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Background: In recent years, significant progress has been made in immune
checkpoint inhibitors (ICls). However, accompanied by remarkable efficacy, a
growing number of immune-related adverse events (irAEs) also arose. The
mechanism of irAEs remains unclear. Previous studies indicated a positive
association between specific human leukocyte antigen (HLA) variants and
irAEs. Therefore, we planned and initiated a large cohort study aiming to
uncover the relationship between irAEs and divergent HLA types.

Methods: We screened all patients who have been treated in the clinical
research ward, Cancer Hospital of the Chinese Academy of Medical
Sciences. All participants were diagnosed with malignant tumors with
complete AE follow-up data in the original electronic medical records.
Sequencing libraries were generated using a customized panel, and four-
digit formatted HLA alleles were extracted for further analysis. Association
analysis was performed between HLA variants and different irAEs. We
introduced two external reference groups and a non-irAE control group
within the study cohort to control the type | error. We also explored the
relationship between the zygosity of HLA genes, the evolutionary divergence of
HLA class | genotype (HED), and irAEs.

Results: 530 participants received at least two doses of ICls. The median
follow-up time was 10.3 months. 97% of patients received anti-PD-1/PD-L1
treatment. The occurrence of overall irAEs showed no significant difference
between the HLA homozygous group and the HLA heterozygous group. We did
not find any significant association between irAEs and HED. We found that
some HLA types are associated with irAEs of different organs and detected a
significant association between HLA-DRB3*01:01 and thrombocytopenia (OR
3.48 (1.19,9.42), p = 0.011), HLA-DPB1*04:02 and hypokalemia/hyponatremia
(OR 3.44 (1.24,9.1), p = 0.009), leukopenia (OR 2.1 (0.92,4.8), p = 0.037), anemia
(OR 2.33 (1.0,5.41), p = 0.026), HLA-A*26:01 and bilirubin elevation (OR 2.67
(0.92,8.31), p = 0.037).
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Conclusions: IrAEs in specific organs and tissues may be associated with
certain HLA types, while HLA heterogeneity has no significant influence on
the happening of irAEs. More research is needed to explore the role of germline
genetic changes in the risk assessment of irAEs.

KEYWORDS

immune-related adverse events, immune checkpoint inhibitors, human leukocyte
antigen, PD-1, genotype

Introduction

Immune checkpoint inhibitors (ICIs) have opened a new
chapter for cancer treatment as survival rates significantly
improved with its application (1-4). However, accompanied
by remarkable efficacy, immune-related adverse events (irAEs)
also arose. IrAEs, ranging from the unnoticeable rash to
irreversible visceral damage, can occur at any time throughout
the treatment. Statistics have shown that severe irAEs affect up to
20-30% of patients treated total ICIs therapy (5), may lead to
treatment discontinuation and also bring about intolerable
physical morbidity, heavy financial burden, and even high risk
of death (6-9).

Some pilot studies have explored the possible factors that
may influence the development of irAEs, but its specific
mechanism remains unclear (10, 11). The recent perspective
regards irAEs as a feature related to the host immune function
(particularly autoimmunity) rather than a pure tumor-oriented
factor. The human leukocyte antigen (HLA), the molecules
responsible for presenting peptide ligands to T cell receptor
(TCR), are highly polymorphic, so variations in the peptide-
binding region may represent different levels of binding affinity
and highlight the abilities of divergent antigens (12). Certain
HLA variants have been viewed as genetic risk factors for
autoimmune diseases, such as HLA-B27 and ankylosing
spondylitis, HLA-DR15 and multiple sclerosis, HLA-A*02:01,
HLA-DR4, DR3, DQ2, HLA-DQ8, DR4/DQ4 and DR9/DQ9 (in
Asian population) and type I diabetes, HLA-DR4 and
rheumatoid arthritis (12, 13). HLA was also well established to
be associated with autoimmune thyroid diseases, such as
Hashimoto’s thyroiditis and Grave’s disease (14-17).

Similar to its role in autoimmune diseases, HLA may also
play a role in the development of irAEs (18-23). However, the
panoramic view of HLA molecules, their potential correlation
with whole types of irAEs, and how HLA may relate to irAEs
subtypes derived from different organs and systems remain to be
explored. Therefore, we initiated the largest cohort study in this
area, aiming to uncover the relationship between irAEs and the
germline genetic signature of HLA, including HLA variants, the
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zygosity of HLA genes, and the evolutionary divergence of the
HLA class I genotype (HED). We also explored the possible
mechanism by which HLA causes irAEs using bioinformatics
methods.

Methods
Study cohort

We have collected and analyzed the clinical data of 626 patients
who have been treated in the clinical research ward at the Cancer
Hospital of the Chinese Academy of Medical Sciences. All
participants included in this study were diagnosed with malignant
tumors and have received at least two cycles of immune checkpoint
inhibitors with complete security follow-up data in the original
electronic medical records. Patients with congenital or acquired
immunodeficiency or those who had received allogeneic
hematopoietic stem cell transplantation or a blood transfusion
within 7 days were excluded from this study.

Blood samples were collected before the first cycle of
treatment. The clinical data were collected from the original
electronic medical records. In addition, the time of AE,
laboratory and image results, AE treatment, influence on ICI
treatment, and outcome of all AEs were collected for irAE
identification. Furthermore, irAEs were judged by oncologists
with experience in more than three clinical trials. Finally, irAEs
and laboratory abnormalities were graded according to National
Cancer Institute Common Terminology Criteria for Adverse
Events (version 5.0).

To reduce the type I error and test the external consistency
of research results, we introduced two external reference cohorts,
the Novegene cancer cohort, and the Han-MHC reference panel,
whose subjects did not overlap with the study cohort. Briefly, the
Novegene control cohort includes 154 cancer patients with
multiple cancer types. The Han-MHC reference cohort, which
is reported by Zhou et al, includes 10,689 healthy individuals of
Han Chinese ancestry (24). Only HLA typing data was retrieved
and used for the two control cohorts.
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The study protocol has been approved by the medical ethics
committee of Cancer Hospital of the Chinese Academy of
Medical Sciences. In addition, all patients in this study
provided written informed consent for their blood samples to
be used in our translational research.

