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(CH)-induced pulmonary hypertension (PH)
is associated with respiratory diseases such as chronic obstructive pulmonary disease (COPD) (36, 47). PH greatly affects the
outcome of COPD (8). Medical regimens for hypoxic PH are
currently limited to supportive therapy (42).
Hypoxia induces a pulmonary artery-specific inflammatory
environment, with an accumulation of lymphocytes in the
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lungs that may contribute to vascular remodeling in rats (9, 40,
50). COPD is also characterized by an abnormal inflammatory
response (44, 60) with increased circulating CD4⫹ T cells (60).
Therefore, CD4⫹ T cells have the potential to play a significant
role in the disease process initiated by hypoxia.
CD4⫹ T cells are responsible for orchestrating immune
processes and are critical in amplifying inflammatory responses by other effector immune cells (21). CD4⫹ T cells can
differentiate into distinct effector subsets, including T helper 1
(TH1), T helper 2 (TH2), and T helper 17 (TH17) cells and T
regulatory cells (Tregs). TH17 cells are increased in the lungs
of patients with COPD (56). It is unknown whether this
response is a consequence of cigarette smoking or hypoxemia.
Exposure of naïve T cells to hypoxic conditions favors differentiation into TH17 cells (14). Furthermore, TH17 cell number
increases in lungs of mice exposed to 3 days of CH (23).
Although the presence of TH17 cells has been associated with
PH (23, 25), whether TH17 cells can directly induce PH is still
unknown. Furthermore, studies suggest that Tregs function to
limit vascular injury and may protect against the development
of pulmonary arterial hypertension (PAH) and CH-induced PH
(12, 53).
Based on these findings, we hypothesized that CD4⫹ T cells,
specifically TH17 cells, contribute to the development of CHinduced PH. This study identified a critical role for TH17 cells
as mediators of pulmonary arterial inflammation and PH following CH exposure.
METHODS

Animals. C57BL/6 RAG1⫺/⫺ (male and female, 25–28 g),
C57BL/6 wild-type (WT; sex and age matched), and C57BL/6Il17atm1Bsgen/J mice (The Jackson Laboratory) were used in these
studies. Protocols were approved by the Institutional Animal Care and
Use Committee of the University of New Mexico Health Sciences
Center.
Chronic hypoxia exposure. Mice exposed to CH were housed in a
hypobaric chamber (~380 mmHg, 2–21 days). Control mice were
housed at ambient barometric pressure (normoxia, N; ~630 mmHg).
Assessment of right ventricular systolic pressure and right ventricular hypertrophy. Peak right ventricular systolic pressure (RVSP) was
assessed in isoflurane-anesthetized mice, as described previously (41).
RV systolic pressure (RVSP) was measured as an index of pulmonary
arterial pressure in anesthetized mice (2% isoflurane and 98% O2 gas
mixture). An upper transverse laparotomy was performed to expose
the diaphragm. A 25-gauge needle connected to a pressure transducer
(model P23 XL; Spectramed) was inserted into the RV via a closed-
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Central role of T helper 17 cells in chronic hypoxia-induced pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 312: L609 –
L624, 2017. First published February 17, 2017; doi:10.1152/ajplung.
00531.2016.—Inflammation is a prominent pathological feature in
pulmonary arterial hypertension, as demonstrated by pulmonary vascular infiltration of inflammatory cells, including T and B lymphocytes. However, the contribution of the adaptive immune system is not
well characterized in pulmonary hypertension caused by chronic
hypoxia. CD4⫹ T cells are required for initiating and maintaining
inflammation, suggesting that these cells could play an important role
in the pathogenesis of hypoxic pulmonary hypertension. Our objective
was to test the hypothesis that CD4⫹ T cells, specifically the T helper
17 subset, contribute to chronic hypoxia-induced pulmonary hypertension. We compared indices of pulmonary hypertension resulting
from chronic hypoxia (3 wk) in wild-type mice and recombination–
activating gene 1 knockout mice (RAG1⫺/⫺, lacking mature T and B
cells). Separate sets of mice were adoptively transferred with CD4⫹,
CD8⫹, or T helper 17 cells before normoxic or chronic hypoxic
exposure to evaluate the involvement of specific T cell subsets.
RAG1⫺/⫺ mice had diminished right ventricular systolic pressure and
arterial remodeling compared with wild-type mice exposed to chronic hypoxia. Adoptive transfer of CD4⫹ but not CD8⫹ T cells
restored the hypertensive phenotype in RAG1⫺/⫺ mice. Interestingly,
RAG1⫺/⫺ mice receiving T helper 17 cells displayed evidence of
pulmonary hypertension independent of chronic hypoxia. Supporting
our hypothesis, depletion of CD4⫹ cells or treatment with SR1001, an
inhibitor of T helper 17 cell development, prevented increased pressure and remodeling responses to chronic hypoxia. We conclude that
T helper 17 cells play a key role in the development of chronic
hypoxia-induced pulmonary hypertension.
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Table 1. Biometrics of WT and RAG1⫺/⫺ mice exposed to normoxia or CH, with or without the adoptive transfer of CD4⫹
or CD8⫹ T cells
Treatment

Exposure

HR, beats/min

Hto, %

BW, g

LV ⫹ S/BW, mg/g

RV/BW, mg/g

n (mice)

n (females)

WT
WT
No AT
No AT
CD4 AT
CD4 AT
CD8 AT
CD8 AT

Normoxia
CH
Normoxia
CH
Normoxia
CH
Normoxia
CH

388 ⫾ 13
407 ⫾ 40
377 ⫾ 23
413 ⫾ 10
424 ⫾ 20
383 ⫾ 20
408 ⫾ 30
428 ⫾ 16

41 ⫾ 2
60 ⫾ 2*
42 ⫾ 2
51 ⫾ 3*
40 ⫾ 1
58 ⫾ 1*
40 ⫾ 1
53 ⫾ 2*

22.7 ⫾ 1.0
21.8 ⫾ 0.9
28.1 ⫾ 1.3
24.6 ⫾ 1.3
24.9 ⫾ 1.3
22.9 ⫾ 1.6
26.7 ⫾ 1.8
23.3 ⫾ 2.1

