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The roles of preexisting auto-reactive antibodies in immune-related adverse
events (irAEs) associated with immune checkpoint inhibitor therapy are not well
defined. Here, we analyzed plasma samples longitudinally collected at
predefined time points and at the time of irAEs from 58 patients with
immunotherapy naive metastatic non-small cell lung cancer treated on clinical
protocol with ipilimumab and nivolumab. We used a proteomic microarray
system capable of assaying antibody reactivity for IgG and IgM fractions
against 120 antigens for systemically evaluating the correlations between auto-
reactive antibodies and certain organ-specific irAEs. We found that distinct
patterns of auto-reactive antibodies at baseline were associated with the
subsequent development of organ-specific irAEs. Notably, ACHRG IgM was
associated with pneumonitis, anti-cytokeratin 19 IgM with dermatitis, and anti-
thyroglobulin 1gG with hepatitis. These antibodies merit further investigation as
potential biomarkers for identifying high-risk populations for irAEs and/or
monitoring irAEs during immunotherapy treatment.

Trial registration: ClinicalTrials.gov identifier: NCT033918609.
KEYWORDS

NSCLC, auto-reactive antibodies, immune related adverse events, immune checkpoint
inhibitor, pneumonitis

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322818/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1322818&domain=pdf&date_stamp=2023-12-12
mailto:maltan@mdanderson.org
https://doi.org/10.3389/fimmu.2023.1322818
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1322818
https://www.frontiersin.org/journals/immunology

Altan et al.

1 Introduction

Immune checkpoint inhibitors (ICIs), such as cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) and programmed cell
death protein-1 (PD-1)/programmed cell death ligand-1 (PD-L1)
inhibitors, produce durable clinical responses in various solid
tumors, including non-small cell lung cancer (1, 2). The immune
toxicity of ICIs, termed immune-related AEs (irAEs), result from
organ inflammation outside of the cancer. In contrast to the well-
characterized temporal patterns of toxicities arising from
chemotherapy or targeted therapy, the onset and duration of
irAEs are unpredictable, and predisposing factors for the
development of irAEs not well defined (3).

Immune self-tolerance in humans is partly maintained by the
inhibition of auto-reactive T cells through CTLA-4 and the PD-1/
PD-L1 pathway (4, 5), and PD-1 and CTLA-4 polymorphisms are
associated with various autoimmune conditions (6-8). Therefore, it
is not surprising that irAEs of ICIs share clinical features with
autoimmune conditions. Current evidence suggests that irAEs
occur through a variety of mechanisms that involve cellular and
humoral immunity, including the disruption of hemostasis by the
peripheral negative selection of lymphocytes with anti-CTLA-4
therapy, which promotes the expansion of self-reactive T cells;
alteration of the epigenome of exhausted T cells by inhibition of the
PD-1/PD-L1 pathway; and hampering peripheral tolerance by the
depletion of regulatory cells, molecular mimicry, epitope spread,
and auto-reactive antibodies (8-12).

Previous studies show that approximately 8-9% of the US
population has an autoimmune disease and that a quarter of
healthy individuals have strong IgG humoral responses to a
variety of self-antigens that may be relevant to irAEs (13, 14).
Seropositivity in patients with irAEs has been demonstrated in case
reports and observational cohorts (8, 15, 16). However, conclusions
to date have been limited by cohort size, lack of longitudinal sample
collection, and heterogeneity of ICI treatments. A previous work
shed light on the impact of auto-reactive antibodies that exist prior
to ICI therapy on the risk for developing irAEs, including
hypophysitis and pneumonitis (8). In this study, we systematically
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analyzed a larger set of longitudinally collected patient plasma
samples to identify pre-existing auto-reactive antibodies,
determine their temporal dynamics with ICI treatment, and
correlate them with the development of a wider spectrum of irAEs.

2 Patients and methods
2.1 Clinical data and sample collection

Longitudinal patient plasma samples were collected from the
ongoing LONESTAR clinical study (ClinicalTrials.gov identifier:
NCT03391869) conducted at the University of Texas MD Anderson
Cancer. This open-label, single-center, randomized clinical study
enrolled patients with histologically or cytologically confirmed
metastatic NSCLC. Key exclusion criteria included prior
immunotherapy or more than one prior line of chemotherapy,
tumors harboring EGFR-sensitizing mutations or ALK fusions
eligible for standard-of-care targeted therapies, and active, known,
or suspected autoimmune disease. The protocol and all
amendments were approved by the Institutional Review Board
(#2017-0311). All patients provided written informed consent to
participate in the study, including blood collection for auto-reactive
antibody profile analysis. In the parent trial, eligible patients
received ipilimumab 1 mg/kg every six weeks and nivolumab
3mg/kg every two weeks (I+N) for 12 weeks (induction); those
patients who did not experience disease progression were then
randomly assigned to local consolidative therapy (LCT) with
radiation and surgery for residual disease vs. no LCT. A synopsis
of the study protocol is available in the Supplementary File, and the
study schema is provided in Supplementary Figure 1.

Plasma samples were collected at 1) baseline (prior to I+N
therapy, on the same day as cycle 1 of therapy) (time point A), 2)
after I+N induction (12 weeks after cycle 1) (time point B), and 3) at
the time of grade > 2 irAEs in patients who developed toxicities
(time point C) (Figure 1). IrAEs were prospectively collected and
graded using the Common Terminology Criteria for Adverse
Events v5.0. IrAE samples were obtained within 14 days of

Ipilimumab + Nivolumab

(continue)
LCT Ipilimumab +
(radiation +/- surgery) Nivolumab
(resume)
v v v

At the time of irAE (if applicable) (time point C) ‘

FIGURE 1

Time points for blood collection. Time point A baseline (prior to ICI therapy). Time point B After 12 weeks of ICI therapy 12-week samples (this time
point also used as control for treated patients with no irAEs. Time point C At the time of irAE (if applicable).
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symptom onset during the clinic visit. The attribution of adverse
events were made by available clinical, laboratory, and histologic
data and reported per the NCI adverse reporting guidelines (17). In
this study, only four organ-specific irAEs were included in the
analysis due to availability of number of samples (pneumonitis,
dermatitis, diarrhea/colitis, and hepatitis). Samples from patients
who were exposed to 12-weeks of ICI induction therapy and did not
experience any irAEs within at least 6 months of follow-up were
used as “controls” for comparative analyses. Patients with
overlapping toxicities (simultaneous irAEs > 1) were excluded
from this analysis.

We analyzed the IgG and IgM auto-reactive antibody panel for
each irAE (pneumonitis, dermatitis, hepatitis, colitis) and 1)
compared auto-reactive antibody panels at baseline in patients
who had organ-specific irAEs vs. no irAE (time point A for irAE
vs. no irAE), 2) compared auto-reactive antibody panels at the time
of irAE onset with 12-week samples from treated patients with no
irAEs (control) (time point B vs. time point C), and 3) analyzed the
longitudinal auto-reactive antibody changes in patients with an
organ-specific toxicity by comparing their baseline sample with
toxicity samples (time point A vs. C) (Figure 1).

