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Abstract: Pulmonary arterial hypertension (PAH) is rare disease that is categorized as idiopathic
(IPAH) when no underlying cause can be identified. Lungs of most patients with IPAH contain
increased numbers of T cells and dendritic cells (DCs), suggesting involvement of the immune system
in its pathophysiology. However, our knowledge on circulating immune cells in IPAH is rather limited.
We used flow cytometry to characterize peripheral blood DCs and T cells in treatment-naive IPAH
patients, compared with connective-tissue disease-PAH (CTD-PAH) patients and healthy controls
(HCs). At diagnosis, T-helper (Th) cells of IPAH patients were less capable of producing TNF«, IFNYy,
IL-4 and IL-17 compared to HCs. IPAH patients showed a decreased frequency of Th2 cells and
significantly enhanced expression of the CTLA4 checkpoint molecule in naive CD4* T cells and both
naive and memory CD8" T cells. Frequencies and surface marker expression of circulating DCs
and monocytes were essentially comparable between IPAH patients and HCs. Principal component
analysis (PCA) separated IPAH patients—but not CTD-PAH patients—from HCs, based on T-cell
cytokine profiles. At 1-year follow-up, the frequencies of IL-17* production by memory CD4* T
cells were increased in IPAH patients and accompanied by increased proportions of Th17 and Tc17
cells, as well as decreased CTLA4 expression. Treatment-naive IPAH patients displayed a unique
T-cell phenotype that was different from CTD-PAH patients and was characterized by reduced
cytokine-producing capacity. These findings point to involvement of adaptive immune responses in
IPAH, which may have an implication for the development of therapeutic interventions.

Keywords: cytokine; T cell; idiopathic pulmonary arterial hypertension; connective tissue disease
associated pulmonary arterial hypertension

1. Introduction

WHO group 1 pulmonary arterial hypertension (PAH) is defined as a condition with a
mean pulmonary arteria pressure (mPAP) > 20 mmHg, normal left atrium pressure and
pulmonary vascular resistance > 3 Wood units [1]. PAH is a devastating condition with
a high burden of disease. Patients with PAH are subdivided into subgroups based on
different risk factors or underlying conditions, such as connective tissue disease (CTD). A
special subgroup of PAH patients has no known risk factor or underlying disease and is
therefore categorized as idiopathic PAH (IPAH).

Currently, accumulating evidence is beginning to reveal an important role for the
adaptive immune system in the pathogenesis and progression of PAH [2,3].
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IPAH lung biopsies were shown to contain increased numbers of CD4* T-helper (Th)
cells, CD8" cytotoxic T (Tc) cells and TCRyd T cells, which were found in close proximity
to blood vessels [4,5]. Likewise, increased peri-arterial Th cells were found in patients with
schistosomiasis-associated PAH [6].

Regarding the various currently defined Th subsets (See Supplementary Table S1 for
overview), particularly Th17 have been implicated in PAH pathogenesis. Th17 cells are
known to play an important role in many inflammatory and autoimmune diseases [7,8]
and were found in pulmonary tertiary lymphoid organs (TLOs) of IPAH patients [9].
Furthermore, activated Th cells of PAH patients expressed higher levels of IL-17 [10].
Th17 cells are an important source of the pro-inflammatory cytokines IL-17 and IL-22
and differentiate from naive Th cells in the presence of IL-1§3, IL-6, and TGE-§3 [11]. The
finding that both IL-13 and IL-6 are increased in the serum of IPAH patients compared to
controls [12] would be in line with a role of Th17 cells in IPAH pathophysiology. Finally, we
recently reported increased polarization of circulating follicular T helper (Tfh) cells towards
a Th17-associated surface phenotype in IPAH patients [13]. A role for Tth would also be
supported by the finding of an increase in IL-21" PD-1* Tth cells in TLOs and around
pulmonary arteries of IPAH patients [9].

Next to the findings that implicate Th17 and Tth cells, evidence is accumulating for
compromised activity of regulatory T cells (Tregs) in the inflammatory milieu of PAH lungs.
Aberrant Treg function is strongly correlated with a predisposition to PAH in patients and
frequencies of Tregs were found to be increased in circulation [14-16]. An imbalance in
Th17 /Tregs cells influenced the prognosis in patients with CTD-PAH, pointing to clinical
relevance of the Th17 and Tregs populations [17].

Opposite to lung tissue, in IPAH patients CD8" T cells are decreased in circulation and
present mostly with an effector memory phenotype [15,18].

Various recent findings support the involvement of B cells in IPAH. First, circulating
plasma blasts are increased in IPAH patients [19]. Second, autoantibodies are present in
approximately 40% of the IPAH patients [20]. These autoantibodies, recognizing endothelial
cell surface antigens [21], are thought to be produced by plasma cells located within TLOs
in IPAH lungs [9,19]. Third, we recently reported increased B cell receptor (BCR) signalling
in circulating B cells in IPAH patients [13]. Moreover, we found that pulmonary injury
in combination with enhanced B cell activation is sufficient to induce PH symptoms in
mice [13].

Consistent with the involvement of adaptive immune responses in IPAH, also dendritic
cells (DCs), which are critical for T cell activation, have been implicated in its pathology. In
the lungs of IPAH patients, the numbers of conventional DCs (cDCs) and plasmacytoid
DCs (pDCs) are increased, whereby pDCs were localised predominantly in the alveolar
space in proximity to vessels [4]. In peripheral blood of IPAH patients, cDC numbers were
decreased [22]. Together with the increase in pulmonary c¢DCs, this suggests enhanced
migration into the lungs. In our mouse studies, specific activation of cDCs resulted in the
development of PH symptoms, whereby cDCs were specifically localized in the lungs and
right ventricle of the heart [23,24].

However, despite the evidence for their involvement in PAH pathogenesis, the char-
acterization of circulating T cells and DCs in IPAH patients is limited, the effects of PAH-
specific therapy on T cells have also not been investigated. Therefore, we aim to characterize
the circulating T cell and DC compartment in patients with IPAH in detail. We investigate
the cytokine-producing capacity, activation marker expression and subset distribution
of both CD4* and CD8* T cells in treatment-naive IPAH patients and after one year of
PAH-specific treatment. Next to healthy individuals, we analyse patients with CTD-PAH,
who show clear involvement of the adaptive immune system, given the increase in Th17
cells [17] and the presence of autoantibodies [25]. Thus, we have the opportunity to identify
possible overlapping pathophysiological features of the two PAH diseases.
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2. Results

2.1. T Cells from Treatment-Naive IPAH Patients Show Reduced Cytokine-Producing Capacity
We investigated peripheral blood T cells in 15 treatment-naive IPAH and 24 CTD-PAH

patients (Table 1), as well as 17 HCs. Cytokine production was analysed in CD45RA™

memory CD4* and CD8" T cell fractions, containing the T cells most prone to produce

cytokines. Hereby, CD127'°"CD25Mgh CD4* Tregs were excluded and analysed separately

(see Figure 1A for the gating strategy and cytokine production of CD4 cells).

Table 1. Baseline demographic and patient characteristics.

