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Introduction

Chronic obstructive pulmonary disease (COPD) is char-
acterized by restrictions in the airflow caused by patho-
logical airway inflammation and progressive alveolar
destruction.! One of the complications of COPD is pul-
monary hypertension (PH), where a mild to severe
increase in the mean pulmonary arterial pressure is
observed over time. The severity of PH independently
affects the prognosis of COPD patients with PH.>* Tt is
thought that alveolar hypoxia may cause vasoconstriction
in the pulmonary artery, which then leads to mild to
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Summary

Pulmonary hypertension (PH) is a common but dangerous complication in
chronic obstructive pulmonary disease (COPD). We hypothesized that dys-
regulation in the T helper type 17 (Th17) compartment could contribute to
the development of COPD-associated PH (COPD-PH). To investigate this
hypothesis, patients with COPD-PH and age- and sex-matched healthy con-
trols were recruited, and their circulating CD4" T cells were activated using
anti-CD3/CD28 antibodies. The frequency of interleukin-17 (IL-17) -secret-
ing cells was significantly higher in COPD-PH patients than in healthy con-
trols. The secretion of IL-17 was significantly higher from COPD-PH CD4"
T cells than from control CD4" T cells, whereas the secretion of interferon-y
and IL-4 was not significantly different. The expression of transforming
growth factor-f, on the other hand, was significantly higher in healthy con-
trols than in COPD-PH patients. Activated CD4" T cells from COPD-PH
patients also presented significantly lower forkhead box P3 (FOXP3) and
higher retinoic acid receptor-related orphan C2 (RORC2) expression than
CD4" T cells from healthy controls. In both controls and patients, a negative
correlation between RORC2 and FOXP3 was found, ex vivo and after CD3/
CD28 activation. The serum IL-6 level was slightly higher in COPD-PH
patients than in controls, but the IL-6 transcription by monocytes was com-
parable in COPD-PH patients and controls. Interestingly, CD4" T cells from
COPD-PH patients presented significantly higher levels of Kirsten rat sar-
coma viral oncogene homolog and neuroblastoma RAS viral oncogene
homolog than CD4" T cells from healthy controls. Inhibiting Ras-GTPases
using farnesylthiosalicylic acid significantly reduced the ratio of RORC2/
FOXP3 expression in CD4" T cells. Overall, we demonstrated that an imbal-
ance of Th17/regulatory T cells was a hallmark of COPD-PH.

Keywords: chronic obstructive pulmonary disease; pulmonary hyperten-
sion; regulatory T cells; T helper type 17 cells.

moderate PH.* Remodeling of pulmonary vascular lesions
may also contribute to PH.> In addition, the level of
interleukin-6 (IL-6), an inflammatory cytokine, is associ-
ated with the risk of PH in COPD patients.®
Dysregulations in T helper type 17 (Thl7) activation
and function have been implicated in the pathogenesis of
a variety of inflammatory diseases, including COPD.”®
Th17 cells secrete a variety of inflammatory mediators,
including its namesake IL-17. Airway epithelial cells
express IL-17 receptor at the basolateral surface.” Upon
receiving IL-17, cells can produce a series of chemokines
and growth factors that act as chemoattractants and
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stimulants to neutrophils and macrophages.'”'' Com-
bined with tumor necrosis factor-o, IL-17 can increase
the mRNA stability and further enhance the production
of pro-inflammatory cytokines such as IL-6 and IL-8.'*"
These IL-17-mediated effects can contribute to airway
inflammation and remodeling in COPD patients, thus
increasing the risk of PH development.

The polarization of Th17 cells is thought to involve a
complex network of cytokines, including transforming
growth factor-f (TGE-p), IL-1p, IL-6 and IL-23.'*'° TGE-B
could induce retinoic-acid-receptor-related orphan nuclear
receptor yt (RORyt), a signature transcription factor for the
Th17 lineage. The production of IL-17 requires the signal
transducer and activator of transcription 3 signaling path-
way, which can be activated by IL-6 and IL-23. Interestingly,
RORyt is not only present in Th17 cells but also found in
regulatory T (Treg) cells.'” TGF-f alone was found to stim-
ulate forkhead box P3 (FOXP3) expression and Treg cell
polarization,"®'® and Th17 may be induced in the absence
of TGF-f5, if IL-1f and IL-6 were present.20 In addition,
plasticity between Treg and Thl7 cells has been demon-
strated, as FOXP3" CD4" T cells can lose Foxp3 expression
in the presence of IL-6, and differentiate into Th17 cells.”>*
A high Th17/Treg cell ratio has been shown to associate with
the development of inflammatory disorders, such as
autoimmune diseases and inflammatory bowel diseases.”’