3.04 ⫾ 0.10
3.65 ⫾ 0.10*
3.39 ⫾ 0.08
3.46 ⫾ 0.10
2.88 ⫾ 0.10
3.44 ⫾ 0.24
3.27 ⫾ 0.11
3.43 ⫾ 0.20

0.83 ⫾ 0.08
1.50 ⫾ 0.06*
0.92 ⫾ 0.04
1.20 ⫾ 0.10*#
0.86 ⫾ 0.04
1.33 ⫾ 0.04*
0.92 ⫾ 0.06
1.10 ⫾ 0.05#

7
7
6
6
6
6
7
7

3
3
3
3
3
3
3
3

Values are means ⫾ SE. WT, wild-type; CH, chronic hypoxia; AT, adoptive transfer; HR, heart rate; Hto, hematocrit; BW, body weight; LV ⫹ S, left ventricle ⫹ septum; RV, right ventricle. *P ⬍ 0.05 vs. normoxia; #P ⬍ 0.05 vs. WT.

0.1% Triton X-100. Lung sections were incubited with IgG control or
rabbit anti-human CD3ε primary antibody (1:400; Dako A052, lot
20024875, stock 0.6 mg/ml) or anti-IL-6 (Ab6672; Abcam) (38)
followed by rat anti-rabbit horseradish peroxidase-conjugated secondary antibody and signal development with diaminobenzidine.
Pulmonary arteries were identified based on morphology. The
number of CD3⫹ cells in the medial and perivascular regions was
normalized to outer diameter. Only arteries with ⬍150 m outer
diameter were analyzed. Samples from each time point were processed and analyzed right after each set of experiments; therefore, the
results from different time points cannot be compared statistically.
Mean gray values of IL-6 staining were quantified in the medial layer
of pulmonary arteries using ImageJ.
For the detection of TH17 cells, lung sections were incubated with
control IgG or rabbit anti-IL-17 (1:400; AbCam ab79056, lot
GR281497-1, stock 1 mg/ml) (26, 54, 59) overnight at 4°C, followed
by secondary antibody donkey Alexa Fluor 488 anti-rabbit (1:300;
Jackson 711-546-152, lot 124082) for 1 h at room temperature and
fixed for 15 min with 1⫻ PBS ⫹ 1% formaldehyde (EM grade). Then,
the lung sections were incubated with rabbit anti-CD3ε (1:400; Dako
A052, lot 20024875, stock 0.6 mg/ml) overnight at 4°C, followed by
secondary antibody donkey DyLight 549 anti-rabbit (1:800; Jackson
711-505-052, lot 93339) for 1 h at room temperature. Sections were
counterstained with 0.05 M AlexaFluor 633 hydrazide to label the
elastic lamina. Images were obtained using a Zeiss AxioPlan 2-Nuance Multi-Spectral Camera and unmixed to remove tissue auto
fluorescence. A nonsharp mask filter was applied to the composite
image using ImageJ.
For the detection of proliferating cells, lung sections were incubated with control IgG or with rabbit monoclonal anti-Ki-67 SP6
clone (1:500; ThermoFisher Scientific RM-9106-S0), and detection of
apoptotic cells was done using a rabbit polyclonal anti-cleaved
caspase 3 (1:250; Cell Signaling Technology 9661) antibody overnight at 4°C, followed by secondary antibody donkey DyLight 549
anti-rabbit. Sections were counterstained with SYTOX green to label
nuclei and Alexa Fluor 633 hydrazide to label the elastic lamina.
Images were acquired using a Leica TCS SP5 Spectral Confocal
System.
Flow cytometry. A single-cell suspension from blood-cleared lungs
was prepared by mincing and subsequent digestion with type IV

