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Abstract

Pulmonary arterial hypertension (PAH) is a fatal disease with a well-established sexual
dimorphism. Activated inflammatory response and altered redox homeostasis, both known to
manifest in a sex-specific manner, are implicated in the pathogenic mechanisms involved in

PAH development. This study aimed to evaluate the impact of sex and plasma redox status on
circulating cytokine profiles. Plasma oxidation-reduction potential (ORP), as a substitute measure
of redox status, was analyzed in male and female Group 1 PAH and healthy subjects. The
profiles of 27 circulating cytokines were compared in 2 PAH groups exhibiting the highest and
lowest quartile for plasma ORP, correlated with clinical parameters, and used to predict patient
survival. The analysis of the PAH groups with the highest and lowest ORP revealed a correlation
between elevated cytokine levels and increased oxidative stress in females. In contrast, in males,
cytokine expressions were increased in the lower oxidative environment (except for IL-1b).
Correlations of the increased cytokine expressions with PAH severity were highly sex-dependent
and corresponded to the increase in PAH severity in males and less severe PAH in females.
Machine learning algorithms trained on the combined cytokine and redox profiles allowed the
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prediction of PAH mortality with 80% accuracy. We conclude that the profile of circulating
cytokines in PAH patients is redox- and sex-dependent, suggesting the vital need to stratify the
patient cohort subjected to anti-inflammatory therapies. Combined cytokine and/or redox profiling
showed promising value for predicting the patients' survival.

INTRODUCTION

The role of the immune and inflammatory systems in pulmonary arterial hypertension
(PAH) has been intensively studied using preclinical models and clinical trials,1-" and

the contribution of various cytokines in the pathogenesis of PAH has been proposed.8-12
The current concept suggests that the initial damage of small pulmonary arteries triggers
the recruitment and activation of immune cells, which contribute to vascular remodeling
and disease progression, in particular, through an elevated cytokine release. However,

the type and intensity of immune system response may vary for each sex.13:14 We

have previously reported sexual dimorphism in the inflammatory sub-phenotypes in PAH
preclinical models.15-18 Specifically, we identified that male rats developed an inflammatory
and/or fibrotic phenotype, while females showed proliferative changes in the absence of
inflammatory response.18 Furthermore, males were found to have a more progressive
PAH8 that involved the disruption of the endothelial cell barrier in the lungs® and an over-
activation of TLR4-mediated inflammatory signaling.1”-18 These data suggest that, at least in
preclinical models, vascular remodeling in male rodents exhibits a higher inflammatory
component than in females. However, the role of inflammation in patients with PAH
remains unclear and, with respect to sex, heterogeneous. For example, the PAH associated
with female-dominant autoimmune diseases, such as systemic sclerosis, systemic lupus
erythematosus, rheumatoid arthritis, etc., displays a woman-to-man ratio ranging from 2:1
to 19:1.19 In contrast, HIV-associated PAH is increased in males,29 with an inverted female-
to-male ratio of up to 1:7.7.19 Thus, understanding the role of sex in the inflammatory
responses in PAH patients is vital to optimize disease management.

Inflammation and oxidative stress are often considered closely related. Activated by

initial damage, inflammatory cells produce high amounts of reactive oxygen species
(ROS), exacerbating oxidative stress and tissue damage. This relationship becomes more
complicated when the role of sex is taken into account.2? Our recent data indicate that
females have a considerably high level of apoptotic cell death in response to cellular

stress in the absence of signs of necrotic damage.1517.22-24 The oxidative environment
produced by dysfunctional mitochondria in apoptotic cells limits the immune response

and promotes immune tolerance.2%26 Therefore, clearance of apoptotic cells occurs in the
absence of pro-inflammatory responses and is associated with a release of anti-inflammatory
cytokines.2” In contrast, male cells respond to acute or chronic stress by necrotic cell
death.17.18.22-24 Necrotic intracellular content increases the amount of reducing equivalents
in the extracellular environment!’ and induces a robust immunogenic response.28 This
“reductive stress” was described in several inflammation-associated diseases, including
PAH.29 Based on this previous research, we propose that sex is a critical regulator of the
extracellular redox homeostasis and intensity of inflammatory response. In this study, we
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analyzed cytokine profiles categorized by sex and oxidative status. The results revealed a
significant need for PAH patient cohort stratification based on these 2 parameters.