2.2 Microarray protein profiling

Human serum samples from all subjects were collected,
aliquoted, and stored at -80°C. Autoantigen microarrays were
manufactured at the Microarray Core Facility of The University
of Texas Southwestern Medical Center (Dallas, Texas, USA). One
hundred twenty autoantigens, including nuclear antigens, cytosolic
antigens, and tissue-specific antigens, were selected from previously
known autoantibodies in various immune-related diseases (e.g.,
cancer and allergic disease) (18) on the basis of the published
literature (a full list of the auto-reactive antibodies used in this panel
is shown in Supplementary Table 1) and as previously described
(19, 20). Four internal control proteins (human IgG, human IgM,
anti-human IgG, and anti-human IgM), each at four different
concentrations (0.1 mg/mL, 0.05 mg/mL, 0.025, and 0.0125 mg/
mL), were imprinted on the arrays as positive and
normalization controls.

Serum samples were pretreated with DNAse-I and diluted 1:50
in PBST buffer for autoantibody profiling. The samples were
incubated with autoantigen arrays, and autoantibodies bound to
arrayed proteins were measured with cy3-conjugated anti-human
IgG (1:1000, Jackson ImmunoResearch, West Grove, Pennsylvania,
USA) and cy5-conjugated anti-human IgM (1:2000, Jackson
ImmunoResearch) using a Genepix 4400A scanner (Molecular
Devices, Sunnyvale, California, USA) with laser wavelengths of
532 nm and 635 nm. The resulting images were analyzed using
Genepix Pro 7.0 software (Molecular Devices).

The median signal intensity for each spot was calculated and
subtracted from the local background around the spot, and the data
obtained from the duplicate spots were averaged. The background-
subtracted signal intensity of each antigen was normalized to the
average intensity of human IgG or IgM, which were spotted on the
array as an internal control. Finally, the net fluorescence intensity
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(NFI) was generated as a quantitative measurement of the binding
capacity of each antibody with the corresponding autoantigen,
normalized with a robust linear model using a built-in Ig control
with various dilutions (21). A signal-to-noise ratio (SNR) was
generated for each antigen. The SNR was used as a quantitative
measure of the ability to resolve the true signal from background
noise. To avoid outliers in the NFI or SNR, the autoantibody score,
defined by log2((NFI x SNR) + 1), was used for all
downstream analyses. Autoantibody scores were used in the
downstream analysis.

2.3 Statistical analysis

A paired t-test was used to compare the means of longitudinally
collected baseline and toxicity samples. Post-induction (minimum
12-week exposure to combination ICI therapy) samples from
patients who had no irAEs during the study period were used as
a control compared with the toxicity samples. An unpaired t-test
was used to compare differences between groups. The resulting p-
values were adjusted using the Benjamini and Hochberg method to
control for the type I error rate of multiple comparisons (22). P
values were two-tailed for all analyses, p < 0.05 was considered
statistically significant. P values and corresponding false discovery
rates (FDR) were defined for each marker and are provided in the
Supplementary File.

To remove the batch effect, a modified mean centering batch
correction was applied, where the baseline samples in each batch
served as control samples during the mean centering batch
correction process (Supplementary Table 2) (23).

3 Results
3.1 Baseline characteristics

One hundred and eighty-nine patients were enrolled in the trial
at the time of data lock in January 2021, and samples from 58
patients who had prospective follow-up for a minimum of 6 months
and had more than one timepoint of blood collection were included
in the analysis. All patients had a baseline sample (pretreatment,
immunotherapy-naive), and 54 patients had a sample at 12-weeks
of ipilimumab and nivolumab therapy (post induction); 43 grade >
2 irAE events from 41 patients had corresponding blood
collection:10 patients with pneumonitis, 12 with dermatitis, 15
with diarrhea/colitis, and 6 with hepatitis. Two patients had more
than one grade > 2 organ-specific toxicity (separate time points).
The organ-specific involvement, grading, and timing of these
toxicities are included in Supplementary Table 3. Baseline and
post induction serum samples from 17 patients who received at
least 12 weeks of ipilimumab and nivolumab and had no irAEs
within 6 months of follow-up were used as “control” samples.

The final analysis included 10 pneumonitis events, seven were
grade 2 and three were grade 3. Twelve grade 2 irAEs were grouped
dermatitis, which included eczematous, morbilliform, acneiform,
and psoriasiform rashes, pruritis, and vitiligo. Fifteen diarrhea/
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colitis irAEs were captured, including eight grade 2 and seven grade
3 irAEs. The events grouped in the hepatitis analysis included
samples from patients with transaminitis with and without changes
in liver synthetic capacity. There were six events in this category,
including four grade 2 and two grade 3.

3.2 Auto reactive antibodies at baseline

Baseline samples from patients with pneumonitis, dermatitis,
diarrhea/colitis, and hepatitis were compared with baseline samples
from patients who did not experience irAEs. The full list of auto-
reactive antibodies that showed higher titers in toxicity groups at
baseline is provided in the Supplementary Table 4-6, whereas the
top three statistically most significantly increased auto-reactive
antibodies for IgG and IgM fractions for each organ-specific
toxicity of interest (p <0.05), and their corresponding p and FDR
values are provided in Table 1.

3.3 Longitudinal changes at
toxicity: pneumonitis

When samples obtained at the time of pneumonitis were
compared with 12-week samples from controls, we observed
higher titers of multiple IgG and IgM auto-reactive antibodies,
with the strongest associations observed for IgG antibodies to
CA125 (p= 0.001; FDR=0.03), CMV EXT (P= 0.01, FDR=0.13),
and Angiotensin II type 1 receptor (p=0.01, FDR=0.16), and IgM
fraction for ACHRG (p=0.00018, FDR=0.12), NSE (p=0.004,
FDR=0.12), and BAFF (p=0.004, FDR=0.12) Figure 2A (full list
provided in Supplementary Tables 4, 5).

Only the IgM antibody against ACHRG showed an increase
from baseline to time of toxicity among pneumonitis cases (p=0.03,
FDR= 0.48) and was also elevated during pneumonitis event as

10.3389/fimmu.2023.1322818

compared to 12-week “control” samples (p=0.00018, FDR=
0.012) (Figure 3).

3.4 Dermatitis

When samples obtained at the time of dermatitis were
compared with 12-week samples from controls, IgM antibody
against cytokeratin 19 antigen was higher in patients
with dermatitis.

Only the IgM antibody against cytokeratin 19 showed an
increase from baseline to the time of toxicity among dermatitis
cases (p=0.014, FDR=0.93) and was elevated during dermatitis
events compared with the 12-week control samples (p=0.016,
FDR=0.85) (Figure 4).

3.5 Diarrhea/colitis

None of the 120 auto-reactive antibodies in the IgG and IgM
fractions were elevated at the time of toxicity compared to the 12-
week control samples (Figure 2B).

3.6 Hepatitis

When samples obtained at the time of hepatitis were compared
with 12-week samples from controls, IgG antibodies against
thyroglobulin were higher at the time of toxicity compared to
baseline samples among those who developed hepatitis. When
samples at baseline were compared to samples at the time of toxicity
IgG antibodies against TGF betal, lactoferrin, and thyroglobulin were
elevated compared to the 12-week control samples.

