of such 

autoantibodies is largely unknown but is key to understanding their etiology. We developed 

a high-dimensional technique that enables detection of autoantibodies in complex with native 

antigens directly from patient plasma. Here we used our platform to screen 1,009 human 
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plasma samples for 3,600 autoantibody-antigen complexes, finding that plasma from patients 

with SCLC harbors, on average, 4-fold higher disease-specific autoantibody signals compared 

to plasma from patients with other cancers. Across 3 independent SCLC cohorts, we identified 

a set of common but previously unknown autoantibodies that are produced in response to both 

intracellular and extracellular tumor antigens. We further characterized several disease-specific 

post translational modifications within extracellular proteins targeted by these autoantibodies 

including citrullination, isoaspartylation and cancer-specific glycosylation. Since most patients 

with SCLC have metastatic disease at diagnosis, we queried if these autoantibodies could be 

utilized for SCLC early detection. We created a risk-prediction model using 5 autoantibodies with 

an average area under the curve of 0.84 for the 3 cohorts that improved to 0.96 by incorporating 

cigarette smoke consumption in pack years. Taken together, our findings provide an innovative 

approach to identify circulating autoantibodies in SCLC with mechanistic insight into disease-

specific immunogenicity and clinical utility.

One sentence summary:

Small cell lung cancer generates tumor associated antigens targeted by autoantibodies that can be 

exploited for tumor early detection.

Introduction

Small cell lung cancer (SCLC) is the 6th leading cause of cancer-related deaths in the United 

States with fewer than 6% of patients surviving 5 years after diagnosis (1-3). A critical 

barrier to effective, life-saving treatment is a lack of early detection as 70% of patients 

with SCLC are diagnosed with metastatic disease (4). More than any other cancer type, 

SCLC has a strong association with a group of autoimmune diseases called paraneoplastic 

neurological syndromes (PNS) (5, 6). Many PNS are considered clinical manifestations of 

an immune response against neuroendocrine antigens on tumor cells that also cross-react 

with proteins present in the nervous system (7). This immune activation is thought to include 

cytotoxic T cell responses against intracellular antigens and autoantibody (AAb) production 

to both intracellular and extracellular antigens (8), but the mechanistic basis and scope 

of AAb production in SCLC is not well understood. Strikingly, PNS symptoms precede 

cancer diagnosis in 80% of affected patients and result in increased detection of early-stage 

SCLC and improved overall survival (9, 10). Although PNS diagnoses are relatively rare, 

AAbs to PNS antigens can be found in patients with SCLC that do not display autoimmune 

symptoms (11, 12), and several PNS AAbs are associated with reduced mortality hazard 

ratios (13). The unique relationship of AAb production during SCLC tumorigenesis suggests 

AAbs to non-PNS antigens could exist and may more broadly serve as biomarkers of SCLC.

SCLC-specific AAbs that don’t cause overt autoimmune diseases like PNS are likely 

to be initiated by tumor alterations that increase the immunogenicity of self-antigens. 

Unfortunately, sequence or structure-based methods for predicting immunogenic epitopes 

in silico have limited power (14) and current experimental methods for AAb discovery 

have several limitations. Many approaches for AAb detection utilize capture reagents that 

have been fixed or linearized and thus exclude AAbs targeting conformational protein 

epitopes. Recombinant proteins produced in non-human species like bacteria or yeast have 
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been used as conformational capture antigens but fail to detect AAbs targeting mammalian- 

or human-specific post-translational modifications (PTMs) or disease-specific neoepitopes 

(15). Methods that aim to comprehensively map potential epitopes like serum epitope 

repertoire analysis (16) or tumor proteome fractionation (17) can be successful in identifying 

disease-specific AAbs, but require labor intensive deciphering of the cognate antigen on 

the back end. Alternative high-dimensional approaches to capture disease-relevant AAbs are 

needed.

To overcome these limitations, our group has developed a large format antibody array 

that captures circulating AAb-antigen (AAb-Ag) complexes from human plasma. Isolating 

AAb-Ag complexes directly from patients uniquely enables us to detect AAbs bound 

to their native tumor-derived epitopes ex vivo (18-20). Here, in multiple independent 

cohorts of SCLC, we identified and validated a set of Ags with their corresponding AAb 

that are upregulated before diagnosis and in both limited and extensive stage disease. 

These AAbs identified tumor-associated Ags, some of which were expressed on the cell 

surface in most SCLC tumors examined. Detailed analysis showed some of these proteins 

contained immunogenic PTMs including citrullination, isoaspartylation, and cancer-specific 

glycosylation that, when mimicked with synthetic PTM-containing peptides, confirmed 

binding to AAbs from patients with SCLC. Our findings support a unique, high-throughput 

approach to identify tumor-specific AAbs that could easily be applied to AAb discovery 

in other diseases such as autoimmunity or infection. A combination of the validated AAbs 

yielded remarkable utility in a risk prediction model for SCLC that was further improved by 

incorporating smoking pack years. If applied during lung cancer screening, this model has 

the potential to meaningfully impact the overall survival of this deadly disease through early 

detection of SCLC.

Results

Circulating autoantibodies in SCLC have greater sensitivity compared to other cancers.

