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GM-CSF produced by autoreactive CD4-positive T helper cells is involved in the pathogenesis of autoimmune diseases, such as
multiple sclerosis. However, the molecular regulators that establish and maintain the features of GM-CSF-positive CD4 T cells
are unknown. In order to identify these regulators, we isolated human GM-CSF-producing CD4 T cells from human peripheral
blood by using a cytokine capture assay. We compared these cells to the corresponding GM-CSF-negative fraction, and
furthermore, we studied naive CD4 T cells, memory CD4 T cells, and bulk CD4 T cells from the same individuals as additional
control cell populations. As a result, we provide a rich resource of integrated chromatin accessibility (ATAC-seq) and
transcriptome (RNA-seq) data from these primary human CD4 T cell subsets and we show that the identified signatures are
associated with human autoimmune diseases, especially multiple sclerosis. By combining information about mRNA expression,
DNA accessibility, and predicted transcription factor binding, we reconstructed directed gene regulatory networks connecting
transcription factors to their targets, which comprise putative key regulators of human GM-CSF-positive CD4 T cells as well as
memory CD4 T cells. Our results suggest potential therapeutic targets to be investigated in the future in human autoimmune
disease.

1. Introduction

CD4-positive T helper cells (Th) are crucial players in the
immune system which exert their effects mainly by produc-
ing cytokines. CD4 T cell subsets are usually classified based
on expression of “lineage-defining” transcription factors
(TFs) as well as the signature cytokines they secrete [1]. How-
ever, the distinction is not clear-cut, since different signature
cytokines can be expressed simultaneously and plasticity
between subsets occurs [2, 3]. In view of the “classical” dis-
tinction of CD4 T cell subsets, particularly, Thl and Th17
subsets are involved in the establishment of autoimmune dis-

eases such as multiple sclerosis (MS) and the corresponding
rodent model experimental autoimmune encephalomyelitis
(EAE), which are thought to be driven by the T cell-
released cytokines interleukin-17 (IL-17), interferon-y
(IFN-y), IL-22, and granulocyte-macrophage colony-
stimulating factor (GM-CSF). Of these, GM-CSF was deter-
mined as the key cytokine in EAE pathogenesis, since only
knocking out GM-CSF (but neither IFN-y, IL-17A, nor IL-
17F) could completely protect the animals from induced
EAE [4-6]. Furthermore, it has been demonstrated that spe-
cifically, the GM-CSF produced by autoreactive T cells was
necessary for EAE induction, while T cell-produced IFN-y
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and IL-17 were dispensable [7-9]. In line with these results,
GM-CSF expression by Th cells was required for neuroin-
flammation in EAE, and even in the presence of IFN-y-
and IL-17A-producing Th cells, pathogenicity vanished upon
loss of GM-CSF [10]. Importantly, in humans, the fraction of
GM-CSF-positive (and IFN-y-positive) cells within CD4 T
cells was elevated in MS patients’ cerebrospinal fluid com-
pared to controls, while IL-17A-positive cell fractions were
not strikingly different in these reports [11, 12]. The fractions
of GM-CSF-positive and IFN-yp-positive cells were also
increased in peripheral blood of MS patients in one report
[13], but not in another [11]. A third study found a trend
of increased IFN-y-producing peripheral blood cells in MS
patients, but among 12 different cytokines tested, only GM-
CSF-positive cells were significantly increased in MS patients
compared to controls [14]. Interestingly, the expanded Th
subset-producing GM-CSF that was found in blood and
CNS of MS patients could be diminished by disease-
modifying therapy [14], suggesting GM-CSF-producing Th
cells to be an attractive therapeutic target. Similarly,
enhanced fractions of GM-CSF-producing CD4 T cells have
been observed in synovial fluid of patients with juvenile
arthritis along with the well-known enhanced GM-CSF levels
in synovial fluid [15, 16]. Of note, targeting GM-CSF in MS
or arthritis is subject to several ongoing clinical studies,
highlighting the importance of this cytokine in these diseases
[16]. Based on this cumulative evidence of the significance of
GM-CSF-producing CD4 T cells in human autoimmune
disease, understanding the factors driving and defining
GM-CSF-positive T cells would be of utmost importance
for targeting them therapeutically.

Beyond their established pathogenic role in autoimmune
diseases, GM-CSF-producing Th cells have also been impli-
cated in other inflammatory diseases. In sepsis, enhanced
fractions of GM-CSF-producing T cells were associated with
a poor outcome [17]. Notably, GM-CSF-producing Th cells
have also been implicated in SARS-CoV-2 infection, espe-
cially in patients with a severe course of coronavirus disease
2019 (COVID-19) [18-20]. Due to the pleiotropic roles of
GM-CSF in immune disease and lung inflammation, GM-
CSF-targeting therapeutic approaches are currently explored
in clinical trials to treat COVID-19 [21].

Murine CD4 T cell populations expressing IL-17A and
GM-CSF have been observed and termed “pathogenic
Th17” cells because they have the potential to induce EAE
[22-24]. However, only one of these studies showed coex-
pression of both cytokines on the single-cell level [24].
Although a T cell can express GM-CSF simultaneously with
other cytokines such as IFN-y, a “GM-CSF-only-producing”
murine T cell subset was also proposed and associated with
enhanced encephalitogenic activity over IL-17 and IFN-y-
producing T cells in EAE [9]. The existence of a correspond-
ing separate “GM-CSF-only” human T cell subset has also
been proposed [25], because a substantial subset of ex vivo-
restimulated human GM-CSF-positive CD4 T cells produces
GM-CSF in the absence of any other classical Th1, Th2, and
Th17 lineage-defining cytokines (such as IFN-y, IL-4, and IL-
17), transcription factors, or surface markers [11, 26]. Fur-
thermore, GM-CSF-producing CD4 T cells are induced by
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different sets of cytokines compared to other Th cell subsets
[11, 25, 27]. In fact, GM-CSF and IL-17A expression by
human CD4 T cells has been found to be mutually exclusive
on the single-cell level [11] or at least substantially less fre-
quent than coexpression of IFN-y and GM-CSF [11, 26,
27]; also, IL-4 coproduction with GM-CSF was negligible
[11]. A more recent study [14] has extended the analysis of
cytokine coexpression in human PBMCs upon Phorbol 12-
myristate 13-acetate (PMA) and ionomycin restimulation
to a range of 13 different cytokines by the use of mass cytom-
etry and also included MS patients along with controls. Of
these cytokines tested, cytokines typical for Th2, Thl7,
Th22, or Tth cells were not coproduced by GM-CSF-
positive Th cells, while a substantial fraction coproduced
the Thl-cytokine IFN-y, as well as TNFa and IL-2 [14].

Despite the importance of GM-CSFE-producing T cells,
there is no specific marker to distinguish such cells from
others to date. Although combinations of the presence and
absence of nonexclusive surface markers have been useful
to delineate “GM-CSF-only” cells [11], the fraction of GM-
CSF-producing cells that also produces other cytokines such
as IFN-y is excluded by this approach. Furthermore, the driv-
ing factors for GM-CSF production remain unclear.
Together, these observations suggest that the characteriza-
tion of human GM-CSF-positive CD4 T cells isolated based
on their functional profile (GM-CSF production) rather than
using the “classical” Th1 and Th17-like phenotypic markers
may enable the identification of factors regulating GM-CSF
production in CD4 T cells. Hence, in order to understand
the regulators and molecular patterns defining human GM-
CSF-positive CD4 T cells, we isolated those cells actively
secreting GM-CSF from human peripheral blood ex vivo by
cytokine “capture” assay, starting with bulk CD4 T cells.
We then studied their transcriptome by RNA-sequencing
(RNA-seq). Studying a single data type like mRNA expres-
sion separately may not be sufficient for identification of all
regulatory factors, since TFs themselves are often regulated
by posttranscriptional modifications, intracellular transloca-
tion, or cobinding with other TFs, rather than by changes
in their gene expression. Thus, we assessed in parallel the
DNA accessibility of the same samples in order to gain a
global picture of putative TF binding patterns and enabling
integration with the expression of regulated target genes on
the RNA level. Due to the limited number of primary,
ex vivo-isolated GM-CSF-positive human T cells, we
employed a recently described highly sensitive method assay
for transposase-accessible chromatin using sequencing
(ATAC-seq) [28] to study DNA accessibility from 50,000
cells per replicate. As a control, we used the respective GM-
CSF-depleted (GM-CSF-negative) fraction derived from the
capture assay procedure. Since GM-CSF-positive cells (which
may also coproduce additional cytokines and hence may rep-
resent “activated” T cells) may differ from GM-CSF-negative
CD4 T cells merely by containing largely reduced fractions of
naive cells, we furthermore undertook RNA-seq and ATAC-
seq profiling of several control cell populations from the
same donors, namely, naive CD4 T cells and memory CD4
T cells. As an additional control, we studied bulk CD4 T cells
without a capture assay procedure.
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This study hence reveals molecular patterns of GM-CSF-
positive CD4 T cells as well as those shared with memory,
naive, or bulk CD4 cells. To our knowledge, this is the first
study of global molecular signatures of GM-CSF-positive
CD4 T cells derived ex vivo without restimulation. Although
this population does not only contain “GM-CSF-only” cells,
but may include cells producing other cytokines, the ex vivo
isolation based on active GM-CSF secretion results in a pure
population of cells producing GM-CSF versus cells not pro-
ducing GM-CSF. Besides serving as a control, we further-
more provide a novel resource of ATAC-seq and RNA-seq
data of human primary naive, memory, and bulk CD4 T cells
from several human healthy donors. A large body of knowl-
edge exists on molecular signatures and regulation of human
naive and memory T cells [29]. This encompasses large con-
sortium efforts to map human memory and naive CD4 T cell
subsets’ transcriptomes and epigenomes including chroma-
tin accessibility [30], albeit these authors did not use the
ATAC-seq method. Recently, few reports using ATAC-seq
for T cells have been published and the impactful results sup-
port the power of the methodology. Many of these studies
focus on murine CD8 T cell differentiation and exhaustion
[31-35], and several recent studies also comprise ATAC-
seq on CD4 T cells [10, 28, 36-40]. However, none of these
works studied all the types of CD4 T cell subsets that we
analyzed here.

Through interpreted, integrative analysis of mRNA
expression and DNA accessibility data from primary human
CD4 T cell subsets, we provide novel gene regulatory net-
works underlying GM-CSF production as well as the mem-
ory phenotype in human CD4 T cells and we propose novel
key TFs regulating these cells. The enrichment of the identi-
fied genes for human immune system diseases and especially
MS for GM-CSEF-positive cells underlines the clinical rele-
vance of our data, which may be exploited in a multitude of
basic and applied immunology studies in the future.

2. Materials and Methods

2.1. Ethics Statement. Peripheral blood mononuclear cells
were freshly isolated from anonymized healthy donor buffy
coats purchased from the Karolinska University Hospital
(Karolinska Universitetssjukhuset, Huddinge), Sweden.
Research was performed according to the national Swedish
ethical regulations (ethical review act, SFS number 2003:460).

2.2. Experimental Methods

2.2.1. PBMC and T Cell Isolation. Human peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll-
Paque gradient centrifugation from buffy coats according to
standard procedures. In brief, bufty coats were diluted in
PBS, layered on Ficoll-Paque (GE Healthcare), and centri-
fuged (1200 x g, 20 min, without break). Subsequently, the
PBMC ring was collected. PBMCs were washed with PBS
(450 x g, 10min) and monocytes were depleted by plastic
adherence in RPMI 1640 medium containing GlutaMAX
(Life Technologies, Thermo Fisher Scientific) and 10% (v/v)
heat-inactivated fetal bovine serum (FBS) (Gibco Perfor-

mance Plus certified; Thermo Fisher Scientific) for 60-80
minutes at 37°C, 5% CO,. Platelets were removed by centrifu-
gation (200 x g, 5-10min, 20°C, 4 times). Subsequently,
human naive, memory, and total CD4 T cells were isolated
negatively (“untouched”) in parallel by magnetic-activated
cell sorting (MACS) from each donor. The following MACS
kits were used according to the instructions from the manu-
facturer (Miltenyi Biotec): human naive CD4" T cell isolation
kit II, human memory CD4" T cell isolation kit II, and
human CD4" T cell isolation kit IL. The purity of naive, mem-
ory, and total CD4 T cells was controlled by flow cytometry
(see below). Cells were counted with the Countess Auto-
mated Cell Counter (Invitrogen), and viability (determined
by Trypan blue stain) was 96.5 + 1.5% (mean + SD). T cells
were cultured at 37°C and 5% CO, in serum-free X-Vivo 15
medium (Lonza) supplemented with GlutaMAX (Gibco),
unless otherwise stated. T cells were rested overnight before
sample preparation for RNA-seq, ATAC-seq, and GM-CSF
secretion assay (see below). 6 healthy male anonymized
donors (aged 35.7£8.5 years, mean+ SD; range 22-44
years) were used for molecular profiling.

2.2.2. GM-CSF Secretion Assay (Capture Assay). Total CD4 T
cells were isolated and rested as above, before capturing
GM-CSF-producing cells using the "GM-CSF Secretion
Assay-Cell Enrichment and Detection Kit (PE), human"
(Miltenyi Biotec) according to the manufacturer’s instruc-
tions with the following modifications and details.
65-150 x 10° (98.3 x 10° +33.7 x 10°, mean + SD) unsti-
mulated purified CD4 T cells were centrifuged (300 x g,
10min), X-Vivo 15 medium was removed completely,
and cells were washed with 15ml MACS buffer (0.5%
human serum albumin (HSA) and 2mM EDTA in PBS,
4°C). Cells were resuspended in ice-cold RPMI 1640
medium including GlutaMAX (Life Technologies, Thermo
Fisher Scientific) and 10% (v/v) FBS (Gibco Performance
Plus certified, heat inactivated; Thermo Fisher Scientific).
GM-CSF catch reagent was added, mixed, and incubated
for 5 minutes on ice. The GM-CSF secretion period was
performed by adding prewarmed (37°C) RPMI 1640
medium (containing GlutaMAX and 10% FBS) to a cell
density of 1x10° cells/ml, under continuous rotation
(10rpm orbital mixing) of the cells for 45 minutes at
37°C, 5% CO,. Labeling cells with GM-CSF Detection
Antibody (Biotin) and Anti-Biotin-PE and magnetic label-
ing with Anti-PE MicroBeads UltraPure were performed
as per manufacturer’s instructions, and cells were washed
in 50ml MACS buffer. Cells were resuspended in 3 ml
MACS buffer, cell suspensions were filtered with 30 ym
Filcon strainer (BD Biosciences), and magnetic separation
was performed on LS columns (Miltenyi Biotec) according
to standard protocols. For donor A, the GM-CSF+ eluate
was passed over a second MS column following the LS
column procedure, but since a second column did not
increase purity but led to loss of cells (data not shown),
for all other donors, the GM-CSF+ eluate from the first
LS column was used for subsequent analyses. The GM-
CSF- fraction from the flow-through was passed over a
second column (except for donor A) to increase purity
of the negative fraction. The yield of GM-CSF+ cells was



1.2£0.6% of CD4 T cells (mean+SD) and purity was
controlled by flow cytometry (see below).

2.2.3. Flow Cytometry. Purity of MACS-isolated naive CD4 T
cells, memory CD4 T cells, and total CD4 T cells was verified
by surface staining using the following antibodies (all against
the human proteins): CD4-PerCP (clone SK3, BD Biosci-
ences), CD45RA-FITC (clone T6D11, Miltenyi Biotec),
CD45RO-PE (clone UCHLI1, BD Biosciences), CD19-APC
(clone HIB19, BD Biosciences), and CD8-eFlour450 (clone
OKTS, eBioscience). Staining was performed in the dark with
antibody dilutions in FACS buffer (PBS with 0.5% HSA) for
15 minutes at 20°C. Single-stained PBMC or T cell samples
were used as compensation controls. Cells were washed once
with PBS, resuspended in FACS buffer, and acquired on a
CyAn ADP 9-Color Analyzer (Beckman Coulter). Compen-
sation was performed with the CyAn software (Summit) tool.
Purity of GM-CSF+ and GM-CSF- samples after GM-CSF
secretion assay from bulk CD4 T cells was assessed by mea-
suring the fraction of PE-labeled (GM-CSF-positive) cells.
Cell purities and gating strategy are shown in Figure 1 and
Supplementary Figure S1. We also confirmed in
independent experiments (including PMA and ionomycin
restimulation) that the PE label in GM-CSF-captured cells
correlated well with the GM-CSF signal based on
intracellular staining with an anti-GM-CSF antibody (clone
BVD2-21Cl11, APC conjugated, Miltenyi Biotec; data not
shown). Flow cytometry data analysis and visualization
were performed using the FlowJo software v7.6.5 (Tree
Star), and exported percentage values were plotted using
GraphPad Prism v7.02 (GraphPad Software Inc.).

2.2.4. ATAC-Seq Sample Preparation. Nuclear isolation, tag-
mentation, and PCR amplification was carried out according
to Buenrostro et al. [28]. In brief, 50,000 cells per replicate
were transferred to 0.2ml tubes and centrifuged (500 x g,
6min, 4°C) and the supernatant was removed. Cells were
washed with PBS (500 x g, 6min, 4°C) and lysed in lysis
buffer (10 mM Tris-HCI, pH 7.4; 10 mM NaCl; 3mM MgCl,;
and 0.1% IGEPAL CA-630) to isolate nuclei. 3 technical rep-
licates (50,000 cells each) were processed in parallel for each
sample (except donor A, 2 technical replicates). Nuclei were
washed in PBS (500 x g, 6 min, 4°C) and resuspended in
Transposase Reaction mix. Transposition was carried out at
37°C for 30 minutes, followed by clean up using the QIAGEN
MinElute Reaction Clean Up Kit according to the manufac-
turer’s instructions (QIAGEN). PCR amplification using
reagents from the Nextera DNA Sample Preparation Kit
(Illumina) and barcoding of replicates were performed with
reaction conditions and index primers as described in [28].
20 different index primers were used and distributed across
replicate samples and donors in a balanced way to control
for potential batch effects. The PCR product was cleaned
up using the QIAGEN MinElute Reaction Clean Up Kit.
Subsequently, gel size selection was performed by gel elec-
trophoresis (1.8% (w/v) certified low-melt agarose (Bio-
Rad) in 1x UltraPure Tris-Acetate-EDTA (TAE) buffer
including SYBR Safe DNA Gel Stain (Invitrogen, Thermo
Fisher Scientific), with a free well between each of the
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samples) and DNA in the size range of 150-230bp was
excised using surgical blades. Replicate samples were allo-
cated to the gels in a balanced way regarding donor and
experimental condition to control for potential batch
effects. Resulting DNA libraries were purified using QIA-
GEN MinElute Gel Extraction Kit according to the manu-
facturer’s instructions (QIAGEN).

Size distribution of ATAC-seq sequencing libraries was
determined on a 2100 Bioanalyzer Instrument (Agilent Tech-
nologies) using the Agilent DNA High Sensitivity Kit accord-
ing to the manufacturer’s instructions. Libraries were
quantified by real-time PCR on a StepOnePlus detector sys-
tem (Applied Biosystems) using the KAPA Library Quantifi-
cation Kit (KAPA Biosystems). Sequencing was performed
on an Illumina HiSeq 2500 instrument (Illumina) with a
single-read setting and read length of 42 bp.

2.2.5. RNA-Seq Sample Preparation. Cells were centrifuged
(1000 x g, 5min, 20°C), washed with PBS, and lysed in QIAzol
Lysis Reagent (QIAGEN) by vortexing and incubating for 5
minutes at 20°C. Lysates were stored at —80°C until RNA
extraction. RNA was extracted with the miRNeasy Micro Kit
(QIAGEN) according to the manufacturer’s instructions.
RNA concentration was determined on a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific), and RNA qual-
ity was controlled on a 2100 Bioanalyzer Instrument (Agilent
Technologies) using an Agilent RNA 6000 Pico Kit. RNA
integrity numbers (RIN) were 8.5 + 0.3 (mean + SD). Librar-
ies were prepared in one batch with the TruSeq Stranded
mRNA HT Kit (Ilumina) with Dual Index Adapters and
Ambion ERCC Spike-In Control (Thermo Fisher Scientific).
Samples were allocated to sequencing indexes and lanes in a
balanced fashion to control for potential batch effects (7-8
samples/lane). Library concentration was determined on a
Qubit 2.0 Fluorometer (Thermo Fisher Scientific). The library
size and quality were measured on a 2100 Bioanalyzer Instru-
ment (Agilent Technologies) using an Agilent High Sensitivity
DNA Kit. Libraries were quantified with the KAPA Library
Quantification Kit (KAPA Biosystems). Sequencing was per-
formed on a HiSeq 2500 Sequencing Platform (Illumina; High
Output Run) with 76 nt paired-end reads.

2.3. Computational Methods

2.3.1. Preprocessing of Sequencing Data. BCL base call files
were demultiplexed and converted to FASTQ files using
bcl2fastq version 2.17.1.14. For quality control, FastQC ver-
sion 0.11.5 was used.

FASTQ files from the ATAC-seq experiments were
trimmed from adapters, and low-quality bases using scythe
version 0.991. and sickle version 1.33. FASTQ files from the
ATAC-seq experiments were aligned to the human genome
version hg38 using bowtie version 2.3.0 with the ‘~very-sen-
sitive’ option. After alignment, BAM files of ATAC-seq
experiments were filtered to eliminate: duplicates (samtools
rmdup), alignments with a mapping score below 10, and
alignments that are not mapped to chromosome 1-22, chro-
mosome X, or chromosome Y. ATAC-seq peaks were called
using the ‘findPeaks’ script from the HOMER suite (version
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FIGURE 1: Experimental setup and quality control for human CD4 T cell transcriptome and chromatin accessibility analysis. (a) Human
PBMC:s for each donor were split in three fractions, and memory CD4 T cells, naive CD4 T cells, and bulk (total) CD4 T cells were
isolated in parallel by negative (untouched) magnetic isolation (cell purities; see Supplementary Figure S1). From bulk CD4 T cells, GM-
CSF-secreting cells (GM-CSF positive) were captured and the negative fraction was used as the corresponding GM-CSF-negative
population. The five indicated cell populations were used for molecular profiling by ATAC-seq and RNA-seq. Differentially accessible
DNA regions (DAR) and differentially expressed genes (DEG) were determined for the comparison of memory versus naive CD4 T cells
and for GM-CSF-positive versus GM-CSF-negative CD4 T cells, respectively. (b, ¢) High purity of isolated (captured) GM-CSF+ CD4 T
cells was confirmed by flow cytometry. The histograms show the signal of the GM-CSF capture construct for the indicated cell
populations, pregated on live singlet lymphocytes based on forward scatter, side scatter, and pulse width. Here, bulk CD4 T cells represent
an aliquot taken after labeling with the GM-CSF-PE capture construct, but without further capture assay procedure. (b) shows a
representative donor and (c) shows summarized data for #n =6 donors from 4 independent experiments (mean and SEM are indicated in
grey). Each donor is represented by a symbol; same symbol shape (but filled or unfilled) indicates donors processed within the same
experiment.

4.9.1) with the ‘-style factor’ option [41]. ATAC-seq peaks
were assigned to a gene using the ‘annotatePeaks’ script from
the HOMER suite.

FASTAQ files from the RNA-seq experiments were aligned
using STAR version 2.5.2b. Indexes for RNA-seq alignment
were created using the gencode version 25 annotation file.
RNA-seq alignment was run with STAR’s built-in adapter
trimming option (‘-clip3pAdapterSeq AGATCGGAAGA
GCACACGTCTGAACTCCAGTCAC AGATCGGAAGA
GCGTCGTGTAGGGAAAGAGTGTA’) and its built-in
counting option (‘-~quantMode’). Only genes with more than

1 count per million in at least 3 samples were included in the
downstream RNA-seq analysis.

2.3.2. Generation of Consensus Peak Set. In order to generate
a set of comparable features (genomic regions) for read
counting and quantifying differential accessibility from the
ATAC-seq data, a set of consensus peaks was generated in
two subsequent steps: (1) generation of consensus peaks on
the technical replicate level: first, the peaks that appeared in
at least two technical replicates (out of a total of three, except
one donor with a total of two technical replicates) with at



least 75% reciprocal overlap were selected. Then, these
selected regions were partitioned into disjoint nonempty
subsets so that each element is contained in precisely one
subset. Only the partitions appearing in at least two replicates
were retained, and afterwards, adjacent regions were merged.
A bed file resulting from these steps is herein referred to as a
sample and (2) next, all bed files containing each set of tech-
nical replicate level consensus regions were concatenated and
the presence of each region was counted within each experi-
mental sample; one occurrence corresponds to one donor
(biological replicate) and one cell type (experimental condi-
tion). Only the regions appearing in at least four samples
were kept (n=5 is the number of biological replicates in
the smallest group regarding experimental condition).
Regions having a distance of 42 bases or less between them
were subsequently merged (the number 42 corresponds to
the sequencing read length in bases). Afterwards, reads were
counted using the featureCounts tool [42] with the criterion
that at least half of the read had to overlap with a feature to
be assigned to that feature.

2.3.3. Calculation of Differential Expression and Differential
Accessibility. Differential expression and accessibility was cal-
culated using the edgeR [43] library version 3.18.1 from Bio-
conductor. Donors (biological replicates) and cell types
(experimental conditions) were used as explanatory variables
in the generalized linear models. ATAC-seq data were nor-
malized to length and GC content by conditional quantile
normalization (CQN) [44]. Comparisons were made
between GM-CSF-positive CD4 T cells and GM-CSF-
negative CD4 T cells or between memory and naive CD4 T
cells (see Figure 1(a)). The cutoff to call differentially
expressed genes (DEGs) or differentially accessible regions
(DARs) was FDR < 0.05 and >25% fold change (in the direc-
tion of either up- or downregulation, that is either 1.25 or
0.75 fold change).

2.3.4. Footprinting. Footprinting was carried out using the
Wellington algorithm [45], i.e., the wellington_footprints.py
script from the pyDNase library version 0.2.5 with the fol-
lowing settings: -fp 6,41,1 -sh 7,36,1 -fdr 0.01 -fdriter 100
-fdrlimit -30 -A. The footprint occupancy score (FOS) for
each footprint was calculated using the pyDNase library as
described in [46]. For subsequent network reconstruction,
we considered only footprints with a FOS smaller than the
following threshold: median (FOS) + [median (FOS) -
minimum (FOS)].

2.3.5. Network Reconstruction. A directed network was recon-
structed by combining information from the ATAC-seq and
RNA-seq data in two subsequent steps: (1) identifying source
nodes: peaks were ranked based on their combined measure
of significance and direction of differential accessibility [—
log,, (FDR) x sign (log, (fold change))]. Peaks containing
footprints were scanned for TF binding motifs using the
TRANSFAC database [47]. An enrichment score was calcu-
lated to identify TFs with binding sites enriched in differen-
tially accessible peaks, using tools similar to gene set
enrichment analysis (GSEA) [48]. In detail, random permuta-
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tion was performed on the ranked list of peaks to assess how
probable it is to observe at least the same enrichment by
chance (P value) [49]. After multiple testing correction, TFs
with FDR < 0.05 were selected and the normalized enrich-
ment score (NES) was obtained. Only those source nodes
(TFs) that were detectably expressed on the RNA level
(according to a minimal RNA-seq filtering rule) were consid-
ered. Of these, most fell into the class of highly expressed genes
(HEGs) according to [50]. (2) identifying target nodes: target
nodes are defined as peaks with an assigned gene. The selec-
tion criteria were that (i) the peak contains a footprint with a
binding motif of the source node (TF) and (ii) the peak or
the assigned gene has to be differentially accessible or differen-
tially expressed, respectively.

To assign an importance measure to the source nodes in
networks generated as above, the PageRank [51] of the net-
work nodes was calculated after inverting the directionality
of all edges in the network (only for the purpose of this com-
putation). After this computation, the nodes with high
PageRank values (higher than the 99th percentile of all node
values within a given network) were selected from both the
GM-CSF and memory network, and afterwards, their values
were investigated in each of the two networks.

3. Results and Discussion

GM-CSF-positive CD4 T cells are enriched in MS patients
and play a crucial role in EAE; nevertheless, the factors driv-
ing and markers defining those cells are largely unknown. To
better understand the features and regulatory networks of
GM-CSF-positive CD4 T cells, we therefore studied the tran-
scriptional profiles and chromatin accessibility of these cells.
In vitro-differentiated GM-CSF-producing cells comprise
several subsets [27] and are likely to differ from those gener-
ated in vivo. Further, ex vivo restimulation with strong artifi-
cial stimuli such as PMA and ionomycin—which is usually
necessary to reach sufficient signal strength for detection by
intracellular cytokine staining—drastically alters the tran-
scriptome of T cells [52-54]. Hence, we aimed to isolate
GM-CSF-producing cells ex vivo in an as much as possible
unmanipulated state by GM-CSF secretion assay, “capturing”
and isolating those cells that actively secrete GM-CSF (exper-
imental setup; see Figure 1(a)), here defined as GM-CSF-
positive cells. The capture assay was performed starting from
highly purified CD4 T cells derived from human peripheral
blood (purity 97.3+0.6%, mean+SEM, Supplementary
Figure S1A). As controls, we used the respective GM-CSF-
negative fraction from the isolation procedure, as well as
the bulk CD4 T cells before any capture assay procedure.
The latter should, given the low fraction of GM-CSE-
positive cells, be very similar to the GM-CSF-negative
fraction and hence allows for estimation of the effects
arising from the capture assay procedure. The purity of
GM-CSF-positive and GM-CSF-negative fractions was
assessed by flow cytometry (Figures 1(b) and 1(c)) and the
yield of isolated GM-CSF-positive cells was 1.2+0.6%
(mean + SD) of CD4 T cells. To measure the transcriptome
and DNA accessibility from limited cell numbers, we
employed highly sensitive next-generation sequencing
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(NGS) methods (RNA-seq and ATAC-seq, respectively).
Since cytokine-secreting cells may differ from naive cells
due to a memory-like phenotype and a large fraction of
CD4 T cells are naive (mean + SEM, 42.3+5.8% in the
donors used here; see Supplementary Figure S1A), we
further profiled highly purified naive and memory CD4 T
cells from the same donors (Figure 1(a) and Supplementary
Figure S1B-D).

Altogether, we obtained DNA accessibility and tran-
scriptome data from highly purified ex vivo-derived human
naive CD4 T cells, memory CD4 T cells, bulk CD4 T cells,
and GM-CSF-positive and the corresponding GM-CSF-
negative CD4 T cells. To enable paired analysis within a
donor, these cell populations were isolated in parallel within
a donor, for 6 donors in total. DNA accessibility and mRNA
data were obtained in parallel from the same samples allow-
ing for matched integration of the data.

3.1. Unique and Shared DNA Accessibility and Gene
Expression Signatures of GM-CSF-Positive and Memory
CD4 T Cells. We studied the above-described five different
CDA4 T cell populations by RNA-seq and ATAC-seq. To min-
imize potential batch effects due to technical factors, the
library preparations and sequencing runs were designed in
such a way that donors, cell populations, and (for ATAC-
seq) technical replicates were distributed in a balanced fash-
ion. It is also worth noting that only donors of the same gen-
der were studied here (male, aged 35.7+8.5 years,
mean * SD), which may be important since it was recently
shown that gender was the largest source of variation
explaining chromatin accessibility in primary human CD4
T cells measured by ATAC-seq [36]. That study further dis-
covered novel elements escaping X chromosome inactivation
and affecting immune genes [36]. To assess which factors
explained most of the variability between the samples under
study here, we performed principle component analysis
(PCA). Indeed, for both data types, there was a grouping of
the samples based on the cell subset, outweighing donor or
experimental variation (Figures 2(a) and 2(b)) and confirm-
ing the quality of our samples and data. Notably, for RNA
data, the cell populations were generally more distinct from
each other than for DNA accessibility data. However, the
GM-CSF-positive and corresponding GM-CSF-negative
fractions appeared relatively similar to each other in the
PCA performed on RNA data, while PCA results from
ATAC-seq data were closer to the expected pattern, that is,
bulk CD4 T cells appearing “between” GM-CSE-positive
and GM-CSF-negative populations (Figures 2(a) and 2(b)).
The difference between RNA-seq and ATAC-seq data with
respect to separation of GM-CSF-positive and negative cells
may indicate that the capture assay procedure imposes dis-
tinct changes on the transcriptome, highlighting the impor-
tance of wusing correspondingly treated controls to
determine differential expression. In contrast, changes in
DNA accessibility appeared more robust towards changes
due to the experimental procedure at least within the exper-
imental time frame under study, although the distinction of
the other groups was generally less apparent with ATAC-
seq data. The advantage of PCA is that the displayed dis-

tances between samples along the axes can directly be inter-
preted but it is not suited to reduce all the data variability
to only two dimensions. Indeed in our analysis, the first
two PCs in the two-dimensional space only explained about
50% of the variation in the data. Therefore, we also used
another dimensionality reduction method to explore the
sample-to-sample relationships, namely, t-distributed sto-
chastic neighbor embedding (t-SNE) [55]. t-SNE allows for
visualization of sample-to-sample similarity in two dimen-
sions, and furthermore, in contrast to PCA, it is a nonlinear
dimensionality reduction algorithm and it is especially suited
for capturing local relationships. The t-SNE results
(Figures 2(c) and 2(d)) generally confirmed the results of
the PCA analysis (Figures 2(a) and 2(b)), that is, the groups
(cell types) being more distinct in RNA data than ATAC-
seq data, with the exception of GM-CSF-positive and GM-
CSF-negative cells.

We defined significantly differentially accessible DNA
regions (DARs) and significantly differentially expressed
genes (DEGs) in GM-CSEF-positive CD4 T cells or in memory
CD4 T cells. To do so, we specifically analyzed the signatures
of GM-CSF-positive versus GM-CSF-negative CD4 T cells,
as well as the profiles of memory versus naive CD4 T cells
(Figures 1(a), 3(a), 3(b), 3(c), and 3(d)). We used generalized
linear models based on the negative binomial distribution
(edgeR) [43] to determine differential expression and accessi-
bility, and we called DEGs and DARSs, respectively, based on
combined FDR and fold change cutoffs. We called 16571
DARs in GM-CSF-positive CD4 T cells (compared to corre-
sponding GM-CSF-negative cells; Figure3(b)) and 13705
DARs in memory CD4 T cells (compared to naive CD4 T
cells; Figure 3(a)). On the transcriptome level, we called 124
DEGs in GM-CSF-positive and 5383 DEGs in memory
CD4 T cells (Figures 3(c) and 3(d)). The relatively low num-
ber of DEGs in GM-CSF-positive cells is in agreement with
the PCA and t-SNE data (Figures 2(b) and 2(d)) and may
suggest that combination with ATAC-seq data drastically
improves the possibility to define molecular signatures spe-
cific to GM-CSF-positive ex vivo-captured cells.

Next, we studied the DARs and DEGs in more detail. We
first focused on the signatures of memory CD4 T cells, which
are well studied in the literature [29] and hence enabled to
assess the biological quality of our data, besides providing a
new NGS dataset of human primary memory and naive
CD4 T cells. DARs and DEGs defined in memory cells are
shown in Supplementary Figure S2, along with their
molecular patterns in the other cell types under study.
Accessible regions (consensus peaks) were annotated to the
major categories promoter-TSS (46.6% of all peaks), intron
(26.8%), and intergenic (18.7%), followed by exon (4.1%)
and TTS (3.8%). Regions differentially accessible (DARs) in
memory cells showed a similar distribution across
annotated categories (44.7% in promoter-TSS, 26.9%
intron, 20.4% intergenic, 3.9% exon, and 4.1% TTS). We
next extracted those memory-specific DARs that were
assigned to a gene from a list of genes known to be
involved in T cell memory as compiled by Durek and
colleagues [30]. Several of the DARs in memory cells were
assigned to such known memory-associated genes, about
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FiGURE 2: Explorative analysis of ATAC-seq and RNA-seq samples. (a) Principal component analysis (PCA) was carried out on CQN-
normalized ATAC-seq data given as log,(RPKM + 1) centered by mean subtraction for each feature (genomic region). PC1 and PC2 are
shown, along with the % variation explained. Symbol colors indicate the given cell populations and symbol shapes and fillings represent
individual donors (n=5-6 donors) as in Figure1(c). Data from technical replicates were pooled before analysis. (b) PCA for RNA-seq
data given as log, (FPKM + 1) centered by mean subtraction for each feature (gene). Labels as in (a). (¢, d) t-SNE dimensionality reduction
visualization of (c) ATAC-seq and (d) RNA-seq data, processed and labeled as in (a) and (b), respectively.

half (12 of 23) of those selected regions were falling in the
promoter-TSS region and about a quarter (6 of 23) were
assigned to intronic regions (Figure 3(e)). Furthermore, we
assessed a selected subset of memory-related genes that
were shown to be up- or downregulated on the RNA level
in memory T cells [30]. The majority of these genes were
DEGs in memory cells in our data, notably up- or
downregulated almost exclusively (36 of 37 studied genes;
97%) in the expected direction (Figure 3(f)), validating our
data. In addition, we confirmed the quality of the memory
T cell data by performing gene set enrichment analysis
(GSEA) using several published transcriptome datasets
comprising naive and memory T cell subsets. Indeed, genes

described to be up- or downregulated in memory (versus
naive) CD4 T cells in these published datasets were
significantly enriched on the expected ends of the ranked
gene list from our novel memory versus naive T cell dataset
(Figure 3(g) and Supplementary Figure S3).

3.2. The Molecular Signature of GM-CSF-Positive CD4 T
Cells. Next, we focused on the signatures of GM-CSF-
positive cells by studying the respective DARs and DEGs in
more detail. All the DARs in GM-CSF-positive cells are dis-
played in Figure 4(a) with the color scale representing acces-
sibility. A substantial fraction of DARs in GM-CSE-positive
cells displayed a similar pattern in memory cells, while naive
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F1cure 3: Differential chromatin accessibility and gene expression in memory versus naive CD4 T cells as well as in GM-CSF-positive versus
negative cells. (a, b) ATAC-seq data were CQN normalized and differential accessibility between the indicated cell population comparisons
was calculated ((a) memory vs. naive CD4 T cells; (b) GM-CSF-positive vs. negative CD4 T cells). Volcano plots show each consensus peak as
a single dot, and lines indicate the threshold for calling a DAR (FDR < 0.05 and >25% fold change); DARs are depicted in black. (c, d)
Differential gene expression was calculated from RNA-seq data for cell population comparisons as in (a, b). Lines indicate the threshold
for calling a DEG (FDR < 0.05 and >25% fold change); DEGs are depicted in black. (e) A selection of DARs in memory vs. naive was
studied for being assigned to genes known to play a role in T cell memory. log,(fold change (memory/naive)) for selected DARs are
plotted, and colors indicate the category that the respective region is assigned to (TSS: transcription start site; TTS: transcription
termination site). (f) Known T cell memory “up” (black) or T cell memory “down” (grey) genes based on previous literature were selected
if differentially expressed (DEG in memory vs. naive) in the present data. log,(fold change (memory/naive)) for these selected DEGs is
plotted; values > 0 represent upregulation and values < 0 represent downregulation in memory T cells. Colors indicate whether the gene
was previously described to be “up” or “down” in memory T cells. (g) Gene set enrichment analysis (GSEA) using gene sets from
published transcriptome data featuring naive and memory T cell subsets (GSE accession numbers as displayed) and a ranked gene list of
our memory versus naive T cell data. Ranking was based on —log,,(Pvalue) x sign (log,(fold change (memory/naive))). Gene sets
containing both human naive and memory T cell data were retrieved from the MSigDB database [48]. NES: normalized enrichment score;
pval: P value; padj: FDR.

cells and GM-CSF-negative cells were most distinct from  ability in the fraction of memory and naive cells within bulk
GM-CSF-positive cells (Figure 4(a)). In bulk CD4 T cells, CD4 T cells depending on the donor (Supplementary
DARs defined in GM-CSF-positive cells showed heterogene-  Figure SIA). Importantly, several DARs displayed a unique
ity between donors (Figure 4(a)), which may reflect the vari-  accessibility pattern in GM-CSE-positive cells distinct from
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FIGURE 4: Expression profile and DNA accessibility signatures of human GM-CSF-positive CD4 T cells. (a) Differentially accessible DNA
regions (DARs) in GM-CSF-positive versus GM-CSF-negative CD4 T cells are plotted as a heat map showing their accessibility in all the
five cell populations studied. CQN normalized log,(RPKM + 1) is represented by the color scale, indicating accessibility (blue: low, red:
high). Data were row scaled and clustered (Euclidean distance, complete linkage clustering). (b) Differentially expressed genes (DEGs) in
GM-CSE-positive versus GM-CSF-negative CD4 T cells are plotted as a heat map showing their expression in all the five cell populations
studied. Gene expression is displayed as log,(FPKM + 1) with blue indicating low and red indicating high expression according to the
color scale. Data were row scaled and clustered (Euclidean distance, complete linkage clustering). (c) The mean of log, (fold change) of
GM-CSF+/GM-CSF- cell populations using the median intensity values from CyTOF measurements are shown, using CD4 T cell-gated
PBMC data from Wong et al. [64] and designated as “CyTOF” (grey bars). For the genes corresponding to the proteins measured in
CyTOF, the log, (fold change) of GM-CSF+/GM-CSF- cell populations from the RNA-seq data of this study is plotted and labeled as

“RNA” (red).

other cell populations under study (Figure 4(a)). These data
show that GM-CSF-positive cells can be assigned a specific
pattern of accessible DNA regions that distinguish them
from other CD4 T cell subsets, and that may contribute
important information about regulation of GM-CSF-
positive cells. Different DNA accessibility can functionally
affect the status of a cell by, for example, modifying
expression of genes regulated through these regions.