MATERIALS AND METHODS

Patient cohorts.

PAH and control subjects were prospectively recruited by the University of Arizona (UA).
All subjects provided written consent to participate in this study with the approval of the

UA institutional human subjects review board. Peripheral venous blood was collected during
outpatient clinic visits or right heart catheterization and stored at the University of Arizona
Biobank. Care was taken to standardize blood sample collection, preparation, and storage at
-80°C, as previously described.1”

A total of 140 PAH patients (41 males and 99 females) who met the World Symposium

of PH Group 1 criteria3? and 50 healthy subjects (29 males and 21 females) were used in
this study for redox and cytokine profiling. Clinical data were extracted from the electronic
medical record; 6 minute walk distance (6MWD), brain natriuretic peptide (BNP), and
functional class (FC) tests were selected based on the completion of assessment date closest
to the date of right heart catheterization. The outcome of time to death was assessed during
the 5 year period that followed blood sampling. The cohort characteristics of blood sampling
are presented in Table 1.

Redox parameters evaluation.

Oxidation-reduction potential (ORP) was measured in 30 yL of patient samples
electrochemically using RedoxSys Diagnostic System (Aytu BioScience Inc., Englewood,
CO0), the diagnostic platform that measures ORP in body fluids as described in the
manufacturer’s protocol and published.17:31-33

Cytokine multiplex assay.

The Bio-Plex multiplex immunoassay platform permits high throughput identification of
proteins in the biological samples using premade or custom-made panels. The Bio-Plex
Pro Human Cytokine Groupl Panel 27-Plex (Bio-Rad, M5000KCAFO0Y) was used for the
analysis of cytokines, chemokines, and growth factors in human plasma of healthy and
PAH subjects. Bead-based assay permits the detection of 27 different types of cytokine,
chemokine, or growth factor target in a single well of a 96-well microplate. The assay was
performed according to the manufacturer’s protocol. Briefly, human plasma was diluted
2-fold with Bio-Plex sample diluent and added to beads covalently coupled to antibodies
against 27 targets. After 30 minutes of incubation on a shaker at room temperature, beads
were washed, and biotinylated detection antibodies were added for 30 minutes under

the same conditions. After a 3 time wash, streptavidin-phycoerythrin (streptavidin-PE)
complex was added to bind to the biotinylated detection antibodies for 10 minutes at
room temperature. The plate was processed on the Bio-Plex instrument immediately. Data
Acquisition at low PMT, RP1 setting, and Analysis Data was performed using the Bio-Plex
200 System (Bio-Rad).
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Principal component analysis.

Principal component analysis (PCA) was applied to the controls and PAH patients to
visualize high-dimensional data clustering. To analyze and plot the data set, we utilized

the Orange software package (version 3.26). Cohorts were disaggregated by sex, and PCA
was done on cytokines that showed redox-specific expression profiles. For males, there were
ten cytokines (IL-1b, MIP-1a, G-CSF, IL-6, IL-1ra, VEGF, IL-10, Eotaxin, MCP1, IFNg)
involved in PCA; for females — thirteen (IL-1b, IL-2, IL-13, IL-7, IL-17, Eotaxin, IL-8,
IL-10, MIP1a, IFNg, VEGF, IL-1ra, MCP-1). The built-in Orange software algorithms and
intelligent data visualizations techniques (Scatterplot and VizRank) have unbiasedly defined
and plotted the coloring class areas with boundaries between healthy controls and high-

and low-ORP pulmonary hypertension. Linear projection vectors have identified cytokines
involved in the separation of these classes.

Machine learning classification analysis of biomarkers.

