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Abstract

The relationship between clinical prognosis and transforming growth
factor-f (TGF-) receptor mutations in Chinese pediatric patients with
idiopathic/hereditary pulmonary arterial hypertension (IPAH/HPAH)
remains unclear. We retrospectively studied the clinical characteristics
and outcomes of pediatric patients with IPAH/HPAH who visited our
Hospital from September 2008 to December 2020. One hundred and five
pediatric patients with IPAH/HPAH were included, 46 of whom carried
TGF-B receptor mutations with a mean age at diagnosis of 82.8 + 52.7
months, and 67 of them underwent right cardiac catheterization
examinations and acute vasodilator testing. The result showed that
mutation carriers demonstrated higher pulmonary vascular resistance
(p =0.012), higher right atrial pressure (p =0.026), and lower cardiac index
(p =0.003). The 1-, 2-, and 3-year survival rates of mutation carriers were 79.4%,
61.5% and 55.6%, respectively, compared with 96.6%, 91.1%, and 85.4% for
nonmutation carriers (p =0.0001). The prognosis of mutation carriers was
significantly worse than that of nonmutation carriers. TGF- receptor gene
mutation is an independent risk factor for death (p =0.049, odd raito = 3.809,
95% confidence interval 1.006—14.429). In conclusion, TGF- receptor mutation
is an important genetic factor for the onset of IPAH/PAH in Chinese pediatric
patients. Those who carrying TGF-f receptor mutations have a poor clinical
prognosis. Therefore, TGF-{ receptor gene screening for pediatric patients with
PAH and more aggressive treatment for mutation carriers are recommended.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare and
lethal pulmonary vascular disease characterized by
persistent elevation of pulmonary artery pressure that
can eventually lead to right heart failure and premature
death." The annual incidence in Western countries is
15—50 per million, with a higher incidence in women.”
Without specific treatment, the disease progresses rapidly
and leads to death in these patients, with a median
survival of 2.8 years in adults.’” Even with effective
vasodilator therapy, the mortality remains high, with a
5-year survival rate of 49%—67%." The median survival of
pediatric patients with untreated PAH is 10 months.’
Although current diagnostic and therapeutic techniques
have improved considerably, the exact pathogenesis of
PAH remains unclear.

The main pathological alteration in pulmonary
hypertension is pulmonary artery remodeling, in
which transforming growth factor-f (TGF-3) receptor
mutations play a crucial role.” The TGF-f pathway is
involved in the pathology of PAH’ and includes bone
morphogenetic protein receptor type IT (BMPR2),*’
activin receptor-like kinase 1 (ACVRL1),'"” and
endoglin (ENG)."' ACVRLI1 is a type I receptor,
BMPR?2 is a type II receptor, and ENG is a type III
receptor.'” It has been proved that approximately 70%
—80% of HPAH and 10%—20% of IPAH cases are
caused by mutations in the BMPR2 gene.'” Some
studies indicated that pediatric PAH patients are
more susceptible to genetic factors, ™'’ suggesting a
greater role of genetic factors in the development of
pediatric patients with PAH.

Adult patients with PAH carrying mutations in the
BMPR2 and ACVRL1 genes have a poor clinical
prognosis.'”'” A study by Chida et al. showed that
pediatric patients carrying mutations in BMPR2 or
ACVRL1 had a worse prognosis than nonmutation
carriers.'® However, the sample size of their study was
relatively small. Harrison et al. studied pediatric PAH
patients with TGF-f receptor mutations'’ but did not
analyze the clinical characteristics and prognosis of the
pediatric patients. Therefore, the relationship between
TGF- receptor mutations and the clinical prognosis of
pediatric PAH patients is unclear. In particular, studies of
Chinese pediatric PAH patients in this regard are
lacking.

In this study, we retrospectively investigated the
clinical characteristics and prognosis of 105 Chinese
pediatric IPAH/HPAH patients to assess the char-
acteristics and clinical features of TGF-§ receptor
mutations in patients and the correlation between the
two features.