Next, we studied the DEGs defined in GM-CSEF-positive
cells by analyzing their expression in GM-CSF-positive cells
along with the other CD4 T cell subsets under study. Like it
was observed for the DARs, DEGs in GM-CSE-positive cells
shared a large part of the RNA signature with memory cells
but also displayed distinct patterns and differed largely from
naive cells and GM-CSF-negative and bulk CD4 T cells
(Figure 4(b)). Despite the general similarity of cells treated
with the capture assay regarding the global transcriptome
(Figures 2(b) and 2(d)), subsetting on the DEGs defined
between GM-CSF-positive and negative cells with stringent
statistical cutoffs visualized clearly the differences in these
“signature genes” for those cell types (Figure 4(b)). Impor-
tantly, subsetting on these genes that were defined as
DEGs in GM-CSF-positive versus corresponding negative
cells (that is, without considering the bulk CD4 T cell
samples) also clearly showed the expected similarity of
bulk CD4 T cells and GM-CSF-negative CD4 T cells
(Figure 4(b)) that was not apparent in the RNA-seq PCA
or t-SNE using all genes (see above; Figures 2(b) and
2(d)), confirming that the selected GM-CSF-positive cell
“signature” DEGs are likely not affected by the capture
assay and column procedure.

DEGs in GM-CSEF-positive cells comprised several genes
with a well-known role in T cells such as EGR2, CXCLS, and

CXCR5 along with multiple genes with an unknown role in T
cells and potentially regulating GM-CSF-positive cells
(Figure 4(b)). CSF2RB (encoding for the high-affinity recep-
tor subunit for IL-3, IL-5, and GM-CSF) was not among
the DEGs in GM-CSF-positive cells, and CSF2RB expression
being lower (albeit not passing the significance threshold) in
GM-CSF-positive than negative cells makes a technical arti-
fact of isolation of cells binding GM-CSF through this recep-
tor unlikely (Figure 4(b)).

It should be mentioned that while captured GM-CSEF-
positive cells displayed high purity regarding captured
secreted GM-CSF and CD4 T cell marker positivity
(Figures 1(b) and 1(c) and Supplementary Figure S1), this
represents an enrichment of GM-CSF-producing cells
versus cells not producing GM-CSF but it does not mean
that the cells do not coexpress other cytokines typical for
other Th subsets. Albeit not passing the significance
threshold for being called a DEG in GM-CSF+ cells,
relatively higher expression of IFNG mRNA in GM-CSF-
positive cells versus GM-CSF-negative cells (Supplementary
Figure S4A) is in accordance with our and others’ previous
findings from flow or mass cytometry of T cells from
healthy donors as well as MS patients demonstrating
coexpression of IFN-y and GM-CSF on the single-cell level
in some, but not all, GM-CSF-producing human CD4 T
cells or clonal populations thereof [11, 14, 15, 26, 27, 56].
Also in line with the majority of these studies on human T
cells regarding a lack of coexpression of GM-CSF and IL-
17, IL17A and IL17F expression was below the detection
limit in GM-CSF-positive cells (but also in any other cell
population under study; Supplementary Figure S4A).
Besides IFN-y, TNFa and IL-2 proteins have also been
found to be frequently coexpressed in GM-CSF-positive Th
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cells upon PMA + ionomycin restimulation [14], and as for
IFNG, also TNF was slightly higher expressed in GM-CSF-
positive versus negative cells, although not statistically
significant (Supplementary Figure S4A). Importantly, it has
to be noted that in human T cells restimulated ex vivo with
PMA and ionomycin to detect cytokines by intracellular
staining and cytometry as in the above studies, the fractions
of TNFa-, IL-2-, and IFN-y-producing Th cells are
generally high (for example, up to 90% of all Th cells
producing TNFa, up to 75% of Th cells producing IL-2,
and up to 40% of Th cells producing IFN-y) while
cytokines typical for Th2, Th17, Th22, or Tfh cells are
generally low (<5% of Th cells being positive for the
respective cytokines) [14]. Consequently, coproduction of
IL-2, TNFa, or IEN-y protein is generally likely for any T
cell subset restimulated with PMA and ionomycin.
Nevertheless, due to the importance of IFN-y and GM-CSF
in the context of MS, we studied intracellular protein
expression of GM-CSF and IFN-y (requiring PMA and
ionomycin restimulation) in bulk CD4 T cells of the donors
used in this study. 49.98 + 4.61% (mean + SEM) of the GM-
CSF-positive CD4 T cells coexpressed IFN-y (Supplementary
Figure S$4B), although it remains unknown how this is
influenced by the PMA and ionomycin restimulation needed
for this analysis procedure per se. In this context, it is notable
that strong restimulation by PMA and ionomycin, as needed
in single-cell cytokine protein studies, may cause expression
of abundant T cell cytokines such as IL-2 protein even in
purified naive Th cells after only 3 to 5 hours of stimulation
(unpublished observation and [57]) that may not be truly
present in vivo without artificial restimulation, as naive Th
cells are not expected to actively produce cytokines. Also on
the global transcriptome level, PMA and ionomycin
stimulation for only 30 minutes to 3 hours was shown to
drastically alter the T cell gene expression signature [52-54].
Hence, to identify the ex vivo gene expression signature of
GM-CSE-positive cells, we isolated GM-CSF-producing CD4
T cells without PMA and ionomycin restimulation in all our
NGS profiling studies, which results in a low yield of cells yet
represents cells in a state without artificial restimulation and
hence preserving their gene signature as much as possible in
the ex vivo state. While the low cell yield did not allow for
parallel capture of other cytokines or protein analysis in the
captured cells in these donors, the above-described cytokine
mRNA analyses as well as parallel intracellular cytokine
staining in bulk CD4 T cells from the same donors suggest
that IFNG may be expressed in GM-CSF-positive, but also
GM-CSF-negative, Th cells. However, it is noteworthy that
expression of many cytokines on the mRNA level is rather
low if the cells are not artificially restimulated ex vivo. Along
these lines, many cytokine mRNAs were below or close to
the detection limit and, hence, excluded from further
differential expression analysis (Supplementary Figure S4A).
Although many cytokine mRNAs were lowly expressed and
did not pass the detection threshold, we nevertheless
analyzed mRNA counts of relevant T cell cytokines in the
cell populations under study even when expressed very lowly
(Supplementary Figure S4A). Of the cytokines passing the
detection threshold (IFNG, TNF, IL13, IL17C, CXCLS8, and
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GZMB), only CXCL8 (encoding for IL-8) was differentially
expressed in GM-CSF-positive versus negative cells, while all
except IL13 were differentially expressed in memory versus
naive T cells. It should be noted that CSF2 mRNA, which
encodes for GM-CSF, was lowly expressed in all samples
(RNA-seq counts close to the detection limit), which may be
explained by rapid mRNA decay conferred by the adenine-
and uridine-rich elements (ARE) in the GM-CSF
promoter—AREs in fact have been discovered in the CSF2
gene which codes for a particularly unstable transcript [58-
60]. Importantly, considering the instability of CSF2 mRNA
and relatively low expression levels, our approach of
isolating GM-CSF protein-secreting cells is likely to be more
suitable to define signatures of ex vivo-derived GM-CSF-
positive cells, as opposed to, for example, single-cell RNA-
seq of mixed T cell populations. Strikingly, a recent study
[61] performing single-cell RNA-seq of immune cells from
MS patients confirmed that, despite the known importance
of GM-CSF-producing Th cells in MS pathogenesis [11, 13,
14], CSF2 mRNA was not detectable in that study, neither in
the blood nor in cerebrospinal fluid samples [61]. Hence,
signatures derived from our study designating GM-CSF-
positive human T cells may be useful to identify such cells
based on their signature in RNA studies where CSF2 cannot
be used as a suitable marker.

To our knowledge, there is no other comparable dataset
available that studied the signatures of purified GM-CSF-
secreting cells without PMA/ionomycin restimulation. Thus,
the RNA expression signatures defined in the GM-CSF-
positive cells in this study could not be directly validated
externally in an independently published transcriptome data-
set. Nevertheless, we strived to confirm the expression signa-
ture from GM-CSF-positive captured cells by comparing
with a completely independent dataset and experimental
setup. A recent report [62] provides RNA-seq data of GM-
CSF-, IFN-y-, and IL-17-producing captured cells from
healthy donors; however, PMA and ionomycin restimulation
renders it difficult to directly compare these data to ours.
Interestingly, the authors [62] observed a large overlap of the
gene expression signature between the cells producing either
cytokine and, importantly, also to (PMA + ionomycin-stimu-
lated) naive CD4 T cells. This suggests that the strong stimu-
latory effect of PMA and ionomycin may largely dominate
the gene expression signatures, which is supported by sev-
eral studies that showed a large influence of even short
(30 minutes to 3 hours) PMA plus ionomycin stimulation
on the global transcriptome of human Th cells [52-54].
In addition, capture assay and flow cytometry-based cell
sorting as used by Al-Mossawi et al. [62] may cause rapid
changes to the transcriptome. Indeed, studies of the tran-
scriptome after diverse cell isolation procedures have
revealed that different isolation procedures have an impact
on the global transcriptome [54, 63]. Nevertheless, we com-
pared the published data with our transcriptome data to
determine whether GM-CSF-positive cells may be closely
related to cells producing GM-CSF or other cytokines in
that study. However, PMA and ionomycin restimulation
(or other differences in experimental setup) seemed to
largely determine the sample-to-sample similarity, as all
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F1GURE 5: GM-CSF-positive CD4 T cell signatures are associated with autoimmune diseases, especially MS. (a) Gene set enrichment analysis is
shown using genes ranked by the -log,,(FDR) x sign (log,(GM — CSF+/GM — CSF - )) function, and the Open Targets database [68] was
used to provide gene sets associated with diseases. NES: normalized enrichment score; pval: P value; padj: FDR. (b) The heat map
represents the row-scaled log,(RPKM + 1) expression values from RNA-seq data of CD4 T cells from MS patients or healthy controls
(data from [26]). Groups are separated based on disease status (MS or healthy) and myelin antigen reactivity (reactive: tetramer+). Genes
are selected as those identified in the current RNA-seq study as differentially expressed between GM-CSF-positive versus GM-CSF-
negative cells and having detectable expression (log,(RPKM + 1) > 0) in at least 4 samples in the data from [26]. (c) Of the 110 established
non-MHC MS susceptibility variants [70], two SNPs mapped to consensus peaks from the current ATAC-seq study. Information about
these SNPs is shown in the table, along with the differential accessibility analysis in GM-CSE-positive versus GM-CSF-negative CD4 T cells.

the samples correlated more strongly based on dataset than
based on cell type (data not shown). Thus, we compared
the similarity of the different cell types after batch normal-
ization, and while naive T cells were similar between the
two datasets, the overall transcriptome patterns were not

distinguishable based on cytokine expression, neither within
the published dataset nor across datasets (Supplementary
Figure S4C). This suggests that cytokine-producing CD4 T
cell subsets have a largely similar transcriptome and that
cell restimulation and isolation procedures dominate the
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global gene expression patterns and render it difficult to
compare between studies. To further confirm the DEGs in
GM-CSE-positive cells in external data and their relevance
on the protein level, we asked whether the RNA
expression pattern of captured GM-CSF-positive T cells
generally agreed with the respective proteins in GM-CSF-
positive T cells defined by intracellular cytokine staining.
To explore overlap of as many as possible markers, we
studied a mass cytometry (CyTOF) dataset [64] which
comprises staining of human PBMCs with CD4 and GM-
CSF along with other markers measured on the protein
level. In pregated CD4-positive T cells of this CyTOF
dataset, we gated on GM-CSF+ cells and GM-CSF- cells
and determined the relative expression of other available
protein markers in these populations. We compared the up-
or downregulation of these protein markers in gated GM-
CSF+ versus GM-CSF- cells [log, (fold change) of the
median signal intensity of the two cell populations] with the
up- or downregulation of the corresponding protein-coding
transcripts of these markers in isolated GM-CSF-positive
versus GM-CSF-negative cells from our data [log, (fold
change) of mRNA expression]. As a result, 16 of the 24
markers (two-thirds) had a fold change with identical
directions in the CyTOF and RNA-seq data (Figure 4(c)).
According to a binomial distribution, the probability of
observing this or greater concordance between the two
datasets by chance is 7.6%. This needs to be acknowledged
considering that those markers that do not concur might be
regulated by protein internalization from the surface, such as
the well known for CD3 [65] that was downregulated in the
CyTOF data but barely affected in the mRNA data. Also, the
total abundance of certain proteins may be regulated on the
posttranscriptional level, as transcript levels cannot always
predict protein abundance [66, 67]. In addition, PMA and
ionomycin stimulation prior to intracellular cytokine
staining may have affected some of these markers. Overall,
we concluded that the expression profile of the GM-CSF-
positive captured T cells matches well with the profile of
independently characterized human GM-CSF-positive T cells.

3.3. GM-CSF-Positive CD4 T Cell Transcript Signatures and
Chromatin Accessibility Are Associated with Autoimmune
Diseases, Especially MS. Next, we asked whether the gene
expression pattern of GM-CSF-positive cells was enriched
for any diseases by exploring the Open Targets Platform
[68]. We ranked the detected genes based on their differential
expression in GM-CSF-positive versus negative cells using
the —log,, (FDR) x sign (log, (fold change)) function for
ranking and calculated enrichment scores for diseases.
Indeed, among the few significantly enriched diseases
(FDR < 0.05), the autoimmune diseases MS and rheumatoid
arthritis were represented (Figure 5(a)). Notably, for both
diseases, GM-CSF targeting is in clinical trials [16], support-
ing the relevance of our data. The data also showed enrich-
ment for several other diseases related to the immune
system, infection, or metabolism, although it should be noted
that some of these disease gene sets contained only few ele-
ments (genes) and may thus be less relevant than MS or rheu-
matoid arthritis, which comprised a large number of genes
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(Figure 5(a) and Supplementary Table SI1A). When
performing the same enrichment analysis for the ranked
gene list from memory versus naive CD4 T cells, a large
number of diseases were significantly enriched including
many diseases involving the immune system, as expected
(Supplementary Table S1B).

Due to the relevance of GM-CSF-positive T cells in
MS, we studied in more detail whether DEGs identified
in GM-CSE-positive cells displayed altered expression in
MS patients’ T cell samples. T cells recognizing peptides
derived from myelin proteins as autoantigen and being
activated and migrating to the CNS are thought to be cru-
cial mediators of inflammation in MS [69]. Cao and col-
leagues have performed RNA-seq of expanded CD4 T
cells derived from MS patients and healthy controls, with
two subsets of samples each containing those autoreactive
to antigenic peptides derived from myelin (tetramer-posi-
tive) versus tetramer-negative T cells [26]. The authors
discovered that myelin-reactive T cells from patients with
MS displayed strongly enhanced production of IFN-y,
IL-17, and GM-CSF compared to those isolated from
healthy controls, which instead secreted more anti-
inflammatory IL-10 [26]. We studied whether these cells
would also display altered expression of the genes we
defined as signature genes of GM-CSF-positive cells.
Indeed, a subset of these genes was down- and another
subset was upregulated in myelin-reactive T cells from
MS patients (Figure 5(b)), potentially identifying genes rel-
evant to the disease pathogenesis. Here, the T cells dis-
played detectable CSF2 mRNA encoding for GM-CSF,
perhaps due to the in vitro stimulation and expansion of
these T cells. Remarkably, only myelin-reactive cells from
MS patients expressed high levels of CSF2 (Figure 5(b)).
Interestingly, this CSF2 expression pattern strongly resem-
bled the expression patterns of several of the GM-CSF-
positive T cell signature DEGs defined here, namely,
DUSP5, ILIRI, KDM6B, EGRI, and EGR2 (Figure 5(b)),
which may be interesting candidates to explore in the
future regarding their role in GM-CSF-positive T cells
and MS. While this analysis confirmed the relevance of
the GM-CSF-positive T cells RNA-seq data in MS, we
next analyzed whether also the ATAC-seq data could
reveal information on those DNA regions most relevant
for GM-CSEF-positive T cells in the context of MS. To do
so, we asked whether the peaks called from our ATAC-
seq analysis contained any SNPs associated with MS.
Interrogating a list of non-MHC MS susceptibility variants
comprising 110 established risk variants from the Interna-
tional Multiple Sclerosis Genetics Consortium [70, 71], we
identified two SNPs mapping to the accessible DNA peaks
(considering all consensus peaks) from our study. These
SNPs were assigned to the protein-coding genes Regulator
Of G Protein Signaling 1 (RGSI) and Engulfment And Cell
Motility 1 (ELMOI) genes (Figure 5(c)). Importantly, the
regions containing these SNPs were significantly differen-
tially accessible (FDR < 0.05) in GM-CSF-positive versus
GM-CSF-negative cells (Figure 5(c)), suggesting a putative
role of these regions in T cell-mediated MS pathogenesis.
It is tempting to speculate that the epigenetic signature
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F1GURE 6: Enrichment of ATAC-seq peaks in regions representing certain genomic features and relationship of ATAC-seq and RNA-seq data.
(a) The enrichment of ATAC-seq consensus peaks in different types of genomic regions is shown with bars representing the enrichment
significance x direction of enrichment (—In (Pvalue) x sign (enrichment)). (b, ¢) Genes that were detected on the RNA-seq level and were
also assigned to ATAC-seq peaks were ranked using the -log,,(FDR) x sign (log, (fold change)) function based on both RNA-seq and
ATAC-seq (using values of the assigned peaks) within a given cell type comparison ((b) GM-CSF+ vs. GM-CSF—; (c) memory vs. naive).
The ranks of genes using ATAC-seq vs. RNA-seq for ranking are visualized for both cell type comparisons; lines indicate FDR cutoff 0.05
in the respective comparison. P value represents the probability of observing this or more directional agreement between the two data
types by chance, using only genes significantly differential (FDR < 0.05) in both data types. P values were calculated by Fisher’s exact test
with Monte Carlo simulation. (d, e) Dot plot representation as in (b, ¢), but using log, (fold change) for ranking and visualizing only
(assigned) genes that are significantly differential in both data types.

defined here may be useful as a surrogate signature to [72, 73] and the instability of CSF2 mRNA leading to fail-
define GM-CSF-producing cells, especially in the context  ure to detect GM-CSF-producing cells based on CSF2
of recently available single-cell ATAC-seq methodologies = mRNA expression in single-cell RNA-seq studies [61].



Journal of Immunology Research

GM-CSF+/GM-CSF-

TF Peak ranks NES
YY1 | I J 2.25
SATB1 [ S e m e e 224
ZNF333 W - R 2.16
MEIS1 " ' 1.97
MEF2D *'- o 1.95
EGR2 - 1.86
TEF [ — e 1.84
TAF1 - 1.80
MEF2C " - - 180
SP2 L__._, e s - —y 1.67
ARNTL | T B e e 165
USE2 M= - e e sy 1.62
ZNF35 — Tttt s 161
SPIBb—— 13
GABPA ™ cemm————— 151
E2F3 1.49
SP3 1.46
CEBPD 1.33

T T T
0 10000 20000 30000

(a)

P value
2.9e-07
6.1e-07
1.1e-05
2.3e-04
5.1e-04
1.9e-03
3.6e-04
2.4e-04
3.5e-03
2.9¢-05
2.8e-03
5.3e-04
5.8e-04
8.4e-07
1.5e-05
8.4e-07
2.2e-03
8.3e-04

GM-CSF+/GM-CSF-

SATBI

USE2 T

SP3 T

MEF2D Y

ARNTL
E2F3
GABPA ]

1
ZNE333 I

|

——

]

]:I

TAF1 7]
]
]

TEF
EGR2
ZNF35
CEBPD
MEF2C
SPIB
MEIS1

OO

FDR
4.4e-05
4.4e-05
4.6e-04
5.5e-03
9.2e-03
2.7e-02
7.5e-03
5.5e-03
4.0e-02
8.6e-04
3.5e-02
9.2e-03
9.3e-03
4.4e-05
5.2e-04
4.4e-05
2.9e-02
1.2e-02

TF

CTCF "~

E2F3
SP3

HSF4 "
ETS2 ™
ZBTB44 =~

SPIB

HIFIA =~

ETS1

EP300 -

TAF1

FLI1 ©

MTF1
ARNTL
IK

EGR1 "~
SPI1 "
GABPA 7
ELF1 "7~
TCF3 """ "
LEF1

USE2

ELK1 ™"

MYC

Ficure 7: Continued.

Memory/naive
Peak ranks NES P value
1.82 1.0e-03
o —— -1.51 1.1e-04
e~ 2152 4.9e-03
T -155 4.4e-03
-1l 5.3e-03
1167 5.56-03
— - =173 1.8e-07
-1.73 3.9e-03
-1.75 4.5e-03
o -1.76 3.2e-04
-1.78 1.8e-03
- -1.78 7.8e-04
- -1.80 7.0e-04
o -1.82 1.1e-03
o -1.86 1.0e-03
o -1.88 8.9e-06
- -1.90 6.7e-06
" -1.90 1.8e-07
- —  -194 1.3e-06
v -1.94 7.7e-05
v -1.94 7.7e-05
-~ -1.99 7.6e-06
- T -1.99 1.9e-07
. . —— =205 1.5e-05
10000 20000 30000
(b)
Memory/naive
]
]
T ]
\ |
AY ]
1
I
Al
)
]
|
]
]
1]
O
T T T T T T 1
0 2 4 6 8 10 12

FDR
1.2e-02
2.0e-03
4.2e-02
4.0e-02
4.3e-02
4.3e-02
1.2e-05
3.9e-02
4.0e-02
5.0e-03
1.9e-02
1.0e-02
1.0e-02
1.2e-02
1.2e-02
2.4e-04
2.4e-04

1.2e-05
6.2e-05

1.4e-03
1.4e-03
2.4e-04
1.2e-05
3.5e-04

17



18

20 A

15 +

10 4

-log10 (FDR)

£GR2

04 : W .

-2 0 2 4
log2 (GMCSF+/GMCSE-)

(e)

Journal of Immunology Research

250 4
2001
=
a
= 150 4
=
2 100 -
|
50 - s s
o
o W
T T T T
-5 0 5 10
log2 (memory/naive)
®

FiGure 7: Identification of key TFs with global regulatory effect. (a, b) Rank-based enrichment analysis of TF binding motifs in footprints
within peaks that were ranked based on differential accessibility using the -log;,(FDR) x sign (log, (fold change)) function. The analysis
was performed separately for the GM-CSF+/GM-CSF- and memory/naive cell comparison ((a) and (b), respectively). NES: normalized
enrichment score. (c, d) Average expression levels of identified key TFs for both cell comparisons are shown as log (count per million reads
). To indicate the relative expression level of these TFs (bars) in view of the spectrum of lowly and highly expressed genes, the scaled
kernel density estimate is shown based on the distribution of the average expression of all genes. (e, f) Volcano plots show the differential
expression (effect size vs. significance) of the TFs identified as key regulators in each of the cell type comparisons (GM-CSF+/GM-CSF-
and memory/naive cell comparison; (e) and (f)). Key TFs are indicated as black dots, and those which are DEGs are labeled with their

gene symbol.

3.4. Relationship of Differential Gene Expression and
Chromatin Accessibility. Since chromatin accessibility can
directly affect gene expression, we next combined the
ATAC-seq and RNA-seq data, aiming to identify TFs that
may bind to open chromatin regions and hence affect the
expression of their target genes. The methods for calling con-
sensus peaks are not trivial. Therefore, we first confirmed
that the genes assigned to the consensus peaks defined in this
study were enriched for several pathways involved in
immune regulation including T cell receptor signaling and
Th subset differentiation, as well as for immune-related dis-
eases including MS, RA, and other autoimmune diseases
(Supplementary Table S2A, B). Furthermore, the
distribution of the consensus peaks (open chromatin
regions) defined in our data showed an enrichment for
being located in CpG islands, promoters, 5' UTRs, exons,
and protein-coding regions (Figure 6(a)), suggesting that
the ATAC-seq data generated here should be well suited to
identify TF binding and the expression of corresponding
target genes. We first studied the relationship of RNA and
chromatin data on a global level: We considered the genes
that were both detected on the RNA level and also had an
ATAC-seq peak assigned to them. We ranked these genes
using the -log,, (FDR) x sign (log, (fold change)) function
separately for the RNA-seq and ATAC-seq data. Next, we
visualized the correlation between these two ranks for each
contrast (Figures 6(b) and 6(c)). Considering only the genes
significantly changing (FDR <0.05) in the given contrast
and assigning them to up- and downregulated categories,
we detected more than random coincidence in the direction
of the change between the RNA-seq and ATAC-seq data
(using Fisher’s exact test with Monte Carlo simulation;
Figures 6(b) and 6(c)). Increased openness of the chromatin
was associated with increased expression of the corresponding
gene’s RNA for the majority of genes. Less accessible
chromatin also coincided with low expression of the

corresponding gene in many cases, although a substantial
fraction of lowly accessible regions also displayed high
expression of the corresponding gene (Figures 6(d) and 6(e)).

3.5. Identification of Key TFs Linked to the Signatures of GM-
CSF-Positive and Memory CD4 T Cells. To identify potential
TFs that may establish the gene signatures of GM-CSE-
positive (versus GM-CSF-negative) and memory (versus
naive) CD4 T cells, we scanned the consensus peaks for foot-
prints, and subsequently, we scanned the identified foot-
prints for TF binding motifs. For motif scanning, we used
the TRANSFAC database [47] that contains experimentally
validated binding sites, consensus binding sequences (posi-
tional weight matrices), and regulated genes of eukaryotic
TFs. Confirming the methodology used to identify footprints,
they were enriched on the expected ends of the ranked peak
lists for the corresponding cell type comparisons (Supple-
mentary Figure S5). Next, we defined the TFs whose
binding sites were most enriched in peaks of GM-CSF-
positive or memory cells (ranked based on differential
accessibility) and identified about 20 TFs each that passed
the significance threshold (FDR < 0.05) for enrichment
(Figures 7(a) and 7(b)). These lists contained several TFs
with a well-known role in T cells, such as SATB1, YY1,
ETS, and EGR family TFs, among other factors with a less
defined role. Notably, there was only little overlap between
the key TFs in GM-CSF-positive and memory cells,
suggesting that our strategy may have identified key factors
to specifically define the GM-CSF-positive T cell
phenotype. The majority of these TFs were highly expressed
on the RNA level (Figures 7(c) and 7(d)), falling within the
class of highly expressed genes (HEGs) that were suggested
to be more likely to be functional than lowly expressed genes
[50]. Interestingly however, most of these TFs were not
differentially expressed themselves in the cell population
comparisons under study (Figures 7(e) and 7(f)), suggesting
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that they may be regulated on posttranscriptional levels such
as protein phosphorylation and intracellular localization
which is well known for many TFs. Hence, with a strategy
exploring solely the transcriptome (or even proteome)
without integrating ATAC-seq data, several key TFs would
likely be missed, while our integrative strategy combining
RNA-seq and ATAC-seq data successfully identified such
TFs from limited amounts of primary human T cells.

3.6. Integration of RNA-Seq and ATAC-Seq Data Identifies
Gene Regulatory Networks of GM-CSF-Positive and Memory
CD4 T Cells. Having identified key TFs in GM-CSEF-positive
and memory CD4 T cells, we were interested whether these
factors regulated certain groups of target genes and whether
several TFs may act together in a concerted fashion. Some
TFs regulated a large number of target genes, and clusters
of TFs were grouping together (Supplementary Figure S6A,
B). Exploring the cobinding between TFs in more detail
showed that certain groups of TFs bound together to the
same targets (Supplementary Figure S6C, D). These
included the TCF3:LEF1 pair that was always cobinding the
same regions, as evident from the memory/naive CD4 T
cell contrast (Supplementary Figure S6B, D). TCF/LEF
family proteins act downstream of the Wnt pathway, and it
is well known that they often display overlapping
expression patterns and functional redundancy [74]. In
accordance with our data on human memory and naive
CD4 T cells, binding motifs for TCF family members were
recently also determined to be depleted in murine memory
CD8 T cells as well as human memory CD4 T cells using
ATAC-seq [35, 39].

Finally, by connecting the TFs to the genes assigned to
their target regions, we generated a directed gene regulatory
network representing GM-CSF-positive (versus negative)
and memory (versus naive) CD4 T cells, respectively
(Figure 8). The source nodes were represented by the key
TFs as selected above (key TFs from Figures 7(a) and 7(b)),
and target nodes were selected when the region was either
differentially accessible and/or the mRNA of the assigned
gene was differentially expressed in the respective cell popu-
lation comparisons. Both the GM-CSF and the memory com-
parisons led to similarly sized networks; however, only some
of the target and source nodes were shared between both net-
works (Figures 8(a)-8(d)).

To quantify the importance of the source nodes in each
individual network and to enable comparison of importance
between both networks, we calculated scores based on the
PageRank algorithm [51]. To do such a calculation on a net-
work where the outgoing edges from a TF reflect its impor-
tance, rather than the incoming edges like in the original
application of the algorithm, the edges in our networks were
inverted (solely for the purpose of calculating the PageRank
values). The obtained PageRank values give information on
the importance of a node based on the number of other nodes
it influences (directly or indirectly). Some of the key TFs that
were shared between both networks also had a relatively high
PageRank in both networks, such as the TFs E2F3, SPIB, and
GABPA (Figures 8(a)-8(d)), and may be general regulators
of T cell activation or differentiation. Importantly, we also
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identified key TFs with a relatively high PageRank in the
GM-CSF T cell regulatory network whose PageRank value
in the memory/naive network was 0. These TFs, namely,
ZNF35, SP2, SATBI, YY1, TEF, and ZNF333, may, thus, be
novel regulators specifically controlling the molecular signa-
tures of GM-CSF-positive CD4 T cells (Figures 8(a)-8(d)).

4. Conclusions and Future Perspectives

In summary, we here provide interpreted high-quality novel
RNA-seq and ATAC-seq data from primary human CD4 T
cells, with a focus on GM-CSE-positive cells that are known
to play an important role in the autoimmune disease MS.
We provide a network of key TFs and their targets represent-
ing GM-CSF-positive cells and memory CD4 T cells. To our
knowledge, this is the first study providing signatures of GM-
CSF-secreting cells isolated by capture assay without restim-
ulation, which are likely as similar as currently possible to the
state in vivo in humans. Recently, others have used a similar
approach, capturing IFN-y, IL-17, and IFN-y/IL-17 double-
positive cells from human donors by cell sorting [75].
Although the authors used restimulation with PMA and
ionomycin for 3 hours, the data are especially interesting as
they include samples from MS patients [75]. The authors
studied only a limited set of 418 genes in the captured IFN-
y- and IL-17-secreting cells, and unfortunately, they did not
include GM-CSF-producing cells, while the methods
employed in the present work enable genome-wide studies
of DNA accessibility and RNA expression patterns in these
cells. Nevertheless, the authors obtained important results
on the transcriptional signatures of IFN-y- and IL-17-
secreting cells in MS patients, including genes distinguishing
clinically stable versus active MS patients. This raises inter-
esting prospects for studying GM-CSF-positive cells specifi-
cally from MS patients as well by the methods and
comparing to the data resource provided here. This may have
important clinical implications given the likely important
contribution of GM-CSF-positive CD4 T cells to MS. Future
work should also address what distinguishes patterns and
contributions of GM-CSF versus IFN-y- and IL-17-
producing T cells, as well as those coproducing GM-CSF
and IFN-y, particularly in MS patients, and ideally even from
the affected tissue such as cerebrospinal fluid. However, this
is technically challenging due to limitations in the amount
of sample. Furthermore, analysis of cytokine producing cells,
unfortunately, usually requires artificial restimulation or
lengthy cell isolation procedures that may affect the gene sig-
nature drastically. Even in our dataset where we avoided arti-
ficial restimulation with PMA and ionomycin,
dimensionality reduction analysis revealed that the capture
assay and column procedure by itself had an effect on the
transcriptome, as GM-CSF-positive and negative cells
appeared more similar to each other than the GM-CSF-
negative cells were to bulk CD4 T cells (which should largely
overlap and which also underwent a negative selection for
CD4 T cell isolation). On the contrary, ATAC-seq data
seemed more robust against such effects, suggesting that the
epigenetic signature may be especially suited to reflect
in vivo patterns less influenced by procedures related to cell



20 Journal of Immunology Research

E253
o 9 — ROO,  SPIB
Q90 GABPA I
o8 o SSPCETTRE  Ines p—
e © 08_) SP3
St ) NNees USF2 [l
526 O ERSt R 4 EGRI |
e oM %O Se NS HSF4
et © : iSe ELK1
% g%% NS sP2
OOUE SATB! [l
TAF1 |
MTF1
ZBTB44
ARNTL
ELF1
YY1
SPI1
TEF |J
ZNF333 |

T
O
(=]

0.10
0.12 -

T
©
<
S

0.00 ~
0.02
0.04

S
PageRank

(®)

£2F>
spi;
GABPA [
ZNF35

sP3
USE2 |l
EGRI
HSF4 [
ELK1

SP2
SATBI
TAF1
MTF! [l
zBTB44 [l
ARNTL ||

ELF1 |l
YY1

spil i
TEF
ZNF333

0.00
0.02
0.04
0.06
0.08
0.10
0.12 -

PageRank

O] (d)

FIGURE 8: Gene regulatory network of GM-CSF+/GM-CSF— or memory/naive CD4 T cells. (a, b) Gene regulatory network reflecting the
signatures of GM-CSF-positive versus GM-CSF-negative CD4 T cells. (a) A directed network representing binding from source TFs to
target peaks assigned to the indicated gene is shown. Source nodes were selected as described (Figure 7, key TFs), and target nodes were
selected to be either differentially accessible (as a peak assigned to the respective node gene) and/or to be differentially expressed on the
mRNA level in the GM-CSF+/GM-CSF- contrast. To calculate the PageRank [51] as a measure of importance of the TFs (with TFs
influencing more genes being more important), the edges were first inverted (not displayed), and the computed PageRank value is
represented by the color scale (light to dark green for lower to higher PageRank). (b) Those TFs having a PageRank value higher than the

99-percentile in either the GM-CSF and/or the memory cell network and their corresponding PageRank value in the GM-CSF network are
displayed. (c, d) Same as (a, b), but for the memory/naive CD4 T cell contrast.
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sample preparation. Hence, studies on cytokine-producing
Th subsets from MS patients should in the future be extended
to ATAC-seq and to the GM-CSF-producing Th subset.
Interestingly, recent ATAC-seq data from murine GM-CSF
versus IFN-y- and IL-17-producing T cells upon in vitro
stimulation suggests that while all subsets showed distinct
epigenetic profiles, GM-CSF-producing cells were more
related to IFN-y- than to IL-17-producing T cells [10]. With
an elegant fate mapping system, that study [10] could also
demonstrate that murine GM-CSF-producing T cells display
a stable epigenetic imprint. While such fate mapping studies
are not possible with human cells, our study provides data
from ex vivo-isolated human cells that may be most rele-
vant for human diseases and it is tempting to speculate
that such epigenetic signatures could be reflected in T cells
isolated from MS patients. Together, our data on naive,
memory, and GM-CSF-positive CD4 T cells (and corre-
sponding controls) can be exploited for a multitude of
future studies for basic and translational immunology con-
cerning autoimmune diseases. Beyond that, the results
may have important implications for other diseases with
involvement of GM-CSF-producing cells, such as sepsis
and COVID-19. Further, our data can be a testbed for bio-
informatics method development for the integration of
RNA-seq and ATAC-seq data from the same samples,
which may help understanding the basic principles of gene
regulation in primary eukaryotic cells.
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Purpose. To investigate the effect of hypoxia on chemoresistance and the underlying mechanism in bladder cancer cells.
Methods. BIU-87 bladder cancer cell line was treated with cisplatin under hypoxic and normoxic conditions and tested
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, flow cytometry, and Western blotting. All
the data were expressed as mean + standard error from three independent experiments and analyzed by multiple ¢-tests.
Results. Apoptosis of bladder cancer cells caused by cisplatin was attenuated in hypoxic conditions. Hypoxia enhanced
autophagy caused by cisplatin. The autophagy inhibitor and HIF-1a inhibitor can reverse the chemoresistance in hypoxic
condition. Apoptosis and autophagy of bladder cancer cells were downregulated by HIF-1« inhibitor YC-1. Hypoxia-induced
autophagy enhanced chemoresistance to cisplatin via the HIF-1 signaling pathway. Conclusion. Resistance to cisplatin in BIU-87
bladder cancer cells under hypoxic conditions can be explained by activation of autophagy, which is regulated by HIF-1a-
associated signaling pathways. The hypoxia—autophagy pathway may be a target for improving the efficacy of cisplatin

chemotherapy in bladder cancer.

1. Introduction

Bladder cancer is the second most common genitourinary
tumor and the fifth most common cause of cancer-related
deaths in men in western countries [1]. Platinum-based sys-
temic chemotherapy is important in the treatment of bladder
cancer [2]. However, the general outcome is still unsatisfac-
tory. Drug resistance continues to be a pivotal obstacle that
limits the ideal therapeutic effects in patients with bladder
cancer. In recent decades, much work has been done to atten-
uate the drug resistance and develop novel treatments that
are less susceptible to resistance [3]. The mechanism for drug
resistance can be ascribed to various factors, including
altered drug sites, more effective DNA repair mechanisms,
drug efflux and metabolism, pharmacokinetics, tumor
microenvironment, and stress-induced genetic or epigenetic

alterations in response to drug exposure [4]. Among the
above reasons, hypoxic tumor microenvironment has to be
taken into consideration. Carcinogenesis is closely related
to the hypoxic environment within tumor tissues. Hypoxia-
inducible factor- (HIF-) 1a, the most elevated protein stimu-
lated by lack of oxygen, is widely expressed in tissues and
cells [5]. According to recent literature, chemoresistance is
largely due to expression and activation of HIF-1a [6].
Autophagy occurs extensively in eukaryotes and is an
evolutionarily conserved process in which intracellular
proteins and organelles are sequestered in autophagosomes,
which are specialized double-membrane-containing vacuoles
[7]. Through autophagy, tumors can counteract different
kinds of adverse conditions, including hypoxia [8]. Under
starvation or hypoxic conditions, cells are capable of
eliminating excessive proteins and organelles, which may
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maintain homeostasis and facilitate cycling and reutilization
of amino acids. It has been proved that HIF-1« has an inti-
mate relationship with intracellular autophagy caused by a
shortage of oxygen. HIF-1a can regulate hypoxia-induced
autophagy by manipulating expression of downstream
targeting genes BNIP3 and BNIP3L, inducing autophagy by
interfering with the interaction between Beclin-1, Bcl-2, and
BCL-XL [9, 10].

Bladder urothelial carcinoma is an active metabolic
tumor with a higher oxygen consumption than healthy tissue
has. As a result, the tumor tissue is partially in a hypoxic envi-
ronment. However, little work has been performed on the
relationship between chemoresistance and hypoxia in blad-
der cancer. Here, we investigated the influence of low oxygen
microenvironment on chemoresistance to cisplatin in blad-
der cancer cells and tried to explain the underlying mecha-
nism. This study is aimed at revealing how hypoxia and
autophagy interact with each other to mediate cisplatin resis-
tance in bladder cancer cells.

2. Materials and Methods

2.1. Cell Culture. The BIU-87 bladder cancer cell line was
purchased from Kunming Cell Bank, Chinese Academy of
Sciences. BIU-87 cells were initially cultured in RPMI 1640
medium (Gibco, CA, USA) and incubated with 10% fetal
bovine serum (Cyclones, Logan, UT, USA) and penicillin/
streptomycin (Gibco) at 37°C in 5% CO, atmosphere.

2.2. Ethics Statement. Human tissues and samples were not
required in this study. All work presented has been per-
formed in well-established, commercially available cell lines.

2.3. Treatment of Cells. BIU-87 cells were treated with differ-
ent concentrations of cisplatin (Sigma-Aldrich, St. Louis,
MO, USA) for hours or days to perform the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
These cells were grown in 20% or 1% O, and 5% CO, atmo-
sphere, respectively. To observe the effect of 3-methyladenine
(3-MA; Selleck Chemicals, Houston, TX, USA) or lificiguat
(YC-1; Selleck Chemicals), BIU-87 cells were first cultured
in 96-well or 6-well plates for 24h and then cisplatin and
inhibitors were added for a further 24 h. These cells were cul-
tured in 20% or 1% O, and 5% CO, atmosphere in hypoxic
incubator (Thermo Fisher 3111). Samples were collected
and analyzed by Western blotting, as described below.