Fig. 1. CD4⫹ T cells contribute to chronic hypoxia (CH)-induced pulmonary hypertension (PH). A: representative right ventricular (RV) systolic pressure (RVSP)
traces from isoflurane-anesthetized wild-type (WT) and RAG1⫺/⫺ mice without adoptive transfer (AT) or AT of enriched CD4⫹ or CD8⫹ T cells exposed to
21 days of CH or normoxia, as indicated. B: summary of peak RVSP data. C: %RV to left ventricle plus septum (%RV/LV ⫹ S) weight. Values are means ⫾ SE;
n ⫽ no. of animals. *P ⬍ 0.05 vs. normoxia; #P ⬍ 0.05 vs. CH WT; &P ⬍ 0.05 vs. CH RAG1⫺/⫺. No AT, analyzed by 2-way ANOVA, followed by
multiple-comparison Student-Newman-Keuls test. D: representative images of ␣-smooth muscle actin-labeled pulmonary artery sections with external diameters
⬍150 m from normoxic and CH (21 days) WT and RAG1⫺/⫺ mice receiving either no adoptive transfer or adoptive transfer with enriched CD4⫹ or CD8⫹
T cells; scale bar, 100 m. E: %wall thickness of pulmonary arteries from the groups described in A. Values are means ⫾ SE; n ⫽ no. of animals; at least 10
arteries/animal were measured; *P ⬍ 0.05 vs. normoxia; #P ⬍ 0.05 vs. WT CH; &P ⬍ 0.05 vs. No AT CH, analyzed by 2-way ANOVA, followed by multiple
comparisons Student-Newman-Keuls test.
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chest transdiaphragmatic approach and the output amplified by a
Gould Universal amplifier. All data were recorded, and heart rate
was calculated with a computer-based data acquisition system (ATCODAS; DATAQ Instruments). After hemodynamic data were collected, the heart was isolated and the atria and major vessels were
removed. The RV was dissected from the left ventricle (LV) and
septum (S). Right ventricular (RV) hypertrophy (Fulton’s index) was
expressed as the percentage ratio of RV to left ventricle plus septum
(LV ⫹ S) weight and RV to body weight (BW).
Vascular morphometry. Pulmonary arterial remodeling (⬍150 m
outer diameter) was assessed using a modification of previously
published methods (15). After collection of hemodynamic data, the
lungs were perfused via the right ventricle with ~5 ml of modified
physiological saline solution (HEPES-PSS, 134 mM NaCl, 6 mM
KCl, 1 mM MgCl, 10 mM HEPES, 2 mM CaCl2, 0.026 mM EDTA,
and 10 mM glucose) containing heparin, 4% albumin (Sigma), and
10⫺4 M papaverine (Sigma) at 20 mmHg to maximally dilate and
flush the circulation of blood. The heart, lungs, and trachea were
removed in block. The right lobes were tied off, removed, and
preserved in RNA Later. The left lobe of the blood-cleared lung was
fixed in 4% paraformaldehyde (Polyscience, Warrington, PA) in
phosphate-buffered saline (PBS) fixative.
Lung sections (5 m) were stained with rabbit anti-smooth muscle
␣-actin (Ab5694; Abcam, Cambridge, MA) (39, 52) antibody or
rabbit IgG control (negative) followed by DyLight 549-donkey antirabbit (Thermo Fisher Scientific). Sections were examined using a
⫻20 or ⫻40 objective on a Zeiss Axiovert 200M scope and images
acquired with a Cool Snap EZ camera using NIS-Elements F 3.0
software. Images were analyzed with ImageJ (National Institutes of
Health, Bethesda, MD). Vessels sectioned at oblique angles were
excluded from analysis. The analysis was performed in arteries with
⬍150 m outer diameter. Approximately 10 arteries per animal were
analyzed: %wall thickness ⫽ [(external diameter ⫺ luminal diameter)/external diameter] ⫻ 100. Diameters were calculated from the
measured circumferences.
Immunohistochemistry and immunofluorescence. Sections from
paraffin-embedded lungs were deparaffinized, rehydrated, washed,
and subjected to antigen retrieval for 20 min at ⱖ90°C in a buffer
containing 10 mM Tris, pH 9.0, ⫹ 1 mM EDTA in a rice cooker and
blocked/permeabilized with 1⫻ PBS ⫹ 2% normal goat serum ⫹
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(rat IgG2b anti-mouse CD16/CD32 monoclonal, 101330; BD Biosciences, San Jose, CA) for 10 min at room temperature. Cells were
washed and stained with PerCP/Cy5.5 anti-mouse CD4 (clone GK1.5,
100432; BioLegend, San Diego, CA), APC/Cy7 anti-mouse CD3ε
(clone 145-2C11, 100330; BioLegend), and PE anti-mouse IL-17A
(clone TC11-18H10.1, 506910; BioLegend) or PE anti-mouse/rat/
human FoxP3 (clone 150D, 32008, BioLegend) for 1 h at 4°C in
the dark. Macrophages were detected by staining the lung digest
with APC anti-mouse CD45 (103112; BioLegend), PE/Cy7 antimouse F4/80 (123114, BioLegend, San Diego, CA), and Alexa

Table 2. Biometrics of WT mice treated with either control antibody or anti-CD4 antibody
Treatment

Exposure

HR, beats/min

Hto, %

BW, g

LV ⫹ S/BW, mg/g

RV/BW, mg/g

n (mice)