Based on the current evidence, we hypothesize that the
dysregulations in the Th17 compartment can contribute
to the development of COPD-induced PH (COPD-PH).
To investigate this hypothesis, patients with COPD-PH
and age- and sex-matched healthy controls were
recruited, and the characteristics of Th17 cells in these
study participants were examined and compared.

Methods

Study participants

We included 20 COPD-PH patients, including five
women at aged 61-71 (median 66) years and 15 men
aged 59-70 (median 65) years, with body mass indices
ranging from 23-1 to 28-6 (median 26-4) kg/m*. The pul-
monary artery pressure at rest in the patients was 33-55
(median 45) mmHg. Healthy control participants were
recruited from people without past or present pulmonary
diseases, cardiovascular diseases, autoimmune diseases, or
malignancies, and were not experiencing acute or chronic
infections at the time of recruitment. The healthy group
comprised five women between 60 and 72 (median 65)
years of age, and 15 men between 58 and 71 (median 64)
years of age, with body mass indices ranging from 23-8 to
285 (median 26:1) kg/m’. Diagnosis and participant
recruitment were performed at The Affiliated Huaian
No. 1 People’s Hospital of Nanjing Medical University.
Ethical approval was given by the ethics committee of
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The Affiliated Huaian No. 1 People’s Hospital of Nanjing
Medical University. All COPD-PH patients and healthy
controls had given written informed consent of participa-
tion and sample donation.

Sample collection

Venous blood was collected from each participant in
citrated tubes (Thermo Fisher, Waltham, MA). Peripheral
blood mononuclear cells (PBMCs) were harvested using
centrifugation at 300 g for 30 min across a Ficoll (Sigma,
St Louis, MO) gradient. The PBMCs were then cryopre-
served in fetal calf serum supplemented with 10% (vol-
ume/volume) dimethylsulfoxide (Sigma) at —150°. Before
the experiments, cells were thawed at 37° and dimethyl-
sulfoxide was removed by rigorous washing. Cells were
then rested overnight inside a CO, incubator before use.

Thi7 frequency and cytokine production

The PBMCs were stimulated with 2 pg/ml anti-CD3 anti-
body OKT3 and 4 pg/ml anti-CD28 antibody CD28.2 (Bio-
Legend, San Diego, CA) for 24 hr. When indicated,
recombinant human IL-6 (PeproTech, Rocky Hill NJ) was
added. The next day, cells were transferred into a 96-well
round-bottom plate and were centrifuged at 300 g for
5 min to separate the supernatant and the cells. Cytokine
secretion in the supernatant was measured using a custom
MILLIPLEX Human TH17 Magnetic Bead Panel (Millipore,
Billerica, MA) through a Luminex assay. CD4" T cells were
purified using Human CD4" T Cell Enrichment Kit (Stem-
cell Technologies, Vancouver, BC, Canada) according to
the manufacturer’s protocol. Live CD4" T cells were
counted using 0-4% Trypan Blue staining (Gibco, Grand
Island, NY) and were placed in a Human IL-17 Microplate
(R&D Systems, Minneapolis, MN) at serially diluted con-
centrations. The ELISpot proceeded according to the
Human IL-17 ELISpot Kit (R&D Systems) protocol. Each
condition was performed in triplicates.

