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Background: The role of inducible costimulator (ICOS) signaling in chronic obstructive pulmonary disease (COPD) has not been
fully elucidated.

Methods: We compared the percentages of ICOS™ T cells and ICOS™ regulatory T (Treg) cells in CD4" T cells and
CD4"CD25"FOXP3" Tregs, respectively, in the peripheral blood of smokers with or without COPD to those in healthy controls.
We further characterized their phenotypes using flow cytometry. To investigate the influence of ICOS signaling on C-X-C motif
chemokine receptor 3 (CXCR3) expression in COPD, we evaluated the expression levels of ICOS and CXCR3 in vivo and in vitro.
Results: ICOS expression was elevated on peripheral CD4" T cells and CD4" Tregs of COPD patients, which positively correlated
with the severity of lung function impairment in patients with stable COPD (SCOPD), but not in patients with acute exacerbation of
COPD (AECOPD). ICOS*CD4" Tregs in patients with SCOPD expressed higher levels of coinhibitors, programmed cell death protein
1 (PD-1) and T-cell immunoreceptor with Ig and ITIM domains (TIGIT), than ICOS"CD4" Tregs, whereas ICOS"CD4" T cells mostly
exhibited a central memory (CD45RA"CCR7") or effector memory (CD45RA™CCR7") phenotype, ensuring their superior potential to
respond potently and quickly to pathogen invasion. Furthermore, increased percentages of CXCR3°CD4" T cells and CXCR3°CD4"
Tregs were observed in the peripheral blood of patients with SCOPD, and the expression level of CXCR3 was higher in ICOS"CD4"
T cells than in ICOS CD4" T cells. The percentage of CXCR3"CD4" T cells was even higher in the bronchoalveolar lavage fluid than
in matched peripheral blood in SCOPD group. Lastly, in vitro experiments showed that ICOS induced CXCR3 expression on CD4"
T cells.

Conclusions: ICOS signaling is upregulated in COPD, which induces CXCR3 expression. This may contribute to increased numbers
of CXCR3" Th1 cells in the lungs of patients with COPD, causing inflammation and tissue damage.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a smoking-related disease characterized by progressive airflow limitation
and irreversible damage to lung function,' which causes a major health care burden worldwide and is the third leading cause of
death.? Despite advances in controlling symptoms and precautions against acute exacerbations, the cellular and molecular
mechanisms involved in the development of COPD are poorly understood.® Thus, there remains a compelling need to identify
optimal biomarkers for disease development and potential intervention targets for this complex disease. The contribution of
immune disorders to COPD pathogenesis has been a research topic of great interest.
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Growing evidence has identified the role of autoimmunity in the development of COPD, with significant participation
by the adaptive immune responses.” Increased proportions of T helper (Th)1/cytotoxic T (Tc)l, Th17/Tel7 cells, as well as
proinflammatory subsets of regulatory T (Treg) cells have been verified in the lung tissues and peripheral blood of patients
with COPD.”>® The development of lung lymphoid follicles in spirometrically severe stages of COPD, is another critical
immunological change in COPD.*° These lymphoid follicles consist of large aggregates of B cells, scattered follicular
dendritic cells and a small number of T cells, including a key type of lymphoid tissue inducer cells called CD4" T follicular
helper (Tth) cells. In this study, we focused on a classical activation marker, inducible costimulator (ICOS), which is highly
involved in regulating Th1/2/17 cell-mediated immune responses and Tth cell function.'® Immunotherapy targeting this
costimulatory receptor has been developed as a new strategy for cancer treatment and some autoimmune diseases.''*'?

ICOS, discovered by Andreas Hutloff in 1999, is a homodimer with a relative molecular mass of 55,000+60,000 Da and
is expressed on the surface of activated T cells."® It belongs to the CD28 superfamily, along with CD28, Cytotoxic
T-Lymphocyte Associated Protein 4 (CTLA-4), programmed cell death protein 1 (PD-1), and B- and T-Lymphocyte
Attenuator (BTLA).'* ICOS has been identified to have functions in regulating T cell activation, differentiation, effector
function, and tissue residency.ls’16 Furthermore, numerous studies have confirmed that ICOS has a crucial role in Tth cell
differentiation and maintenance, as well as in T-B cell responses and germinal center formation.'” In addition, ICOS widely
participates in innate immunity. For example, ICOS is highly expressed on the surface of innate lymphoid type 2 cells and
natural killer T cells and is required for their function and homeostasis.'®'® Notably, ICOS can also be expressed on some
types of regulatory cells, including Tregs and follicular regulatory T cells, and a series of studies have shown that ICOS™
Tregs have greater inhibitory effect on T cell proliferation than ICOS Tregs, owing to their ability to produce more
interleukin (IL)-10.2%?' Therefore, ICOS activation could mediate a paradoxical function. The holistic role of ICOS is
difficult to estimate due to the broad distribution of ICOS on the immune cells, and previous evidence indicates that it should
be evaluated in a context-dependent manner.'® For example, Icos '~ C57BL/6 mice infected systemically with Salmonella
enterica serovar Typhimurium exhibited a significant decrease in interferon-y (IFN-y) production mediated by CD4" T cells
and reduced antigen-specific CD8 response, resulting in delayed clearance of Salmonella.*> However, Icos '~ mice showed
increased IFN-y-producing CD4 " T cells and reduced Treg numbers in the last chronic stage of Mycobacterium tuberculosis
infection, thereby accelerating control of M. fuberculosis burden in the spleen.” To date, the role of ICOS signaling in COPD
has not been reported, and clarification of this issue will help in providing new biotargets for immunotherapy of COPD.

