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T cells in pulmonary hypertension: protective or pathogenic?
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ABSTRACT: Pulmonary hypertension (PH) is a
complex and progressive syndrome characterized
by vascular remodeling, inflammation, and immune
imbalance. Although T cell dysregulation is
increasingly recognized in PH, their precise role
remains controversial. Pathogenic subsets, such as o A

T helper 17 cells (Th17), promote vascular ,
inflammation and smooth muscle proliferation
through cytokines including IL-17 and IFN-y,
whereas regulatory T cells (Tregs) counteract these
processes by suppressing excessive immune
responses and maintaining endothelial stability. In
PH, T cell homeostasis is largely shaped by signals
from macrophages, dendritic cells, vascular cells
and so on. Yet they are not bystanders: once
activated, T cells engage in cytokine release and
intercellular interactions. Importantly, their activation may represent a secondary consequence of disease, a primary trigger of
vascular injury, or a protective mechanism depending on the context. This review integrates current evidence to describe the
multifaceted roles of T cells in PH, evaluate their therapeutic potential, and clarify their diverse functions as pathogenic
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1 Introduction

Pulmonary hypertension (PH) is a multifaceted syndrome
characterized by a mean pulmonary arterial pressure (mPAP)
greater than 20 mmHg, progressive elevation of pulmonary arterial
pressure, vascular remodeling, and right heart failure"”. Pulmonary
arterial hypertension (PAH), a severe subtype of PH, is associated
with a 3-year mortality rate of 55% in high-risk patients”, and
survival drops to about 25% at five years for those with PH
secondary to combined pulmonary fibrosis and emphysema®.
Pathologically, PH involves not only vascular changes but also
prominent perivascular infiltration of immune cells including
macrophages, mast cells, B and T lymphocytes, and dendritic cells™.
Current treatments, centered on vasodilators such as prostacyclin
analogs, endothelin receptor antagonists, phosphodiesterase-5

Received: June 16, 2025; Revised: September 28, 2025
Accepted: October 12, 2025

BdAddress correspondence to Xiao-Wei Nie, niexw@sustech.edu.cn;
Jin-Song Bian, bianjs@sustech.edu.cn

(& 727w | Sci@pen

9610034 (1 of 9)

inhibitors, and soluble guanylate cyclase stimulators, offer symptom
relief but do not reverse vascular remodeling, fail to correct
immune dysregulation, and have not convincingly improved long-
term survival®. Therefore, there is an urgent need for innovative
biological insights and therapeutic strategies capable of reversing
disease progression.

Notably, T cells are emerging as compelling therapeutic targets in
PH, as they can be modulated through adoptive transfer or targeted
inhibition. This underscores the importance of defining how
specific T cell subsets drive or curb vascular remodeling and
immune dysregulation in PH. In this review, we synthesize
emerging evidence on the roles of T cells in PH, focusing on their
dysregulated phenotypes, activation mechanisms, cellular crosstalk,
and therapeutic implications across diverse PH subtypes.

2 Abnormal T cell homeostasis in PH

T cell homeostasis is pervasive across PH subtypes, though the
same T cell populations can exert distinct pathogenic roles
depending on the disease context (Table 1). T cells are critical for
defending against pathogens, but their dysregulation can drive
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Table 1 Abnormal T cell homeostasis in pulmonary hypertension (PH).