To demonstrate that cancer-specific AAbs were abundantly produced in SCLC, we measured 

upregulated AAb-Ag content (as a ratio between cases and controls) in a total of 1,009 

plasma samples from cohorts of SCLC, non-small cell lung cancer (NSCLC), breast, colon, 

and pancreatic cancer. We found that both cancer-specific IgG and IgM concentrations 

were significantly higher (p<0.0001) in SCLC, and on average 4-fold higher, than in other 

cancers (Fig. 1A). This indicates a greater production of disease-specific AAb in SCLC 

and underscores the potential of AAbs as SCLC-specific biomarkers. We set out to identify 

specific AAbs consistently present across 3 independent cohorts of SCLC plasma. First, 

17 case-control pairs of pre-diagnostic plasma samples from the Cardiovascular Health 

Study (CHS, Table 1) were analyzed for AAb-Ag complexes through an in-house discovery 

antibody array containing 3,600 antibody spots printed in triplicate (total 10,800 spots). We 

observed 46 IgG and 219 IgM downregulated and 24 IgG and 102 IgM upregulated AAb-

Ag complexes (p<0.05, Fig. 1B). To further test for these specific AAb, we designed an 

antibody array that contained 14 independent mini-arrays on a single slide, each containing 

19 of the 24 IgG and 66 of the 102 IgM capture antibodies by selecting upregulated 

biomarkers with the largest consistent differences between cases and controls and excluding 
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5 IgG and 18 IgM capture antibodies that had been discontinued without immunogen 

equivalent substitutions available. After testing 26 case-control pairs from the Fred Hutch 

diagnostic cohort (Table 1), we confirmed upregulation of 14 of the 19 IgG (73.6% 

confirmation) and 15 of the 66 IgM (22.7% confirmation) AAb-Ag complexes in cases 

compared to controls (p<0.05, Fig. 1C). To attempt to validate these results, 154 (55 SCLC 

cases and 99 matched controls) diagnostic plasma samples from Vanderbilt University 

(Table 1) were tested on mini-arrays. All AAb-Ag complexes remained upregulated, and 

10 of 14 IgG (71.4%) and 12 of 13 IgM (92.3%) were validated (p<0.05, Fig. 1D). The 

complete list of 22 upregulated and validated AAb-Ag complexes can be found in table S1.

AAbs target tumor-associated antigens in SCLC.

We hypothesized that the 22 validated AAbs were targeting tumor-associated antigens. 

To test if this was indeed the case, we prioritized 5 AAb antigens with transmembrane 

domains that would likely be expressed on the cell surface of tumor cells and have 

potential translational relevance in future applications (such as imaging or antibody drug 

conjugates). Using commercial antibodies for CD133, PLD3, TFRC, SPINT2 and CA9, 

we performed immunohistochemistry on SCLC tumor tissue microarrays to examine each 

protein’s expression. CD133, phospholipase D3 (PLD3), transferrin receptor (TFRC) and 

serine peptidase inhibitor, Kunitz type 2 (SPINT2) showed high, homogenous expression 

in tumor cells, but not in adjacent stroma (Fig. 2, staining controls in fig. S1). In tumors 

that expressed carbonic anhydrase 9 (CA9), most showed a focal staining pattern whereas 

approximately 20% displayed homogenous expression in tumor cells. We scored each core 

as positive (>5% of tumor cells stained) or negative (<5% of tumor cells stained) and found 

that >90% of tumor cores stained positive for TFRC, SPINT2, and PLD3, 60% for CD133, 

and 30% for CA9. Positive cores were further categorized into stage at diagnosis, which 

demonstrated that tumor associated antigens were expressed with similar frequencies in 

stage I, II, and III tumors. Cumulatively, this data validates our approach utilizing AAbs to 

discover tumor associated antigens that are expressed early and throughout tumorigenesis.

To determine if the identified tumor associated antigens were expressed in rare pulmonary 

neuroendocrine cells (PNE), a cell of origin for SCLC (21), we looked at expression using 

publicly available data from healthy human lung tissue (22). Only very low expression of 

mRNA for CD133 and CA9 was found in a low percentage of cells, moderate expression of 

TFRC mRNA was found in a low percentage of cells and moderate to higher expression of 

PLD3 and SPINT2 mRNA was found in about 30% of cells (fig. S2). In a dataset comparing 

PNE cells to non-NE cells isolated from mouse lungs (23), Pld3 and Spint2 mRNA had 

greater mRNA expression in PNE compared to non-NE in the lung, Car9 (the murine 

homologue for CA9), Grap2, Spink3 (the murine homologue for SPINK1), and Timp2 had 

no difference, and Cd133 and Tfrc had less expression in PNE (fig. S3). Thus, at the mRNA 

level in non-transformed lung, only PLD3 and SPINT2 are expressed in PNE cells in both 

mouse and human.

Despite SCLC having one of the highest tumor mutational burdens, very few SCLC cell 

lines or patient tumors had non-silent mutations in our 5 tumor-associated antigens. Out 

of 51 SCLC cell lines with publicly available data (24, 25), CD133 and CA9 were each 
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mutated in 3, TFRC in 1 and SPINT2 and PLD3 had no SCLC cell lines with mutations 

(table S2). In the publicly available dataset from George et al. (26), where 110 SCLC tumor 

genomes were sequenced, mutations for TFRC were found in 3 samples, CD133 and CA9 
in 2 samples, and no mutations were found in PLD3 and SPINT2. This low rate of mutation 

(0 to 5.8%) suggested that the neoantigens targeted by AAbs were likely occurring at the 

protein level. Since each of these proteins are exposed to the humoral immune system in 

normal tissues (fig. S1 to S3), we reasoned that the immune system was likely tolerant to 

their homeostatic expression and transformation events induced immunogenicity. This led us 

to investigate tumor-associated PTMs that could explain the observed production of AAbs.

Autoantibodies to CD133 target cancer-specific glycosylation motifs.