Only the IgG antibody against thyroglobulin was elevated
during hepatitis events compared with the 12-week control

TABLE 1 Top 3 auto reactive antibodies for Ig G and Ig M fractions for each organ specific toxicity of interest with statistical significance, and their
corresponding p and FDR values provided in table 1 (p < 0.05 used for statistical cutoff).

Ig G P value FDR IgM P value FDR
Pneumonitis Cytokeratin 19 Ag 0.004843 0.619958 OmpC (E coli outer membrane porin) 0.00047 0.057215
IL-17A 0.019349 0.98776 HSV-1 and HSV-2 Ag 0.002661 0.057215
CA242 0.034922 0.98776 IL-2 0.002973 0.057215
Dermatitis dsDNA 0.038594 0.997145 IFN alpha and beta 0.018835 0.456247
IL-2 0.024212 0.456247
Calreticulin 0.041953 0.456247
Diarrhea/Colitis None Hepatitis A antigen 0.008004 0.261828
Thrombopoietin 0.008191 0.261828
VEGF-165 0.012916 0.261828
Hepatitis None CDK2 0.007867 0.351345
IL-2 0.017962 0.351345
Troponin I-T-C ternary complex mixture 0.018433 0.351345
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FIGURE 2

EnhancedVolcano plots for longitudinal analysis of baseline and time of toxicity auto reactive antibodies (A) IgM antibodies for pneumonitis, (B) IgM
antibodies for Diarrhea/colitis, Dashed line at y axis is representing p < 0.05 cut off, red color coding is representing increased autoreactive
antibodies after a log transformation that are statistically significany per p value cut-off (ACHRG highlighted in A).

samples (p=0.008, FDR=0.43) and showed an increase from
baseline to the time of toxicity among hepatitis cases (p=0.036,
FDR=0.84) (Supplementary Figure 2). IgM antibody against
thyroglobulin did not show any statistically significant difference
at the baseline among those who developed hepatitis, compared
with baseline samples from patients who did not experience irAEs
(p=0.16, FC (fold change): -1.5, FDR: 0.39); and at the time of
hepatitis when compared with controls (p=0.354, FC: 1.4,
FDR: 0.99).

IgG and IgM auto reactive antibodies for pneumonitis
(Supplementary Tables 4-6.1B), dermatitis (Supplementary
Tables 6.2A, B), diarrhea/colitis (Supplementary Tables 6.3A, B),
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FIGURE 3

hepatitis at baseline, at the time of toxicity (time of toxicity vs 12 week
in normal controls and at the time of toxicity vs 12 week time point
from patients with irAE) (pneumonitis: Supplementary Table 7.1 A,
B; dermatitis Supplementary Tables 7.2A, B; diarrhea/colitis
Supplementary Tables 7.3A, B, hepatitis Supplementary
Tables 7.4A, B) with corresponding p values, fold change and false
discovery rates and longitudinal changes for these toxicities
(Supplementary Tables 8.1A-8.8B) provided in the supplement.
Subsequent sample collections following systemic steroid
therapy were only available for four patients with dermatitis,
where 3 out of 4 patients had a drop in Cytokeratin 19 auto
reactive antibody titer with treatment (Supplementary Figure 3).

B
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Box plots of IgM antibody for ACHRG. (A) Longitudinal serum samples from patients with pneumonitis. Baseline: pre-1+N therapy (time point A),
toxicity (time point C): at the time of pneumonitis. (B) NoirAE: Samples at 12 weeks of 1+N therapy from patients with no irAEs (time point B).
Pneumonitis: at the time of grade >2 pneumonitis (time point C). Same pneumonitis cases are represented in (A, B), one patient with pneumonitis
did not have baseline blood and, therefore, could not included in the longitudinal antibody titer figure in (A).
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Box Plots of IgM antibody for Cytokeratin 19 Ag. (A) Longitudinal serum samples from patients with dermatitis. Baseline: pre-1+N therapy, toxicity: at
the time of dermatitis. (B) NoirAE: Samples at 12 weeks of 1+N therapy from patients with no irAEs. Dermatitis: at the time of grade >2

Dermatitis irAE.

4 Discussion

In this study, we systematically evaluated the correlation
between auto-reactive antibodies and irAEs in patients who had
organ-specific toxicities. We observed that distinct auto-reactive
antibodies were elevated at the time of toxicity in pneumonitis,
dermatitis, and hepatitis.

Notably, IgM antibodies against ACHRG in pneumonitis,
cytokeratin 19 during dermatitis, and IgG antibody against
thyroglobulin during hepatitis were significantly elevated during
toxicity events compared with 12-week control samples. These
auto-reactive antibodies also showed an increase from baseline to
the time of toxicity in patients with pneumonitis, dermatitis, and
hepatitis respectively. Neither IgG nor IgM auto-reactive antibodies
were elevated in diarrhea/colitis at the time of toxicity compared to
the 12-week control samples.

Pneumonitis was associated with a unique auto-reactive antibody
profile with elevations in multiple IgG and IgM auto-reactive
antibodies, perhaps representing a marked increase in humoral
autoimmunity. Some of these auto-reactive antibodies are
particularly notable because they have been associated with lung
injury outside of NSCLC. For example, antibodies that 1) have been
implicated in lung allograft injury following a lung transplant
(ACHRG); 2) are against soluble factors that play a role in lung
inflammation (BAFF) (24, 25); 3) are against the cytoskeletal
structure of the alveolar epithelium (cytokeratin 19); and 4) are
elevated during tissue damage (NSE, SCCA, and Beta-glucuronidase)
(26-31) have been noted to have higher titers in patients with
pneumonitis than in patients without irAEs at the time of toxicity.

ACHRG, the cholinergic receptor nicotinic gamma subunit,
plays a role in neuromuscular development (32). The antibodies
targeting AChR (Acetylcholine receptors) are heterogenous in their
reactivity with different subunits of the AChR. Previous studies

Frontiers in Immunology

reported that antibodies to adult or fetal Acetylcholine receptors
(AChR) are negative in the healthy subjects but are sometimes
positive in patients with myasthenia gravis (MG). One study
reported among the 200 patients with MG, antibodies specific to
ACHRG were detected in only 14 (7%) (33-35), indicating that the
presence of these antibodies is not an incidental finding. Antibodies
against ACHRG, have been previously reported (as AChR3) to be
elevated in primary graft dysfunction (PGD) after lung transplant
and was reported to be > 2-fold higher in patients with PGD (36,
37). Nicotinic AChR is activated by nicotine and expressed in
numerous non-neuronal cell types as well, including distinct
populations of astrocytes, epithelial cells, adipocytes, lymphocytes,
macrophages, keratinocytes, and stimulation of this receptor has
well described anti-inflammatory effects (38-41). Other studies
have associated multiple single-nucleotide nicotinic acetylcholine
receptor polymorphisms with the risk of lung cancer and chronic
obstructive pulmonary disease, highlighting their potential
implications in respiratory diseases (42-44).

Cytokeratin 19 is a filament protein that is abundant in epithelial
cells and has been overexpressed in non-small cell lung cancer, and its
overexpression is correlated with a poor prognosis (45-47). In
healthy individuals, while its level is low in circulation, it rises
significantly in patients with epithelial cell-associated carcinomas
(48). Similarly, antibodies against Cytokeratin 19 and its fragments
can be observed in the majority of human serum samples (49-51). Its
titers were reported to increase in epithelioid tumors such as lung
cancer and patients with tissue injury such as alcoholic hepatitis and
lung injury-related diseases such as pulmonary fibrosis and COPD
compared to healthy controls (52-54).