PH types T cell subsets CD4'/CD8" A(I:);ll:l:'gzl Mechanistic implications Refs
SSc-PAH Th17 CD4" Elevated IL-17A promotes vascular inflammation and fibrosis [8]
Tph CD4' Elevated Enhance B cell activation and autoantibody production (8]
Tregs CD4" Reduced Loss of immune tolerance, enhanced vascular autoimmunity [15]
SLE-PAH Th17 CD4* Elevated Drives endothelial inflammation [15]
Tregs CD4* Reduced IL-6-mediated depletion enhances immune activation [14]
iPAH Th17 CD4* Elevated Promote pulmonary vascular remodeling via IL-17 signaling [22]
Tregs CD4* Reduced Impaired suppression of effector T cells, facilitating inflammation  [18, 19]
CD8  TEMRA CD8* Elevated Cytotoxic attack on endothelium, promoting apoptosis [20,21]
hPAH Tregs CD4* Reduced Shared Tregs deficiency with iPAH suggests genetic susceptibility ~ [19]
CHD-PAH Th17 CD4* Elevated Linked to disease severity and hemodynamic burden [21]
Tregs CD4' Reduced Loss of protective regulation in congenital lesions [21]
HIV-PAH CD8" T cells CD8* Elevated Persistent activation contributes to vascular injury [24]
CD4' T cells CD4 Reduced HIV-mediated depletion impairs immune regulation [24]
o fonctonl - Dsfunciona Trgs (NLCS ecnt promore LAOTK
HPH Thi7 CD4* Elevated HIF-1la-driven Th17. expansior} enhances perivascular 28]
inflammation
Tregs CD4* Reduced Insufficient suppression of hypoxia-induced inflammation [29]
Tfh D4 Elevated IL-21 production promotlism I\gi ;ﬁz;rophage polarization and 31]
CTEPH CCR6'CD4 T cells CD4" Elevated Support persistent inflammation within organized thrombi [32]
CD8" T cells CDg8* Elevated Cytotoxic infiltration in pulmonary vasculature [33, 34]
CD4* T cells CD4* Elevated Interact with macrophages/myofibroblasts, sustaining chronic (33, 34]

inflammation

PAH: pulmonary arterial hypertension; CD4": cluster of differentiation 4*; CD8": cluster of differentiation 8*; SSc: systemic sclerosis; SLE: systemic lupus
erythematosus; CHD-PAH: congenital heart disease-associated PAH; HIV-PAH: Human immunodeficiency virus-associated PAH; iPAH: idiopathic PAH;
hPAH: heritable PAH; PH-LHD: PH associated with left heart disease; HPH: hypoxia-induced PH; CTEPH: chronic thromboembolic PH; Th17: T helper
17 cells; Tregs: regulatory T cells; Tph: peripheral helper T cells; CD8* TEMRA: CD8" terminally differentiated effector memory T cells; Tth: T follicular

helper cells; CCR6: C-C chemokine receptor type 6.

autoimmune pathology by targeting self-tissues”. In autoimmune
disease-associated PAH, imbalances in T cell subsets, particularly
between T helper 17 cells (Th17) and regulatory T cells (Tregs),
often precede pulmonary vascular remodeling and position T cells
as central drivers of PAH onset in connective tissue diseases
(CTDs) such as systemic sclerosis (SSc), systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA), and Sjogren’s
syndrome (SS)*"".

Recent profiling of peripheral T cell subsets in SSc-PAH has
revealed marked expansions of pathogenic Th17 and T peripheral
helper cells (Tph)®, which align with elevated IL-17A levels in SSc-
PAH patients compared to non-PAH SSc individuals, correlating
directly with PAH prevalence in SSc cohorts'”. Whereas SSc is the
leading cause of CTD-PAH in Europe and North America, SLE-
associated PAH is more common in Asia™. In the highly
inflammatory SLE-PAH subgroup, loss of Tregs, likely due to IL-
6-induced exhaustion, results in the lowest Treg levels among CTD-
PAH types, further exacerbating the Th17/Treg imbalance that
drives vascular inflammation, remodeling, and disease severity"*".
High-dose glucocorticoids and immunosuppressants can quickly
control CTD and ameliorate CTD-PAH, with SLE-PAH patients
generally responding better than those with SSc-PAH™".
Therefore, early treatment aimed at restoring T cell homeostasis
prevent further progression of CTD-PAH.
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Treg dysfunction is also observed in idiopathic (iPAH) and
heritable PAH (hPAH), where Tregs are both reduced and less
suppressive™”. In iPAH, Treg loss coincides with expansion Th17
and accumulation of CD8* terminally differentiated effector
memory T cells (CD8" TEMRA), which infiltrate pulmonary vessels
and drive endothelial apoptosis and remodeling®*. This Treg
defect is also seen in hPAH, indicating a genetic basis for immune
imbalance™. In congenital heart disease-associated PAH (CHD-
PAH), the blood ratio of Tregs to Th17 correlates with right heart
hemodynamic severity™. Human immunodeficiency virus-
associated PAH (HIV-PAH) features chronic immune activation
with alveolar macrophage-driven T cell activation leading to CD4*
depletion and influx of activated CD8* T cells into pulmonary
vessels™.

