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A checkpoint on innate myeloid cells in pulmonary arterial
hypertension
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To the Editor

Immature myeloid cells that are in a pathologic state of
activation have been identified in many inflammatory dis-
orders, including pulmonary arterial hypertension (PAH).1

Myeloid-derived suppressor cells (MDSC) are a subtype of
immature myeloid cells that were initially described in rela-
tion to the immune escape and proliferation of certain can-
cers. It is known that peripheral blood MDSC are elevated
in pediatric patients with pulmonary hypertension (PH) sec-
ondary to congenital heart disease compared to healthy con-
trols, especially in female patients.2 In addition, in several
murine models of disease, polymorphonuclear MDSC
(PMN-MDSC), a subpopulation of MDSC, promote PH,
with a reduction in PMN-MDSC trafficking to the lung
attenuating pulmonary vascular remodeling.3 Despite these
findings, a profile of MDSC, including potentially important
differences in PMN-MDSC and monocytic MDSC (Mo-
MDSC) sub-groups, is unknown in adult patients with
either familial or idiopathic PAH.

The interaction between programmed cell death protein 1
(PD-1; also known as CD279) and programmed death-
ligand 1 (PD-L1; also known as CD274) are key immunor-
egulatory components of innate myeloid cells; PD-L1 is
highly expressed on MDSC. This pathway is a therapeutic
target in oncology and may be similarly relevant in PAH,
but it is unclear whether PD-L1 is differentially expressed on
sub-populations of myeloid cells, such as Mo-MDSC and
PMN-MDSC, in patients with PAH compared to healthy
individuals. We therefore hypothesized that PD-L1 surface
expression is elevated on circulating MDSCs from patients
with PAH.

Animal studies were conducted in accordance with
the University of Florida Institutional Animal Care and

Use Committee. We used wild-type (WT) C57BL/6 mice
(males and females, aged 12–16 weeks; Jackson
Laboratories) for these studies. Experimental mice under-
went chronic hypoxia exposure, FiO2 10% for 28 days,
versus normoxia exposure in controls. Mice were analyzed
for invasive measurement of right ventricular systolic pres-
sure (RVSP; mmHg), and assessment of right ventricle to
left ventricle plus septal mass ratio (%), as previously
described.4 Sample preparation, flow cytometric analysis,
and antibody information have previously been described,3

except for the addition of anti-PD-L1 antibody (BV785, rat;
BioLegend Cat. no. 124331) and anti-PD-1 antibody
(PE-CF594, hamster; BD Cat. no. 56523).

We defined the circulating MDSC immunophenotype in
the peripheral blood mononuclear cell (PBMC) samples
from a cohort of patients with PAH5 (n¼ 24), and healthy
controls6 (n¼ 7) without diagnosed pulmonary or cardio-
vascular disease. Absolute cell counts from PBMC samples
were unavailable and therefore all data are limited to report-
ing as proportional analysis. PBMC were chosen for ana-
lysis based upon previous reports of MDSC sub-population
characterization using these kinds of samples.7 All studies
were approved by the University of Florida and Vanderbilt
University Institutional Review Boards. As per the above,
sample preparation, flow cytometric analysis, and antibody
information have previously been described,3 except for
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Fig. 1. (a) Right ventricular systolic pressure (RVSP; mmHg) in WT C57BL/6 mice exposed to hypoxia (Hx; FiO2 10% for 28 days) compared to

normoxia (Nx)-exposed controls, and (b) associated right ventricle hypertrophy as assessed by right ventricle to left ventricle plus septal mass

ratio (RV:LVþ S; %). (c) Monocytic myeloid-derived suppressor cells (Mo-MDSC; CD45þCD11bþCD11c-Ly6ChiLy6G- cells) and polymorpho-

nuclear myeloid-derived suppressor cells (PMN-MDSC; CD45þCD11bþCD11c-Ly6CloLy6Gþ cells) in lungs of Nx and Hx treated mice (% of

(Continued).
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addition of anti-PD-L1 antibody (BV 605, mouse CD274;
BioLegend Cat. no. 124321). The expression of activation
markers is presented as median fluorescence intensity
(MFI). Data were analyzed using FlowJo software (Tree
Star). Statistical analysis was performed using Prism 6.0
(GraphPad Software). Data were compared using
ANOVA with Bonferroni post-test for multiple compari-
sons or Spearman rank coefficient analysis, as indicated.
A P value< 0.05 was considered significant.