Auto-reactive antibodies to thyroglobulin can be seen in healthy
adults. In a population study of 17353 people, thyroglobulin
antibody was detected in 11.5% of the study cohort (55). The
positive antibodies were reported in up to 70-80% of patients
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with autoimmune thyroiditis, 30-40% with Graves disease, and 10-
15% with non-thyroid autoimmune disease (56). Higher
thyroglobulin antibody titers were reported in non-alcoholic liver
disease and cirrhosis (57-59). In our study cohort, none of the
patients who had elevated thyroglobulin IgG antibody levels during
hepatitis had thyroid dysfunction at the time of the toxicity event or
at the time of their subsequent follow-up.

Risk prediction and early diagnosis of irAEs are critical but also
challenging for several reasons (60, 61). Many of the symptoms or
irAEs can be difficult to distinguish from the disease process itself.
For example, for immune-related pneumonitis, nonspecific clinical
presentation with dyspnea, cough, and radiologic findings can
mimic lung infection or lymphangitic spread, which may delay
the diagnosis. Early detection and effective management of irAEs
are critical to halt the progression to high-grade toxicities that are
potentially life-threatening, but this generally entails constant
clinical vigilance without effective diagnostic biomarkers. Auto-
reactive antibody panels may be a practical adjunct tool for
identifying at-risk patients, early diagnosis during treatment,
and monitoring.

In our study, neither the IgG nor IgM auto-reactive antibodies
analyzed in our panel were elevated in diarrhea/colitis; in fact, most
of these auto-reactive antibodies had lower titers during toxicity
events than the 12-week control samples. These findings highlight
the potential risk of pooling multi-organ toxicities or analyzing
overlapping toxicities when developing and validating novel
biomarkers, since different aspects of the immune system may be
driving the organ-specific toxicity. For example, during the course
of colitis/diarrhea, the innate immune system may be playing a
greater role in the development of organ-specific toxicity, similar to
Crohn’s disease. But notably, pathology that underpins immune-
related intestinal toxicities is driven by CD8 cytotoxic T
lymphocytes, as has been shown in colonic biopsies (62-64). On
the other hand, malabsorption and protein-losing enteropathy,
severe anorexia, nausea, and vomiting may further exacerbate low
antibody levels.

It is important to mention that a recent study suggested the role
of baseline serum autoantibody signature in predicting toxicity in
melanoma patients by using proteome microarray; this study
focused on auto-reactive antibodies to the human proteome (65).
In addition, previous work from our group using serological
analysis of recombinant tumor cDNA expression libraries
(SEREX) technology identified a number of autoimmune
antibodies associated with pneumonitis and hypophysitis in
patients with various types of cancer who received ICI therapy.

Our current study used a larger cohort of longitudinal samples,
and a novel platform independently identified a larger number of
auto-reactive antibodies that are associated with a wider spectrum
of irAEs. Collectively, our data highlight the promising role of auto-
reactive antibodies as predictive markers of immunotherapy-
related toxicities.

This is a hypothesis-generating study with multiple strengths.
In this study, samples were collected from a prospective clinical
trial, all patients receiving same immunotherapy and toxicity
attributions were made prospectively. Baseline samples were
collected from immunotherapy-nave patients. Serial samples were
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available for comparative analysis and 12-week “control” samples
were selected from patients who were observed for 6 subsequent
months without the development of irAEs. Our auto-reactive
antibody panel had a similar range of reportable results, reference
intervals, reproducibility, and quality controls as other panels used
in prior scientific studies (20, 66, 67). Finally, we used the false
discovery rate to control the type I error rate associated with
multiple comparisons and provided the FDR for each marker in
the supplementary file.

There are gaps in knowledge on the pathogenesis of irAEs.
Several mechanisms have been identified, including but not limited
to cross-presentation of antigens, epitope spreading, autoantibody
production, inflammatory monocyte activation, complement-
mediated inflammation, inflammatory cytokines, host-specific
factors including microbiome and genetics, and the type of ICI
immunotherapy administered (68-70) (Ibis, Aliazis), and this study
is only focusing in humoral immune systemic and autoantibody
production. Therefore, it does not provide a comprehensive
assessment of the immune system. This study has some
additional limitations. First, it had a relatively limited sample size
and lacked an independent validation cohort. Second, we could not
confirm the cutoffs that would indicate a clinically significant
elevation in auto-reactive antibody titers. Third, our auto-reactive
antibody panel may not have included all relevant targets. For
example, anti-CD74 antibodies were associated with pneumonitis
in our previous study, but this was not present in our panel (8).
Finally, we cannot determine whether auto-reactive antibodies are
the result of tissue damage or responsible for tissue damage, i.e.
whether they have a causal role in the development of irAEs.
Further studies are needed to investigate the mechanism whereby
auto-reactive antibodies result in irAEs.

In summary, we report that several auto-reactive antibodies are
elevated at baseline and during toxicities, such as pneumonitis,
dermatitis, and hepatitis. In particular, the IgM fraction of auto-
reactive antibodies against ACHRG in pneumonitis, cytokeratin 19
in dermatitis, and IgG antibody against thyroglobulin during
hepatitis were elevated during the time of toxicity compared with
12-week control samples and showed an increase from baseline to
the time of toxicity among pneumonitis, dermatitis, and hepatitis
cases, respectively, and should be investigated further. Future
studies are warranted to validate these findings and explore the
mechanistic relationships of these antibodies and their potential
roles in the toxicity and early recognition of irAEs.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Ethics statement

The studies involving humans were approved by University of
Texas MD Anderson Cancer Center Institutional Review Board.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1322818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Altan et al.

The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

MA: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Supervision, Writing — original draft. QL: Data curation, Formal
analysis, Methodology, Resources, Writing — review & editing. QW:
Data curation, Formal analysis, Writing — review & editing. NV:
Investigation, Writing — review & editing. AS: Writing — review &
editing. JG: Writing - review & editing. CZ: Data curation, Formal
analysis, Writing - review & editing. HT: Investigation, Resources,
Writing - review & editing. SG: Investigation, Writing — review &
editing. MA: Investigation, Writing — review & editing. SS: Writing -
review & editing. JW: Data curation, Writing — review & editing. LB:
Investigation, Writing — review & editing. NA: Writing - review &
editing. MF: Writing — review & editing. YW: Writing — review &
editing. JL: Writing - review & editing. JZ: Investigation,
Methodology, Writing — review & editing. JH: Conceptualization,
Funding acquisition, Investigation, Methodology, Resources,
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Research
funding for this project was received from a LUNGevity Foundation
Career Development Award (MA). This work was also supported in
part by NIH/NCI under award number P30 CA016672 (PI: Peter
W. Pisters). NA-W was supported by a NIH KO1AI163412 grant.
AS was supported by the National Institutes of Health/National
Institute of Allergy and Infectious Diseases (K23 AI117024). JG is
supported by NIH/NCI R01 CA254988-01A1. Bristol Myers Squib
provided research funding to the parent study (NCT03391869).