Research on Group 2 PH, associated with left heart disease (PH-
LHD), has traditionally concentrated on hemodynamic
alterations™. However, a recent study showed that NLRC3-
deficient Tregs exhibit active IL-18 signaling, which activates
endothelial receptor tyrosine kinase pathways and promotes
pulmonary arterial remodeling®. Evidence also links T cell
dysregulation to vascular remodeling in Group 3 hypoxia-induced
PH (HPH) and Group 4 chronic thromboembolic PH (CTEPH)".
In HPH, prolonged hypoxia activates HIF-1a pathways in vascular
cells, expanding Th17 and promoting Treg insufficiency and
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perivascular T cell accumulation in both animal models and patient
samples™. T follicular helper cells (Tth) have been highlighted for
their role in promoting M2 macrophage polarization and vascular
remodeling through IL-21 in chronic hypoxia models™. In CTEPH,
elevated CTLA-4 expression and reduced production of key
cytokines (TNF-a, IFN-y, GM-CSF, 1IL-4) reflect an
immunosuppressed state, as confirmed by flow cytometry and
single-cell RNA sequencing, showing T cell clustering with
macrophages and myofibroblasts, contributing to ongoing
inflammation and vascular remodeling"™*".

3 Mechanisms for T cell activation in PH

T cell activation plays an important role in the
immunopathogenesis of PH, involving coordinated processes of
development, migration, antigen recognition, and functional
polarization (Fig. 1). Naive T cells originate from bone marrow
hematopoietic stem cells, mature in the thymus through positive
selection (cortex) and negative selection (medulla), and exit
circulation via sphingosine-1-phosphate receptor 1 (S1P,) signaling
after achieving functional competence™*. In PH, circulating naive
CD4" and CD8' T cells are primed in mediastinal lymph nodes
draining the lungs or in tertiary lymphoid structures (TLOs) at
disease sites. For instance, in a Schistosoma-induced mouse model
of PH, CD4" T cells migrate from mediastinal lymph nodes to lung
parenchyma following antigen embolization"”. Similarly, lung
biopsies from iPAH patients reveal perivascular TLOs containing T
cell zones populated by dendritic cells (DCs) and macrophages™.
Antigen-presenting cells (APCs), particularly dendritic cells
(DCs), play a critical role in T cell activation in PH. DCs present
exogenous antigens to CD4" T cells via MHC II and cross-present

lymphoid progenitors naive T cells

Marrow Thymus

Migration of Iymphocyte progenl

to CD8" T cells via MHC I"**. PAH patients exhibit significant
accumulation of DCs and macrophages in lung tissue, with
DCs serving as critical activators of naive T cells***. In PH, serum
IgG autoantibodies target vascular structural proteins in endothelial
cells (e.g, lamin A/C, p-tubulin), smooth muscle cells (e.g., a-
enolase, STIP1), and fibroblasts (e.g, vimentin, tropomyosin 1,
HSP27/70)¥*). These antigens are captured by B cells, processed,
and presented via MHC II to CD4" T cells®. B cells internalize
antigens through BCR, receive CD40-CD40L co-stimulation and
cytokines (IL-4, IL-21) from T cells, and differentiate into IgG-
secreting plasma cells™. However, the specific peptide epitopes
presented by MHC molecules to T cells in PH remain unidentified.