For machine learning analysis, we utilized the Orange software package (version 3.26). To
identify the best algorithms for classifier learning, we used 6 different algorithms (Random
Forest, Support Vector Machine, Neural Network, Naive Bayes, Logistic Regression, and
Stochastic Gradient Descent). The cytokine profile data were randomly split into the

train data set (80%) and test data set (20%) repeated 5 times. We have also utilized
cross-validation by splitting data into 3-folds. The best algorithms were selected using the
performance criteria such as sensitivity, the area under the curve (AUC), and classification
accuracy (CA). For the sex-based separation of the patient cohort, the best model based

on classification accuracy in a cross-validation study was identified as Stochastic Gradient
Descent. For redox-based stratification, the Support Vector Machine model was more
accurate. For the prediction of patient mortality, the Neural Network algorithm showed the
best accuracy of prediction. The confusion matrix for different classifications was assessed
using cross-validation, and the accuracies of predictions reported. ROC curves for each
algorithm were plotted, and feature importance for each cytokine was calculated as an
information gain value. Student's t-test was used to identify statistical significance between
survival and non-survival clinical and cytokines data.

Cytokine analysis by immunoblotting.

Three cytokines representative for each specific group: (1) cytokines that show similar
redox sensitivity in males and females (IL-1p); (2) cytokines that precisely elevates in

low ORP conditions in males (IL-6), and (3) cytokines that elevate explicitly in the high
ORP conditions in females (I1L-13) were also analyzed in human plasma by Western Blot
analysis as previously described.1’ Briefly, 1ul of plasma collected from control subjects
or PAH patients with low and high ORP was mixed with reduced 6X Laemmli sample
buffer (Boston Bioproducts, Ashland, MA, cat BP-111R). After 5 minute of incubation

at 95°C, the samples were loaded on the 4%—-20% Mini-PROTEAN TGX Stain-Free gels
(Bio-Rad Laboratories, Hercules, CA) and electrophoretically separated using a PowerPac
Universal power supply. The samples were transferred using Trans-Blot Turbo transferring
system (Bio-Rad Laboratories, Hercules, CA); the membranes were blocked with 5%
BSA (Fisher Scientific, Fair Lawn, NJ, cat 9048-46-8) and incubated with anti-I1L-15
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(Abcam, Cambridge, MA, ab9722), IL-6 (Santa Cruz Biotechnology, Inc., Dallas, Texas,
sc-57315) and anti-IL-13 (Abcam, Cambridge, MA, ab201470) antibody diluted to 1:1000
for overnight at 4C. The membranes washed 3 times with Tris-buffered saline (TBST)

were incubated with anti-Rabbit 1gG, HRP-Linked Antibody (Cell Signaling, Danvers, MA
cat 7074S) diluted to 1:5000 for 1 hour at room temperature. The signal was recorded

with the ChemiDoc MP Imaging System (Bio-Rad Laboratories, Hercules, CA) using a
chemiluminescent protocol and analyzed using Image Laboratory software. The loading was
normalized per total sample protein using free stain gels as published.18:34

Statistical analysis.

RESULTS

The normality of the data was assessed by Kolmogorov-Smirnov and Shapiro-Wilk

tests. Cytokine expression in groups was reported as mean = SEM. Stratified analyses
based on cytokine profiles were performed, in which differences in continuous variables
were assessed using the Student’s t-test for normally distributed data. Correlations were
performed utilizing Pearson’s or Spearman'’s analyses based on the normality of the

data. To visualize high-dimensional data clustering, PCA analysis was carried out by the
Orange software package (version 3.26). Survival analysis with left-truncated right-censored
data was calculated and plotted in R using Olsurv and KMsurv packages. Kaplan-Meier
estimates of patient survival and the hazard ratio for the 5 year risk of death were compared
between the sexes by a log-rank test. Kaplan-Meier estimates of survival for selected
cytokines were based on cut-off values calculated as 95 percentile of the control cohort.
Statistical data analyses were carried out using statistical software, GraphPad Prizm version
8.4. Pvalues < 0.05 were considered statistically significant.

PAH and control cohorts.

Table 1 details demographics for both PAH and control cohorts with similar median ages
and race distribution. Both sexes in the PAH cohort showed an equal distribution in
functional class, with the most prevalent class 111 (71% and 68% in males and females,
correspondingly). There were no sex differences in 6 minute walk distance, brain natriuretic
peptide levels, hemodynamic, and cardiac function parameters.