Library construction and sequencing

A total amount of 1.0ug genomic DNA per sample was used
as input material for the DNA sample preparation. Sequencing
libraries were generated using a customized panel which targeted
approximately 1200 cancer and HLA genes. Briefly, a
hydrodynamic shearing system (Covaris, Massachusetts, USA)
carried out fragmentation to generate 180-280bp fragments. The
remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities, and enzymes were removed.
After the adenylation of 3’ ends of DNA fragments, adapter
oligonucleotides were ligated. DNA fragments with ligated
adapter molecules on both ends were selectively enriched in a
PCR reaction. Then, captured libraries were also enriched in a
PCR reaction to add index tags to prepare for hybridization.
Products were purified using AMPure XP system (Beckman
Coulter, Beverly, USA) and quantified using the Agilent high
sensitivity DNA assay on the Agilent Bioanalyzer 2100 system.
Libraries were sequenced with standard 2x150-bp paired-end
reads on the Illumina NovaSeq 6000 sequencer.

HLA typing and association analysis

Fastp (0.12.2) was used to remove low-quality reads and
reads containing sequencing adapters. Then, clean data were
imported into HLA-HD (v 1.4.0), a direct typing tool that uses
next-generation sequencing date to analyze the HLA allele type
(25, 26). Four digit formatted HLA alleles were extracted from
HLA-HD results for further analysis. To access the enriched
HLA alleles for irAEs, we chose irAE negative samples, irAE
negative, or mild irAE samples, and set the Novegene cancer
cohort and Han-MHC database as control groups (24).

HED calculation

HLA evolutionary divergence (HED) was calculated as
described by Pierini and Lenz (27). Briefly, protein sequences
of each HLA class I allele (HLA-A, HLA-B, and HLA-C) were
obtained from the IMGT/HLA database. The sequences of the
variable regions in antigen-binding domains were extracted
according to the specific motif of HLA-I genes. Next,
divergences between allele sequences were calculated using the
Grantham distance metric, which measures the physicochemical
properties of amino acids. A custom Perl script was used to
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calculate the HED value for each HLA-I allele, and the input files
include a FASTA file with aligned HLA alleles and a specific
amino acid distance matrix. The mean HED was calculated as
the mean divergence at HLA-A, HLA-B, and HLA-C. In all, we
studied the association of HED with the clinical traits of irAE
and cancer types.

HLA binding model

NetMHCIIpan (v4.0) was applied to predict the binding
peptides for HLA class II molecule (HLA-DRB3) (28). Protein
sequences were downloaded from the UniProt database for six
human platelet antigens (HPAs) genes: CD109, GP1BA, GP1BB,
GP9, ITGA2, ITGA2B, and ITGB3 (29). We performed the
binding prediction analysis considering all possible 15mer
peptides. The predicted binding affinity (defined in predicted
IC50) was ranked based on a comparison with a large pool of
random peptides. The %rank threshold of 5 was used to screen
binding peptides, and strong and weak binders were
distinguished by the %rank threshold of 1. 3D modeling of
HLA-DRB3 (2Q6W) was downloaded from the Protein Data
Bank database (30). HLA-peptide binding structures were
remodeled using a CABS-dock system. Electrostatic potentials
around the resulting 3D structures were generated using the
Adaptive Poisson-Boltzmann Solver (APBS) plugin within
PyMOL (v2.5.2) (31).

Statistical analysis

The Fisher-exact test was used to perform association
analysis between HLA and different irAEs. Furthermore, we
introduced two external reference groups to control the type I
error. In addition, false discovery rate (FDR) correction was
performed with the resulting p-values when comparing the HLA
allele frequency between patients with irAEs and the control
groups. Only HLA alleles with p value < 0.05 for all comparisons
were considered significant. All statistical analyses involving
HLA genotypes, HLA alleles, and clinical characteristics were
performed in R environment, version 4.0.4. All derivative figures
were generated using the package ‘ggplot2’, and the Limma
package was used to perform tissue-specific gene

expression analysis.

Results

Overview of clinical characteristics and
irAEs in the study cohort

Of the 626 patients, 530 were included in our study (refer to
flowchart in Supplementary Figure 1). The median follow-up
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time was 10.3 (interquartile range 6.9, 21.7) months (refer to
Supplementary Figure 2 for details of the distribution of follow-
up time). The demographics and clinical characteristics of the
cohort are summarized in Table 1. Types of cancers included
non-small cell lung cancer (NSCLC), small cell lung cancer
(SCLC), esophageal cancer, gastric cancer, colorectal cancer,
liver cancer, pancreatic cancer, biliary cancer, head and neck
squamous cell carcinoma (HNSCC), nasopharyngeal cancer
(NPC), breast cancer, renal cancer, bladder cancer, urothelial
cancer, lymphoma, and cervical cancer. 97% of the patients
received anti-PD-1/PD-L1 treatment. Of all participants, 78%
reported irAEs of any grade, with 10.2% reporting grade 3 and
above irAEs. Characteristics of irAEs in the study cohort are
shown in Figure 1.

Relationship between zygosity of HLA
genes and irAEs

Since individual homozygous in HLA-I locus may present a
smaller, less diverse repertoire of tumor-derived neoantigens, we
hypothesized that heterozygotes in HLA genes might show a

TABLE 1 Demographics and Clinical Characteristics of the study
cohort (N=530).

Number (%)

Median Age (interquartile range) 58 (50,65)
Sex
Male 358 (68%)
Female 171 (32%)
Cancer type
NSCLC and SCLC 129 (24%)
HNSCC and NPC 32 (6%)
Breast cancer 31 (6%)
Cancers of the digestive organs 260 (49%)
Cancers of the urinary system 14 (3%)
Lymphoma 18 (3%)
Cervical cancer 19 (4%)
Others 27 (5%)
TNM Stage
11T 79 (15%)
v 449 (85%)
NA 2 (0.4%)
Previous Treatment
0 159 (30%)
>1 line 371 (70%)

Type of Current Treatment
PD-1/PD-L1 monotherapy 248 (47%)
PD-1/PD-L1 and non IO combined therapy® 266 (50%)
PD-1/PD-L1 and additional IO combined therapy® 16 (3%)

“PD-1/PD-L1 combined with bevacizumab, TKIs and/or chemotherapies.
"Anti CTLA-4 and Anti LAG-3.
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higher rate of irAEs. However, after the false discovery rate
(FDR) correction, the overall occurrence of irAEs exhibited no
significant difference between homozygous group and
heterozygous group (Figure 2). Similar results were achieved in
subgroups of monotherapy, combination therapy, irAEs with
different grades, and irAEs in different organs and systems.