C-X-C motif chemokine receptor 3 (CXCR3), a member of the superfamily of G-protein-coupled receptors, is a major
chemokine receptor of Th1/Tcl cells — two predominant immune cell types in COPD development.”* CXCR3 can recruit
Thl or Tcl cells to inflamed sites.®* By producing granzyme B and perforin or secreting proinflammatory cytokines,
these Th1/Tcl cells cause pathological lesions in the lung.*® According to one study of cancer immunology, CD4" T cells
require ICOS-mediated phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt) signaling to increase T-bet expression,’
where T-bet can serve as a critical transcription factor for Cxcr3 mRNA induction in both Thl cells and Tregs.?®°
Therefore, we speculate that ICOS may also play a role in CXCR3 expression in COPD, thus promoting CXCR3" Th1
cell induction and accumulation in the lung.

In this study, we analyzed the expression of ICOS and CXCR3 on CD4" T cells and CD4'CD25 ' FOXP3" Tregs in
the peripheral blood of patients with COPD and further characterized the phenotypes of ICOS'CD4" T cells and
ICOS'CD4" Tregs in COPD. Increased ICOS and CXCR3 expression were observed on both CD4" T cells and CD4"
Tregs in patients with COPD compared with those in healthy controls. In addition, the expression of ICOS was positively
correlated with the severity of lung function impairment in the SCOPD group, suggesting that ICOS activation is
associated with poor prognosis in COPD. Finally, we demonstrated that enhanced ICOS signaling could induce CXCR3
expression in CD4" T cells, thus promoting the aggregation of CXCR3" Th1 cells in the lungs of patients with COPD.

Materials and Methods
Participants

Four different groups of people were enrolled according to the diagnostic criteria for COPD of the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) guidelines: 15 healthy controls (HC), 11 asymptomatic healthy smokers
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Table | Characteristics of All Subjects

Variables HC HS SCOPD AECOPD
Subjects (No.) 15 I 22 14

Age (year) 54.7£1.9 53.7+2.2 56.9+2.0 59.5%1.7
Gender (male/female) 1174 10/1 19/3 11/3
Current/Ex-smokers 0/0 11/0 18/4 4/10
Smoking history (pack-year) - 35.0 (10-60) 38.5 (15-60) 40.5 (20-80)
FEVI (% of predicted) 105.3+3.1 100.8+3.4 65.5+5.4+" 51.8+4.9%*
FEVI/FVC (%) 80.1+£1.1 79.5%1.3 51.6%3.3% 40.743.3%*
Oral corticosteroid use 0 0 0 14

Notes: The data are presented as mean # standard error of mean (SEM) or mean (range). *P<0.05 vs HC group; #P<0.05 vs HS group.
Abbreviations: HC, healthy controls; HS, asymptomatic healthy smokers; SCOPD, patients with stable chronic obstructive pulmonary disease; AECOPD,
patients with acute exacerbation of COPD; FEVI, forced expiratory volume in one second; FVC, forced vital capacity.

(HS), 22 patients with stable COPD (SCOPD), and 14 patients with acute exacerbation of COPD (AECOPD) (Table 1).
People with a smoking history of more than 10 packs/year and a normal lung function were considered as asymptomatic
healthy smokers. The SCOPD group included first-time outpatients with a smoking history and COPD diagnosis but did
not have an exacerbation within four weeks and did not use corticosteroids for any purpose. Patients with AECOPD
required no new treatment 72 h before admission. Patients with allergic diseases, autoimmune diseases, neoplasms,
coronary heart disease, liver and kidney diseases, or diabetes were excluded. The study was approved by the Ethics
Committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology (#2019/S877)
and was performed following the Declaration of Helsinki. All the patients and volunteers signed a consent form.

Preparation of PBMCs

Five milliliters of peripheral blood was collected from each participant in the four groups. Peripheral blood of patients
with SCOPD who made an appointment for bronchoscopy was obtained 30 min before the procedure. Peripheral blood
mononuclear cells (PBMCs) were isolated via density gradient centrifugation using a human lymphocyte separation
medium (DaYou, Shenzhen, China). PBMCs were used for flow cytometry analysis.