PAH—BASELINE PAH—1Y FOLLOW-UP

IPAH CTD-PAH P IPAH CTD-PAH p
(n=15) (n=24) Value (n=11) (n=12) Value
Baseline clinical characteristics
Gender, female (%) 13 (87%) 20 (83%) 10 (91%) 11 (92%)
Age,y 55.6 +16.7 64.6 +11.2 0.15 60.8 + 14.8 65.3 +12.2 0.59
BMI, kg /m? 284+74 27.6+54 0.86 291+ 84 28.6 £6.1 0.96
NYHA class 34, n (%) 11 (73%) 14 (58%) 8 (73%) 7 (58%)
6MWT, m 332 £126 299 £ 138 0.70 298 £ 121 334 £131 0.40
NT-pro BNP, pmol/L 242 £ 272 541 £ 1056 0.83 281 £ 308 301 £ 502 0.57
Underlying CTD
SSc, n (%) 20/24 (83%)
SLE, n (%) 4/24 (17%)
Baseline right heart catheterization
mPAP, mmHg 555+ 15.2 440+ 13.0 0.02 511+ 127 415+ 122 0.08
mRAP, mmHg 124 +6.3 95+52 0.16 11.3+65 83+5.0 0.22
Capillary wedge pressure, nmHg 9.5+438 135+78 0.11 9.8 +£53 13.6 =10 0.44
PVR, wood units 102 £3.1 6.2+34 0.002 92+3.0 57+34 0.01
PH-Medication
At baseline, 1 (%) 0/15 (0%) 0/24 (0%)
At 1-year follow-up
No PH-medication 0/11 (0%) 0/12 (0%)
Mono therapy (ERA), 11 (%) 1/11 (9%) 1
Mono therapy (PDE5), 1 (%) 1/12 (18%) 2
Duo therapy (PDE5 + ERA), n (%) 6/11 (55%) 9/12 (73%)
Triple therapy (PDES5 + ERA + PRC), 1 (%) 4/11 (36%) 2/12 (9%)
Immunomodulatory drugs
At baseline, 1 (%) 0/15 (0%) 3/24 (13%)
At 1-year follow-up, 1 (%) 0/11 (0%) 3/12 (25%)

1: This IPAH patient was on ERA monotherapy, due to severe side effects on PDE5 therapy. 2: This CTD-PAH
patient was on PDE5 monotherapy due to severe side effects on ERA therapy. Data given as ‘mean, & SD’,
unless otherwise indicated. Abbreviations: BMI, body mass index; PAH, pulmonary arterial hypertension; IPAH,
idiopathic pulmonary arterial hypertension; CTD, connective tissue disease; 6MWT, 6-min walk test; NT-pro
BNP, The N-terminal prohormone of brain natriuretic peptide; SSc, systemic sclerosis; SLE, systemic lupus
erythematosus; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrium pressure; PVR, pulmonary
vascular resistance, endothelin receptor antagonist; ERA, Phosphodiesterase 5 inhibitor; PDES, prostacyclin; PRC.

We observed that the memory CD4" T cell fractions of IPAH patients had a significantly
reduced cytokine-producing capacity for TNF«, IFNYy, IL-4 and IL-17, compared to HCs
(Figure 1B). In addition, proportions of IFNy/TNFa and IFNy/GM-CSF double-producing
CD45RA™ CD4" T cells were reduced in IPAH patients, compared to HCs (Figure 1C).
Likewise, frequencies of IFNYy single-producing and double-producing memory CD8*
T cells were lower in IPAH patients than in HCs (Figure 1D). In contrast, the cytokine-
producing capacity of memory CD4* and CD8* T cells of CTD-PAH patients was not
different from HCs (Figure 1B-E). Three of the CTD-PAH patients had immunomodulatory
therapy, but their values for cytokine production were within the range of the other CTD-
PAH patients analysed. The cytokines GM-CSF, IL-4, IL-10 and IL-17, which were produced
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by CD8* T cells in lower amounts, did not significantly differ across the three groups
analysed (Supplementary Figure S1).
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Figure 1. Circulating T cells of treatment-naive IPAH patients show reduced cytokine-producing ca-
pacity. (A) Flow cytometric gating strategy of cytokine production by circulating non-Treg CD45RA ™
memory CD4* T cells. (B,C) Quantification of the proportions of CD45RA~ CD4" memory T cells
producing the indicated cytokines in HCs, IPAH and CTD-PAH patients (B), with a subsequent
quantification of the proportions of double-producers (C). (D,E) Quantification of the proportions of
the cytokine-producing CD45RA™ CD8" memory T cells in the indicated patients and HC groups
(D), with a subsequent quantification of the proportions of double producers (E). (A-E) Samples with
<500 events in parent gate were excluded from the analysis. Results are presented as mean + standard
deviation; symbols represent value of individual patients or HCs. Mann-Whitney U test was used
for statistical analysis, * p < 0.05, ** p < 0.01.

Memory CD4* and CD8* T cells cannot only be divided into subsets on the basis of
their cytokine production but also by specific chemokine receptor expression profiles. Using
these profiles, we determined the T cell subset distribution in the two PAH patient groups
and healthy controls and found that IPAH patients had reduced frequencies of Th2 cells
(Supplementary Figure S2). Even though the Th1, Th17, and Tcl-associated cytokines IFNy
and TNFo were reduced, the proportions of Th1l and Th17 or Tcl and Tc17 cells did not
differ between IPAH and HCs (Supplementary Figure S2). By contrast, CTD-PAH patients
displayed an increase in Th17 cells and a decrease in Th2 cells, whereas CXCR5™" (follicular)
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Tc, Tc17 and Tcl fractions were reduced (Supplementary Figure S2). The proportion of
Tregs did not differ between HCs and PAH patients (data not shown).

In conclusion, memory CD4* and CD8" T cells of IPAH patients were less capable of
producing cytokines compared to HCs, whereas no differences were found in the cytokine-
producing capacity of T cells of CTD-PAH patients.

2.2. T Cells from PAH Patients Show Increased CTLA4 Expression, Correlating with
Cytokine-Producing Capacity

The reduced cytokine-producing capacity of T cells observed in IPAH patients might
reflect an altered activation status and effector function of these cells. Therefore, we deter-
mined the expression of various surface markers on CD4" and CD8* T cells. Expression
of the co-inhibitory receptor cytotoxic T lymphocyte antigen 4 (CTLA4) was significantly
increased on naive CD4" T cells and naive and memory CD8* T cells in IPAH patients
(Figure 2). For CTD-PAH patients, CTLA4 expression was increased in all CD4* and CD8*
T cell fractions. Tregs, known to express high levels of CTLA4, showed similar expression
across the three groups analysed. Expression of the activation marker T cell co-stimulator
(ICOS) and the co-inhibitory receptor programmed cell death 1 (PD-1) expression did not
differ between IPAH patients and HCs for both CD4" and CD8* T cells (Supplementary
Figure S3).