In order to assess for PD-L1 expression on MDSC,
we first exposed WT mice to chronic hypoxia, to induce
PH and right ventricular hypertrophy (Fig. 1a and 1b).
We next confirmed our previously reported observation
of increased MDSC, mainly PMN-MDSC, accumulation
within the lung of hypoxic mice (Fig. 1c), noting an increase
in PD-L1 expression on both Mo-MDSC and PMN-MDSC
sub-populations under hypoxia (Fig. 1d, populations are
defined in the figure legend). A similar distribution pattern
of MDSC sub-groups was noted in the bone marrow of
exposed mice, as well (data not shown). It is known that
PD-1 is induced on CD8þ T cells by hypoxia.8 Therefore,
we looked for PD-1 expression on these T lymphocytes in
our model, finding a significant elevation within the lung
samples from the hypoxia-treated group versus the controls
(Fig. 1e). These findings indicate that PD-1/PD-L1 signaling
may be biologically relevant in models of PH.

We next verified that MDSC-like cells, defined as
CD11bþCD33þHLA-DR-, were elevated in patients with
PAH (Fig. 1f). Moreover, the ratio of cells with PMN-
MDSC surface markers (CD14-CD15þ) were elevated in
patients with PAH, while Mo-MDSCs (CD14þ) were
decreased (Fig. 1g). Since the study by Yeager et al. found
an increase in circulating MDSC in female versus male PAH
patients,2 we subsequently analyzed for MDSC percentage
by sex in our cohort. In our patient population, however,
women and men with PAH did not have a significant dif-
ference in the circulating MDSC as a proportion of
CD11bþCD33þ cells, although there was a strong trend
(P¼ 0.06) toward agreement with the higher female predis-
position to PAH (Fig. 1h). Additionally, we found no rela-
tionship between percentage of MDSC and the available
mean pulmonary artery pressures (mPAP; mmHg), analyzed

near or at the time of PBMC collection (Fig. 1i). Examining
MDSC sub-groups for PD-L1 expression, we found that the
population of PD-L1-expressing MDSC was higher in
patients with PAH compared to controls; in addition, the
surface expression of PD-L1 was higher in both of the
MDSC sub-populations of PAH patients compared to
healthy controls (Fig. 1j). Although there was no significant
correlation between PD-L1 expression on Mo-MDSC and
mPAP (Fig. 1k), there was a significant positive correlation
between PMN-MDSC expression of PD-L1 with severity of
PH (Fig. 1l). Similar to our murine experiments, the clinical
data indicate that PD-1/PD-L1 may play a role in develop-
ment of PH, although a harmful or protective effect cannot
be determined yet.

The findings in the current study are consistent with the
hypothesis that MDSC, in combination with PD-L1 expres-
sion, can possibly mediate inflammation related to chronic
vasculopathy. This observation has the potential to be
explored further in the hope of identifying therapeutic
targets to influence development of vascular remodeling
in pulmonary vessels, such as examining the role of PD-1
associated CD28-dependent pathways in rescuing T cell
exhaustion in PH.9 Additionally, given the role chemokine
receptors such as CXCR2 are known to play in the patho-
genesis of PAH,10,11 and the potential for synergism between
these receptors and PD-1/PD-L1 expression,12 their analysis
in circulating subsets of MDSC may deserve more attention
as putative inflammatory markers of disease.13

Based on our observational findings alone, we can draw
no conclusions on the role of either MDSCs or PD-L1
expression in PAH. However, one can speculate on these
current findings, especially in light of the relationship
between MDSC and polarized T-lymphocyte populations
in PAH models of disease.14 In particular, changes in indu-
cible Treg function – through regulation of transcriptional
factor FoxP3 – can result in a deleterious positive feedback
loop leading to aberrant MDSC regulation of other poten-
tially maladaptive immune cells, such as gd T cells, or unin-
hibited production of growth factors known to contribute to
PAH, such as transforming growth factor beta (TGF-�).15