Among underlying PAH etiologies, idiopathic PAH had the highest representation (56.1%
and 42.4% in male and female cohorts correspondingly). Both male and female patient
cohorts consisted of connective tissue disease (CTD), congenital heart disease, portal
hypertension, drugs and toxins, HIV, and hereditary PAH. In accordance with the well-
described sex disparities for conditions associated with PAH,19:35 CTD was more prevalent
in the female cohort, while HIV had a higher representation in male patients. Both
conditions are known to be associated with chronic inflammation.36-38

Approximately 30% of PAH subjects were treatment-naive, ~30% were placed on PAH
monotherapy, another ~30% were on dual PAH therapy, and ~10% of PAH subjects

received triple therapy (phosphodiesterase inhibitors, endothelin receptor antagonists, and
prostanoids). Notably, the profiles of the PAH-specific therapy were closely matched in male
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and female PAH subjects, minimizing the effects of therapy on the discovered sex difference
in cytokine profiles. We also tested whether PAH therapy affects the plasma redox profile by
comparing the Oxidation Reduction Potential (ORP) values in treated and treatment-naive
patients and found no differences between these groups in either sex (Fig. S1).

Kaplan-Meier estimates of patient survival (cohort involved in cytokine analysis) showed a
lower survival in males, although this difference didn’t reach statistical significance (Table 1,
5 year survival rates were 62.7%, Cl 73%-50% and 48.1%, CI 65.2%—-28.7% in female and
male patients correspondingly). In contrast, plasma redox status showed significantly greater
oxidative stress in PAH patients of both sexes compared to the sex-matched healthy controls;
however, there was no significant difference in the redox profile between the sexes inside the
PAH group.

The inflammatory response in PAH.

Oxidation-Reduction Potential (ORP) is a measure of the ability of the system to oxidize
(lose electrons) or reduce (gain electrons). The redox status of the biological system is
complex and depends on the spectrum of short-lived reactive oxygen and/or nitrogen species
(RO/NS), RO/NS producing and detoxifying enzymes, and small molecule antioxidants.
Therefore, ORP represents a unique integral approach for evaluating the system's final
oxidative and/or reductive status. The large body of previously published research confirms
the high predictive value of ORP in evaluating the redox status of human plasma and

other fluids in health and disease.1:31-33, 39-46 Therefore, we used ORP as the robust and
straightforward approach for evaluating patients' plasma redox status. ORP was normally
distributed in plasma samples collected from male and female PAH patients (Fig. S2). To
investigate whether the inflammatory response depends on the redox status, we selected 2
extreme quartiles, 25% of the most oxidized samples (highest ORP quartile) and 25% of the
least oxidized samples (lowest ORP quartile). When both quartiles were combined (plasma
redox status is not accounted for), the samples showed a significant elevation of cytokines
in the PAH cohort, reproducing data published by other research groups.#”-48 Notably, both
sexes had comparable changes in the cytokine profile. Thus, we found that IL-1b, IL-1ra,
IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, IP10, MIP-1a, TNFa, and
VEGF were increased in each sex group compared to healthy controls (Table. 2). Eotaxin
and FGFb were elevated in females but were unchanged in males. The circulating levels

of MIP-1b were low in males with PAH but not in females, and RANTES was below the
control level in both sexes. Other cytokines, such as IL-5, IL-9, IL-15, GM-CSF, INFy,
MCP1, and PDGFbb, remained unaltered in each sex compared to healthy subjects.

Cytokines profiles with consideration of plasma redox status and patient sex.

Fig 1 consists of cytokines discovered as ORP-dependent since they were significantly
altered in the patients with either the lowest or the highest plasma ORP values. Interestingly,
some of these cytokines were not depending on patient sex. Thus, IL-18 was increased

only in the most oxidized samples, while IL-1ra, IL-10, Eotaxin, INFy, MCP1, MIP-1a, and
VEGF were elevated only in low ORP samples, and these changes were evident in both
sexes. In contrast, other cytokines revealed their ORP dependency only in consideration