Acknowledgments

We thank the participant patients and their families. Research
funding for this project was received from a LUNGevity Foundation
Career Development Award (MA). We thank Ann M. Sutton,
Scientific Editor in the Research Medical Library at the University
of Texas MD Anderson Cancer Center, for editing this article.

Conflict of interest

Outside of the submitted work MA reports receiving research
funding to institution from Genentech, Nektar Therapeutics,
Merck, GlaxoSmithKline, Novartis, Jounce Therapeutics, Bristol

Frontiers in Immunology

10.3389/fimmu.2023.1322818

Myers Squibb, Eli Lilly, Adaptimmune, Shattuck Lab, and receives
consultant and advisor fees from GlaxoSmithKline, Bristol Myers
Squibb, Shattuck Lab and AstraZeneca, Speaker fees: AstraZeneca,
Nektar Therapeutics, SITC, Participation of Safety review
committee for Nanobiotix-MDA alliance, Hengenix outside of the
submitted work; NV reports receiving research funding to
institution: Mirati, Circulogene and receives consultant fees
from Sanofi, Regeneron, Eli Lilly, OncoCyte; JG reports
consulting/advisory committee fees from CRISPR Therapeutics,
Jounce Therapeutics, Polaris, Seagen, AstraZeneca, Aveo
Pharmaceuticals, Infinity Pharmaceuticals, Janssen, Pfizer, and
Symphogen; SG reports receiving research funding to institution
from Bristol Myers Squibb; MBA reports consulting fees from Astra
Zeneca; LB reports receiving research funding to institution
AstraZeneca, Amgen, Jazz Pharmaceuticals, reports consulting/
advisory committee fees from for AstraZeneca, AbbVie,
Arrowhead Pharmaceuticals, Genetech, AbbVie, Merck, Jazz
Pharmaceuticals, BeiGene, Chugai Pharmaceuticals, Puma,
Amgen, Daiichi Sankyo; JZ reports grants from Merck, grants
and personal fees from Johnson and Johnson and Novartis,
personal fees from Bristol Myers Squibb, AstraZeneca, GenePlus,
Innovent and Hengrui; JH has served on the scientific advisory
boards for AstraZeneca, Biotree, Bristol-Myers Squibb, Boehringer
Ingelheim, Catalyst, EMD Serono, Genentech, GlaxoSmithKline,
Guardant Health, Hengrui, Eli Lilly, Novartis, Seattle Genetics,
Spectrum, Synta, Foundation Medicine, Takeda, Mirati
Therapeutics, BrightPath Biotherapeutics, Janssen Global Services,
Nexus Health Systems, Pneuma Respiratory, Kairos Venture
Investments, Roche, and Leads Biolabs. He receives research
support from AstraZeneca, Bayer, GlaxoSmithKline, Spectrum,
and Takeda, and royalties and licensing fees from Spectrum.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322818/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322818/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322818/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1322818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Altan et al.

References

1. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al.
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. New Engl |
Med (2012) 366(26):2443-54. doi: 10.1056/NEJMo0al1200690

2. Herbst RS, Baas P, Kim DW, Felip E, Perez-Gracia JL, Han JY, et al.
Pembrolizumab versus docetaxel for previously treated, PD-LI-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): a randomised controlled trial. Lancet
(London England) (2016) 387(10027):1540-50. doi: 10.1016/S0140-6736(15)01281-7

3. Naidoo ], Page DB, Li BT, Connell LC, Schindler K, Lacouture ME, et al. Toxicities
of the anti-PD-1 and anti-PD-L1 immune checkpoint antibodies. Ann Oncol (2016) 26
(12):2375-91. doi: 10.1093/annonc/mdw141

4. Ueda H, Howson JM, Esposito L, Heward J, Snook H, Chamberlain G, et al.
Association of the T-cell regulatory gene CTLA4 with susceptibility to autoimmune
disease. Nature (2003) 423(6939):506-11. doi: 10.1038/nature01621

5. Prokunina L, Castillejo-Lopez C, Oberg F, Gunnarsson I, Berg L, Magnusson V, et al. A
regulatory polymorphism in PDCDI is associated with susceptibility to systemic lupus
erythematosus in humans. Nat Genet (2002) 32(4):666-9. doi: 10.1038/ng1020

6. Michot JM, Bigenwald C, Champiat S, Collins M, Carbonnel F, Postel-Vinay S,
et al. Immune-related adverse events with immune checkpoint blockade: a
comprehensive review. Eur ] Cancer (Oxford England: 1990) (2016) 54:139-48. doi:
10.1016/j.ejca.2015.11.016

7. Ferreiros-Vidal I, Gomez-Reino JJ, Barros F, Carracedo A, Carreira P, Gonzalez-
Escribano F, et al. Association of PDCD1 with susceptibility to systemic lupus
erythematosus: evidence of population-specific effects. Arthritis Rheumatism (2004)
50(8):2590-7. doi: 10.1002/art.20436

8. Tahir SA, Gao J, Miura Y, Blando J, Tidwell RSS, Zhao H, et al. Autoimmune
antibodies correlate with immune checkpoint therapy-induced toxicities. Proc Natl
Acad Sci United States America (2019) 116(44):22246-51. doi: 10.1073/
pnas.1908079116

9. Safa H, Johnson DH, Trinh VA, Rodgers TE, Lin H, Suarez-Almazor ME, et al.
Immune checkpoint inhibitor related myasthenia gravis: single center experience and
systematic review of the literature. ] Immunother Cancer (2019) 7(1):319. doi: 10.1186/
540425-019-0774-y

10. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events
associated with immune checkpoint blockade. N Engl ] Med (2018) 378(2):158-68.
doi: 10.1056/NEJMral703481

11. Suarez-Almazor ME, Kim ST, Abdel-Wahab N, Diab A. Review: immune-
related adverse events with use of checkpoint inhibitors for immunotherapy of
cancer. Arthritis Rheumatol (2017) 69(4):687-99. doi: 10.1002/art.40043

12. Bailey SR, Nelson MH, Himes RA, Li Z, Mehrotra S, Paulos CM. Th17 cells in
cancer: the ultimate identity crisis. Front Immunol (2014) 5:276. doi: 10.3389/
fimmu.2014.00276

13. Khan SA, Pruitt SL, Xuan L, Gerber DE. Prevalence of autoimmune disease
among patients with lung cancer: implications for immunotherapy treatment options.
JAMA Oncol (2016) 2(11):1507-8. doi: 10.1001/jamaoncol.2016.2238

14. Li QZ, Karp DR, Quan J, Branch VK, Zhou J, Lian Y, et al. Risk factors for ANA
positivity in healthy persons. Arthritis Res Ther (2011) 13(2):R38. doi: 10.1186/ar3271

15. Ghosh N, Chan KK, Jivanelli B, Bass AR. Autoantibodies in patients with
immune-related adverse events from checkpoint inhibitors: A systematic literature
review. JCR: J Clin Rheumatol (2022) 28(2):e317-e322. doi: 10.1097/
RHU.0000000000001777

16. Kanie K, Iguchi G, Bando H, Urai S, Shichi H, Fujita Y, et al. Mechanistic insights into

immune checkpoint inhibitor-related hypophysitis: a form of paraneoplastic syndrome.
Cancer Immunol Immunother: CII (2021) 70(12):3669-77. doi: 10.1007/s00262-021-02955-y

17. . Available at: https://ctep.cancer.gov/protocoldevelopment/electronic_
applications/docs/aeguidelines.pdf.