Bronchoalveolar Lavage Fluid (BALF) Collection and Processing of BALF Cells

Bronchoalveolar lavage fluid (BALF) was obtained from four patients with SCOPD who had never received any
treatment after diagnosis. Demographic and clinical data are listed in Table 2. Bronchoscopy was performed after
overnight fasting, with a routine blood examination, assessment of four coagulation indices, chest X-ray/computed
tomography, and hepatitis B surface antigen examination performed prior to the procedure. After aerosol inhalation with
2% lignocaine 10 min prior to the investigation, the bronchoscope was inserted nasally, followed by endotracheal
anesthesia with lignocaine. Five aliquots of 20 ml sterile physiological saline at 37°C were instilled into the right middle
lobe, and BALF was gently suctioned back at a negative pressure of less than 100 mmHg. At least 30 mL BALF was
obtained, placed on ice, and immediately sent to the laboratory. BALF was filtered sequentially using 100- and 40-uM

Table 2 Demographic and Clinical Data of Patients Who Undertook Bronchoscopy

Age Gender Smoker FEVI/FVC (%) FEVI (% of Predicted)
SCOPDI 47 Male Yes 67 91
SCOPD2 56 Male Yes 51.89 56.7
SCOPD3 43 Male Yes 69.33 89.6
SCOPD4 64 Female Yes 56.45 89.5

Abbreviations: SCOPD, patients with stable chronic obstructive pulmonary disease; FEVI, forced expiratory volume in one second;
FVC, forced vital capacity.
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pore size cell strainers (BD Falcon, USA). The cells were pelleted via centrifugation at 1500 rpm for 6 min and washed
again with phosphate buffer saline (PBS). The collected cells were used for flow cytometry analysis.

Functional Assays

Naive CD4" T cells were isolated from 30 mL fresh peripheral blood obtained from healthy volunteers by magnetic cell
sorting using a human naive CD4" T cell isolation kit II (Miltenyi Biotec, USA). The purity of naive CD4" T cells was
greater than 95%, as determined by flow cytometry. Then, the isolated naive CD4" T cells were resuspended in RPMI
1640 medium containing 10% fetal bovine serum (Gibco, USA) and diluted to 5x10° cells/mL. The cells were cultured at
37°C in 48-well plates and stimulated with plate-bound anti-human CD3 mAb (OKT3; 5 pg/mL; eBioscience, USA) and
anti-human CD28 mAbD (5 pg/mL; eBioscience, USA) in the presence of IL-2 (5 ng/mL; PeproTech, USA) for four days.
To assess the influence of ICOS signaling on CXCR3 expression, anti-ICOS mAb (ISA-3; 5 ug/mL; eBioscience,
16-9948-82, USA) was added to the culture medium.

Flow Cytometric Analyses

Immune cells were washed twice with PBS and stained directly with fluorochrome-conjugated Abs against surface markers,
which are listed as follows: anti-human CD4-FITC (clone: RPA-T4, BD Biosciences, USA), anti-human CD4-APC (clone:
RPA-T4, BD Biosciences, USA), anti-human CD4-BV605 (clone: RPA-T4, BD Biosciences, USA), anti-human CD25-PE-
Cy7 (clone: M-A251, BD Biosciences, USA), anti-human ICOS-BV421 (clone: DX29, BD Biosciences, USA), anti-human
CXCR3-APC (clone: 1C6, BD Biosciences, USA), anti-human CXCR3-APC-Cy7 (clone: G025H7, BioLegend, USA), anti-
human T-cell immunoreceptor with Ig and ITIM domains (TIGIT)-APC (clone: MBSA43, eBioscience, USA), anti-human
PD-1-BV605 (clone: EH12.1, BD Biosciences, USA), anti-human CD45RA-PE-Cy7 (clone: HI100, BD Biosciences, USA),
anti-human CD62L-BV510 (clone: DREG-56, BioLegend, USA), anti-human CCR7-PerCP-Cy5.5 (clone: 150503, BD
Biosciences, USA), anti-human CD27-APC (clone: M-T271, BD Biosciences, USA), anti-human CD28-APC-R700 (clone:
CD28.2, BD Biosciences, USA), anti-human CD69-PE (clone: FN50, BD Biosciences, USA), anti-human CD57-PE594
(clone: NK-1, BD Biosciences, USA), and anti-human killer cell lectin-like receptor subfamily G member 1 (KLRG-1)-PE
(clone: SA231A2, BioLegend, USA). Then, the samples were washed with PBS after incubation for 30 min at 4°C in the
dark. Intracellular staining was performed after the cells were fixed and permeabilized with a fixation/permeabilization
solution (eBioscience, USA) according to the manufacturer’s instructions. The intracellular proteins forkhead box protein 3
(FOXP3), Ki-67, and IKAROS family zinc finger 2 (Helios) were stained with a PE-conjugated anti-human FOXP3 Ab
(clone: 236A/E7, eBioscience, USA), an APC-conjugated anti-human Ki-67 Ab (clone: 20Raj1, eBioscience, USA), and an
APC-conjugated anti-human Helios Ab (clone: 22F6, eBioscience, USA), respectively. Flow cytometry was performed on
a BD LSRFortessa X-20, and the data were analyzed using FlowJo V10 software.