2.4. MTT Assay. Cell viability after treatment was investi-
gated by MTT assay. Cells (5000/well, 100 4l medium) were
cultured in a 96-well plate (Corning, Corning, NY, USA),
and after treatment, 20yl MTT was added (5mg/mL in
PBS) and incubated for 4 h at 37°C. We removed the medium
and MTT solution, added 100 pl dimethyl sulfoxide (Sigma-
Aldrich), and measured at 490 nm by ELISA Plate Readers
(BioTek, Winooski, VT, USA).

2.5. Flow Cytometry. Cells after treatment were collected and
washed in PBS 3 times. They were resuspended in loading
buffer (Sangon Biotech, Shanghai, China) to 2x 105 to
5x 105 cells/mL. For apoptosis and autophagy analysis,
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Annexin V-FITC/PI kit (Sangon Biotech) and monodansyl-
cadaverine (MDC) kit (Beijing Solarbio Science & Technol-
ogy Co. Ltd., Beijing, China) were utilized, respectively. BD
FACSCanto™ 1II system (BD Biosciences, San Jose, CA,
USA) was utilized to detect cell surface markers. All the
results were analyzed by the FlowJo software.

2.6. MDC Fluorescence Staining. BIU-87 cells grown on
coverslips were used for MDC fluorescence staining. The
cells were cultured in 20% or 1% O, and 5% CO, atmosphere.
Coverslips were soaked in 75% ethanol overnight and washed
in PBS (Sangon Biotech) 3 times. The coverslips were put in
6-well plates (Corning), and cell suspension was added. One
day later, we added cisplatin and inhibitors to the cells for a
further day and removed the coverslips with the cells and
washed in PBS 3 times. Cells were fixed with 4% paraformal-
dehyde (Sangon Biotech) for 30 min at room temperature
and washed in PBS 3 times. The cells were incubated with
10% MDC for 30 min and washed in PBS 3 times. All the
images were photographed by Leica DM4000B microscope
(Leica, IL, USA).

2.7. Western Blotting. Cells were lysed in RIPA buffer (Beyo-
time Biotechnology, Shanghai, China) containing protease
and phosphatase inhibitor cocktails (Thermo Fisher Scien-
tific, Waltham, MA, USA). The protein concentration of
the samples was quantified by the BCA assay kit (Beyotime
Biotechnology), and equal amounts of protein were loaded
on 10% SDS-PAGE and transferred to polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA). The
membranes were blocked with 5% nonfat milk for 1h and
incubated with primary antibody overnight at 4°C. The
following primary antibodies were used to detect proteins:
rabbit anti-Beclin-1 polyclonal antibody (1:500; Affinity,
Canal Fulton, OH, USA), rabbit anti-ATG 5 polyclonal
antibody (1:500, Affinity, OH, USA), mouse anti-HIF-1A
monoclonal antibody (1:500; Affinity), and rabbit anti-
caspase-3 polyclonal antibody (1:500; Proteintech, Wuhan,
China). The membranes were incubated with a goat anti-
rabbit IgG conjugated to horseradish peroxidase (1:1000;
Beyotime) or a goat anti-mouse IgG conjugated to horserad-
ish peroxidase (1:1000; Beyotime) for 1h. Incubation with a
mouse anti-B-actin monoclonal antibody (1:1000; Abcam,
Cambridge, UK) was performed as the loading sample con-
trol. The blots were detected using Clarity MAX™ Western
ECL Substrate (BioRad, Hercules, CA, USA) by ChemiDoc™
XRS+ System (BioRad).

2.8. Statistical Analysis. All the data were expressed as
mean + standard error from three independent experiments
and analyzed by multiple t-tests. Data were graphically
displayed using GraphPad Prism version 6.0 (GraphPad
Software, La Jolla, CA, USA). A p value <0.05 was considered
statistically significant for all the analyses.

3. Results

3.1. Hypoxia Induced Chemoresistance in BIU-87 Bladder
Cancer Cells. Resistance to chemotherapeutic agents is a
pivotal obstacle that is encountered in the chemotherapy of
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Ficure 1: Hypoxia reduced chemosensitivity of bladder cancer cells to cisplatin. (a) Viability of bladder cancer cells was measured after
treatment with graded concentrations of cisplatin at 12, 24, and 48 h. (b) Cell viability was further observed after treatment with 2.5 and
5.0 um cisplatin under normoxia. (c) BIU-87 cancer cells were cultured under hypoxic conditions with different concentrations of cisplatin
for 12, 24, and 48 h. (d) Viability of cells incubated with cisplatin was reversed under hypoxia compared with that under normoxia.

urological tumors [11]. To explore the exact mechanisms
behind this resistance, we designed experiments to observe
the difference in cell growth in normoxic and hypoxic condi-
tions, which were defined as 5% CO, with 20% O, and 5%
CO, with 1% O,, respectively. BIU-87 cancer cells were
maintained in complete medium under normoxia and hyp-
oxia and incubated with graded concentrations of cisplatin.
At 12h, the cell proliferation rate was decreased by cisplatin,
but the trend was not apparent with the increase in drug
concentration. At 24 and 48h, the cell inhibition rate was
increased in a dose-dependent manner after cisplatin treat-
ment. The trend became more evident at concentrations
above 5uM cisplatin and influencing cell proliferation
(Figure 1(a)). Due to the significant change in inhibition
rates, the concentration refinement experiments at 2.5 uM
and 5uM were further performed. The inhibition rates of
BIU-87 cells were similar between 2.5 and 5uM cisplatin
(Figure 1(b)). Therefore, 2.5 M was selected for the next
experiment.

The inhibition rate of cisplatin fluctuated about 20%
with increase in concentration when BIU-87 cells were
cultured under hypoxic conditions (Figure 1(c)). However,

little changes at 100 uM concentration and irregular changes
at 12 h were observed simultaneously. With the same concen-
tration of cisplatin, the inhibition rate of BIU-87 cells under
hypoxia was significantly downregulated compared with that
under normoxia (Figure 1(d)), indicating that cisplatin resis-
tance may have been induced by hypoxia in BIU-87 cells.

3.2. Flow Cytometry Verified Chemoresistance of BIU-87 Cells
to Cisplatin. Cisplatin-induced death in bladder cancer cells
involves multiple signaling pathways. Among these path-
ways, mitochondrial apoptosis plays a central role. The
MTT assay inferred that chemotherapeutic agents and hyp-
oxia have definite effects on the viability of BIU-87 cells. To
elucidate the cause of this phenomenon, we investigated the
effects of drugs on apoptosis. Flow cytometry demonstrated
that apoptosis rate was significantly increased (16.2-31.3%
at 24h to 9-14.6% at 48h) with increase of drug concen-
tration under normoxia. In contrast, the apoptosis rate
increased slightly with increase of drug concentration
(36-46.7% at 24h to 32.6-34.2% at 48h) under hypoxia.
After 48h treatment, the apoptosis rate was not signifi-
cantly different from that under normoxia. After treatment
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FiGure 2: Effects of cisplatin on apoptosis of bladder cancer cells under normoxic and hypoxic conditions. (a, ¢) Under normoxia, the
apoptosis rate was significantly increased with increase of drug concentration, from 16.2% to 31.3% at 24h and 9% to 14.6% at 48 h.
(b, d) Under hypoxia, the apoptosis rate was slightly increased with increase of drug concentration, from 36% to 46.7% at 24h and

32.6% to 34.2% at 48h.

with 2.5 uM cisplatin at 24 h, the apoptosis rate was higher
than that of control cells under normoxic conditions
(28.6% vs. 16.2%) (Figures 2(a) and 2(c)). However, a sim-
ilar change was not detected under hypoxic conditions
(36% vs. 36.7%). This suggests that drug toxicity to cancer
cells under normoxia is enhanced with increase of drug
concentration, and such an effect is impaired by hypoxia
(Figures 2(b) and 2(d)). The results at 48h may be attrib-
uted to drug deactivation at this point.

3.3. Effects of Autophagy Inhibitor and HIF-1 Inhibitor on
Chemoresistance of BIU-87 Cells under Normoxia and
Hypoxia. The above results proved that hypoxia induced
resistance to chemotherapy, and apoptosis was related to this

procedure. It is reported that cancer cells make themselves
more adaptive through autophagy in adverse conditions.
Therefore, we hypothesized that autophagy played an essen-
tial role in this process. To test this hypothesis, we inhibited
autophagy by 3-MA and HIF-1 by YC-1 under hypoxic and
normoxic conditions. According to the MTT assay, after
incubation with 3-MA and HIF-1« inhibitor YC-1, cisplatin
cytotoxicity was strengthened with increased concentration
of 3-MA and YC-1 (Figures 3(a) and 3(b)). We chose 5mM
3-MA and 100 ym YC-1 for the following experiments.

In order to investigate the effect of 3-MA and YC-1, we
examined the expression of HIF-1a by gqRT-PCR. The results
showed that under hypoxia, 5mM 3-MA and 100 ym YC-1
could inhibit the expression of HIF-1« effectively in BIU-87
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Fi1GuURek 3: Effect of autophagy inhibitor and HIF-1 inhibitor on BIU-87 bladder cancer cell chemoresistance under hypoxia and normoxia.
(a) Under normoxic and hypoxic, toxicity of cisplatin in BIU-87 cells was increased with the increased concentration of 3-MA. (b) Under
normoxic and hypoxic, toxicity of cisplatin in BIU-87 cells was increased with increased concentration of YC-1. (c) The relative expression
of HIF-1 in BIU-87 cells treated with 100 uM YC-1. (d) Under normoxic and hypoxic conditions, viability of BIU-87 cells was observed in
different groups.

cells (Figure 3(c)). Under normoxic conditions, inhibition of  cisplatin. To verify the above assumption, we continued the
the autophagy pathway could decrease cell activity. This  relevant tests under hypoxic conditions. The trend under
environment causes autophagy and thus shows resistance to ~ hypoxia was similar to that under normoxia (Figure 3(d)).
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FIGURE 4: Autophagy analysis of BIU-87 bladder cancer cells. (a) Under normoxia, flow cytometry revealed that autophagy was not activated
in the cisplatin group (8%) compared with the control group (27.7%). (b) Under hypoxia, flow cytometry showed that autophagy was 19.4% in
the control group, significantly increased in the cisplatin group (48.1%) and downregulated after incubation with autophagy inhibitor 3-MA.

It is worth noting that this trend under hypoxia was less than
that under normoxia (relative viability of cells under nor-
moxic conditions, cisplatin: 83.9%, cisplatin+3-MA: 77.0%,
cisplatin+YC-1: 59.2%, and cisplatin+3-MA+YC-1: 31.5%;
relative viability under hypoxic conditions, cisplatin: 86.0%,
cisplatin+3-MA: 72.5%, cisplatin+YC-1: 71.0%, and cis-
platin+3-MA+YC-1: 45.2%). This result suggests that
autophagy and the HIF-1a gene are likely involved in the
hypoxic resistance to cisplatin in BIU-87 cancer cells.

3.4. Autophagy Analysis in the Drug Resistance Process. MDC
is a fluorescent compound that is incorporated into multila-
mellar bodies by an ion-trapping mechanism and interaction
with membrane lipids and is a probe for detection of autoph-
agic vacuoles in cultured cells [12]. Flow cytometry showed
that the control group had 27.7% autophagy while the
cisplatin group had only 8% under normoxic conditions,
suggesting that the cells could not undergo autophagy under
normoxic conditions to counteract drug toxicity (Figure 4(a)).
Compared with the control group (19.4%), autophagy was
increased significantly (48.1%) in the drug group and dra-
matically reduced after addition of 3-MA (11.3%). This
indicated that drug resistance of the cells in the hypoxic

environment was indeed achieved through autophagy regu-
lation (Figure 4(Db)).

The above results proved that under hypoxic conditions,
cisplatin induced autophagy in cancer cells, which was in
accordance with the results of MDC detection.

3.5. Autophagy and Apoptosis Were Involved in Chemoresistance
to Cisplatin under Hypoxic Conditions as Proved by Molecular
Tests. The MTT assay (Figure 2) showed that apoptosis was
involved in drug resistance. To confirm this, we designed
experiments to detect several major marker proteins and genes
related to the process.

Beclin-1 is used as a marker protein of cell autophagy.
Under normoxia, expression of Beclin-1 in the cisplatin
group was lower than that in the control group and similar
to that in the autophagy inhibitor group (Figure 5(a)). In
contrast, expression of Beclin-1 under hypoxia was signifi-
cantly increased after treatment with cisplatin and obviously
decreased after incubation with 3-MA. These results were
similar to those of the MTT assay and MDC test, suggesting
that hypoxia promotes autophagy, making cells more adap-
tive to chemotherapy.



Journal of Immunology Research

20% O, 1% O,
4 Beclin-1
Cisplatin - + + - + + .
3-MA - - + - - + Z 3
Q
Beclin -
in - - — =
- | B % 1 stk
e O
T £ & B & £
) 35 E o 3 E
= =
: s
M 20% O,
0 1% 0,
(@
2.0 Caspase 3
20% O, 1% O, .
‘B
Cisplatin - + - + - + - + 5
o
YC-1 - - + + - - + + o
Caspase-3 %
4
B-Actin
TE3E EEGOE
SRR
] E ¢} g
2 €
W 20% O,
O 1% 0,
(b)
20% O, 1% O, 2.0 Beclin-1
oKk
Cisplatin - + - + - + - + £15 -
iz}
YC-1 - - + + - - + + _§
. 1.0 4
i
>
Caspase-3 (P SN SRS “- Eat '5,05 s e
© 0.54 ok
. g m eskk
- ' — 0
TESE T EGOE
FEE fiws
S & 3 O3 £
5 =
Ml 20% O,
0 1%0,

(0

FiGure 5: Continued.



Journal of Immunology Research
20 - Atg5
20% O, 1% O, o
215
Cisplatin - + - + - + - + _§
YC-1 - - + + - - + + o 1.0
Atg5 A ; S =
8 .‘ “* | d ;‘2 0.5
p-actin [ - — —— 0
T S~ £ B E o8
EEENSEER!
o 3 E o) ) E
£ g
W 20% O,
O 1% 0,
(d)
20% O, 1% 0, 20 - HIF-1a
Cisplatin - + + - + + + + 215
— . - *
3-MA - - - - - + - + é
. - - - _ - _ S 1.0+
YC-1 + + + + Q .
) &
sy . — — — — —
TEEEE BEESS
ZEE2EE:E ZEE2ZEE
SEg&ssE SEEEE
g¢48¢ 289898
T T
8¢ g8
+ +
< <
= =
o e}
B 20% O,
0O 1% 0,

(e)

F1GURE 5: Expression of related marker proteins and genes under normoxic and hypoxic conditions by Western blotting. (a) Beclin-1 was
measured by immunoblotting under normoxia and hypoxia. (b) Caspase-3 was measured by immunoblotting when incubated with
HIF-1a inhibitor YC-1. The results indicate that hypoxia might induce cell chemoresistance through the HIF-la signaling pathway.
(c) Beclin-1 was measured by immunoblotting under normoxia and hypoxia. (d) Atg5 was measured by Western blotting and
showed a similar trend to caspase-3. (e) HIF-la was measured with Western blotting. The result revealed that HIF was involved in

targeting apoptosis induced by autophagy.

Under normoxia, expression of caspase-3 was downregu-
lated after treatment with YC-1 and the downward trend was
alleviated when followed by cisplatin. Under hypoxic condi-
tions, expression of caspase-3 did not change much in the
study group compared with that in the control group,
indicating that apoptosis in the two groups was similar
(Figure 5(b)). This result demonstrated that hypoxia might
induce drug resistance in cells by targeting the HIF-1a« signal-
ing pathway.

Under hypoxia, expression of Beclin-1 was significantly
upregulated after treatment with cisplatin, downregulated
by YC-1, and lowest after treatment with both agents
(Figure 5(c)). This suggests that hypoxia may cause
autophagy in cells, and decreased expression of HIF-1l«
may attenuate autophagy. This suggests that a lower oxygen
environment produces cell autoregulation by targeting
HIF-1a expression. This pathway is responsible for drug
resistance.

Atg5, a molecule involved in autophagy, is known to be
regulated via various stress-induced transcription factors

and protein kinases [13]. Expression of Atg5 was similar to
that of caspase-3 (Figure 5(d)), supporting the hypothesis at
the molecular level that hypoxic conditions may cause
autophagy in cells by targeting HIF-1a.

Based on previous results, HIF-1a has been confirmed to
be involved in this process. Consequently, it is necessary to
investigate how it changes and works. Expression of HIF-1«
could not be detected under normoxia. It was upregulated
under hypoxia, significantly downregulated after adding 3-
MA and cisplatin, and similarly reduced after adding YC-1
and cisplatin compared with that in the negative control
group (Figure 5(e)). We conclude that cisplatin may induce
apoptosis in BIU-87 cells under hypoxic conditions by target-
ing HIF-1a-mediated autophagy.

4. Discussion

Hypoxia has been proved as one of the important factors in
promoting chemoresistance of cancers cells. Autophagy has
been extensively studied as a cytoprotective mechanism
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against chemotherapy [14]. During the past decade, there has
been an increasing interest in the relationship between hyp-
oxia and autophagy [15, 16]. However, little work has been
performed on bladder cancer [17]. The present study demon-
strated that cisplatin was lethal to BIU-87 cells under
normoxic conditions, but hypoxia reversed the cytotoxicity
of chemotherapy by mediating autophagy through targeting
HIF-1a.

It has been reported that cancer cells undergo a series of
complex molecular changes that allow them to be more adap-
tive to chemotherapeutic agents [18-20]. Similar to this, our
study showed that cisplatin was less toxic to bladder cancer
cells under hypoxic compared with normoxic conditions.
One of the principal factors attributed to the difference is
HIF [21, 22]. Researches have proved that HIF-1« is involved
in hypoxia-induced chemoresistance [23-25]. Our results
supported the finding that hypoxia decreased sensitization
to cisplatin in bladder cancer cells by targeting apoptosis.
We also showed that HIF-1a was hardly expressed under
normoxia but highly upregulated under hypoxia and down-
regulated when treated with HIF inhibitor YC-1. The under-
lying mechanisms of hypoxia-induced chemoresistance are
manifold, including MDR gene expression, reduced reactive
oxygen species levels, cell cycle arrest, gene mutations, and
drug concentration decreases [26-30].

Autophagy is one of the decisive factors that assist cancer
cells to counteract various adverse conditions. Hypoxia can
activate autophagy and hypoxia-induced autophagy may
protect cells from apoptosis induced by chemotherapeutic
agents [31-34]. Consistent with the above reports, our study
demonstrated that MDC and Beclin-1 were increased under
hypoxia, and simultaneously, bladder cancer cells were less
sensitive to cisplatin. However, when incubated with 3-MA,
a popular inhibitor of autophagy that inhibits conversion of
LC3-I to LC3-II by targeting PI3K [34], hypoxia-induced
autophagy was significantly attenuated, suggesting that
autophagy induced under hypoxic conditions contributes to
chemoresistance of bladder cancer. Therefore, 3-MA can be
used to enhance apoptosis when combined with chemother-
apeutic agents under hypoxic conditions [35, 36]. When
incubated with YC-1, a typical HIF inhibitor, caspase-3 was
upregulated under hypoxic conditions, indicating that the
regulatory effect of cisplatin on apoptosis may be achieved
by targeting the HIF-1la signaling pathway. Furthermore,
expression of Beclin-1 and Atg5 showed no change under
normoxia, increased under hypoxia, and was downregulated
when treated with YC-1 sequentially, suggesting that
autophagy induced by hypoxia may be achieved by regu-
lating expression of HIF-la. Sun et al. thought HIF-1la/
MDRI1 pathway confers the chemoresistance to cisplatin
in bladder cancer [37]. Combined with our results, it indi-
cates that a variety of mechanisms are involved in the
chemoresistance of bladder cancer. Future study could
be focused on combined experiments of HIF-la/MDRI
and autophage.

It should be noted that our study examined only one
bladder cancer cell line and a single chemotherapeutic agent.
Future research should focus on multiple bladder cancer cell
lines and more chemotherapeutic drugs. Additionally, in vivo

experiments will make the results more convincing and
acceptable.

5. Conclusions

To sum up, the present study revealed that resistance to
cisplatin in BIU-87 bladder cancer cells under hypoxic condi-
tions could be explained by the activation of autophagy,
which was regulated by HIF-1la-associated signaling path-
ways. Accordingly, the hypoxia—-autophagy pathway may be
a target for improving the efficacy of cisplatin chemotherapy
in bladder cancer.
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Autoimmune diseases (such as rheumatoid arthritis, asthma, autoimmune bowel disease) are a complex disease. Improper
activation of the immune system or imbalance of immune cells can cause the immune system to transform into a
proinflammatory state, leading to autoimmune pathological damage. Recent studies have shown that autoimmune diseases are
closely related to CD4+ T helper cells (Th). The original CD4 T cells will differentiate into different T helper (Th) subgroups
after activation. According to their cytokines, the types of Th cells are different to produce lineage-specific cytokines, which play
a role in autoimmune homeostasis. When Th differentiation and its cytokines are not regulated, it will induce autoimmune
inflammation. Autoimmune bowel disease (IBD) is an autoimmune disease of unknown cause. Current research shows that its
pathogenesis is closely related to Th17 cells. This article reviews the role and plasticity of the upstream and downstream
cytokines and signaling pathways of Th17 cells in the occurrence and development of autoimmune bowel disease and

summarizes the new progress of IBD immunotherapy.

1. Introduction

Inflammatory bowel disease (IBD) is a chronic idiopathic
inflammatory disease of the digestive tract, including Crohn’s
disease (CD) and ulcerative colitis (UC). Their clinical man-
ifestations have common characteristics, such as diarrhea,
abdominal pain, and bloody stools. Ulcerative colitis is a con-
tinuous inflammation of the colonic mucosa and submucosa.
Crohn’s disease can involve the full digestive tract and is a
discontinuous full-thickness inflammation. Although the
incidence of IBD in the United States and other developed
countries is only about 1.3%, the cost to the health system
and society is also increasing [1].

At present, the pathogenic factors of IBD are mainly
attributed to the patient’s genetic susceptibility, intestinal
flora, lifestyle problems, and the patient’s immune system

[2]. The immune system, including the innate immune sys-
tem and the adaptive immune system, plays a key role in
IBD [3]. Traditionally, the pathogenesis of CD and UC is
considered to be Thl and Th2 cell-mediated, respectively;
however, with the development of immunology, more and
more Th cell subtypes have been discovered, such as Th17,
Th9, and Treg cell [4]. Among them, due to the immune
response in the intestinal mucosa and participation in auto-
immune diseases, Th17 cells have received special attention
in recent years.

T helper cell 17 (Th17) is a newly discovered subset of T
cells that can secrete interleukin 17 (IL-17). Th17 is a helper
T cell differentiated from naive T cells under the stimulation
of IL6 and IL23. It mainly secretes proinflammatory factors
such as IL17 and IL22 and plays an important role in inflam-
matory diseases. Retinoic acid orphan receptor g y(RORy) is
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preferentially expressed in Th17 cells and is essential for the
differentiation and development of Th17 cells [5]. Th17 cells
are involved in the pathogenesis of the most common auto-
immune diseases, including psoriasis, rheumatoid arthritis
(RA), inflammatory bowel disease (IBD), and multiple scle-
rosis (MS) [6, 7]. With more in-depth research on Th17 cells,
people have found that Th17 cells are at the core of autoim-
mune diseases (especially IBD). Since it was discovered in
2005, Th17 cells have been strongly associated with the path-
ogenesis of IBD [8]. Under physiological conditions, mucosal
Th17 cells regulate the integrity of the physical barrier of
epithelial cells through the chemotaxis of neutrophils and
macrophages and stimulate epithelial cells to produce anti-
microbial peptides, which play an important role in the
intestinal mucosal barrier [9]. However, under pathological
conditions, Th17 will secrete proinflammatory mediators
to aggravate disease progression and prognosis; this shows
that Th17 cells are not only related to the mucosal barrier
but also related to inflammation.

This article reviews many previous studies on Th17 and
IBD, aiming to clarify the influence of Th17 from differenti-
ation to pathogenesis on IBD and try to bring new ideas to
researchers in the immunotherapy of IBD.

2. Th17 Differentiation

The proinflammatory effect of Th17 cells in the pathogenesis
of IBD mainly depends on the imbalance of cytokine differ-
entiation in the process of differentiation. In addition, the
connection between them is based on the induction and
maintenance of Th17 cells. In view of the important connec-
tion between Th17 cells and IBD, here, it is necessary to
explain the differentiation process of Th17 (especially in the
intestinal mucosal immunity).

CD4+ T helper cells are an important part of the immune
system. After contact with activated antigen-presenting cells
(APC) and binding to Th cell histocompatibility complex
molecules, the naive CD4+ T cells turn from a resting state
to clonal expansion and are differentiated into different effec-
tor cell subtypes under the stimulation of cytokines in the
environment. Interleukin 12 (IL12) and interferon y (IFN-
y) initiate downstream signals and activate the differentiation
of Th1 cells [10]. The T-box transcription factor (T-bet) is
the main regulator of Thl differentiation [11], and mature
Th1 cells participate in the elimination of pathogens in cells
and are related to organ-specific autoimmunity [12]. IL-4 is
the lineage driving factor of Th2 cells, which is characterized
by expressing GATA3 and producing IL-4, IL-5, and IL-13.
Th2 plays an important role in the immune response of
worms, asthma, and other allergic diseases [13]. Treg cells
produce IL-10, TGF-f, and other cytokines under the stimu-
lation of TGEF-f, which play an important role in immune
regulation. The most important transcription factor for Treg
cell differentiation is FOXP3 [14]. Although Thl, Th2, and
Treg also play an important role in inflammatory bowel
disease, Th17 cells are indeed at the core of the pathogenesis
of IBD [15-17] (Figure 1).

The development of Th17 cells starts with the differenti-
ation of naive T helper cells (ThO) after receiving appropriate
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stimulation. In the differentiation process from ThO to Th17,
the corresponding cytokines play a decisive role. These cyto-
kines mainly include interleukin-23 (IL-23), interleukins-6
(IL-6), interleukin-21 (IL-21), transforming growth factor-f3
(TGF-p), and interleukin-1p [5].

IL-23 is a member of the IL-12 cytokine family. It is a het-
erodimer structure composed of IL-23’s p40 subunit (shared
with IL-12) and p19 subunit connected by disulfide bonds.
The genes encoding p40/19 subunits are located on human
chromosome 5/12; these two subunits alone are not biologi-
cally active, and only when the two are combined into a het-
erodimer can they perform corresponding functions. The
cells that produce IL-23 mainly include dendritic cells (DC
cells), macrophages, B cells, or endothelial cells [18-20].
Since the discovery of IL-23 in 2000, it has shown its charac-
teristics as an important inflammatory factor in the intestinal
tract, and more importantly, it can stimulate the differentia-
tion and proliferation of Th17 cells and participate in a wide
range of inflammatory diseases [21]. IL-23 works by binding
to its receptor (IL-23); IL-23R is also a heterodimer structure,
consisting of IL-12R 1 subunit (shared by IL-12p40 subunit)
and its own unique IL-23R subunit [22]. IL-23R via down-
stream signals Janus kinase (JAK) 2 and tyrosine kinase
(Tyk) 2 and further activates downstream effectors such as
STAT, MAPK, and PI3K signaling pathways and then
induces the production of RORC, IL-17A, and IL-23R.
Among them, IL-23R seems to stabilize RORC induction
and Th17 phenotype through a positive feedback loop [23].
In addition, the T cells of naive mice do not express IL-23R,
but can be induced by RORC. IL-23R-/- mice lose Th17 cells,
indicating that IL-23 may be necessary for the maintenance
of Th17 cells [24]. IL-23 can induce the proliferation of
Th17 cells and the production of inflammatory mediators
(such as IL-17). Currently, IL-23/Th17 axis is important for
maintaining Th17 cells, and IL-23 signaling has been shown
to significantly promote the pathogenicity of Th17 subsets in
mouse models [25, 26]. IL-23 mainly promotes the occur-
rence of IBD by inducing the proliferation of pathogenic
Th17 cells and producing IL-17 and other inflammatory fac-
tors. Studies have also shown that IL-23 induces Th17 cells to
produce INF-y and aggravates the progression of IBD [27].
In addition, IL-23 promotes the production of IBD by regu-
lating the Th17/Treg balance. In patients with IBD, the num-
ber of Treg cells in peripheral blood decreased, while the
Th17 cells increased [28, 29]. The single nucleotide polymor-
phism of the IL-23R gene in the subgroup of IBD patients
affects the susceptibility to IBD [30]. Salt concentration-
dependent SGK1 promotes IL-23R expression, promotes
the differentiation of Th17 cells, and promotes the develop-
ment of autoimmunity [31].

IL-6 is a glycoprotein composed of 184 amino acids. Its
gene has been located on chromosome 7p21 and can be syn-
thesized by a variety of cells, including monocytes, macro-
phages, lymphocytes, fibroblasts, endothelial cells, intestinal
epithelial cells (IEC), and some tumor cells [32]. The recep-
tors of IL-6 mainly include IL-6R and its soluble receptor
(sIL-6R). The IL-6/IL-6R complex activates the receptor cell
membrane transduction chain gp130. The activation of
gp130 in lymphocytes leads to the JAK/STAT3 pathway
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and initiates the antiapoptotic response through bcl-2 and
bcl-xL. IL-6R produces sIL-6R under proteolysis or splicing
and combines with IL-6 to produce an IL-6/sIL-6R complex.
The IL-6/sIL-6R complex can stimulate the expression of
only the gp130 but not IL-6R cells. In the absence of sIL-
6R, such cells will not be able to respond to the cytokine IL-
6 (known as IL-6 trans-signaling) [33, 34]. IL-6 is a pleiotro-
pic cytokine that induces the production of acute-phase pro-
teins such as CRP and serum amyloid A in the early stage of
inflammation and promotes the development of immune
cells such as Th17 cells [35]. In inflammatory bowel disease,
IL-6 produced by macrophages mediates apoptosis resistance
and abnormal accumulation of T cells in the intestinal
mucosa through its classical and trans-signals and promotes
the differentiation of Th17 cells [34, 36]. TGF-f3 and IL6 are
considered to be critical for the production of pathogenic IL-
17, but studies have shown that pathogenic Th17 cells are
mediated by IL-23, not by TGF-f and IL-6 [37]. In addition,
the IL-6 signal plays an important role in Th17/Treg differen-
tiation balance. The IL-6 signal blocks the inhibitory signal of

FoxP3 on RORyt and finally leads to the differentiation of
naive T cells to Th17 cells [38].

IL-21 is a member of the IL-2 cytokine family. The
human IL-21 gene is located at 4q26-q27. It is an important
effector cytokine in the T cell-dependent inflammatory pro-
cess. IL-21 acts on natural killer T (NKT) cells, various
CD4 T cell subsets (including Th17 cells, follicular helper T
cells (Tth)), and CD8+ T cell [39, 40]. IL-21R is a complex
composed of IL-21R subunit and y-chain (yc); IL-21R sub-
unit is located at 16p11, among which IL-21R subunit is the
ligand recognition binding site, and yc is the signal transduc-
tion unit [41, 42]. IL-21R can be expressed on a variety of
cells, including B cells, T cells, natural killer (NK) cells, and
dendritic cells (DC) [40]. After IL-21 binds to IL-21R, it
activates the JAK1/STAT3 pathway, as well as the phos-
phatidylinositol kinase (PI3K)/AKT and mitogen-activated
protein kinase (MAPK) pathways, thereby playing an impor-
tant role in mediating cell proliferation effect [43]. Many
studies have shown that IL-21 also controls the production
of Th17 cells. When IL-21 is combined with transforming



growth factor-f3, it can induce naive T cells to differentiate
into Th17 cells, accompanied by the acquired expression of
RORyt and IL-23R. IL-21 can induce Th17 cells to produce
IL-21 by themselves. The autocrine method of IL-21
amplifies the production and maintenance of Th17 cells
induced by IL-2 [44-47]. IL-21 and TGF-f synergistically
induce Th17 cells in the original IL-6-/- T cells, and IL-21
receptor-deficient T cells are defective in producing Th17
responses [44]. Although the proinflammatory effects of IL-
21 in IBD have been extensively studied, some studies have
shown that IL-21 improves DSS-induced colitis [48, 49].
The different effects of IL-21/IL-21R signals in the intestine
may be related to the type of IBD disease and different back-
grounds of experimental subjects.

Interleukin 1 beta (IL-13), also known as leukocyte pyro-
gen, is a member of the interleukin 1 cytokine family and is a
cytokine protein encoded by the IL1B gene. This cytokine is
produced by activated macrophages in the form of the origi-
nal protein, which is proteolyzed and processed into its active
form by caspase 1 (CASP1). This cytokine is an important
mediator of the inflammatory response [50, 51]. In most
inflammatory bowel diseases, IL-1f3 acts together with other
proinflammatory cytokines such as IL-6 and tumor necrosis
factor-a or IL-23 in the inflammatory process, and treatment
alone against the proinflammatory effects of IL-1 has little
effect. Under inflammatory conditions, the inflammasomes
in the intestinal mucosal macrophages are activated and fur-
ther induce the production of IL-1p. The produced IL-1p
and IL-6 and other cytokines jointly induce the production
of IL-17-Th17 cells and the differentiation of downstream T
cells that produce INF-y and aggravate intestinal inflamma-
tion [52]. In addition, IL-1f can also induce the expression
of transcription factor IRF4, which is necessary for RORyt
expression [53].

In addition, transforming growth factor 8 (TGF-f3) is also
involved in the differentiation of Th17 cells. High concentra-
tions of TGF-f inhibited the induction of RORC, which
encodes the main transcription factor RORyt of Th17 cells,
indicating that there is an optimal range for TGF- 8 to induce
Th17 cells [54].

Retinoic acid-related orphan receptor-yt (ROR-yt) is the
main transcription factor for Th17 cell differentiation [55].
Th17 cells are effective inducers of tissue inflammation, and
dysregulated expression of IL-17 appears to trigger organ-
specific autoimmunity. Th17 cell differentiation requires the
lineage-specific transcription factor retinoic acid-related
orphan receptor-yt (human known as RORC), which acti-
vates primary T cells in the presence of cytokines TGF-f3
and IL-6 to upregulate the expression of ROR-yt and induce
its differentiation into Th17 cells [56]. In addition, transcrip-
tion coactivator (TAZ) acts as a cell fate switch between
immunosuppressive Treg cells and inflammatory Th17 cells.
TAZ acts as a coactivator of RORyt to promote the differen-
tiation of TH17. TEAD1 inhibits TH17 by antagonizing TAZ
and thus plays a positive role in regulating the growth and
development of Treg cells. The possible mechanism is that
TAZ directly binds and activates RORyt, blocks Foxp3’s
inhibitory effect on RORyt, increases the expression of
Th17-specific genes, and promotes the development of
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Th17 [57]. In other signaling pathways, such as the TNF-f3
signaling pathway, Smad3 reduces the RORyt activity of
Th17 cells, thereby reducing the development of TH17 cells
[58]. In the metabolic pathway, the study found that Roquin
protein inhibits the PI3K-mTOR pathway at multiple levels,
thereby controlling protein biosynthesis and thus inhibiting
the differentiation and transformation of Th17 [59]. Phos-
phatase DUSP2 controls the activity of the transcription
activator STAT3 and regulates the differentiation of TH17.
The experimental colitis model found that the lack of DUSP2
directly enhances the transcriptional activity of STATS3,
thereby inducing TH17 differentiation. Further research
identified DUSP2 as a negative regulator of STAT3 signal
transduction and participated in the development of the
Th17 lineage [60]. The abovementioned pathways play an
important role in inflammatory bowel disease by promoting
the differentiation of Th17 to produce IL17 and other inflam-
matory mediators.

3. Th17 Cell in IBD

Inflammatory bowel disease (IBD) is a chronic nonspecific
disease of the intestinal mucosa, and many factors affect its
development. At present, the specific mechanism of the onset
of IBD is unclear, and innate or adaptive immune response
may be involved [61, 62]. Th17 cells and their cytokines are
generally considered to play a proinflammatory role in
human autoimmune diseases. A large number of studies have
clarified the role of Th17 cells in inflammatory diseases such
as type I diabetes (T'1D), rheumatoid arthritis (RA), multiple
sclerosis (MS), systemic lupus erythematosus (SLE), asthma,
and IBD [63-66] (Figure 2).

Traditionally, CD is considered to be related to Th1 cells
and UC is related to Th2 [67]. However, with the develop-
ment of immunology, we have known that there are a large
number of Th17 cells and their cytokines in the mucosa of
IBD patients, which has changed people’s understanding of
IBD, but it is precisely this way that Th17 cells have entered
the study of IBD core. The gastrointestinal tract is necessary
for the absorption of nutrients and is also the human body’s
largest immune organ. It is an important barrier to protect
the host from pathogens. The bacterial microbiota in the
intestine can regulate and maintain the dynamic balance of
the intestinal immune system. However, when this balancing
behavior is disrupted, chronic inflammation may occur, such
as IBD [68]. Experiments have shown that mice in a sterile
state will not have gastrointestinal inflammation, while T
cells that respond to intestinal flora are different [69, 70].
Th17 cells are mainly distributed in the small intestine.
Th17 cells in the intestine are affected by coliforms to activate
the immune system and stimulate the development and
migration of Th17 cells to the small intestine. The majority
of gut Th17 cells are specific for microbial antigens [71]. Seg-
mental filamentous bacteria (SFB) and other bacteria with
the same ability, such as Citrobacter and Escherichia coli,
can attach to intestinal epithelial cells (IEC) and play an
important role in maintaining the integrity of the intestinal
barrier. Under inflammatory conditions, these bacteria can
also induce dendritic cells to produce IL-6 and IL-1f to
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induce the differentiation of pathogenic Th17 and the pro-
duction of inflammatory cytokines [72-74]. It has been
found that Th17 and Th17 cell-related cytokines accumulate
in the inflammatory lesions of patients with Crohn’s disease
and ulcerative colitis [75-77]. In the intestinal mucosa of
patients with active IBD, Th17-related cytokines (IL-17, IL-
21, and IL-22) increase, suggesting that Th17 cells may play
an important role in disease activity and mucosal damage
[78]. External factors such as a high-salt diet stimulate the
intestinal Th17 cell response and aggravate the colitis
induced by trinitrobenzene sulfonic acid (TNBS) [79]. How-
ever, Th17 cells in the small intestine of nonimmune
pathogen-free mice are thought to promote intestinal barrier
function by stimulating the formation of tight junctions and
antimicrobial peptides [80, 81]. The pathogenicity of Th17
cells in inflammatory bowel disease is certain, but the role
of Th17 in the intestine is heterogeneous, which may be
protective or harmful. An interesting finding was that Slp
receptor-1-dependent intestinal Th17 cells migrated to the
kidneys and exacerbated autoimmune nephropathy, while
oral administration of vancomycin reduced microbial-
induced intestinal Th17 cells and Th17 responses in the

kidneys, thereby improving the course of treatment for cres-
cent glomerulonephritis (cGN) without any significant side
effects [82]; these findings broaden the new understanding
of Th17 cells.

In addition to the regulation of intestinal flora, Th17 cells
play a central role in IBD, and their role depends on the pro-
duction of their downstream effector cytokines. These cyto-
kines mainly include IL-17A, IL-17F, IL-22, IL-21, and
TNF-« [5].

IL-17 plays a key role in immune diseases. IL-17A is
mainly produced by Th17 cells, but there are also many other
types of cells that produce IL-17A, including CD8+ T cells,
p8 T cells, NK cells, and natural lymphoid cells (ILC). It plays
an important role in adaptive and innate immune regulation.
It mainly includes IL-17A-F, and its receptors mainly include
IL-17RA-RE. IL-17A can exist as a homodimer, or it can pair
with IL-17F to form a heterodimer, both of which are present
in the colon of hapten-induced colitis mice [83, 84]. In the
IL-17 family, IL-17A and IL-17F are considered to be the
main cytokines that drive inflammation and autoimmunity.
IL-17A and IL-17F can not only form a homodimer each
but also can combine to form a heterodimer [84, 85]. IL-



17A mainly induces the production of a series of inflamma-
tory mediators by activating the NF-xB and MAPK path-
ways, thereby recruiting a variety of immune cells to cause
or aggravate the inflammation of colon tissue [86]. The
effects of IL-17A and IL-17F in inflammatory mice are differ-
ent. Studies have shown that IL17A-induced response is 10-
30 times stronger than IL-17F in terms of downstream gene
activation, and IL-17A-IL-17F heterologous two aggregate
action at the intermediate level; this also explains that IL-
17F knockout mice exhibit less severe DSS-induced colitis
compared with the data obtained using IL-17A knockout
mice [81, 87, 88]. Compared with normal mucosa, the levels
of IL-17A and IL-17A mRNA in serum and diseased intesti-
nal mucosa tissue of IBD patients are higher than that of nor-
mal people. In addition, the number of peripheral blood
mononuclear cells (PBMCs) that produce IL-17A is similar
to that of UC patients. The severity of the disease is related
to the severity of the disease, which shows that IL-17 in the
intestine plays a role in IBD patients [89]. In addition, IL-
17A also induces the recruitment and activation of neutro-
phils and locally promotes the production of other proin-
flammatory cytokines, such as TNF-a and IL-6 [90].
However, this is contrary to the known positive effects of
IL-17 in the formation of intestinal antimicrobial peptides
and the defense against bacteria and fungi [91, 92]. In gen-
eral, the immune function of IL-17 in the intestine has two
sides. How to balance this two-sidedness is worthy of our
in-depth study.