18. Zhu HL, Luo H, Yan M, Zuo XX, Li QZ. Autoantigen microarray for high-
throughput autoantibody profiling in systemic lupus erythematosus. Genom Proteom
Bioinf (2015) 13(4):210-8. doi: 10.1016/j.gpb.2015.09.001

19. Rojas M, Rodriguez Y, Acosta-Ampudia Y, Monsalve DM, Zhu C, Li Q-Z, et al.
Autoimmunity is a hallmark of post-COVID syndrome. ] Trans Med (2022) 20(1):129.
doi: 10.1186/s12967-022-03328-4

20. Ghosh N, Postow M, Zhu C, Jannat-Khah D, Li QZ, Vitone G, et al. Lower
baseline autoantibody levels are associated with immune-related adverse events from
immune checkpoint inhibition. J Immunother Cancer (2022) 10(1). doi: 10.1136/jitc-
2021-004008

21. Sboner A, Karpikov A, Chen G, Smith M, Dawn M, Freeman-Cook L, et al.
Robust-linear-model normalization to reduce technical variability in functional protein
microarrays. ] Proteome Res (2009) 8(12):5451-64. doi: 10.1021/pr900412k

22. Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J R Stat Soc Ser B (Methodological) (1995) 57
(1):289-300. doi: 10.1111/j.2517-6161.1995.tb02031.x

23. Sims AH, Smethurst GJ, Hey Y, Okoniewski MJ, Pepper SD, Howell A, et al. The
removal of multiplicative, systematic bias allows integration of breast cancer gene

Frontiers in Immunology

10.3389/fimmu.2023.1322818

expression datasets - improving meta-analysis and prediction of prognosis. BMC Med
Genomics (2008) 1:42. doi: 10.1186/1755-8794-1-42

24. Polverino F, Cosio BG, Pons ], Laucho-Contreras M, Tejera P, Iglesias A, et al. B
cell-activating factor. An orchestrator of lymphoid follicles in severe chronic
obstructive pulmonary disease. Am ] Respir Crit Care Med (2015) 192(6):695-705.
doi: 10.1164/rccm.201501-01070C

25. Morissette MC, Gao Y, Shen P, Thayaparan D, Bérube J-C, Paré PD, et al. Role of
BAFF in pulmonary autoantibody responses induced by chronic cigarette smoke
exposure in mice. Physiol Rep (2016) 4(24):e13057. doi: 10.14814/phy2.13057

26. Zhong WJ, Yang HH, Guan XX, Xiong JB, Sun CC, Zhang CY, et al. Inhibition of
glycolysis alleviates lipopolysaccharide-induced acute lung injury in a mouse model. J
Cell Physiol (2019) 234(4):4641-54. doi: 10.1002/jcp.27261

27. Fang SC, Lu KH, Wang CY, Zhang HT, Zhang YM. Elevated tumor markers in
patients with pulmonary alveolar proteinosis. Clin Chem Lab Med (2013) 51(7):1493-8.
doi: 10.1515/cclm-2012-0738

28. Cione E, Siniscalchi A, Gangemi P, Cosco L, Colosimo M, Longhini F, et al.
Neuron-specific enolase serum levels in COVID-19 are related to the severity of lung
injury. PloS One (2021) 16(5):¢0251819. doi: 10.1371/journal.pone.0251819

29. Zanatta E, Martini A, Scarpieri E, Biasiolo A, Ortolan A, Benvenuti F, et al.
Squamous cell carcinoma antigen-IgM (SCCA-IgM) is associated with interstitial lung
disease in systemic sclerosis. Joint Bone Spine (2020) 87(4):331-5. doi: 10.1016/
j.jbspin.2020.02.003

30. Panagiotopoulou EC, Fouzas S, Douros K, Triantaphyllidou IE, Malavaki C,
Priftis KN, et al. Increased B-glucuronidase activity in bronchoalveolar lavage fluid of
children with bacterial lung infection: A case-control study. Respirology (2015) 20
(8):1248-54. doi: 10.1111/resp.12596

31. Shi Q, Haenen GR, Maas L, Arlt VM, Spina D, Vasquez YR, et al. Inflammation-
associated extracellular B-glucuronidase alters cellular responses to the chemical
carcinogen benzo[a]pyrene. Arch Toxicol (2016) 90(9):2261-73. doi: 10.1007/s00204-
015-1593-7

32. Shibahara S, Kubo T, Perski HJ, Takahashi H, Noda M, Numa S. Cloning and
sequence analysis of human genomic DNA encoding gamma subunit precursor of
muscle acetylcholine receptor. Eur J Biochem (1985) 146(1):15-22. doi: 10.1111/j.1432-
1033.1985.tb08614.x

33. Lazaridis K, Tzartos S]. Autoantibody specificities in myasthenia gravis;
implications for improved diagnostics and therapeutics. Front Immunol (2020)
11:212. doi: 10.3389/fimmu.2020.00212

34. Carr AS, Cardwell CR, McCarron PO, McConville J. A systematic review of
population based epidemiological studies in Myasthenia Gravis. BMC Neurol (2010)
10:46. doi: 10.1186/1471-2377-10-46

35. Shi QG, Wang ZH, Ma XW, Zhang DQ, Yang CS, Shi FD, et al. Clinical
significance of detection of antibodies to fetal and adult acetylcholine receptors in
myasthenia gravis. Neurosci Bull (2012) 28(5):469-74. doi: 10.1007/s12264-012-1256-0

36. Kaza V, Zhu C, Feng L, Torres F, Bollineni S, Mohanka M, et al. Pre-existing self-
reactive IgA antibodies associated with primary graft dysfunction after lung
transplantation. Transpl Immunol (2020) 59:101271. doi: 10.1016/j.trim.2020.101271

37. Millar NS. Assembly and subunit diversity of nicotinic acetylcholine receptors.
Biochem Soc Trans (2003) 31(Pt 4):869-74. doi: 10.1042/bst0310869

38. Osborne-Hereford AV, Rogers SW, Gahring LC. Neuronal nicotinic alpha7
receptors modulate inflammatory cytokine production in the skin following ultraviolet
radiation. ] Neuroimmunol (2008) 193(1-2):130-9. doi: 10.1016/j.jneuroim.2007.10.029

39. Conti-Tronconi BM, McLane KE, Raftery MA, Grando SA, Protti MP. The
nicotinic acetylcholine receptor: structure and autoimmune pathology. Crit Rev
Biochem Mol Biol (1994) 29(2):69-123. doi: 10.3109/10409239409086798

40. Hurst R, Rollema H, Bertrand D. Nicotinic acetylcholine receptors: from basic
science to therapeutics. Pharmacol Ther (2013) 137(1):22-54. doi: 10.1016/
j.pharmthera.2012.08.012

41. Gwilt CR, Donnelly LE, Rogers DF. The non-neuronal cholinergic system in the
airways: an unappreciated regulatory role in pulmonary inflammation? Pharmacol Ther
(2007) 115(2):208-22. doi: 10.1016/j.pharmthera.2007.05.007