Association between evolutionary
divergence of HLA class | genotype
(HED) and irAEs

Since higher sequence divergence between two alleles of
HLA-I, namely the HLA-I evolutionary divergence (HED), may
lead to more diverse antigenic peptide repertoire, we checked
whether high HED is associated with more frequent occurrence
of irAEs (Figure 3). We found that HLA-A and HLA-B showed
higher HED than HLA-C in cancer patients. There is no
significant difference in the HED of HLA-A, HLA-B, HLA-C,
or mean HED among different cancer types. Contrary to our
hypothesis, we found no difference in either mean HED or HED
at HLA-A, HLA-B, and HLA-C. Neither did we find any
significant differences in the distribution of HEDs when
comparing patients with and without > grade 3 irAEs.

Relationship between HLA variants
and irAEs

Since a variety of autoimmune diseases are related to HLA
typing, we hypothesized that irAEs and HLA typing are strongly
associated. We first tested the association between HLA types
and irAEs of different organs in our ICI treatment cohort
(nominally significant HLA variants shown in Figure 4), then
validated this association by comparing the frequency of HLA
types between participants with irAEs and the Novegene cancer
reference cohort and the healthy MHC-Han Chinese reference
cohort. HLA variants were considered suspected when nominal
p < 0.05 in comparison with all four control groups and FDR
adjusted p < 0.05 compared to the MHC-Han reference cohort.
We found several HLA types that are associated with irAEs of
different organs (Figure 5), including significant associations
between HLA-DRB3*01:01 and thrombocytopenia (OR 3.48
(1.19,9.42), p = 0.011), HLA-DPB1*04:02 and hypokalemia/
hyponatremia (OR 3.44 (1.24,9.1), p = 0.009), leukopenia (OR
2.1 (0.92,4.8), p = 0.037), anemia (OR 2.33 (1.0,5.41), p = 0.026),
HLA-A*26:01 and bilirubin elevation (OR 2.67 (0.92,8.31), p =
0.037). No association was revealed between overall irAEs and
certain HLA variants.

Thyroid dysfunction is one of the most common irAE after
PD-1/PD-L1 treatment. Our study found that some HLA
subtypes were significantly associated with thyroid
dysfunction, including HLA-B*46:01 (OR 2.34 (0.9,6.04), p =
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FIGURE 1

Landscape of irAEs distributions in the study cohort. (A) Number of irAEs in the study cohort. Among all 530 participants, 22% did not report any
irAEs, 34% reported one irAE, 15% reported two irAEs, 13% reported three irAEs, 7% reported four irAEs, 9% reported >5 irAEs. (B) Highest grade
of irAEs in the study cohort. 47% participants reported highest grade 1 irAEs, 21% reported highest grade 2 irAEs, 9% reported highest grade 3
irAEs and 1% reported highest grade 4 irAEs. (C) IrAEs in different organs/tissues. The numbers and grades irAEs of each organ/tissue are listed.
For the PD-1/PD-L1 monotherapy and PD-1/PD-L1 and non IO combined therapy in this figure, all participants received PD-1/PD-L1 treatment

(refer to Table 1).

0.042), HLA-C*08:01 (OR 2.02 (1.08,3.53), p = 0.014) and HLA-
DPA*01:03 (OR 1.83 (1.13, 2.97), p = 0.007) (Supplementary
Figure 3), though after FDR adjustment, these associations did
not show statistical significance.

Furthermore, we identified that the existence of participants
with short follow-up times might lead to more type II errors. To
avoid inaccurate data, we conducted a subgroup analysis that
only included participants with follow-up time > 90days
(Supplementary Figure 4). The results of this sensitivity
analysis confirmed that our main conclusions remained the
same after excluding these individuals.

Three-dimensional model of HLA binding
to self-antigenic peptides

Considering the function of HLA in presenting antigen
peptides, we hypothesized that the association between specific
HLA variants and tissue-specific irAEs might be due to the ability to
present self-antigens. To explore the possible HLA-self-peptide
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binding pattern, we tested the affinity between HLA and possible
self-peptides using bioinformatics methods. Since antibodies
against human platelet antigens (HPAs) are the cause of fetal and
neonatal alloimmune thrombocytopenia, we virtually tested the
affinity between suspected HLA molecules (HLA-DRB3*01:01) and
all possible 15 aa peptides of six human platelet antigens (HPAs)
using the NetMHCII (v4.0). We found multiple self-peptides that
show a high predicted affinity (predicted IC50 <50nM) for
suspected HLA types (Supplementary Table 1). Then, we further
constructed three-dimensional models to show the binding pattern
of HLA-DRB3*01:01 and self-peptides (Figure 6). HPA derived
peptides bind to the pocket in the heterodimers complex. The
prediction of binding motif was plotted as seglogo (Supplementary
Figure 5).