Control
Control
Anti-CD4
Anti-CD4

Normoxia
CH
Normoxia
CH

407 ⫾ 24
365 ⫾ 47
421 ⫾ 27
399 ⫾ 10

39.7 ⫾ 0.7
59.0 ⫾ 1.4*
40.8 ⫾ 0.4
60.2 ⫾ 1.9*

28.1 ⫾ 1.0
27.0 ⫾ 0.6
31.1 ⫾ 2.4
26.3 ⫾ 0.7*

2.97 ⫾ 0.28
3.72 ⫾ 0.19
2.90 ⫾ 0.26
3.73 ⫾ 0.27

0.78 ⫾ 0.01
1.23 ⫾ 0.05*
0.77 ⫾ 0.06
1.23 ⫾ 0.04*

3
6
3
6

Values are means ⫾ SE. Only male mice were used. WT, wild-type; AT, adoptive transfer; HR, heart rate; Hto, hematocrit; BW, body weight; LV ⫹ S, left
ventricle ⫹ septum; RV, right ventricle; CH, chronic hypoxia. *P ⬍ 0.05 vs. normoxia.
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Fig. 2. CD4 cell depletion attenuates the
development of CH-induced PH. Anti-CD4 or
control antibody (2 mg/kg) given once/wk,
starting 1 wk before CH (21 days). A: representative flow cytometry plots of splenocytes
labeled for CD3 (gated), CD4, and CD8. B:
peak RVSP. C: Fulton’s index. D: %wall
thickness. E: hematocrit. Values are means ⫾
SE. *P ⬍ 0.05 vs. normoxia; #P ⬍ 0.05 vs.
CH control (n ⫽ no. of animals, and in D at
least 10 arteries/animal were measured; 2-way
ANOVA followed by multiple-comparison
Student-Newman-Keuls test).
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using a WoundMaker (Essen Bioscience) to produce homogenous,
700- to 800-m-wide scratch wounds on a confluent monolayer of
PASMC. Cell count was assessed by determining the confluency of
the culture over time divided by the initial confluency. Images were
captured every hour for a total of 60 h. Cells were incubated with or
without 100 ng/ml of Eschericia coli-derived recombinant mouse
IL-17A (R & D Systems).
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Fig. 3. CH increases lung IL-6 levels. A: lungs from mice exposed to either
normoxia or 5 days of CH (CH 5d) were homogenized and IL-6 mRNA levels
determined by real-time PCR, with ␤-actin used as an endogenous control. B:
representative images of immunohistochemical detection of IL-6 in lung
sections. C: summary analysis data of the mean gray value of the medial layer
of anti-IL-6-stained pulmonary artery sections with external diameters of
30 – 80 m. Values are means ⫾ SE. *P ⬍ 0.05 vs. normoxia; n ⫽ 3
mice/group, 5–12 arteries/mouse, analyzed by unpaired t-test. , Normoxia;
, chronic hypoxia.
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Fluor 488 anti-mouse CD11c (117311; BioLegend) for 1 h at 4°C
in the dark.
T cell polarization. Lymphocyte populations were isolated from
lymph nodes by negative selection according to Miltenyi Biotec
Magnetic Cell Sorting T Cell Isolation kits. Cell enrichment was
assessed by flow cytometry. Since TH17 cells lack unique surface
markers, CD4⫹ T cells were purified as described above from C57BL/
6-Il17atm1Bsgen/J mice, which express enhanced green fluorescence
protein (EGFP) in cells expressing IL-17A. CD4⫹ T cells were
polarized to TH17 cells, following a published protocol (57) by
placing them in six-well culture dishes precoated with anti-mouse
CD3ε clone 145-2c11 (2 g/ml). The cells were cultured for 3 days in
the presence of anti-mouse CD28 (5 g/ml), IL-6 (50 ng/ml), TGF-␤1
(1 ng/ml), anti-mouse IL-4 (10 g/ml), anti-mouse IFN-␥ (10 g/ml),
and mouse IL-23 (5 ng/ml; BioLegend). On day 3, cells were separated using automatic fluorescence-activated cell sorting based on
EGFP fluorescence intensity.
T cell subset adoptive transfer. Approximately 250,000 complete
(naïve and memory) CD4⫹ or CD8⫹ T cells were transferred to
RAG1-knockout (KO) mice via retro-orbital injection (13). Approximately 10,000 TH17 cells were adoptively transferred to RAG1-KO
mice using the retro-orbital approach. All RAG1⫺/⫺ mice received the
adoptive transfer of T cell subsets or saline 2 wk before they were
exposed to normoxia or CH for 3 wk. Mice were monitored for 2 wk
following adoptive transfer and weighed periodically to ensure health
before exposure to CH or normoxia. Following hemodynamic measurements at the conclusion of the experiments, spleens were removed
and splenocytes processed for flow cytometry to verify successful
engraftment of adoptively transferred lymphocytes.
CD4⫹ T cell depletion. Rat anti-mouse CD4 (clone GK1.5) antibody or control purified IgG2b isotype control (Biolegend) was
injected into mice (4 g/g body wt ip) 7 days before CH exposure and
weekly for an additional 3 wk (22). Following the experiments, CD4⫹
T cell depletion was assessed using flow cytometry on single-cell
suspensions of splenocytes.
Drug treatment. SR1001 [N-(5-(N-(4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl) phenyl) sulfamoyl)-4-methylthiazol-2-yl) acetamide], a synthetic inverse agonist specific for retinoid-related orphan
receptor (ROR)␣ and ROR␥ (Kis ⫽ 172 and 111 nM, respectively),
was synthesized in house (49). SR1001 (5, 49) was dissolved in
propylene glycol (vehicle) and injected subcutaneously (sc) for 5 days
during normoxia or CH exposure (25 mg·kg⫺1·day⫺1). For the prevention study, vehicle or SR1001 was delivered by osmotic pump for
21 days during normoxia or CH exposure. For the reversal study, mice
were exposed to CH for 21 days, and then osmotic pumps containing
vehicle or SR1001 were implanted and mice treated for 14 days
during CH exposure. Both ROR␣ and ROR␥ have roles outside of the
immune system and are critical regulators of hepatic metabolism. It
has been reported that SR1001 administration to C57BL/6 mice
suppressed the expression of hepatic ROR target genes Cyp7b1,
Nr1d1 (also called Rev-erb␣), and Serpine1 (also called PAI-1),
indicating that this class of compound may have metabolic effects;
however, no obvious toxicity was observed in animals treated with
SR1001 (49). We also did not observe any obvious toxicity in mice
treated with SR1001.
Pulmonary artery smooth muscle cell migration and confluency
assay. Primary pulmonary arterial smooth muscle cell (PASMC)
cultures were established and cells authenticated as described previously (27, 37). PASMC were plated on gelatin-coated dishes and
cultured in smooth muscle cell medium (Cell Biologics) containing
10% fetal bovine serum and antibiotic-antimycotic solution in a
humidified atmosphere of 5% CO2-95% air at 37°C. To measure cell
migration or cell numbers, an IncuCyte (Essen Bioscience) live-cell
imaging system was used. Before experiments, PASMCs were cultured for ⱖ48 h in serum-free smooth muscle cell medium containing
insulin, EGF, hydrocortisone, L-glutamine, and antibiotic-antimycotic
solution (M2268SF; Cell Biologics). Migration was determined by
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RT-PCR. Total lung RNA was extracted using Direct-zol (Zymo
Research) and reverse transcribed to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Life Technologies). The Roche
Universal Probe Library System was used for real-time detection of
IL-6 (5=-gctaccaaactggatataatcagga, 3=-ccaggtagctatggtactccagaa,
probe 6), IL-21 (5=-ccaggtagctatggtactccagaa, 3=-ccaggtagctatggtactccagaa, probe 100), Fizz1 (5=-ccctccactgtaacgaag actc, 3=-cacacccagtagcagtcatcc, probe 51), NOS2 (5=-ctccatgactcccagcaca, 3=-actctcttgcggaccatctc, probe 101), and ACTB as a reference gene (5=-ctaaggccaaccgtgaaaag, 3=-accagaggcatacagggaca, probe 64). The normalized gene
–⌬⌬C
expression method (2 T) was used for relative quantification of gene
expression, using pooled samples as the calibrator (46).
Statistics. Results were expressed as means ⫾ SE. Statistical significance was tested at the 95% (P ⬍ 0.05) confidence level using an
unpaired t-test or two-way ANOVA followed by Student-NewmanKeuls posttest.