IL-6 enzyme-linked immunosorbent assay

A portion of blood was centrifuged to collect the upper
serum. The concentration of IL-6 was measured using the
Human IL-6 Quantikine ELISA Kit (R&D Systems),
which has an assay range of 3-1-300 pg/ml and a sensitiv-
ity of 0-7 pg/ml.

mRNA transcript analysis

CD4" T cells were isolated from ex vivo PBMCs, or PBMCs
that were stimulated with 2 pg/ml anti-CD3 antibody
OKT3 and 4 pg/ml anti-CD28 antibody CD28.2 for 24 hr.
Monocytes were isolated by placing PBMCs in a six-well
plate and collecting adherent cells. The monocytes were then
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stimulated with 1 pg/ml lipopolysaccharide for 24 hr. After-
wards, each cell type was lyzed, and the mRNA was obtained
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and
transcribed into cDNA using QuantiTect Reverse Transcrip-
tion Kit (Qiagen). The transcripts were then quantified
using TagMan Gene Expression Assays (Applied Biosystems,
Foster City, CA), with the following IDs: Hs00364284_gl
(Kirsten rat sarcoma viral oncogene homolog, KRAS),
Hs00180035_gl (neuroblastoma RAS viral oncogene homo-
log, NRAS), Hs00978050_gl (Harvey rat sarcoma viral
oncogene homolog, HRAS), Hs00174383_ml (IL17A),
Hs00174131_m1 (IL6), Hs01076112_ml (RORC2) and
Hs01085834_m1 (FOXP3).

Statistical analysis

Data between controls and patients were examined using
unpaired t-test with Welch’s correction. Correlation
between FOXP3 and RORC2 was examined using a
Pearson correlation test. The ratio of RORC2/FOXP3
with different levels of farnesylthiosalicylic acid (FTS)
treatment was examined using repeated measures one-
way analysis of variance followed by Dunnett’s multiple
comparison tests. P < 0-05 was considered significant.

Results

COPD-PH patients presented greater Th17 response
than controls

To evaluate the role of Th17 cells in COPD-PH patients,
we first examined the frequency of Th17 cells using the
expression of IL-17. Directly ex vivo and in the absence of
stimulation, few IL-17-secreting circulating CD4" T cells
were found. Hence, to improve detection, circulating
CD4" T cells were activated using anti-CD3 antibody
OKT3 and anti-CD28 antibody CD28.2. The frequency of
IL-17-secreting cells was examined in each participant
using ELISpot and was significantly higher in COPD-PH
patients than in healthy controls (Fig. 1a). The secretion
of TL-17 was significantly higher from COPD-PH CD4" T
cells than from control CD4" T cells (Fig. 1b). The secre-
tion of interferon-y and IL-4, on the other hand, was not
significantly different between COPD-PH CD4" T cells
and control CD4" T cells (Fig. 1c), suggesting that the
cytokine up-regulation in COPD-PH CD4" T cells was
restricted to IL-17. The expression of TGF-f was signifi-
cantly higher in healthy controls than in COPD-PH
patients (Fig. 1c).

() 107 P=0.0084 (b) 8007
———— P =0-0036
o —
8 -
< . o _ 6007 o
= €
g 67 ° 2 e o o
= ° K
e b 2 T 400 °
[0) 4 4 o -
S ° ° o = T
\n ) - ° °
- R 200 o
°
0 T T O T L]
Control Patient Control Patient
(© P=0.72
800 -V
P=0-22
= o 0
£ 6001
® 0%?% P=0.024
e o o
c °
S 4004 o e ° o) °
[ oo ..
I3 o Y (o]
n ° O
2001 %%e o000
[ [ ] ®
o o
0 T T T
IFN-y IL-4 TGF-B
Control Patient

Figure 1. Expression of cytokines by CD4" T cells from patients with chronic obstructive pulmonary disease-associated pulmonary hypertension
(COPD-PH) and controls. (a) The frequency of interleukin-17 (IL-17) -secreting CD4" T cells upon CD3/CD28 activation. (b) The amount of
IL-17 secretion by CD4" T cells upon CD3/CD28 activation. (c) The amount of interferon-y (IFN-p), IL-4 and transforming growth factor-f
(TGF-P) secretion by CD4" T cells upon CD3/CD28 activation. Unpaired t-test with Welch’s correction.
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COPD-PH patients presented an imbalance of
RORC2 and FOXP3 expression