Correlation matrices of the proportions of cytokine-expressing memory CD4* T cells
and CTLA4 showed a significant correlation with IL-17* CD4" T cells for IPAH patients
and IL-4, IL-10 and TNF« for CTD-PAH patients (Figure 2B). In HCs, the expression
levels of CTLA4 did not significantly correlate with the proportions of any of the cytokine-
expressing memory CD4" T cells in HCs. However, in HCs we found strong and significant
correlations between the individual cytokines, except for IL-6, which demonstrated a weak,
non-significant negative correlation with all other cytokines measured (Figure 2B). For
IPAH patients, the analyses yielded a similar matrix of correlations between individual
cytokines, although the observed correlations were more moderate, possibly due to a lower
number of individuals included (n = 10, compared to n = 14 for HCs) (Figure 2B). The
correlation matrix for CTD-PAH patients did not essentially differ from the matrix for HCs.

Memory CD8" T cells of HCs also showed strong correlations, except for IL-4 and
IL-6 (Figure 2B). In memory CD8* T cells of IPAH patients, we observed fewer positive
and more negative correlations, of which the correlation between IL-6 and IL-17 reached
significance. Correlations between IL-17 and other cytokines lost significance in CTD-PAH
patients. CTLA4 expression levels on CD8" T cells were not significantly correlated with
the proportions of positive cells for any of the cytokines in patients or HCs (Figure 2B).

Given that DCs are the main cell type that activate T cells and thereby induce expres-
sion of CTLA4 and ICOS, we next characterized DC subsets as well as monocytes, the
precursors of inflammatory DCs, in peripheral blood. To this end, we investigated the
myeloid compartment in a subgroup of PAH patients at diagnosis (12 IPAH and 17 CTD-
PAH patients; see Supplementary Table S2 for patient details and Supplementary Figure
S4A for gating strategy). The proportions of monocytes, cDCs, pDCs and AXL™" Siglec6*
(AS) DCs [26] did not differ significantly between IPAH patients and HCs (Supplementary
Figure S4B-G). In addition, the activation status of DCs and monocytes, as indicated by
the expression of CD86, CD80, HLA-DR and CD11c, was not altered, except for HLA-DR
expression on classical monocytes which was moderately increased (Supplementary Figure
54H). In CTD-PAH patients, the size of the population of intermediate monocytes was
slightly increased (Supplementary Figure S4C). The expression of the activation markers
was increased to some extent on monocyte subsets in CTD-PAH patients, but DC subsets
displayed a normal activation marker expression, as in IPAH patients (Supplementary
Figure S4H).
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Figure 2. T cells of PAH patients show increased CTLA4 expression. (A) Quantification of intracellular
CTLA4 expression, as determined by flow cytometry, in the indicated CD4" and CD8* T cells fractions
of HCs, IPAH and CTD-PAH patients, shown as histogram overlays (top) and quantification (bottom).
Samples with <500 events in parent gate were excluded (HC n = 14, IPAH n = 12-15 and CTD-PAH
n = 22-23). (B) Associated correlation matrixes for cytokine-positive CD4* and CD8* T cells in
HCs and patients with IPAH and CTD-PAH. Numbers of patients included are indicated above
the correlation matrices. Correlation coefficient was calculated using nonparametric Spearman
correlation. Results are presented as mean + standard deviation and symbols represent values
of individual patients or HCs. Mann-Whitney U test was used for statistical analysis, * p < 0.05,
**p < 0.01. gMFI = geometric mean fluorescence intensity.

In summary, except for naive CD4" T cells in IPAH patients, the expression of CTLA4
was significantly increased in circulating naive and memory CD4* and CD8* T cells from
both patient groups, compared with HCs. ICOS expression on CD4" and CD8* T cells was
not affected, suggesting that their activation status remained unchanged. The cytokine



Int. J. Mol. Sci. 2022, 23, 6508

7 of 16

correlation matrices revealed that in memory CD4" T cells from PAH patients, CTLA4
expression correlated with cytokine production capacity, in particular with IL-17+ Th
cells in IPAH. Furthermore, for both CD4* and for CD8" T cells, the correlations between
cytokine expression were weaker in IPAH patients than in those in both HCs and CTD-PAH
patients. Analysis of peripheral blood DCs and monocytes did not provide evidence for
altered DC activation.

2.3. Principal Component Analysis of T Cell Cytokine Production Separates IPAH Patients from HCs

Next, we investigated whether a multivariate analysis would be able to separate PAH
patients and HCs, based the observed phenotypic differences in the T cell compartments. To
this end, we performed a PCA using the obtained data of cytokine production, chemokine-
receptor based Th subset distribution and activation marker expression (Figure 3A). IPAH
patients were separated from HCs in the first dimension (Dim1; 31.3%), dominated by in-
tracellular cytokine expression mainly in CD4* T cells, and in Dim2 (15.9%), dominated by
Th and Tc subset sizes and CTLA4 expression. CTD-PAH patients were separated in Dim2
only. Interestingly, a PCA solely based on frequencies of cytokine-producing cells could also
separate IPAH patients from HCs but not CTD-PAH patients from HCs (Figure 3B). Hereby,
the Th1- and Th17-associated cytokines contributed most to Dim1 (58%).

Taken together, these findings confirm that CD4* and CD8* T cells from treatment-
naive IPAH patients have unique cytokine expression profiles that are significantly different
from HCs.

2.4. T Cell Cytokine and CTLA4 Expression Profiles in IPAH Patients Significantly Change over Time

To determine the dynamics of the T cell cytokine and CTLA4 expression profiles in
PAH patients, we analysed subgroups of 11 IPAH patients and 12 CTD-PAH patients
of whom paired samples at diagnosis and 1-year follow-up were available for analysis.
Whereas intracellular IL-17 in memory CD4" T cells of IPAH patients increased over time,
the other cytokines analysed remained stable (Figure 4A). The cytokine-producing capacity
of memory CD8" T cells of IPAH patients (Figure 4B and data not shown) and of memory
CD4* and CD8" T cells of CTD-PAH patients (Figure 4A,B and data not shown) was
unaltered over time.

The proportions of Th17 cells increased over time in both patient groups (Figure 4C).
For IPAH patients, this rise of Th17 cells paralleled the observed increased frequency of
IL-17* CD4" T cells over time. At 1-year follow-up, frequencies of CXCR5* Tc or Tc17 cells
were increased in IPAH patients but not in CTD-PAH patients.

The expression of CTLA4 decreased over time for all T cell populations in both
patient groups, which only reached significance in IPAH patients (Figure 4D). Inferred
from the values of the geometric mean fluorescence intensities, the CTLA4 expression at
1-year follow-up returned to the levels seen in HCs (compare Figures 4D and 2A). ICOS
expression on memory CD4" T cells was significantly increased at 1-year follow-up in
both patient groups (Supplementary Figure S5A). PD-1 expression remained stable in the
memory CD4* T cell fractions but decreased in memory CD8" T cells, reaching significance
for the CTD-PAH patient group only (Supplementary Figure S5B).

To obtain more comprehensive insight, we performed a PCA and found that IPAH
patients at diagnosis and at 1-year follow-up were separated in Dim?2 (21.5%) and Dim3
(9.5%), to which Th and Tc subsets, IFNy™* T cells and CTLA4 contributed most (Figure 5A).
Hereby, the IPAH patients at 1-year follow-up moved towards the profile seen in HCs in
Dim2 but away from HCs in Dim3. Dim 1 (33.3%) did not separate IPAH patients at baseline
and at 1-year follow-up. (Supplementary Figure S6A). Furthermore, our T cell parameters
did not separate CTD-PAH patients at diagnosis from patients at 1-year follow-up (Dim2
and Dim3: Figure 5B; Dim1 and Dim3: Supplementary Figure S6B).