Statistical Analyses

Data are expressed as mean + standard error of mean (SEM) or mean (range). Comparisons between two groups were
performed using paired Student’s #-test. Differences among the four groups were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparisons test unless otherwise noted. Correlations were
determined using Pearson’s correlation analysis. Data analyses were performed using GraphPad Prism 8 software
(GraphPad Software, La Jolla, California, USA), and P-values less than 0.05 were considered statistically significant.

Results
Elevated Expression of ICOS on Both CD4" T Cells and CD4"CD25"FOXP3" Tregs

of Patients with COPD

ICOS expression was evaluated on both CD4" T cells and CD4 'CD25"FOXP3" Tregs from peripheral blood obtained from
four groups of people (HC, HS, SCOPD and AECOPD) (Figure 1A). As expected, the percentage of ICOS'CD4" T cells
among CD4" T cells was higher in patients with SCOPD than in HC group (Figure 1B). Furthermore, a significant increase
was observed in acute exacerbation cases compared to that in the other three groups, indicating that ICOS was intensely
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upregulated by acute inflammation (Figure 1B). Similarly, we observed an enhanced ICOS expression level on
CD4'CD25"FOXP3" Tregs in patients with SCOPD compared to that in HC group (Figure 1C). The frequency of ICOS™
Tregs was also sharply elevated in the AECOPD group compared to that in the other three groups and was approximately two
times higher than that in the HC group (Figure 1C). However, no significant increase was observed in the percentage of
ICOS'CD4" Tcells or ICOS"CD4 " Tregs in HS group compared with that in HC group (Figure 1B and C). Notably, ICOS was
expressed in a larger percentage on CD4 CD25 "FOXP3 " Tregs than on CD4" T cells (17.14+1.68% vs 4.47+0.46% in the HC

A g . B c
CD4* T cells 107 8.76
0k
‘lw«' ‘ 201 —_— 40+ ——:3—
A s 0 < 154 T 304 N
o O i &2 > .
(2] ° Q [ o
- T S s w2 104 2 50-
0 10 w0 w0 0 0wt w0’ [ - 20
CD4 =i CD4 —mp ) %
S 5 3 10
0 SOK 100K 150K 200K 250K 4 9.17 10! 24.26 e e
i 0- 0-
1’3 A Y & OQQ OQO Y L OQO OQO
O () Q07 O
10° 4 107 ) < ) vg’
: 51U “
%1 SRR
o e R e —
uw 0 |0, 10‘ Iﬂs o 10, 10‘ |05
CD25 mpy FOXP3
D
20 20 SCOPD: r=-0.6025, p=0.003
& 154 T e
[ =
o [
= 10+ o 10-
+ +
8 »
o 54 8 54
0 T T T 1 0 T T 1
0 20 40 60 80 0 50 100 150
FEV1/FVC FEV1(% of predicted)
F G
50— SCOPD: r=-0.5133, p=0.0146 50- SCOPD: r=-0.545, p=0.0087
~ 40 = . — 40
™ ] =
® u w
9 30 - o 30
= - =
+(D 20 l . .I +(IJ 20-
3 " . S
= 10 = 104
0 T T T 1 0 T T 1
0 20 40 60 80 0 50 100 150
FEV1/FVC FEV1(% of predicted)

Figure | Expression of inducible costimulator (ICOS) on CD4" T cells and CD4" regulatory T (Treg) cells in the peripheral blood of four groups of people. (A)
Representative flow cytometric dot plots of ICOS expression on CD4" T cells and CD4"CD25"FOXP3" Tregs of patients with stable chronic obstructive pulmonary disease
(SCOPD). Comparisons of the percentage of ICOS” T cells within CD4" T cells (B) and CD4"CD25"FOXP3" Tregs (C) in the peripheral blood from 15 healthy controls
(HC), I healthy smokers (HS), 22 patients with SCOPD, and 14 patients with acute exacerbation of COPD (AECOPD). Correlations of the frequencies of ICOS*CD4"
T cells (D and E) and ICOS*CD4"CD25"FOXP3" Tregs (F and G) with forced expiratory volume in one second/forced vital capacity (FEVI/FVC) and FEVI (% predicted),
respectively (n = 22). *p<0.05, ¥*p<0.01, ****p<0.0001.
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group and 24.26+1.65% vs 8.76+£0.80% in SCOPD group) (Figure 1B and C). This could reflect that the T cell receptors of
Tregs have a high affinity for major histocompatibility complex/autoantigen peptides and that Tregs can obtain ICOS
expression during the recognition of autoantigens in their development in the thymus.?*** In addition, the percentage of
ICOS" T cells in CD4" T cells and the proportion of ICOS* Tregs in CD4" Tregs were negatively correlated with forced
expiratory volume in one second/forced vital capacity (FEV1/FVC) and FEV1 (% predicted) in SCOPD group (Figure 1D-G).
Correlations in the other groups could not be detected (data not shown).