Having shown an up-regulation of the Thl7 response
and a down-regulation of the Treg cell responses, we
investigated the expression of transcription factors,
including the Thl7-lineage transcription factor RORC2
and the Treg-lineage transcription factor FOXP3, in
CD4" T cells ex vivo and following CD3/CD28 activa-
tion. When ex vivo, the RORC2 expression in CD4" T
cells was borderline not significantly different between
controls and COPD-PH patients, whereas the FOXP3
expression was borderline significantly lower in patients
compared with controls (Fig. 2a). After CD3/CD28 acti-
vation, CD4" T cells from COPD-PH patients presented
significantly higher RORC2 and lower FOXP3 expres-
sion than CD4" T cells from healthy controls (Fig. 2b).
Because Treg and Th17 cells exhibit a certain degree of
plasticity and may convert to each other under certain
circumstances,”* we examined the correlation between
RORC2 and FOXP3 expression. In both controls and
patients, a negative correlation between RORC2 and
FOXP3 was found, ex vivo and after CD3/CD28 activa-
tion (Fig. 2¢,d).
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Th17/Treg imbalance in pulmonary hypertension

Serum but not monocyte IL-6 was elevated in COPD-
PH patients

Previous studies have shown that IL-6 is involved in switch-
ing between Treg and Th17 differentiation, and was involved
in the development of pulmonary hypertension.”* Inhibi-
tion of IL-6 could alleviate the disease. Here, we investigated
the effect of IL-6 on the RORC2/FOXP3 ratio, by adding
exogenous IL-6 during CD3/CD28 activation. We found that
in both controls and patients, the expression of RORC2 was
significantly elevated with increasing levels of IL-6 (Fig. 3a,
b). Subsequently, serum IL-6 concentration and monocyte
IL-6 production were examined in COPD-PH patients and
healthy controls. The serum IL-6 level was slightly higher in
COPD-PH patients than in controls (Fig.3c). The IL-6 tran-
scription by monocytes, however, was comparable in COPD-
PH patients and controls, both ex vivo and after stimulation
by lipopolysaccharide (Fig. 3d,e).

Ras-GTPases demonstrated higher expression in
COPD-PH patients than in controls

Ras-GTPases are key switches that act downstream of the
CD3/CD28 signaling and have critical roles in many
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Figure 2. Expression of RORC2 and FOXP3 in CD4" T cells from patients with chronic obstructive pulmonary disease-associated pulmonary
hypertension (COPD-PH) and controls. (a) The expression of RORC2 and FOXP3 in CD4" T cells ex vivo. (b) The expression of RORC2 and
FOXP3 in CD4" T cells upon CD3/CD28 activation. Unpaired t-test with Welch’s correction. (c) The correlation between ex vivo RORC2 and
FOXP3 expression. (d) The correlation between RORC2 and FOXP3 expression upon CD3/CD28 stimulation. Pearson correlation test.
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cellular processes, such as mobilization, differentiation,
proliferation and apoptosis.”® Excessive Ras signaling was
shown to associate with excessive Thl7 responses in
autoimmune diseases.”” Therefore, we examined the
expression of Ras in CD4" T cells from COPD-PH
patients and controls. CD4" T cells from COPD-PH
patients presented significantly lower levels of KRAS and
NRAS than CD4" T cells from healthy controls both
ex vivo and after CD3/CD28 activation (Fig. 4a,b). The
HRAS expression, on the other hand, was not signifi-
cantly different between patients and controls. In both
the patient groups and the control group we split the
participants into High-KRAS and Low-KRAS, and
High-NRAS and Low-NRAS groups, using median
KRAS and NRAS expression values as division stan-
dards, respectively. Under ex vivo conditions, no signifi-
cant difference in terms of the RORC2/FOXP3 ratio
was observed between High-KRAS and Low-KRAS indi-

activation, High-KRAS controls presented higher average
RORC2/FOXP3 ratios than Low-KRAS controls, but the
difference was not statistically significant (Fig. 4c).
However, the High-KRAS patients presented signifi-
cantly higher RORC2/FOXP3 ratio than Low-KRAS
patients (Fig. 4c). The High-NRAS controls and patients
also presented higher RORC2/FOXP3 ratio than Low-
NRAS controls (Fig. 4d).