CD4 ⫹ T cells contribute to CH-induced pulmonary
hypertension. To assess the contribution of T cells to CHinduced PH, we used recombination-activating gene 1-KO
(RAG1⫺/⫺) mice, which lack mature T and B cells (35).
RAG1⫺/⫺ mice were exposed to CH or normoxia for 21 days.
WT mice exhibited a significant increase in RVSP following
CH (Fig. 1, A and B). However, this response to CH was
attenuated largely in RAG1⫺/⫺ mice that did not receive
adoptive transfer or saline injection (No AT). Furthermore,
adoptive transfer of CD4⫹ T cells, but not CD8⫹ T cells, was
sufficient to restore the increased RVSP following CH (Fig.
1B). Similar results were observed for Fulton’s index (Fig. 1C)
and RV/body weight (Table 1). Adoptive transfer did not affect
hematocrit, body weight, heart rate, or LV ⫹ S/body weight
(Table 1).
CH significantly increased percent arterial wall thickness in
WT mice, which was not present in RAG1⫺/⫺ mice (Fig. 1, D
and E). Adoptive transfer of CD4⫹ but not CD8⫹ T cells into
RAG1⫺/⫺ mice and subsequent exposure to CH demonstrated
an increase in medial thickness similar to that observed in WT
mice.
Adoptive transfer of either cell type did not affect any of the
assessed parameters in normoxic mice (Fig. 1 and Table 1),
indicating that the observed differences between groups were
not due to the adoptive transfer per se but rather due to CD4⫹
T cell restoration. As reported previously, responses to CH
were not different between males and females (6).
We further tested the contribution of CD4⫹ T cells to
CH-induced PH by depleting CD4⫹ cells using a CD4-neutralizing antibody. The efficacy of CD4⫹ cell depletion is demonstrated by a reduction of CD4⫹ T cells from 60 to 1% of total
CD3⫹ T cells in the spleen (Fig. 2A). As expected, WT mice
receiving control antibody and exposed to CH for 21 days
demonstrated an increase in RVSP, hematocrit, RV hypertrophy, and pulmonary arterial remodeling (Fig. 2, B–E). CD4

depletion prevented the CH-induced increase in RVSP and
arterial wall thickness (Fig. 2, B and D). Although there was a
blunted RV remodeling response to CH in RAG1⫺/⫺ mice
(Fig. 1C), this effect was statistically significant in CD4⫹
cell-depleted mice (Fig. 2C). Body weight, heart rate, RV/body
weight, LV ⫹ S/body weight (Table 2), and hematocrit (Fig.
2E) were also unaltered by CD4 depletion. These findings
demonstrate that CD4⫹ T cells contribute to CH-induced PH.
CH increases lung IL-6 levels. The development of TH17
cells relies primarily on the presence of elevated levels of IL-6
(28). Therefore, we sought to examine lung IL-6 expression
in normoxic and CH mice. Exposure of WT mice to 5 days
of CH, a time previously reported to enhance IL-6 production (45), caused a significant increase in lung IL-6 mRNA
levels (Fig. 3A). Furthermore, IL-6 immunostaining was
greater in the medial layer of pulmonary arteries of mice
exposed to 5 days of CH compared with normoxic controls
(Fig. 3, B and C).
TH17 cells but not Tregs are increased in the lung following
CH. Studies show increased numbers of circulating TH17 cells
in patients with PAH (25) and COPD (56) and in lungs of
CH-exposed mice (23). The proportion of Tregs among CD4⫹
T cells is significantly higher in PAH patients than in controls
(43), and Tregs suppress adaptive immune responses (1).
However, it is currently unknown whether CH alters lung
TH17/Treg balance. Therefore, the percentage of CD4⫹
FoxP3⫹ cells relative to total CD3⫹ T cells was determined
concurrently with CD4⫹ IL-17A⫹ in lung digests of mice
exposed to 5 days of CH or normoxia using flow cytometry.
CH resulted in a fourfold increase in lung TH17 cells (Fig. 4, A
and B). No significant difference in the percentage of CD4⫺
IL-17A⫹ cells (data not shown) and CD4⫹ FoxP3⫹ (Fig. 4, A
and B) relative to total CD3⫹ T cells was detected in lungs
between normoxia- and CH-exposed mice.
In addition, total lung CD3⫹ and CD3⫹/CD4⫹ T cells were
similar between normoxic and CH mice (Fig. 4, C and D).
TH17 cell development depends on signaling from the nuclear receptors ROR␣ and ROR␥ (58). SR1001 inhibits these
receptors and TH17 cell development both in vitro and in vivo
(49). To confirm this effect of SR1001 in our preparation, mice
were treated with vehicle or SR1001 and exposed to CH for 5
days or left in normoxia, and lung TH17 and Tregs were
measured by flow cytometry. SR1001 significantly attenuated
CH-induced increases in lung TH17 cells, with no effect in
normoxic mice (Fig. 4, A and B). In contrast, SR1001 significantly increased Tregs in both normoxic and CH-exposed
mice (Fig. 4, A and B).
To determine whether the increase in lung TH17 cells is
localized to the perivascular region, mice were treated with
SR1001 and exposed to CH for 2, 5, or 21 days. T cells were
examined in lung sections by immunohistochemical detection
of the pan-T cell marker CD3. CH increased the incidence of

Fig. 4. CH leads to an increase in lung T helper 17 (TH17) cells without T regulatory cells being affected. Lungs were removed from vehicle- and SR1001 (25
mg·kg⫺1·day sc⫺1)-treated mice after 5 days of normoxic or CH (CH 5d) exposure. Single-cell suspensions from the lungs were labeled with anti-CD3, anti-CD4,
and anti-IL-17A or FoxP3. A: representative scatter plots. Cells were gated based on forward and side scatter and CD3 CD4. B: summary of the %CD4⫹ IL-17A⫹
or CD4⫹ FoxP3⫹ cells relative to total CD3⫹ cells normalized to the average of the vehicle-treated normoxic group of each set of experiments. C: representative
scatter plots of CD3⫹, CD4⫹ T helper cells from lungs from mice exposed to normoxia or 5 days of CH. D: summary of the %CD3⫹ T cells relative to total
cells and CD3⫹, CD4⫹, and T helper cells relative to total CD3⫹ cells. Values are means ⫾ SE; n ⫽ no. of animals, *P ⬍ 0.05 vs. normoxia vehicle; #P ⬍
0.05 vs. CH vehicle, analyzed by 2-way ANOVA, followed by multiple-comparison Student-Newman-Keuls test.
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F4/80⫹ CD11b⫹ cells relative to total CD45⫹ cells was detected between groups (Fig. 9, A and B). IL-21 transcript levels
were additionally measured in the lungs of mice exposed to
normoxia or 5 days of CH together with mRNA levels of the
M2 marker Fizz1 and the M1 marker NOS2. No significant
differences in IL-21, Fizz1, or NOS2 mRNA levels were found
between groups (Fig. 10). Furthermore, IL-17A increased
mouse PASMC migration as assessed using a scratch woundhealing assay (Fig. 11A) but had no effect on cell culture
confluency (Fig. 11B).
DISCUSSION