IL-22 is a member of the IL-10 family of cytokines, which
can be produced by a variety of immune cells, including
CD4+ (Thl, Th17, Th22), CD8+ T cells, 0 T cells, NK cells,
NKT cells, and innate lymphoid cell group ILC; due to its role
in connecting inflammation and regeneration, it has received
considerable attention in the past few years [93-97]. Among
them, the third group of ILC represents a subgroup of natural
lymphoid cells and is widely considered to be the innate
counterpart of Th17 cells. IL-22 exerts its biological function
mainly by binding to the IL-22 receptor (IL-22R). The recep-
tor complex consists of two subunits, IL-22R1 and IL-10R2.
In addition, soluble single-chain IL-22 binding receptor
(IL-22 binding protein, IL-22BP), which can compete with
IL-22R1, is considered an antagonist of IL-22 [98]. The liga-
tion of IL-22-IL-22R1-IL-10R2 complex leads to the activa-
tion of JAK1/TYK2 kinase, which in turn leads to
phosphorylation of STAT protein. In addition to the activa-
tion of STATS3, it seems that phosphorylation of STATI
and STATS5 has also been observed [99-101]. IL-22 is mainly
regulated by IL-23. Other promoting and regulating factors
include IL-1p, IL-7, AhR, and Notch, and inhibitory factors
mainly include IL-22BP, TGF-f3, ICOS, and c-Maf [101]. In
the intestinal immune response, IL-22 has been shown to
be highly upregulated in the serum of patients with Crohn’s
disease or ulcerative colitis and is associated with poor prog-
nosis [102]. During homeostasis, TH17 cells and ILC3 are
induced to produce IL-17A and IL-22 by the intestinal symbi-
otic microflora, which plays an important role in promoting
the integrity of the epithelial barrier, mucus production, and
the release of antimicrobial peptides [103, 104]. In the acute
inflammatory phase, Th17 cells and ILC3 proliferate and trig-
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ger the elimination of antigenic substances by neutrophils. In
this process, IL-17A and IL-22 promote the proliferation
and migration of intestinal cells, thereby promoting mucosal
healing and maintaining the intestinal immune system. If
the balance cannot be maintained for a long time, it will lead
to chronic inflammation. In inflammatory bowel disease,
highly pathogenic Th17 cells expand and secrete proinflam-
matory cytokines, such as IL-17A and IL-22, which can cause
a wide range of inflammatory responses. In addition, long-
term elevated IL-17A and IL-22 levels can promote cancer
[105].

TNF-a is a member of the TNF superfamily, which is
mainly produced by activated macrophages, Th cells, NK
cells, neutrophils, and eosinophils [106, 107]. As a trimer,
TNF-a exerts many functions by binding to cell membrane
receptors TNFR-1 and TNFR-2, both of which belong to
the so-called TNF receptor superfamily [108]. TNF-« is a
powerful proinflammatory cytokine, which plays an impor-
tant role in the pathogenesis of graft-versus-host disease
and chronic inflammatory diseases (such as rheumatoid
arthritis (RA) and inflammatory bowel disease) [109, 110].
TNF-«a includes the transmembrane type and secreted type,
among which transmembrane type TNF plays a more impor-
tant role in inflammatory bowel disease. Experiments show
that transmembrane TNF induces the activation of TNFR2,
which intensifies the activity of colitis, and inhibits its func-
tion to improve the severity of colitis [111, 112]. Therefore,
targeted transmembrane TNF may benefit more in clinical
inflammatory bowel disease and have more promising
treatments.

In addition to cytokines, transcription factors also play an
important role in Th17 cells. The transcription factor IRF4 is
involved in the occurrence of chronic inflammatory diseases.
IRF4 can directly bind to the IL-17 promoter and induce
mucosal RORyt levels and IL-17 gene expression, thereby
controlling Th17-dependent colitis [113]. In the mouse
model of colitis, HAO472 significantly improved the clinical
symptoms of mice and reduced the severity of inflammation.
These changes involved changes in many cytokines and
decreased expression and activity of NF-xB [114]. Batf is an
important transcription factor for Th17 cell development,
and it is strongly upregulated in the tissues of IBD. Targeting
Batf is a promising method for the treatment of IBD, which
not only causes the loss of pathogenic T cell activity but also
retains the off-target effect of the intestinal epithelial cell
compartment [115]. In addition, ATF3 signals through IL-
22-pSTAT3 in epithelial cells and IL-6-pSTAT3 in Th17 cells
to maintain mucosal homeostasis [116].

Genome-wide association studies (GWAS) on IBD still
provide strong evidence linking IBD to the Th17 pathway.
Dangerous alleles in Th17 pathway-specific genes, such as
NOD2, IL23R, CARDY, STAT3, RORC, JAK2, TYK2, and
CCR6, enhance people’s understanding of disease-related
biological pathways, and these biological pathways which
affect intestinal inflammation development are crucial [117,
118]. Recent studies have focused on small nuclear
molecules that can broadly regulate gene expression, such
as epigenetic markers (including DNA methylation, histone
modifications that regulate chromatin structure, microRNA
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(miRNA) interference that regulates posttranscriptional
steps, and nucleosome localization), microRNAs (such as
miR-802, miR-425, miR-301a), and noncoding RNAs, all of
which participate in the pathogenesis of IBD through differ-
ent pathways [117, 123].

4. Th17 Cell Plasticity

Polarized T cells have the ability to change their phenotype
and repolarize toward different fates. This inherent flexibility
is usually called plasticity. It is affected by the cytokine
environment, microbial products, and metabolites. Among
Th cells, Th17 cells are not one of the most stable cells and
can be transformed into other Th subgroups under various
influences. The plasticity of Th1-Th17 and Th17-Treg plays
an important role in regulating the intestinal immune
response [124].

4.1. Th1/Th17 Plasticity. A large number of studies suggest
that the occurrence of inflammatory bowel disease is related
to both Thl and Th17. T cells accumulate in the inflamed
gut of IBD patients, accompanied by higher levels of IFN-y
and IL-17, when compared with healthy individuals. IFN-
9" IL-17* double expressing cells are considered to be Th17
transformed into Thl lymphocyte precursor cells, showing
the indispensability of Th17/Thl plasticity in the pathogene-
sis of colitis [125-127]. Retinoic acid (RA) signaling pathway
is essential for restricting Thl cells to transform into Th17
effectors and preventing pathogenic Th17 responses in vivo
[128]. Likewise, IL-23 signaling can promote conversion
from Th17 to Thl by switching secretion from IL-17A to
IFN-y in vivo [129] a lineage marker of progenitor Th17
cells; CD161 is still sustained in Thl cells converted from
Th17 in humans [130]. This serves as evidence for the trans-
differentiating of Th17 cells into Th1 cells because the con-
ventional Thl population does not express CD161. Besides,
some “Thl-like” cells which coexpress RORyt and T-bet are
functional in humans and mice and associated with potential
pathogenicity [131]. The above research shows that
Th17/Th1 is playing an increasingly important role in the
development of IBD.

4.2. Treg/Th17 Plasticity. Several studies have described an
imbalance between regulatory T cells and Th17 that may be
associated with chronic inflammation and autoimmune
diseases [132, 133]. Treg cells are known as an anti-
inflammatory culture and include natural regulatory cells
of thymus origin (nTregs) and peripheral regulatory cells
(iTregs). According to reports, the developmental pathways
of Th17 and tires are closely related, that is, they regulate
and differentiate each other to maintain balance, thereby
affecting the outcome of inflammatory bowel disease [134].
iTreg cells coexist with Th17 cells in the intestinal mucosa,
where they play a role in controlling excessive effector T cell
responses that may affect the host tissue [135]. Regulatory T
cell therapy is a safe and well-tolerated potential approach for
treating refractory Crohn’s disease [136]. The ability to con-
trol inflammatory lesions with transferred Treg cells has been
demonstrated in several IBD models [137]. In mouse models,

it has been shown that transferring Tregs into mice can
improve the clinical outcome and histological status of colitis
[138, 139]. A similar result was that the expanded Tregs of
rapamycin improved the colitis model of SCID mice [140].
For Treg therapy to be effective in IBD, expanded Tregs must
have the ability to home to the gut [141]. The results of a
multicenter phase I/Ila clinical trial indicate that the change
in the balance between Foxp3 + CD4 + Treg cells and T effec-
tor cells in the intestinal microenvironment may be the cause
of inflammatory bowel disease [142]. These results indicate
that Th17 and Treg are closely related to inflammatory bowel
disease, and there may be an antagonistic relationship;
patients with IBD exhibit reduced numbers of peripheral
Treg cells, and increased numbers of peripheral Th17 cells
corroborated this [28]. Recent studies have demonstrated
that Foxp3+ Treg cells express retinoic acid receptor-related
orphan receptor gamma t and are thus able to differentiate
into Th17 cells, a process that is associated with a decreased
suppressive Treg cell function in patients with IBD. Treg cells
were found to suppress colonic inflammation by downregu-
lating Th17 responsiveness via TGF-f3 in an adoptive transfer
mouse model of colitis [15, 16]. In addition, FoxP3 and
RORyt regulate each other in the intestine [134], and
double-expressing cells are well-documented in the large
and small intestines [143]. Besides, a study showed evidence
of plasticity between Treg and Th17 in the inflamed intestine
of CD patients [144]. Further study shows the presence of
circulating IL-17+Foxp3+ CD4+ T cells in IBD patients, sug-
gesting increased plasticity between Th1l7 and Treg cells
compared to healthy controls [15].

4.3. Microbiotas/Th17 Plasticity. In mouse models of IBD,
components of IBD-associated microbiotas can induce
Th17-biased effector T cell responses and exacerbate disease
severity [145]. Recent clinical trials have demonstrated the
potential of fecal microbiota transplantation (FMT) for treat-
ing individuals with ulcerative colitis [146]. Transfer of IBD
microbiotas into germ-free mice increased the number of
intestinal Th17 cells and decreased the number of RORyt+
Treg cells [147]. In mice, the resident intestinal Th17 cells
almost completely recognized by symbiotic segmented fila-
mentous bacteria (SFB) are in a noninflammatory barrier
protection state and do not participate in systemic inflamma-
tory reactions. However, citric acid Th17 cells induced by
Bacillus have high plasticity to inflammatory cytokines; these
findings indicate that the cellular microenvironment of Th17
cells may induce different inflammatory microenvironments,
resulting in different epigenetic characteristics [148]. Taken
together, the microbiome can induce Th17 development
and further plasticity in the context of healthy and IBD
conditions.

5. Treatment of IBD

In view of the key role of Th17 cells in intestinal inflamma-
tion, targeting Th17 cells may bring therapeutic hope for
controlling intestinal inflammation. The traditional treat-
ment of inflammatory bowel disease mainly uses 5-ASA, hor-
mones, and immunosuppressive agents to control the
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TaBLE 1: Therapies targeting Th17 cells in IBD.
Drug Targeted cytokine Phase Ref.
Ustekinumab IL-12/23p40 11 [165]
Infliximab, adalimumab/golimumab, certolizumab pegol TNF-« Used in clinical [166-168]
CT-P13/AVX-470 TNF-« /1 [156, 169]
Brazikumab/risankizumab/brazikumab/guselkumab/mirkizumab IL-23p19 /11 [151-154]
Tocilizumab IL-6R 1I [170]
Secukinumab IL-17A 1I [164]
Vedolizumab w47 Used in clinical [160]
Tofacitinib JAK 111 [159]
ABX464 miR-124 il [163]

inflammatory symptoms, but it cannot be cured. Long-term
treatment will also bring many adverse reactions. At present,
new biological agents are more targeted and effective. It can
bring more treatment options for IBD patients who are resis-
tant to traditional treatment. The treatment of Th17 cells and
related cytokines in patients has made some progress, which
brings new ideas for the further treatment of IBD. Here, we
focus on the progress of Th17 cells and important cytokines
in their signaling pathways in the treatment of IBD
[149](Table 1).

5.1. Anti-IL-23/12. The rise of anti-IL-23 therapies targeting
the p40 subunit shared between IL-12 and IL-23, the p19
subunit of IL-23 alone, and JAK inhibitors that transmit IL-
23R signals is all in the treatment of IBD with a display base.
Ustekinumab is a humanized monoclonal IgG1 antibody that
binds to the common subunit p40 of IL-12 and IL-23. Uste-
kinumab is currently the only anti-IL-23 therapy approved
by the FDA for IBD. Early results showed that in the 8th week
of the treatment group (130 mg IV or 6 mg/kg IV), about 16%
of patients reported clinical remission, compared with 5% in
the placebo group [150]. In addition, the strategy of targeting
IL-23p19 also showed clinical benefits, including endoscopic
remission and mucosal healing. Antibodies targeting IL-
23p19 mainly include risankizumab, brazikumab, guselku-
mab, and mirikizumab. These targeted treatments are cur-
rently undergoing clinical trials [151-154].

5.2. Anti-TNF. At present, 4 TNF-« inhibitors have been
approved for clinical use. They are infliximab (infliximab,
IFX), adalimumab (ADA), golimumab (golimumab), and
Sai Tocilizumab (certolizumab pegol, CZP). Therapeutic
drugs that antagonize TNF-a mainly antagonize transmem-
brane TNF, while the effect of mainly blocking secreted
TNF is not ideal [155]. Therefore, the interaction between
transmembrane TNF-TNFR2 is expected to achieve better
therapeutic effects. In addition, AVX-470 is a polyclonal anti-
body extracted from cows immunized with recombinant
human TNF, which can exert certain effects in patients with
IBD by targeting TNF-« in the gastrointestinal tract [156].
Although anti-TNF-a therapy shows clinical effectiveness,
10%-30% of patients with inflammatory bowel disease do
not respond to antitumor necrosis factor-a therapy, and
20%-40% of patients lose their response over time [157, 158].

5.3. Anti-JAK-STAT Signaling. Since the JAK-STAT signaling
pathway is involved in the pathogenesis of IBD, blocking JAK
preparations can be an option for the treatment of IBD, such
as the JAK inhibitor tofacitinib. A phase 3 clinical trial
showed that compared with the placebo group, patients
who took tofacitinib within 3 days had significantly
improved symptoms [159].

Vedolizumab (vedolizumab) is a humanized anti-a47
integrin Ig G1 monoclonal antibody that targets a4/37 integ-
rin, thereby reducing the intestinal immunity of patients with
IBD. It was awarded the European Medicines Agency and
FDA approval for the treatment of moderate to severe UC
and CD [160].

Other treatments including RORrt, gene therapy, and
fecal microbiota transplantation (FMT) have made corre-
sponding research progress, which broadens people’s under-
standing of IBD treatment [161-163].

6. Conclusion

IBD is a type of autoimmune disease. With the recent
decades of research, it has been discovered that immune cells
play an important role in the occurrence and development of
IBD. As an important part of the immune pathological
response, helper T cells are closely related to a variety of auto-
immune diseases. With the deepening of research, Th17 cells,
a subgroup of T helper cells, gradually appear in front of the
people. A large number of studies have shown that Th17 cells
are mainly related to autoinflammatory response, and its
downstream cytokines and related immune mediators play
a role in promoting the development of the disease, and this
promotion is unfavorable to the body. Current research
shows that Th17 cells are at the center of the occurrence
and development of IBD. The effect of cytokines upstream
and downstream of Th17 cells on IBD has been extensively
studied. In addition, it includes transcription factors, intesti-
nal flora, external environment, and other factors. The inter-
action with Th17 cells has a corresponding effect on IBD. The
plasticity and heterogeneity of Th117 cells have opened new
doors for Th17 cells. These new understandings provide new
ideas for immunotherapy of autoimmune diseases including
IBD. IBD is an autoimmune disease. With the recent decades
of research, it has been found that the immune system has
made great progress in revealing the role of Th17 cells in
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the intestinal inflammation process, and attempts to target
Th17 cells have shown encouraging results. However, there
are still many problems in clinical treatment. For example,
anti-IL-17 drugs have a good effect on psoriasis, but they
are not effective in CD patients or aggravate the condition
of CD patients [164]. Therefore, a better understanding of
Th17 cells can lay a solid foundation for the development
of new and effective IBD therapeutic biological agents.

Individualized drug therapy, the use of multifactor
blockers, gene therapy, FMT, and other combined treatment
programs are expected to become new methods for the treat-
ment of IBD. Maintaining the balance of Th17/Treg cells is
the basis of treatment for the balance of proinflammatory
and anti-inflammatory in the body. This method provides a
bright vision for the current treatment of IBD.
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Inflammatory bowel disease (IBD) is a chronic, inflammatory, and autoimmune disorder. The pathogenesis of IBD is not yet clear.
Studies have shown that the imbalance between T helper 17 (Th17) and regulatory T (Treg) cells, which differentiate from CD4" T
cells, contributes to IBD. Th17 cells promote tissue inflammation, and Treg cells suppress autoimmunity in IBD. Therefore,
Th17/Treg cell balance is crucial. Some regulatory factors affecting the production and maintenance of these cells are also
important for the proper regulation of the Thl7/Treg balance; these factors include T cell receptor (TCR) signaling,
costimulatory signals, cytokine signaling, bile acid metabolites, and the intestinal microbiota. This article focuses on our
understanding of the function and role of the balance between Th17/Treg cells in IBD and these regulatory factors and their

clinical significance in IBD.

1. Introduction

IBD is a disorder that involves chronic and recurrent nonspe-
cific intestinal inflammation with unknown aetiology and
pathogenesis. The types of IBD include ulcerative colitis
(UC), which can cause long-lasting inflammation and ulcers
in the colon, and Crohn’s disease (CD), which is character-
ized by inflammation of the lining of the digestive tract,
which can spread into other tissues [1]. IBD can lead to
life-threatening complications, including primary sclerosing
cholangitis, blood clots, and even colon cancer [2].

The pathogenesis of IBD is still unclear, and the aetiology
of IBD may include the host immune system, genetic vari-
ability, and environmental factors [3]. In recent years, it has
been found that the abnormal intestinal mucosal immune
system plays a crucial role in the occurrence, development,
and prognosis of IBD, in which the influence of the imbal-
ance in Th17 and Treg cells has been confirmed by previous
studies [4, 5]. Multiple factors are involved in the Th17 and
Treg cell balance and mainly include TCR signaling, costim-

ulatory signals, cytokine signaling, bile acid metabolites, and
the intestinal microbiota.

This paper will discuss the roles of these factors in regu-
lating the balance in Th17/Treg cells and their subsequent
influence of IBD, which will provide new perspectives for
the treatment of IBD.

2. Th17 Cells

As a CD4" T cell subset, Th17 cells play dual roles in the
pathogenesis of IBD (mainly a proinflammatory role) [6].
Th17 cells can not only protect the intestinal mucosa by keep-
ing the balance of the immune microenvironment but also
exacerbate the intestinal inflammatory response through pro-
inflammatory cytokines. The differentiation process of Th17
cells can be divided into three stages: IL-6 and TGF-f initiate
the differentiation of Th17 cells, IL-21 expands the differenti-
ation state of Th17 cells, and IL-23 maintains the stable matu-
ration of Th17 cells during the later stage of differentiation [7].
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3. Treg Cells

Treg cells are a subset of CD4" T cells that play a negative
immunomodulatory role and play an essential role in
maintaining immune tolerance and balance. Considerable
evidence indicates that Treg cells in the intestinal microenvi-
ronment contribute to the pathogenesis of IBD [8]. Treg cells
mainly participate in various immune diseases by secreting
anti-inflammatory cytokines, such as TGF- and IL-10, sup-
pressing the activity of immune cells and thereby controlling
inflammation [9]. According to their origin, natural regula-
tory T (nTreg) cells are primarily generated in the thymus
(tTreg) or be generated extrathymically in the periphery
(pTreg) in vivo. On the other hand, Tregs generated from
naive T cells in vitro, in the presence of transforming growth
factor- (TGF-p) and IL-2, are called induced Treg (iTreg)
cells. Murine studies have shown that tTreg cells exhibit
strong lineage fidelity, whereas pTreg cells can revert into
conventional CD4+ T cells [10]. Tregs are characterized by
forkhead box protein P3 (Foxp3) expression, and Helios is
a marker of tTreg for distinguishing tTreg cells from pTreg
cells [11].

4. Th17/Treg Cell Balance in IBD

Th17 and Treg cells are related through differentiation and in
the inhibition of function. They share a common signal path-
way mediated by TGF- . Studies have shown that in the pres-
ence of IL-6 or IL-21 (with TGF-f), naive CD4" T cells
differentiate into Th17 cells; however, in the absence of pro-
inflammatory cytokines, naive CD4" T cells differentiate into
Treg cells [12]. Once this balance is broken, a number of
autoimmune diseases, including IBD, will occur.

Th17 cells play an important role in the pathogenesis of
IBD. Studies have shown that compared with those of healthy
controls, Th17 cells infiltrate the intestinal mucosa of IBD
patients, and the amount of the cytokine IL-17 that is specif-
ically secreted by Th17 cells increases [13]. In the UC mouse
model, Th17 cells in the peripheral blood of mice also
increased [14].

Compared with Th17 cells, Treg cells not only suppress
the occurrence of autoimmune diseases but also control
intestinal inflammation. In the UC mouse model, Treg cells
in the peripheral blood of mice decreased [15], and by
increasing the secretion of IL-10 and TGEF-J3, the symptoms
of diarrhoea in mice were significantly improved [16]. There-
fore, Treg cells may be regulated by IL-10, TGF-f3, and other
anti-inflammatory factors that are secreted to suppress the
intestinal inflammation cascade and amplify the response,
thereby improving the clinical symptoms of IBD. Relevant
clinical observations and animal experiments have shown
that Treg cells and their inhibitory mechanism are essential
for inhibiting spontaneous intestinal inflammation [17].
Therefore, Treg cell deficiency may be the central link in
the pathogenesis of IBD.

The regulation of Th17/Treg cell balance is prospective to
be a new target for the treatment of IBD. The vitamin A
metabolite such as retinoic acid (RA) is the main regulator
of the TGF-3-dependent immune response, which can pre-
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vent IL-6 from inducing proinflammatory Th17 cells and dif-
ferentiate into anti-inflammatory Treg cells. RA may be
helpful in the treatment of IBD [18].

5. Factors Affecting the Th17/Treg Cell
Balance in IBD

5.1. TCR and Costimulatory Signals. The TCR can bind to
peptide-major histocompatibility complex (MHC) molecules
on the surface of antigen-presenting cells (APCs). In the
immune system, the TCR recognizes antigens, transmits sig-
nals, and determines the differentiation of T cells [19]. When
the TCR-peptide-MHC is on the surface of APCs with the
coreceptor CD4 or CDS8, it activates the tyrosine-based
activation motif (ITAM) at the end of the CD3 chain.
Finally, TCR activation enables the differentiation of naive
CD4" T cells [20].

TCR signal strength could alter the balance of Th17 and
Treg cells [21]. IL-2 inducible T cell kinase (ITK), a critical
regulator of intracellular signaling downstream of the TCR,
positively regulates the differentiation of Th17 and negatively
regulates the differentiation of Treg cells [22]. Studies have
shown that attenuated TCR signaling in ITK-/- cells induced
immature T lymphocytes to preferentially differentiate into
Treg cells but not Th17 cells by inhibiting the Akt/mTOR sig-
naling pathway [23]. Attenuated TCR signals caused by
mutations in particular components of the TCR signaling
pathway, such as Zap70 [23], DAGs [24], Raf [25], and NF-
kB [26], will affect the development of tTreg cells [27]. Stud-
ies have shown that attenuated TCR signals did not only pro-
mote the growth of tTreg cells but also inhibit [28], such as
naive T cells require weak TCR signals to differentiate into
Treg cells [29]. Additionally, aminoacyl tRNA synthetase-
(ARS-) interacting multifunctional protein 1 (AIMP1) affects
the balance of Th17 and Treg cells directly by downregulat-
ing TCR signal complex formation and inducing CD4+ T
cells differentiate into Treg cells. In contrast, the differentia-
tion of Th17 cells was not now affected [29]. Bach2, a tran-
scription factor of downstream of TCR signaling, balances
TCR signal-induced transcriptional activity of IRF4 to main-
tain homeostasis of tTreg and pTreg cells and shapes the bal-
ance of Th17/Treg cells [30, 31].

The TCR is not sufficient for the complete activation and
differentiation of T cells. TCR stimulation in the absence of
costimulation will induce anergy or cell apoptosis instead of
activation [32]. Therefore, secondary signals are required.
Costimulatory signals produced by the interaction of differ-
ent costimulatory molecules and their ligands could acceler-
ate the differentiation of naive T cells [33]. CD28 is a
costimulatory molecule expressed on the surface of T lym-
phocytes and plays a crucial role in the activation of T cells.
Studies have shown that the costimulatory molecule CD28
participates in the induction of Th17 differentiation [34].
CD28 can also, together with the TCR, upregulate the expres-
sion of OX40 [35]. The T cell costimulatory molecule OX40
and its cognate ligand OX40L collectively play an essential
role in keeping the growth of Th17 and Treg cells. It was
found that the activation of OX40 enhanced Th17 function
while blocking OX40L decreased Treg proliferation [36,
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TaBLE 1: The role of cytokines in Th17/Treg balance.

Cytokines Mechanism Changes
The stimulation of naive CD4+ T cells with TGF-f induces SMAD2
TGE-p and SMAD?3, which in turn activate the transcription factor Foxp3 Tregl (45, 46]
HIF-1a promotes Th17 differentiation by directly inducing RORyt
HIF-1a transcription. Also, HIF-1« inhibits Treg differentiation through an Th177 [42]
active process that targets Foxp3 protein for degradation
IL-2 IL-2 phosphorylates STATS5, which b%nds to the Foxp3 locus and Treg] [54]
upregulate the expression of Foxp3
IL-6 drives naive CD4+ T cells to differentiate into Th17 by phosphorylating
IL-6 STATS3, which then induces the upregulation of Th17-specific Th177 [42]
genes, such as RORyt, IL-17, and IL-23
IL-15 upregulates the expression of Foxp3 by activating
IL-15 STATS5 and inhibits the differentiation of Th17 by reducing Treg [55]
the secretion of IL-17
IL-18 inhibits the MyD88-dependent downstream signal IL-1R,
1L-18 which in turn reduces the differentiation of Th17 Treg [53]
IL-21 induces the differentiation of Th17 by activating STAT3,
1L-21 which then upregulate the expression of RORyt Thi7T [51, 52]
L-23 IL-23 maintains the differentiation of Th17 by enhancing the Th177 [50]

transcription of Th17 signature cytokines, such as RORyt

37]. However, the effect of costimulatory signals on the bal-
ance of Th17 and Treg cells is mainly realized by acting as
the second signals of TCR signals.

There are also some coinhibitory receptors, which inhibit
the strength of TCR signals. Among them, cytotoxic T lym-
phocyte antigen 4 (CTLA4) has received much attention.
CTLAA4, a highly homologous receptor of CD28, competes
with CD28 for the same ligands (CD80 and CD86). CTLA4
binds the ligands with a high affinity allowing CTLA4 to
inhibit T cell responses by competing with CD28 [38]. Stud-
ies have shown that CD28 and CTLA4 have opposing influ-
ences on T cell stimulation, and CD28 provides an
activating signal, while CTLA4 delivers an inhibitory signal
[39]. Costimulatory and coinhibitory signals coassist TCR
signals in regulating the balance of Th17 and Treg cells.

5.2. Cytokines. Cytokines, small peptides secreted by cells in
autocrine and paracrine manners, are the most potent deter-
minants of the fate of T cells. It has been found that the cyto-
kines, which involve in regulating the balance of Th17 cells
and Treg cells, are mainly inflammation cytokines, mainly
including transforming growth factor-$ (TGF-f), IL-2, IL-
6, IL-15, IL-18, IL-2, and IL-23 [40].

TGEF-f acts on the naive CD4" T cells to induce the devel-
opment of Th17 cells and Treg cells, while IL-6 induces spe-
cific genes in Th17 cells by phosphorylating STAT3, which
drives the upregulation of Thl7-specific genes, such as
RORyt, 1I-17, and IL-23 receptor (IL-23R) [41, 42]. In
patients with IBD, TGF-p is highly expressed, but TGF-j3-
mediated immunosuppression is significantly impaired.
Researchers have found that this effect is related to Smad7,
an intracellular protein that binds to the receptors of TGF-
B and inhibits the Smad-dependent signal transduction
driven by TGF-B1 [43]. Silencing Smad7 with specific
antisense oligodeoxynucleotides can restore TGF-1/Smad

signal transduction, downregulate the expression of inflam-
matory cytokines, and improve experimental UC in mice
[44]. The stimulation of naive CD4" T cells with TGE-f3
induces SMAD2 and SMAD3, which in turn activate the
transcription factor Foxp3, which could facilitate the differ-
entiation of Treg cells [45, 46]. Unlike IL-6 and TGF-p, IL-
23 does not directly induce Th17 cell differentiation because
of the absence of IL-23R in naive T cells [47]. In mice, T cell
receptors engage and bind with specific cytokines, such as
TGF-, inducing a network of transcription factors, of which
retinoid-related orphan receptor-pt (RORyt) is the primary
regulator and promotes IL-23R expression [48]. IL-23 could
thus activate signal transducer and activator of transcription
3 (STAT3) by interacting with IL-23R [49], which promotes
the expression of IL-23R and RORyt, supporting a positive
feedback loop that stabilizes the gene expression required
for the activation of Th17 cells [50]. IL-21 can also induce
the differentiation of Th17 by activating STAT3, which then
upregulates the expression of RORrt [51, 52]. IL-18 inhibits
the MyD88-dependent downstream signal IL-1R, which in
turn reduces the differentiation of Th17 [53]. IL-2 and IL-
15 all could upregulate the expression of Foxp3 by activating
STATS, thus promote the differentiation of Treg cells [54]. In
addition, IL-15 could inhibit the differentiation of Th17 by
reducing the secretion of IL-17 [55]. In addition to inflam-
mation cytokines, HIF-1a could promote Th17 differentia-
tion by directly inducing RORyt transcription as well. HIF-
la inhibits Treg differentiation through an active process
that targets Foxp3 protein for degradation [42] (Table 1).

5.3. Bile Acid Metabolites. Bile acids (BAs) are natural surfac-
tants derived from cholesterol that is produced in the liver
and secreted into the duodenum. BAs play a significant role
in lipid digestion, antibacterial defense, and glucose metabo-
lism [56]. Through enterohepatic circulation, bacteria
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convert hundreds of milligrams of bile acid into secondary
bile acid with unique chemical structures. Appropriate con-
centrations of secondary bile acids have immunomodulatory
effects [57]. BAs have emerged as modulators of innate
immunity and gut inflammation [58].

Compared with that of healthy people, the decrease in the
abundance of Firmicum in IBD patients leads to a reduction
in the level of secondary bile acids, which weakens the anti-
inflammatory effect of secondary bile acids and delays the
resolution of inflammation [59]. Studies have shown that
the expression of bile acid transporter (ASBT) is decreased
in TNBS-induced colitis rats and rabbit models of intestinal
inflammation [60]. A recent study reported that bile acids
control Th17 cell functions by modulating RORyt activity
[61]. Farnesoid-X-receptor (FXR) and transmembrane G
protein-coupled receptor 5 (TGRS5), the bile acid receptors,
regulate innate immunity and the Th17/Treg balance [62,
63]. FXR expression in the inflammatory tissue of Crohn’s
disease patients was decreased [64]. Clinical observation of
using FXR agonist to stimulate IBD patients showed that
the secretion of proinflammatory cytokines IL-17, IFN-y,
and TNF in lamina propria mononuclear cells was signifi-
cantly decreased [65]. TGR5 activation of macrophages,
which was cocultured with CD4™ T cells, inhibited the release
of IL-17 in the culture supernatant [66]. FXR and TGR5 ago-
nists may be used to treat IBD (Figure 1).

5.4. The Intestinal Microbiota. There are many microorgan-
isms in the gastrointestinal tract that are near related to
human health. With the in-depth study of the intestinal
microbiota, it has been found that the incidence of IBD
is closely related to intestinal microbiota imbalance. Chu
et al. [63] noted that intestinal microbiota dysbiosis is
the leading cause of immune imbalance and intestinal dis-
eases such as IBD.

Studies have shown that the intestinal microbiota and its
metabolites can affect Th17/Treg differentiation. A recent
study showed that the microbiotas of humans with IBD could
affect the balance of gut Th17 and RORyt" Treg cells in mice
[67]. By using GF mice and antibiotic treatment models, var-

ious researchers have found that colonic Th17 cells and Treg
cells are significantly decreased in GF mice [68, 69]. Recently,
it has been found that ATP and SCFAs, the metabolites
derived from the intestinal microbiota, respectively, stimu-
late the differentiation of Th17 cells and Treg cells [70, 71].
Intestinal microbes and their bacterial products directly
act on TLRs and other innate immune receptors to mediate
Th17 cell differentiation. A study showed that in the presence
of TLRY, intestinal flora DNA can directly induce and pro-
mote the differentiation of Th17 cells, inhibit Treg cells,
and exacerbate intestinal inflammation [72]. In addition,
apoptotic intestinal epithelial cells infected with bacteria also
provide ligands for TLRs and activate dendritic cells to
secrete IL-6 and TGF- 3, leading to increased Th17 cell differ-
entiation [73]. The specific role of each TLR in Th17 cell dif-
ferentiation induction remains to be further explored. One
type of filamentous bacteria, segmented filamentous bacteria
(SFB), induced naive CD4" T cells to differentiate into
Th17 cells. Many kinds of research have shown that SFB pro-
motes the differentiation of Th17 cells through serum amy-
loid A protein (SAA) and dendritic cells (DCs) in intestinal
epithelial cells. The cytokine IL-23 secreted by DCs, in turn,
can promote an increase in SAA and enhance the secretion
of IL-17, thus enhancing the differentiation of Th17 cells
and maintaining the intestinal inflammation [74, 75].
Studies on the relationship between the intestinal flora
and Treg cells have mostly focused on short-chain fatty acids
(SCFAs) and Treg cells. SCFAs can act on intestinal epithelial
mucosal cells through TGF- 31 to facilitate the differentiation
of nTreg cells. SCFAs can also inhibit the activity of histone
deacetylase in order to make histones highly acetylated, reg-
ulate the expression of related genes, produce anti-
inflammatory factors, or lead to growth inhibition and the
apoptosis of associated cells, which generates immune toler-
ance [76]. SCFAs can also affect the ATP level via G
protein-coupled receptors (GPCRs) (such as GPR43) or
mammalian target of rapamycin (mTOR), thereby influenc-
ing the differentiation of Treg cells [77]. In addition, some
intestinal flora has been found to alter the Th17/Treg cell bal-
ance towards Treg cells by releasing polysaccharide A (PSA);
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Bacteroides fragilis upregulates Foxp3 expression and pro-
motes Treg cell differentiation. Clostridium IV and the XIV
flora also induce Foxp3 expression and Treg cell differentia-
tion [78].

A study showed that probiotics could reduce the secre-
tion of TNF-a and IL-23 in the serum of mice with
oxazolidone-induced colitis. IL-23 is a crucial factor in main-
taining the survival, proliferation, and stability of Th17 cells.
Therefore, probiotics can inhibit the production and func-
tion of IL-17 by reducing the secretion of IL-23, which con-
firms that probiotics can improve intestinal inflammation
in this way [79]. Studies have shown that probiotic B. adoles-
centis can transmit probiotic-mediated adaptive immune
regulation to the Treg/Thl7 axis through the trl2/ERK/-
MAPK/NF-xB signaling pathway, stimulate immunosup-
pressive polarization of macrophages, and secrete the
cytokine IL-10 [16]. Probiotics may be used in the treatment
of IBD (Figure 2).

6. Conclusions

The imbalance of Th17/Treg cells is a vital factor, which influ-
ences the occurrence and development of IBD. Th17 cells pro-
mote the occurrence of intestinal inflammation and induce
autoimmune diseases, while Treg cells inhibit intestinal inflam-
mation. The balance is mainly affected by TCR signaling,
costimulatory signals, cytokines, bile acid metabolites, intestinal
microbiomes, and other factors. The study of the mutual trans-
formational mechanism of Th17/Treg cells has deepened the
understanding of the immune mechanisms of IBD and may
provide new research directions of IBD in the future.

Data Availability

All data generated or analyzed during this study are included
in this article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by the Zhejiang Provincial Natural
Science Foundation of China (Grant No. LY17H290007), the
Research Project of the Health Commission of Zhejiang
Province (Grant No. 2018KY550), the Research Project of
Zhejiang Traditional Chinese Medicine Administration
(CN) (Grant No. 2020ZB081), and Research Project of Zhe-
jiang Chinese Medical University (No. 2019ZG03) and the
Zhejiang Provincial Key Lab of Diagnosis and Treatment of
Circulatory Diseases (Grant No. 2019E10012).

References

[1] N. A. Molodecky, I. S. Soon, D. M. Rabi et al., “Increasing inci-
dence and prevalence of the inflammatory bowel diseases with
time, based on systematic review,” Gastroenterology, vol. 142,
no. 1, pp. 46-54.e42, 2012.

[2] A. N. Ananthakrishnan, “Epidemiology and risk factors for
IBD,” Nature Reviews Gastroenterology ¢ Hepatology,
vol. 12, no. 4, pp. 205-217, 2015.

[3] A. N. Ananthakrishnan, C. N. Bernstein, D. Iliopoulos et al.,
“Environmental triggers in IBD: a review of progress and evi-
dence,” Nature Reviews Gastroenterology ¢ Hepatology,
vol. 15, no. 1, pp. 39-49, 2018.

[4] G. Iacomino, V. Rotondi Aufiero, N. Iannaccone et al., “IBD:
role of intestinal compartments in the mucosal immune
response,” Immunobiology, vol. 225, no. 1, article 151849,
2020.

[5] F. A. Silva, B. L. Rodrigues, M. L. Ayrizono, and R. F. Leal,
“The immunological basis of inflammatory bowel disease,”
Gastroenterology research and practice, vol. 2016, Article ID
2097274, 11 pages, 2016.



(6]
(7]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

[21]

M. A. Daniels and E. Teixeiro, “TCR signaling in T cell mem-
ory,” Frontiers in Immunology, vol. 6, 2015.

A. Ueno, L. Jeffery, T. Kobayashi, T. Hibi, S. Ghosh, and
H. Jijon, “Th17 plasticity and its relevance to inflammatory
bowel disease,” Journal of Autoimmunity, vol. 87, pp. 38-49,
2018.

J. Gélvez, “Role of Th17 cells in the pathogenesis of human
IBD,” ISRN inflammation, vol. 2014, Article ID 928461, 14
pages, 2014.

C. G. Mayne and C. B. Williams, “Induced and natural regula-
tory T cells in the development of inflammatory bowel dis-
ease,” Inflammatory Bowel Diseases, vol. 19, no. 8, pp. 1772-
1788, 2013.

E. M. Shevach and A. M. Thornton, “tTregs, pTregs, and
iTregs: similarities and differences,” Immunological Reviews,
vol. 259, no. 1, pp. 88-102, 2014.

K. Singh, M. Hjort, L. Thorvaldson, and S. Sandler, “Concom-
itant analysis of Helios and Neuropilin-1 as a marker to detect
thymic derived regulatory T cells in naive mice,” Scientific
Reports, vol. 5, no. 1, 2015.

E. Bettelli, Y. Carrier, W. Gao et al., “Reciprocal developmental
pathways for the generation of pathogenic effector T;;17 and
regulatory T cells,” Nature, vol. 441, no. 7090, pp. 235-238,
2006.

M. Veldhoen, R. J. Hocking, C. J. Atkins, R. M. Locksley, and
B. Stockinger, “TGFp in the context of an inflammatory cyto-
kine milieu supports de novo differentiation of IL-17-
producing T cells,” Immunity, vol. 24, no. 2, pp. 179-189,
2006.

S. Fujino, A. Andoh, S. Bamba et al., “Increased expression of
interleukin 17 in inflammatory bowel disease,” Gut, vol. 52,
no. 1, pp. 65-70, 2003.

S. Acharya, M. Timilshina, L. Jiang et al., “Amelioration of
experimental autoimmune encephalomyelitis and DSS
induced colitis by NTG-A-009 through the inhibition of Thl
and Thl7 cells differentiation,” Scientific Reports, vol. 8,
no. 1, 2018.