Discussion

In this study, we reported that some novel HLA variants may
contribute to irAEs of various organs and systems, suggesting
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Group

0dd ratio Adjust

P value

niN niN 95% CI P value
IrAE all grades
Immunotherapy 75198 3201406 0.88 (0.51-1.56) 068 1.00
PD-1 monotheray 27140 99126 " 0.57 (0.24-1.37) 020 1.00
PD-1 combination 19128 105/138 ] 0.67 (0.26-1.84) 035 1.00
PD-L1 monotheray 1313 52162 L] Inf (0.48~Inf) 019 1.00
PD-L1 combination 1617 64180 L 3.96 (0.53-177.94) 029 1.00
IrAE grade 3 and above
Immunotherapy 9198 43/406 . 0.85 (0.35-1.86) 085 1.00
PD-1 monotheray 2140 7126 - 0.9(0.09-4.98) 1.00 1.00
PD-1 combination 3128 17138 . 0.85 (0.15-3.29) 1.00 1.00
PD-L1 monotheray 313 8162 - 2(029-10.43) 039 1.00
PD-L1 combination 177 1180 - 04(001-3.1) 069 1.00
Tissue IrAE
Pruritus 6/98 26/402 0.94 (0.31-2.43) 1.00 1.00
Hypertension 4198 22/402 Ll 074 (0.18-2.24) 080 1.00
Hypophysitis 2097 2401 . 418 (0.3-58.41) 017 1.00
Hypokalemial hyponatremia 319 19/401 - 0.65(0.12-2.27) 078 1.00
Thyroid dysfunction 37197 1401401 " 115 (0.7-1.86) 056 1.00
Thrombocytopenia 6/97 101401 . 257 (0.75-8.05) 010 1.00
Pancreatitis o097 30401 o 0(0-10.05) 1.00 1.00
Pneumonitis 4197 141401 ] 1.19(028-3.9) 076 1.00
Rash 6/97 61/401 = 0.37 (0.13-0.89) 002 060
ALTIAST elevation 21197 82/400 . 1.07 (0.59-1.88) 078 1.00
Bilirubin elevation 14197 58/401 L] 1(049-1.92) 1.00 1.00
Diarthea 9197 171401 - 231(0.88-5.68) 007 1.00

48/401
35/401
12/400

Leukopenia
Anemia
Hypophosphatemia 4197

] 1.14 (0.54-2.25) 073 1.00
162 (0.75-3.3) 018 1.00
- 1.39 (0.32-4.72) 053 1.00

FIGURE 2

Association between zygosity at HLA genes and irAEs. Data show the occurrence of 1) overall irAEs, 2) grade 3 and above irAEs, and 3) irAEs of
different organs and tissues in homozygous and heterozygous participants. The number of patients and odds ratio (OR) are highlighted.

Horizontal lines represent the 95% confidence interval.

germline HLA types might be considered in irAE
risk assessments.

In recent years, multiple studies have already unraveled the
positive association between irAEs and HLA class I as well as
HLA class II alleles, including HLA-DRB1*11:01 and pruritus,
HLA-B27 and autoimmune encephalitis, HLA-DR15, HLA-
Cwl2 and adrenal insufficiency, HLA-Cw12, HLA-DRI15,
HLA-DQ7, and HLA-DPw9 with hypophysitis, HLA-DR4-
DR53 and HLA-DRI15 with thyroiditis, and HLA-B*35 and
DRB1*11 with pneumonitis (18-21, 23, 32). The HLA-
autoimmune disease association may vary according to
different races/ethnicities. For instance, studies considering
T1DM have shown that the distribution and effect size of
disease-associated HLA types in Asian individuals might be
different from those in Caucasian people (33-35). As the
distribution and effect size of disease-associated HLA types
might vary across different regions and populations (36, 37),
we conducted the current study and found some novel suspected
HLA variants, HLA-DRB3*01:01 associated with
thrombocytopenia, HLA-DPB1*04:02 associated with
hypokalemia/hyponatremia, anemia, leukopenia, and HLA-
A*26:01 associated with bilirubin elevation.

In other studies, the HLA variants we found have also been
associated with autoimmune diseases. For example, HLA-
DRB3*01:01 is well established to be associated with
fetomaternal alloimmune thrombocytopenia (38, 39). In
addition, HLA-DRB3*01:01 is associated with type 1
autoimmune hepatitis and primary Sjogren’s syndrome (40).
HLA-A*26:01 frequency was also increased in idiopathic
hypoparathyroidism and Behget’s disease (41-43).
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We failed to find the association between HLA variants and
the occurrence of overall irAEs. On the other hand, multiple
HLA variants are associated with tissue and organ-specific
irAEs. This result is consistent with the results presented by
Ali et al. (18); they have previously reported no positive finding
in terms of the full profile of irAEs (18). Since the process of
molecular mimicry is tissue specific, HLAs that present certain
self-peptides may only be involved in certain subtypes of irAEs.
Heterogeneity of mechanisms of various irAEs might also be one
of the reasons why we fail to identify HLA variants that are
associated with overall irAEs. Loss of self-tolerance, molecular
mimicry, epitope spread, inflammatory cytokine profile
alteration, complement-mediated inflammation, and
subclinical inflammation amplification may coexist, and the
way these conditions impact different irAE subtypes may vary
(10, 11, 44).

In this study, we also explored the possible pathogenic
mechanism of HLA-DRB3*01:01 in thrombocytopenia using
bioinformatics tools. Our results showed that HLA-
DRB3*01:01 have a high predicted affinity with the self-
peptides on human platelet antigens (HPAs), which may
explain why a few patients suffered from thrombocytopenia
after undergoing ICI treatment. Therefore, we raised the
hypothesis that self-antigenic peptides may either be displayed
by HLA-I molecules on the cell surface or presented by HLA-II
positive APCs, which in turn activate autoreactive T cells. Still, in
vitro and in vivo studies are still needed to verify the binding of
autoreactive T cell-HLA-self antigen.

Since heterozygosity at classical HLA-I genes or high HED
levels of HLA-B alleles had been found to be associated with
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Association between certain HLA types and irAEs. The rates of suspected HLA types (gene frequency) in patients with irAEs are compared with 1)
those in patients without any irAEs; 2) those in Novegene cancer cohort; 3) those in MHC-han Chinese reference cohort. False discovery rate (FDR)
correction was performed with the resulting p-values when comparing the HLA allele frequency between patients with irAEs and the MHC-Han
Chinese reference cohort. The number of patients and odds ratio (OR) are highlighted. Horizontal lines represent the 95% confidence interval.

improved survival in cancer patients treated with ICIs (45, 46),
we assumed that individuals who are heterozygous for HLA or
with high HED levels also have a higher incidence of irAEs.
However, our outcomes pointed out that the correlation between
heterozygosity and HLA certain types might be weak, regardless
of treatment strategies and the irAEs subtype. Though epitope
spread is one of the potential mechanisms of irAEs (44), the
mechanisms responsible for irAEs are not identical to those for
anticancer effects, and novel therapies might help manage irAEs
without impairing the efficacy of antitumor treatment in
the future.