Phenotypic Characteristics of ICOS*CD4"CD25"FOXP3™ Tregs

To assess the overall role of ICOS signaling in COPD, we first investigated the phenotypic characteristics of ICOS" Tregs
in the peripheral blood of patients with SCOPD. As shown in Figure 2A, ICOS™ Tregs expressed higher levels of Helios
than ICOS™ Tregs, which is a marker of the thymic origin of Tregs. The proliferation index, Ki-67, was also higher in
ICOS" Tregs than in ICOS™ Tregs, with up to 82.2% of ICOS" Tregs and only 66.8% of ICOS™ Tregs being positive for
Ki-67. Furthermore, we assessed the expression of two coinhibitory receptors on Tregs, TIGIT and PD-1, which are
regarded as major negative regulatory molecules of Tregs. Both coinhibitors displayed an increased expression pattern on
ICOS" Tregs compared with ICOS™ Tregs.

In addition, we examined the expression level of FOXP3 in four subgroups of CD4" T cells, which were divided
according to the positive or negative expression of CD25 and ICOS. FOXP3 expression was higher in all subsets except
ICOS CD25" T cell subset of patients with SCOPD than in the HC groups, and it was significantly increased in
ICOS'CD25 T cell subset of HS group compared with that in HC group (Figure 2B and C). Furthermore,
ICOS'CD25" T cells expressed the highest level of FOXP3 in all three groups, with up to 70% of ICOS'CD25"
T cells expressing FOXP3 in SCOPD group, and ICOS CD25" T cells exhibited the second highest FOXP3 expression
(Figure 2B and C). In addition, the mean fluorescence intensity (MFI) of FOXP3 was significantly higher in ICOS™ Tregs
than in ICOS™ Tregs in both HC group and patients with SCOPD (Figure 2D). Moreover, the MFI of FOXP3 in ICOS"
Tregs was higher in patients with SCOPD than in the HC and HS groups (Figure 2D). These results indicated that ICOS
could favor FOXP3 expression.

Phenotypic Characteristics of ICOS'CD4" T Cells

The phenotype of ICOS'CD4" T cells was also evaluated in the peripheral blood of patients with SCOPD. First, we divided
CD4" T cells, with or without ICOS expression, into distinct naive/memory T cell subsets based on CD45RA and CCR7
expression (Figure 3A). Most ICOS™ T cells exhibited a CD45RA"CCR7" central memory T cell (T¢y) phenotype or
CD45RA CCR7 ™ effector memory T cell (Tgy,) phenotype, whereas CD45RA"CCR7" naive T cells accounted for a higher
percentage of ICOS™ T cells than ICOS™ T cells. Unexpectedly, increased expression of CD62L and decreased expression of
CCR7 were observed on ICOS™ T cells compared with ICOS™ T cells (Figure 3B), which led to an increased percentage of
the CD62L'CCR7™ T cell subset in ICOS'CD45RA™ T cells compared with ICOS CD45RA™ T cells (data not shown).
Next, we examined several markers that have been suggested as hallmarks for activation or senescence of T cells
(Figure 3B). The expression levels of CD27 and CD28 were slightly but significantly higher on ICOS" T cells than on
ICOS™ T cells. We also detected a significant difference between ICOS™ T cells and ICOS™ T cells with respect to the
expression level of another early activation marker, CD69. CD57" or KLRG-1" T cells, which represent senescent T cells,
were observed to account for a lower percentage of ICOS™ T cells than ICOS™ T cells. Furthermore, several inhibitory
receptors, such as PD-1 and TIGIT, which could be upregulated after TCR engagement, showed enhanced expression on
ICOS™ T cells compared to ICOS™ T cells. Collectively, because ICOS™ T cells are mainly composed of Ty, and Ty cells,
we suggest that they represent a functional subset that not only has a higher sensitivity to antigen stimulation but also exerts
a rapid effector function after TCR engagement compared with ICOS™ T cells, which contain higher percentages of naive
T cells and senescent T cells.
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Figure 3 Comparisons of the characteristics of ICOS*CD4" T cells and ICOS CD4" T cells in the peripheral blood of patients with stable chronic obstructive pulmonary
disease (SCOPD). (A) The proportions of naive T cells (CD45RA*CCR7"), Ty cells (CD45RA™CCR7"), Ty cells (CD45RA™CCR7") and Tempa cells (CD45RA™CCR7")
in ICOS*CD4" T cells and ICOS CD4" T cells of 6 patients with SCOPD. (B) Representative flow cytometric dot plots of the expression of CD45RA, CD62L, CCR7,
CD27, CD28, CDé69, CD57, killer cell lectin-like receptor subfamily G member | (KLRG-1), programmed cell death protein | (PD-1), and T-cell immunoreceptor with Ig and
ITIM domains (TIGIT) on ICOS*CD4" T cells and ICOS CD4" T cells and the corresponding histograms (n = 6). *p<0.05, *p<0.01, **p<0.001, ***p<0.0001.