of sex. Thus, IL-2, IL-7, IL-13, and IL-17 were increased in the samples with the highest
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ORP, specifically in women. IL-8 was increased in females' low ORP group, while IL-5,
IL-6, IL-15, and G-CSF were also increased in the low ORP group, but only in males.
These results suggest that the redox state of the microenvironment may influence cytokines
expression and release. However, despite the commonly accepted interconnection between
oxidative stress and inflammation, not all cytokines correlated with ORP. Moreover, sex
significantly affected the correlations between cytokine levels and plasma redox state.
Thus, female patients have a higher number of cytokines affected by oxidative stress,
whereas, in males, all cytokines except IL-18 were upregulated in patients with the least
oxidized plasma. The same results were obtained in 3 representative cytokines - IL-1/, IL-6,
and IL-13 using an immunoblotting analysis as an alternative method to measure plasma
cytokine levels (Fig. S3).

The principal component analysis (PCA) of redox-dependent cytokines showed distinct
clustering of control and PAH subjects with low and high ORP status (Fig 2). Importantly,
this separation was achieved only when the data were disaggregated by sex, while analysis
without sex-based stratification disrupted the clustering (data not shown). This discovery
suggests that the contribution of both factors, sex, and redox status, are required to
distinguish patients with PAH from healthy controls and could be used for diagnostic
purposes. To identify the cytokines that served as the primary determinants of separation of
high- or low-ORP PAH patients from the healthy cohort, we plotted the linear projection
vectors. In males, IL-1b was the most influential in separating the high-ORP PAH patients
from the healthy controls, while MIP-1a, G-CSF, IL-1ra, IL-6, IL-10, VEGF, and Eotaxin
all contribute to distinguishing the low-ORP PAH group from controls. In females, cytokines
IL-1b, IL-2, IL-7, IL-13, and IL-17 were all involved in the high-ORP group clustering,
while Eotaxin, IL-1ra, IL-8, IL-10, VEGF, MIP-1a, IFNy, and MCP-1 helped to distinguish
the low ORP patients.

In both sexes, the cytokines profiles were categorized as previously described.*® Pro-
inflammatory response mediators were the main factors that defined the patients with a
high level of oxidative stress in both sexes. This finding corresponds to the well-established
interconnection between oxidative stress and inflammation. However, the mediators of
angiogenesis, proliferation, vascular remodeling, and anti-inflammatory pathways were
found to contribute to the separation of patients with low ORP (or the less oxidized plasma),
suggesting that the low oxidation, or increased level of reduced equivalents, could also be
involved in the activation of the pathways associated with PAH initiation and progression.

Correlations between the clinical parameters and the cytokine levels.

Although the contribution of the inflammatory component to PAH development is known,
most studies do not observe a reproducible correlation between cytokines and disease
parameters. We discovered that consideration of sex and/or plasma redox status increases
the number of significant correlations. In men, 7 cytokines significantly correlated with

the changes in the clinical parameters. Except for G-CSF, the elevated cytokine levels
corresponded to increased PAH severity, defined as higher mPAP, PVR, and BNP and lower
CO, CI, and 6MWD (Table 3). In women, 14 cytokines significantly correlated with the
severity markers, although only 3 (IL-1b, IL-9, and I1P10) positively correlated with the PAH
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severity. The majority of cytokines, such as IL-2, IL-4, IL-5, IL-7, IL-12, 1L-13, IL-15,
IL-17, and Eotaxin, correlated with a decrease in PAH severity, suggesting that not an
elevated production of these cytokines, but rather their decrease corresponds to more severe
disease. We conclude that in females, cytokines may simultaneously play a role in the PAH
progression and the adaptive responses.

Only 3 out of twenty-one cytokines significantly correlated with the disease parameters

in both sexes; 2 of these, FGFb and INFy, exhibited the opposite effects (a positive
correlation with PAH severity in males and a negative correlation in females). Thus, distinct,
sex-specific inflammatory profiles differentially contribute to PAH severity.

Cytokine profiling-based predictions.