In both the PD-1/PD-L1 monotherapy and combination
therapy groups, approximately 5% of patients experienced new-
onset hematological AEs of grade 1, and approximately 1% of
patients experienced new-onset hematological AEs of grade 2 or
higher, which was consistent with previous studies (47, 48).
Multiple hematological diseases attributable to ICIs have been
reported thus far, including aplastic anemia/pure red cell aplasia,
autoimmune hemolytic anemia, autoimmune neutropenia,
hemophagocytic lymphohistiocytosis, and immune
thrombocytopenic purpura (47, 48).. However, the majority of
patients with hematological AEs lacked bone marrow biopsy
pathology results, though most anemia patients above grade 2
received the Coombs’ test, which was a limitation of our study as
patients usually only had mild hematologic AEs. This was a
limitation of our study. In this study, a significant correlation was
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found between HLA-DRB3*01:01 and thrombocytopenia, HLA-
DPB1*04:02 and leukopenia, and anemia in ICI treatment. We
believe that further research into the mechanisms underlying
hematological irAEs could benefit from these associations.
According to a previous meta-analysis by Cantini L. and
colleagues, using ICIs is associated with a greater risk of
hypokalemia/hyponatremia compared to chemotherapy (49).
Multiple potential mechanisms had been proposed (50). In our
study, 3-4% of patients had hypokalemia/hyponatremia that were
considered immune-related. In this study, we reported a significant
association between hypokalemia/hyponatremia after ICIs use and
HLA-DPB1*04:02. Additional research may reveal the novel
mechanisms underlying hypokalemia and hyponatremia due to IClIs.
It is noteworthy that our study has limitations. Though this is
the largest cohort exploring the association with HLA variants and
irAEs up to now, considering the high polymorphism of HLA
alleles and the possible association between rare irAEs and rare
HLA variants, a larger multicenter cohort is needed to explore the
landscape of the HLA-irAE link. We are now recruiting more
participants to build a robust prediction model using HLA types
and clinical characteristics. In this study, we found only four
arthritis patients with positive RF or anti-CCP, and researchers
did not initially consider mild seronegative arthralgia to be immune
related in almost all cases. This led to arthritis being
underestimated. The majority of patients with diarrhea at the
cancer center did not undergo colonoscopy. Due to the above
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FIGURE 6
(A, B) Predicted three-dimensional model of HLA-DRB3*01:01 binding to possible self-peptides. HLA molecules, green and purple; bound self-
antigenic peptides, yellow. (A) HLA-DRB3*01:01; PVKFLIDTHNRLLLQ (from CD109). (B) HLA-DRB3*01:01; KIGWRNDASHLL (from HPA-1a)
(C) Number of binders to HLA-DRB3*01:01 from each human platelet antigen (HPA). The predicted binding affinity was ranked based on a
comparison with a large pool of random peptides. The %rank threshold of 5 was used to screen binding peptides, and strong and weak binders
were distinguished by the %rank of 1.

flaws in the execution of this study, we decided not to report the
findings of genetic risk factors for these AEs. As the majority of
irAEs lack specific markers, researchers may qualify non-irAEs
caused by various factors asimmune-related or irAEs as non-irAEs.
This may result in an increase in false negative results and an
underestimation of the odds ratio of certain genetic risk factors. In
this study, we excluded patients who had only been treated for one
cycle, so those who discontinued treatment at the initial stage
because of irAEs could not be analyzed. All participants in the study
cohort and two control cohorts were Chinese netizens, and further
studies that may include different races/ethnic groups are needed to
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verify the suspected HLA subtypes reported by our team. However,
despite this limitation, we believe that the results of the HLA
heterogenicity/HED-irAE association might have a better
external consistency.

In conclusion, our research sustains that irAEs in specific
organs and tissues may be associated with certain HLA types,
while HLA heterogeneity has no significant influence on the
happening of irAEs. More studies are needed to explore the role
of germline genetic changes in the risk assessment of irAEs, and
potential therapies targeting irAE-inducing HLA types without
influencing the anticancer may be considered to benefit patients.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.952099
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

Data availability statement

According to national legislation/guidelines, specifically the
Administrative Regulations of the People’s Republic of China on
Human Genetic Resources (http://www.gov.cn/zhengce/content/
2019-06/10/content_5398829.htm, http://english.www.gov.cn/
policies/latest_releases/2019/06/10/content_281476708945462.htm),
no additional raw data is available at this time. Data of this project
can be accessed after an approval application to the China National
Genebank (CNGB, https://db.cngb.org/cnsa/). Please refer to https://
db.cngb.org/). Please refer to https://db.cngb.org/, or email:
CNGBdb@cngb.org for detailed application guidance. The
accession code HRA002676 should be included in the application.

Ethics statement

The studies involving human participants were reviewed and
approved by Medical ethics committee of Cancer Hospital of the
Chinese Academy of Medical Sciences. The patients/participants
provided their written informed consent to participate in this study.

Author contributions

NJ, YY and MZ contribute equally to the study. NL:
Conceptualization, Funding acquisition, Writing - Review &
Editing. NJ: Methodology, Formal analysis, Data Curation,
Investigation, Writing - Original Draft. YY: Investigation,
Validation, Writing - Review & Editing, Resources. MZ:
Methodology, Software, Formal analysis, Data Curation,
Visualization. YT: Supervision, Project administration, Writing -
Review & Editing. DW, SW, HM, PM, and YF: Resources,
Investigation. YZ, LM, and YL: Software, Formal analysis,
Visualization. HH: Writing - Review & Editing. All authors
contributed to the article and approved the submitted version.