Tumor-associated glycans can induce autoantibody formation (27) and most tumor 

biomarkers are glycoproteins (such as prostate-specific antigen, CA125 (ovarian), CA19-9 

(pancreas), α-fetoprotein (liver) and Carcinoembryonic antigen (colon)). To determine if 

AAb-identified antigens had tumor-specific glycan modifications, we screened for the 

cancer-enriched carbohydrate antigen sialyl-Lewis A (sLeA, also known as CA19-9) after 

immunoprecipitating CD133, PLD3, CA9 or SPINT2 from SCLC cell lines. In H82 cell 

lysates, sLeA appeared on multiple proteins, but CD133 immunoprecipitation yielded a lone 

sLeA-positive band at the correct size for CD133 (fig. S4A). This sLeA-positive, CD133-

positive band was present after immunoprecipitation with either an anti-sLeA antibody or 

anti-CD133 antibody, but not when an anti-mouse antibody (isotype control) was used 

for precipitation (Fig. 3A). Immunoprecipitation of CD133 from H69, another SCLC cell 

line, or from LX110, FH14, and FH38 SCLC patient derived xenograft (PDX) models 

also showed a band positive for both SleA and CD133 (fig. S4B and C). To confirm 

glycosylation of CD133, we immunoprecipitated CD133 from H82 cell lines and treated 

with PRIME deglycosylase to remove N-linked glycans and complex sialylated structures 

like sLeA. PRIME treatment collapsed the migration of CD133, confirming the removal of 

glycan residues and eliminated sLeA detection on CD133 protein (Fig. 3B). We assessed the 

specificity of autoantibodies present in SCLC patient plasma for glycan modified CD133 by 

creating a modified sandwich enzyme-linked immunosorbent assay (ELISA) that replicated 

our array platform. A commercial CD133 antibody was plated to capture CD133 protein 

from H82 SCLC cell line lysates and, after incubation with plasma from patients with 

SCLC with known high or low concentration of CD133 AAbs (determined by array platform 

in Fig. 1C), the amount of IgG bound was verified to be different by ELISA (Fig. 3C). 

Treatment of H82 lysates with PRIME deglycosylase diminished autoantibody signal to the 

same degree as CD133-low plasma, arguing that glycan modifications were required for the 

increased autoantibody binding.

Autoantibodies bind to isoaspartate post translational modifications in SPINK1.

There has been a prior report that isoaspartate PTMs (isoAsp) present in ELAVL4, a 

PNS antigen, can be immunogenic in SCLC-associated autoimmunity (28). IsoAsp is a 

disease-enriched, naturally occurring PTM that is formed by deamidation of asparagine 

or isomerization of aspartate. To look for isoAsp-targeting AAbs, we used published in 

vitro methods to convert asparagine to isoAsp residues in GST fusions of the extracellular 

regions of SPINK1, SPINT2, and TIMP2 (29, 30). We then compared the ability of the 
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isoAsp-modified versus the unmodified protein to pull down AAb from a pool of SCLC 

plasma and qualitatively showed more IgG AAb bound to isoAsp SPINK1, but not isoAsp 

SPINT2 or TIMP2, by immunoblotting (Fig. 4A and B). To determine specific sites of 

substitution, we had peptides synthesized for all the asparagine residues in the extracellular 

regions of SPINT2 (6 sites), SPINK1 (2 sites), and TIMP2 (4 sites) (table S3). We covalently 

bound both wild type (WT) asparagine or isoAsp peptides on assay plates, incubated with 

SCLC plasma samples, and detected AAb binding using anti-human IgG (Fig. 4C). In 

agreement with the immunoblotting data, we found isoAsp at both positions in SPINK1 

bound at least 2-fold more AAbs than the corresponding WT peptide, whereas the other 

peptides bound less IgG and did not show PTM discrimination. Thus, we demonstrated 

AAbs in SCLC patient plasma recognize isoAsp neoepitope PTM sites on SPINK1.

SCLC AAbs recognize citrullinated TFRC not present in recombinant protein.

Citrulline, a unique amino acid generated by spontaneous arginine deamination, has also 

been shown to be immunogenic in cancer, but has yet to be described in SCLC (31-34). 

Therefore, we screened lysates from human SCLC H82 and H69 cells with antibodies 

to citrulline, TFRC, PLD3, CD133, SPINT2, and CA9 to look for any similarly sized 

banding patterns overlapping between citrulline and target proteins. TFRC had potential 

overlapping bands with citrulline that were apparent at the expected protein size (Fig. 5A 

and fig. S5A). To increase the sensitivity of citrulline detection, we immunoprecipitated 

with an anti-citrulline antibody and blotted back for target antibody expression, finding 

that TFRC was the only target protein detected in H82 cells (fig. S5B). We expanded 

these observations to show whole cell lysates from an immortalized fibroblast cell line, 

3T3, had TFRC expression, but a corresponding band was not detected after probing with 

a citrulline antibody (Fig. 5B). Furthermore, immunoprecipitation with either anti-TFRC 

antibody and blotting back for citrulline or the reverse showed a matching band in H82 

cells, but none in the controls, indicating TFRC has arginine residues converted to citrulline 

specifically in H82 cells. Immunoprecipitation of TFRC in FH14, FH38, and LX110 

PDXs showed matching citrulline and TFRC bands, indicating TFRC has arginine residues 

converted to citrulline commonly in SCLC (fig. S5C). We considered the 32 arginines in 

the extracellular domain of TFRC and used published consensus motifs (35) to choose 

7 likely to undergo deamidation to citrulline (table S3). Peptides representing portions of 

TFRC with either the wild-type arginine or citrullinated amino acid within the appropriate 

sequence were covalently bound to assay plates, and 5 of the 7 peptides (TFRC-1, 2, 3, 4, 

7) with citrullinated residues pulled down more AAb from SCLC patient plasma than the 

corresponding WT peptide (Fig. 5C).