Emerging evidence suggests T cells in PH may be activated by
similar antigens as B cells. Hypoxia-induced vascular injury releases
damage-associated molecular patterns (DAMPs) such as
mitochondrial DNA and heat shock proteins, which function as
"neo-antigens" when processed by DCs, triggering pro-
inflammatory T cell responses®. Notably, hypoxic exposure
specifically increases the cDC2 subset in murine lungs, and selective
cDC2 depletion not cDC1 prevents HPH, highlighting the critical
role of this DC subset in PH pathogenesis.”.

Naive T cells require inflammatory cytokines as a "third signal"
for differentiation following TCR activation®. Key polarization
pathways include: IL-6/TGF-p driving Th17*; TGF-B/IL-2
maintaining Tregs®”; IL-21 promoting Tph®; IL-15 expands CD8*
TEMRA®; IL-6/IL-21 polarize Tth*; and IL-12 drives Thl
responses®. Importantly, T cell activation in PH is largely shaped
by the vascular microenvironment, in part because T cells require a
“third signal” from inflammatory cytokines to fully polarize. For
instance, experimental periodontitis alone does not induce PH in
mice, but when combined with pre-existing hypoxia-induced PH, it
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Figure1 Dynamics of T cell activation in PH. T cells arise from hematopoietic stem cells in the thymus, where they undergo positive and negative selection to become
mature CD4" or CD8" single-positive cells before exiting under the guidance of S1P,. These circulating naive T cells are then primed in lung-draining lymph
nodes and tertiary lymphoid (TLO) structures by dendritic cells, macrophages, and B cells that present vascular self-antigen peptides via MHC and activate
them through TCR engagement and co-stimulatory signals. Once activated, they receive a cytokine “third signal” that directs their polarization—IL-6/TGF-{ for
Th17, TGF-B/IL-2 for Treg, IL-21 for Tph, IL-6/IL-21 for Tth, IL-12 for Thl, and IL-15 for CD8' TEMRA—thus creating a complex, dynamically regulated effector

environment that drives inflammatory pulmonary arterial remodeling.
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exacerbates right ventricular pressure, vascular remodeling, and
inflammation. This effect is mediated by lung infiltration of IFN-y*
T cells and can be mitigated by cervical lymph node removal or
IFN-y neutralization, highlighting the environment-dependent,
immune-driven nature of T cell activation in PH*.

4 Interactions and effector mechanisms of T cells
with other cells in PH

Activated T cells, imprinted with chemokine receptors during
clonal expansion in lymphoid tissues, migrate to the pulmonary
vasculature and interact with vascular cells under cytokine
guidance, infiltrating the vessel wall to drive vascular remodeling in
PH®*. Though the activation is largely shaped by external
programs, they are not bystanders: through cytokine release and cell-
cell interactions, they actively modulate vascular cells and immune
populations, driving or restraining remodeling (Fig. 2).

4.1 Endothelial cells

Pulmonary vascular endothelial cell (EC) injury, such as that
induced by monocrotaline (MCT), triggers CD4" T cell infiltration,
contributing to vascular remodeling’. Paradoxically, depletion of
Tregs in immunocompetent models increases susceptibility to PH.
Tregs protect endothelial integrity by enhancing IL-10 to suppress
apoptosis and inflammation, and by upregulating BMPR2
expression®. Immune reconstitution via Treg supplementation can
mitigate endothelial injury and prevent PH development®'.
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Conversely, ECs modulate T cell function. Pulmonary arterial
ECs in PH patients upregulate adhesion molecules (ICAM-1,
VCAM-1, E-selectin) and secrete chemokines such as CCL2 and
CX3CL1, promoting T cell recruitment and activation*. Under
inflammatory conditions, EC-derived IL-6 activates STAT3 in T
cells, driving differentiation into Th17. This bidirectional crosstalk
establishes a self-reinforcing loop that sustains PH progression.