References

1. De Re V, Caggiari L, Repetto O, Mussolin L, Mascarin M. Classical hodgkin’s
lymphoma in the era of immune checkpoint inhibition. J Clin Med 8 (2019) 8(10).
doi: 10.3390/jcm8101596

2. Longo V, Brunetti O, Gnoni A, Licchetta A, Delcuratolo S, Memeo R, et al.
Emerging role of immune checkpoint inhibitors in hepatocellular carcinoma.
Medicina (Kaunas) 55 (2019) 55(10). doi: 10.20944/preprints201909.0140.v1

3. Madden K, Kasler MK. Immune checkpoint inhibitors in lung cancer and
melanoma. Semin Oncol Nurs (2019) 35(5):150932. doi: 10.1016/j.soncn.2019.08.011

4. Sahin IH, Akce M, Alese O, Shaib W, Lesinski GB, El-Rayes B, et al. Inmune
checkpoint inhibitors for the treatment of MSI-H/MMR-D colorectal cancer and a
perspective on resistance mechanisms. Br J Cancer (2019) 121(10). doi: 10.1038/
541416-019-0599-y

5. Khoja L, Day D, Wei-Wu Chen T, Siu LL, Hansen AR. Tumour- and class-
specific patterns of immune-related adverse events of immune checkpoint inhibitors:
a systematic review. Ann Oncol (2017) 28:2377-85. doi: 10.1093/annonc/mdx286

Frontiers in Immunology

10

10.3389/fimmu.2022.952099

Funding

This work was supported by Chinese Academy of Medical
Sciences Innovation Fund for Medical Sciences (Platform
Improvement of Clinical Trial Capability 2020-12M-2-007);
Chinese Academy of Medical Sciences Innovation Fund for
Medical Sciences (Construction and application of clinical trial
institution Evaluation System 2021-12M-1-045); Beijing Municipal
Science and Technology Commission (International Pharmaceutical
Clinical Research and Development Platform 2015).

Conflict of interest

Authors MZ, ML and YL are employed by Novogene Co.,
Ltd, Beijing, China. Author YZ is employed by Burning Rock
Biotech, Guangzhou, China.

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.

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.2022.952099/full#supplementary-material

6. June CH, Warshauer JT, Bluestone JA. Is autoimmunity the achilles’ heel of
cancer immunotherapy? Nat Med (2017) 23:540-7. doi: 10.1038/nm.4321

7. 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 (2016) 54:139-48. doi: 10.1016/
j.ejca.2015.11.016

8. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N
Engl ] Med (2015) 373:23-34. doi: 10.1056/NEJMoal504030

9. Eigentler TK, Hassel JC, Berking C, Aberle ], Bachmann O, Grunwald V, et al.
Diagnosis, monitoring and management of immune-related adverse drug reactions
of anti-PD-1 antibody therapy. Cancer Treat Rev (2016) 45:7-18. doi: 10.1016/
j.ctrv.2016.02.003

10. Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. CA
Cancer ] Clin (2020) 70:86-104. doi: 10.3322/caac.21596

frontiersin.org


http://www.gov.cn/zhengce/content/2019-06/10/content_5398829.htm
http://www.gov.cn/zhengce/content/2019-06/10/content_5398829.htm
http://english.www.gov.cn/policies/latest_releases/2019/06/10/content_281476708945462.htm
http://english.www.gov.cn/policies/latest_releases/2019/06/10/content_281476708945462.htm
https://db.cngb.org/cnsa/
https://db.cngb.org/
https://db.cngb.org/
https://db.cngb.org/
mailto:CNGBdb@cngb.org
https://www.frontiersin.org/articles/10.3389/fimmu.2022.952099/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.952099/full#supplementary-material
https://doi.org/10.3390/jcm8101596
https://doi.org/10.20944/preprints201909.0140.v1
https://doi.org/10.1016/j.soncn.2019.08.011
https://doi.org/10.1038/s41416-019-0599-y
https://doi.org/10.1038/s41416-019-0599-y
https://doi.org/10.1093/annonc/mdx286
https://doi.org/10.1038/nm.4321
https://doi.org/10.1016/j.ejca.2015.11.016
https://doi.org/10.1016/j.ejca.2015.11.016
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1016/j.ctrv.2016.02.003
https://doi.org/10.1016/j.ctrv.2016.02.003
https://doi.org/10.3322/caac.21596
https://doi.org/10.3389/fimmu.2022.952099
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

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

12. Dendrou CA, Petersen ], Rossjohn J, Fugger L. HLA variation and disease.
Nat Rev Immunol (2018) 18:325-39. doi: 10.1038/nri.2017.143

13. Murao S, Makino H, Kaino Y, Konoue E, Ohashi J, Kida K, et al. Differences
in the contribution of HLA-DR and -DQ haplotypes to susceptibility to adult- and
childhood-onset type 1 diabetes in Japanese patients. Diabetes (2004) 53:2684-90.
doi: 10.2337/diabetes.53.10.2684

14. Farid NR, Bear JC. The human major histocompatibility complex and
endocrine disease. Endocr Rev (1981) 2:50-86. doi: 10.1210/edrv-2-1-50

15. Tandon N, Zhang L, Weetman AP. HLA associations with hashimoto’s
thyroiditis. Clin Endocrinol (Oxf) (1991) 34:383-6. doi: 10.1111/j.1365-
2265.1991.tb00309.x

16. Petrone A, Giorgi G, Mesturino CA, Capizzi M, Cascino I, Nistico L, et al.
Association of DRB1*04-DQB1*0301 haplotype and lack of association of two
polymorphic sites at CTLA-4 gene with hashimoto’s thyroiditis in an Italian
population. Thyroid (2001) 11:171-5. doi: 10.1089/105072501300042901

17. Hanafusa T, Pujol-Borrell R, Chiovato L, Russell RC, Doniach D, Bottazzo
GF. Aberrant expression of HLA-DR antigen on thyrocytes in graves’ disease:
relevance for autoimmunity. Lancet (1983) 2:1111-5. doi: 10.1016/S0140-6736(83)
90628-1

18. Hasan Ali O, Berner F, Bomze D, Fissler M, Diem S, Cozzio A, et al. Human
leukocyte antigen variation is associated with adverse events of checkpoint
inhibitors. Eur J Cancer (Oxford England: 1990) (2019) 107:8-14. doi: 10.1016/
j.€jca.2018.11.009