In summary, in IPAH patients the proportions of IL-17* CD4* T cells, Th17 and Tc17
increased at 1-year follow-up, compared to baseline. In both CD4" T and CD8* T cells,
CTLA4 expression decreased, which was accompanied by increased ICOS expression for
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Figure 3. Multivariate analysis separates treatment-naive PAH patients from HCs, mainly by T cell
cytokine production. (A) Principal component analysis (PCA) of HCs (n = 13), IPAH (n = 12) and
CTD-PAH (n = 23) patients of whom all variables (peripheral T cell subsets, activation markers and
cytokine production) could be determined by flow cytometry (left), with the contributions of the top
10 variables in percentages of Dim1 and Dim2 (right). (B) PCA of T cell cytokines only of HCs (n = 14),
IPAH (n = 13) and CTD-PAH (n = 23) patients determined by flow cytometry and contributions of the
top 10 variables in percentages of Dim1 and Dim2. Symbols represent values of individual patients
or HCs, whereby lines connect these values to the mean Dim1 and Dim2 coordinates. Mann-Whitney
U test was used for statistical analysis of coordinates on the dimension between PAH patients and
HCs, * p <0.05, ** p < 0.01.
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Figure 4. T cell profile changes over time in PAH patients. (A,B) Quantification of the proportions
of CD45RA™ CD4* memory T cells (A) and CD45RA~ CD8" memory T cells (B) producing the
indicated cytokines in paired samples from IPAH and CTD-PAH patients at diagnosis and at 1-year

gMFICTLA4
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follow-up. (C) Proportions of peripheral blood CD4* and CD8* T cell subsets, based on chemokine
receptor expression, in paired samples from PAH patients at diagnosis and 1-year follow-up.
(D) Quantification of CTLA4 expression in the indicated T cell fractions in samples from IPAH
and CTD-PAH patients at diagnosis and 1-year follow-up. Closed and open circles represent values
of individual patients at diagnosis and 1-year follow-up, respectively. Paired samples are connected
by a line. Wilcoxon matched-pairs signed-rank test was used for statistical analysis, * p < 0.05,
** p < 0.01. gMFI = geometric mean fluorescence intensity.
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Figure 5. Multivariate analysis separates IPAH patients but not CTD-PAH patients at diagnosis
and 1-year follow-up. (A,B) Principal component analysis (PCA) of IPAH patients (n = 9) (A) and
CTD-PAH patients (n = 11) of whom all variables (peripheral T cell subsets, activation markers and
cytokine production) could be determined by flow cytometry at 1-year follow-up (left), with the
contributions of the top 10 variables in percentages of Dim2 and Dim3 (right). Symbols represent
values of individual patients or HCs, whereby lines connect these values to the mean Dim2 and Dim3
coordinates. Mean coordinates of HCs are indicated in black. Wilcoxon matched-pairs signed-rank
test was used for statistical analysis, * p < 0.05.

3. Discussion

The finding that the lungs of most patients with IPAH contain increased numbers of T cells
and DCs suggested the involvement of the immune system in its pathophysiology [3-5,27] and
prompted us to investigate these immune cells in peripheral blood. Using flow cytometry, we
characterized circulating CD4* and CD8* T cells, DCs and monocytes in a well-defined cohort of
treatment-naive IPAH patients, whereby results were compared to HCs and CTD-PAH patients.

Our analyses revealed that in IPAH patients, at diagnosis both the CD4* and CD8* T-
cell compartment in peripheral blood contained reduced proportions of cytokine-producing
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cells and increased expression of the CTLA4 checkpoint molecule. We found a significant
decrease for TNFe, IFNvy, IL-4 and IL-17 in CD4" T cells and for IFNy in CD8* T cells,
which separated IPAH patients from HCs in a PCA. After 1 year of PAH-specific therapy,
proportions of IL-17* CD4* T cells, Th17 and Tc17 cells were increased, whereas CTLA4
expression on both CD4" and CD8* T cells was concomitantly decreased in IPAH patients.
Our analyses showed that the phenotype of T cells in IPAH was different from CTD-PAH, in
which cytokine expression was similar to HCs and did not change during 1-year follow-up.
At baseline, CTD-PAH CD4" and CD8* T cells showed increased CTLA4 expression to
levels that appeared even higher than those in T cells from IPAH patients.

The finding that the peripheral blood CD4* and CD8" T cell compartment of IPAH
patients contained reduced numbers of cytokine-producing cells was striking. This con-
cerned Th1-, Th2- and Th17-associated cytokines, and therefore we did not find evidence
for a shift in Th subset ratios. The underlying mechanisms remain unknown but may
involve T cell exhaustion, which is linked to increased CTLA4 expression [28]. However,
this would not be supported by our finding that CTLA4 expression essentially showed
positive correlations with proportions of cytokine-expressing cells. Moreover, in CTD-PAH
patients, CTLA4 expression was also increased on CD4* and CD8" T cells, but their cy-
tokine production was unchanged. Alternatively, the reduced cytokine production capacity
could be due to other inhibitory signals.

Expression of PD-1, another co-inhibitory molecule associated with T cell exhaustion,
and the activation marker ICOS on T cells remained unaltered in IPAH patients. Neverthe-
less, the specific increase in anti-inflammatory IL-10 in plasma or serum of IPAH patients
(but not CTD-PAH patients) may well contribute to the observed differences in cytokine
profiles [12,29]. It is also conceivable that cytokine-producing cells may have migrated
into inflamed tissue, particularly because CD3" T cells were found to be increased in lungs
of IPAH patients [4]. Finally, it cannot be excluded that individuals with relatively low
proportions of cytokine-producing cells in their circulation have an increased susceptibility
to develop IPAH. In this context, the phenomenon may be related to findings in patients
with chronic obstructive pulmonary disease (COPD). In the peripheral blood of these
patients, significantly increased proportions of IFN-y* and TNF-a* CD8* T cells were only
found in less severe disease cases but not in more advanced GOLD stage IV patients [30].
COPD patients with severely reduced diffusing capacity also had lower proportions of
IL-17* CD4* T cells in their circulation.

In our analyses, the strong signals induced by PMA and ionomycin in vitro bypass the
TCR-mediated signals supported by co-stimulatory signals dependent on the CD28/CTLA4
balance. Therefore, further experiments are required to determine the effect of increased
CTLA4 expression on T cell activation and cytokine production in T cells from IPAH patients
following TCR stimulation and co-stimulation in an interaction with antigen presenting
cells. Hereby, it is of note that genetic variation in HLA-DPA1/DPBI1 is associated with
PAH [31], suggesting that interactions of CD4" T cells with HLA class II-expressing cells,
including monocytes, DCs or alveolar epithelial cells, may contribute to PAH development.