METHODS
Patients

The pediatric patients who visited our Hospital from
September 2008 to December 2020 were included. The
diagnosis of PAH is determined by hemodynamic
indices measured by right cardiac catheterization
examinations. PAH was defined as a mean pulmonary
arterial pressure (MPAP) >25mmHg, with a pulmonary
artery wedge pressure <15 mmHg and pulmonary vascular
resistance (PVR)>3 Wood units." An acute pulmonary
vasodilatation test was performed during cardiac catheteri-
zation examinations, and according to current guidelines, a
decrease in MPAP of more than 10 mmHg with an absolute
value of less than 40 mmHg, along with stable cardiac
output, was judged as a positive response.”’ Pulmonary
hypertension of patients who could not undergo right
cardiac catheterization examinations was diagnosed by
echocardiography (peak tricuspid regurgitation velocity
>2.8 m/s) combined with clinical symptoms and other
signs of right heart overload while excluding combined
congenital heart disease, pulmonary disease, pulmonary
embolism, connective tissue disease, and portal hyper-
tension. Clinical and hemodynamic data were collected
from patients during diagnosis and follow-up. All
patients or their guardians provided informed consent
before blood collection. Moreover, the study procedures
were approved by the Research Ethics Committee of
Beijing Anzhen Hospital.

Genetic studies

Genomic DNA was isolated from peripheral venous
blood. Exon and exon—intron linker sequences of 25
PAH-associated genes (see Table S1) were enriched using
the GenCap custom enrichment kit (mygenetics) to
capture exons of all candidate genes. The enriched
libraries were sequenced on an Illumina HiSeq 2000
sequencer at a length of 100 bp.”" Bioinformatics analysis
was performed with the method described by Liu et al.””
Four bioinformatic prediction software (PolyPhen, SIFT,
PANTHER, Pmut) were used for mutational pathogenic-
ity prediction.

Statistical analysis

Continuous variables were expressed as mean + stan-
dard deviation or quartiles. Categorical variables were
expressed as percentages. Continuous variables were
compared by independent sample ¢-tests. Categorical
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variables were compared by the y* test. A Kaplan
—Meier overall survival curve was constructed to
demonstrate the overall survival difference between
groups and compared using the log-rank test. Logistic
regression analysis was performed to determine
factors associated with an increased risk of death.
Cox proportional hazard regression model was used to
examine the relationship between mutations and all-
cause mortality. In addition, p <0.05 was considered
statistically significant. All analyses were performed
using SPSS software version 23.0.

RESULTS
Genetic characteristics

Forty-six of the 105 pediatric patients carried TGF-$
receptor mutations, including 34 BMPR2 mutations, 10
ACVRLI1 mutations, and two ENG mutations. Among
all mutations, missense mutations were the most
common type of mutation (n=238, 82.6%), followed
by shift mutations (n =4, 8.7%), and splice mutations
(n =4, 8.7%). Six patients had spontaneous mutations,
three patients’ parents were not genetically screened,
and the rest were inherited from the previous genera-
tion. Two children with ACVRL1 mutations had a
family history of PAH.

Two previously unreported ACVRL1 mutations were
found, c.665, A>C (p.His222Pro) and c.1217, G>T
(p.Trp406Leu). One patient carried a heterozygous mutation
of both ACVRL1 (c.601 C> A, p.Q201K) and NOTCH3
(c.224 G> A, p.Arg75GIn). One patient carried a heterozy-
gous mutation of both ACVRL1 (c.665 A > C, p.H222P) and
EIF2AK4 (c.2320-4 T > G, splicing). Both patients were at
high-risk, with poor cardiac function (NYHA llI-IV).

Other gene mutations related to PAH were also found
during genetic screening, such as BMPR1B, SMAD4,
SMADY9, NOTCH3, KCNK3, ABCA3, CPS1, and HTR2B.