Increased Expression of CXCR3 on Both CD4" T Cells and CD4"CD25"FOXP3™

Tregs of Patients with COPD

We next explored the possible mechanism of ICOS signaling that contributes to the pathogenesis of COPD. We analyzed
the expression level of CXCR3 on CD4" T cells and CD4"'CD25 FOXP3" Tregs from the peripheral blood of the four
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groups of people (Figure 4A). Similar to the ICOS expression pattern, the percentages of CXCR3'CD4" T cells among
CD4" T cells and CXCR3"CD4" Tregs among CD4" Tregs were higher in patients with SCOPD than in the HC group,
but not in the HS group (Figure 4B and C). We also observed that the frequencies of CXCR3" T cells and CXCR3" Tregs
were significantly higher in the AECOPD group than in the other three groups (Figure 4B and C). We did not observe
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Figure 4 Inducible costimulator (ICOS) signaling induces C-X-C motif chemokine receptor 3 (CXCR3) expression in vivo and in vitro. (A) Representative flow cytometric
dot plots of the frequencies of CXCR3*CD4" T cells and CXCR3"CD4"CD25"FOXP3" Tregs within patients with stable chronic obstructive pulmonary disease (SCOPD).
Comparisons of the percentage of CXCR3™ T cells within CD4” T cells (B) and CD4"CD25"FOXP3" Tregs (C) in the peripheral blood from 15 healthy controls (HC), 11
healthy smokers (HS), 22 patients with SCOPD (SCOPD), and 14 patients with acute exacerbation of COPD (AECOPD). (D) Representative gating of CXCR3*ICOS*CD4"
T cells and CXCR3*ICOS CD4" T cells and the corresponding histograms (n = 22). (E) Naive CD4" T cells obtained from the peripheral blood of healthy people were
cultured with plate-bound anti-CD3/28 mAbs in the presence of IL-2 with or without anti-ICOS mAb (ISA-3) for four days. The frequency of CXCR3*CD4" T cells was
analyzed with flow cytometry. Comparable results were obtained from six independent experiments. (F) The percentage of CXCR3"CD4" T cells in the peripheral blood
and corresponding BALF of four patients with SCOPD. *p<0.05, *p<0.01, ***p<0.001, ***p<0.0001.
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a significant correlation between the frequency of ICOS™ T cells and CXCR3" T cells (data not shown). However, we
detected a higher expression level of CXCR3 on ICOS™ T cells than on ICOS™ T cells in the peripheral blood of patients
with SCOPD (Figure 4D).

ICOS Activation Could Induce CXCR3 Expression in vitro

To determine whether ICOS plays a role in CXCR3 expression, we examined the relationship between ICOS and CXCR3
in vitro. Naive CD4" T cells were cultured with plate-bound anti-CD3/28 mAbs in the presence of IL-2 for four days.
Anti-ICOS mAb was added to activate ICOS signaling in T cells. An increased frequency of CXCR3" T cells was
observed in CD4" T cells after ICOS engagement (Figure 4E).

Higher Percentage of CXCR3"CD4" T Cells Exists in the Airways Than in the
Peripheral Blood

As the earlier findings were all obtained from peripheral blood, we next evaluated the expression level of CXCR3 in the lungs
of patients with SCOPD. As expected, CXCR3" T cells in BALF obtained from SCOPD patients occupied a higher percentage
in CD4" T cells than in matched peripheral blood (Figure 4F). Collectively, these results indicate that ICOS activation could
upregulate CXCR3 expression on T cells, which may result in CXCR3" Th1 cell accumulation in COPD lungs.

Discussion

Microbes and endogenous molecules released after cell damage due to cigarette smoke exposure lead to continuous
activation of the immune system in COPD, among which T helper cells and Tregs are two important participators in the
abnormal adaptive immune responses.”® Past experience suggested that the holistic role of ICOS is divergent in different
disease models, which depends on the interplay of various immune cells in a context-dependent manner.'® Under various
circumstances, ICOS can either enhance or decrease Thl and Th2 immune responses. One reason for this confusing

2231733 1 this work, we investigated the role of ICOS

result may be the involvement of ICOS-dependent Treg induction.
signaling in COPD for the first time to our knowledge. We observed an increased expression level of ICOS on both CD4"
T cells and CD4"CD25 FOXP3" Tregs of the peripheral blood from patients with COPD, implying a complex role of
ICOS in immune responses. The sharp increase in ICOS expression in patients with AECOPD suggests a relationship
between ICOS expression and inflammatory activity, as acute exacerbation in the AECOPD group was mainly triggered
by pathogen infection. However, we found only a slight but not significant increase in the percentages of ICOS'CD4"
T cells and ICOS'CD4 " Tregs in the HS group compared to that in the HC group, perhaps limited by the sample size.
Furthermore, we observed a correlation between a higher percentage of ICOS™ T cells or ICOS™ Tregs and worse lung
function in patients with SCOPD, indicating a poor outcome of COPD with high ICOS expression. However, we did not
detect a correlation between the frequency of ICOS™ T cells or ICOS™ Tregs and spirometry parameters in other groups,
perhaps because of the small sample size of enrolled people. The expression of ICOS could be affected by the stress of
acute inflammation or long-term medication in the AECOPD group, which may result in discrepancies with the
spirometry parameters.