Because both IPAH and CTD-PAH are multifactorial diseases thought to develop by
a multi-hit principle [32], it is attractive to speculate that the observed increased CTLA4
expression on T cells of both IPAH and CTD-PAH patients reflects one of the things that
is common to the two diseases. In this context, it is of note that cytokine signatures,
including TNFe, differentiate systemic sclerosis (SSc) patients at high versus low risk for
PAH. However, it remains unclear whether immune changes contribute to the initiation
of PAH symptoms in CTD or are a consequence of PAH. Another common factor might
be Th17 cells, which have been implicated in various systemic auto-immune diseases,
including SSc [33], as well as IPAH [10]. In addition, Tc17 cells or Tfh cells with a Th17-like
chemokine receptor signature, which were increased in a heterogeneous group of IPAH
patients [13], may contribute. Our finding that treatment-naive IPAH patients did not show
increased frequencies of Th17 cells, whereas IL-17 production and Th17 cell frequencies
increased at 1-year follow-up, would suggest that the Th17 phenotype develops during
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the disease. It remains unknown whether the increase in Th17 cells over time, as well
as the increase in cytokine production in general, was a result of disease progression or
PAH-specific medication. The former would be supported by the reported correlation
between the frequencies of Th17 cells and disease severity in various diseases, including
CTD-PAH [17] and psoriasis [34]. Overall, the groups of IPAH and CTD-PAH patients did
not substantially differ in the specific PAH therapy they received. The increased cytokine
production that we observed at 1-year follow-up in IPAH patients was not present in
CTD-PAH patients, suggesting that this increase may be due to disease progression or
disease-specific response to therapy, rather than a direct immunomodulatory effect of the
PAH specific medication. However, effects of PAH-specific medication cannot be excluded,
because these drugs have some immunomodulatory effects [35]. This may also explain
the heterogeneity seen within the IPAH and CTD-PAH patient groups, whereby some
patients show increased cytokine production capacity and others show decreased cytokine
production capacity at follow-up. Particularly, because patients received either mono, duo
or triple therapy with different classes of medication, perhaps exerting different effects
on immune cells. A limitation of our study is the number of IPAH patients investigated.
Because IPAH is a heterogeneous disease, it is very well possible that the immune profiles
of subgroups of IPAH patients show a higher or a lower level of resemblance with CTD-
PAH patients. Analysis of a larger group of treatment-naive IPAH patients could identify
immune profile-based IPAH subgroups.

In IPAH patients, we did not observe major defects in peripheral blood myeloid
cells, including DC subsets and monocytes. Yet, we previously showed spontaneous
PH development in mice with a targeted deletion of the Tnfaip3 gene in cDCs, resulting
in aberrant DC activation [23,24]. Moreover, in human IPAH lung tissue we found co-
localization of DCs and CD8" T cells [23] and pDCs were more abundant in lung biopsies
of IPAH patients [4]. Taken together, these studies provide evidence for a local involvement
of DCs, which may exert a pathogenic role by initiation or maintenance of T cell activation,
by maintaining lymphoid structures in the lung [36] and/or by initiating remodelling
of pulmonary vessels [27]. The presence and activation status of DCs or monocytes in
peripheral blood may not necessarily resemble their equivalents in the lung [37].

In conclusion, we found a significantly reduced cytokine-producing capacity of T
cells of IPAH patients but not in CTD-PAH patients. The identified differences between
IPAH patients and CTD-PAH patients in T cell subsets, their activation status and cytokine
production capacity indicate different immune involvement across the two PAH subgroups.
Although clinical trials treating PAH patients with immunomodulatory medication have
been negative or inconclusive so far [38], our study illustrates the importance of a detailed
understanding of the different immune phenotypes in the PAH subgroups for future
interventional studies.

4. Materials and Methods
4.1. Subjects and Study Design

Thirty-nine PAH (15 IPAH and 24 CTD-PAH) patients were diagnosed according to
the ERS/ECSC guidelines (Table 1) [39]. T cell activation, cytokine production and Th
subset division was measured. In a subgroup of 29 patients (12 IPAH and 17 CTD-PAH),
monocytes and DCs were analysed in addition (Supplementary Table S2). Similar to prior
work from our group [29,40], exclusion criteria were: incomplete diagnostic work-up and
therefore no confirmed PH diagnosis, not treatment-naive for PH therapy and age < 18
years or not capable of understanding or signing informed consent. Additionally, 17 HCs
(41% female, mean age 55.3 =+ 12.5) for T cell characterization and 12 HCs (42% female,
mean age 50 =+ 12.4) for myeloid characterization, were included. Exclusion criteria for HCs
were: autoimmune disease, active infectious disease, use of immunomodulatory drugs and
history of cardiopulmonary disease. The study protocol was approved by the Erasmus MC
medical ethical committee (MEC-2011-392). Written informed consent was given by all
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patients and controls. The study was performed conforming to the principles outlined in
the declaration of Helsinki.

4.2. Clinical Data Collection, Follow-Up and Definition of Endpoints

Hemodynamic and clinical data at diagnosis were collected during inpatient car-
diopulmonary screening visits [29,40]. Data were collected and stored in PAHTool (version
4.3.5947.29411, Inovoltus), an online electronic case report form. Patients were treated
according to the ERS/ESC guidelines [39] and prospectively followed up by half-yearly
scheduled visits to the outpatient clinic.

4.3. Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated—using ficoll density
separation—from peripheral venous blood samples of PAH patients (taken directly af-
ter right heart catheterization) and HCs, using standard procedures. Cell counts were
determined by manually counting using trypan blue and a Biirker Tiirk counting cham-
ber. PBMCs were suspended in freezing medium containing 80% FCS and 20% DMSO
and stored in cryogenic storage vials at —80 °C until further use. Flow cytometry proce-
dures have been described previously [41] and antibodies used for intra- and extracellular
staining are given in Supplementary Table S3. In brief, for the determination of T cell
subsets, PBMC fractions were directly stained for the chemokine receptors and extra-
cellular markers CCR4—FITC, CD45RA—PE TxR, CD4—PercP-Cy5.5, CXCR5—Pe-Cy?7,
ICOS—BV650, CXCR3—BV711, PD1—BV786, CCR6—APC, CD3—APC-Cy7, CD8—AF700
for 60 min at 4 °C in phosphate-buffered saline (PBS) supplemented with 5 mM EDTA
and 1% BSA (MACS buffer). After fixation with paraformaldehyde (2% for 10 min at 4 °C)
and permeabilisation step with saponin (0.5% for 30 min at room temperature), cells were
intracellularly stained for FoxP3—PE and CTLA4—BV421. For DC/monocyte staining,
PBMC fractions were stained for extracellular markers CD16—FITC, PD-L1—PE-CF594,
CD56—Pe-Cy7, AXL—APC, CD3—AF700, CD19—AF700, CD20—AF700, CD86—Biotin,
CD80—BV421, CD11c—BV605, CD123—BV650, HLA-DR—BV711, CD14—BV785 in MACS
buffer for 30 min at 4 °C, after which cells were incubated with streptavidin—APC-Cy7
for 10 min at 4 °C. Subsequently, cells were stained after a fixation and permeabilisation
step for IRF4—PE and IRF8—Percp-Cy5.5 for 60 min at 4 °C. For the measurement of
cytokines, PBMCs were incubated for 4 h at 37 °C in RPMI Medium 1640 + GlutaMAX-I
(Gibco) supplemented with 5% fetal bovine serum (Gibco, Billings, MT, USA), 10 ng/mL
phorbol 12-mysristate 13-acetate (Sigma-Aldrich, St. Louis, MO, USA), 250 ng/mL ion-
omycin (Sigma-Adrich) and Golgistop (BD Bioscience, Franklin Lakes, NJ, USA), af-
ter which cells were stained for extracellular markers CD4—FITC, CD45RA—BV650,
CD3—biotin, CD8—AF700, CD25—Pe-Cy7, CD127—BV421 and intracellular markers IL-
10—PercP-Cy5.5, IL-4—PAC-Cy7, IL-6—PE, IENy—BV711, IL-17—BV786, TNFx—APC,
GM-CSF—PE-TxR as previously described [42]. Non-specific labelling was prevented in
all stainings by blocking Fc receptors using human TruStain FcX (Biolegend, San Diego,
CA, USA) and dead cells were excluded with Fixable Viability Dye Live/Dead eF506
(eBioscience, Franklin Lakes, NJ, USA) and forward and side scatter values. Data were
acquired using a FACSymphony A5 flow cytometer (Beckton Dickinson, Franklin Lakes,
NJ, USA) and analysed using Flow]Jo v.10 (Tree Star Inc software, Ashland, OR, USA).