To investigate the effect of IL-6 on the expression of
Ras-GTPases, we stimulated CD4" T cells using CD3/
CD28 and IL-6. The expression of KRAS, NRAS and
HRAS was then examined. In both controls and patients;
IL-6 had significantly increased the expression of KRAS,
NRAS and HRAS (Fig. 4e,f).

Inhibition of Ras-GTPases resulted in lower RORC2/
FOXP3 expression ratio
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Figure 3. Interleukin-6 (IL-6) level in serum and monocytes from patients with chronic obstructive pulmonary disease-associated pulmonary
hypertension (COPD-PH) and controls. (a) The expression of RORC2 in control CD4" T cells upon CD3/CD28 activation and various levels of
exogenous IL-6. (b) The expression of RORC2 in patient CD4" T cells upon CD3/CD28 activation and various levels of exogenous IL-6.

Repeated measures one-way analysis of variance followed by Dunnett’s multiple comparison tests. (c) The serum IL-6 level in COPD-PH patients
and healthy controls. (d) IL-6 mRNA expression in ex vivo monocytes. (e) IL-6 mRNA expression in lipopolysaccharide-stimulated monocytes.

Unpaired #-test with Welch’s correction.
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whether Th17 responses could be reduced by inhibiting
Ras-GTPases. CD4" T cells were activated by CD3/
CD28, and FTS, a small molecule inhibitor of Ras-
GTPases, was added during the activation process at
various concentrations. In both healthy controls and
COPD-PH patients, FTS at > 10 ng/ml significantly
reduced the ratio of RORC2/FOXP3 expression in CD4"
T cells (Fig. 5a). Subsequently, we examined the cyto-
kine release, including IL-17 and TGEF-f, in the absence
of FTS or in the presence of 100 ng/ml FTS. In both
controls and COPD-PH patients, IL-17 release was sig-
nificantly reduced in the presence of FTS (Fig. 5b). The
TGEF-f release, on the other hand, was unaffected by
FTS (Fig. 5¢).

Th17/Treg imbalance in pulmonary hypertension

Discussion

In this study, we showed that as a group, COPD-PH
patients presented more active Thl7 responses than
healthy controls, though individual variations also existed
and varied greatly from participant to participant. The
up-regulation in Th17 responses, including the expression
of IL-17 and RORC2, was accompanied by a down-regu-
lation in Treg responses, including the expression of
TGF-f and FOXP3. No changes in the Thl signature
cytokine interferon-y or Th2 signature cytokine IL-4 were
observed in COPD-PH patients, indicating that these
patients did not present an overactive response across
various CD4" T cells. Overall, findings here demonstrated
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Figure 4. Expression of Ras-GTPases in CD4" T cells from patients with chronic obstructive pulmonary disease-associated pulmonary hyperten-
sion (COPD-PH) and controls. (a) The expression of KRAS, NRAS, and HRAS in CD4" T cells ex vivo. (b) The expression of KRAS, NRAS and
HRAS in CD4" T cells upon CD3/CD28 activation. (c) The RORC3/FOXP3 ratio in High-KRAS and Low-KRAS controls (filled) and patients
(open). (d) The RORC3/FOXP3 ratio in High-NRAS and Low-NRAS controls (filled) and patients (open). (e) The expression of KRAS, NRAS
and HRAS in control CD4" T cells upon CD3/CD28 activation and exogenous interleukin (IL-6). (f) The expression of KRAS, NRAS and HRAS
in patient CD4" T cells upon CD3/CD28 activation and exogenous IL-6. Unpaired t-test with Welch’s correction.
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Figure 5. Inhibition of Ras-GTPases on the ratio of RORC2/FOXP3 expression. (a) The RORC3/FOXP3 ratio in healthy controls and patients
with chronic obstructive pulmonary disease-associated pulmonary hypertension (COPD-PH) upon CD3/CD28 activation and farnesylthiosalicylic
acid (FTS) treatment. Repeated measures one-way analysis of varaince followed by Dunnett’s multiple comparison tests. (b) Interleukin-17
(IL-17) secretion in healthy controls and COPD-PH patients upon CD3/CD28 activation and FTS treatment. (c) Transforming growth factor-f
(TGF-p) secretion in healthy controls and COPD-PH patients upon CD3/CD28 activation and FTS treatment. Paired t-test.

that an imbalance of Th17/Treg cell ratio was a hallmark
of COPD-PH.