R. Yu, F. Zuo, H. Ma, and S. Chen, “Exopolysaccharide-pro-
ducing Bifidobacterium adolescentis strains with similar adhe-
sion property induce differential regulation of inflammatory
immune response in Treg/Th17 axis of DSS-colitis mice,”
Nutrients, vol. 11, no. 4, p. 782, 2019.

T. V. Velikova, L. Miteva, N. Stanilov, Z. Spassova, and S. A.
Stanilova, “Interleukin-6 compared to the other Th17/Treg
related cytokines in inflammatory bowel disease and colorectal
cancer,” World Journal of Gastroenterology, vol. 26, no. 16,
pp- 1912-1925, 2020.

G. Tejon, V. Manriquez, J. de Calisto et al., “Vitamin A impairs
the reprogramming of Tregs into IL-17-producing cells during
intestinal inflammation,” BioMed Research International,
vol. 2015, Article ID 137893, 8 pages, 2015.

J. E. Smith-Garvin, G. A. Koretzky, and M. S. Jordan, “T cell
activation,” Annual Review of Immunology, vol. 27, no. 1,
pp. 591-619, 2009.

N. R. Gascoigne, V. Rybakin, O. Acuto, and J. Brzostek, “TCR
signal strength and T cell development,” Annual Review of Cell
and Developmental Biology, vol. 32, no. 1, pp. 327-348, 2016.
H. S. Kim, S. W. Jang, W. Lee et al., “PTEN drives Th17 cell
differentiation by preventing IL-2 production,” The Journal
of Experimental Medicine, vol. 214, no. 11, pp. 3381-3398,
2017.

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

Journal of Immunology Research

J. P. Elmore, M. C. McGee, N. F. Nidetz, O. Anannya,
W. Huang, and A. August, “Tuning T helper cell differentia-
tion by ITK,” Biochemical Society Transactions, vol. 48, no. 1,
pp. 179-185, 2020.

S. Tanaka, S. Maeda, M. Hashimoto et al., “Graded attenuation
of TCR signaling elicits distinct autoimmune diseases by alter-
ing thymic T cell selection and regulatory T cell function,”
Journal of immunology, vol. 185, no. 4, pp. 2295-2305, 2010.

R. P.Joshi, A. M. Schmidt, J. Das et al., “The { isoform of diac-
ylglycerol kinase plays a predominant role in regulatory T cell
development and TCR-mediated ras signaling,” Science signal-
ing, vol. 6, no. 303, 2013.

X. Chen, J. J. Priatel, M. T. Chow, and H. S. Teh, “Preferential
development of CD4 and CD8 T regulatory cells in RasGRP1-
deficient mice,” Journal of immunology, vol. 180, no. 9,
pp. 5973-5982, 2008.

M. Schmidt-Supprian, J. Tian, E. P. Grant et al., “Differential
dependence of CD4+CD25+ regulatory and natural killer-
like T cells on signals leading to NF-kappaB activation,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 13, pp. 4566-4571, 2004.

S. Hwang, K. D. Song, R. Lesourne et al., “Reduced TCR signal-
ing potential impairs negative selection but does not result in
autoimmune disease,” The Journal of Experimental Medicine,
vol. 209, no. 10, pp. 1781-1795, 2012.

R. H. Schwartz, “A cell culture model for T lymphocyte clonal
anergy,” Science, vol. 248, no. 4961, pp. 1349-1356, 1990.

M. O. Liand A. Y. Rudensky, “T cell receptor signalling in the
control of regulatory T cell differentiation and function,”
Nature Reviews Immunology, vol. 16, no. 4, pp. 220-233, 2016.
L. Yang, S. Chen, Q. Zhao, Y. Sun, and H. Nie, “The critical
role of Bach2 in shaping the balance between CD4" T cell sub-
sets in immune-mediated diseases,” Mediators of inflamma-
tion, vol. 2019, Article ID 2609737, 9 pages, 2019.

M. Sasikala, V. V. Ravikanth, K. Murali Manohar et al., “Bach2
repression mediates Th17 cell induced inflammation and asso-
ciates with clinical features of advanced disease in chronic pan-
creatitis,” United European Gastroenterology Journal, vol. 6,
no. 2, pp. 272-282, 2018.

I. Vogel, A. Kasran, J. Cremer et al., “CD28/CTLA-4/B7 co-
stimulatory pathway blockade affects regulatory T-cell func-
tion in autoimmunity,” European Journal of Immunology,
vol. 45, no. 6, pp. 1832-1841, 2015.

S. Bhatia, M. Edidin, S. C. Almo, and S. G. Nathenson, “Differ-
ent cell surface oligomeric states of B7-1 and B7-2: implica-
tions for signaling,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 102, no. 43,
pp. 15569-15574, 2005.

H. Park, Z. Li, X. O. Yang et al., “A distinct lineage of CD4 T
cells regulates tissue inflammation by producing interleukin
17,” Nature Immunology, vol. 6, no. 11, pp. 1133-1141, 2005.
J.J. Engelhardt, T. J. Sullivan, and J. P. Allison, “CTLA-4 over-
expression inhibits T cell responses through a CD28-B7-
dependent mechanism,” Journal of immunology, vol. 177,
no. 2, pp. 1052-1061, 2006.

Z. Zhang, W. Zhong, D. Hinrichs et al., “Activation of OX40
augments Th17 cytokine expression and antigen-specific uve-
itis,” The American Journal of Pathology, vol. 177, no. 6,
pp. 2912-2920, 2010.

D. Odobasic, A. J. Ruth, V. Oudin, S. R. Holdsworth, and S. R.
Holdsworth, “OX40 ligand is inhibitory during the effector



Journal of Immunology Research

(38]

(39]

[40]

(41]

(42]

[43]

[44]

[45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

phase of crescentic glomerulonephritis,” Nephrology Dialysis
Transplantation, vol. 34, no. 3, pp. 429-441, 2019.

M. F. Krummel and J. P. Allison, “CD28 and CTLA-4 have
opposing effects on the response of T cells to stimulation,”
The Journal of Experimental Medicine, vol. 182, no. 2,
pp. 459-465, 1995.

N. Manel, D. Unutmaz, and D. R. Littman, “The differentia-
tion of human TH-17 cells requires transforming growth fac-
tor-f3 and induction of the nuclear receptor RORyt,” Nature
Immunology, vol. 9, no. 6, pp. 641-649, 2008.

L. Durant, W. T. Watford, H. L. Ramos et al., “Diverse targets
of the transcription factor STAT3 contribute to T cell pathoge-
nicity and homeostasis,” Immunity, vol. 32, no. 5, pp. 605-615,
2010.

M. Boirivant, F. Pallone, C. di Giacinto et al., “Inhibition of
Smad7 with a specific antisense oligonucleotide facilitates
TGF-f1-mediated suppression of colitis,” Gastroenterology,
vol. 131, no. 6, pp. 1786-1798, 2006.

E. V. Dang, J. Barbi, H. Y. Yang et al., “Control of T};17/Treg
balance by hypoxia-inducible factor 1,” Cell, vol. 146, no. 5,
pp. 772784, 2011.

S. Sedda, I. Marafini, V. Dinallo, D. di Fusco, and
G. Monteleone, “The TGF-f3/Smad system in IBD pathogene-
sis,” Inflammatory Bowel Diseases, vol. 21, no. 12, pp. 2921-
2925, 2015.

C. L. Langrish, Y. Chen, W. M. Blumenschein et al., “IL-23
drives a pathogenic T cell population that induces autoim-
mune inflammation,” The Journal of Experimental Medicine,
vol. 201, no. 2, pp. 233-240, 2005.

M. Kanamori, H. Nakatsukasa, M. Okada, Q. Lu, and
A. Yoshimura, “Induced regulatory T cells: their development,
stability, and applications,” Trends in Immunology, vol. 37,
no. 11, pp. 803-811, 2016.

S. Sakaguchi, T. Yamaguchi, T. Nomura, and M. Ono, “Regu-
latory T cells and immune tolerance,” Cell, vol. 133, no. 5,
pp. 775-787, 2008.

L. Ivanov, B. S. McKenzie, L. Zhou et al., “The orphan nuclear
receptor RORyt directs the differentiation program of proin-
flammatory IL-17* T helper cells,” Cell, vol. 126, no. 6,
pp. 1121-1133, 2006.

C. Parham, M. Chirica, J. Timans et al., “A receptor for the het-
erodimeric cytokine IL-23 is composed of IL-12Rbetal and a
novel cytokine receptor subunit, IL-23R,” Journal of immunol-
ogy, vol. 168, no. 11, pp. 5699-5708, 2002.

M. W. Teng, E. P. Bowman, J. ]. McElwee et al., “IL-12 and IL-
23 cytokines: from discovery to targeted therapies for
immune- mediated inflammatory diseases,” Nature Medicine,
vol. 21, no. 7, pp. 719-729, 2015.

P. A. Dawson and S. J. Karpen, “Intestinal transport and
metabolism of bile acids,” Journal of Lipid Research, vol. 56,
no. 6, pp. 1085-1099, 2015.

L. Zhou, J. E. Lopes, M. M. Chong et al.,, “TGF-B-induced
Foxp3 inhibits TH17 cell differentiation by antagonizing
RORyt function,” Nature, vol. 453, no. 7192, pp. 236-240,
2008.

T. J. Harris, J. F. Grosso, H. R. Yen et al., “Cutting edge: an
in vivo requirement for STAT3 signaling in TH17 develop-
ment and TH17-dependent autoimmunity,” Journal of immu-
nology, vol. 179, no. 7, pp. 4313-4317, 2007.

Q. Dai, Y. Li, H. Yu, and X. Wang, “Suppression of Thl and
Th17 responses and induction of Treg responses by IL-18-

(54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

(62]

(63]

(64]

[65]

(66]

(67]

(68]

[69]

expressing plasmid gene combined with IL-4 on collagen-
induced arthritis,” BioMed research international, vol. 2018,
Article ID 5164715, 8 pages, 2018.

W. Liao, J. X. Lin, and W. J. Leonard, “Interleukin-2 at the
crossroads of effector responses, tolerance, and immunother-
apy,” Immunity, vol. 38, no. 1, pp. 13-25, 2013.

C. Apert, P. Romagnoli, and J. P. M. Van Meerwijk, “IL-2 and
IL-15 dependent thymic development of Foxp3-expressing
regulatory T lymphocytes,” Protein & Cell, vol. 9, no. 4,
pp. 322-332, 2018.

J. M. Ridlon, D. J. Kang, and P. B. Hylemon, “Bile salt biotrans-
formations by human intestinal bacteria,” Journal of Lipid
Research, vol. 47, no. 2, pp. 241-259, 2006.

W. Jia, G. Xie, and W. Jia, “Bile acid-microbiota crosstalk in
gastrointestinal inflammation and carcinogenesis,” Nature
Reviews Gastroenterology ¢ Hepatology, vol. 15, no. 2,
pp. 111-128, 2018.

H. Dubog, S. Rajca, D. Rainteau et al., “Connecting dysbiosis,
bile-acid dysmetabolism and gut inflammation in inflamma-
tory bowel diseases,” Gut, vol. 62, no. 4, pp. 531-539, 2013.

L. R. Fitzpatrick and P. Jenabzadeh, “IBD and bile acid absorp-
tion: focus on pre-clinical and clinical observations,” Frontiers
in Physiology, vol. 11, 2020.

S. Hang, D. Paik, L. Yao et al., “Bile acid metabolites control
T(H)17 and T(reg) cell differentiation,” Nature, vol. 576,
no. 7785, pp. 143-148, 2019.

L. Ding, L. Yang, Z. Wang, and W. Huang, “Bile acid nuclear
receptor FXR and digestive system diseases,” Acta Pharmaceu-
tica Sinica B, vol. 5, no. 2, pp. 135-144, 2015.

S. Fiorucci, M. Biagioli, A. Zampella, and E. Distrutti, “Bile
acids activated receptors regulate innate immunity,” Frontiers
in Immunology, vol. 9, 2018.

H. Chu, A. Khosravi, I. P. Kusumawardhani et al., “Gene-
microbiota interactions contribute to the pathogenesis of
inflammatory bowel disease,” Science, vol. 352, no. 6289,
pp. 1116-1120, 2016.

P. Vavassori, A. Mencarelli, B. Renga, E. Distrutti, and
S. Fiorucci, “The bile acid receptor FXR is a modulator of
intestinal innate immunity,” Journal of immunology, vol. 183,
no. 10, pp. 6251-6261, 2009.

R. M. Gadaleta, K. J. van Erpecum, B. Oldenburg et al., “Farne-
soid X receptor activation inhibits inflammation and preserves
the intestinal barrier in inflammatory bowel disease,” Gut,
vol. 60, no. 4, pp. 463-472, 2011.

J. Yang, J. Hu, L. Feng et al., “Decreased expression of TGR5 in
Vogt-Koyanagi-Harada (VKH) disease,” Ocular Immunology
and Inflammation, vol. 28, no. 2, pp. 200-208, 2020.

G.J. Britton, E. J. Contijoch, I. Mogno et al., “Microbiotas from
humans with inflammatory bowel disease alter the balance of
gut Th17 and RORyt" regulatory T cells and exacerbate colitis
in mice,” Immunity, vol. 50, no. 1, pp. 212-24.e4, 2019.

Y. Mishima, B. Liu, J. J. Hansen, and R. B. Sartor, “Resident
bacteria-stimulated IL-10-secreting B cells ameliorate T cell-
mediated colitis by inducing Tr-1 cells that require IL-27-sig-
naling,” Cellular and Molecular Gastroenterology and Hepatol-
o0gy, vol. 1, no. 3, pp. 295-310, 2015.

K. M. Telesford, W. Yan, J. Ochoa-Reparaz et al., “A commen-
sal symbiotic factor derived from Bacteroides fragilis promotes
human CD39"Foxp3™ T cells and T,, function,” Gut
Microbes, vol. 6, no. 4, pp. 234-242, 2015.

g



(70]

(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

(79]

C. B. Larmonier, K. W. Shehab, F. K. Ghishan, and P. R. Kiela,
“T lymphocyte dynamics in inflammatory bowel diseases: role
of the microbiome,” BioMed research international, vol. 2015,
Article ID 504638, 9 pages, 2015.

P. M. Smith, M. R. Howitt, N. Panikov et al., “The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell
homeostasis,” Science, vol. 341, no. 6145, pp. 569-573, 2013.

P. Hemarajata and J. Versalovic, “Effects of probiotics on gut
microbiota: mechanisms of intestinal immunomodulation
and neuromodulation,” Therapeutic Advances in Gastroenter-
ology, vol. 6, no. 1, pp. 39-51, 2013.

R. Rogier, M. I. Koenders, and S. Abdollahi-Roodsaz, “Toll-
like receptor mediated modulation of T cell response by com-
mensal intestinal microbiota as a trigger for autoimmune
arthritis,” Journal of immunology research, vol. 2015, Article
ID 527696, 8 pages, 2015.

I. Ivanov, K. Atarashi, N. Manel et al., “Induction of intestinal
Th17 cells by segmented filamentous bacteria,” Cell, vol. 139,
no. 3, pp. 485-498, 2009.

Y. Goto, C. Panea, G. Nakato et al., “Segmented filamentous
bacteria antigens presented by intestinal dendritic cells drive
mucosal Th17 cell differentiation,” Immunity, vol. 40, no. 4,
pp. 594-607, 2014.

D. Parada Venegas, M. K. de la Fuente, G. Landskron et al.,
“Short chain fatty acids (SCFAs)-mediated gut epithelial and
immune regulation and its relevance for inflammatory bowel
diseases,” Frontiers in Immunology, vol. 10, 2019.

A. Luo, S. T. Leach, R. Barres, L. B. Hesson, M. C. Grimm, and
D. Simar, “The microbiota and epigenetic regulation of T
helper 17/regulatory T cells: in search of a balanced immune
system,” Frontiers in Immunology, vol. 8, 2017.

S. Omenetti and T. T. Pizarro, “The Treg/Th17 axis: a dynamic
balance regulated by the gut microbiome,” Frontiers in Immu-
nology, vol. 6, 2015.

K. Wang, H. Dong, Y. Qi et al., “Lactobacillus casei regulates
differentiation of Th17/Treg cells to reduce intestinal inflam-
mation in mice,” Journal of Veterinary Research, vol. 81,
no. 2, pp. 122-128, 2017.

Journal of Immunology Research



Hindawi

Journal of Immunology Research
Volume 2020, Article ID 3757015, 8 pages
https://doi.org/10.1155/2020/3757015

Research Article

Hindawi

Increased Circulating Th1l and Tfh1 Cell Numbers Are
Associated with Disease Activity in Glucocorticoid-Treated
Patients with IgG4-Related Disease

Changsheng Xia®,"' Caoyi Liu,” Yanying Liu,’ Yan Long,' Lijuan Xu,* and Chen Liu

'Department of Clinical Laboratory, Peking University People’s Hospital, Beijing, China
2Institute of Blood Transfusion, Chinese Academy of Medical Sciences, Chengdu, China
’Department of Rheumatology and Immunology, Peking University People’s Hospital, Beijing, China

*Department of Immunology, School of Basic Medicine Sciences, Peking University Health Science Center, Beijing, China
Correspondence should be addressed to Changsheng Xia; xiachangsheng@bjmu.edu.cn and Chen Liu; liuchen-best@pku.edu.cn
Received 18 July 2020; Revised 24 October 2020; Accepted 3 November 2020; Published 30 November 2020

Academic Editor: Dawei Cui

Copyright © 2020 Changsheng Xia et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. This study is aimed at exploring the changes and significance of circulating Th and Tth cell subsets in glucocorticoid-
treated IgG4-RD patients. Methods. 39 glucocorticoid-treated IgG4-RD patients and 22 healthy controls (HC) were enrolled.
Peripheral blood mononuclear cells were separated, and circulating Th and Tth cell subsets were examined by flow cytometry
according to the surface and intranuclear markers. Disease activity was accessed by the IgG4-RD responder index (RI) score.
Correlation analyses were conducted between Th/Tth subset numbers and clinical indicators. The receiver operating
characteristic (ROC) curve was used to evaluate the efficacy of Th and Tth subsets to distinguish active IgG4-RD patients from
remission IgG4-RD patients. Results. Circulating Thl, Th17, Tthl, and Tfh17 cells were significantly increased in active IgG4-
RD patients compared with HC. Thl and Tthl numbers were positively correlated with serum IgG4 levels in patients with
IgG4-RD. Meanwhile, the absolute numbers of circulating Th1l and Tthl cells were positively correlated with IgG4-RD RI
scores. The areas under the curve (AUC) were 0.8276 for Thl and 0.7310 for Tth1, 0.5862 for Tth2, and 0.6810 for Tth17.
Conclusion. Increased circulating Thl and Tfhl subsets are related to elevated serum IgG4 levels in active IgG4-RD patients
during glucocorticoid treatment, which may play an important role in the course of IgG4-RD disease, and could be potential

biomarkers for monitoring disease activity of IgG4-RD.

1. Introduction

IgG4-related disease (IgG4-RD) is a chronic immune-
mediated fibroinflammatory disorder characterized by tume-
factive lesions, a dense lymphoplasmacytic infiltration rich in
IgG4-positive plasma cells, storiform fibrosis, and frequently
elevated serum IgG4 concentrations [1]. The majority of
infiltrating cells are small lymphocytes that are composed
predominantly of T cells distributed diffusely throughout
the lesion and intermingled with plasma cells [2]. Infiltrating
T cells in the lesion are primarily activated CD4" T cells,
which play an important role in the course of IgG4-RD [3].

Previous studies have reported that CD4" cytotoxic T
lymphocytes (CTLs) and follicular helper T (Tth) cells that

infiltrated tissue lesions were the main CD4" T cells at disease
sites in [gG4-RD [4-8]. Circulating CD4" CTLs and Tth cells
were found to be expanded in patients with IgG4-RD [5, 6,
9]. Circulating CD4 T helper (Th) cells can be divided into
Thl cells (CXCR3"CCR6), Th2 plus naive CD4" cells
(CXCR3°CCR67, CXCR3 CCR6'CCR4" cells represent Th2,
and CXCR3 CCR6'CCR4" cells belong to naive CD4), and
Th17 cells (CXCR3'CCR6") [10, 11]. CD4" CTLs, which
express the transcription factors of ThPOK, Runx3, and T-
bet, are mainly differentiated from Th1 cells [12, 13]. Accord-
ingly, the expansion of circulating CD4" CTLs may lead to
elevated Thl cells in the peripheral blood of IgG4-RD
patients. Tth cells represent a distinct CD4™ T cell subset pro-
viding key signals to B cells for their differentiation into
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plasma cells which secrete high-affinity antibodies in the ger-
minal center [14, 15]. Peripheral blood CD4"CXCR5" T cells
are considered to be a circulating pool of memory Tth cells,
which can be divided into Tfh1 (CXCR3*CCRé6’), Tfh2
(CXCR3°CCR6), and Tth17 (CXCR3"CCR6") cells, and they
have different capabilities to help the differentiation of B cell
subsets [16, 17]. Some studies have investigated the role of
circulating CD4" T cell subsets in IgG4-RD. However, most
previous studies have focused on untreated IgG4-RD
patients. Few studies have explored the relationship between
circulating CD4" T cell subsets and disease activity in treated
IgG4-RD patients.

In this study, we aim to determine the relationship
between circulating Th and Tfh cell subsets and serum
IgG4 levels as well as disease activity in glucocorticoid-
treated IgG4-RD patients. We intend to clarify the changes
and clinical significance of circulating Th and Tth cell subsets
in treated IgG4-RD patients.

2. Results

2.1. Clinical Characteristics of the Patients with IgG4-RD. We
involved 39 patients with IgG4-RD including the diagnosis of
definite (n=25), possible (n=12), and probable (n=2)
IgG4-RD diagnosis results, and the clinical and demographic
characteristics of the patients are described in Supplementary
Table 1. Of those subjects, 38 (97.4%) were presented with >2
organs involved. Frequent sites of initial organ involvement
included the submandibular glands (13 cases, 33.3%),
lacrimal glands (7 cases, 17.9%), parotid gland (1 case,
2.6%), pancreas (10 cases, 25.6%), bile ducts (1 case, 2.6%),
lymph nodes (2 cases, 5.1%), retroperitoneum (3 cases,
7.7%), sinus (1 case, 2.6%), and mesentery (1 case, 2.6%).
The median RI score of these IgG4-RD patients was 5.
These patients were divided into active (n=29) and
remission (n = 10) IgG4-RD patients according to RI scores.

We measured and compared levels of IgG4, IgG, IgE,
C3, C4, and CRP in the serum of active IgG4-RD patients,
remission IgG4-RD patients, and HC. As shown in Supple-
mentary Figure 1, the concentrations of serum IgG4 were
significantly higher in active IgG4-RD patients than in
HC and remission patients (3.01g/L versus 0.46g/L and
0.85g/L; P<0.0001 and P=0.0153, respectively).
Similarly, IgE was significantly elevated in active IgG4-RD
patients compared with HC and remission patients
(103.40IU/mL versus 24.941U/mL and 38.131U/mL; P =
0.0001 and P =0.0483, respectively). In contrast, serum
C4 levels were significantly decreased in patients with
active IgG4-RD compared with HC (0.209g/L versus
0.268g/L, P=0.0032). We also analyzed levels of
lymphocytes and CD4" T cell percentages and found
elevated lymphocyte concentrations and CD4" T cell
percentages in active IgG4-RD patients compared to HC
or remission patients (not shown).

2.2. Increased Thl and Thl7 Cells in Patients with Active
IgG4-RD. We next measured Th cell levels in IgG4-RD
patients and HC according to surface markers. Circulating
Th cells were defined as CD3"CD4"CXCR5 Foxp3™ cells
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because we want to exclude the influence of Foxp3™ regula-
tory T cells. Th1, Th2 plus naive CD4, and Th17 cell subsets
were defined as CXCR3"CCR6" cells, CXCR3 CCR6" cells,
and CXCR3'CCR6" cells within the CD3"CD4"
CXCR5Foxp3™ Th cells, respectively. As shown in Figure 1,
the absolute number (per uL) of circulating Th1 cells was sig-
nificantly increased in active IgG4-RD patients compared
with HC and remission patients (111.9 cells/uL versus 76.4
cells/uL and 57.4 cells/uL; P = 0.0376 and P = 0.0047, respec-
tively). Moreover, the absolute numbers (per yL) and fre-
quencies of circulating Th17 cells were significantly higher
in patients with active IgG4-RD than in HC (76.4 cells/uL
versus 30.6 cells/pL, 0.107 versus 0.070; P =0.0007 and P =
0.0067, respectively). Interestingly, the absolute numbers
(per pL) of circulating Th2 plus naive CD4 cells were signif-
icantly lower in remission IgG4-RD patients than in active
patients and HC (197.9 cells/uL versus 400.9 cells/uL and
374.6 cells/uL; P =0.0264 and P = 0.0474, respectively). The
frequencies of circulating Th2 plus naive CD4 cells were sig-
nificantly lower in active IgG4-RD than in HC (0.611 versus
0.745; P =0.0007).

2.3. Tfhl and Tfh17 Cells in Patients with Active IgG4-RD
Were Increased. We next analyzed circulating Tth cell
changes in these IgG4-RD patients. Circulating Tth cells
were defined as CD3"CD4"CXCR5 Foxp3~ cells. Foxp3™
cells were also excluded because we want to exclude the
influence of follicular regulatory T cells. Tthl, Tth2, and
Tfh17 cell subsets were defined as CXCR3"CCR6™ cells,
CXCR3'CCR6™ cells, and CXCR3'CCR6" cells within
CD3*CD4"CXCR5"Foxp3™ Tth cells, respectively. As shown
in Figure 2, the absolute number (per uL) of circulating
Tthl cells was significantly increased in active IgG4-RD
patients compared with HC (26.2 cells/uL versus 17.4
cells/uL; P =0.0172). Moreover, the absolute numbers (per
uL) and frequencies of circulating Tth17 cells were also sig-
nificantly increased in patients with active IgG4-RD com-
pared with HC (25.8 cells/uL versus 10.4 cells/uL, 0.226
versus 0.145; P =0.0009 and P = 0.0027, respectively). Con-
versely, the frequencies of circulating Tth2 cells were signifi-
cantly decreased in active IgG4-RD patients compared with
HC and remission patients (0.424 versus 0.612 and 0.572;
P <0.0001 and P =0.0091, respectively).

2.4. Circulating Th1 Cells Are Positively Correlated with IgG4
Levels and RI Scores in IgG4-RD Patients. To determine the
associations of Th cell subsets with clinical indicators,
the correlations of Th cell subsets with serum IgG4 and
RI scores in IgG4-RD patients were conducted. As shown
in Figure 3, the absolute number (per uL) of Thl cells was
found to be positively correlated with serum IgG4 levels
and IgG4-RD RI scores (r=0.8134 and 0.4457; P<
0.0001 and P =0.0045, respectively). Similarly, the correla-
tions of Tth cell subsets with serum IgG4 and RI scores in
IgG4-RD patients were also analyzed, respectively (Figure 4).
Interestingly, we found that the number of Tth1 cells was also
positively correlated with serum IgG4 levels and IgG4-RD RI
scores (r=0.6424 and 0.3568; P <0.0001 and P =0.0257,
respectively).
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FIGURE 1: Analyses of Th cell subsets in active IgG4-RD patients, remission IgG4-RD patients, and healthy controls. Th and Tth cells in
PBMCs were analyzed by FCM. Circulating Th cells were defined as CD3"CD4"CXCR5 Foxp3™ cells. Th1, Th2 plus naive CD4, and Th17
cell subsets were defined as CXCR3"CCR6 cells, CXCR3 CCR6" cells, and CXCR3 CCR6" cells within Th cells. Circulating Tth cells were
defined as CD3"CD4"CXCR5 Foxp3™ cells. Tth1, Tfh2, and Tth17 cell subsets were defined as CXCR3"CCR6" cells, CXCR3 CCR6" cells,
and CXCR3 CCR6" cells among Tth cells. (a) Representative dot plots of flow cytometry analysis and Th1, Th2 plus naive CD4, and Th17
subsets were shown. (b) The absolute numbers (per yL) and frequencies of circulating Th cell subsets in active IgG4-RD patients (n = 29),
remission I1gG4-RD patients (n=10), and HC (n=22). The error bars represented the median and interquartile range. The Mann-
Whitney test was used to compare the subset levels. ns, P > 0.05 (not significant); *P < 0.05; **P < 0.01; ***P < 0.001.

2.5. Thl and Tfhl Cell Numbers Can Be Used as Potential
Biomarkers for IgG4-RD Disease Activity Monitoring. Since
Th1 and Tthl subset numbers are significantly increased in
active IgG4-RD patients and have significant positive corre-
lations with disease activity, we further explored whether
they could be used as potential markers for IgG4-RD disease
activity monitoring. As shown in Figure 5, we used Tth1 and
Th1 cell numbers to distinguish active IgG4-RD from remis-
sion IgG4-RD and generated ROC curves. The areas under
the curve (AUC) were 0.8276 for Thl cells and 0.7310 for
Tthl cells. We also analyzed the efficacy of using other cell
subsets for diagnosis. The areas under the curve (AUC) were
0.7586 for Th2 plus naive CD4 cells and 0.6517 for Th17
cells, and AUC were 0.5862 for Tth2 cells and 0.6810 for
Tth17 cells (Figure 5).

3. Discussion

In this research, we studied the changes and significance of
circulating Th and Tth cell subsets in glucocorticoid-treated

IgG4-RD patients. We found that circulating Th1 and Tthl
subsets were increased and were related to serum IgG4 levels
and RI scores in active IgG4-RD patients, which may play an
important role in IgG4-RD, and could be potential bio-
markers for monitoring disease activity of IgG4-RD during
treatment.

IgG4-RD is often featured by elevated levels of serum
IgG4 [18, 19]. Serum IgE concentrations are also increased
in some patients [20]. In the present study, we also found that
the concentrations of serum IgG4 and IgE were significantly
increased in active IgG4-RD patients. Conversely, serum C4
levels were significantly lower in active IgG4-RD patients
than in HC. The reduction in serum C4 levels in these active
patients may indicate that specific antibodies bind to the tar-
get antigen and the activated complement system is common
in the disease.

Expanded CD4" CTLs have been reported to play an
important role in the pathogenesis of 1gG4-RD [4, 20-23].
CDA4" CTLs differentiate mainly from Th1 cells. Accordingly,
we investigated circulating Th subsets in patients with IgG4-
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F1GURE 2: Tth cell subset analysis in active IgG4-RD patients, remission IgG4-RD patients, and healthy controls. (a) Representative dot plots
for FCM analysis. Tth1, Tth2, and Tth17 were defined as CD4"CXCR5*Foxp3 CXCR3"CCR6" cells, CD4"CXCR5*Foxp3 CXCR3™ CCR6
cells, and CD4"CXCR5"Foxp3 CXCR3 CCR6" cells, respectively. (b) The absolute numbers (per pL) and frequencies of circulating Tth
subsets in active IgG4-RD patients (1 =29), remission IgG4-RD patients (n=10), and HC (n=22). The error bars represented the
median and interquartile range. The Mann-Whitney test was used to compare the subset levels. ns, P>0.05 (not significant); *P <
0.05; **P<0.01; ***P <0.001; ****P < 0.0001.
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Tthl cells, 0.5862 for Tth2 cells, and 0.6810 for Tth17 cells.

RD. The numbers of circulating Thl cells were significantly
increased in active IgG4-RD patients. In line with our results,
increased circulating Th1 cells in IgG4-related sialadenitis
patients have already been reported by Ohta et al. and Higa-
shioka et al. [24, 25]. Here, we used surface molecules to
characterize the Th subgroup for providing potential diag-
nostic applications in the future. We also found that the

numbers of circulating Th1 cells were well correlated with
serum IgG4 levels, which suggests that expanded Thl cells
may be involved in the elevation of serum IgG4. Similarly,
Maehara et al. reported that the ratio of CD4" CTLs in lesion
tissues from patients with 1gG4-related dacryoadenitis and
sialoadenitis was positively correlated with serum IgG4 con-
centrations [4]. Upregulation of Th1 cells or CD4" CTLs will



result in the production of more IFN-y, and excessive IFN-y
is thought to lead to the pathogenic accumulation of Tth
cells, which in turn leads to the formation of abnormal ger-
minal centers and the production of autoantibodies [26].
This indirect effect may be the explanation for the positive
correlation between Thl cells and IgG4. Besides, we found
that the numbers of circulating Th1 cells were positively cor-
related with the IgG4-RD RI scores. This means that circulat-
ing Thl cells reflect the disease activity of IgG4-RD. The
reason may be because the Th1 cells can produce inflamma-
tory cytokines (IFN-y, etc.) and cytolytic molecules (perforin
and granzyme), which were associated with the disease
activity.

Previous studies investigated the role of Tth cell subsets
in IgG4-RD. However, the results remain controversial.
Akiyama et al. reported that activated circulating Tthl and
Tth2 cells were increased in IgG4-RD and the number of
Tfh2 cells was associated with serum IgG4 levels [27, 28].
Chen et al. reported that frequencies of circulating Tthl
and Tth2 cells were significantly increased in IgG4-RD
patients [8]. Grados et al. found that circulating T cells polar-
ized toward Th2/Tth2 and Th17/Tthl7 in patients with
IgG4-RD [29]. A recent study showed that all circulating
PD-1" Tth cell subsets were expanded in IgG4-related scle-
rosing cholangitis and pancreatitis, but only activated Tth2
cells were associated with disease activity [30]. IL-4" Tth cells
were reported to be significantly increased in secondary
lymphoid organs and lesion tissues in IgG4-RD [7], and
these IL-4" Tth cells express BATF, rather than GATA-3,
which was identified as a master transcriptional factor of
circulating Tth2 [10]. CXCR3 and CCR6 were found to
be upregulated on CD4" Tfh cells in lesion tissues of
IgG4-RD patients [4], suggesting that increased Tth in
IgG4-RD might be CXCR3" Tfh and CCR6" Tth cells.
Here, we found that the number of circulating Tthl cells
was significantly higher in patients with active IgG4-RD.
Moreover, the number and proportion of circulating Tth17
cells were significantly higher in patients with active IgG4-
RD than in HC. In contrast, the proportion of circulating
Tth2 cells was significantly decreased in active IgG4-RD
patients. Also, the numbers of circulating Tthl cells were
positively correlated with serum IgG4 levels and IgG4-RD
RI scores, which suggests that increased Tthl cells may be
associated with the elevated IgG4 and might contribute to
IgG4-RD.

One of the reasons for the inconsistent conclusions is
the different criteria for the inclusion of patients. We
included patients in this study who were undergoing glu-
cocorticoid therapy. The changes in Th and Tth subpopu-
lations in these patients during the treatment process were
very different from those of new onset or after treatment.
Since most IgG4-RD patients are often in the state of
starting treatment, it is difficult to collect new-onset
patients, but our results are more of reference significance
because it reflects the situation of most patients who come
to the hospital. This is also the first time to systematically
study the changes of Th and Tth subsets in patients
treated with glucocorticoid. We suspect that glucocorticoid
can have an effect on circulating T cell subsets, and
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changes in T cell subsets can also reflect the effects of
treatment.

Based on this, we also conducted a preliminary explora-
tion of the diagnostic value of the Th and Tth subsets and
used ROC curves to evaluate the effectiveness of these subsets
for distinguishing the active from remission status of IgG4-
RD patients during glucocorticoid treatment. According to
our results, the areas under the curve (AUC) were 0.8276
for Thl and 0.7310 for Tfhl, suggesting that Thl and Tthl
numbers could be potential diagnosis makers in monitoring
IgG4-RD disease activity. Our research uses flow cytometry
to detect molecules on the surface of peripheral blood cells.
If it can achieve the purpose of evaluating the treatment of
patients, it will have a good application prospect. However,
because the sample size is not large enough, it is necessary
to expand the sample size in the future to clarify the diagnos-
tic value of Th1 and Tthl.

In summary, our study demonstrates that active IgG4-
RD is characterized by circulating T cell polarization toward
Th1/Tthl and Th17/Tth17 during glucocorticoid treatment.
Circulating Thl and Tfhl levels positively correlate with
serum IgG4 levels and disease activity in patients with
IgG4-RD, which might play an important role in the course
of IgG4-RD, and could be the potential biomarkers for dis-
ease activity monitoring in 1gG4-RD.

4. Materials and Methods

4.1. Subjects. A total of 39 patients with IgG4-RD (24 males,
15 females; median age: 62 years) and 22 healthy controls
(HC) (13 males, 9 females; median age: 66 years) were
recruited from outpatient and inpatient sections of Peking
University People’s Hospital between December 2018 and
May 2019. The diagnosis of IgG4-RD was performed accord-
ing to the 2011 comprehensive diagnostic criteria [31]. All
IgG4-RD patients were receiving glucocorticoid therapy.
Most patients have been standardized to dosing: predniso-
lone 0.6 mg/kg/d for 2-4 weeks and then dose reduction to
5 mg/d after 3-6 months, with the expected cessation of treat-
ment by 2-3 years. The IgG4-RD responder index (RI) score
was used for the assessment of disease activity [32]. Each
affected organ was scored separately, and all individual organ
scores were summed to calculate the overall RI. All RI scores
in this present study were calculated with the inclusion of
serum IgG4 levels. IgG4-RD RI score > 3 was considered an
active disease, and <3 was classified as remission [21]. This
research was approved by the Ethics Committee of Peking
University People’s Hospital and was performed following
the ethical standards of the Declaration of Helsinki.

4.2. Clinical Indicator Measurement. Serum levels of IgG4
were measured by nephelometry using a Siemens BN II
Nephelometer (Siemens Healthcare Diagnostics; Malburg,
Germany) and Siemens reagents. Serum concentrations of
IgG, C3, and C4 were measured by nephelometry using a
Beckman Coulter Immage 800 Nephelometer (Beckman
Coulter Ireland Inc; CA, USA) and Beckman Coulter
reagents. CRP in serum was tested by immunoturbidimetry
using a Beckman Coulter Chemistry Analyzer AUS5800
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(Beckman Coulter Ireland Inc.; CA, USA) and Beckman
Coulter reagents. Serum IgE levels were tested by a Cobas
€601 Electrochemiluminescence Immunoassay Analyzer
(Roche; Mannheim, Germany). WBC and lymphocyte
counts were determined by Sysmex XE-2100 (TOA Medical
Electronics; Kobe, Japan).

4.3. Flow Cytometry. Peripheral blood mononuclear cells
(PBMCs) were separated by gradient centrifugation with a
human lymphocyte separation medium (Dakewei Biotech
Co., Ltd.; Shenzhen, China) and then washed twice with
PBS. Enriched PBMCs were immediately stained for 30
minutes with the following antibodies: CD3-APC, CD4-
PerCP/Cy5.5, CXCR5-APC/Cy7, CXCR3-PE, and CCR6-
PE/Cy7. Intracellular staining for Foxp3 was performed
using a transcription factor staining buffer kit (Thermo
Fisher Scientific-eBioscience; San Diego, CA, USA), accord-
ing to the manufacturer’s instructions. After fixation and per-
meabilization, cells were incubated with anti-Foxp3
allophycocyanin for 30 minutes. All fluorescent antibodies
were purchased from BioLegend (San Diego, CA, USA).
Samples were analyzed on FACSCanto using Diva software
(BD Biosciences; San Jose, CA, USA). Based on the number
of lymphocytes in the complete blood count and the propor-
tion of each subgroup of lymphocytes determined by flow
cytometry, the absolute count (per uL) of each subgroup
was calculated.

4.4. Statistics. Continuous variables are shown as median
with 25™-75" percentiles. Multiple group comparisons were
analyzed using the Kruskal-Wallis test. The Mann-Whitney
U test was used for comparison between two groups. Also,
receiver operating characteristic (ROC) curve analyses were
performed to explore the efficiency of parameters in evaluat-
ing IgG4-RD disease activity and the AUC values were deter-
mined. Statistical significance was determined using
GraphPad Prism software V.7.0 (GraphPad Software; San
Diego, CA, USA). Statistics with P values less than 0.05 were
considered to be significant.
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Background and Aims. The involvement of cellular immunity in the development of hepatitis E virus (HEV) infection is rare. We
aimed to study the roles of viral load and Th cell responses in acute hepatitis E (AHE) and HEV-related acute liver failure (HEV-
ALF). Methods. We evaluated viral load and Th1/Th2 cytokine levels in 34 patients with HEV infection, including 17 each with
AHE or HEV-ALF. Seventeen healthy controls (HCs) were also included who were negative for anti-HEV IgM and IgG. Results.
There was no significant difference in viral load and HEV RNA in the AHE and HEV-ALF groups (both P> 0.05). The Th
lymphocyte levels (CD3+, CD4+) in the AHE and HEV-ALF groups were significantly higher than those in the HC group (both
P <0.05), but there was no significant difference between the AHE and HEV-ALF groups (P > 0.05). Both IFN-y and IL-10
showed gradual upward trend from the HC group to the AHE (both P < 0.01), but IFN-y showed a sharp downward trend from
the AHE group to the HEV-ALF group (P <0.01) and IL-4 showed gradual upward trend from the AHE group to the HEV-
ALF group (P <0.01).There was no significant difference in Th1 and Th2 cytokines between the HEV RNA(+) group and HEV
RNA(-) group (all P> 0.05). Th2 bias was observed from the AHE (ratio = 58.65) to HEV-ALF (ratio = 1.20) groups. The level
of TIFN-y was associated with the outcome of HEV-ALF patients. Conclusions. HEV viral load was not associated with
aggravation of AHE, and the HEV-ALF patients showed significant Th2 bias, which may be involved in the aggravation of AHE.