To evaluate the potential contribution of sex in the profile of circulating cytokines, we
applied the Machine Learning and/or Deep learning (ML/DL) algorithms. ML models
trained to recognize the specific patterns are useful tools to make unbiased predictions

of classifications. The confusion matrix shown in Fig 3A indicates the results of ML
predictions of patient sex based on the cytokine profiles. We found that ML/DL approach
can predict the patient's sex with ~90% accuracy based on the PAH cytokine profile.
Although the is no practical use in predicting the sex of the patient, this outcome
highlights that the sex-specific profiles of circulating cytokines could be easily identified
and separated using ML/DL. The raking of the cytokines shown in Fig 3B represents the
level of contribution of each cytokine in the sex-specific separation of the overall profile.
These results suggest that IL-1ra, IL-2, INFy, IL-12(p70), IP10, and IL-8 are the primary
influencers that outline the sex difference in the circulating cytokines in PAH.

The same ML/DL algorithms were applied to identify the contribution of redox status to

the cytokine profile. While no prediction was possible when the analysis was performed

on patients of both sexes (data not shown), the sex-specific approach allowed an accurate
(95%-100%) prediction of samples with a high or low ORP (Fig 4A). Again, we infer that
redox homeostasis significantly contributes to the cytokine profile and/or release, although
this contribution is sex-specific. Among the cytokines that determine the redox-specific
disaggregation of cytokine profile in females are MCP1, VEGF, IL-1ra, Eotaxin, IL-1/, and
IL-10, whereas in males — VEGF, IL-10, IL-6, INFy, IL-1ra, and Eotaxin (Fig 4B); these are
all ORP-dependent cytokines (Fig 2), which explicitly increased in the low-ORP samples,
except for IL-1 (Fig 1).

Finally, we applied the ML/DL model to predict patient survival. Compared to the previous
analysis done to validate the contribution of sex and redox status in cytokine profiling, this
prediction type is highly significant, as there is a demanding need to identify the patients at
a high risk of mortality. The 5 year survival in the PAH cohort involved in cytokine profiling
was 62.7% (CI 73%-50%) in females and 48.1% (CIl 65.2%—-28.7%) in male patients (Fig
5A), no significant differences in survival for all patients was found (£ = 0.2) between males
and females with accounting for left-truncated right-censored data (Fig 5B). The combined
cytokine and ORP profiles allowed an accurate statistical classification of survivors vs non-
survivors. As shown in the confusion matrix (Fig 5C), the mortality episodes were predicted
with 80% accuracy. The same predictive analysis applied for the primary clinical parameters
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showed a much higher model confusion with accuracy in predicting patient mortality by
only 40% (Fig 5D). Although cytokine and clinical markers profiles showed a comparable
accuracy for predicting patient survival, the profiling of circulating cytokines could become
a useful tool specifically for predicting the episodes of patient mortality. The analysis of
cytokine profile in survivals vs non-survivals revealed 5 significantly altered cytokines -
IL-6, MIP-1a, IL-7, IL-9, and TNFa (Fig 5E-1). Notably, only IL-6 and MIP-1a were
increased in non-survived patients, while rest cytokines were decreased in non-survivals,
which corresponds to our results described earlier. The Kaplan-Meier curves compared the
survival of patients below and above cut-off values corresponding to the 95% percentile
determined in the control subjects. It was discovered that only patients with elevated levels
of IL-6 (>3.05pg/ml, < 0.02, Fig 5E) and MIP-1a (>1.74pg/ml, P< 0.02, Fig 5F) show

a significantly lower survival probability. For the rest of cytokines showing the significantly
decreased levels in the non-survival group vs survivals, the Kaplan-Meier curves revealed
the delayed difference in patient survival that didn’t reach the statistical significance (<
21.3pg/ml for IL-7, P=0.29, Fig 5G; < 86.5pg/ml for IL-9, A= 0.1, Fig 5H); <48.5pg/ml for
TNFa, P=0.32, Fig 5I). Among the clinical parameters, only 6MWD and pro-BNP levels
were significantly changed in survivors vs non-survivors (Fig 5J), while the rest, including
mPAP, Cl, PVR, were found to be similar in these patient groups.