19. Chang H, Shin YW, Keam B, Kim M, Im SA, Lee ST. HLA-B27 association
of autoimmune encephalitis induced by PD-L1 inhibitor. Ann Clin Transl Neurol
(2020) 7:2243-50. doi: 10.1002/acn3.51213

20. Yano S, Ashida K, Sakamoto R, Sakaguchi C, Ogata M, Maruyama K, et al.
Human leucocyte antigen DRI15, a possible predictive marker for immune
checkpoint inhibitor-induced secondary adrenal insufficiency. Eur J Cancer
(Oxford England: 1990) (2020) 130:198-203. doi: 10.1016/j.ejca.2020.02.049

21. Kobayashi T, Iwama S, Sugiyama D, Yasuda Y, Okuji T, Ito M, et al. Anti-
pituitary antibodies and susceptible human leukocyte antigen alleles as predictive
biomarkers for pituitary dysfunction induced by immune checkpoint inhibitors. J
Immunother Cancer 9 (2021) 9(5). doi: 10.1136/jitc-2021-002493

22. Quandt Z, Coupe C, Anderson M, Uihlein A, Young A. Breaking B cell
tolerance after 100 years of life: Intratumoral immunotherapy-induced diabetes
mellitus. ] Endocr Soc 4 (2020) 4(10):bvaall4. doi: 10.1210/jendso/bvaal1l4

23. Kotwal A, Gustafson MP, Bornschlegl S, Kottschade L, Delivanis DA, Dietz
AB, et al. Immune checkpoint inhibitor-induced thyroiditis is associated with
increased intrathyroidal T lymphocyte subpopulations. Thyroid (2020) 30:1440-50.
doi: 10.1089/thy.2020.0075

24. Zhou F, Cao H, Zuo X, Zhang T, Zhang X, Liu X, et al. Deep sequencing of
the MHC region in the Chinese population contributes to studies of complex
disease. Nat Genet (2016) 48:740-6. doi: 10.1038/ng.3576

25. Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics (2018) 34:i884-90. doi: 10.1093/bioinformatics/
bty560

26. Kawaguchi S, Higasa K, Shimizu M, Yamada R, Matsuda F. HLA-HD: An

accurate HLA typing algorithm for next-generation sequencing data. Hum Mutat
(2017) 38:788-97. doi: 10.1002/humu.23230

27. Pierini F, Lenz TL. Divergent allele advantage at human MHC genes:
Signatures of past and ongoing selection. Mol Biol Evol (2018) 35:2145-58. doi:
10.1093/molbev/msy116

28. Lundegaard C, Lamberth K, Harndahl M, Buus S, Lund O, Nielsen M.
NetMHC-3.0: accurate web accessible predictions of human, mouse and monkey
MHC class I affinities for peptides of length 8-11. Nucleic Acids Res (2008) 36:
W509-12. doi: 10.1093/nar/gkn202

29. The UniProt ConsortiumUniProt: the universal protein knowledgebase in
2021. Nucleic Acids Res (2021) 49:D480-d489. doi: 10.1093/nar/gkaal100

30. wwPDB consortiumProtein data bank: the single global archive for 3D
macromolecular structure data. Nucleic Acids Res (2019) 47:D520-d528. doi:
10.1093/nar/gky949

31. Kurcinski M, Jamroz M, Blaszczyk M, Kolinski A, Kmiecik S. CABS-dock
web server for the flexible docking of peptides to proteins without prior knowledge

Frontiers in Immunology

11

10.3389/fimmu.2022.952099

of the binding site. Nucleic Acids Res 43 (2015) 43(W1):W419-24. doi: 10.1093/nar/
gkv456

32. Correale P, Saladino RE, Giannarelli D, Sergi A, Mazzei MA, Bianco G, et al.
HLA expression correlates to the risk of immune checkpoint inhibitor-induced
pneumonitis. Cells (2020) 9:1964. doi: 10.3390/cells9091964

33. Ikegami H, Kawabata Y, Noso S, Fujisawa T, Ogihara T. Genetics of type 1
diabetes in Asian and Caucasian populations. Diabetes Res Clin Pract (2007) 77
Suppl 1:5116-21. doi: 10.1016/j.diabres.2007.01.044

34. Luo S, Lin J, Xie Z, Xiang Y, Zheng P, Huang G, et al. HLA genetic
discrepancy between latent autoimmune diabetes in adults and type 1 diabetes:
LADA China study no. 6. J Clin Endocrinol Metab (2016) 101:1693-700. doi:
10.1210/jc.2015-3771

35. Park Y, Eisenbarth GS. Genetic susceptibility factors of type 1 diabetes in
asians. Diabetes Metab Res Rev (2001) 17:2-11. doi: 10.1002/1520-7560(2000)
9999:9999<::AID-DMRR164>3.0.CO;2-M

36. Wang YF, Zhang Y, Lin Z, Zhang H, Wang TY, Cao Y, et al. Identification of
38 novel loci for systemic lupus erythematosus and genetic heterogeneity between
ancestral groups. Nat Commun (2021) 12:772. doi: 10.1038/s41467-021-21049-y

37. Li M, Wang L, Shi DC, Foo JN, Zhong Z, Khor CC, et al. Genome-wide
meta-analysis identifies three novel susceptibility loci and reveals ethnic
heterogeneity of genetic susceptibility for IgA nephropathy. ] Am Soc Nephrol
(2020) 31:2949-63. doi: 10.1681/ASN.2019080799

38. Anani Sarab G, Moss M, Barker RN, Urbaniak SJ. Naturally processed
peptides spanning the HPA-la polymorphism are efficiently generated and
displayed from platelet glycoprotein by HLA-DRB3*0101-positive antigen-
presenting cells. Blood (2009) 114:1954-7. doi: 10.1182/blood-2009-04-211839

39. Kjeldsen-Kragh J, Titze TL, Lie BA, Vaage JT, Kjeer M. HLA-DRB3*01:01
exhibits a dose-dependent impact on HPA-la antibody levels in HPA-la-
immunized women. Blood Adv (2019) 3:945-51. doi: 10.1182/
bloodadvances.2019032227