4.4. Principal Component Analysis and Statistical Evaluation

Principal component analysis (PCA) was performed using R and RStudio, and the
packages FactoMineR and Factoextra, and this has been described previously [29,43]. Sta-
tistical evaluations of flow cytometry data and PCA dimension coordinates for differences
between HCs and either IPAH patients or CTD-PAH patients were performed by Mann-
Whitney U tests. Paired diagnosis and 1-year follow-up data were analysed by the Wilcoxon
matched-pairs signed-rank test. Correlation coefficients were calculated using the non-
parametric Spearman correlation. All statistical tests were two-sided; p-values < 0.05 were
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considered statistically significant. Statistical analyses were performed using GraphPad
Prism v.8 (Graph Pad Software, San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms23126508 /s1. Refs. [8,11,44,45] are cited in Supplementary Materials.

Author Contributions: D.v.U., M.K,, RW.H. and K.A.B. conceived the project and designed the ex-
periments. D.v.U., TK,, J.A.C.v.H., M.V. and M.v.N. generated data or tools for the project. A.E.v.d.B.,
LM.v.d.T., PPC. and K.A.B. included material or patients for our study. D.v.U., TK., RW.H. and
K.A.B. wrote the manuscript. All authors read, provided valuable feedback and approved the final
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Dutch Heart Foundation under grant number 2016T052
(DvU/MK) and partially supported by an unrestricted grant from Ferrer pharmaceuticals, Actelion
Pharmaceuticals and the Pulmonary Hypertension Patients Association (TK).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Erasmus MC medical ethical committee (MEC-2011-392).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available in this article or upon
reasonable request.

Acknowledgments: We would like to thank Ingrid M. Bergen for her valuable contribution to this
manuscript and we would like to thank all the patients that participated in the study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Simonneau, G.; Montani, D.; Celermajer, D.; Denton, C.P,; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic
definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. |. 2019, 53, 1801913. [CrossRef] [PubMed]

2. Rabinovitch, M.; Guignabert, C.; Humbert, M.; Nicolls, M.R. Inflammation and Immunity in the Pathogenesis of Pulmonary
Arterial Hypertension. Circ. Res. 2014, 115, 165-175. [CrossRef] [PubMed]

3. Koudstaal, T.; Boomars, K.A.; Kool, M. Pulmonary Arterial Hypertension and Chronic Thromboembolic Pulmonary Hypertension:
An Immunological Perspective. J. Clin. Med. 2020, 9, 561. [CrossRef] [PubMed]

4. Marsh, LM,; Jand], K,; Griinig, G.; Foris, V.; Bashir, M.; Ghanim, B.; Klepetko, W.; Olschewski, H.; Olschewski, A.; Kwapiszewska,
G. The inflammatory cell landscape in the lungs of patients with idiopathic pulmonary arterial hypertension. Eur. Respir. ]. 2018,
51,1701214. [CrossRef]

5.  Savai, R.; Pullamsetti, S.S.; Kolbe, ].; Bieniek, E.; Voswinckel, R.; Fink, L.; Scheed, A.; Ritter, C.; Dahal, B.K.; Vater, A.; et al.
Immune and Inflammatory Cell Involvement in the Pathology of Idiopathic Pulmonary Arterial Hypertension. Am. . Respir. Crit.
Care Med. 2012, 186, 897-908. [CrossRef]

6. Mauad, T.; Pozzan, G.; Langas, T.; Overbeek, M.].; Souza, R.; Jardim, C.; Dolhnikoff, M.; Mello, G.; Pires-Neto, R.C.; Bernardi,
ED.C,; et al. Inmunopathological aspects of schistosomiasis-associated pulmonary arterial hypertension. J. Infect. 2014, 68, 90-98.
[CrossRef]

7. Gaffen, S.L.; Jain, R.; Garg, A.V,; Cua, D.J. The IL-23-IL-17 immune axis: From mechanisms to therapeutic testing. Nat. Rev.
Immunol. 2014, 14, 585-600. [CrossRef]

8. Stadhouders, R.; Lubberts, E.; Hendriks, R.W. A cellular and molecular view of T helper 17 cell plasticity in autoimmunity.
J. Autoimmun. 2018, 87, 1-15. [CrossRef]

9.  Perros, E; Dorfmiiller, P.; Montani, D.; Hammad, H.; Waelput, W.; Girerd, B.; Raymond, N.; Mercier, O.; Mussot, S.; Cohen-
Kaminsky, S.; et al. Pulmonary Lymphoid Neogenesis in Idiopathic Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care
Med. 2012, 185, 311-321. [CrossRef]

10. Hautefort, A.; Girerd, B.; Montani, D.; Cohen-Kaminsky, S.; Price, L.; Lambrecht, B.N.; Humbert, M.; Perros, F. T-Helper 17 Cell
Polarization in Pulmonary Arterial Hypertension. Chest 2015, 147, 1610-1620. [CrossRef]

11.  Van Hamburg, J.P; Tas, S.W. Molecular mechanisms underpinning T helper 17 cell heterogeneity and functions in rheumatoid
arthritis. J. Autoimmun. 2018, 87, 69-81. [CrossRef]

12.  Soon, E.; Holmes, A.M.; Treacy, C.M.; Doughty, N.J.; Southgate, L.; Machado, R.D.; Trembath, R.C.; Jennings, S.; Barker, L.;