In both humans and rodents, alveolar hypoxia results in an
inflammatory phenotype in the lung (9, 19, 20, 24, 33, 50).
Inflammation occurs before morphological changes in the vasculature, suggesting that lung hypoxia may lead to damaging
inflammatory effects (20). Release of cytokines and chemokines from inflamed tissues may contribute to differentiation of
naïve T cells into mature effector T cells and their migration to
the site of inflammation. However, the contribution of T helper
subsets to the pathogenesis of hypoxic PH is not clear, and the
mechanism and specific inflammatory cell types involved are
not well defined. Our study shows that CD4⫹ T cells, specifically TH17 cells, contribute to CH-induced PH, and their
presence in the perivascular space likely contributes to this
disease.
Cuttica et. al (13) reported that RAG1⫺/⫺ mice are protected
from monocrotaline-induced PAH and that CD4⫹ T cells are
the primary effector cells. However, the role for CD4⫹ T cells
in PH due to CH has not been assessed directly. For the first
time, our study demonstrates that CD4⫹ T cells are both
necessary and sufficient for a robust pulmonary-hypertensive
response to CH. In addition, our study suggests that CD8⫹ T
cells might not contribute to CH-induced PH because immune
reconstitution of RAG1⫺/⫺ mice with CD8⫹ T cells did not
affect the already attenuated response of these mice to CH.
Furthermore, our data suggest that B cells are not major
contributors to the pathogenesis of PH since CD4⫹ T cells’
reconstitution fully restored the pulmonary-hypertensive response to CH in RAG1⫺/⫺ mice and CD4⫹ T cells’ depletion
attenuated it. Further supporting a minimal role for B cells, in
an initial pilot study, adoptive transfer of splenocytes from a T
cell receptor knockout mouse (lacks all mature T cells but has
B cells) failed to restore the PH response in RAG1⫺/⫺ mice
(data not shown).
Inflammation in rat pulmonary arteries after CH exposure
has been characterized by increased numbers of monocytes and
dendritic cells, with few T cells and no B cells (9). Conversely,
in monocrotaline-treated mice, perivascular infiltration largely

Fig. 5. Inhibition of TH17 cell development attenuates CH-induced increases in perivascular T cells. SR1001 was delivered daily by sc injection (25
mg·kg⫺1·day⫺1) for the duration of normoxic or CH exposure. A: representative images from normoxic and CH (5 days) mice treated with or without SR1001
in which perivascular T cells (CD3⫹ cells) were quantified. Arrows depict CD3⫹ cells. Scale bar, 100 m. B: summary of the no. of perivascular CD3⫹ cells
from mice exposed to 2, 5, or 21 days of normoxia or CH treated with or without SR1001. The perivascular region was defined as external to vessel media and
internal to vessel adventitia. C: representative images of lung sections from vehicle-treated mice exposed to 21 days of CH colabeled with anti-IL17A (green)
and anti-CD3 (red). Elastic lamina is shown in blue. Arrows depict double-positive cells. Scale bar, 50 m. D: summary of the no. of CD3⫹ cells in the lung
parenchyma of mice exposed to 5 days of normoxia or CH treated with or without SR1001. Values are means ⫾ SE. *P ⬍ 0.05 vs. normoxia vehicle; #P ⬍
0.05 vs. vehicle CH; n ⫽ no. of animals; at least 5–15 arteries (⬍150 m outer diameter/mouse) were measured and analyzed by 2-way ANOVA, followed by
multiple comparisons Student-Newman-Keuls test.
AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00531.2016 • www.ajplung.org

Downloaded from http://ajplung.physiology.org/ by 10.220.33.4 on May 1, 2017

CD3⫹ T cells in the pulmonary arterial perivascular region of
vehicle-treated mice (Fig. 5, A and B). SR1001 prevented this
response to CH at all three time points (Fig. 5, A and B). The
majority of perivascular CD3⫹ cells were found to be IL-17A⫹
in arteries from CH mice (Fig. 5C). The increase in perivascular T cells following CH was not due to an increase in total
lung T cells (Fig. 4C). Furthermore, SR1001 did not affect T
cell density in the in lung parenchyma (Fig. 5D).
TH17 cells contribute to CH-induced PH. SR1001 administration attenuated CH-induced increases in RVSP, RV hypertrophy, pulmonary arterial remodeling, and Ki-67⫹ (proliferation marker) cells in the walls of small pulmonary arteries
without affecting the polycythemic response (Fig. 6). No apoptotic cells were detected in pulmonary arteries from any of the
groups (Fig. 6F).
To further confirm a role for TH17 cells in CH-induced PH,
in vitro-polarized TH17 cells were administered to RAG1⫺/⫺
mice exposed to CH or normoxia. Mice receiving TH17 cells
developed an increase in RVSP along with pulmonary arterial
remodeling independent of normoxic or CH exposure (Fig. 7,
A and B). Interestingly, RV remodeling did not develop in
normoxic mice receiving adoptive transfer (Fig. 7C) despite
evidence of PH. Rather, both RV/body weight and LV ⫹
S/body weight were significantly lower in normoxic RAG1⫺/⫺
mice that received adoptive transfer of TH17 cells compared
with those not receiving adoptive transfer (Table 3). This effect
was not due to a decrease in body weight (Table 3). The
polycythemic response to CH was not affected by adoptive
transfer of TH17 cells (Fig. 7D). Successful adoptive transfer
was demonstrated by CD3⫹ T cell labeling in lung sections
from adoptively transferred mice but not in sham (saline)treated mice (Fig. 7E). CD4⫹ EGFP⫹ cells were also found in
the spleen by flow cytometry (Fig. 7F).
TH17 cell inhibition lowers RVSP in established PH. We
sought to understand whether CH-induced PH can be reversed
once already established by inhibiting TH17 cell development.
Consistent with this possibility, SR1001 significantly lowered
RVSP (Fig. 8A). A trend for decreased RV hypertrophy (P ⬍
0.0583) and pulmonary arterial remodeling (P ⬍ 0.20) was
also observed (Figs. 8, B and C). SR1001 decreased the
number of perivascular T cells (Fig. 8D).
IL-17A increases mouse PASMC migration. Controversy
exists as to whether TH17 cells can have a direct effect on
tissue through the release of TH17-associated cytokines (23,
30) or indirectly by recruiting neutrophils and/or macrophages
(31). To determine whether macrophages are implicated in the
pathogenesis of PH in our experimental conditions, total macrophage numbers were determined by flow cytometry in lungs
of vehicle- and SR1001-treated mice exposed to normoxia or 5
days of CH. No significant difference in the percentage of
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involves CD4⫹ T cells along with fewer macrophages and B
cells (13). However, the subset of CD4⫹ T cells involved in the
pathogenesis of PH or PAH is not clear.
TH17 cells are important mediators of tissue damage in
immune-mediated inflammatory diseases such as asthma, inflammatory bowel disease (55), and cardiovascular diseases
(11, 18), including systemic hypertension (32). TH17 cells act
by attracting neutrophils and stimulating the release of matrix
metalloproteinases as well as increasing the release of factors