To further understand the extent that AAb could target PTM compared to unmodified 

protein, we looked at TFRC AAbs, either complexed to antigen or free from antigen, in 

a subset of plasma samples from the Fred Hutch cohort. We confirmed by ELISA that 

we could detect significantly (p<0.03) higher concentrations of AAb-TFRC complexes in 

SCLC plasma compared to controls. Conversely, no difference was detected in AAbs using 

TFRC recombinant protein as a capture antigen, although a commercial anti-TFRC antibody 

readily detected recombinant TFRC (Fig. 5D). Finally, inclusion of 2 citrullinated TFRC 

peptides as capture antigens bound more AAbs from SCLC plasma compared to controls, 

Lastwika et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2023 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggesting TFRC-AAbs were recognizing a citrullinated-neoantigen of TFRC not found on 

recombinant protein or arginine-containing WT peptides. Taken together, this data supports 

our AAb-Ag complex platform as a method to identify tumor-specific AAbs targeting post-

translational neoantigens that would have been difficult to detect using other approaches.

Construction of a SCLC risk-prediction model.

Annual low dose computed tomography (CT) screening protocols currently in practice for 

early detection of NSCLC do not work for SCLC (36). However, the clinical benefit of 

SCLC early detection is clear: when detected at limited stage, conventional chemotherapy 

is curative in nearly 20% of patients, and surgical resection, generally not considered for 

SCLC, can be curative when combined with chemotherapy for very early stage patients 

(37, 38). Having demonstrated that SCLC patient AAbs target specific PTMs in SCLC 

antigens, we queried whether these unique AAbs could be utilized to generate a SCLC 

early detection risk prediction model. Therefore, we interrogated all 22 validated AAb-Ag 

complexes for their ability to reliably detect the presence of SCLC in plasma specimens. 

Since the Vanderbilt cohort had the largest sample size, we used this set as our training 

data and calculated the best 4 or 5 marker combinations by maximizing the area under the 

curve (AUC) based on logistic regression. To account for class switching of IgM to IgG over 

the course of an immune response, we included both AAb isotypes for each marker. This 

identified a 4-marker panel with the highest overall AUC of 0.872 comprised of AAb against 

PLD3, TIMP2, GRAP2, and SPINK1 and, with the addition of TFRC, a 5-marker panel had 

an AUC=0.874 (Table 2). After fixing the coefficients using the data from the Vanderbilt set, 

the 5-marker risk prediction model was tested in the CHS cohort yielding an AUC=0.700 

and the Fred Hutch cohort with an AUC=0.950.

We fit a multiple logistic regression model on Vanderbilt cohort data by including in the 

model the 5 AAb markers yielding the highest AUC. The prediction model was applied on 

CHS and Fred Hutch testing datasets by partitioning cases and controls into high or low risk 

categories based on a positive or negative risk prediction score, respectively (Table 3). We 

found that the risk prediction model performed well with positive predictive values of 76.9% 

in the Vanderbilt cohort, 64.7% in the CHS cohort and 79.3% in the Fred Hutch cohort and 

negative predictive values of 85.3% in the Vanderbilt cohort, 64.7% in the CHS cohort and 

86.9% in the Fred Hutch cohort. When the pre-diagnostic samples from CHS were grouped 

by their time to diagnosis, we had higher accuracy in flagging high risk samples within a 

year prior to diagnosis (7 of 11, 63.6%) than 1 to 2 years prior to diagnosis (3 of 6, 50%). 

Moreover, in both the Fred Hutch and Vanderbilt cohorts, high-risk designation correctly 

identified 23 of 26 (88.5%) limited stage SCLC and 18 of 24 (75%) extensive stage SCLC.

We looked at these 5 AAb individually within each cohort in greater detail. When blood 

was drawn within the year prior to diagnosis, AAbs targeting PLD3, TIMP2, GRAP2, and 

SPINK1 were significantly upregulated (p<0.05) (Fig. 6A). PLD3 and TIMP2 remained 

significantly upregulated (p<0.005) even up to two years prior to diagnosis. Since the 

cancer stage could potentially influence AAb concentrations, we separated the cases into 

limited and extensive stage to look at each of the markers. All 5 panel members were 

significantly upregulated (p<0.0005) at both limited and extensive stage disease. None of 
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the panel markers were differentially expressed in current versus former smoker cases 

(fig. S6A). PLD3 was not associated with smoking pack years (fig. S6B) and TIMP2, 

GRAP2, SPINK1 and TFRC were only weakly associated (r<0.25) with smoking pack 

years (fig. S6C to F). Panel AAbs were not differentially expressed with chronic obstructive 

pulmonary disease (fig. S7A) or autoimmunity (fig. S7B) diagnoses. We examined at the 

individual performance of these markers in plasma from other cancers including non-SCLC, 

pancreatic cancer, and colon cancer, finding that none were upregulated in the other diseases 

compared to controls or SCLC (Fig. 6B), suggesting SCLC specificity. Cumulatively, these 

data suggest that these AAbs are specifically upregulated early in SCLC tumorigenesis and 

remain elevated throughout the disease process.

The single greatest risk factor for SCLC is current, heavy smoking, which can confer 

a 60 to 100-fold increase in the likelihood of developing SCLC for women and men, 

respectively (2). Since all three cohorts were matched on smoking history (current, former, 

never smokers), we incorporated pack year smoking history into the 5-panel model. The 

continuous variable of smoking pack years alone had an AUC equal to 0.57 in the Vanderbilt 

cohort, 0.72 in the CHS cohort and 0.612 in the Fred Hutch cohort (Fig. 7A to C). 

Combining smoking pack years with the AAb risk prediction model had minimal impact 

in the Vanderbilt cohort (AUC remained at 0.87) whereas the AUC increased to 1.0 in both 

the CHS and Fred Hutch cohorts.