Nicklin, P; et al. Elevated Levels of Inflammatory Cytokines Predict Survival in Idiopathic and Familial Pulmonary Arterial
Hypertension. Circulation 2010, 122, 920-927. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23126508/s1
https://www.mdpi.com/article/10.3390/ijms23126508/s1
http://doi.org/10.1183/13993003.01913-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545968
http://doi.org/10.1161/CIRCRESAHA.113.301141
http://www.ncbi.nlm.nih.gov/pubmed/24951765
http://doi.org/10.3390/jcm9020561
http://www.ncbi.nlm.nih.gov/pubmed/32092864
http://doi.org/10.1183/13993003.01214-2017
http://doi.org/10.1164/rccm.201202-0335OC
http://doi.org/10.1016/j.jinf.2013.08.004
http://doi.org/10.1038/nri3707
http://doi.org/10.1016/j.jaut.2017.12.007
http://doi.org/10.1164/rccm.201105-0927OC
http://doi.org/10.1378/chest.14-1678
http://doi.org/10.1016/j.jaut.2017.12.006
http://doi.org/10.1161/CIRCULATIONAHA.109.933762

Int. J. Mol. Sci. 2022, 23, 6508 15 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Heukels, P.; Corneth, O.B.].; van Uden, D.; Hulst, ].A.C.V.; Toorn, LM.V.D.; Bosch, A.E.V.D.; Wijsenbeek, M.S.; Boomars, K.A.;
Kool, M.; Hendriks, R.-W. Loss of immune homeostasis in patients with idiopathic pulmonary arterial hypertension. Thorax 2021,
76,1209-1218. [CrossRef]

Tian, W.; Jiang, S.Y.; Jiang, X.; Tamosiuniene, R.; Kim, D.; Guan, T.; Arsalane, S.; Pasupneti, S.; Voelkel, N.E; Tang, Q.; et al. The
Role of Regulatory T Cells in Pulmonary Arterial Hypertension. Front. Immunol. 2021, 12, 684657. [CrossRef]

Austin, E.; Rock, M.; Mosse, C.; Vnencak-Jones, C.; Yoder, S.; Robbins, I.; Loyd, J.; Meyrick, B. T lymphocyte subset abnormalities
in the blood and lung in pulmonary arterial hypertension. Respir. Med. 2010, 104, 454-462. [CrossRef]

Huertas, A.; Phan, C.; Bordenave, J.; Tu, L.; Thuillet, R.; Le Hiress, M.; Avouac, J.; Tamura, Y.; Allanore, Y.; Jovan, R.; et al.
Regulatory T Cell Dysfunction in Idiopathic, Heritable and Connective Tissue-Associated Pulmonary Arterial Hypertension.
Chest 2016, 149, 1482-1493. [CrossRef]

Gaowa, S.; Zhou, W.; Yu, L.; Zhou, X,; Liao, K,; Yang, K.; Lu, Z; Jiang, H.; Chen, X. Effect of Th17 and Treg Axis Disorder on
Outcomes of Pulmonary Arterial Hypertension in Connective Tissue Diseases. Mediat. Inflamm. 2014, 2014, 247372. [CrossRef]
Ulrich, S.; Nicolls, M.R,; Taraseviciene, L.; Speich, R.; Voelkel, N. Increased Regulatory and Decreased CD8+ Cytotoxic T Cells in
the Blood of Patients with Idiopathic Pulmonary Arterial Hypertension. Respiration 2008, 75, 272-280. [CrossRef]

Blum, L.K,; Cao, R.R.; Sweatt, A.J.; Bill, M.; Lahey, L.J.; Hsi, A.C; Lee, C.S.; Kongpachith, S.; Ju, C.-H.; Mao, R.; et al. Circu-
lating plasmablasts are elevated and produce pathogenic anti-endothelial cell autoantibodies in idiopathic pulmonary arterial
hypertension. Eur. J. Immunol. 2018, 48, 874-884. [CrossRef]

Rich, S.; Kieras, K.; Hart, K.; Groves, B.M,; Stobo, ].D.; Brundage, B.H. Antinuclear antibodies in primary pulmonary hypertension.
J. Am. Coll. Cardiol. 1986, 8, 1307-1311. [CrossRef]

Arends, S.J.; Damoiseaux, J.; Duijvestijn, A.; Debrus-Palmans, L.; Boomars, K.; Broers, B.; Tervaert, ] W.C.; van Paassen, P.
Prevalence of anti-endothelial cell antibodies in idiopathic pulmonary arterial hypertension. Eur. Respir. J. 2010, 35, 923-925.
[CrossRef]

Wang, W.; Yan, H.; Zhu, W,; Cui, Y,; Chen, J.; Wang, X.; Li, S.; Zhu, J. Impairment of Monocyte-derived Dendritic Cells in
Idiopathic Pulmonary Arterial Hypertension. J. Clin. Immunol. 2009, 29, 705-713. [CrossRef]

Van Uden, D.; Koudstaal, T.; van Hulst, J.; Bergen, L.; Gootjes, C.; Morrell, N.; van Loo, G.; von der Thiisen, J.; Bosch, T.V.D,;
Ghigna, M.-R.; et al. Central Role of Dendritic Cells in Pulmonary Arterial Hypertension in Human and Mice. Int. J. Mol. Sci.
2021, 22, 1756. [CrossRef]

Koudstaal, T.; van Hulst, ].A.C.; Das, T.; Neys, S.EH.; Merkus, D.; Bergen, . M.; de Raaf, M.A.; Bogaard, H.J.; Boon, L.; van Loo,
G.; et al. DNGR1-Cre-mediated Deletion of Tnfaip3/A20 in Conventional Dendritic Cells Induces Pulmonary Hypertension in
Mice. Am. |. Respir. Cell Mol. Biol. 2020, 63, 665-680. [CrossRef]

Shu, T.; Xing, Y.; Wang, J. Autoimmunity in Pulmonary Arterial Hypertension: Evidence for Local Immunoglobulin Production.
Front. Cardiovasc. Med. 2021, 8, 680109. [CrossRef]

Villani, A.C.; Satija, R.; Reynolds, G.; Sarkizova, S.; Shekhar, K.; Fletcher, J.; Griesbeck, M.; Butler, A.; Zheng, S.; Lazo, S.; et al.
Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and progenitors. Science 2017, 356, eaah4573.
[CrossRef]

Van Uden, D.; Boomars, K.; Kool, M. Dendritic Cell Subsets and Effector Function in Idiopathic and Connective Tissue Disease-
Associated Pulmonary Arterial Hypertension. Front. Immunol. 2019, 10, 11. [CrossRef]

Chen, L.; Flies, D.B. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat. Rev. Immunol. 2013, 13, 227-242.
[CrossRef]

Koudstaal, T.; van Uden, D.; van Hulst, ].A.C.; Heukels, P; Bergen, LM.; Geenen, L. W.; Baggen, V.J.M.; Bosch, A.E.V.D.; Toorn,
L.M.V.D,; Chandoesing, P.P; et al. Plasma markers in pulmonary hypertension subgroups correlate with patient survival. Respir.
Res. 2021, 22, 137. [CrossRef]

Paats, M.S.; Bergen, LM.; Hoogsteden, H.C.; van der Eerden, M.M.; Hendriks, R.W. Systemic CD4+ and CD8+ T-cell cytokine
profiles correlate with GOLD stage in stable COPD. Eur. Respir. ]. 2011, 40, 330-337. [CrossRef] [PubMed]