4.2 Fibroblasts and smooth muscle cells

Pro-inflammatory T cell subsets, notably Thl and Th17, secrete
IFN-y and IL-17, stimulating fibroblast proliferation and
extracellular matrix deposition, contributing to adventitial
fibrosis®®\. Shi et al. also found that Th17- derived IL- 17A directly
stimulates PASMC proliferation and migration in a dose- and
time- dependent manner, engaging p38 MAPK signaling and
upregulating IL-6 and ICAM- 1 expression on PASMCs™.

Adventitial fibroblasts in PH express high levels of CCL2 and
CXCL10, and CXCLI10 plays a central role in directing CD4* and
CD8* T cells to sites of inflammation or injury and promoting their
activation””. In addition, CXCL10 is involved in polarization of T
cells to a pro-inflammatory Th1/CD8" T cell phenotype, thereby
enhancing the production of IFN-y and other inflammatory
mediators”™.

4.3 Immune cells

Tregs suppress the proliferation of immune cells, including CD4*
and CD8" T cells, natural killer (NK) cells, and antigen-presenting

e contraction
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Figure2 Interactions and effector mechanisms of T cells with other cells in PH. Activated T cells in PH undergo chemokine-driven homing from lung-

draining lymphoid tissues to the pulmonary vasculature, where they engage in bidirectional crosstalk with endothelial cells, smooth muscle cells/fibroblasts
and other immune populations: endothelial injury promotes ICAM-1/VCAM-1/E-selectin and chemokine (CCL2, CX3CLI1) expression to recruit and activate T
cells, while Treg counterbalance damage by secreting IL-10 and upregulating BMPR2; conversely, pro-inflammatory Th1/Th17 cells secrete IFN-y and IL-17 to
drive fibroblast proliferation, ECM deposition and PASMC growth via p38 MAPK and IL-6/ICAM-1 induction; adventitial fibroblast -derived CXCL10 further
amplifies Th1/CD8* responses; and CD4" helper cells support B cell maturation into IgG-secreting plasma cells. Together, these dynamic and self-reinforcing
interactions sustain inflammation, vascular remodeling and disease progression in PH.
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cells, through the secretion of cytokines such as IL-10 and TGF-p!">%,
CD4" T helper cells engage B cells via co-stimulatory molecules
such as CD40 ligand (CD40L) and secrete IL-21, promoting B cell
activation, proliferation, and differentiation into IgG autoantibodies
secreting plasma cells"™.

Thl secrete IFN-y, while Th2 produce IL-4 and IL-1377, In PH,
the levels of these cytokines are often abnormally elevated””.
Elevated IFN-y promotes macrophage activation into the Ml
phenotype, leading to increased production of pro-inflammatory
cytokines and exacerbating vascular inflaimmation™". Meanwhile,
elevated IL-4 and IL-13 promote macrophage activation into the
M2 phenotype, which, while typically involved in tissue repair, can
contribute to chronic inflammation and vascular remodeling in the
context of PH™*,

5 Immune checkpoint inhibitors induce PH

Immune checkpoint inhibitors (ICIs) have revolutionized cancer
therapy by unleashing anti-tumor immunity through blockade of
PD-1/PD-L1 and CTLA-4*. However, this therapeutic strategy
carries a risk of severe immune-related adverse events, including the
emerging cardiotoxicity of PH, which affects about 0.4-0.7% of ICIs-
treated patients™. Most cases arise during ICI monotherapy, 50%
following nivolumab, and present at a median of 77 days, with
fatality rates up to 31%"™. These outcomes suggest that the loss of
immune tolerance induced by ICIs promotes pulmonary vascular
inflammation and arterial remodeling®. Clinicians should remain
vigilant for ICI-associated PH, as prompt drug withdrawal and
early initiation of PH-specific therapy may reverse disease
progression®™.