Discussion

SCLC is one of the few malignancies with such poor outcomes that, like pancreatic cancer, 

it meets the definition of a “recalcitrant” cancer (39). This underscores the need for a 

greater understanding of the disease biology, more effective treatment strategies, and earlier 

intervention. In this study we show that our AAb-Ag complex capture platform takes 

advantage of endogenous humoral immunity to capture disease-relevant epitopes like PTMs 

in tumor specific antigens. By capturing AAbs bound to their immunogenic antigen, we 

were able to identify and validate a set of AAbs that had clinical utility in an early detection 

risk prediction model. Furthermore, a subset of AAbs identified tumor cell surface antigens 

that have the potential to be targeted in the therapeutic setting.

Although most of the 22 antigens had not been previously described as relevant to SCLC, 

there were a couple of interesting exceptions. CD133 overexpression has been reported 

in SCLC stem cells (40) and TFRC expression was higher in SCLC plasma derived 

microvesicles compared to controls (41). Notably, expression of antigen and production 

of AAb, regardless of disease stage, suggested that the AAb-identified tumor associated 

antigens are not lost to immunoediting. In addition to expression, our finding that AAbs 

target PTM epitopes adds to the growing body of evidence that tumor-specific AAbs 

predominantly recognize non-mutated self-proteins (42-44). We were able to identify 

immunogenic PTMs to 3 of our tumor-specific AAbs, but more likely exist as we only 

screened for a few probable PTM modifications and only at predicted sites. In autoimmunity, 

AAbs have been identified against many types of PTMs including phosphorylation, 

acetylation, hydroxylation, nitration, and carbamylation (45) and these PTM-AAbs can 

make highly specific biomarkers. For example, anti-citrullinated protein antibodies in the 
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serum of patients with rheumatoid arthritis are highly diagnostic (46), prognostic (47), and 

can be detected years before clinical symptoms (48). Extending this observation to cancer 

suggests a common underlying mechanism responsible for breaching B cell tolerance in 

multiple disease contexts.

AAbs are uniquely well suited for early detection biomarkers as they are obtained through a 

simple blood draw, produced in detectable quantities (even with low antigen concentration), 

upregulated years prior to clinical symptoms, and highly antigen-specific (49). One of the 

major reasons that SCLC early detection could prove successful is that there exists a clearly 

defined high-risk population: heavy cigarette smokers (50). Since low-dose CT screening 

for heavy smokers shows a proven reduction in mortality, this uniform at-risk population 

is already eligible for ongoing lung cancer screening in many countries and is paid for by 

most insurance and Medicare in the US (51). Adding a blood draw to screening visits is 

feasible and a procedure accepted by patients (52, 53). However, all useful early detection 

approaches must demonstrate a low false positive rate to reduce the potential harms of 

screening. Given that smoking confers such a large relative risk for SCLC, to reduce false 

positives we envision only screening current, heavy smokers (those with greater than 50 

pack years) through an automated AAb immunoassay to sort into high or low risk of 

malignancy categories. An AAb high-risk test result would flag a review or acquisition of a 

diagnostic CT, whereas an AAb low-risk result would indicate continued annual lung cancer 

screening using low-dose CT. There is also the potential of adding in additional factors to 

further define the patients at highest risk for development of SCLC. Germline genotyping 

of cancer-predisposing genes recently demonstrated that some patients with SCLC may 

have an inherited predisposition (54). Liquid biopsy assays that quantify a panel of somatic 

variants in cell free DNA (cfDNA) have shown utility in monitoring disease burden (55) 

and relapse (56) in patients with limited stage disease, although the panel has not been 

tested in a screening setting. TP53 mutations in cfDNA were present in approximately 

35% of early stage SCLC but also in 11% of non-cancer controls (57) limiting its stand-

alone utility. Additionally, AAbs to PNS antigens could pair well with the non-PNS AAbs 

discovered here. Thus, combinations with additional assays could potentially better define a 

risk group to be screened for specific antibodies or improve the sensitivity or specificity of 

the prediction rule.

Several limitations of our studies should be noted. First, each of our plasma cohorts are 

relatively small, although this concern is somewhat mitigated by the consistent validation of 

the 22 markers over 3 independent cohorts. Second, the 4- and 5-parameter risk prediction 

models were generated through the same samples used to select the 22 markers, so further 

validation in a larger, prospectively collected, screening cohort will be necessary (although 

such cohorts effectively do not exist today). To facilitate this, the antibody-based nature of 

our platforms can be easily converted to more high-throughput and lower cost platforms 

such as multiple smaller arrays on a single slide or ELISAs. Third, although our discovery 

antibody array contains over 3,600 antibodies to approximately 2,500 proteins that were 

selected for cancer relevance, there are almost certainly other SCLC- and PNS- specific 

antigens that might also perform well. Fourth, although we did not find upregulation of 

the panel AAbs in other types of cancer we examined, these cohorts did not include 

neuroendocrine subtypes. It is possible that other neuroendocrine tumors might also produce 
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AAbs to these markers. Finally, we probed for only 3 types of PTMs that are cancer-

enriched but others almost certainly exist. Additional studies with PTM-specific antibodies 

from both cancerous and healthy tissues will be needed to fully understand the breadth of 

cancer-specific neoantigens present in SCLC and specificity of the AAb response.

In summary, we developed a high-dimensional method to identify tumor-specific 

autoantigen-AAb complexes ex vivo. We found that isolating tumor targeted AAbs to their 

disease-specific antigens can contribute to accurate detection of early-stage SCLC. We also 

describe AAb production to non-PNS antigens and that SCLC-specific PTMs can cause 

AAb production to neoepitopes in proteins that one would otherwise suspect to be immune 

tolerant. Our findings are relevant not only for our understanding of SCLC tumorigenesis, 

but also to the broader field of immune related biomarkers and could lead to implementation 

of early detection strategies and antibody-based therapeutics.