42. Kariminejad A, Almadani N, Khoshaeen A, Olsson B, Moslemi A-R, Tajsharghi
H. Truncating CHRNG mutations associated with interfamilial variability of the
severity of the Escobar variant of multiple pterygium syndrome. BMC Genet (2016)
17(1):71-. doi: 10.1186/s12863-016-0382-5

43. Chen J, Cheuk IWY, Shin VY, Kwong A. Acetylcholine receptors: Key players in
cancer development. Surg Oncol (2019) 31:46-53. doi: 10.1016/j.suronc.2019.09.003

44. Cui K, Ge X, Ma H. Four SNPs in the CHRNA3/5 alpha-neuronal nicotinic
acetylcholine receptor subunit locus are associated with COPD risk based on meta-
analyses. PloS One (2014) 9(7):€102324. doi: 10.1371/journal.pone.0102324

45. Holdenrieder S, Stieber P, Vonp J, Raith H, Nagel D, Feldmann K, et al. Early and
specific prediction of the therapeutic efficacy in non-small cell lung cancer patients by
nucleosomal DNA and cytokeratin-19 fragments. Ann N 'Y Acad Sci (2006) 1075:244—
57. doi: 10.1196/annals.1368.033

frontiersin.org


https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1016/S0140-6736(15)01281-7
https://doi.org/10.1093/annonc/mdw141
https://doi.org/10.1038/nature01621
https://doi.org/10.1038/ng1020
https://doi.org/10.1016/j.ejca.2015.11.016
https://doi.org/10.1002/art.20436
https://doi.org/10.1073/pnas.1908079116
https://doi.org/10.1073/pnas.1908079116
https://doi.org/10.1186/s40425-019-0774-y
https://doi.org/10.1186/s40425-019-0774-y
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1002/art.40043
https://doi.org/10.3389/fimmu.2014.00276
https://doi.org/10.3389/fimmu.2014.00276
https://doi.org/10.1001/jamaoncol.2016.2238
https://doi.org/10.1186/ar3271
https://doi.org/10.1097/RHU.0000000000001777
https://doi.org/10.1097/RHU.0000000000001777
https://doi.org/10.1007/s00262-021-02955-y
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/aeguidelines.pdf
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/aeguidelines.pdf
https://doi.org/10.1016/j.gpb.2015.09.001
https://doi.org/10.1186/s12967-022-03328-4
https://doi.org/10.1136/jitc-2021-004008
https://doi.org/10.1136/jitc-2021-004008
https://doi.org/10.1021/pr900412k
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1186/1755-8794-1-42
https://doi.org/10.1164/rccm.201501-0107OC
https://doi.org/10.14814/phy2.13057
https://doi.org/10.1002/jcp.27261
https://doi.org/10.1515/cclm-2012-0738
https://doi.org/10.1371/journal.pone.0251819
https://doi.org/10.1016/j.jbspin.2020.02.003
https://doi.org/10.1016/j.jbspin.2020.02.003
https://doi.org/10.1111/resp.12596
https://doi.org/10.1007/s00204-015-1593-7
https://doi.org/10.1007/s00204-015-1593-7
https://doi.org/10.1111/j.1432-1033.1985.tb08614.x
https://doi.org/10.1111/j.1432-1033.1985.tb08614.x
https://doi.org/10.3389/fimmu.2020.00212
https://doi.org/10.1186/1471-2377-10-46
https://doi.org/10.1007/s12264-012-1256-0
https://doi.org/10.1016/j.trim.2020.101271
https://doi.org/10.1042/bst0310869
https://doi.org/10.1016/j.jneuroim.2007.10.029
https://doi.org/10.3109/10409239409086798
https://doi.org/10.1016/j.pharmthera.2012.08.012
https://doi.org/10.1016/j.pharmthera.2012.08.012
https://doi.org/10.1016/j.pharmthera.2007.05.007
https://doi.org/10.1186/s12863-016-0382-5
https://doi.org/10.1016/j.suronc.2019.09.003
https://doi.org/10.1371/journal.pone.0102324
https://doi.org/10.1196/annals.1368.033
https://doi.org/10.3389/fimmu.2023.1322818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Altan et al.

46. Ardizzoni A, Cafferata MA, Tiseo M, Filiberti R, Marroni P, Grossi F, et al.
Decline in serum carcinoembryonic antigen and cytokeratin 19 fragment during
chemotherapy predicts objective response and survival in patients with advanced
nonsmall cell lung cancer. Cancer (2006) 107(12):2842-9. doi: 10.1002/cncr.22330

47. Abbas O, Richards JE, Yaar R, Mahalingam M. Stem cell markers (cytokeratin
15, cytokeratin 19 and p63) in in situ and invasive cutaneous epithelial lesions. Modern
Pathol (2011) 24(1):90-7. doi: 10.1038/modpathol.2010.180

48. Ekman S, Eriksson P, Bergstrém S, Johansson P, Goike H, Gullbo J, et al. Clinical
value of using serological cytokeratins as therapeutic markers in thoracic Malignancies.
Anticancer Res (2007) 27(5b):3545-53.

49. Stieber P, Bodenmiiller H, Banauch D, Hasholzner U, Dessauer A, Ofenloch-
Hihnle B, et al. Cytokeratin 19 fragments: a new marker for non-small-cell lung cancer.
Clin Biochem (1993) 26(4):301-4. doi: 10.1016/0009-9120(93)90129-T

50. Pujol JL, Molinier O, Ebert W, Daurés JP, Barlesi F, Buccheri G, et al. CYFRA 21-
1 is a prognostic determinant in non-small-cell lung cancer: results of a meta-analysis
in 2063 patients. Br ] Cancer (2004) 90(11):2097-105. doi: 10.1038/s.bjc.6601851

51. Barak V, Goike H, Panaretakis KW, Einarsson R. Clinical utility of cytokeratins as
tumor markers. Clin Biochem (2004) 37(7):529-40. doi: 10.1016/j.clinbiochem.2004.05.009

52. Gonzalez-Quintela A, Garcia J, Campos J, Perez LF, Alende MR, Otero E, et al.
Serum cytokeratins in alcoholic liver disease: contrasting levels of cytokeratin-18 and
cytokeratin-19. Alcohol (2006) 38(1):45-9. doi: 10.1016/j.alcohol.2006.01.003

53. Feghali-Bostwick CA, Gadgil AS, Otterbein LE, Pilewski JM, Stoner MW,
Csizmadia E, et al. Autoantibodies in patients with chronic obstructive pulmonary
disease. Am ] Respir Crit Care Med (2008) 177(2):156-63. doi: 10.1164/rccm.200701-
0140C

54. Xiong Y, Gao S, Luo G, Cheng G, Huang W, Jiang R, et al. Increased circulating
autoantibodies levels of IgG, IgA, IgM against cytokeratin 18 and cytokeratin 19 in
chronic obstructive pulmonary disease. Arch Med Res (2017) 48(1):79-87. doi: 10.1016/
j.arcmed.2017.01.007

55. Hollowell JG, Staehling NW, Flanders WD, Hannon WH, Gunter EW, Spencer
CA, et al. T(4), and thyroid antibodies in the United States population (1988 to 1994):
National Health and Nutrition Examination Survey (NHANES III). J Clin Endocrinol
Metab (2002) 87(2):489-99. doi: 10.1210/jcem.87.2.8182