Although several clinical risk factors have been identified, the
underlying immune mechanisms remain unclear. Checkpoint
blockade enhances effector T cell activity, impairs regulatory T cell

ICls

N=
Anti-PD‘I\\

N

Anti-CTLA4 /I
7= CTLA4

VEGF
\\Y 4

suppression, and skews responses toward Th1/Th17 polarization—
features that parallel T cell dysregulation in PH*>*".. Interestingly, co-
administration of anti-PD-1/PD-L1 with VEGF inhibitors appears
to modestly reduce vasculitis incidence®™*. VEGF promotes arterial
remodeling by facilitating CD3*/CD4" T cell adhesion and
recruitment across the endothelium, whereas VEGF blockade with
bevacizumab diminishes perivascular T cell accumulation without
affecting their activation®, highlighting a potential strategy to
mitigate ICI-associated vascular toxicity (Fig. 3).

In ICI-induced PH, T cells seem to act as key pathogenic drivers.
Yet several fundamental questions remain: Do autoreactive T cells
accumulate and activate directly within the pulmonary arterial wall,
or do primed T cells in peripheral sites release pro-inflammatory
cytokines that secondarily target the pulmonary vasculature?
Alternatively, could PD-1/CTLA-4 blockade itself be sufficient to
trigger arterial remodeling, analogous to its role in precipitating
myocarditis and accelerating atherosclerotic plaque formation®”?

6 Targeting T cell subsets as a therapeutic
strategy in PH

T cell modulation represents a promising therapeutic approach in
PH, requiring suppression of pathogenic subsets like Th17 while
preserving protective ones such as Tregs (Table 2). In MCT-treated
athymic nude rats, medial thickening of small pulmonary arteries,
right ventricle (RV) hypertrophy, extensive mast cell infiltration,
and severe histopathological changes were significantly exacerbated
versus euthymic controls®”. Unlike immune-competent rats, which
develop PAH only under chronic hypoxia with SU5416, athymic
rats rapidly show precapillary remodeling, higher mPAP, and
strong  inflammatory infiltration even in  normoxia®.
Reconstitution with splenic T cells before SU5416 attenuated
remodeling and normalized mPAP®, while adoptive transfer of

@

Inflammation
Remodeling

/\ /T cell depletion
Reduced vascular toxicity

Anti-VEGF

Figure3 Immune checkpoint inhibitors induce PH. ICIs by blocking the PD-1/PD-L1 and CTLA-4 pathways, disrupt T cell tolerance, leading to Th1/Th17
overactivation and impaired Tregs function, thereby driving pulmonary arterial inflammation and vascular remodeling. VEGF promotes T cell adhesion and recruitment,
while its inhibition reduces vascular toxicity, suggesting that combined anti-VEGF therapy may help mitigate ICI-associated PH.
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Table2 Targeting T cell subsets as a therapeutic strategy in PH.

Drug/Intervention T cell Target (s) Mechanism Refs
Treg infusion Restores Tregs Suppresses inflammation, prevents remodeling/RV hypertrophy. [95]
Splenic T-cell reconstitution Broad T cells Restores immune balance, reduces remodeling, normalizes mPAP. [94]
FTY720 (S1P modulator) Traps T cells in lymph nodes Lowers circulating T cells, but no effect on lung CD4" T cells or PH. [96]
Abatacept (CTLA4-Ig) Effector T cells Blocks CD28 co-stimulation, reduces T cell activation and inflammation. [97]
Tocilizumab (anti-IL-6R) Th17 Inhibits IL-6/IL-6R signaling, reduces Th17, safe in PAH but no PVR benefit. [102]
SR1001 (Th17 inhibitor) Th17 Blocks Th17 differentiation/IL-17A, alleviates hypoxia-induced PH. [28]

RV: right ventricle; mPAP: mean pulmonary arterial pressure; Treg: regulatory T cell; Th17: T helper 17 cell; S1P: sphingosine-1-phosphate; CTLA4:
cytotoxic T lymphocyte-associated protein 4; IL-6R: interleukin-6 receptor; IL-17A: interleukin-17A; PVR: pulmonary vascular resistance.