Materials and Methods

Study Design

This study was designed to evaluate the AAb response in SCLC. We discovered AAbs in 

a pre-diagnostic cohort of plasma samples from SCLC and healthy controls and confirmed 

them in two independent diagnostic cohorts. We evaluated the expression of AAb-targeted 

antigens by immunohistochemistry on SCLC tissue microarrays and non-tumor tissue and 

designed experiments to understand the mechanisms underlying AAb production against 

tumor antigens with transmembrane domains. We probed for SCLC-specific AAb reaction 

with three types of post-translational modifications in human SCLC cell lines, PDXs or 

peptides. The number of replicates and statistical analyses are reported below and in the 

figure legends. No data points were removed as outliers.

Study Cohorts

All human plasma samples were obtained following institutional review board approvals and 

informed consent. This study used three independent plasma cohorts: 1) The Cardiovascular 

Health Study (CHS) is a population-based, longitudinal study of coronary heart disease 

and stroke (58). Clinical examinations and plasma samples were completed annually for 

up to 10 years. All 17 cases were newly diagnosed with SCLC within 24 months after 

a blood draw were included. These 17 cases were individually matched to controls based 

on age, gender, body mass index and smoking history. 2) The Fred Hutchinson Early 

Detection and Prevention Clinic (Fred Hutch) for pulmonary nodule evaluation provided 

n=26 patients with SCLC and n=26 patients with benign pulmonary nodules (active IRB 

protocol no. 6663). Corresponding clinicopathological data was maintained in a highly-

annotated database. The controls were matched to cases based on age, gender and smoking 

history. 3) 55 diagnostic SCLC plasma samples and 99 unmatched control plasma samples 

were matched on age, gender, and smoking history and generously provided by Vanderbilt 

University Nashville, TN. All laboratory steps were performed blind to sample information.
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AAb-Ag Complex Detection

The detection of AAb-Ag complexes using antibody arrays has been previously described 

(19). Briefly, antibody microarrays were printed in-house, incubated with patient plasma 

diluted 1:80, and probed with anti-human IgG-SeTau647 or IgM-DyLight550 antibody. 

Microarrays were imaged on a GenePix 4000B scanner and spot intensities measured in 

GenePix Pro 6.0 (Molecular Devices).

Immunohistochemistry

Tissue microarrays (TMAs) containing 62 individual SCLC cases and 6 individual lung 

tissue controls (RLN681A, US Biolab) were stained for CD133 (#64326, 1:1000 Cell 

Signaling Technologies) or the same concentration of anti-rabbit IgG isotype antibody using 

the automated Leica Bond RX system and detected using rabbit-horseradish peroxidase 

(HRP) and 3,3'-Diaminobenzidine (DAB) from Leica. The same TMAs were also used to 

stain for TFRC (HPA028598, 1:500 Sigma), SPINT2 (HPA011101, 1:200 Sigma), and CA9 

(HPA055207, 1:1000 Sigma) after heat induced epitope retrieval in citrate pH 6 buffer. 

Sections were probed with biotinylated pan-specific universal antibody for 10 minutes, 

streptavidin-HRP for 5 minutes (PK-8800, Vector Laboratories), and counterstained with 

hematoxylin with washes in between each step. After RLN681A was discontinued, a 

different TMA was purchased from US Biomax (BS04116a) containing 45 duplicate SCLC 

cores and 10 lung tissue controls and stained for PLD3 (HPA012800, 1:200 Sigma) using 

the Vector protocol described above. Scoring of TMA staining was performed in a blinded 

manner where each biopsy was determined to be either positive (greater than 5% tumor cells 

stained) or negative (less than 5% tumor cells stained). TMAs containing 33 normal tissues 

(3 individuals per organ, FDA999-1, US Biolab) were also stained for each of the antibodies 

as positive or negative controls. Stained slides were digitized using Leica Aperio whole slide 

scanner with 20x magnification.

Transcriptomic Data

Single-cell RNA sequencing data for lung neuroendocrine and lung epithelial cells was 

analyzed using the CELLxGENE Gene Expression tool from the Chan Zuckerberg Initiative 

(22). RNA Sequencing (RNAseq) data from cohort GSE136580 was procured from the GEO 

Database (https://www.ncbi.nlm.nih.gov/geo/) (23). Whole genome sequencing was used to 

assess expression data and somatic mutations from the Cancer Cell Line Encyclopedia 

(CCLE) using the DepMap Public 21Q3 dataset (24-25), or SCLC patient sample as 

described by George et al. in their supplementary table 3 (26).

ELISAs

Plate-based assays were developed to quantify autoantibody concentrations to different 

capture approaches. WT and PTM peptides were purchased from CHI Scientific (sequences 

are listed in table S3) and 10μg of peptide was plated per well in maleimide 96 well plates 

(#15152, Pierce). White 96 well plates (#15042, Pierce) were coated with 1μg/well of anti-

CD133 antibody (HB#7, Developmental Studies Hybridoma Bank) to capture CD133 from 

H82 lysates treated with or without PRIME glycosylase (#50-999-475, Fisher Scientific) 

at 1U/50 μg cell lysate. Anti-TFRC antibody (HPA028598, Sigma-Aldrich) or TFRC 
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recombinant protein (89-760aa, #11020-H07H, Sinobiological) was plated at 0.5μg/well. 

After binding capture approach, all plates were washed and used as bait for autoantibodies 

from human plasma (1:500). Autoantibody signals were quantified using anti-human 

IgG-HRP secondary (I:5000, #709-065-149, Jackson ImmunoResearch) and SuperSignal 

ELISA Femto (#37074, Thermo Fisher Scientific) and a SpectroMax L Microplate reader 

(Molecular Devices).