Clinical characteristics

One hundred and five pediatric patients were included, 50
(47.6%) of whom were female. The mean age at diagnosis of
105 pediatric patients was 82.8 + 52.7 months. The median
plasma BNP level was 321.0 (12—12,239) (normal range
0—100 pg/ml). Forty-six patients suffered from markedly
decreased right cardiac function (NYHA Class III-IV). The
patients were divided into two groups (mutation, nonmuta-
tion) according to whether they carried the TGF-f receptor
mutation or not. The clinical indicators, plasma BNP and
hemodynamic indicators of the two groups were compared
(Table 1). The age at diagnosis of the mutation-carrying
group (95.2+48.5 months) was higher than that of the
nonmutation group(73.1 + 54.2 months) (p = 0.032).

TABLE 1 Clinical and hemodynamic characteristics of patients at diagnosis

Variables Carriers n =46

Female, n (%) 20 (43.5)

Age at diagnosis, months 95.2 +48.5
NYHA FC, I-II/III-IV 26/20

BNP, pg/ml 364.5 (76.5—903.5)
PASP (mmHg cardiac 87.4+234
echocardiography)
RHC parameters n=32
MPAP, mmHg 73.0£19.6
RAP, mmHg 9.5 (7.25—-13.75)
PVR, WU 23.05+13.39

CI, L/min/m? 2.8 (2.33—3.22)

AVT, n (%) 2/32 (6.3%)

Noncarriers n =59 p value
30 (50.8) 0.458
73.1+54.2 0.032
33/26 0.817
314.0 (70.5—887.8) 0.775
80.8 £22.5 0.157
n=35

65.1+25.0 0.156
8.0 (6.0—9.0) 0.026
16.68 +11.23 0.012
3.9 (2.9-4.32) 0.003
11/35 (31.4%) 0.01

Note: Bold values indicate Statistically significant at p < 0.05.

Abbreviations: AVT, acute pulmonary vasodilatation test; BNP, brain natriuretic peptide; CI, cardiac index; MPAP, mean pulmonary arterial pressure; NYHA
FC, New York Heart Association function class; PASP, pulmonary artery systolic pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; WU,

wood unit.
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There were 38 patients with PAH who did not undergo
right heart catheterization, including 14 mutation carriers.
The reason was mainly due to the patient's severe condition
or their refusal. Thirty-two mutation carriers and 35
noncarriers underwent right cardiac catheterization exam-
inations and acute vasodilator testing (Table 1). Right heart
catheterization is an examination method in which a heart
catheter is inserted through a vein to the right heart cavity
and large blood vessels under the guidance of X-ray
fluoroscopy. Mainly used for the determination of central
venous pressure, right ventricular pressure, cardiac output,
pulmonary artery pressure, etc. The results showed that
pediatric patients with mutations had higher PVR
(p =0.012), higher right atrial pressure (RAP) (p =0.026),
and lower cardiac index (CI) (p = 0.003) than noncarriers. In
addition, pulmonary artery systolic pressure (PASP) and
MPAP of mutation carriers trended higher than that of
nonmutation carriers.

Acute pulmonary vasodilator testing was positive in
13 patients, 11 of whom were nonmutation carriers
(p=0.01). Two mutation carriers were responders to
acute vasodilator testing. One was an ENG mutation
carrier (c.727 G>A, p.A243T), and the MPAP
decreased from 92 to 36 mmHg during the test. The
other was an ACVRL1 mutation carrier (c.77 C>T,
p.P26L), and the MPAP decreased from 78 to 39 mmHg.

Treatment
One hundred and two (97.2%) pediatric patients received

targeted drugs for PAH. Three pediatric patients did not
receive targeted drug therapy because of financial reasons

TABLE 2 Targeted drug protocols of patients

Protocols All (n=105)
None, n (%) 3(2.9)
Monotherapy, n (%) 42
ERAs 22 (20.1%)
PDE-5is 16 (15.2%)
CCBs 4 (3.8%)
Combination therapy, n (%) 60
ERAs + PDE-5is 40 (38.1%)
ERAs + prostanoids 4 (3.8%)
CCBs + prostanoids 1 (1%)
ERAs + PDE- 15 (14.3%)