1. Introduction

Hepatitis E is an infectious disease of the digestive tract
caused by hepatitis E virus (HEV) [1, 2]. It is mainly spread
by the fecal-oral route, which is one of the main routes of
transmission of hepatitis worldwide, and has become an
important public health problem [3, 4]. Hepatitis E mainly

occurs in developing countries and regions with backward
sanitation conditions, which can spread infection [5]. In
recent years, some developed countries, such as North Amer-
ica, Europe, and Japan, have also reported nonimported spo-
radic cases of hepatitis E [6]. There are four HEV genotypes,
and those in China are mainly concentrated in types I and IV
[7]. So far, only one serotype of HEV has been found. HEV
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TaBLE 1: Characteristics of study subjects.

HC group (n=17) AHE group (n=17) HEV-ALF group (n=17) P value
Age (y) 43.4+14.9 45.7+15.3 55.8+7.3 0.018
Gender (F/M) 9/8 7/10 3/14 0.095
Pregnant woman 0 0 0 —
Fever 0 4 (23.53) 7 (41.18) 0.014
Jaundice 0 15 (88.24) 17 (100.00) <0.001
Nausea/vomit 0 5(29.41) 9 (52.94) 0.002
Severity of hepatic encephalopathy 0 0 4(23.53) 0.013
Hepatorenal syndrome 0 2 (11.76) 1(5.88) 0.352
Ascites 0 2 (11.76) 8 (47.06) <0.001
IgM(+) 0 17 (100.00) 17 (100.00) <0.001
HEV-RNA (IU/ml) 0 34.84 (29.18-38.73) 33.44 (30.55-37.74) <0.001
ALT (U/) 18 (9-31) 535 (128-834) 750 (392-1027) <0.001
TBIL (umol/l) 12.4 (8.4-14.2) 58.0 (12.2-141.6) 206.6 (92.0-263.4) <0.001
Length of stay (day) 7 (5-11) 12 (8-23) <0.001
Mortality rate 0 8 (47.06) <0.001

The P value was for the difference among the three groups.

can cause subclinical, acute, chronic, or severe infections in
people of all ages and sexes [8, 9].

A large number of studies have confirmed that humoral
and cellular immunity both play an important role in viral
infection [10, 11]. In previous studies, Shen et al. [12] showed
that CD8 of patients with hepatitis B virus-associated acute-
on-chronic liver failure (HBV-ACLF) had obvious clonal
expansion in the course of disease progression. The higher
the degree of CD8 T cell clone expansion, the better the prog-
nosis of HBV-ACLF patients. Han et al. [13] showed that
patients with hepatitis C virus (HCV) infection had defective
T cell function, and the direct effect of antiviral therapy
improved the proliferation of HCV-specific CD8+ T cells.
In a study by Shin et al. [14], providing nutritional education
and food supplements to human immunodeficiency virus-
(HIV-) infected women significantly increased weight and
CD4+ T cells, and these interventions can be integrated into
HIV care programs in low-income areas. Schlosse et al. [15]
inoculated C57BL/6 mice, BALB/C nude mice, Wistar rats,
and European rabbits with wild boar-derived HEV-3 strain,
and monitored the replication and shedding of the virus
and the humoral immune response to it. Remarkably, immu-
nosuppressive dexamethasone treatment did not increase the
susceptibility of rats to HEV infection. In rabbits, recombi-
nant HEV-3 and rat HEV capsid protein induced a protective
effect against HEV-3 infection. However, the involvement of
cellular immunity in the development of HEV infection is
rare. Although hepatitis E is self-limited, a growing number
of cases of chronic infection or HEV-related liver failure have
been reported [16, 17], especially in elderly people and preg-
nant women. It is important to investigate further the role of
cellular immunity in hepatitis E development.

Hence, we conducted a correlation study in 34 patients
with HEV infection, including 17 each with acute hepatitis
E (AHE) or HEV-related acute liver failure (HEV-ALF).
The study was carried out in response to the changes in T

helper cell immune status and viral load in patients. To the
best of our knowledge, this is the first study to characterize
the immune mechanism of Th cells during HEV infection.

2. Materials and Methods

2.1. Study Population. We enrolled 34 patients with HEV
infection, including 17 with AHE and 17 with HEV-ALF,
who were referred to the First Affiliated Hospital, College of
Medicine, Zhejiang University, between 10 September 2018
and 10 March 2019. The follow-up period ended in 9 March
2020. Another 17 healthy controls (HCs) were from the
Health Examination Center of the First People’s Hospital of
Yancheng City. The present study was performed in accor-
dance with the Declaration of Helsinki and was approved
by the Ethics Committee of the First Affiliated Hospital, Zhe-
jiang University (approval number: 2011013).

2.2. Definition and Clinical Classification of Cases. We
defined AHE and HEV-ALF according to the King’s Col-
lege criteria as previously described [18]: AHE: (1) positive
serum anti-HEV IgM and/or a greater than twofold
increase in anti-HEV IgG titer and/or detectable HEV
RNA and (2) combined with clinical presentation of acute
viral hepatitis (e.g., elevated liver enzymes and/or jaundice
and/or nonspecific symptoms, such as sudden onset of
fever, vomiting, and nausea). HEV-ALF: (1) evidence of
abnormal liver synthetic function (prothrombin activity <
40% or international normalized ratio>1.5), jaundice,
and hepatic atrophy over a 2-week period; (2) presence
of stage 2 or 3 encephalopathy complicating end-stage dis-
ease manifestations; and (3) no chronic liver disease. Hep-
atitis A virus, HBV, HCV, and HIV infections were
excluded from all enrolled patients and HCs, and HEV
infection was also excluded from the HC group.
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2.3. Data Collection. We collected all the data from the
patients’ medical records, including clinical baseline parame-
ters, laboratory parameters, length of stay, and prognosis.
The follow-up data were collected through medical records
or by direct contact with the patients or their families, with
death or liver transplantation as an endpoint.

2.4. HEV-Specific Antibody Detection. Diagnosis of hepatitis
E was based on the presence of anti-HEV-IgM and IgG
antibodies by ELISA, and only IgM- and IgG-positive
cases were included. The presence of anti-HEV IgM and
IgG antibodies was detected using commercially available
HEV ELISA kits (Wantai, Beijing, China). The positive
samples had optical density > 1.1.

2.5. HEV RNA Detection. HEV RNA was detected by inter-
nally controlled, quantitative real-time reverse transcription
polymerase chain reaction (PCR), as previously described
[18]. Total RNA was extracted and purified from serum using
a viral nucleic acid purification kit (Aikang, Hangzhou,
China). Nested PCR amplified a 348-nucleotide fragment of
the HEV open reading frame 2, and the fragment of the
HEV was sequenced to identify the genotype. The viral load
of each sample was estimated by quantitative PCR, using a
diagnostic kit for Hepatitis E Virus RNA (Aikang), with the
following conditions: 30 min at 50°C, 2 min at 94°C, and 50
cycles of 30s at 94°C, 30 s at 55°C, and 2 min 30s at 68°C.

2.6. Isolation of Peripheral Blood Mononuclear Cells. At 4
days after initiation of detoxification treatment, peripheral
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«) and (¢, d) Th2 cytokines (IL-4 and IL-10) among the HC group, AHE group, and HEV-ALF group. (e, f) Th1 cytokines (IFN-y and TNF-a)

and (g, h) Th2 cytokines (IL-4 and IL-10) between the HEV RNA(+) group and HEV RNA(-) group.
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TaBLE 2: Th1/Th2 (IFN-y/IL4) ratios in the AHE group and HEV-
ALF group.

Categories IFN-y (pg/ml) IL-4 (pg/ml) IFN-y/IL-4 ratio
HC group 2.94 7.63 0.39
AHE group 578.24 9.86 58.65
HEV-ALF group 25.78 21.57 1.20

blood samples (10ml) were collected by venipuncture and
placed in EDTA tubes. Peripheral blood mononuclear cells
were isolated from fresh blood collected in K3 EDTA tubes
using Ficoll density gradient centrifugation (GE Healthcare
Life Sciences, Marlborough, MA, USA) for 30min at
900x g. Under a microscope (100x), cells were counted,
and viability was always >95%, as determined by trypan blue
exclusion (Sigma-Aldrich, St. Louis, MO, USA).

2.7. Immunophenotyping. A comprehensive panel of lym-
phocyte subsets was identified using multicolor flow cytome-
try. Peripheral blood mononuclear cells were washed in flow
cytometry buffer (phosphate-buffered saline containing 1%
fetal calf serum and 0.01% sodium azide) and then treated
with flow cytometry blocking solution for 20 min. The cells
were stained with combinations of anti-CD3, anti-CDS,
anti-CD4, anti-CD56, and anti-CD16 monoclonal antibodies
for 30 min at 4°C. Fluorescein isothiocyanate, phycoerythrin,
and allophycocyanin were the fluorescent dyes, and all anti-
bodies were purchased from BD Biosciences (San Jose, CA,
USA). By using a FACS Canto II flow cytometer (BD Biosci-
ences), at least 20,000 stained lymphocytes were identified by
granularity and size. Data were analyzed by Flow]Jo version
7.2.5 software. CD3+ T cells were gated and displayed
through histogram plots for other surface markers, and the
percentage of cells showed the levels (mean + SE).

2.8. Cytokine Measurements. ProcartaPlex Analyst 1.00
(eBioscience, San Diego, CA, USA) was used to determine
the levels of plasma cytokines. By using a MILLIPLEX
MAP Kit to analyze statistical data according to manufac-
turer’s instructions, the value of samples was less than
0.2 pg/ml showing undetectable concentrations.

2.9. Statistical Analysis. All statistical analyses were per-
formed with SPSS version 25 (IBM SPSS Statistics, Armonk,
NY, USA). The continuous variables with normal distribu-
tion were expressed as the mean + standard deviation and
tested with independent sample t-test. The variables with
nonnormal distribution were expressed as median (IQR)
and tested with the nonparameter test. The Mann-Whitney
U test was used for group comparisons. The classified vari-
ables were tested by the chi-square test. A value of P < 0.05
was considered statistically significant.

3. Results

3.1. Characteristics of Study Subjects. The characteristics of
the study subjects are summarized in Table 1. There was no
significant difference among the three groups (P =0.095),
but the average age was 55.8 +7.3 years in the HEV-ALF

group, which was significantly higher than in the AHE
(45.7 £15.3 years) and HC (43.4 + 14.9 years) groups. All
enrolled 34 HEV patients were genotype 4. The average hos-
pitalization time in the HEV-ALF group was 12 (8-23) days,
which was significantly longer than in the AHE group (7 (5-
11) days). Nine of the 17 patients in the HEV-ALF group
recovered and eight died. All 17 patients in the HEV-ALF
group had jaundice, eight (47.06%) had ascites, four
(23.53%) had severity of hepatic encephalopathy, and 1
(5.88%) patient had hepatorenal syndrome. There were no
pregnant women in the AHE and HEV-ALF groups.

3.2. Viral Load in the AHE and HEV-ALF Groups. Both the
positive rates for HEV RNA in the AHE and HEV-ALF
groups were 58.82%, and there was no significant difference
in the viral load between the two groups (33.56 +5.81 vs.
33.85+3.72; P> 0.05) (Figures 1(a) and 1(b)).

3.3. Th Lymphocytes and Th1/Th2 Cytokines. We measured
the lymphocyte levels with anti-CD3, anti-CD4, and anti-
CD8 antibodies in the HC, AHE, and HEV-ALF groups.
The Th lymphocyte levels (CD3+, CD4+) in the AHE and
HEV-ALF groups were significantly higher than in the HC
group (both P < 0.05), but there was no significant difference
between the AHE and HEV-ALF groups (P > 0.05). For cyto-
toxic T lymphocytes (CD3+, CD8+), there was no significant
difference between the AHE and HC groups (P > 0.05), with
similar conclusion between the HEV-ALF and AHE groups
(P> 0.05), while cytotoxic T lymphocytes (CD3+, CD8+) in
the HEV-ALF group were significantly lower than those in
the HC group (P < 0.05) (Figures 1(c)-1(e)).

Compared with Th1/T2 cytokines between the HC group
and AHE group, both IFN-y and IL-10 showed gradual
upward trend from the HC group to the AHE (both P <
0.01), and there was no significant difference for TNF-«
and IL-4 between the AHE and HC groups (both P > 0.05).
Compared with Th1/Th2 cytokines between the AHE group
and HEV-ALF group, IFN-y showed a sharp downward
trend from the AHE group to the HEV-ALF group
(P <0.01), while IL-4 showed gradual upward trend from
the AHE group to the HEV-ALF group (P < 0.01), and there
was no significant difference for TNF-a and IL-10 between
the AHE and HEV-ALF groups (both P>0.05;
Figures 2(a)-2(d)).

In order to study the relationship between viral load and
Th1/Th2 cytokines, we regrouped the 34 patients in the AHE
and HEV-ALF groups according to whether HEV RNA was
positive or not (HEV RNA(+) and HEV RNA(-) groups).
There was no significant difference in Thl (IFN-y and
TNF-a) and Th2 (IL-4 and IL-10) cytokines between the
two groups (all P> 0.05; Figures 2(e)-2(h)).

3.4. Th1/Th2 Cytokine Production in the AHE and HEV-ALF
Groups. To characterize the immune mechanism of Th cells
during HEV infection, we compared Th1/Th2 (IFN-y/IL-4)
ratios among the groups (Table 2). Compared with the HC
group, the AHE group showed Thl bias (ratio=58.65).
Compared with the AHE group, there was a Th2 bias
(ratio = 1.20) in the HEV-ALF group.
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bias.

3.5. Correlation of ALT and TBIL and Severity of Hepatic
Encephalopathy with Th2 Bias and IFN-y. We evaluated cor-
relation of ALT and TBIL and severity of hepatic encepha-
lopathy with Th2 bias and IFN-y in the HEV-ALF group.
The levels of severity of hepatic encephalopathy and ALT
were weakly correlated with IFN-y in the HEV-ALF groups
(r=0.325, P=0.061; r=0.238, P=0.174; Figures 3(a) and
3(b)). The level of TBIL was strongly correlated with IFN-y
bias in the HEV-ALF group (r=0.356, P =0.039;

Figure 3(c)). The level of ALT, severity of hepatic encepha-
lopathy, and TBIL were weakly correlated with Th2 bias in
the HEV-ALF groups (r=0.262, P=0.134; r=0.241, P=
0.171; r =0.183, P =0.301; Figures 3(d)-3(f)).

3.6. Relationship between Th1l/Th2 Cytokine Levels and
Patient Outcome. We compared Th1/Th2 cytokine levels in
28 recovered patients and six patients who died. Only the
level of IFN-y in dead patients was significantly lower than
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TaBLE 3: Relationship between Th1/Th2 cytokine levels and
outcome of patients.

Th1/Th2 Recovered patients Dead P

cytokines (N =26) patients (N =8)  value
TFN-y 399'6()937F232‘L)'35 " 2584 (16.63-30.23) 0.006
TNF-a 1.16 (0.05-2.88) 1.16 (1.16-0.25)  0.205
IL-4 12.31 (8.48-23.78)  16.70 (15.98-18.64) 0.167
IL-10 423 (3.78-5.00) 536 (3.42-5.75)  0.393

in recovered patients (25.84 (16.63-30.23) vs. 399.03 (34.35-
697.22); P=0.006), while there were no significant differ-
ences for TNF-a, IL-4, and IL-10 between recovered and
dead patients (all P> 0.05) (Table 3).

4. Discussion

The cellular immune response plays an important role in
HEV infection [19, 20]. Although hepatitis E is an acute
self-limited disease, chronic hepatitis E and hepatic failure
caused by hepatitis E have been reported in recent years. A
subset of immunosuppressed patients infected with HEV
may develop chronic infection. The study by Ramdasi et al.
[21] showed that HEV infection during pregnancy was
highly correlated with the level of T regulatory cells and
Th1 to Th2 shift. In cellular immunity, Th cells are normally
in the precursor state. Under the influence of the virus, T cells
differentiate and proliferate in different directions. Th1 cells
mainly secrete cytokines such as IFN-y and IL-2, which play
an important role in antiviral and bacterial immune
responses, while Th2 cells mainly secrete cytokines such
as IL-4 and IL-10, which play a role in parasitic infection
[22, 23].

In this study, we compared the changes in Th cell sub-
sets by cell surface molecular staining. The numbers of Th
lymphocyte levels (CD3+, CD4+) in the AHE group and
HEV-ALF group were significantly higher than those in
the HC group, but there was no significant difference
between the AHE group and HEV-ALF group. Although
the level of cytotoxic T lymphocytes (CD3+, CD8+) in
the HEV-ALF group was significantly lower than that in
the HC group, there was no significant change in the
levels of Th2 cells between the AHE group and HEV-
ALF group. We analyzed the changes in the levels of Th
cell-related factors. The level of IFN-y in the AHE group
was significantly increased. Although IL-10 also showed a
significant increase, we considered that Thl cells were
involved in HEV infection and virus clearance. It should
be noted that IFN-y decreased sharply from AHE to
HEV-ALF. At the same time, this process is accompanied
by increased level of IL-4. Significant Th2 bias was
observed from AHE to HEV-ALF. We inferred that hepa-
tocyte damage was aggravated due to the persistent imbal-
ance of immune status in the body. This result is
consistent with Ravi and Arankalle [24] and Majumdar
et al. [25].

We compared the HEV positive rates and viral loads in
the AHE and HEV-ALF groups. There was no significant dif-
ference in the HEV positive rate or viral load between the two
groups, suggesting that HEV viral load was not associated
with disease severity. There was no significant difference in
Th1/Th2 cytokines between the HEV or HEV-ALF groups.
All the above results may indicate that the HEV viral load
has little effect on Th1/Th2 cytokines, but it may also be
related to the positive feedback of Th1/Th2 cell proliferation
on immunity. Sex and age should be excluded, and the results
were verified in more samples.

Both IFN-y and Th1 bias were negatively correlated with
ALT, and severity of hepatic encephalopathy, especially for
TBIL. Although HEV was cleared in many patients, ALT
and bilirubin levels indicated further hepatocyte damage,
and we speculate that hepatocyte damage may not be directly
caused by HEV, but rather by Th2 bias caused by restraint of
Thl cells. HEV-ALF patients had a high mortality rate.
Hence, we evaluated the relationship between Th1/Th2 cyto-
kine levels and outcome of HEV-ALF patients, and only the
level of IFN-y was associated with outcome.

Cytokines are important immune messenger molecules,
which are secreted in the blood, and they are affected by a
variety of viruses and bacteria. The study cohort excluded
interference by other infectious diseases, tumors, age, sex,
and other factors. Our research also considered the effect of
lifestyle, environment, and other factors. None of these could
completely exclude the influence of other organs and factors,
which needs to be confirmed by a large multicenter study.

In summary, HEV viral load was not associated with
aggravation of AHE. The IFN-y levels showed a gradual
upward trend from the HC group to the AHE group, while
it showed a sharp downward trend from the AHE group to
the HEV-ALF group and the HEV-ALF patients showed sig-
nificant Th2 bias. The level of IFN-y was associated with the
outcome of HEV-ALF patients. We consider that Th2 bias
may be involved in the aggravation of AHE.
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T follicular helper (TFH) cells are recognized as a subtype of T cells that are involved in the germinal center formation and B cell
development. When dysregulated, TFH cells may represent an important mechanism that contributes to a heightened humoral
response and autoantibody production in autoimmune liver diseases (AILDs). TFH cells participate in the immune response
associated with AILDs by expressing surface receptors such as programmed cell death protein-1, C-X-C motif chemokine
receptor 5, and inducible T cell costimulators, as well as cytokines such as interleukin-21. TFH cells also downregulate
chemokine (C-C motif) receptor 7 and promote the dysregulation of the T follicular regulatory/TFH axis. This review highlights

the importance of TFH cells in AILDs.

1. Introduction

Autoimmune liver disease is a group of chronic hepatobiliary
inflammatory diseases mediated by autoimmune response,
mainly consist of autoimmune hepatitis (AIH), primary bili-
ary cholangitis (PBC), primary sclerosing cholangitis (PSC),
and IgG4-related sclerosing cholangitis (IgG4-SC) [1]. T fol-
licular helper (TFH) cells are special subtypes of CD4" T cells
that have evolved appropriate mechanisms to induce B cell
activation and differentiation into immunoglobulin (Ig-)
secreting cells (plasma cells) [2]. In secondary lymphoid tis-
sues, TFH cells have an important influence on the formation
of the germinal center (GC) and the development of T cell-
dependent B cell responses [3]. One distinctive feature of
TFH is that they have the high surface expression of C-X-C
motif chemokine receptor 5 (CXCR5), which can induce
TFH cells to transfer to the follicular area of B cells expressing
CXCL13 (the ligand of CXCR5). TFH cells can also regulate
humoral immune response through secretion and expression
of various cytokines, including the signal transcription factor
B cell lymphoma 6 (BCL-6), programmed cell death protein-
1 (PD-1), CD40 ligand, and the cytokine interleukins IL-21,

IL-10, and IL-6 [4-6]. Circulating TFH cells can be classified
into three different subsets (TFH17, TFHI1, and TFH2) in
view of the subtype cytokine profiles and effectiveness in sup-
porting B cells [7] (see Figure 1). We also introduce a T cell
subtype that is closely related to TFH cells: T follicular regu-
latory (TFR) cells, which are in the germinal center and have
the same phenotypic traits as TFH cells. The differentiation
of TFR cells is an extremely complex process. The differenti-
ation of TFR cells was initiated by dendritic cells; develop-
ment and expansion required the help of B cells,
costimulatory signals, such as CD28 and ICOS, and the
expression of transcription factors such as BCL-6 [8-
12].TFR cells play a negative regulatory role in germinal cen-
ter reaction. TFR cells may inhibit plasma cells by inhibiting
the GC reaction. When plasma cells migrate from secondary
lymphoid organs to bone marrow, TFR cells will lose the
inhibitory effect on plasma cells [13]. More evidence indi-
cated that the imbalance between circulating TFR and TFH
cells might cause the immune system’s tolerance disorders
and the production of abnormal autoantibodies. These path-
ogenic mechanisms are considered a crucial development of
autoimmune responses [14]. This article will investigate the
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FIGURE 1: AILDs: autoimmune liver diseases; PD-1: programmed cell death protein-1; CXCR5: CXC chemokine receptor 5; ICOS: inducible T
cell costimulator; IL-21: cytokine interleukin- (IL-) 21; BCL-6: B cell lymphoma 6; OX40: tumor necrosis factor receptor. TFH plays a key role
in assisting B cells. Autoimmune diseases are characterized by excessive activation of B cells, leading to the production of autoantibodies and
attacking their normal tissues. This suggests that TFH cells may have an important influence on the pathogenesis of autoimmune diseases.

contribution of TFH cells to the disease pathogenesis in
AILDs.

2. Autoimmune Hepatitis (ATH)

AIH is a chronic inflammatory liver disease induced by
decreased immunological tolerance to liver autoantigens.
The clinical features of AIH include the detection of autoan-
tibodies via liver histology, hyperglobulinemia, and lympho-
cytic plasma infiltration of interface hepatitis [15]. In a
prospective population-based study, Lamba et al. found that
the incidence of AIH in New Zealand tended to increase
annually [16]. However, the reason for the change in the inci-
dence of ATH has not yet been discovered. Evidence in recent
years has shown that B cells have an important influence on
autoimmune diseases. During the pathogenesis and develop-
ment of AIH autoimmunity, TFH cells provided the B cells in
the GC area with a key signal to produce autoantibodies [17].
Over expanded TFH cells could lead to overreactions of the
GC, such as the disordered proliferation of self-reactive B
cells, excessive differentiation of long-lived plasma cells,
and the mass secretion of high-affinity pathogenic autoanti-
bodies. The pathological enrichment of TFH cells could be
critical for the survival of homologous self-reactive B cells
and the tolerance check of escaping the GC area [3]. These
observations indicated the contribution of TFH cells in auto-
immune hepatitis, and TFH cells are mainly affected by three

substances: interleukin-21, programmed cell death protein-1,
and T follicular regulatory cells.

2.1. Interleukin-21 (IL-21). TFH cells express high levels of
IL-21 that influence B cell differentiation and antibody pro-
duction [3]. IL-21 belongs to the type I cytokine family; type
I cytokines have massive effects on the immune system,
including B cell activation in the GC of the secondary lym-
phoid organs, plasma cell differentiation, and immunoglobu-
lin production [2, 18]. Although the data on IL-21-induced
direct antibody-mediated cytotoxicity is limited, the circum-
stantial evidence shows that IL-21 may mediate the produc-
tion of autoantibodies and has an important influence on
the pathogenesis of ATH. Ma et al. found that patients with
new-onset ATH had higher serum IL-21 levels, which was
accompanied by plasma cells, activated B cells, TFH cells,
and serum immunoglobulins [19]. Subsequently, researchers
explored whether TFH cells participated in AIH autoimmu-
nity through the elevated secretion of IL-21. Using coculture
experiments, Morita et al. reported that TFH2 and TFH17,
but not TFH1, induced naive B cells to produce immuno-
globulin by secreting IL-21 [7]. Meanwhile, in the mouse
model of ATH, blocking IL-21 secretion effectively inhibited
the production of TFH cells and prevented the development
of ATH in the mice [20, 21]. Abe et al. found that serum levels
of IL-21 were prominently higher among AIH patients con-
trasted to nonsevere liver disease patients; this increase was
positively correlated with necrotizing inflammatory activity
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[18]. Serum IL-21 levels are expected to be an indicator for
predicting the evolution of necrotizing inflammatory activity
in liver histology, providing important evidences regarding
ATH diagnosis, and identifying necessary therapeutic targets
[18]. In summary, researchers found that TFH cells were
involved in the pathogenesis of ATH by secreting IL-21, and
the serum concentration of IL-21 in severe AIH patients is
significantly increased through animal and human studies.
These studies indirectly prove that TFH cells involve in the
pathogenesis of AIH by secreting IL-21 cytokines, which
has severity with the disease.

2.2. Programmed Cell Death Protein-1 (PD-1). The TFH cell
surface receptor PD-1 inhibits the adaptive immune response
by binding to its ligand, programmed cell death ligand-
(PDL-) 1, or PDL-2 [22]. The role of chemokine (C-C
motif) receptor 7 (CCR7) is the opposite of PD-1 and pro-
motes a variety of adaptive immune functions [23]. The
researchers found that there were CCR7"PD-1" TFH cell
subtypes in the peripheral blood of ATH patients. Quantify-
ing CCR7"PD-1" TFH cells in the peripheral blood of ATH
patients might be used to the auxiliary diagnosis of AIH,
which thus also confirming that TFH cells participated in
the pathogenesis of ATH [24, 25].

The chemokine receptor CXCR5, the nuclear transcrip-
tional repressor BCL-6 [12], and the surface receptor-
inducible T cell costimulator (ICOS) [3] may also control
TFH cell transcription. However, whether TFH cells partici-
pate in the pathogenesis of AIH through CXCR5 and ICOS
has not yet been confirmed, and more basic researches are
needed to support this hypothesis.

2.3. T Follicular Regulatory (TFR) Cells. The dysregulation of
TFR and TFH cells is closely related to the pathological
mechanisms of autoimmune diseases. Liang et al. closely
followed the relationship between the dysregulation of TFR
and TFH cells and the pathogenesis of AIH. Studies found
that in ATH patients, TFR cell counts were negatively related
to TFH cell numbers and IL-21 levels but positively related to
the inhibitory factors IL-10 and TGF-f1. Collectively, the
decrease of CTLA-4 and TFR-related factor IL-10/TGF-f1
and the increase of PD-1/ICOS in AIH patients lead to the
decrease of TFR cells, while the increase of TFH-related fac-
tor IL-21 increases the number of TFH cells and the decrease
of TFR/TFH ratio, thus promoting the differentiation of B
cells and the production of immunoglobulin.

3. Primary Biliary Cholangitis (PBC)

PBC, which is once described as primary biliary cirrhosis, is
an autoimmune disease that occurs more frequently among
women. PBC is characterized by chronic cholestasis, which
leads to the injury of small hepatic bile ducts, inflammation,
and eventually progressive fibrosis [15]. Because of genetic
risk factors and decreased environmental tolerance, PBC is
often correlated with autoimmune diseases (such as chronic
thyroiditis and Sjogren’s syndrome). Liver transplantation
is often required because of liver failure; however, PBS often
reoccurs after liver transplantation [26]. Studies have shown

that the pathogenesis of PBC is closely related to TFH cells.
The following sections will focus on the relationships
between TFH cells and PBC. Similarly, in PBS, TFH cell
count was associated with TFR cells. Besides, CXCR5 and
other cytokines affected TFH cell levels.

3.1. CXCR5. CXCRS5 is a TFH-related factor that is also con-
sidered a risk factor for PBC [27]. Circulating CD4"CXCR5"
TFH cells are a subtype of memory TFH cells that may exist
in the blood for a long time [7]. When antigenic stimulation
occurs, these memory TFH cell subsets can quickly transform
into TFH cells to promote the GC response [28]. When the
production of circulating TFH cells is out of control, it
reflects GC imbalance and causes an abnormal elevation in
the number of autoreactive B cells as well as the production
of pathogenic autoantibodies. At this time, clinical symptoms
often appear. When the immune response continues, irre-
versible tissue damage will eventually occur [29]. Wang
et al. detected circulating of CD4"CXCR5" TFH cells in the
peripheral blood of PBC patients [6]. They also found that
elevated numbers of TFH in PBC patients were correlated
with B cell activation, disease severity, and response to urso-
deoxycholic acid treatment [6]. The above reports give us a
deeper understanding of the immune pathogenesis of PBC.
CD4*CXCR5" TFH cells may become a marker for monitor-
ing the effect of treatment in PBC patients. However, it is still
unknown why high numbers of CD4"CXCR5" TFH cells are
positively correlated to the disease severity in PBC patients
[30]. Researches are still needed to be explored for its funda-
mental mechanism.

3.2. Other Cytokines. Wang et al. demonstrated that elevated
numbers of circulating ICOS+ TFH, IL-21+ TFH [31], and
PD-1+ TFH2 cells [32] might be found in PBC patients.
Adam et al. also confirmed that PBC patients had signifi-
cantly higher numbers of CXCR5+PD-1+ and CD4+ TFH
cells [33]. Additionally, the activation marker OX40 and
inducible T cell costimulatory factors were highly expressed
in PBC and were related to the titers of antimitochondrial
antibody M2 and IgM. When PBC patients developed cirrho-
sis, its serological level was detected that there was a signifi-
cant upward trend [33].

Significant increases in concentrations of 0X40, CXCR5,
PD-1, ICOS, and IL-21 have been observed in PBC patients.
These previous studies showed that TFH cells were closely
associated with the pathogenesis of PBC and provided an
important tool for the diagnosis and treatment of PBC. How-
ever, these molecular mechanisms are not yet fully under-
stood; more researches are still needed.

3.3. TFR Cells. The roles of dysregulated TFR and TFH cells
in the immune systems of PBC patients are controversial.
Zheng et al. pointed out that the serum TFR/TFH ratio of
PBC patients was remarkably lower than that of the normal
control group [34]. This study also indirectly proved that
the dysregulation of the circulating TFR/TFH ratio was
involved in the pathogenesis of PBC. Therefore, this ratio
might be used as a serological marker for developing new
therapies and evaluated therapeutic efficacy in PBC patients
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TasLE 1: Influence of follicular helper T cells (TFH) in human and mouse AILDs.
Disease  ICOS IL-21 PD-1 cxcrs P oxao TFR/TEH References
ratio Mouse Human
AIH - Pathogenic  Pathogenic - Pathogenic ~ [20,21] [19] [7] [18] [24, 25] [17]
PBC Pathogenic Pathogenic Pathogenic Pathogenic  Controversial - [6] [31] [32] [33] [34]
PSC - - Controversial Controversial [33]
IgG4- .
e - - Pathogenic - (32]

AILDs: autoimmune liver diseases; ATH: autoimmune hepatitis; PBC: primary biliary cholangitis; PSC: primary sclerosing cholangitis; IgG4-SC: IgG4-related
sclerosing cholangitis; PD-1: programmed cell death protein-1; CXCR5: CXC chemokine receptor 5; ICOS: inducible T cell costimulator; IL-21: cytokine
interleukin- (IL-) 21; BCL-6: B cell lymphoma 6; OX40: tumor necrosis factor receptor; TFR: T follicular regulatory.

[34]. However, Adam et al. found that although PBC patients
showed a higher count of TFR cells, the TFH/TFR ratio was
not remarkably different from that of healthy people [33].
Therefore, more researches are required to confirm whether
there is a significant change in the circulating TFR/TFH ratio
in PBC.

4. Primary Sclerosing Cholangitis (PSC)

PSC is an uncommon illness whose distinguishing features
are multifocal bile duct strictures and progressive liver dis-
ease [35]. There are no clinical manifestations during the dis-
ease; rather, the pathophysiological mechanism manifests as
anterior cholestasis. Subsequently, PSC will develop progres-
sive biliary strictures, which lead to recurrent cholangitis, bil-
iary cirrhosis, and end-stage liver disease [36]. Therapy will
not slow the disease progression of this disease. Many
patients require liver transplantation, after which there is a
risk of recurring disease [36]. Although significant progress
has been made in defining the immunological features
related to the deficiency of tolerance, there is little informa-
tion on the biological effects of biliary injury [26]. Further-
more, the pathogenesis of PSC has not been precisely
defined. Perinuclear antineutrophil cytoplasmic antibodies
may be detected in most PSC patients, which suggest that
its pathogenesis may be related to immune disorders. How-
ever, various studies indicated that the pathogenesis of PSC
did not support its classification as an autoimmune disease.
For example, PSC patients had male dominance, and lack
of clear autoantigens and immunosuppressants did not affect
the disease process [26]. By detecting CXCR5"PD-1"CD4"
TFH cells in patients, Adam et al. found that TFH cells
affected the occurrence of PSC to a lesser extent, which sup-
ported the above hypothesis [33]. However, there are numer-
ous debates over whether PSC can be regarded as a true
autoimmune disease.

5. IgG4-Related Sclerosing Cholangitis (IgG4-
SC)

IgG4-SC, the biliary manifestation of the systemic fibroin-
flammatory condition, is featured by the enrichment of
IgG4-positive plasma cells and CD4+ T cells in associated tis-
sues [37]. IgG4-SC has been gradually valued because of its
high rate of organ dysfunction and failure, high rate of recur-

rence, and high mortality rate [38]. Although serum concen-
trations of IgG4 and IgE are elevated in mass PSC patients,
they are not enough to be diagnosed and monitored with dis-
ease activity [39, 40]. Studies have found that PD-1 may be
associated with the proliferation and activation of TFH cells,
leading to 1gG4-SC.

5.1. PD-1. PD-1 is a milestone of cell activation in TFH cells,
which is important to the selection of B cells and survival in
GCs, along with the transformation of B cells into
antibody-secreting cells [7]. Cargill et al. found that circulat-
ing and tissue-activated TFH cells were expanded in IgG4-
SC, correlated with disease activity, and drove the class
switch and proliferation of IgG4-committed B cells. PD-1"
TFH2 cells are possible to be a marker of activating disease
and a latent target for immunotherapy [32].

Previous studies paid attention to the immune mecha-
nism of the disease found that TFH cells were closely corre-
lated with the immune mechanism of 1gG4-SC. However,
new literature is still needed to support this argument.

6. Conclusion

TFH cells have an important influence on the pathogenesis of
AILDs, especially in ATH, PBC, and IgG4-SC. Whether TFH
cells participated in the pathogenesis of PSC remains to be
discussed (Table 1). In summary, the literature on the contri-
bution of TFH cells in the pathogenesis of AILDS is still in its
infancy. The immune system is a complex and well-regulated
network. Furthermore, the discovery and correct under-
standing of TFH cells provide insight into the pathogenesis
of autoimmune diseases. TFH cells may be used as a new
diagnostic marker and treatment point in the clinic, thus
bringing new hope to the treatment of AILDs.
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Objective. To evaluate the plasma levels of Inc-DC in primary Sjogren’s syndrome (pSS) patients and investigate the potential
associations between Inc-DC and disease activity. Methods. In this study, we recruited 358 enrollments, including 127 pSS
patients without immune thrombocytopenia (ITP), 22 pSS patients with ITP, 50 systemic lupus erythematosus (SLE) patients,
and 50 patients with rheumatoid arthritis (RA) and 109 healthy individuals, from Xuzhou Central Hospital. The expression of
anti-SSA and anti-SSB was detected by enzyme-linked immunosorbent assay (ELISA). Spearman rank correlation test was used
to analyze the relationship between Inc-DC and pSS activity. pSS activity was measured by anti-SSA, anti-SSB antibody,
erythrocyte sedimentation rate (ESR), and f3,-microglobulin levels. The receiver operating characteristic (ROC) curve was used
to determine the diagnostic performance of plasma Inc-DC for pSS. Results. Compared with healthy controls, SLE and RA
patients, the Inc-DC expression levels were significantly elevated in pSS patients (P < 0.001), especially in pSS patients with ITP
(P <0.001). As expected, we also found that the Inc-DC expression positively correlated with anti-SSA (R? = 0.290, P < 0.001),
anti-SSB (R? =0.172, P <0.001), ESR level (R?>=0.076, P=0.002), and f,-microglobulin level (R?=0.070, P =0.003) in pSS
patients. ROC curves showed that plasma Inc-DC in pSS patients had an AUC 0.80 with a sensitivity of 0.75 and specificity of
0.85 at the optimum cutoff 1.06 in discriminating SLE and RA patients. In addition, the combination of Inc-DC and anti-
SSA/SSB (AUC: 0.84, sensitivity: 0.79, specificity: 0.90) improved significantly the diagnostic ability of pSS patients from SLE
and RA patients. In the efficacy monitoring study, levels of plasma Inc-DC were dramatically decreased after treatment
(P <0.001). Conclusion. These findings highlight that plasma Inc-DC as a novel biomarker for the diagnosis of pSS and can be
used to evaluate the therapeutic efficacy of pSS underwent interventional therapy.

1. Introduction

Primary Sjogren’s syndrome (pSS), more often seen in
women, is a multifactor and organ-specific autoimmune dis-
ease [1, 2]. The main clinical symptoms of pSS are eye and
oral dryness, following with other manifestations such as skin
dryness and immune thrombocytopenia (ITP) [3, 4]. Like
other autoimmune diseases, both environmental and genetic
factors contribute to the onset of pSS [5, 6]. Accumulating
evidence has demonstrated that multiple molecules including
and development of pSS [7, 8]. ITP is an immune-mediated
disease that characterized by impaired platelet production
or platelet more destruction, resulting in platelet decreased
and varying degree of bleeding risk [9]. ITP is commonly

associated with autoimmune diseases such as systemic lupus
erythematosus (SLE) [10, 11]. However, the pathogenesis
and molecular diagnosis of pSS with or without ITP are yet
to be elucidated. Our study explores the clinical and immu-
nological characteristics of ITP in patients with pSS, suggest-
ing that pSS patients with ITP expressed higher level of Inc-
DC compared to pSS patients without ITP. And we aim to
explore plasma biomarkers in pSS patients which could
contribute to better diagnosis and prognosis.

Characterized as a subtype of noncoding RNAs with
more than 200 nucleotides in length [12, 13], long noncoding
RNAs (IncRNAs) are widely involved in various physiologi-
cal and pathological processes mostly by functioning at tran-
scriptional or posttranscriptional control [14, 15], including
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F1GURE 1: The relative expression of Inc-DC in HCs and pSS with or without ITP, SLE, and RA patients that was determined by qRT-PCR.
*P <0.05 ***P < 0.001, by one-way ANOVA with Bonferroni’s test and 2-tailed unpaired ¢-test.

TaBLE 1: The basic characteristics, clinical manifestations and laboratory findings of pSS patients with and without ITP.