Immunoblotting

To induce isoaspartylation, we combined GST-fusion proteins on magnetic glutathione 

beads (#78601, Thermo Fisher Scientific) at 1:20 with NH4HCO3 (100mM, pH 8.0) or 

phosphate-buffered saline (PBS) with 0.05% sodium azide and incubated at 37°C for 48 

hours. After washing, treated GST-fusion proteins were incubated with human plasma at 

1:10,000 4°C overnight. Samples were directly lysed in Laemmli Sample Buffer containing 

1x complete protease inhibitor cocktail, 1x phosphatase inhibitor cocktail, and 2mM 

phenylmethylsulfonyl fluoride (all from Millipore Sigma) and sonicated. Samples were 

separated by SDS-PAGE, blotted to nitrocellulose, checked for load with Ponceau S, 

blocked in 1% non-fat dry milk and probed with 1:5000 anti-human IgG-AF680 (Jackson 

ImmunoResearch Labs Cat# 709-625-149, RRID:AB_2340582) and 1:500 mouse anti-GST 

(FHCC Antibody Technology Core) detected by anti-mouse IgG-Alexa Fluor 680 (1:10000, 

Thermo Fisher Scientific Cat# A32729, RRID:AB_2633278). Immunoblots were imaged on 

an Odyssey CLx (LiCor) with ImageStudio v5. For all immunoprecipitation experiments, 

whole cell lysates (WCL) were prepared from 1/30th of total lysate. CD133 protein was 

immunoprecipitated from H82 cells and treated with or without PRIME deglycosylase 

(#50-999-475, Fisher Scientific) at 1U/50 μg cell lysate at 37°C for 30 minutes and 

immunoblotted as described above with any differences noted below. Immunoblots were 

probed with antibodies to sLeA (1:2000, Fitzgerald Industries International Cat# 10-C04E, 

RRID:AB_1282844) and CD133 (1:1000, #6436, Cell Signaling Technologies) and detected 

with anti-mouse IgM-Alexa Fluor 680 and anti-rabbit IgG-Alexa Fluor 790 (1:10000, 

#A10038, #A10043, Thermo Fisher Scientific), respectively. Lysates from SCLC cell lines 

or PDXs were immunoprecipitated with 1μg of anti-TFRC (#13-6800 Invitrogen), anti-

citrulline (ab100932, AbCam) or isotype control antibody (FHCC Antibody Technology 

Core) and protein G magnetic beads (#88847, Thermo Fisher Scientific). Immunoblots 

were probed with antibodies to TFRC (1:1000, #13113, Cell Signaling) or citrulline (1:500, 

MA5-27573, Invitrogen) and detected with anti-mouse IgG-Alexa Fluor 680 and anti-rabbit 

IgG-Alexa Fluor 790 (1:10000, A32729, A10043, Thermo Fisher Scientific), respectively. 

Uncropped western blots are presented in fig. S8 to S10.

Human SCLC Cells

The NCI-H82 and NCI-H69 human cell lines were acquired from the American Type 

Culture Collection (ATCC) and grown in Dulbecco’s Modified Eagle Medium supplemented 

with 4mM L-glutamine, 10% Fetal Bovine Serum and 1% Penicillin Streptomycin in an 

incubator at 37°C and 5% CO2. Cells were routinely tested negative for mycoplasma by 

polymerase chain reaction. The patient-derived xenografts from SCLC circulating tumor 

cells (FH14, FH38) or tumor biopsies (LX110) have been previously described (59).
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Statistical Analyses

Raw, individual-level data are presented in data file S1. Array data contain a format identical 

to two-channel gene expression arrays and analysis proceeds analogously as described 

previously(19). The p values indicated in Fig. 1 were not corrected for multiple comparisons 

since we used a discovery, confirmation, validation approach (60). In other figures, two 

groups were compared by t-test (type of t-test noted in figure legends) and three or more 

groups were compared using one-way analysis of variance with Tukey’s test using GraphPad 

Prism. Logistic regression was used to identify the combination of multiple autoantibodies 

that best distinguished cases from controls. Receiver-Operator Characteristic curve was 

created and the Area Under the Curve was computed to evaluate the prediction capability. 

All related statistical analyses to the risk prediction model were performed using R statistical 

software (61).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Antigen-complexed autoantibodies are highly upregulated in SCLC.
(A) The mean coefficient signal of upregulated (p<0.05) IgG and IgM autoantibodies in 

SCLC are higher (one-way ANOVA) than any other cancer type analyzed on antibody-

antigen complex arrays. n=98 SCLC and 125 controls; n=47 NSCLC and 47 controls; n=86 

pancreatic cancer and 86 controls; n=139 colon cancer and 139 controls; n=121 breast 

cancers and 121 controls. Box and whisker plots indicate the range of coefficients min to 

max for each sample. (B to D) IgG and IgM autoantibodies were sequentially discovered in 

the Cardiovascular Health Study (CHS) pre-diagnostic cohort (B), tested in the Fred Hutch 

diagnostic cohort (C), and validated in a third cohort from Vanderbilt (D). Blue circles 

indicate increased IgG against the target Ag; red circles indicate increased IgM against 

the target Ag; - indicates decreased antibodies against the target Ag; and × indicates no 

significant difference.
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Figure 2. Antigens targeted by autoantibodies are upregulated in SCLC.
Representative immunohistochemical (IHC) images are shown of antigens targeted by 

peripheral autoantibodies on SCLC tissue microarrays (n=45 to 62 cases). Scale bar, 50μM. 

Bar graph contains positive or negative scoring of tissue microarray cores. Positive scores 

are further categorized by stage at diagnosis.