5is + prostanoids

and mild PAH disease with light symptoms. Meanwhile,
targeted drug regimens were developed according to
treatment guidelines.’ Risk stratification was carried out
according to the patient's condition. Low-risk patients were
given oral monotherapy, intermediate-risk patients were
given oral dual-drug combination therapy, and high-risk
patients were given oral dual-drug therapy with intravenous
or subcutaneous pumping of prostacyclin analogs (such as
Epoprostol and Treprostinil). However, there were more
high-risk patients in mutation carrier group, so it looks like
carriers were on triple therapy 2.5 times more often than
noncarriers. The targeted drug regimens of the patients are
shown in Table 2. Thirty-one mutation carriers (67.4%) and
29 (49%) nonmutation carriers received combination
targeted drug therapy.

Patients outcomes

The median follow-up time was 45.5 months (2—147
months). Two pediatric patients underwent lung transplants.
One underwent a double lung transplant at the age of 16
after 4 years of continuous treatment. One underwent a
double lung transplant at the age of 17 after 6 years of
continuous treatment. Thirty-eight pediatric patients died,
including 18 BMPR2 mutation carriers, 4 ACVRL1 mutation
carriers, 1 ENG mutation carrier, and 15 noncarriers. The
1-year survival rate for all pediatric patients was 89.3%, the
2-year survival rate was 79.7%, and the 3-year survival rate
was 72.9%, as shown in Figure 1. The median survival time
for mutation carriers was 18 months (2—120 months). The
prognosis of mutation carriers was significantly worse than
that of nonmutation carriers. The 1-, 2-, and 3-year survival

Carriers (n = 46) Noncarriers (n =59)

2 (4.3) 1(1.7)
13
9 (19.6%) 13 (22%)
4 (8.7%) 12 (20.3%)
0 4 (6.8%)
31
17 (36.9%) 23 (38.9%)
4 (8.7%) 0
0 1 (1.7%)
10 (21.7%) 5 (8.5%)

Abbreviations: CCBs, calcium channel blockers; ERAs, endothelin receptor antagonists; PDE-5is, phosphodiesterase-5 inhibitors.
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FIGURE 1 Kaplan—Meier curves for survival of all patients.

Two- and 3-year survival probabilities were 79.7% and 72.9%,
respectively

Noncarrier
n death
= Mutation carrier 46 23
= Noncarrier 59 15
p=0.0001
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FIGURE 2 Survival of (transforming growth factor-f) receptor
mutation carriers and mutation noncarriers with idiopathic/
hereditary pulmonary arterial hypertension (log-rank test,

p =0.0001)

rates of mutation carriers were 79.4%, 61.5%, and 55.6% for
mutation carriers, while for nonmutation carriers, the
proportions were 96.6%, 91.1%, and 85.4%, respectively
(p=0.0001), as shown in Figure 2. The clinical and
hemodynamic characteristics of the death and survival
groups were further compared (Table 3). In comparison of
patients who died with survivors, RAP and PVR trended in
the direction of higher, CI trended in the direction of lower,
but were statistically insignificant.

Logistic regression analysis showed that genetic mutation
was an risk factor of death (p = 0.049, odd ratio = 3.809, 95%
confidence interval 1.006—14.429) (Table 4). The prognosis of
TGF-{ receptor mutation carriers is significantly worse than
that of noncarrier mutations (Table 5).

DISCUSSION

We retrospectively analyzed the clinical characteristics
and prognosis of Chinese pediatric patients with PAH
carrying TGF- receptor mutations. Previous studies
suggested that approximately 25%—30% of patients with

Pulmonary Circulation

IPAH have an underlying genetic cause.”” In this study,
43.8% of the patients carried TGF-f receptor mutations,
which was higher than the result of previously reported
European adult and pediatric cohorts. A large European
study of adult PAH showed a BMPR2 carriage rate of
15.3%, ACVRL1 carriage rate of 0.9%, and ENG carriage
rate of 0.6%.”° A European study of pediatric PAH
showed that (12.5%) of 40 pediatric patients with IPAH/
HPAH carried BMPR2 mutations, and 4 (10%) carried
ACVRL1 mutations.”” Harrison et al.'” found that 4
(25%) of 16 pediatric patients with IPAH carried TGF-8
receptor mutations, including 2 BMPR2 mutations, 1
ACVRLI1 mutation, and 1 ENG mutation, indicating that
TGF- receptor mutations are the most common muta-
tions in pediatric patients with IPAH/HPAH and TGF-8
receptor mutations play an important role in the
development of PAH in pediatric patients.