from resident cells (31). The development of TH17 cells relies
primarily on the presence of elevated levels of IL-6 (28, 29).
Increased numbers of circulating TH17 cells have been reported in COPD (56) and PAH patients (25). HasimotoKataoka et. al (23) have recently shown an effect of CH (3
days) to increase lung TH17 cell numbers in mice, which was
prevented by administration of an anti-IL-6 receptor antibody.
However, these previous studies have addressed neither where
these cells accumulate in the lungs nor their contribution to PH.
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Fig. 6. Inhibition of TH17 cell development
attenuates CH-induced PH. SR1001 was delivered sc (25 mg·kg⫺1·day⫺1) via an implantable osmotic pump. A: RVSP following
21 days of normoxia or CH. B: Fulton’s
index. C: pulmonary arterial wall thickness
measured in small pulmonary arteries (⬍150
m) labeled for ␣-smooth muscle actin. D:
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were detected by immunofluorescence microscopy in the arterial wall (shown in red).
The elastic lamina in the arterial wall is
shown in blue. Nuclei are shown in green.
CH 5d, 5 days of CH. F: representative
images of lung sections labeled with anticleaved caspase 3, which is an apoptosis
marker. Scale bar, 40 m. Arrows depict
positive cells expressing activated caspase
3 in lung parenchyma. Values are means ⫾
SE; n ⫽ no. of animals, and in C and D at
least 10 arteries/animal were measured. *P ⬍
0.05 vs. normoxia vehicle; #P ⬍ 0.05 vs.
normoxic SR1001, analyzed by 2-way
ANOVA, followed by multiple-comparison
Student-Newman-Keuls test.

RV/LV+S (%)

40

n=5

C

50

CH

Hematocrit (%)

RVSP (mmHg)

50

L619

TH17 CELLS IN HYPOXIC PULMONARY HYPERTENSION

A

B
50

&

20

Normoxia

#

#

40

% Wall Thickness

RVSP (mmHg)

CH

&

*

30
20
10
0

n=9

n=13

No AT

n=6

n=6

10

5

0

n=6

AT TH17

n=6

n=6

n=5

AT TH17

No AT

D
50

80

*
Hematocrit (%)

*

40
30
20
10
0

n=10

n=11

No AT

E

n=6

*

60

40

20
n=11

n=5

No AT

100 µm

TH17 AT

n=10

n=6

n=6

0

AT TH17

100 µm

*

100 µm

AT TH17

Fig. 7. The adoptive transfer of TH17 cells
causes spontaneous PH in RAG1⫺/⫺ mice.
CD4⫹ T cells were purified from IL-17A
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E: representative images of lung sections immunostained for CD3 from mice receiving
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Our results demonstrate that CH increases the proportion of
TH17 cells without affecting the proportion of Tregs or total T
cell numbers in the lungs and that increased TH17 cells are
localized in the perivascular region of small pulmonary arteries. The increase in TH17 cells was associated with increased
lung IL-6 mRNA and peptide levels in the medial layer of
pulmonary arteries. These results showing increased lung IL-6
expression in response to CH are consistent with previous
reports demonstrating that IL-6 plays a critical role in the
development of PH (23, 45). Although IL-6 inhibits TGF␤induced Treg differentiation (28), our results suggest that in
CH the balance of TH17/Treg is altered in the lung due to an
increase in TH17 cells but not due to changes in Tregs.

However, these findings do not preclude the possibility that
Treg numbers are altered at different exposure times. In addition, the decreased proportion of Tregs in the lungs could have
affected the pathogenesis of PH since it has been shown that
adoptive transfer of Tregs into WT mice prevents CH-induced
PH (12).
Our study demonstrates a novel effect of a TH17 inhibitor,
SR1001, to attenuate the development of CH-induced PH.
Furthermore, mice that received adoptive transfer of TH17 cells
under normoxic conditions developed spontaneous increases in
RVSP and pulmonary arterial remodeling. Thus, our data
strongly support a pathogenic role of TH17 cells in the development of PH.
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Table 3. Biometrics of RAG1⫺/⫺ mice exposed to normoxia or CH with or without the adoptive transfer of TH17 cells
Treatment

Exposure

HR beats/min

Hto, %

BW, g

LV ⫹ S/BW, mg/g

RV/BW, mg/g

n (mice)

n (females)