Lastwika et al. Page 19

Sci Transl Med. Author manuscript; available in PMC 2023 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. SCLC AAbs to CD133 target glycosylation motifs.
(A) Shown are immunoblots from H82 cell lysates (Lys) immunoprecipitated (IP) with 

CD133 antibody or isotype control and probed with anti-CD133 and anti-sLeA antibodies 

(N=3). Dep is depleted cell lysate after immunoprecipitation. The arrow indicates the 

expected protein size of CD133 at 133kDa (B) Shown are immunoblots from H82 lysates 

that were immunoprecipitated with isotype control antibody (CON) or CD133 antibody 

(N=3). Whole cell lysate (WCL) prior to immunoprecipitation is included to indicate 

the starting material. Lysates immunoprecipitated with CD133 antibody were then treated 

according to the manufacturer recommended deglycosylation protocol either with PRIME 

deglycosylase (+) or without enzyme (−). Immunoblots were probed with anti-CD133 and 

anti-sLeA antibodies. (C) ELISA quantification of autoantibody concentrations is shown 

for SCLC patient plasma that bound to CD133 from H82 cell lysates that had or had not 

been pre-treated with PRIME deglycosylase (n=5 per group). Con, negative control. Data 

are presented as individual values, the bar represents the mean ± SEM. *p<0.05, **p<0.005, 

***p<0.0005 by student’s t test.
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Figure 4. SCLC AAb can target isoaspartylated post-translational modifications.
(A) Shown are immunoblots from GST-fusion proteins bound to glutathione beads, treated 

with or without isoaspartylation-inducing buffer (IsoAsp), incubated with pooled plasma 

from patients with SCLC (n=5 cases) and probed with anti-human IgG and anti-GST 

antibodies. (B) Multiple immunoblot experiments were quantified (N=3 to 4). Data are 

presented as individual data points and the bar represents the mean ± SEM (C) The ratio of 

IgG from SCLC patient plasma bound to IsoAsp compared to wild type (WT) peptides was 

measured by ELISA (n=4 to 8 cases). Horizontal bars indicate the mean.
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Figure 5. SCLC AAbs target citrullinated TFRC.
(A) Shown are immunoblots from H82 or H69 whole cell lysates (WCL) probed with TFRC 

or citruilline antibodies (N=3). GAPDH was used for a loading control. (B) Shown are 

immunoblots from 3T3 or H82 WCL and H82 lysates immunoprecipitated with TFRC, 

citrulline (CIT), or isotype control antibody (CON) and probed with anti-TFRC or anti-

citrulline antibodies (N=3). (C) The ratio of IgG from SCLC patient plasma bound to 

citrullinated (Cit) compared to wild type (WT) peptides was measured by ELISA (n=8). 

(D) IgG from 10 patients with SCLC (case) and 10 controls (ctrl) captured in complex with 

antigen (AAb-TAA) by anti-TFRC antibody, free from antigen (AAb) by TFRC recombinant 

protein, or by cit/WT peptides were quantified by ELISA. An anti-TFRC antibody was used 

a positive control (pos ctrl) for TFRC recombinant protein. Data are presented as individual 

data points, the horizonal bar as mean ± SEM. *p<0.05 and **p<0.005 by paired sample t 
tests.
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Figure 6. Panel autoantibodies can accurately detect SCLC.
(A) Panel autoantibodies were analyzed as a function of the time of blood draw in the 

CHS cohort (pre-diagnostic, 1 to 2 years prior to diagnosis (dx) or less than 1 year to 

dx) and Fred Hutch or Vanderbilt cohorts (diagnostic, limited or extensive stage); *p<0.05; 

**p<0.005, ***p<0.0005 unpaired t-test. (B) Panel autoantibodies are significantly higher in 

plasma from SCLC cases (n=98) compared to cases from other cancers (n=75 NSCLC, n=86 

pancreatic, n=87 colon) or controls (n=175) from all cohorts **p<0.001 unpaired t-test. Data 

are presented as individual data points, the horizonal bar as mean ± SEM.
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Figure 7. A risk prediction model can accurately detect SCLC.
(A to C) Receiver operating characteristic (ROC) curves are shown for the 5-autoantibody 

(AAb, blue dashed line) complex panel identified by maximizing AUC in the Vanderbilt 

(VB) dataset (A), then fixing the coefficients and testing in the Cardiovascular Health Study 

(CHS) (B) and Fred Hutch (C) cohorts. ROC curves are also shown for pack years (PY, 

purple dotted line) and the combination of pack years and 5-AAb panel (black solid line).
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Table 1.
Clinical characteristics of SCLC cohorts.

Age and pack year are averages in each group. Gender and smoking status are counts.

Patient
Characteristics

CHS Fred Hutch Vanderbilt

SCLC Control SCLC Control SCLC Control

Age (year) 70.6 70.8 63.9 63.9 70.8 69.2

Gender

Male 7 7 18 18 32 65

Female 10 10 8 8 23 35

Smoking Status

Current 6 6 15 10 23 41

Former 11 11 11 16 32 59

Never 0 0 0 0 0 0

Pack years 42.3 30.8 53.3 42.8 54.9 60.4
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Table 2.
Maximizing AUC Analysis to Develop a SCLC Risk Prediction Model in Vanderbilt 
Training Cohort.

AAb Targets Vanderbilt Training Cohort
AUC

4 Markers PLD3; TIMP2; GRAP2; SPINK1 0.872

5 Markers PLD3; TIMP2; GRAP2; TFRC; SPINK1 0.874
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Table 3.
The 5-AAb panel risk prediction model can accurately sort patient samples into high risk 
and low risk categories.

Samples were scored in each cohort as high or low risk based on a positive or negative risk prediction score, 

respectively.

Vanderbilt CHS Fred Hutch

control case control case control case

High Risk Score 12 40 6 11 6 23

Low Risk Score 87 15 11 6 20 3

Overall AUC 0.874 0.700 0.950

Overall Sensitivity 0.727 0.647 0.885

Overall Specificity 0.879 0.647 0.679

Sensitivity at 80% Specificity 0.796 0.5 0.895
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