Rhodes, C.J.; Batai, K.; Bleda, M.; Haimel, M.; Southgate, L.; Germain, M.; Pauciulo, M.W.; Hadinnapola, C.; Aman, J.; Girerd,
B.; et al. Genetic determinants of risk in pulmonary arterial hypertension: International genome-wide association studies and
meta-analysis. Lancet Respir. Med. 2018, 7, 227-238. [CrossRef]

Yang, P.; Yu, P.B. In Search of the Second Hit in Pulmonary Arterial Hypertension. Circ. Res. 2019, 124, 6-8. [CrossRef] [PubMed]
Kumar, R; Theiss, A.L.; Venuprasad, K. RORyt protein modifications and IL-17-mediated inflammation. Trends Immunol. 2021,
42,1037-1050. [CrossRef] [PubMed]

Aguilar-Flores, C.; Castro-Escamilla, O.; Ortega-Rocha, E.M.; Maldonado-Garcia, C.; Cruz, E].-S.; Pérez-Montesinos, G.; Lemini-
Loépez, A.; Bonifaz, L.C. Association of Pathogenic Th17 Cells with the Disease Severity and Its Potential Implication for Biological
Treatment Selection in Psoriasis Patients. Mediat. Inflamm. 2020, 2020, 8065147. [CrossRef]

Yoo, H.H.B.; Marin, EL. Treating Inflammation Associated with Pulmonary Hypertension: An Overview of the Literature. Int. J.
Gen. Med. 2022, 15, 1075-1083. [CrossRef]

GeurtsvanKessel, C.H.; Willart, M.A.; Bergen, LM.; Van Rijt, L.S.; Muskens, E; Elewaut, D.; Osterhaus, A.; Hendriks, R,;
Rimmelzwaan, G.F,; Lambrecht, B.N. Dendritic cells are crucial for maintenance of tertiary lymphoid structures in the lung of
influenza virus-infected mice. J. Exp. Med. 2009, 206, 2339-2349. [CrossRef]

Collin, M.; Bigley, V. Human dendritic cell subsets: An update. Immunology 2018, 154, 3-20. [CrossRef]


http://doi.org/10.1136/thoraxjnl-2020-215460
http://doi.org/10.3389/fimmu.2021.684657
http://doi.org/10.1016/j.rmed.2009.10.004
http://doi.org/10.1016/j.chest.2016.01.004
http://doi.org/10.1155/2014/247372
http://doi.org/10.1159/000111548
http://doi.org/10.1002/eji.201747460
http://doi.org/10.1016/S0735-1097(86)80301-1
http://doi.org/10.1183/09031936.00164209
http://doi.org/10.1007/s10875-009-9322-8
http://doi.org/10.3390/ijms22041756
http://doi.org/10.1165/rcmb.2019-0443OC
http://doi.org/10.3389/fcvm.2021.680109
http://doi.org/10.1126/science.aah4573
http://doi.org/10.3389/fimmu.2019.00011
http://doi.org/10.1038/nri3405
http://doi.org/10.1186/s12931-021-01716-w
http://doi.org/10.1183/09031936.00079611
http://www.ncbi.nlm.nih.gov/pubmed/22183488
http://doi.org/10.1016/S2213-2600(18)30409-0
http://doi.org/10.1161/CIRCRESAHA.118.314270
http://www.ncbi.nlm.nih.gov/pubmed/30605416
http://doi.org/10.1016/j.it.2021.09.005
http://www.ncbi.nlm.nih.gov/pubmed/34635393
http://doi.org/10.1155/2020/8065147
http://doi.org/10.2147/IJGM.S295463
http://doi.org/10.1084/jem.20090410
http://doi.org/10.1111/imm.12888

Int. ]. Mol. Sci. 2022, 23, 6508 16 of 16

38.

39.

40.

41.

42.

43.
44.
45.

Hu, Y,; Chi, L.; Kuebler, WM.; Goldenberg, N.M. Perivascular Inflammation in Pulmonary Arterial Hypertension. Cells 2020, 9, 2338.
[CrossRef]

Galié, N.; Humbert, M.; Vachiéry, ].-L.; Gibbs, S.; Lang, I; Torbicki, A.; Simonneau, G.; Peacock, A.; Noordegraaf, A.V.; Beghetti, M.; et al.
2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension. Eur. Respir. J. 2015, 46, 903-975. [CrossRef]
Geenen, L.W,; Baggen, V.J.M.; Koudstaal, T.; Boomars, K.A.; Eindhoven, J.A.; Boersma, E.; Roos-Hesselink, ].W.; van den Bosch,
A E. The prognostic value of various biomarkers in adults with pulmonary hypertension; a multi-biomarker approach. Am. Heart
J. 2019, 208, 91-99. [CrossRef]

Van Uden, D.; Koudstaal, T.; van Hulst, J.A.C.; van den Bosch, T.P.P; Vink, M.; Bergen, LM.; Lila, K.A.; van den Bosch, A.E,;
Bresser, P.; Kool, M.; et al. Evidence for a Role of CCR6+ T Cells in Chronic Thromboembolic Pulmonary Hypertension. Front.
Immunol. 2022, 13, 861450. [CrossRef]

Van der Ploeg, E.K.; Golebski, K.; van Nimwegen, M.; Fergusson, J.R.; Heesters, B.A.; Martinez-Gonzalez, I.; Kradolfer, CM.A;
van Tol, S.; Scicluna, B.P.; de Bruijn, M.]J.W,; et al. Steroid-resistant human inflammatory ILC2s are marked by CD45RO and
elevated in type 2 respiratory diseases. Sci. Immunol. 2021, 6, eabd3489. [CrossRef]

Lé¢, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Softw. 2008, 25, 1-18. [CrossRef]
Tesmer, L.A.; Lundy, S.K.; Sarkar, S.; Fox, D.A. Th17 cells in human disease. Immunol. Rev. 2008, 223, 87-113. [CrossRef]
Rakebrandt, N.; Littringer, K.; Joller, N. Regulatory T cells: Balancing protection versus pathology. Swiss Med. Wkly 2016, 146, w14343.
[CrossRef]


http://doi.org/10.3390/cells9112338
http://doi.org/10.1183/13993003.01032-2015
http://doi.org/10.1016/j.ahj.2018.11.001
http://doi.org/10.3389/fimmu.2022.861450
http://doi.org/10.1126/sciimmunol.abd3489
http://doi.org/10.18637/jss.v025.i01
http://doi.org/10.1111/j.1600-065X.2008.00628.x
http://doi.org/10.4414/smw.2016.14343

	Introduction 
	Results 
	T Cells from Treatment-Naive IPAH Patients Show Reduced Cytokine-Producing Capacity 
	T Cells from PAH Patients Show Increased CTLA4 Expression, Correlating with Cytokine-Producing Capacity 
	Principal Component Analysis of T Cell Cytokine Production Separates IPAH Patients from HCs 
	T Cell Cytokine and CTLA4 Expression Profiles in IPAH Patients Significantly Change over Time 

	Discussion 
	Materials and Methods 
	Subjects and Study Design 
	Clinical Data Collection, Follow-Up and Definition of Endpoints 
	Flow Cytometry 
	Principal Component Analysis and Statistical Evaluation 

	References