No AT
No AT
TH17 AT
TH17 AT

Normoxia
CH
Normoxia
CH

377 ⫾ 23
413 ⫾ 10
423 ⫾ 12
415 ⫾ 19

42 ⫾ 2
51 ⫾ 3*
40 ⫾ 2
53 ⫾ 1*

28.1 ⫾ 1.3
24.6 ⫾ 1.3*
26.0 ⫾ 0.3
22.1 ⫾ 1.2*

3.39 ⫾ 0.08
3.46 ⫾ 0.10
3.02 ⫾ 0.06†
3.14 ⫾ 0.09

0.92 ⫾ 0.04
1.20 ⫾ 0.10*
0.80 ⫾ 0.04†
1.19 ⫾ 0.05*

6
6
6
6

3
3
3
3

Values are means ⫾ SE. TH17, T helper 17; WT, wild-type; AT, adoptive transfer; HR, heart rate; Hto, hematocrit; BW, body weight; LV ⫹ S, left ventricle ⫹ septum; RV, right ventricle; CH, chronic hypoxia. *P ⬍ 0.05 vs. normoxia; †P ⬍ 0.05 vs. no AT normoxia.

suggest that hypoxia itself is a major contributor to RV remodeling through mechanisms that are partially independent of
pressure overload. The mechanism that underlies the dissociation between RVSP and RV remodeling is currently unknown.
The heart weight of mice that received adoptive transfer of
TH17 cells under normoxic conditions was lower than that of
control mice. These mice appeared healthy in that they did not
show indications of colitis, and their weight remained relatively stable. Therefore, the decrease in heart weight cannot be
explained by a general state of stress induced by a systemic
inflammatory reaction. The reason of the decrease in heart
weight is currently unknown and requires further investigation.
To follow up on the immunological timing of events, we
sought to understand whether PH due to CH might be reversed
by inhibition of TH17 cell polarization. We demonstrated that
established PH markers such as increased RVSP can be reduced by treating animals with SR1001. We observed a strong
tendency for a reduction in RV remodeling and a significant
decrease in perivascular T cell infiltration. The reversal of fixed
components (remodeling) of PH might require longer treat-
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Interestingly, we found that lungs of mice that received
the adoptive transfer of TH17 cells under normoxic conditions displayed a remarkable increase in the number of
CD3⫹ T cells in both the parenchymal and perivascular
regions. These data suggest that polarizing naïve CD4⫹ T
cells to TH17 cells ex vivo mimics conditions occurring in
the lung in response to CH.
It is possible that ROR␥⫹ innate lymphoid cells (2) contribute to CH-induced PH. However, this possibility is unlikely
because 1) no significant increase in CD3⫹ CD4⫺ IL-17A⫹
cells was detected by flow cytometry in the lungs of mice
exposed to CH compared with controls, 2) CD4⫹ T cell-replete
RAG1⫺/⫺ mice developed PH in response to CH, 3) normoxic
mice that received TH17 cells displayed evidence of PH, and 4)
most CD3⫹ T cells present in the perivascular region were
IL-17A⫹ cells.
A dissociation between RVSP and RV remodeling was
observed in CD4⫹ cell-depleted (Fig. 3) and TH17 cell-replete
mice (Fig. 8). Although it has been widely believed that
sustained pressure overload is sufficient to result in adaptive
hypertrophy of the heart, this and other studies (3, 16, 41, 51)
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suspensions from the lungs were incubated with anti-CD45, anti-F4/80, and anti-CD11b to label macrophages. A: representative scatter plots. Cells were gated
based on forward and side scatter and CD45. B: summary of %F4/80⫹ CD11c⫹ cells relative to total CD45⫹ cells normalized to the average of the vehicle-treated
normoxic group of each set of experiments. Values are means ⫾ SE; n ⫽ no. of animals, analyzed by 2-way ANOVA, followed by multiple-comparison
Student-Newman-Keuls test.

ment. It has been demonstrated previously that SR1001 prevents the polarization of naïve CD4⫹ T cells to TH17 cells and
significantly delays the onset of TH17 cell-mediated experimental autoimmune encephalomyelitis in mice and reduces
disease severity (49). This is similar to our results in which
SR1001 was more effective if given earlier in disease progression rather than if after disease is well established. Our data
indicate that significant perivascular T cell infiltration persists
after 21 days of CH. Therefore, it is likely that there is an initial
contribution of CH to the polarization of naïve CD4⫹ T cells,
which establishes disease, but long-standing, lower levels of
chronic inflammation may help sustain CH-induced PH.
Contrary to the report by Solt et. al. (49) showing that
SR1001 has no effect on Treg development in vitro, but
consistent with in vivo studies (7, 48), here we show that
SR1001 increases lung Tregs, suggesting an additional mechanism by which SR1001 could have prevented and reversed
CH-induced PH (12). However, several lines of evidence
support TH17 cells as the major effector inflammatory cells
following CH, including the following: 1) the majority of
perivascular T cells were IL-17A⫹ cells; 2) SR1001 did not
affect the number of perivascular CD3⫹ T cells in normoxic
mice while preventing CH-induced perivascular inflammation;
and 3) CH did not increase lung Tregs. Further studies explor-

ing the mechanism by which ROR inhibitors alter TH17/Treg
balance are warranted.
TH17 cells are characterized by the predominant production
of IL-17A (4). We found that IL-17A enhanced PASMC
migration but did not affect cell number or confluency. These
results are consistent with a report showing that IL-17A promotes migration of airway smooth muscle cells (10) but contrary to a report showing that it enhances fibroblast proliferation (17). Therefore, our results suggest that IL-17A produced
by TH17 cells plays an important role in the pathogenesis of
CH-induced PH. It has been reported that TH17 cells promote
M2 macrophage polarization through the release of IL-21 (23);
however, we did not find a significant change in lung macrophage infiltration, IL-21 mRNA, or expression of M2 or M1
markers in response to CH. A few differences in experimental
design could explain the discrepancy between studies. For
example, the earlier study used normobaric hypoxia with no
CO2 supplementation, and whereas we used hypobaric hypoxia, they determined these markers in bronchoalveolar lavage
while we used whole lung, and although we both used C57B6
mice, the mice were from different sources. Regardless, further
studies are warranted to establish the mechanism of TH17
cell-mediated PH pathogenesis.
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Student-Newman-Keuls test.

receptor for TH17 cells. Furthermore, our findings suggest that
inhibition of TH17 cell development may provide a novel
therapeutic approach to treat pulmonary-hypertensive patients.
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