Tregs protected against hypoxia-induced PH through anti-
inflammatory effects™.

Pharmacologic studies confirm the role of T cells in PH. FTY720,
an S1P receptor modulator that traps lymphocytes in lymphoid
organs™, reduced circulating T cells and increased lymph node T
cells in Schistosoma-induced PH mice, but did not change lung
effector/memory CD4" T cells or improve disease’. In contrast,
selective inhibition of T cell activation may be effective. Abatacept
(CTLA4-Ig) blocks CD28 co-stimulation and reduces T cell
proliferation, inflammation, and vascular remodeling in a model of
pulmonary fibrosis™”. Abatacept may hold therapeutic potential for
PH associated with pulmonary fibrosis and possibly other PH
subtypes.

Among pathogenic subsets, Th17 cells are particularly implicated
in PH pathogenesis. Their activation is primarily driven by elevated
interleukin-6 (IL-6) levels™”, which are consistently increased in
the lungs of PH patients"”. Hashimoto-Kataoka et al. demonstrated
that three days of chronic hypoxia significantly increased
pulmonary Th17 numbers, an effect abrogated by anti-IL-6
receptor antibody treatment™’. Tocilizumab, an IL-6 receptor
antagonist, has been proven safe and effective and is primarily used
to treat RA™, while also demonstrating therapeutic potential for
SSc-associated interstitial lung disease (SSc-ILD)". Moreover,
pharmacologic inhibition of Thl7 differentiation with SR1001
alleviated pulmonary vascular remodeling and reduced pulmonary
pressures in chronically hypoxic mice™. Mechanistically, Th17 cells
secrete IL-17A™, which promotes smooth muscle cell migration
and thereby accelerates vascular remodeling®™. These findings
suggest that future drug development in PH could focus on
selectively inhibiting pathogenic T cell subsets like Th17 while
preserving or enhancing protective Tregs to effectively modulate
vascular remodeling and inflammation.

7 Challenges and perspectives

Although progress has been made in understanding the biology of
T cells in PH, key questions remain. Do pathogenic subsets directly
cause EC injury, or do they mainly amplify inflammation through
interactions with macrophages, fibroblasts, and dendritic cells? Can
restoring Treg function in late disease, rather than early stages,
reverse established vascular remodeling? How antigen-specific
responses from self-antigens or damage signals shape T cell
behavior in PH remains unclear. Addressing these questions is
critical to clarify whether T cells act as pathogenic or protective
players in disease progression.

Preclinical studies support T cell targeted strategies (e.g., IL-6/IL-
17 blockade, Treg transfer), but disease heterogeneity,
compensatory immune circuits, and the timing of intervention
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limit clinical translation. Future breakthroughs may depend on
biomarker-guided patient stratification to identify T cell features for
personalized therapy, combination treatments targeting multiple
inflammatory axes, and strategies to restore immune balance
without compromising protective immunity. These insights may
ultimately shift treatment from symptomatic care to precise
immune modulation, with the potential to change outcomes for
patients with PH.

8 Conclusions

In summary, T cells have emerged as central immune mediators in
the pathogenesis of PH, orchestrating vascular inflammation, EC
dysfunction, and maladaptive remodeling through diverse
mechanisms. Pathogenic subsets promote disease progression via
proinflammatory cytokine secretion and direct cytotoxicity,
whereas Tregs exert protective effects by suppressing immune
activation and preserving vascular integrity. The imbalance between
these subsets, particularly Th17/Treg dysregulation, represents a
hallmark of PH across etiologies. Although shaped by external cues,
T cells are not bystanders; through cytokines and cell interactions,
they actively regulate vascular and immune cells.

Ultimately, a comprehensive understanding of T cell biology in
PH requires multidisciplinary efforts to unravel their dynamic roles
in vascular injury, immune regulation, and tissue repair. Such
advances may redefine PH not merely as a vascular disorder but as
a disease with immunological underpinnings, paving the way for
novel therapies that improve survival and quality of life.
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