DISCUSSION

Although inflammation is an essential player in PAH initiation and progression,° the
detailed contribution of inflammatory responses in PAH pathogenesis remains unclear. Prior
studies confirmed the increased cytokines expression and secretion in PAH compared to
healthy subjects.#8:49.51.52 However, the heterogeneity of the PAH population confounds
the identification of distinct signatures of the inflammatory profile. The machine learning
techniques applied to delineate possible patterns in the inflammatory profiles revealed
distinct immune phenotypes of patients with PAH,49 although these phenotypes did not
correspond to PAH etiology. These results suggest that an alternative classification of PAH
patients is required to understand the factors contributing to inflammatory-based clustering.

In the present study, we applied 2 criteria to stratify the initial PAH cohort. We discretely
analyzed male and female samples and further divided patients based on the redox status
of plasma. These criteria were selected based on previously published data that indicate

a critical role of sexual dimorphism in the manifestation of PAH.15.16.19.53.54 \\je have
also previously shown that the type of cell death is sex-dependent, with female cells more
likely to undergo apoptosis while male cells succumb to necrosis.22 The particular type
of cell death affects the redox status of the extracellular milieu. Thus, the intracellular
content passively released from necrotic cells consists of considerably more reducing
equivalents than the extracellular environment!’:5° and shifts the overall redox balance

to a more reduced and less oxidized state. Apoptosis or ferroptosis, in contrast, executes
programmed death with the oxidation of intracellular components to make this process
immune-silent.56-58 |n this regard, the dependence of plasma redox homeostasis on sex

is expected and was indeed confirmed in preclinical animal models and PAH patients.’
Thus, we found that some cytokines known to be produced in response to necrosis but not
apoptosis®® were increased only in low-OPR samples and only in males, supporting the
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proposed interconnection between necrosis, a more reduced/less oxidized environment, and
male sex.

Interestingly, in each sex, the samples with high and low ORP were clustered differently,
although both exhibited a strong separation from the healthy cohort. Based on these results,
we propose that plasma redox homeostasis may represent an essential contributor to the
sub-phenotyping of PAH patients and be implemented into underlying pathology. Moreover,
in this study, we, for the first time, outlined the cytokines that displayed redox sensitivity,
as they were found to be significantly elevated in 1 of the extreme redox conditions

— in plasma with the highest or lowest level of oxidation. Although the large body of
published literature confirms the increased oxidative stress in the site of inflammation,

the dependence of particular cytokines’ secretion on the level of oxidative stress has

never been proposed or identified. Our data indicate that IL-13 is a markedly oxidative
stress-driven cytokine that achieves the highest expression in an oxidative environment in
both male and female patients. However, in males, IL-18 did not significantly correlate
with any clinical parameters, suggesting that this oxidative stress-induced cytokine is not
the primary contributor to the PAH severity in males. In contrast, in females, IL-15
significantly correlated with a decrease in Cl. Other cytokines that showed increased
expression in a highly oxidative milieu are IL-2, IL-7, IL-13, and IL-17, all possessing
strong proinflammatory characteristics. The remainder of cytokines were increased in the
less oxidized milieu, suggesting that the less oxidized environment is more favorable for
cytokine production in PAH.

The difference in the redox homeostasis for each sex and the sex-specific correlations
between the clinical parameters and circulating cytokines also highlight the importance

of sex as a factor separating the PAH cohort into sub-groups. In males, most cytokines
positively correlated with the PAH severity, as was defined earlier (higher mPAP, PVR,

and BNP, and lower CO, ClI, and 6MWD). On the other hand, the increased level of

total antioxidant protection in females makes them more protected from oxidative damage
associated with inflammation and, thus, more adapted to inflammatory reactions. Therefore,
we propose that females are more dependent on the inflammation that cleans and detoxifies
the damaged tissue. Indeed, a previously published ML approach revealed that the cluster of
patients with the highest percentage of women (80.5%) has the highest level of upregulated
cytokines, although this group of patients had the lowest mortality rate among the 4 clusters
studied.*® Based on these discoveries, the inflammatory response in females could positively
influence the course of PAH, which contributes to the better survival described for the
female sex.50