In this study, 34 (32.4%) pediatric patients carried
BMPR2 mutation, 10 (9.5%) pediatric patients carried
ACVRLI, and 2 (1.9%) pediatric patients carried ENG
mutation. It is indicated that BMPR2 mutation is the most
common mutation in pediatric patients with IPAH/HPAH,
followed by ACVRL1 mutation, which is consistent with the
results of studies in Western countries.'**’

Mutations in ACVRL1 or ENG genes can lead to the
development of hereditary hemorrhagic telangiectasia
(HHT) and PAH."” There were 10 ACVRL1 mutation
carriers and 2 two ENG mutation carriers in our study.
One ACVRL1 mutation carrier showed symptoms of
recurrent rhinorrhea, but none of the 12 mutation
carriers met the diagnostic criteria for HHT.?° However,
whether pediatric patients carrying ACVRL1 and ENG
mutations will develop HHT requires a long follow-up
period. Unfortunately, 4 ACVRL1 mutation carriers and
1 ENG mutation carrier died during the follow-up period.

Sztrymf et al.”’ showed that patients with PAH
carrying the BMPR2 mutation were diagnosed about 10
years younger than those with nonmutation and had
poorer hemodynamic indices. Girerd et al."” showed that
patients with PAH carrying the ACVRL1 mutation were
diagnosed much younger than those with nonmutation
and had poorer survival rates. Similar findings were
obtained in studies of pediatric patients with IPAH and
HPAH.” In our study, the age of onset was slightly
higher in pediatric patients with PAH carrying TGF-8
receptor mutations than nonmutation carriers. This
result was different from the research of western
scholars, and the mainly possible reason was that these
data were from a single center. Multicenter analysis of
larger samples is required. The mutation carriers had
poorer hemodynamic status at diagnosis than nonmuta-
tion carriers and responded less well to the acute
pulmonary vasodilation test. There were no significant
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TABLE 3 Characteristics of dead and surviving patients

Variables Deaths/LT n =38 Survivors n = 67 p value

Female, n (%) 16 (42%) 34 (50.7%) 0.396

Age at diagnosis, months 97.2+47.4 74.6 + 54.0 0.034
NYHA FC 0.886
1-11, n (%) 21 (55.3%) 38 (56.7%)

-1V, n (%) 17 (44.7%) 29 (43.3%)

Gene mutation, n (%) 23 (60.5%) 23 (34.3%) 0.01
BNP, pg/ml 532.0 (75.0—1163.0) 300.0 (71.75—795.0) 0.197
PASP, mmHg 88.0 (69.0—105.0) 81.0 (67.5-91.5) 0.153
RHC parameters n=19 n=49

MPAP, mmHg 63.89 + 28.26 60.78 +£29.93 0.697
RAP, mmHg 10.0 (8.0—11.0) 8.0 (6.0—12.5) 0.315
PVR, WU 17.0 (13.4—26.69) 15.68 (9.08—23.22) 0.142
CI, L/min/m? 2.9 (2.39—3.43) 3.25 (2.61-4.19) 0.094
AVT, n (%) 4 (21.1%) 8 (16.3%) 0.649

PAH targeted drugs n=38 n=67 0.343
None, n (%) 2 (5.2%) 1 (1.5%)

Monotherapy, n (%)

Carrier 8 (21.1%) 5(7.5%)

Noncarrier 8 (21.1%) 21 (31.3%)
Dual therapy

Carrier 8 (21.1%) 13 (19.4%)

Noncarrier 7 (18.4%) 17 (25.5%)
Triple therapy

Carrier 4 (10.5%) 6 (8.9%)

Noncarrier 1 (2.6%) 4 (5.9%)

Note: Bold values indicate Statistically significant at p < 0.05.