56. Carvalho GA, Perez CLS, Ward LS. The clinical use of thyroid function tests.
Arquivos Brasileiros Endocrinol E Metabol (2013) 57 3:193-204. doi: 10.1590/S0004-
27302013000300005

57. Hegediis L, Kastrup J, Feldt-Rasmussen U, Petersen PH. Serum thyroglobulin in
acute and chronic liver disease. Clin Endocrinol (Oxf) (1983) 19(2):231-7. doi: 10.1111/
j.1365-2265.1983.tb02985.x

58. Chen Y, Wang N, Chen Y, Li Q, Han B, Chen C, et al. The association of non-
alcoholic fatty liver disease with thyroid peroxidase and thyroglobulin antibody: A new
insight from SPECT-China study. Autoimmunity (2018) 51(5):238-44. doi: 10.1080/
08916934.2018.1488968

Frontiers in Immunology

10

10.3389/fimmu.2023.1322818

59. Hollowell JG, Staehling NW, Flanders WD, Hannon WH, Gunter EW, Spencer
CA, et al. Serum TSH, T4, and thyroid antibodies in the United States population (1988
to 1994): national health and nutrition examination survey (NHANES III). J Clin
Endocrinol Metab (2002) 87(2):489-99. doi: 10.1210/jcem.87.2.8182

60. Chuzi S, Tavora F, Cruz M, Costa R, Chae YK, Carneiro BA, et al. Clinical
features, diagnostic challenges, and management strategies in checkpoint inhibitor-
related pneumonitis. Cancer Manage Res (2017) 9:207-13. doi: 10.2147/
CMARS136818

61. Naidoo J, Wang X, Woo KM, Iyriboz T, Halpenny D, Cunningham J, et al.
Pneumonitis in patients treated with anti-programmed death-1/programmed death
ligand 1 therapy. J Clin Oncol (2016) 35(7):709-17. doi: 10.1200/JCO.2016.68.2005

62. Wang Y, Wiesnoski DH, Helmink BA, Gopalakrishnan V, Choi K, DuPont HL,
et al. Fecal microbiota transplantation for refractory immune checkpoint inhibitor-
associated colitis. Nat Med (2018) 24(12):1804-8. doi: 10.1038/s41591-018-0238-9

63. Bamias G, Delladetsima I, Perdiki M, Siakavellas SI, Goukos D, Papatheodoridis
GV, et al. Immunological characteristics of colitis associated with anti-CTLA-4
antibody therapy. Cancer Invest (2017) 35(7):443-55. doi: 10.1080/
07357907.2017.1324032

64. Ibraheim H, Perucha E, Powell N. Pathology of immune-mediated tissue lesions
following treatment with immune checkpoint inhibitors. Rheumatol (Oxford) (2019) 58
(Suppl 7):vii1l7-28. doi: 10.1093/rheumatology/kez465

65. Johannet P, Liu W, Fenyo D, Wind-Rotolo M, Krogsgaard M, Mehnert JM, et al.
Baseline serum autoantibody signatures predict recurrence and toxicity in melanoma
patients receiving adjuvant immune checkpoint blockade. Clin Cancer Res (2022) 28
(18):4121-30. doi: 10.1158/1078-0432.CCR-22-0404

66. Kaza V, Zhu C, Terada LS, Wang L, Torres F, Bollineni S, et al. Self-reactive
antibodies associated with bronchiolitis obliterans syndrome subtype of chronic lung
allograft dysfunction. Hum Immunol (2021) 82(1):25-35. doi: 10.1016/
j-humimm.2020.10.006

67. Luo H, Wang L, Bao D, Wang L, Zhao H, Lian Y, et al. Novel autoantibodies
related to cell death and DNA repair pathways in systemic lupus erythematosus.
Genomics Proteomics Bioinf (2019) 17(3):248-59. doi: 10.1016/j.gpb.2018.11.004

68. Ibis B, Aliazis K, Cao C, Yenyuwadee S, Boussiotis VA. Immune-related adverse
effects of checkpoint immunotherapy and implications for the treatment of patients
with cancer and autoimmune diseases. Front Immunol (2023) 14:1197364. doi:
10.3389/fimmu.2023.1197364

69. Chennamadhavuni A, Abushahin L, Jin N, Presley CJ, Manne A. Risk factors and
biomarkers for immune-related adverse events: A practical guide to identifying high-
risk patients and rechallenging immune checkpoint inhibitors. Front Immunol (2022)
13:779691. doi: 10.3389/fimmu.2022.779691

70. Liu X, Shi Y, Zhang D, Zhou Q, Liu J, Chen M, et al. Risk factors for immune-
related adverse events: what have we learned and what lies ahead? biomark Res (2021) 9
(1):79. doi: 10.1186/s40364-021-00314-8

frontiersin.org


https://doi.org/10.1002/cncr.22330
https://doi.org/10.1038/modpathol.2010.180
https://doi.org/10.1016/0009-9120(93)90129-T
https://doi.org/10.1038/sj.bjc.6601851
https://doi.org/10.1016/j.clinbiochem.2004.05.009
https://doi.org/10.1016/j.alcohol.2006.01.003
https://doi.org/10.1164/rccm.200701-014OC
https://doi.org/10.1164/rccm.200701-014OC
https://doi.org/10.1016/j.arcmed.2017.01.007
https://doi.org/10.1016/j.arcmed.2017.01.007
https://doi.org/10.1210/jcem.87.2.8182
https://doi.org/10.1590/S0004-27302013000300005
https://doi.org/10.1590/S0004-27302013000300005
https://doi.org/10.1111/j.1365-2265.1983.tb02985.x
https://doi.org/10.1111/j.1365-2265.1983.tb02985.x
https://doi.org/10.1080/08916934.2018.1488968
https://doi.org/10.1080/08916934.2018.1488968
https://doi.org/10.1210/jcem.87.2.8182
https://doi.org/10.2147/CMAR.S136818
https://doi.org/10.2147/CMAR.S136818
https://doi.org/10.1200/JCO.2016.68.2005
https://doi.org/10.1038/s41591-018-0238-9
https://doi.org/10.1080/07357907.2017.1324032
https://doi.org/10.1080/07357907.2017.1324032
https://doi.org/10.1093/rheumatology/kez465
https://doi.org/10.1158/1078-0432.CCR-22-0404
https://doi.org/10.1016/j.humimm.2020.10.006
https://doi.org/10.1016/j.humimm.2020.10.006
https://doi.org/10.1016/j.gpb.2018.11.004
https://doi.org/10.3389/fimmu.2023.1197364
https://doi.org/10.3389/fimmu.2022.779691
https://doi.org/10.1186/s40364-021-00314-8
https://doi.org/10.3389/fimmu.2023.1322818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Distinct patterns of auto-reactive antibodies associated with organ-specific immune-related adverse events
	1 Introduction
	2 Patients and methods
	2.1 Clinical data and sample collection
	2.2 Microarray protein profiling
	2.3 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Auto reactive antibodies at baseline
	3.3 Longitudinal changes at toxicity: pneumonitis
	3.4 Dermatitis
	3.5 Diarrhea/colitis
	3.6 Hepatitis

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