Characteristic pSS without ITP (n=127) pSS with ITP (n =22) t/x*IZ P value
Basic characteristics
Age (years) 48.59 +12.98 49.34 +15.72 -0.242* 0.809
Gender (female/male) 121/6 20/2 0.107° 0.744
Clinical manifestations
Dry mouth (%) 85/118 (72.03) 11/20 (55.00) 2.344° 0.126
Dry eye (%) 60/118 (50.85) 6/20 (30.00) 2.979° 0.084
Arthritis (%) 41/110 (37.27) 3/19 (15.79) 3.327° 0.068
Interstitial lung disease (%) 58/108 (53.70) 5/17 (29.41) 3.467° 0.063
ESSDAI 4.00 (2.00-6.00) 5.00 (3.00-7.00) -2.135°¢ 0.033
Laboratory findings
Inc-DC, TU/mL 1.57 £ 0.09 3.56 +£0.28 -33.041° <0.001
Platelet, x109/L 234.00 £ 186.00 37.00 = 33.00 22.384° <0.001
Hemoglobin, g/L 124.00 £ 102.00 117.00 £ 110.00 0.522¢ 0.602
Leukocyte, x109/L 5.77 +3.83 6.05+4.01 -0.776° 0.438
Creatinine, mg/dL 46.20 +37.20 42.50 +29.80 1.985° 0.047
ALT, U/L 19.00 + 16.00 22.00 +15.00 -0.950°¢ 0.342
AST, U/L 19 +13.00 24.00 = 15.00 -1.232°¢ 0.218
Positive ANA (%) 93/116 (80.17) 15/20 (75.00) 0.052° 0.819
Positive AHA (%) 2/121 (16.67) 2/18 (11.11) — 0.081¢

Data are presented as mean + SD (standard deviation) or median with 25-75th percentiles, positive number/tested number (%). ESSDAI: European League
Against Rheumatism Sjogren’s Syndrome Disease Activity Index; ALT: alanine aminotransferase; AST: aspartate aminotransferase; Anna: antinuclear
antibody; aha: anti-histone antibody. P < 0.05 was considered statistically significant. *Independent sample ¢-test; °chi-squared test; “Mann-Whitney U test;

Fisher exact probability method.

cancers [16], immune diseases [17], cardiovascular diseases
[18-20], and cardio-metabolic diseases [21]. Piling evidence
showed that IncRNAs exist stably in human body fluids
including urine and plasma, thereby acting as sensitive prog-
nostic and diagnostic biomarkers in cancers and cardiovas-
cular diseases [22-24]. Inc-DC, identified by Wang et al,, is
a specific IncRNA that exclusively expressed in dendritic cells
(DCs) which mediates the differentiation of DCs and the
activation of T cells [25]. However, it remains uncertain
whether Inc-DC in plasma can effectively diagnose pSS.
Thus, in this study, we evaluate the plasma levels of Inc-DC

in pSS patients and investigate their potential value for pSS
diagnosis.

2. Materials and Methods

2.1. Study Subjects. A total of 127 primary Sjogren’s syn-
drome (pSS) patients, 22 pSS patients with immune throm-
bocytopenia (ITP), and 109 healthy controls were collected
in the physical examination central of XuZhou Central Hos-
pital, June 1, 2018, to December 1, 2019. All pSS patients
were according to the 2002 US-EU Consensus Group criteria
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F1GURE 2: Inc-DC and the correlativity of pSS patients with certain clinical characteristics, Inc-DC, and 127 patients with pSS in the correlation
between some clinical characteristics, including anti-SSA (a), anti-SSB (b), the ESR (c), and j3,-microglobulin (d). The correlation analysis

used the Spearman rank correlation coefficient test.

[26], and all ITP patients fulfilled the diagnosis criteria
according to the American Society of Hematology guidelines
[9]. Healthy controls have no history of autoimmune diseases
and have never been treated with immunosuppressive drugs.
The sampling method was biopsy sampling. In order to ana-
lyze the specificity of Inc-DC in patients, 100 patients from
our hospital were selected as a control group, including 50
systemic lupus erythematosus (SLE) patients and 50 rheuma-
toid arthritis (RA) patients, and their Inc-DC expression
levels were analyzed. This study has been approved by
relevant agencies and is feasible for implementation.

2.2. Extraction of Plasma. Use ethylenediaminetetraacetic
acid anticoagulation tube as the collection device to collect
7 ~ 10 mL of peripheral blood of patients. Blood samples were
centrifuged at 1500 g for 10 min, and 12000 g, 4°C for 10 min.
The plasma samples were divided into several parts and then
placed at -80°C for storage.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA). Anti-
SSA and anti-SSB in the plasma were quantified using the
ELISA kits (Sterlitech co, Beijing, China) according to the
manufacturer’s protocol. The absorbance of the samples at
405nm is using a microplate reader (Biotek USA).

2.4. Quantitative Reverse Transcription Polymerase Chain
(qRT-PCR) Reaction. Total RNA was extracted using Prime-
Script™ RT regent kit (Invitrogen), while scientific cDNA
reverse transcription was performed, followed by qRT-PCR

according to the biological system protocol. The primers of
Inc-DC are as follows: R-CCCTAAGATCGTCCCTTCC, F-
CAACCCCTCTTCCCTGCC. The reactions involved were
96-optical plates treated at 95°C for 5 minutes, followed by
42 cycles at 95°C for 10 seconds, 30 seconds at 60°C, and
72°C for 20 seconds. Inc-DC is calculated using the relative
expression of the endogenous2™*®" control method of
standardization.

2.5. Data Collection. The clinical data involved in this study
include specific laboratory test results, patient medical history
information, specific treatment methods, and other medical
records. The clinical performance of the patient is analyzed,
including symptoms related to skin bleeding and mucous
petechiae in pSS patients. When conducting an immunologi-
cal characteristic test, the detection analysis indicators
involved include the following several parts: C-reactive protein
(CRP), erythrocyte sedimentation rate (ESR), complement 3
(C3), and complement 4 (C4), at the same time, the patients
with analysis of antibody and immune globulin, disease activ-
ity in patients with pSS evaluation theoretical basis for the
European anti rheumatoid glen syndrome disease activity
index (ESSDAI) evaluation way [27]. Patients with hemor-
rhagic manifestations of the severity of bleeding are described
by the ITP-specific assessment tools (ITP-bat) [28].

2.6. Statistical Analysis. Analysis of variance (ANOVA) was
used for statistical analysis of data. This method can be
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determined whether there is a significant difference between
the healthy controls and pSS patients. The pre- and posttest
comparison was carried out using Bonferroni’s test. The cor-
relation between Inc-DC and clinical features was analysis by
Spearman rank correlation coefficient test. Receiver operat-
ing characteristic curve (ROC) and area under curve (AUC)
were used as the assessment indicators of sensitivity and
specificity of pSS biomarkers for Inc-DC analysis. The data
processing software used was the GraphPad Prism 7 software
(GraphPad software, Inc., San Diego, CA). Mean + standard
deviation was used to describe the distribution of normal
distribution quantitative data. Independent sample t-test
was used to compare the differences between the two groups.
One-way ANOVA was used to compare the differences
between multiple groups. Median (quartile) was used to
describe the distribution of nonnormal distribution quantita-
tive data, Mann-Whitney U test was used to compare the dif-
ferences between groups; frequency and composition ratio
were used to describe the distribution of qualitative data,
and chi-squared test or Fisher exact probability method was
used to compare the differences between groups. All the tests
were bilateral, and the difference was statistically significant
(P <0.05).

3. Results

3.1. The Level of Inc-DC Increased in pSS Patients as
Compared with Healthy Controls and Other Autoimmune
Diseases. The expressions of Inc-DC in 109 healthy controls
(HC), 50 SLE, 50 RA, and 127 pSS patients were analyzed
by qRT-PCR. As shown in Figure 1(a), the levels of Inc-DC
were significantly elevated in pSS patients than those in
HC, SLE, and RA patients (P < 0.001). Moreover, the levels
of plasma Inc-DC in pSS patients with immune thrombocy-
topenia (ITP) increased dramatically than pSS patients with-
out ITP (P<0.001). A comparison of basic characteristics,
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the clinical manifestations, and laboratory findings of pSS
patients with and without ITP is shown in Table 1.

3.2. The Plasma Inc-DC Level Is Positively Correlative with
pSS Clinical Characteristics. To explore the relationship
between the Inc-DC expression and the clinical characteris-
tics of pSS patients, the results are listed in Table 2. As the
results showed, the levels of anti-SSA, anti-SSB, ESR, and
B,-macroglobulin were higher in pSS patients compared with
healthy controls. Moreover, the correlation analysis results
showed that Inc-DC is positively correlative with anti-SSA
(Figure 2(a)), anti-SSB (Figure 2(b)), ESR (Figure 2(c)), and
B,-macroglobulin (Figure 2(d)) expression but not related
to the levels of RF, CRP, C3, and C4.

3.3. Identification of Inc-DC in Plasma as a Novel Biomarker
for pSS. In the process of diagnosing pSS plasma biomarkers,
the receiver operating characteristic (ROC) curve is used as a
performance evaluation method for Inc-DC diagnosis. As
shown in the data, an area under the curve (AUC) value for
Inc-DC in pSS patients was 0.80. Notably, for Inc-DC com-
bined with anti-SSA and anti-SSB, the AUC value was 0.84.
Moreover, at the optimal cutoff value 1.06, the diagnostic
sensitivity and specificity were 0.75 and 0.85, respectively.
Meanwhile, we also generated ROC curves to analyze the
diagnostic value of Inc-DC in SLE and RA to further confirm
its specificity. And the AUC values were 0.54 and 0.51 for
SLE and RA, respectively (Figure 3 and Table 3). All these
results demonstrate that plasma Inc-DC can be used as a
novel biomarker for the diagnosis of pSS in clinical.

3.4. The Inc-DC Levels in pSS Patients Decreased after
Treatment. Dynamic changes reflecting the patients’ condi-
tion could provide the clinical guidance for doctors. We
therefore tentatively explored the efficacy monitoring capa-
bility of Inc-DC in patients receiving drug treatment. The
level of plasma Inc-DC in 89 pSS patients, whose treatment
with drugs after 6 months, decreased dramatically
(Figure 4). The results indicated that dynamic changes of
plasma Inc-DC in pSS patients can monitor the treatment
efficacy.

4. Discussion

Primary Sjogren’s syndrome (pSS) is an autoimmune disease
with chronic organ-specific characteristics and is character-
ized by the production of auto-antibodies and the dysfunc-
tion of exocrine glands primarily including the lachrymal
and salivary glands, which could lead to dry eyes and dry
mouth [29, 30]. The incidence of pSS is occult, and the clin-
ical situation varies greatly. Immune thrombocytopenia
(ITP) is an immune-mediated disease. If the patient suffers
from this disease, there will be abnormalities of platelets, or
the production will be damaged, or the damage will be severe,
resulting in varying degree of bleeding risk [9]. Although the
current research on pSS patients has been explored for many
years, the actual research also has many limitations because
the lack of cognition of the specific clinical, prevalence, and
immunological characteristics of ITP pSS patients during
the initial study led to research and has a series of limitations.
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TaBLE 2: The results of clinical characteristics in HC, pSS, SLE, and RA patients.

Characteristic HC pSS patients SLE patients RA patients F p
Age 44.27 + 8.53 48.59 +12.98" 47.25+10.33 50.22 + 14.75" 4.028 0.008
Ro (anti-SSA) 8.22 £ 0.66 13.82 +0.56" 7.01 +0.77%# 8.12 +£ 0.98#& 1915.468 <0.01
La (anti-SSB) 6.78 £0.54 10.52 £ 0.44" 7.92+1.33%# 6.39 + 1.03"#& 607.159 <0.01
ESR (mm/hr) 7.75+0.75 23.46 +2.43" 26.33 £ 6.17%# 4534 + 14.37*#& 437.691 <0.01
RF (IU/mL) 22.39+14.77 140.29 +74.88" 135.45 +93.09" 196.77 + 143.92* #& 69.471 <0.01
Immunoglobulin G (g/L) 9.51 +£4.33 16.32 +8.32" 22.55+9.26"# 13.85+6.90" #& 40.896 <0.001
Immunoglobulin A (g/L) 2.57+1.94 3.42+1.28" 2.33+1.73# 242 +1.57# 9.111 <0.001
Immunoglobulin E (IU/mL) 69.44 +52.15 76.32 + 58.32 77.89 £56.37 70.42 + 54.61 0.459 0.711
Immunoglobulin M (g/L) 1.47 £0.92 1.55+0.93 3.92+2.09%# 4.13+241"# 70.399 <0.01
CRP (mg/L) 1.55+0.96 4.02 +£2.98" 4.55+3.92" 3.19+2.81*& 22.198 <0.01
Complement 3 (g/L) 0.79+£0.44 0.92 +£0.62 1.15+0.62%# 0.96 £0.53 4.956 0.002
Complement 4 (g/L) 0.20+£0.13 0.28+0.17* 0.32+0.19" 0.25+0.14& 8.392 <0.001
B,-microglobulin (mg/L) 1.12+0.64 2.81+1.09" 2.54+1.08" 2.01 +1.37"#& 57.675 <0.01

ESR: erythrocyte sedimentation rate; RF: rheumatoid factor; CRP: C-reactive protein; P < 0.05 was considered statistically significant. One-way ANOVA was
used for intergroup comparison, and ISD-T test was used for pairwise comparison as a whole.* vs. healthy controls P < 0.05 # vs. pSS patients P < 0.05 & vs.

SLE patients P < 0.05.

TaBLE 3: Inc-DC alone or Inc-DC combined with anti-SSA and anti-SSB for the discriminative ability of pSS patients from HC and other

autoimmune disease such as SLE and RA.

Characteristic AUC SE P value 95% CI Sensitivity Specificity
Inc-DC+antu-SSA+anti-SSB of pSS 0.84 0.03 <0.001 0.79~0.89 78.50 89.91
Inc-DC of pSS 0.80 0.03 <0.001 0.75~0.86 75.42 84.50
Anti-SSA of pSS 0.74 0.05 <0.001 0.68~0.81 72.31 62.39
Anti-SSB of pSS 0.70 0.05 <0.01 0.63~0.77 71.53 64.22
Inc-DC of RA 0.54 0.06 0.464 0.44~0.64 50.00 56.88
Inc-DC of SLE 0.51 0.06 0.836 0.41~0.61 64.09 40.37

Relative expression of Inc-DC

Pretherapy pSS  Posttreatment pSS

FIGURE 4: The expression of Inc-DC in plasma of 102 pSS patients
before and after treatment. Compared with before treatment, 89
patients showed decreased expression of Inc-DC. ***P < 0.001, by
paired sample ¢-test.

Usually, patients only start treatment when the condition is
very obvious, which leads to the best treatment opportunity
may be missed. In order to ensure a good treatment effect,
diagnosis and treatment should be timely, and researchers
should actively explore new biomarkers.

More and more evidence shows that noncoding RNA,
especially microRNAs, plays an important role in the regula-

tion of inflammatory signaling pathways [7, 8]. In recent
years, IncRNAs, as a new regulator, are known by reports
[31, 32]. Moreover, IncRNAs are widely involved in the gene
expression and participate in immune disease [33, 34], and
the miRNA-mRNA relationship needs further research, such
as the mechanism of miRNA regulation in pSS progression,
which might be affected by Inc-DC. However, the specific
value application of IncRNAs in pSS is unclear, but the higher
level of Inc-DC may participate in pSS without or with ITP.

The results of Wang et al. showed that through Inc-DC,
the targets of signal transducer regulation and transcription
activator 3 (STAT3) expression can be achieved, thereby
modulating the differentiation of dendritic cell [19]. Inc-DC
was also reported to mediate the STAT3 expression to regu-
late differentiation of Th17 cells and functions of T helper
cells and B cells [35, 36]. Li et al. found that compared with
healthy control, the level of Inc-DC was significantly lower
in SLE patients [37]. Our research shows for the first time
that the Inc-DC expression is significantly higher than that
of plasma pSS patients. Compared with healthy controls,
patients have other autoimmune diseases such as systemic
lupus erythematosus and rheumatoid arthritis. In addition,
we found that Inc-DC plasma levels positively correlated with



clinical manifestations, such as increasing the expression of
anti-SSA, anti-SSB, ESR, and f3,-microglobulin. Recent stud-
ies have demonstrated that IncRNAs may act as effective and
noninvasive biomarkers in gynecological diseases [38] and
renal diseases [39]. However, it remains to be studied in
pSS diagnosis of performance IncRNAs. Our research shows
that the plasma Inc-DC has the potential to be the pSS-
specific signature IncRNA and could function as a candidate
biomarker for pSS. Meanwhile, the AUC of Inc-DC com-
bined with anti-SSA and anti-SSB is much higher than other
groups. And the risk score based on Inc-DC could discrimi-
nate pSS patients from SLE and RA. This diagnostic effi-
ciency is relatively high that may be caused by the increased
expression of DC leads to the specificity Inc-DC high, or
Inc-DC regulates the STAT3 expression to mediate Th17
cells, and then, the increased Th17 cells can secrete a variety
of cytokines, which leads to the occurrence and development
of pSS patients.

However, several limitations in our study must be consid-
ered. First, our study is limited to the patients admitted in
only one hospital in China, which may restrict the generaliz-
ability of the results. Second, the sample size was relatively
small. Third, the causal relationship between IncRNAs and
pSS revealed by our research is challenging. Thus, the role
of IncRNAs in the pSS pathogenesis and development awaits
further exploration, both in vivo and in vitro.

In conclusion, our results first demonstrated that plasma
Inc-DC level could function as a novel biomarker specifically
identifying pSS patients, which is of great importance in the
diagnosis of pSS.
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STATS3 is highly expressed in aGVHD CD4" T cells and plays a critical role in inducing or worsening aGVHD. In our preceding
studies, DNA hypomethylation in STAT3 promoter was shown to cause high expression of STAT3 in aGVHD CD4" T cells,
and the process could be modulated by HMGBI, but the underlying mechanism remains unclear. TET2, AID, and TDG are
indispensable in DNA demethylation; meanwhile, TET2 and AID also serve extremely important roles in immune response. So,
we speculated these enzymes involved in the STAT3 promoter hypomethylation induced by HMGBI1 in aGVHD CD4" T cells.
In this study, we found that the binding levels of TET2/AID/TDG to STAT3 promoter were remarkably increased in CD4"T
cells from aGVHD patients and were significantly negatively correlated with the STAT3 promoter methylation level.
Simultaneously, we revealed that HMGBI could recruit TET2, AID, and TDG to form a complex in the STAT3 promoter
region. Interference with the expression of TET2/AID/TDG inhibited the overexpression of STAT3 caused by HMGBI1
downregulation of the STAT3 promoter DNA methylation. These data demonstrated a new molecular mechanism of how

HMGBI1 promoted the expression of STAT3 in CD4" T cells from aGVHD patients.

1. Introduction

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) has been recognized as the exclusive treatment to
cure hematopoietic malignancies, but acute graft-versus-
host disease (aGVHD) is the primary limitation of the ther-
apy [1-3]. Over the past decade, despite significant improve-
ments in allo-HSCT, aGVHD remained the leading cause of
transplant-related morbidity and mortality [4, 5].

Signal transducer and activator of transcription 3 (STAT3),
an important signal transducer and activator of transcription,
participates in regulating various biological processes [6].
Overexpressed STAT3 in aGVHD was found to be tightly
linked to various disease progression [7, 8]. Our previous
study showed the significantly increased expression of STAT3
was associated with DNA hypomethylation in STAT3 pro-
moter in aGVHD CD4" T cells.

HMGB]I, a group of nonhistone nucleoproteins, involves
in mediating transcription and inflammatory processes [9,

10]. HMGBI1 was found to drive DNA demethylation in
CD4" T cells of systemic lupus erythematosus (SLE) patients
[11]. DNA methylation is an epigenetic mechanism involved
in regulating the gene expression [12]. The gene promoter
hypermethylation could reduce gene expression, and con-
versely, demethylation of the promoter increased the gene
expression [13, 14]. Our previous study revealed that
HMGB1 was markedly overexpressed in CD4" T cells from
aGVHD patients and was positively correlated with the
STAT3 promoter DNA methylation level [7]. However, the
exact mechanism by which HMGB1 decreases the DNA
methylation level of STAT3 promoter remains unclear.
There are two pathways of DNA demethylation: passive
and active [15]. During the cell division, DNA methyltrans-
ferases (DNMTs) are suppressed, which gradually lead to
the decrease of the DNA methylation level [16]. This process
is defined as passive DNA demethylation. Ten-eleven trans-
location (TET), Activation-induced cytidine deaminase
(AID), and thymine-DNA glycosylase (TDG) are essential
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TaBLE 1: Clinic characteristics of patients.
Total Male Median age Diagnosis Days to .aGVHD onset
median (range)
ALL AML CML MDS
Non-aGVHD 23 13 33 7 10 4 2
aGVHD 23 12 32 7 12 3 1 50 (21-87)

ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; CML: chronic myeloid leukemia; MDS: myelodysplastic syndrome.

for active DNA demethylation in mammalian cells [17,
18]. 5-Methylcytosine (5-mC) can be turned into 5-
hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC),
and 5-carboxylcytosine (5-caC) by TET proteins. Then, 5-
hmC 1is catalyzed by AID into 5-hydroxymethyluracil
(5hmU). Next, 5hmU is subsequently reduced to cytosine
(C) by base excision repair (BER), which is induce by TDG.
Moreover, 5-fC and 5-caC can be directly reduced to C by
TDG. Through these two modes of action, the three enzymes
initiate and maintain active DNA demethylation. So, we
speculated that these enzymes stand a good chance of involv-
ing in the process that HMGBI1 induced demethylation of
STAT3 promoter in CD4" T cells from aGVHD patients.

In this study, we explored the specific process by which
HMGBI increases the expression of STAT3 in CD4" T cells
from aGVHD patients and finally confirmed that HMGB1
could extensively recruit TET2, AID, and TDG to bind to
STAT3 promoter, which in turn contributed to DNA
demethylation of STAT3 promoter. Taken together, the
result of this study uncovered the novel molecular mecha-
nism of STAT3 demethylation induced by HMGBI in
aGVHD CD4" T cells.

2. Materials and Methods

2.1. Patients. A total of 46 patients who underwent allo-
HSCT between 2017 and 2019, from HLA-identical sibling
donors at the Central of Hematopoietic Stem Cell Transplan-
tation of Xiangya Hospital, were included in this study. This
study was approved by the human ethics committee of the
Xiangya Hospital of Central South University, and written
informed consent was obtained from all subjects. The clinical
characteristics of these patients are shown in Table 1. The
median time from transplantation onset to the start of
aGVHD was 50 (21-87) days. The conditioning regimes were
adopted as described in our previous study [7]. Assessment
of aGVHD was conducted based on clinical symptoms in
accordance with the accepted criteria [19]. The patients were
divided into two groups according to whether or not they
suffered from aGVHD. We simultaneously collected sam-
ples from patients at the onset of aGVHD (n=23) and
patients without aGVHD (n=23). When patients were
diagnosed with aGVHD, the blood samples were collected
before treatment.

2.2. Culturing and Transfection of Cells. CD4" T cells were
extracted from 40 ml venous peripheral blood using human
CD4 beads (Miltenyi, Bergisch Gladbach, Germany) and cul-
tured in human T cell culture medium (Lonza, Walkersville,

MD, USA) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin. CD4" T cells were trans-
fected using the human T cell nucleofector kit and Amaxa
nucleofector (Lonza, Walkersville, MD, USA). Briefly,
CD4" T cells were collected and resuspended in 100 ul
human T cell nucleofector solution, and then the cell suspen-
sion was mixed with plasmids. The mix was electrotrans-
fected using the nucleofector program V-024 in the Amaxa
nucleofector. The transfected cells were cultured in human
T cell culture medium and harvested after 48 h. Jurkat cells
were cultured in the RPMI 1640 media (Gibco, Rockville,
MD, USA) containing 10% FBS and incubated at 37°C in
5% CO,. The plasmids were transfected into Jurkat cells via
electrotransfection as described above.

2.3. Western Blotting. The detailed procedure western blot-
ting was performed as previously reported [7]. CD4" T cells
were lysed in 1% NP40 lysis buffer [20mM Tris/HCI
(pH7.2), 200mM NaCl, 1% NP40] containing proteinase
inhibitor (Thermo Pierce). Lysates were centrifuged at
12,000g for 15min at 4°C, and protein concentration was
detected by the Bradford protein assay (Bio-Rad, CA, USA).
Equal amounts of proteins were separated on SDS-PAGE gels
and then transferred to PVDF membranes (Bio-Rad, CA,
USA). Membranes were blocked with 5% nonfat milk in
Tris-buffered saline containing 0.1% Tween-20 (TBST)
buffer and immunoblotted with primary antibodies, includ-
ing anti-HMGB1 (Abcam, MA, USA), anti-TDG (Abcam,
MA, USA), anti-AID (Cell Signaling, BSN, USA), anti-
TET2 (Abcam, MA, USA), anti-STAT3 (Cell Signaling,
BSN, USA), and anti-GAPDH (Santa Cruz, CA, USA). Band
intensity was quantified using Quantity One software (Bio-
Rad, CA, USA).

2.4. ChIP-Real Time PCR. CD4" T cells were incubated in
media with 1% formaldehyde for 20 min at room tempera-
ture, and then crosslinking was stopped with glycine (final
concentration, 0.125 M) for 5 min. Cells were collected after
washing twice, suspended in cold RIPA buffer [10 mM Tris-
Cl (pH 8.0), 150 mM NacCl, 0.1% SDS, 0.1% DOC, 1% Triton
X-100, 5mM EDTA], and sonicated to shear the genomic
DNA. Next, anti-TDG, anti-AID, and anti-TET?2 antibodies
were added, and then the mixture was incubated overnight
at 4°C. Protein A agarose beads were added to collect the
protein-DNA complexes. Samples were then washed and
decrosslinked overnight at 65°C using sodium chloride (final
concentration, 0.2 M). Finally, enriched DNA was recovered
and amplified by real-time PCR. The ChIP-qPCR primers
for STAT3 promoter are presented in Table 2.
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TaBLE 2: ChIP-qPCR primers for STAT3 promoter.

Segment position Forward Reverse Product length
+71~+318 5' AGGAGCACCGAACTGTC-3' 5'-GCCCACTGACCAATGAG-3' 247
-226~-125 5'-GAGGGAACAAGCCCCAA-3’ 5'-ACATCCCCAAGGTCCCA-3' 101
-2039-1754 5 -GGGTTGTGGAGAAAGGC-3' 5 -CATATTATCCGCTGATAG-3' 285
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Ficure 1: HMGBI, TET2, AID, and TDG were detected in STAT3 promoter. ChIP-PCR showed that HMGBI, (a) TET2, (b) AID, and (c)

TDG bound to the STAT3 promoter region (-813 bp to +683 bp).

2.5. Coimmunoprecipitation (co-IP). Cell proteins were
extracted by RIPA lysis buffer. Then, anti-HMGBI antibody
was added and incubated overnight at 4°C. Protein A/G aga-
rose beads were added to samples and incubated for 2 hours
at room temperature. Agarose beads were harvested by
centrifugation at 3000g for 2min. Finally, the protein
complex was eluted with loading buffer and analyzed by
western blotting. Primary antibodies included anti-TET?2,
anti-AID, and anti-TDG.

2.6. Bisulfite Sequencing. Genomic DNA was extracted from
CD4" T cells using the TTANamp genomic DNA kit (TTAN-
GEN, Beijing, China). The EpiTect bisulfite kit (Qiagen, CA,
USA) was utilized to convert bisulfite. Three CpG islands
within the STAT3 promoter region were amplified by
PCR. The PCR products were subcloned into a pGEM-T
vector (Promega, WI, USA). Ten independent clones were
sequenced for each amplified fragments. Primers used
were as follows:

5'-GAATATTTTATGTATTTTA-3" (forward 1) and
5'-ACAACAAAAAAAACATA-3" (reverse 1); 5'-AGTT
GTTTTTTTTATTGGT-3' (forward 2) and 5'-CCCTAC
ACCCCCTTCACC-3" (reverse 2); 5'-GGGATTTTGGG

GATGTTG-3' (forward 3) and 5'-AAAAAACACAACTA
TCT-3' (reverse 3).

2.7. Statistical Analysis. Variables were analyzed by Student’s
t-test (two groups) or single-factor analysis of variance (three
groups). Correlations were analyzed using Pearson’s correla-
tion coeflicient. All analyses were performed with SPSS 22.0
software. Statistical significance was set at p < 0.05.

3. Results and Discussion

3.1. HMGBI, TET2, AID, and TDG Bind to STAT3 Promoter.
Our previous study showed that HMGBI1 could induce DNA
demethylation of STAT3 promoter to worsen aGVHD [7].
Hence, we hypothesized that some methylation-related
enzymes played crucial roles in this process. We first explored
whether HMGBI, TET2, AID, and TDG could bind to STAT3
promoter using a ChIP-PCR analysis in HMGBI1/TE-
T2/AID/TDG overexpressed Jurkat cells. Three pairs of
primers that covered the STAT3 promoter —813bp to
+683 bp region were used. The results revealed that HMGBI,
TET2, AID, and TDG could indeed bind to the STAT3 pro-
moter —813 bp to +683 bp region (Figures 1(a)-1(c)).
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FiGgure 2: Binding level of TET2/AID/TDG in STAT3 promoter was extremely upregulated in aGVHD CD4" T cells. (a) ChIP-qPCR analysis
of the binding level of TET2/AID/TDG in the STAT3 promoter region in CD4" T cells from patients with (n =23) or without (n=23)
aGVHD. (b) DNA methylation level of STAT3 promoter in CD4" T cells from aGVHD patients (n = 10) or non-aGVHD patients (n = 10)
(0 = unmethylated; 0.5 = 50%methylated). (c—e) Correlation between relative TET2, AID, and TDG enrichment and DNA methylation in
STAT3 promoter in aGVHD-CD4" T cells (r =—0.762,p =0.011; r = —0.643, p = 0.045; r = -0.651, p = 0.042; n = 10) (0 = unmethylated;

0.5 = 50%methylated); *p < 0.05, **p < 0.01, ***p < 0.001.

3.2. Binding Levels of TET2, AID, and TDG in STAT3
Promoter Were Obviously Enhanced in CD4" T Cells from
aGVHD Patients. We investigated whether the binding levels
of TET2/AID/TDG in STAT3 promoter were significantly
upregulated in CD4" T cells of aGVHD patients. The binding
levels of these proteins were measured by ChIP-qPCR in
CD4" T cells from patients with or without aGVHD. Com-
pared with patients without aGVHD, the binding levels were
remarkably increased in CD4" T cells from aGVHD patients
(Figure 2(a)). In addition, the DNA methylation of STAT3
promoter was detected in both groups. Figure 2(b) shows
marked hypomethylation in STAT3 promoter in CD4" T

cells from aGVHD patients as compared to non-GVHD
CD4" T cells. As shown in Figures 2(c)-2(e), the relative
TET2/AID/TDG enrichment in STAT3 promoter was
inversely correlated with DNA methylation level of STAT3
promoter in aGVHD CD4" T cells. The core content of our
study was to explore whether HMGBI1 induced demethyla-
tion of STAT3 promoter by recruiting these DNA demethy-
lases, and the three enzymes indeed participate in the
process of DNA demethylation, and their functions are clear.
In the other hand, certain studies have shown that TET, AID,
and TDG could form complex to mediate the catalytic con-
version of 5-methylcytosine to cytosine in the program of
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DNA demethylation. Therefore, the three proteins were
interfered or overexpressed simultaneously in our experi-
ment. Firstly, interference plasmids were transfected into
aGVHD CD4" T cells to repress the expression of
TET2/AID/TDG (Figures 3(a)-3(c)). The binding levels of
TET2/AID/TDG in STAT3 promoter were decreased after
the TET2/AID/TDG interference in aGVHD CD4" T cells
(Figure 3(d)). Moreover, the DNA methylation level of
STAT3 promoter was increased in aGVHD CD4" T cells
transfected with the TET2/AID/TDG interfering plasmid
(Figure 3(e)). Next, the TET2/AID/TDG overexpression
plasmids were transfected into non-aGVHD CD4" T cells
(Figures 3(f)-3(g)). The binding levels were upregulated after
the overexpression of TET2, AID, and TDG in CD4" T cells
from non-aGVHD patients (Figure 3(h)). Simultaneously,
the DNA methylation level of STAT3 promoter was signifi-
cantly downregulated in non-GVHD CD4" T cells with the
overexpression of TET2/AID/TDG (Figure 3(i)). Taken
together, excessive accumulation of TET2/AID/TDG com-
plexes was observed in the STAT3 promoter region in
aGVHD CD4" T cells, which were strongly associated with
DNA demethylation of STAT3 promoter.

3.3. HMGBI Promoted TET2, AID, and TDG Binding to
STAT3 Promoter. HMGBI increased the expression of
STAT3 by modulating DNA demethylation of STAT3 pro-
moter in CD4" T cells, Hence, we investigated whether this
process was correlated with TET2, AID, and TDG. Co-IP
was performed in Jurkat cells to test whether HMGBI1 form
a complex with TET2, AID, and TDG. The results showed
that HMGBI1 coprecipitated with TET2, AID, and TDG
(Figure 4(a)). Combine with Figure 1, we speculated that
HMGBI1 firstly bound to STAT3 promoter and then
recruited TET2, AID, and TDG to form a complex in the pro-
moter region to induce DNA demethylation. Next, we col-
lected peripheral blood from patients with aGVHD or
without aGVHD. pCDNA 3.1-HMGBI1 was transfected into
non-aGVHD CD4" T cells to increase the HMGBI1 expression
(Figures 4(b)-4(d)). In comparison to the negative control
group, the binding levels of TET2/AID/TDG in STATS3 pro-
moter were significantly increased in HMGBI1-overexpressed
non-aGVHD CD4" T cells (Figure 4(e)). Thereafter,
HMGBI was performed silenced in aGVHD CD4" T cells
(Figures 4(f)-4(h)). Compared with control cells, the bind-
ing levels reduced greatly in HMGBI-deficient aGVHD
CD4" T cells (Figure 4(i)). These data strongly demonstrated
that HMGBI could recruit TET2, AID, and TDG to bind to
STAT3 promoter.

3.4. HMGBI Regulated TET2/AID/TDG to Increase the
STAT3 Expression through DNA Demethylation in STAT3
Promoter. We hypothesized that TET2/AID/TDG played
important roles in increasing the STAT3 expression, and
the process was regulated by HMGB1 in aGVHD. Normal
CD4" T cells were divided into three groups based on differ-
ent plasmid transfections (negative control plasmid; HMGB1
overexpression plasmid; HMGB1 overexpression plasmid
and TET2/AID/TDG interference plasmid). The expression
of the STAT3 and DNA methylation level of STAT3 pro-

moter in CD4" T cells from diverse groups was measured
by Western blot and bisulfite sequencing (Figures 5(a)-
5(c)). Compared with the negative control group, the STAT3
expression was significantly increased in CD4" T cells trans-
fected with HMGBI1 overexpression plasmids. Strikingly,
when the TET2/AID/TDG interference was superposed, the
expression of STAT3 was also higher than that in the control
group, while the expression sharply declined compared with
the HMGB1-overexpressed group of CD4" T cells. Mean-
while, the DNA methylation level of STAT3 promoter was
majorly decreased after the overexpression of HMGBI in
normal CD4" T cells. However, after the overexpression of
HMGBI1 and inhibition of TET2/AID/TDG in normal
CD4" T cells, the methylation level was not obviously differ-
ent from the control group. Compared with HMGBI-
overexpressed CD4" T cells, the methylation level was
increased in cells cotransfected with HMGB1 overexpression
plasmids and TET2/AID/TDG interference plasmids. Taken
together, these results demonstrated that HMGB1 could
induce DNA demethylation of STAT3 promoter by recruit-
ing TET2/AID/TDG. There may be other downstream mole-
cules involved in the process by which HMGBI facilitates the
overexpression of STAT3 in aGVHD CD4" T cells.

4. Discussion

DNA methylation is a powerful epigenetic mechanism, and
its function seems to vary based on the surrounding environ-
ment [20]. The regulation of gene transcription or chromatin
structure induced by DNA methylation participates in vari-
ous pathological processes, such as inflammation, and
human diseases including immunological diseases [21, 22].
For example, DNA hypomethylation in STAT3 promoters
contributed to rheumatoid arthritis by controlling the acti-
vation and differentiation of immune cells [23]. Therefore,
it was important to explore the function of DNA methyl-
ation in aGVHD.

Demethylases as the vital driving forces involve in the
process of active DNA demethylation [16]. The discovery of
the TET family proteins marked the beginning of a
completely new chapter to the history of DNA demethyla-
tion, and the TET proteins are the key molecules to start
the program of DNA demethylation [24]. This family include
three members: TET1, TET2, and TET3; thereinto, TET?2 is
mainly expressed in the hemopoietic system [24, 25]. Mediat-
ing the catalytic conversion of 5-mC to 5-hmC, 5-fC ,and 5-
caC is the prominent function of TET proteins in the process
of active DNA demethylation [26]. AID participates in adap-
tive immune response, which is predominantly found in
mature B cells [27]. AID regulates the hematopoietic system
by influencing the differentiation of bone marrow cells and
red cells [28]. Besides, TET2 and AID could form a complex
to induce DNA demethylation in biological processes [28].
TDG, the pivotal enzyme of BER, act as an important
downstream molecule of TET and AID to regulate demeth-
ylation of CpG sites in DNA [29, 30]. From the above, TET
and AID play important roles in the hemopoietic system
and immune system, and they also engage in DNA demeth-
ylation with TDG.
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Figure 3: Interference with TET2/AID/TDG in aGVHD CD4" T cells could induce DNA hypermethylation of STAT3 promoter. (a)
Representative Western blot results for TET2, AID, TDG, and GAPDH levels. (b), (c) Quantitative analysis of the (b) relative protein
levels and (c) relative mRNA levels of TET2, AID, and TDG in aGVHD CD4" T cells transfected with TET2/AID/TDG interference
plasmids or control plasmid. (d), (e) The binding levels of (d) TET2/AID/TDG in STAT3 promoter and (e) DNA methylation level of
STAT3 promoter in TET2/AID/TDG-deficient aGVHD CD4" T cells or control aGVHD CD4" T cells. (f), (g) Quantitative analysis of the
(f) relative protein levels and (g) relative mRNA levels of TET2, AID, and TDG in non-aGVHD CD4" T cells transfected with
TET2/AID/TDG overexpression plasmids or control plasmids. (h), (i) (h) The binding levels and (i) DNA methylation level in
TET2/AID/TDG overexpressed non-aGVHD CD4" T cells or control cells. Data represent the mean of three independent experiments
(0 = unmethylated; 0.5 = 50%methylated); *p < 0.05, **p < 0.01, ***p < 0.001.

In addition, the enzymes are also relevant in the patho-  of TET2 promoted follicular helper-like T cells to worsen SLE
logical processes. Increased 5-hmC, an important cause of  via increasing some regulatory factors (sialophorin, signal
overreactivity of CD4" T cells, was correlated with upregu-  transducing activator of transcription 5b and B cell lym-

lated TET?2 in SLE patients [31]. Besides, the overexpression =~ phoma 6), and the process was associated with DNA
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relative HMGBlprotein level, and (d) mRNA level in non-GVHD CD4" T cells transfected with the HMGBI1 overexpression plasmid or
negative control plasmid. (e) The binding levels of TET2/AID/TDG in STAT3 promoter in HMGBI1-overexpressed non-aGVHD CD4" T
cells and control cells. (f-i) After interference with HMGB1 in aGVHD CD4" T cells, representative western blotting results for (f)
HMGBI, (g) relative HMGBI protein level, (h) relative HMGB1 mRNA level, and (i) the binding levels were detected. Experiments were
repeated three times. Data are presented as the mean + SD of three independent experiments. *p < 0.05, **p < 0.01.

demethylation of these factors [32, 33]. The functions of AID
in autoimmune diseases are well established. AID heterozy-
gous MRL/Ipr mice survived longer as compared to MRL/Ipr
mice, a significant model of SLE [34]. The excessive autoan-
tibodies were correlated with the overexpression of AID in
BXD2 mice, which are susceptible to autoimmune diseases
[35]. Furthermore, the TET2/AID complex, which bound
to the FA complementation group A (FANCA) promoter

and induced its hypomethylation, facilitated oncogenic
FANCA in diffuse large B cell lymphoma [36]. Our present
study confirmed that TET2, AID, and TDG could form a
complex, which was involved in DNA demethylation of
STAT3 promoter in aGVHD-CD4" T cells.

HMGBI, derived from HMGB family, is ubiquitously
expressed in whole adult tissues and plays a critical role in
gene transcription [37, 38]. HMGBI assists other molecules
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independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

such as organic cation/carnitine transporterl/2 and p53 to
bind to target genes and facilitates DNA modification [39,
40]. HMGB1 could boost the Matnl promoter activity via
SRY-related high-mobility group box (SOX) trio in early
chondrogenesis, and the binding efficiency of SOX trio in
Matnl promoter could be affected by HMGBI [41]. Further-
more, HMGBI1 formed complexes with proinflammatory fac-
tors to involve in inflammatory pathologies [42]. Reduction
of HMGBI1 could inhibit the expression of inflammatory
cytokines [43]. Our results showed that HMGBI increased
the expression of STAT3 via recruiting TET2/AID/TDG to

decrease DNA methylation level of STAT3 promoter. More-
over, there are other mechanisms underlying the overexpres-
sion of STAT3 induced by HMGBI in CD4" T cells from
aGVHD patients.