In this context, caution must be exercised in the interpret-
ation of our findings. The primary study to date examining

Fig. 1. Continued

CD11bþ cells and absolute cells per lung; *P< 0.05, comparing hypoxia and normoxia exposure), with corresponding histogram of PD-L1

expression per sub-population; the latter quantified in (d). Representative flow plots displayed. n¼ 5 mice (3 male and 2 female) per group. (e)

PD-1 expression on CD8þ T cells in lungs of Nx- vs. Hx-exposed WT mice. n¼ 7 mice (4 male and 3 female) per group. Data are shown as mean

and SEM. (f) Changes in percentage of live CD11bþCD33þHLA-DR- cells (myeloid-derived suppressor cells, MDSC) in human healthy control

(HC; n¼ 7) and pulmonary arterial hypertension (PAH, n¼ 24) peripheral blood mononuclear cell (PBMC) samples. (g) Differences in percentage

of CD11bþCD33þHLA-DR-CD14-CD15þ cells (polymorphonuclear MDSC, PMN-MDSC) and CD11bþCD33þHLA-DR-CD14þ cells (mono-

cytic MDSCs, Mo-MDSC) between HC and PAH groups. (h) MDSC (% of CD11bþCD33þ cells) in men (n¼ 9) and women (n¼ 15) with PAH. (i)

MDSC (% of CD11bþCD33þ cells) in patients with PAH correlated with mean pulmonary artery pressure (mPAP; mmHg). (j) Changes in percent

expressing cells, and expression (median fluorescence intensity, MFI), of programmed death-ligand 1 (PD-L1) of MDSC sub-populations, Mo-

MDSC and PMN-MDSC between HC and PAH patient peripheral blood samples. PD-L1 expression correlated with mPAP in (k) Mo-MDSC and

(l) PMN-MDSC. Representative flow plots displayed. Data are shown as median and IQR. Spearman rank correlation analysis was performed

between variables, as indicated.
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checkpoint PD-L1 expression, mainly by endothelial cells,
suggests that inhibition reverses protection conferred by
functional Treg adoptive transfer, fully replicating the
phenotype of severe PH associated with Treg deficiency, in
the SU5416 and chronic hypoxia rat model.16

The chronic hypoxia model is, of course, severely limited
in replicating the pathology of human PAH. However,
the model is helpful in recapitulating key components of
pulmonary hypertensive lung changes, such as immune cell
oxidative stress, endothelial cell injury, and a distinct type of
pulmonary inflammatory response. Additionally, chronic
hypoxia results in muscularization of the media, with result-
ing PA lumen narrowing and associated RV hypertrophy,
although this is reversible upon re-exposure of mice to
normoxia. While we are incapable of drawing conclusions
comparing the functional capabilities of MDSC from
hypoxia-exposed mice to those from patients with PAH,
chronic hypoxia itself is known to have effects on accumu-
lation of MDSC within tissue, resulting in pathologic
changes to the microenvironment.17

Although our study did not functionally define
MDSC, the exclusion of mature granulocytes by density
fractionation before our analysis makes contamination of
our samples by mature neutrophils unlikely.18 Moreover,
neutrophils that significantly express PD-L1 display an
MDSC-like suppressive phenotype, regardless,19 and have
been demonstrated to be transcriptionally distinct from
inflammatory neutrophils.20 While all of our analysis was
uniformly performed on thawed PBMC samples, we
cannot exclude biologically relevant differences in MDSC
composition compared to analysis performed on fresh per-
ipheral blood.21

In conclusion, we posit that PD-L1 is elevated on MDSC
from patients with PAH and that the proportion of MDSC
subsets is shifted in disease. These anomalies may play a role
in the chronic inflammatory process leading to pulmonary
vascular remodeling and the progression of PAH.
Conveniently, this hypothesis can be tested in part through
manipulation of the signaling pathway in the chronic hyp-
oxia murine model of PH. While future studies are necessary
to prove or disprove their role in disease pathology, it is a
provocative area of research given the large amount of
therapeutic resources now available in the field.
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