Interleukin-6, a pro-inflammatory cytokine that favors
the differentiation of Th17 responses,”?® was higher in
COPD-PH patients than in controls; however, the differ-
ence between the patient and the control group was
small. It is unclear whether such a small difference in IL-
6 could result in Th17/Treg cell imbalance. Also, the level
of IL-6 secretion by circulating monocytes was compara-
ble between COPD-PH patients and healthy controls. The
clinical significance of this small difference in the serum
level of IL-6 remains unclear. Potentially, chronic up-reg-
ulation of IL-6, even at low levels, may contribute to an
increasingly ultimately
resulting in clinical manifestations. Here, we found that
IL-6 could significantly increase the expression of RORC2
and Ras-GTPases, demonstrating that IL-6 could have a
direct effect on CD4" T-cell imbalance. Of note, IL-6 can
be produced in the lung by epithelial cells, fibroblasts and
infiltrating immune cells.”® Potentially, the IL-6 concen-
tration in pulmonary infiltration might be significantly
higher than that in the serum, but experimental verifica-
tion is required. Also, whether the serum IL-6 level is

imbalanced immune system,

310

associated with the pulmonary production of IL-6 should
be investigated. Interestingly, mutations in the IL-6 gene
and dysregulation of IL-6 expression have been associated
with the development of multiple pulmonary diseases,
including asthma, COPD and lung cancer.”®**° Inter-
leukin-6 in the lung not only contributes to Th17 inflam-
mation, but may also act on neutrophils and fibroblasts
to increase inflammation and collagen deposition. Future
studies may focus on suppressing the IL-6 pathway to
treat PH.

The Ras-GTPase family of molecules acts downstream
of many receptors, such as the T-cell receptor CD3 com-
plex and the growth factor receptors.”® Activation of
upstream pathways transforms the inactive Ras-GDP to
the active Ras-GTP, which is bound by Raf kinases. A ser-
ies of downstream phosphorylation events then occur,
ultimately leading to the activation of a series of tran-
scription factors that dramatically alter the transcriptome
of the cell. The Ras isoforms, including KRAS, NRAS and
HRAS, are among the earliest known oncogenes in
human cancers due to their capacity to mediate prolifera-
tive responses in cells.’® Here, we showed that KRAS and
NRAS presented up-regulated expression in COPD-PH
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CD4" T cells compared with control CD4" T cells, and
participants with high KRAS and NRAS also tended to
present higher RORC2/FOXP3 ratios, which could be
suppressed by the inhibition of Ras-GTPases. In a murine
lung cancer model where the oncogenic K-Ras®'*" is
expressed at the lung epithelium, accumulation of Th17
cells in the lung tumors was observed.”’ The Ras-GTPase
inhibitor FTS suppressed the differentiation of Th17 cells
and the expression of Th17-associated IL-17 and IL-22.%
These studies, together with the current one, suggest that
Ras signaling might be critical to the development of
Th17 cells and the Th17/Treg cell imbalance.

Overall, our study indicated that COPD-PH patients dis-
played a number of inflammatory features, such as high
Th17/Treg cell ratio, high Ras-GTPase expression and high
IL-6 expression. The precise cause of PH is still unclear and
is likely a multifactorial process that involves both genetic
and environmental components and is dependent on the
individual medical history. Animal experiments have
shown that several of the above features, such as high IL-6
and low Treg cells, could significantly contribute to the
pathogenesis of PH.>>** Our investigation has uncovered
the underlying connections between these features, that the
Th17/Treg cell imbalance was associated with Ras-GTPase
overexpression, and IL-6, a cytokine slightly elevated in the
serum of COPD-PH patients, could enhance the expression
of Ras-GTPase. Future investigations should examine
whether the above process could be stopped and reversed
for the treatment of COPD-PH.
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