Moreover, the DNA methylation level continually
undergoes a dynamic change. Cytosine is converted to 5-
methylcytosine by DNA methyltransferases (DNMTs) using
S-adenosyl-L-methionine to offer methyl to the C5 position
of cytosine [44]. DNMTs play critical roles in the physiolog-
ical and pathological processes. Varun et al. have shown that
the methylation level of conserved noncoding sequence 2
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(CNS2) played a decisive role to the Foxp3 expression, which
was the critical factor to differentiation and maintenance
function of Treg cells [45, 46]. The research exposed that
TET2 and DNMTSs were competitive and could not simulta-
neously bind to CNS2 [45]. When TET2 combined with
CNS2, DNMTs could not make contact with CNS2, and the
expression of Foxp3 or Treg cells will be at an advantage
[45]. With the growth of the Treg cells, the disease severity
will be gradually decreased in aGVHD patients. In addition,
5-Azac (5-azacytidine), the inhibitor of DNMTs, was utilized
to prevent aGVHD in clinic and achieved good performance
[47]. Inducing the demethylation of Foxp3 was an important
function of 5-Azac in aGVHD [48]. From above studies,
DNMTs will be inhibited in aGVHD patients with 5-Azac,
and it may promote the combination between TET2 and
CNS2. All the changes will increase Tregs to prevent
aGVHD. On the contrary, our research revealed that massive
TET2 aggravate progress of aGVHD by decreasing DNA
methylation of STAT3 promoter. It is hint that the specific
effect of demethylase or DNMTs in the disease process are
dependent on their target gene. And to study the mole-
cules, the upstream or downstream regulatory factors of
the enzymes are of great practical significance. With the
advent of the era of precision medicine, we have realized
that more and more patients benefit from molecularly tar-
geted drugs and personalized gene therapies. Therefore,
exploring the precise effects of molecules in the patholog-
ical process may provide a new therapeutic target for dis-
ease prevention and treatment.

5. Conclusion

This study identified a mechanism of STAT3 over-expression
in CD4" T cells from aGVHD patients. HMGB1 could recruit
TET2, AID and TDG to facilitate expression of STAT3 via
DNA hypomethylation of STAT3 promoter in aGVHD
CD4" T cells. Suppression of TET2/AID/TDG expression
through interference plasmids could partially decrease over-
expression of STAT3 induced by HMGBI. These findings
provide a theoretical basis to investigate new therapeutic tar-
gets for aGVHD prevention and treatment.
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Background. Several efforts have been made to find out a valuable marker to assist the diagnosis and differentiation of
gangrenous/perforated appendicitis. We aimed to determine the diagnostic capacity of soluble B7H3 (sB7H3) in acute
appendicitis (AA) and its accuracy as a predictor of the severity of appendicitis. Methods. 182 children were allocated into four
groups as follows: control group (CG, 90), simple appendicitis (SA, 12), purulent appendicitis (PA, 49), and gangrenous
appendicitis (GA, 31). Prior to appendectomy, blood was collected and sent for analysis of routine examination and cytokines
(sB7H3 and TNF-a). We compared values of all measured parameters according to histological findings. Furthermore, we
assigned AA patients into the nonperforated appendicitis group and the perforated appendicitis group. The diagnostic effects of
significant markers were assessed by ROC curves. Results. Only the levels of CRP, FIB, and sB7H3 had a remarkable rising trend
in AA-based groups, while differences in the levels of CRP and FIB between simple appendicitis and purulent appendicitis were
not statistically significant. In addition, sB7H3 was found as the only marker in children with AA, which was markedly
associated with the degree of histological findings of the appendix. Furthermore, sB7H3 had a high diagnostic value in
predicting AA and complex appendicitis (PA+GA) in children. However, the diagnostic performance of sB7H3 for
distinguishing PA from GA was not remarkable. Additionally, only the levels of CRP and sB7H3 were statistically different
between the nonperforated appendicitis group and the perforated appendicitis group. The diagnostic performance of CRP and
sB7H3 could not merely predict perforation of AA in children; however, the diagnostic performance was improved after
combination. Conclusions. sB7H3 could be used as a valuable marker to predict the presence of AA and complex AA in
children. However, the diagnostic value of sB7H3 to predict gangrenous/perforated appendicitis was not found to be
remarkable. The combination of sB7H3 and CRP might improve the prediction of perforated appendicitis.

1. Introduction

Acute abdominal pain is one of the frequent chief complaints
of children; acute appendicitis (AA) is the most common
surgical emergency in the pediatric population [1]. It has
been estimated that appendectomy was annually carried out
on 72,000 children in the United States [2]. Compared with

adults, performing a clinical diagnosis of appendicitis in chil-
dren is often difficult due to their incomplete history and
atypical symptoms.

Although controversy exists in the literature about the
exact clinical classification, appendicitis can be classified as
“simple” or “complicated.” Complicated appendicitis is asso-
ciated with a variety of potentially serious complications like
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generalized peritonitis, abscess formation, and small bowel
obstruction. Furthermore, a delayed diagnosis and surgery
for AA are associated with increased perforation rate for both
children and adults [3]. In addition, the perforation of the
inflamed appendix may result in peritonitis or intra-
abdominal abscess formation. Simultaneously, overdiagnosis
may result in expensive interhospital transfers and unneces-
sary surgery.

White blood cell (WBC) count and C-reactive protein
(CRP) are frequently used by surgeons in emergency depart-
ments to diagnose AA, especially in children, women at the
age of fertility, and elderly patients when diagnosis is difficult.
Studies on the diagnostic value of WBC and CRP for diag-
nosing appendicitis in children have reported contradictory
results [4, 5]. It has been demonstrated that novel inflamma-
tory biomarkers, such as calprotectin, lactoferrin, high-
mobility group protein B1 (HMGB1), and hepcidin, appear
to be promising for the diagnosis of suspected appendicitis
[6, 7]. However, further exploration of these markers, as well
as potential others, needs to be conducted [8].

Additionally, B7-H3, a new member of the B7 superfam-
ily, acts as both a T cell costimulator and coinhibitor. The
expression of B7-H3 protein can be induced by inflammatory
cytokines, thereby playing a pivotal role in the regulation of T
cell-mediated immune response [9]. Our previous studies
have identified that circulating B7H3 levels in the cerebrospi-
nal fluid (CSF) and plasma of children with bacterial menin-
gitis are helpful markers to differentiate bacterial from
aseptic meningitis, and circulating B7H3 level was demon-
strated to be useful in evaluating the intensity of the infec-
tious inflammatory process in the central nervous system of
children [10]. Furthermore, we reported that patients diag-
nosed with sepsis, in contrast to healthy individuals, exhib-
ited significant levels of raised plasma sB7H3 and that level
correlated with the clinical outcome [11]. However, to date,
no previous studies have assessed an association between
sB7H3 level and AA.

Thus, the main aim of this prospective single-center
study was to determine the diagnostic capacity of sB7H3
in pediatric patients with AA. Furthermore, the accuracy
of sB7H3 as a predictor of the severity of appendicitis
was assessed.

2. Materials and Methods

2.1. Study Population. A total of 92 children suspicious of
having AA who were admitted to Children’s Hospital of
Soochow University (Suzhou, China) and underwent open
or laparoscopic appendectomies between April 2015 and
October 2015 were enrolled in the present study. Among
them, 62 cases were male (Table 1). Included children aged
at the range of 11 months and 14 years with continuous pain
in the lower right abdomen and tenderness in the lower right
abdomen who were highly suspicious of having AA. The
diagnosis was conducted on the basis of pathological find-
ings. Patients with symptoms who improved after conserva-
tive treatment, chronic appendicitis, and normal appendix
were excluded.

Journal of Immunology Research

In the present study, patients with AA were assigned to
three groups based on the histological diagnosis: (a) simple
appendicitis (SA) (n=12), (b) purulent appendicitis (PA)
(n=49), and (c) gangrenous appendicitis (GA) (n=31).
The typical histology of AA at different stages was shown in
Figure 1. Meanwhile, 90 nonemergency inguinal hernia
patients, who were age and gender matched, without pain
in the abdomen and respiratory symptom were taken as the
control group (CG) into account during the same period.
According to the operative notes, all patients with AA were
allocated to the nonperforated appendicitis group (n=71)
and the perforated appendicitis group (n = 21).

2.2. Ethics and Consent. The present study was approved by
the Ethics Committee of Children’s Hospital of Soochow
University (Suzhou, China), and the written informed
consent was obtained from parents or guardians of the
recruited children prior to their enrolment. All experiments
and procedures were conducted in accordance with the
Declaration of Helsinki.

2.3. Routine Examination Determinations. Prior to appen-
dectomy, a peripheral blood was sampled at admission and
sent for blood routine testing, in addition to analysis of liver
function and fibrinogen (FIB) level. Additionally, 2mL
serum was collected and centrifuged. Plasma samples were
harvested and stored at -80°C for further experiment of
sB7H3 and tumor necrosis factor-a (TNF-«) levels.

2.4. Measurement of Plasma sB7H3 and TNF-« Levels. The
level of TNF-a was measured by using an enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems,
Minneapolis, MN, USA). The sB7H3 analyses were deter-
mined by using enzyme-linked immunosorbent assay
(ELISA) kits (Suzhou Xuguang Kexing Biological Technol-
ogy Co. Ltd., Suzhou, China) as previously described [12].

2.5. Statistical Analysis. In the present study, statistical anal-
ysis was conducted by using SPSS 22.0 software (IBM,
Armonk, NY, USA). Measured data were expressed as
mean + standard deviation (SD). Enumeration data were
expressed as rate (%). Moreover, Student’s t-test and
Mann-Whitney U test were used for comparing normally
distributed and nonnormally distributed data between the
groups, respectively. For comparing more than two groups,
one-way analysis of variance (ANOVA) was employed, in
addition to the Kruskal-Wallis test if data were nonnor-
mally distributed. A chi-square test was used for comparing
the rates between the acute nonperforated appendicitis
group and the perforated appendicitis group, and then,
the multivariate logistic regression analysis was utilized
for the statistically significant markers. The diagnostic effi-
ciency of these markers was evaluated by receiver operating
characteristic (ROC) curves, and the cutoff values and area
under the ROC curve (AUROC) of these markers were
determined. The statistical significance was set at a two-
sided P value of 0.05.
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TaBLE 1: Demographic data and clinical characteristics of AA and control subjects.
Control group AA patients AA-based groups (N =92) )
= n= = = =
Parameters (N = 90) (n=92) SA(N=12) PA(N=49) GAN=31 HFx P
Sex (M, %) 54 (60.00%) 62 (67.39%) 7(58.33%) 36 (73.47%) 19 (61.29%)  2.871  0.412
Age (mean + SD, years) 6.26 + 2.48 7.38 + 3.52%% 6.5+ 1.78 7.80 + 3.83 7.06+3.50 4830  0.185
Zf]rfgr)ated appendicitis 0 (0%) 21 (22.82%)"** 0 (0%) 6 (12.24%) 15 (4839%) 18.161 <0.001
5 /0
LOS (mean + SD, days) 4.33+0.91 8.34+3.76™ 8.00 +2.09 7.65+2.14 9.55+5.63  122.480 <0.001x
gz;:; days (mean + SD, 0 2.23 + 1.86™* 1.17+0.84  2.06+1.78 2.90+2.06 141.087 <0.001+#
(Trgzglf Ssgkfc) 0 38.69+0.67  3842+053  38.60£064  3890+071 2907  0.060
Y\égoc/ (Sean + 5D, 9.38 +2.92 16724551  1504+443 16964530 17.00£6.22 85335 <0.001#
u
MCV (mean + SD, fL) 78.99 +5.44 82.14 + 4.83 82.08+2.94 82.69+4.42  81.29+593 6153 0.001%
RDW (mean + SD, %) 13.46 + 1.66 14.10 + 1.21 13.90+0.84 14.12+1.12  14.16+148 3053 0.030%
MPV (mean + SD, fL) 9.90 +0.80 8.06 +1.25" 7.75 +1.09 8.14+1.30 8.07+1.25 79596 <0.001=
PDW (mean + SD, %) 10.92 +1.58 13.06+2.99%  12.51+0.60 13.51+3.20  12.57+3.14 41492 <0.001x
CRP (mean + SD, mg/L) 0.42+0.91 61.21+52.18" 28.92+19.54 47.57+43.87 9527 +55.83 130.964 <0.001*
Il)gOTO/(:‘Le)an +5D, 320.1+84.70 257.29 +78.63  260.75+39.54 257.69 + 86.67 255.32+78.45 8880 <0.001x
ALT (mean + SD, U/L) 16.43 + 6.41 15.37 +13.72 12.63+3.44 14.77+12.14 17.37+17.37 0818 0486
AST (mean + SD, U/L) 32.84 +10.45 3252+12.17  34.67+8.39 32.03+1222 3245+13.51 0184 0907
ALP (mean + SD, U/L) 262.81 +£115.87 205.20 +55.31%%  199.34+17.23 213.42+55.60 194.48 +63.10 5315 0.021=
Tbil (mean + SD, ymol/L) 7.07 +5.85 12.98+929%  10.33+1.07 12.57+7.91 14.66+12.45 5941 <0.001x
Ibil (mean + SD, ymol/L) 4.94 +4.50 8.64 +7.40° 6.92+1.14  8.42+6.60 9.67+9.66 40256 <0.001+#
Dbil (mean + SD, gmol/L) 2.13+1.41 4.31+2.57% 3.41+0.57 4.11+2.00 5.00+3.56  76.552 <0.001x
LDH (mean + SD, U/L) 297.53 + 99.64 284.81+99.10 254.91 +21.28 283.61+92.37 298.28+124.20 3787  0.285
FIB (mean + SD, g/L) 2.50 +0.49 3.61 + 1.08*** 3214059  3.48+0.86 3.99+1.41 68397 <0.001%
TI\/IF']‘j‘)(mean 5D, 16.88 + 5.18 63.71 + 109.86""* 55.22+33.73 56.13+122.79 78.97+108.19 28.930 <0.001+x
pg/m
sB7H3 (mean £ SD, 6.58 +2.38 4029+ 10.17°"  28.15+4.50 40.02+10.24 4543+7.24 143057 <0.001%

ng/mL)

AA: acute appendicitis; SA: simple appendicitis; PA: purulent appendicitis; GA: gangrenous appendicitis. Asterisks indicate that the reorganization data is
nonnormal distribution, and the Kruskal Wallis test is used to analyze the differences between groups. The mean of other groups was compared by one-way
ANOVA/Student’s t-test for independent samples, and the rate was compared by the chi-square test. Statistically significant differences between AA
patients and control group are shown in column 3 as “P <0.05, P <0.01, and ***P < 0.001. Statistically significant differences between four groups are
shown in the last column. LOS: length of stay in hospital; WBC: white blood cell; MCV: mean corpuscular volume; RDW: red blood cell distribution width;
MPV: mean platelet volume; PDW: platelet distribution width; CRP: C-reactive protein; PLT: platelet; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; ALP: alkaline phosphatase; Tbil: total bilirubin; Ibil: indirect bilirubin; Dbil: direct bilirubin; LDH: lactate dehydrogenase; FIB: fibrinogen;

TNF-a: tumor necrosis factor-a.

3. Results

3.1. Demographic Data and Clinical Characteristics of
Patients with AA. The demographic and clinical characteris-
tics of patients with AA and CG are presented (Table 1).
There was no difference in gender between the CG and the
AA group (P >0.05); the age of the AA group was slightly
older than that of the CG (P < 0.05), but there was no signif-
icant difference in age between the CG and the AA-based
group (P > 0.05). Perforated appendicitis and longer length
of stay (LOS) in hospital in the AA group were significantly
higher than those in the CG (P < 0.05), and there were differ-

ences between AA-based groups (P < 0.05). No fever in the
CG was noted. But the number of fever days in the AA-
based groups (SA, PA, and GA) showed an increasing trend
(P <0.05), and the difference in thermal spike was not statis-
tically significant (P > 0.05).

The indexes in the AA group, including WBC, CRP,
total bilirubin (Tbil), indirect bilirubin (Ibil), direct biliru-
bin (Dbil), FIB, TNF-«, and sB7H3, were significantly
higher than those in the CG (P < 0.05), and there was a ris-
ing trend for these indexes among SA, PA, and GA in turn;
however, the differences in CRP, FIB, and sB7H3 among
the AA-based groups (SA, PA, and GA) were statistically
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Figure 1: Typical histology of acute appendicitis at different stages (HE x200). (a) Simple appendicitis: dilated and congested small blood
vessels in the appendix wall, hyperplasia of mucosal lymphoid tissues, increased lymphoid follicles, enlarged germinal center, and obvious
leukocyte adhesion in the local small mucosa of the mucosa. (b) Purulent appendicitis: dilated and congested small blood vessels in the
appendix wall, neutrophil infiltration in each layer of tissue, fibrinous exudate, and necrosis in local mucosal layer tissue. (c) Gangrenous
appendicitis: dilated and congested small blood vessels in the appendix wall, neutrophil infiltration in each layer of tissue, fibrinous
exudate and necrosis, and hemorrhagic necrosis in whole layer of tissues. Internal scale bar = 50 ym.

significant (P < 0.05). In addition, the differences of CRP
and FIB between the SA and PA groups were not statisti-
cally significant (P> 0.05) (Figure 2). Additionally, sB7H3
was found as the only marker in children with AA, which
has remarkably associated with the degree of histological
findings (Figure 1).

There were significant differences in mean corpuscular
volume (MCV), red blood cell distribution width (RDW),
mean platelet volume (MPV), platelet distribution width
(PDW), platelet (PLT), and alkaline phosphatase (ALP)
between the AA-based groups (SA, PA, and GA) and the
CG, whereas the differences in alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and lactate dehy-
drogenase (LDH) were not statistically significant.

3.2. Analysis of Diagnostic Value of Markers for AA. The
results of the receiver operating characteristic (ROC) curve
analysis and evaluation of the above-mentioned parameters
are expressed (Table 2). The markers with high accuracy
(0.9 < AUROC<1) for the diagnosis of AA were sB7H3
and CRP, respectively. The markers with moderate accuracy
(0.7< AUROC<0.9) in the diagnosis of AA were WBC,
Dbil, FIB, Tbil, PDW, Ibil, MCV, and RDW. The markers
with low accuracy (AUROC <0.7) in the diagnosis of AA
were TNF-a (AUROC, 0.652), PLT (AUROC, 0.302), ALP
(AUROC, 0.302), and MPV (AUROC, 0.119).

3.3. The Diagnostic Values of sB7H3 for Different Degrees of
AA. The findings showed that sB7H3 had a high diagnostic
accuracy for complex AA (PA+GA) (the cutoff value of sB7
H3 =36.146 ng/mL, AUROC=0.916). However, further
results revealed that the diagnostic value of sB7H3 in distin-
guishing PA from GA in complex AA was not high (the cutoff
value of sB7H3 = 34.950 ng/mL, AUROC = 0.748) (Figure 3).
The results of multivariate logistic regression analysis
showed that only CRP (t=-3.475, P=0.002) and sB7H3
(t=-2.309, P=0.023) were statistically different between
the nonperforated appendicitis group and the perforated
appendicitis group. Further ROC curve analysis found that
the AUROC values of CRP and sB7H3 were 0.734 (cutoff
values of CRP = 67.005 mg/L, 0.714 SE, 0.747 SP) and 0.675
(cutoft values of sB7H3 =48.033 ng/mL, 0.524 SE, 0.859
SP), respectively. However, the combination of a CRP level
of 67.005mg/L and a sB7H3 level of 48.033 ng/mL showed
57.1% SE and 84.5% SP, with AUROC of 0.735. The diagnos-
tic performance of CRP and sB7H3 in children with AA was
not remarkable, while the diagnostic performance was
improved after combination (Table 3 and Figure4).

4. Discussion

Despite great familiarity with AA, this disease continues to
pose a significant diagnostic challenge for clinicians. This is
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FiGurk 2: Distribution of CRP, FIB, and sB7H3 in the CG and the AA-based groups: (a) distribution of CRP, (b) distribution of FIB, and (c)
distribution of sB7H3. Bars represent median values. Comparisons among the groups were performed using one-way analysis of variance with
SNK t-test. Statistically significant differences between each patient group are shown as #P < 0.05, #*P <0.01, and #**x P <0.001. CG:
control group; AA: acute appendicitis; CRP: C-reactive protein; FIB: fibrinogen; sB7H3: soluble B7H3.

partially confirmed in very young children whose history is
not typical and whose examination results are also unreliable
[13]. A delay in the diagnosis of AA could be attributed to
nonspecific presentations, overlap of symptoms with a
variety of common childhood illnesses, together with inabil-
ity to express unreliable abdominal examination results in
preschool children [14]. Biomarkers can improve the
diagnostic performance of AA, especially in children, women
at childbearing age, and elderly patients [15]. Traditional
biomarkers, e.g,, WBC, were found to have a moderate
diagnostic performance, while being cost-effective in the

diagnosis of AA. In contrast, novel biomarkers were found
to be highly expensive, associating with complex compounds,
while diagnostic performance can be improved [16].
Moreover, B7H3, also known as CD276, is an immune
checkpoint molecule, belonging to the B7-CD28 family. This
molecule is associated with costimulatory and coinhibitory
functions in regulating T cell responses [17]. Expression of
membrane CD276 (mB7H3) has been reported on dendritic
cells, monocytes, activated T cells, and various carcinoma
cells. The release of sB7H3 from cell surface is mediated by
a matrix metalloproteinase and probably regulates
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TaBLE 2: The results of the receiver operating characteristic (ROC) curve analysis and evaluation of the above-mentioned parameters of blood

markers for AA.

Parameters Cutoff values AUROC Sensitivity (SE) Specificity (SP) PPV NPV +LR -LR
sB7H3 (ng/mL) 17.850 1 1.000 1.000 1.000 1.000 — 0.000
CRP (mg/L) 1.905 0.983 0.935 0.967 0.966 0.935 0.280 0.001
WBC (1000/uL) 12.495 0.895 0.826 0.878 0.874 0.832 0.068 0.002
Dbil (ymol/L) 2.45 0.874 0.891 0.778 0.804 0.875 0.040 0.001
FIB (g/L) 3.11 0.845 0.728 0911 0.893 0.766 0.082 0.003
Tbil (pmol/L) 8.315 0.831 0.761 0.789 0.787 0.763 0.036 0.003
PDW (%) 12.05 0.776 0.674 0.800 0.775 0.706 0.034 0.004
Ibil ([/trnol/L) 6.875 0.772 0.522 0.900 0.842 0.648 0.052 0.005
MCV (fL) 80.5 0.724 0.761 0.589 0.654 0.707 0.019 0.004
RDW (%) 12.85 0.711 0.902 0.456 0.629 0.820 0.017 0.002

The ROC curve is drawn by SPSS, and Youden’s index is calculated by the corresponding coordinate value on the curve. The maximum value of Youden’s index
is the ideal cutoff value. AUROC: area under the curve; PPV: positive predictive value; NPV: negative predictive value; +LR: positive likelihood ratios; -LR:
negative likelihood ratios; CRP: C-reactive protein; WBC: white blood cell; Dbil: direct bilirubin; FIB: fibrinogen; Tbil: total bilirubin; PDW: platelet
distribution width; MCV: mean corpuscular volume; PDW: platelet distribution width; Ibil: indirect bilirubin; MCV: mean corpuscular volume; RDW: red

blood cell distribution width.

B7H3R/B7H3 interactions in vivo [12]. Although no
previous study has linked sB7H3 and appendicitis, there is
a growing experience to use this marker for detecting other
inflammatory conditions. For instance, sB7H3 levels could
be significantly elevated in children with bacterial meningitis
[10] and Mycoplasma pneumoniae pneumonia (MPP) [18].
Furthermore, Xu et al. [19] analyzed the sB7H3 levels in chil-
dren with mild MPP and severe MPP and concluded that
sB7H3 levels could be helpful for predicting the severity of
MPP and investigating treatment efficacy.

In the present study, we included 92 AA patients and 90
inguinal hernia patients as CG to assess the role of sB7H3
levels for predicting the presence and degree of histological
findings in children with AA. To our knowledge, this is the
first study to evaluate the association between sB7H3 and
AA. Although several blood markers can predict AA in chil-
dren, our results showed that sB7H3 is the only marker,
containing a significant correlation with the pathological
degree of AA. Furthermore, we demonstrated that sB7H3
has a high diagnostic significance in predicting simple AA
and complex AA (PA+GA) in children, and the correspond-
ing values of AUROC were equal to 1.00 (cutoff value of sB
7H3 =17.850 ng/mL) and 0.916 (cutoff value of sB7H3 =
36.146 ng/mL), respectively. However, the diagnostic perfor-
mance of sB7H3 for distinguishing PA from GA was not
found remarkable (cutoff value of sB7H3 =34.950 ng/mL,
AUROC =0.746). In addition, our results also revealed that
only CRP (¢t =-3.475, P=0.002) and sB7H3 (¢t =-2.309, P
=0.023) were statistically different between the nonperfo-
rated appendicitis group and the perforated appendicitis
group, with corresponding AUROC values of 0.734 (cutoft
value of CRP = 67.005mg/L) and 0.675 (cutoft value of sB7
H3 =48.033 ng/mL), respectively. The diagnostic perfor-
mance of CRP and sB7H3 was not significantly satisfactory
to predict perforation of AA in children, while that perfor-
mance was improved after combination. The AUROC
value of 0.735 was achieved after combination of CRP

with sB7H3 (57.1% SE and 84.5% SP). Thus, sB7H3 could
be a beneficial marker for predicting the presence and
severity of AA in children and might be involved in the
pathogenesis of AA.

The exact pathogenesis of AA is multifactorial although it
still remains elusive. It is irrefutable that obstruction of the
lumen is usually present. In preschool children, this obstruc-
tion is typically due to lymphoid hyperplasia and less likely
due to fecalith, as the appendix contains an excessive amount
of lymphoid tissue in the submucosa [14]. Furthermore, the
presence of a fecalith causes luminal obstruction, distention,
and inflammation of the appendix wall, resulting in suppura-
tive transmural inflammation, ischemia, infarction, and
perforation of the appendix [20]. Numerous studies demon-
strated that cytokines (e.g., interleukin-6 (IL-6)) [21] or acute
phase proteins (e.g., CRP) could be used to predict the AA
[1], control the severity of disease, and detect any complica-
tions [22]. Therefore, community-acquired intra-abdominal
infection and inflammation play a significant role in the
development of AA.

The findings of the present study demonstrated that the
TNF-«a level in the AA group was significantly higher than
that in the CG, and there was a rising trend of TNF-« in
the AA-based groups (SA, PA, and GA). Similar to our find-
ings in appendicitis, a comparable result for TNF-a was
found in a previously reported study [23]. The results of the
current research revealed that bacteria, endotoxin, and other
factors may cause an increase in the release of a number of
cytokines (e.g., TNF-a) in AA. In addition, the results
showed that sB7H3 and TNF-« both have a rising trend in
the AA-based groups (SA, PA, and GA). Thus, the correla-
tion between sB7H3 and TNF-« was investigated here. The
findings disclosed positive correlations between plasma
sB7H3 levels and TNF-a levels in patients with AA
(y=1.3x+9.85, R* =0.087, P < 0.001). However, no correla-
tions were found between plasma sB7H3 levels and TNF-«
levels in patients with SA (P > 0.05), PA (P> 0.05), and GA
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Ficurek 3: Different ROC curves and parameters for evaluation of sB7H3 for distinguishing different degrees of AA. The ROC curve is drawn
by SPSS, and Youden’s index is calculated by the corresponding coordinate value on the curve. The maximum value of Youden’s index is the
ideal cutoff value. (a) The ROC curve and parameters for evaluation of sB7H3 in the nonappendicitis group and the appendicitis group. (b)
The ROC curve and parameters for evaluation of sB7H3 in the diagnosis of SA and complex AA (PA+GA). (c) The ROC curve and
parameters for evaluation of sB7H3 for the diagnosis of PA and GA. AUROC: area under the curve; PPV: positive predictive value; NPV:
negative predictive value; +LR: positive likelihood ratios; -LR: negative likelihood ratios.

(P>0.05). These data proved the existence of a relationship
between sB7H3 with TNF-a. In our previous study, we
observed that substantial amounts of sB7H3 were released
from freshly isolated human monocytes upon stimulation
with TNF-a compared with naive cells [11]. This evidence
could explain the underlying mechanisms being responsible
for the significantly elevated plasma sB7H3 levels observed
in patients with AA.

The diagnostic accuracy of markers for the diagnosis of
AA was found to be more accurate in the present study com-
pared with previous studies, in which the AUROC values for
WBC and CRP were 0.895 and 0.983, respectively (Table 2).
A number of studies have taken nonspecific abdominal pain

(NSAP) patients as CG into consideration. For instance,
Oikonomopoulou et al. [24] selected 185 non-AA cases as
CG. The CG included NSAP (151, 81.6%), followed by mes-
enteric lymphadenitis (16, 8.6%), ileitis (4, 2.2%), acute
gastroenteritis (5, 2.7%), pneumonia (2, 1.1%), streptococcal
pharyngitis (1, 0.5%), influenza type B virus (1, 0.5%), consti-
pation (1, 0.5%), and intussusception (1, 0.5%). The AUROC
values of leukocytes and CRP were 0.84 and 0.7, respectively.
In another study, Kaiser et al. [7] recruited 25 NASP children
who improved under conservative treatment and did not
require surgical intervention and served as CG. The specific
causes of NSAP were gastroenteritis (18, 72%), constipation
(4, 16%), and abdominal cramps based on food intolerance



Journal of Immunology Research

TaBLE 3: Comparing patients’ demographic data and clinical characteristics between the perforated appendicitis group and the nonperforated

appendicitis group.

Nonperforated appendicitis

Perforated appendicitis

Parameters N =71 (PA =43, GA = 28) N =21 (PA=6, GA = 15) HZy’ Pvalue
Sex (M, %) 46 (64.79%) 16 (76.19%) 0.959 0.328
Age (mean * SD, years) 7.59 +3.54 6.67+£3.43 1.058 0.293
LOS (mean + SD, days) 7.77 £2.11 10.24 + 6.63 -1.679 0.108
Duration of fever (mean + SD, days) 2.06 £1.74 2.81+2.16 -1.647 0.103
Thermal spike (mean + SD, °C) 38.63+0.68 38.87 £ 0.63 -1.406 0.163
WBC (mean + SD, 1000/uL) 16.89 £5.71 16.15+4.87 -0.542 0.589
MCV (mean + SD, fL) 82.13 +4.97 82.19 + 4.46 -0.053 0.958
RDW (mean + SD, %) 14.10 £ 1.09 14.11£1.58 -0.008 0.993
MPV (mean + SD, fL) 8.10+1.31 7.96 + 1.04 0.447 0.656
PDW (mean + SD, %) 13.25+2.76 12.44 + 3.66 1.093 0.277
CRP (mean + SD, mg/L) 49.80 +43.34 99.78 £ 61.54 -3.475 0.002
PLT (mean + SD, 1000/uL) 255.65+72.74 262.86 +97.85 -0.367 0.714
ALT (mean + SD, U/L) 14.06 + 10.70 19.79 + 20.72 -1.219 0.214
AST (mean + SD, U/L) 31.63+£12.04 35.52+42.43 -1.290 0.200
ALP (mean + SD, U/L) 207.91 £55.10 196.04 + 56.37 0.863 0.391
Tbil (mean + SD, ymol/L) 13.03 +£9.66 12.84 + 8.14 0.083 0.934
Ibil (mean + SD, ymol/L) 8.82+7.98 8.05+5.05 0.414 0.680
Dbil (mean + SD, ymol/L) 4.21+2.26 4.69 +3.47 -0.749 0.456
LDH (mean + SD, U/L) 274.47 + 80.04 319.74 + 143.54 -1.383 0.180
FIB (mean + SD, g/L) 3.61+0.90 3.63+1.56 -0.037 0.971
TNF-a (mean + SD, pg/mL) 58.85 + 94.60 80.13 + 152.39 -0.778 0.439
sB7H3 (mean + SD, ng/mL) 38.99 +10.12 44.69 +9.29 -2.309 0.023*

Asterisks () indicate that the reorganization data is nonnormal distribution, and rank sum test is used to analyze the differences between groups. LOS: longer
length of stay in hospital; WBC: white blood cell; MCV: mean corpuscular volume; RDW: red blood cell distribution width; MPV: mean platelet volume; PDW:
platelet distribution width; CRP: C-reactive protein; PLT: platelet; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase;
Thil: total bilirubin; Ibil: indirect bilirubin; Dbil: direct bilirubin; LDH: lactate dehydrogenase; FIB: fibrinogen; TNF-a: tumor necrosis factor-a.

(3, 12%). The AUROC values of leukocytes and CRP were
0.711 and 0.619, respectively. As a nonspecific response of
the body, raised white blood cells and CRP levels are frequent
in patients with acute and chronic gastroenteritis accompa-
nied by vomiting, abdominal pain, dehydration, and other
serious symptoms. This condition may be misdiagnosed as
AA in several cases. Moreover, respiratory and urinary tract
infections, as the causes of acute abdominal pain in children
[25-27], may often accompany by elevated levels of leuko-
cytes and CRP. However, these conditions do not occur in
selective hernia surgery.

In addition, a number of studies on appendicitis have
selected negative appendectomy patients as CG. However,
Dubrovsky et al. [28] demonstrated that negative appendici-
tis is associated with greater morbidity, longer LOS, higher
complication rate, and higher cost compared with nonperfo-
rated appendicitis. In addition, they identified a total of
156,660 nonincidental inpatient appendectomies from 2005
to 2011. They observed an overall decrease in the rate of both
negative appendicitis (3.3% in 2005 to 1.8% in 2011, P < 0.01
) and perforated appendicitis (27.1% in 2005 to 25.0% in

2011, P<0.01). Similar results were noted in studies con-
ducted by Chinese scholars. For instance, Jin et al. [29]
expressed that the negative appendectomy rate was 1.53%
(31/2015) in Chongqing (China). There were two patients
with normal appendix according to the results of histology
in that study. However, the negative appendectomy rate in
a pediatric appendicitis study with a large sample size
reached 10.75% (37/344) in Turkey [30] and 15.54%
(186/1197) in three pediatric centers performed in Canada,
Australia, and the UK [22]. Dubrovsky et al. [28] demon-
strated higher proportion of gastrointestinal complications
(obstruction or C. difficile infection) and respiratory com-
plications (e.g., atelectasis or pneumonia) in negative
appendicitis patients than in nonperforated appendicitis
patients. Thus, patients with negative appendectomy rate
may highly have higher levels of leukocytes and CRP than
healthy individuals.

Therefore, compared with NSAP and negative appendec-
tomy, we selected nonemergency inguinal hernia as CG, and
the diagnostic efficiency of markers was relatively high. A
recent study conducted by Sarsu et al. [6] also selected
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FIGURE 4: ROC curves and evaluation indexes of sB7H3 and CRP
for the diagnosis of appendicitis with perforation. The ROC curve
is drawn by SPSS, and Youden’s index is calculated by the
corresponding coordinate value on the curve. The maximum value
of Youden’s index is the ideal cutoff value. AUROC: area under
the curve; PPV: positive predictive value; NPV: negative predictive
value; +LR: positive likelihood ratios; -LR: negative likelihood ratios.

healthy controls and demonstrated that in diagnosis of com-
plicated AA, AUROC for fecal lactoferrin, serum CPR, and
serum HMGB-1 were determined as 1.00 and the cutoff level
was determined as 25 ug/g feces, 670 ng/mL, and 30 ng/mL,
respectively. In differential diagnosis of uncomplicated and
complicated AA, the most accurate parameter was fecal lac-
toferrin with an AUROC of 0.977.

Studies on the role of hyperbilirubinemia in appendicitis
were mainly concentrated on adult patients. In the present
study, the bilirubin level in the AA group was significantly
higher than that in the CG. Furthermore, our results demon-
strated that the Dbil level had a higher SE and AUROC than
the Tbil and Ibil levels for AA. These results were in agree-
ment with Eren et al.’s achievements [31], in which hyperbi-
lirubinemia, especially with elevated direct bilirubin levels,
was elevated significantly in gangrenous/perforated appendi-
citis. However, there were no significant differences in Tbil,
Dbil, and Ibil levels between the nonperforated appendicitis
group and the perforated appendicitis group in the present
study. This was found to be consistent with a meta-analysis
conducted by Silva et al. [32], who demonstrated that the
diagnostic value of hyperbilirubinemia cannot merely predict
acute perforated appendicitis. Thus, hyperbilirubinemia may
be a moderate marker to predict AA in children, while that
cannot merely predict perforation.

In the present study, significantly higher values of PDW,
MCV, and RDW were noted in children with AA. The
AUROC values for PDW, MCV, and RDW were 0.776,

0.724, and 0.711, respectively. In addition, RDW had the
highest SE of 0.902 and the lowest SP of 0.456. Furthermore,
the results of the current research demonstrated that RDW
values increased with progress of severity of appendicitis,
while the difference was not statistically significant. There
were no significant differences in PDW, MCV, RDW, and
MPV between the nonperforated appendicitis group and
the perforated appendicitis group. In agreement with the cur-
rent research, another study [30] related to RDW on children
who suspected of having appendicitis revealed that it might
be precious for diagnosing AA in children, rather than utiliz-
ing for predicting perforation. In contrast to studies con-
ducted on children, Boshnak et al. [33] reported that the
PDW level in the positive appendectomy group was signifi-
cantly higher than that in the negative appendectomy group.
Significantly higher RDW level was only found in patients
with AA who developed complications compared with those
without complications. The diagnostic performance of RDW
and PDW for diagnosing AA was not considerable; the
AUROC values for PDW were determined as 0.696. Hence,
increased levels of PDW and RDW combined with elevated
WBC and neutrophil counts may be as advantageous for
diagnosing cases suspected of having AA.

In the present study, the FIB level in patients with AA was
significantly higher than that in the CG, and FIB level
increased with progress of severity of appendicitis. However,
there was no significant difference in the FIB level between
SA and PA. Serum FIB level has been studied for diagnosing
AA in a limited number of studies. Mentes et al. [34] investi-
gated the diagnostic role of FIB in AA and found that the
serum FIB level (accuracy, 68.16%) had a similar diagnostic
value to WBC (accuracy, 72.14%). This result was compara-
ble to that achieved in the present research. Our results
showed that FIB and WBC both had moderate accuracy for
diagnosing AA.

Perforated appendicitis is associated with short- and
long-term complications, including peritonitis, sepsis, bowel
intestinal obstruction, abscess formation, and fertility prob-
lems. Furthermore, the rate of perforated appendicitis is
higher in children than in adults, especially in younger chil-
dren (<5 years) [35, 36]. In the current study, the perforated
rate of AA was 22.83% (21/92). Furthermore, there were sig-
nificant differences in the levels of CRP and sB7H3 between
the nonperforated appendicitis group and the perforated
appendicitis group, in which the values of AUROC were
0.734 and 0.675, respectively. With combination of CRP
and sB7H3, the value of AUROC in predicting perforated
appendicitis was determined as 0.735. Although the younger
age, the longer LOS, the longer duration of fever, and the
higher levels of markers (RDW, NR, Dbil, FIB, and TNF-«)
were found in the current research, the differences were not
statistically significant. Buyukbese et al. [37] retrospectively
studied 317 children who underwent appendectomy and
found that the rate of complicated AA was 24.92%
(79/317), and the CRP had the highest diagnostic value in
predicting complicated appendicitis (AUROC, 0.887L).
Kim et al. [38] evaluated the predictive values of delta neutro-
phil index (DNI) and myeloperoxidase index (MPXI) in 105
children with AA and found that the complicated rate was
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27.6% (29/105) and the CRP had the maximum value of
AUROC (0.840) when cutoff was 40 mg/L. Being consistent
with the present study, Kaiser et al. [7] also demonstrated
that a combination of different inflammation markers
may associate with higher AUROC value to predict compli-
cated appendicitis.

As previously described, sB7H3 as a new biomarker has
advantages in diagnostic efficiency over the old biomarkers
(CRP, WBC, Dbil, etc.). However, the clinical application is
inconvenient and more expensive now. If a commercial com-
pany intervenes later, the convenience and cost will definitely
improve significantly.

The current study was limited by a relatively limited
number of patients with AA, especially patients with SA.
Nevertheless, the serum level of sB7H3 was only examined
at the time of admission. Additionally, the time from the
onset of symptoms to diagnosis of AA in children was not
recorded. Therefore, further studies should be conducted
on a larger sample size at different time points with inclusion
of data of AA, in order to accurately assess the diagnostic
value of sB7H3 for AA in children.

5. Conclusions

In summary, we noted significantly elevated sB7H3 level
in children with AA, and sB7H3 levels remarkably associ-
ated with the degree of histological findings of the appen-
dix. Hence, sB7H3 could be used as a precious marker to
predict the presence of AA and complex AA in children.
However, the diagnostic value of sB7H3 to predict gangre-
nous/perforated appendicitis was not notable. The combi-
nation of sB7H3 and CRP might improve the prediction
of perforated appendicitis.
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