To understand the role of ICOS signaling in COPD, we first explored the phenotype of ICOS'CD4" Tregs. We
observed that ICOS'CD4" Tregs in the peripheral blood of patients with COPD demonstrated a highly proliferative state
with upregulated expression of the inhibitory coreceptors PD-1 and TIGIT. These ICOS'CD4" Tregs were mostly Helios-
positive, implying that they were generated by the expansion of naturally occurring Tregs, which is consistent with the
results of Vocanson et al, who observed the same phenomenon in a 2,4-dinitrofluorobenzene-sensitized contact hyper-
sensitivity mouse model.>* In addition, the higher FOXP3 expression in ICOS'CD25" T cells and stronger FOXP3 MFI
in ICOS" Tregs than in ICOS™ Tregs were observed, indicating that ICOS favors FOXP3 expression. This observation is
in line with the previously published data.*> This crucial role of ICOS in Tregs can be mediated by facilitating the
combination of FOXP3 with the nuclear factor of activated T cells that upregulates FOXP3 downstream genes or by

promoting the demethylation of Foxp3 conserved noncoding sequence 2.%%*’
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Numerous studies have suggested a superior suppressive ability of ICOS™ Tregs. Compared to their ICOS™ counter-
parts, ICOS™ Tregs display higher surface expression of CTLA-4 and secrete more IL-10.2%% CD8" responder cells show
insufficient proliferation when co-cultured with ICOS'CD4"CD25" cells sorted from tumor-infiltrating lymphocytes of
patients with gastric cancer compared to co-culturing with ICOS CD4'CD25" cells.>® Moreover, higher expression
levels of ICOS on CD4"FOXP3" tumor-infiltrating lymphocytes have been observed to be associated with tumor
progression.®® In addition, ICOS™ Tregs accumulating in the islets could delay the onset of type 1 diabetes in nonobese
diabetic mice,*” and low-dose IL-2 administration can reverse type 1 diabetes onset in non-obese diabetic mice by
specifically expanding ICOS-positive pancreatic Tregs.*’

However, it should be noted that FOXP3 induction relies on TCR signaling, which can be transiently induced when
CD4'CD25 T cells are activated under TCR stimulation.*'*** We have also shown dynamic changes in CD25 and
FOXP3 in peripheral CD4" T cells of patients with COPD, whose expression levels are influenced by the inflammatory
activity in these patients.*® Therefore, the existence of some FOXP3" activated T cells within the Tregs identified by
CD25 and FOXP3 expression cannot be excluded. In addition, the higher expression of coinhibitory receptors in ICOS™*
Tregs can also be a reflection of T cell activation.** Furthermore, as we have described, ICOS" Tregs represent a highly
proliferative subset. Notably, activated Tregs can be less stable than naive Tregs in their maintenance of FOXP3, thus
favoring ex-Tregs, especially in inflammatory conditions.***® Enhanced PI3K signaling mediated by ICOS is one of the
contributors to Treg instability.*® In addition, Duhen et al and Vocanson et al successively discovered IFN-y/IL-17
expression in ICOS" Tregs in homeostasis and inflammatory settings.**** Despite the remaining suppressive function,
these IFN-y/IL-17" Tregs are considered an intermediate state of Tregs transforming into proinflammatory Th1/Th17
cells under inflammatory conditions in several studies.*’**® Hence, the stability and suppressive function of ICOS" Tregs
in COPD requires further investigation. The positive correlation between the frequency of ICOS™ Tregs and the severity
of lung function impairment also led us to hypothesize that the increased percentage of ICOS" Tregs in COPD could be
more than a response to inflammatory T cells; these cells could be proinflammatory Tregs, similar to what Liu et al
suggested in systemic lupus erythematosus.*’ In other words, these ICOS™ Tregs may have impaired inhibitory ability or
are originally activated proinflammatory T cells. This hypothesis should be further verified.

In addition, ICOS plays a well-documented role in T cell activation and effector function,'” thereby promoting pathogen
clearance, enhancing anti-tumor efficacy or causing immune damage. To explore whether ICOS signaling has
a proinflammatory effect on COPD development, we further examined the phenotype of ICOS'CD4" T cells in patients
with SCOPD. These ICOS " T cells were mainly Ty and Tgy cells and exhibited an exhausted but not a senescent phenotype,
as they expressed high levels of exhausted markers, including PD-1 and TIGIT, but senescent T cells exhibit downregulation
of CD27 and CD28 and upregulation of CD57 and KLRG-1, contrary to phenotypes observed in ICOS™ T cells.** The central
memory or effector memory phenotype of ICOS™ T cells ensures that they produce a faster and more potent immune response
to pathogen invasion.*® Considering the positive correlation between the percentage of ICOS'CD4" T cells and the severity of
lung function impairment in the SCOPD group, the activated ICOS signaling may play a deleterious role in lung tissue
inflammation and damage in COPD. Intriguingly, there was inconsistency when dividing Tcy; and Ty cells based on
CD45RA and CD62L expression or CD45RA and CCR7 expression. ICOS™ T cells had a higher proportion of the
CR45RA CCR7 CD62L" T cell subset. Previous studies also reported heterogeneous expression of CD62L on
CD45RA CCRT7 Tgy cells, whereas the subtle role of this unique subset is still unknown.!