40. Czaja AJ, Strettell MD, Thomson L], Santrach PJ, Moore SB, Donaldson PT,
et al. Associations between alleles of the major histocompatibility complex and type
1 autoimmune hepatitis. Hepatology (1997) 25:317-23. doi: 10.1002/
hep.510250211

41. Goswami R, Singh A, Gupta N, Rani R. Presence of strong association of the
major histocompatibility complex (MHC) class I allele HLA-A*26:01 with
idiopathic hypoparathyroidism. J Clin Endocrinol Metab (2012) 97:E1820-4. doi:
10.1210/jc.2012-1328

42. Louthrenoo W, Kasitanon N, Pathanapitoon K, Wangkaew S, Kuwata S,
Nishi A, et al. Contribution of HLA-B*51:01 and -A*26:01 to behget’s disease and
their clinical association in Thai patients. Int ] Rheum Dis (2020) 23:247-55. doi:
10.1111/1756-185X.13785

43. Kaburaki T, Takamoto M, Numaga ], Kawashima H, Araie M, Ohnogi Y,
et al. Genetic association of HLA-A*2601 with ocular behget’s disease in Japanese
patients. Clin Exp Rheumatol (2010) 28:539-44.

44. Morad G, Helmink BA, Sharma P, Wargo JA. Hallmarks of response,
resistance, and toxicity to immune checkpoint blockade. Cell (2021) 184:5309-37.
doi: 10.1016/j.cell.2021.09.020

45. Chowell D, Morris LGT, Grigg CM, Weber JK, Samstein RM, Makarov V,
et al. Patient HLA class I genotype influences cancer response to checkpoint
blockade immunotherapy. Science (2018) 359:582-7. doi: 10.1126/science.aa04572

46. Lu Z, Chen H, Jiao X, Wang Y, Wu L, Sun H, et al. Germline HLA-b
evolutionary divergence influences the efficacy of immune checkpoint blockade
therapy in gastrointestinal cancer. Genome Med (2021) 13:175. doi: 10.1186/
$13073-021-00997-6

47. Delanoy N, Michot JM, Comont T, Kramkimel N, Lazarovici J, Dupont R,
et al. Haematological immune-related adverse events induced by anti-PD-1 or anti-
PD-LI immunotherapy: a descriptive observational study. Lancet Haematol (2019)
6:¢48-57. doi: 10.1016/52352-3026(18)30175-3

48. Weber JS, Hodi FS, Wolchok JD, Topalian SL, Schadendorf D, Larkin J, et al.
Safety profile of nivolumab monotherapy: A pooled analysis of patients with
advanced melanoma. J Clin Oncol (2017) 35:785-92. doi: 10.1200/
JCO.2015.66.1389

49. Cantini L, Merloni F, Rinaldi S, Lenci E, Marcantognini G, Meletani T, et al.
Electrolyte disorders in advanced non-small cell lung cancer patients treated with
immune check-point inhibitors: A systematic review and meta-analysis. Crit Rev
Oncol Hematol (2020) 151:102974. doi: 10.1016/j.critrevonc.2020.102974

frontiersin.org


https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1038/nri.2017.143
https://doi.org/10.2337/diabetes.53.10.2684
https://doi.org/10.1210/edrv-2-1-50
https://doi.org/10.1111/j.1365-2265.1991.tb00309.x
https://doi.org/10.1111/j.1365-2265.1991.tb00309.x
https://doi.org/10.1089/105072501300042901
https://doi.org/10.1016/S0140-6736(83)90628-1
https://doi.org/10.1016/S0140-6736(83)90628-1
https://doi.org/10.1016/j.ejca.2018.11.009
https://doi.org/10.1016/j.ejca.2018.11.009
https://doi.org/10.1002/acn3.51213
https://doi.org/10.1016/j.ejca.2020.02.049
https://doi.org/10.1136/jitc-2021-002493
https://doi.org/10.1210/jendso/bvaa114
https://doi.org/10.1089/thy.2020.0075
https://doi.org/10.1038/ng.3576
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1002/humu.23230
https://doi.org/10.1093/molbev/msy116
https://doi.org/10.1093/nar/gkn202
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1093/nar/gky949
https://doi.org/10.1093/nar/gkv456
https://doi.org/10.1093/nar/gkv456
https://doi.org/10.3390/cells9091964
https://doi.org/10.1016/j.diabres.2007.01.044
https://doi.org/10.1210/jc.2015-3771
https://doi.org/10.1002/1520-7560(2000)9999:9999%3C::AID-DMRR164%3E3.0.CO;2-M
https://doi.org/10.1002/1520-7560(2000)9999:9999%3C::AID-DMRR164%3E3.0.CO;2-M
https://doi.org/10.1038/s41467-021-21049-y
https://doi.org/10.1681/ASN.2019080799
https://doi.org/10.1182/blood-2009-04-211839
https://doi.org/10.1182/bloodadvances.2019032227
https://doi.org/10.1182/bloodadvances.2019032227
https://doi.org/10.1002/hep.510250211
https://doi.org/10.1002/hep.510250211
https://doi.org/10.1210/jc.2012-1328
https://doi.org/10.1111/1756-185X.13785
https://doi.org/10.1016/j.cell.2021.09.020
https://doi.org/10.1126/science.aao4572
https://doi.org/10.1186/s13073-021-00997-6
https://doi.org/10.1186/s13073-021-00997-6
https://doi.org/10.1016/S2352-3026(18)30175-3
https://doi.org/10.1200/JCO.2015.66.1389
https://doi.org/10.1200/JCO.2015.66.1389
https://doi.org/10.1016/j.critrevonc.2020.102974
https://doi.org/10.3389/fimmu.2022.952099
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Association between germ-line HLA and immune-related adverse events
	Introduction
	Methods
	Study cohort
	Library construction and sequencing
	HLA typing and association analysis
	HED calculation
	HLA binding model
	Statistical analysis

	Results
	Overview of clinical characteristics and irAEs in the study cohort
	Relationship between zygosity of HLA genes and irAEs
	Association between evolutionary divergence of HLA class I genotype (HED) and irAEs
	Relationship between HLA variants and irAEs
	Three-dimensional model of HLA binding to self-antigenic peptides

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	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 /LeaveColorUnchanged
  /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