Abbreviations: BNP, brain natriuretic peptide; CI, cardiac index; LT, lung transplantation; MPAP, mean pulmonary arterial pressure; NYHA FC, New York
Heart Association Function Class; PASP, pulmonary artery systolic pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; WU, wood unit.

TABLE 4 Univariate logistic regression analysis for death in
patients with pulmonary arterial hypertension

Odds 95% confidence
Characteristic ratio interval p value
TGF- receptor 3.809 1.006—14.429 0.049
mutation
MPAP 0.991 0.952—1.031 0.650
RAP 1.093 0.901-1.326 0.365
PVR 0.996 0.934—1.063 0.911
CI 0.775 0.439-1.369 0.381

Abbreviations: CI, cardiac index; MPAP, mean pulmonary arterial pressure;
PVR, pulmonary vascular resistance; RAP, right atrial pressure.

differences in cardiac function and plasma BNP levels
between the two groups.

Many patients with PAH have benefited from
targeted drugs.”” The application of targeted drugs is
still the main method of treatment for PAH. The
application protocol of targeted drugs in this study was
developed according to the treatment guidelines,' the
severity of the pediatric patients’ conditions, and
economic conditions. Endothelin receptor antagonists
are the most commonly used targeted drugs, and
endothelin receptor antagonists and phosphodiesterase-
5 inhibitors are the most commonly used combination.
In our study, patients carrying TGF-f3 receptor mutations
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TABLE 5 Univariate Cox proportional-hazards model for time to death in patients with pulmonary arterial hypertension

Characteristic

Gene mutation TGF-8 receptor mutation versus mutation noncarriers

Gender(female vs. male)

Hazard ratio 95% confidence interval p value
3.438 1.768—16.683 0.0003
0.787 0.412—-1.503 0.469

Abbreviation: TGF-#, transforming growth factor-g.

responded poorly to AVT, which is similar to the findings
of studies in Western countries.”’ During the 12-year
follow-up, with the abundance of targeted drugs, the
number of cases using triple therapy gradually increased.
After Treprostinil entered the Chinese market in 2014,
more and more high-risk children began to use triple
therapy (in addition to oral dual-drug therapy plus
intravenous or subcutaneous continuous pumping of
Treprostinil), and benefited from it, The mortality rate
was lower than before (see Figure 1).

It was indicated that TGF-f receptor mutation
carriers have a worse prognosis than nonmutation
carriers. The survival rate of mutation carriers at 3 years
was 55.6%, significantly lower than that of nonmutation
carriers (85.4%). RAP and PVR were considerably higher
than those of nonmutation carriers, and the CI was
significantly lower than that of nonmutation carriers,
indicating that TGF-§ receptor mutation carriers had
significantly worse right heart function than those
nonmutation carriers. The TGF-{ receptor gene mutation
was an risk factor for death in this study, indicating that
the gene mutation greatly affected the prognosis of
pediatric patients with IPAH/HPAH.

There are some limitations in our study. As a single-
center retrospective study, our study has a relatively small
size, and some patients did not undergo cardiac catheteri-
zation. Larger sample sizes, multicenter data, and long-
term follow-up are needed to characterize better the
clinical features and prognosis of pediatric patients with
IPAH/HPAH carrying TGF- receptor mutations.

In conclusion, TGF-f receptor mutation is an
important genetic factor for the onset of IPAH/PAH in
Chinese pediatric patients. In our cohort of Chinese
pediatric patients with IPAH/HPAH, those carrying
TGF-f receptor mutations have a worse prognosis.
Genetic screening for TGF-f receptors and more aggres-
sive treatment of mutation carriers are recommended for
pediatric patients with IPAH or HPAH and their families.
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