Finally, we explored the underlying mechanisms of ICOS signaling in COPD. We observed that CXCR3 expression was
increased on both CD4" T cells and CD4" Tregs in COPD compared to that in the HC group, which was consistent with the
expression pattern of ICOS. Furthermore, we observed higher levels of CXCR3 on ICOS" T cells than on ICOS™ T cells in
patients with SCOPD and increased expression of CXCR3 on CD4" T cells in the presence of the anti-ICOS mAb during
the induction and differentiation of naive T cells in vitro, indicating that ICOS could favor CXCR3 expression.

CXCR3 has been shown to play an indispensable role in the pathogenesis of COPD.> Increased percentages of
CXCR3CD3" T cells and/or CXCR3"CD8" T cells have been observed in the peripheral blood and BALF of patients with
COPD compared to those in healthy non-smokers and smokers.>*>* However, other researchers found no difference in the
proportion of CXCR3"CD4" T cells or CXCR3'CDS8'T cells in the peripheral blood between patients with COPD and
smokers or non-smokers,”> which is inconsistent with our results. This difference may be caused by several reasons, such as
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different subject selection criteria. For example, we included first-visit SCOPD patients who had not received any drug
therapy, such as bronchodilators or inhaled corticosteroids, which may have decreased CXCR3 expression.”® No difference in
the proportion of CXCR3'CD4" T cells between HC and HS group was found by us or other researchers. Furthermore,
a significant increase in CXCR3" cells in the bronchiolar epithelium and submucosa was found in smokers with COPD
compared to that in healthy non-smokers, with the majority of these cells being CD8" and IFN-y-producing.® Increased
numbers of CXCR3"CD8" T cells in the airways and parenchyma have also been observed in cigarette smoke-exposed rats
compared to that in controls.”” Moreover, CXCR3 is highly expressed on CD4"/CD8" T cells and B cells in lung lymphoid
follicles, and its expression level reportedly increases with worsening COPD.>® In addition, the concentrations of the CXCR3
chemokines CXCL9/10/11 have also been observed to be increased in the sputum of patients with COPD, implying a potential
role of the CXCL9/10/11-CXCR3 axis in COPD pathogenesis.”® By releasing multiple inflammatory mediators, redundant
CXCR3" T cells in the lung amplify inflammation, leading to the destruction of lung tissues.?

In this study, we observed a significantly higher percentage of CXCR3'CD4" T cells in BALF than in blood samples
of COPD patients. We suggest that the increased expression of CXCR3 result from elevated ICOS signaling. ICOS
signaling promotes CXCR3" Thl cell differentiation, which may contribute to abnormal Th1 cell infiltration in the lung
tissues of patients with COPD, causing tissue inflammation and damage. However, we could not distinguish whether
these CXCR3" T cells came from the periphery or were just derived from the expansion of T cells in local lymphoid. In
contrast, other researchers have confirmed that PBMCs from patients with COPD patients have a stronger migratory
ability towards CXCR3 chemokines than cells from smokers and nonsmokers.””> In addition, the ICOS effect on
chemotactic responses in COPD should be verified further. A previous study demonstrated that ICOS could downregulate
CCR7 and CD62L in CD4" T cells, thereby reducing recirculation of T cells to the lymph nodes and promoting the
migration of these activated T cells to the lungs.®® This study indicates a potential chemotactic ability of ICOS™ T cells
from a different perspective. Moreover, we observed increased expression of other chemokine receptors, such as CCR4
and CXCRS, in ISA-3-treated CD4" T cells (data not show). The chemotactic effect of ICOS on CD4" T cells in COPD
may not be restricted to the recruitment of CXCR3" Th1 cells to the lungs.

Our study has several limitations. Due to the inability to obtain sufficient blood from patients with COPD, we could not
identify the actual suppressive function of ICOS™ Tregs through co-culture experiments. The function of ICOS'CD4" T cells
and ICOS CD4" T cells can be evaluated in more detail by proinflammatory cytokine secretion and chemotactic responses.
Moreover, further work should be performed to verify the effect of overall ICOS signaling on the development of COPD in
experimental animal models. In addition, several anti-ICOS/ICOSL antibodies have been under clinical trials, some of which
have been verified to be therapeutic for several types of tumors.'' These antibodies were also preliminarily tested in several
autoimmune diseases, such as systemic lupus erythematosus and active lupus arthritis.®'*®> Therefore, regulating ICOS
signaling could be a possible way to adjust the unbalanced immune environment and ameliorate immunopathological injury
caused by accumulated CXCR3" Tc1/Th1 cells in COPD. Whether these monoclonal antibodies could benefit patients with
COPD remains to be examined, and further efforts should be made to verify this hypothesis.

Conclusions

In this study, we observed upregulated ICOS signaling in COPD, which was correlated with the severity of lung function
impairment in patients with SCOPD. In vivo and in vitro experiments showed that ICOS signaling induces CXCR3" Thl1 cell
differentiation, which may promote Thl cell aggregation in COPD lungs and cause excess inflammation and tissue damage.
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