The discovered negative association between cytokine levels and PAH severity in females
could also be viewed through the increasingly recognized role of lymphocytes in regulating
the course of PAH. PAH patients have a dysfunctional immune system characterized by
the decreased relative and absolute number of circulating lymphocytes,51 altered T- and
B-cell circulating subsets,2:63 diminished CD8+ T cells,%* functionally defective Natural
killer (NK) cells,® regulatory T cells,5¢ which predispose to a worse survival.8” The
evidence from animal models confirms the critical importance of lymphocyte deficiency

or dysfunction in predisposing to PH, as mice with genetic NK deficiency or athymic
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rats develop PH spontaneously or become more susceptible to pulmonary vascular injury
and severe form of PH.%8-70 Notably, female athymic rats developed a more severe PH

than males.”® It was also noticed that female PAH patients with a significant drop in
absolute lymphocytes count have low survival; the effect that was not noticed in males.’?
Given that in PAH, males demonstrate higher mortality, the inverted poor prognosis in the
immune-deficient females suggests that females are more dependent on an adequate immune
function and sensitive to its insufficiency. Indeed, we have previously found that PH female
rats had a more pronounced increase in medial thickness in the small pulmonary arteries.16
Since ineffective immune regulation is known to promote a severe angio-obliterative PAH,
females could benefit from the immune-stimulating properties of some cytokines. Indeed,
we discovered that cytokines known to either stimulate differentiation and activation of NK
and T cells (IL2, IL12) or produced by already activated NK and T cells (INFy, IL13) show
a significant negative correlation with mPAP in the female patient group (Table 3).

The unbiased ML/DL approach additionally confirmed that sex affects the composition of
circulating cytokines, and the resulting profiles could be efficiently separated by sex with an
accuracy of around 90%. Among the cytokines identified as the most critical contributors

to sex-specific profiling were those that showed a sex-specific effect in their correlations
with PAH severity markers. A similar approach confirmed that for each sex, the profiles

of cytokines responding to the more or less oxidative environment are also distinct and

could be accurately predicted. However, most importantly, cytokines profiles combined with
plasma redox status allowed an accurate prediction of patient mortality. IL-6, significantly
elevated in non-survival patients and showing a poor survival prognosis in patients with
levels exceeding 95% control values cut-off, has recently gained considerable attention

in PAH research. Lung-specific overexpression of this inflammatory cytokine produced
spontaneous PAH in mice, which was additionally accelerated by hypoxia,’3 while smooth
muscle-specific deletion of IL-6 receptor protected against experimental PAH.® Although the
circulating levels of IL-6 in PAH patients did not correlate with mPAP, PVR, or 6MWD,
they were found to be independently associated with severe RV dysfunction, diminished RV-
PA coupling, and low patient survival rate.8:48.74.75 However, treatment with 1L-6 receptor
antagonist, tocilizumab, was not effective in the unstratified patient cohort,2 supporting the
need for a more classified approach.

In addition to tocilizumab, other anti-inflammatory therapeutics were evaluated in clinical
trials, highlighting the interest and necessity to control the inflammatory component of
PAH. A phase I1, randomized, double-blind, placebo-controlled study (NCT0266455876)
used ubenimex that inhibits the synthesis of leukotriene B4 (LTB4), responsible for initiating
pro-inflammatory signaling in pre-clinical studies.””:"® However, ubenimex also inhibits
several other targets not relevant to LTB4. Therefore, the failure of the clinical trial

to significantly improve PVR and 6MWD, the primary and secondary study outcomes,

could be related to the off-target activity of ubenimex. At the same time, it could be due

to using a non-stratified patient cohort and missing the opportunity to target the most
susceptible to anti-inflammatory therapy patient groups. Notably, the effects of a combined
antioxidant and anti-inflammatory therapy seem more promising. Furthermore, the clinical
trial (NCT020369707°) tested bardoxolone methyl that simultaneously possesses antioxidant
and anti-inflammatory properties has detected improvements in 6MWD compared to
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baseline. Notably, BMWD was also significantly different in our analysis of survival vs non-
survival patients, confirming the prognostic value of MWD, an independent determinant of
patient survival.89-82 Thus, based on the previous studies and our current results, we propose
that a combined therapy and the more precise approach that considers patient sex and redox
status could improve current and future anti-inflammatory therapies' efficiency and help
predict the outcomes.

This study represents a very novel approach to stratifying the patient cohort based on

2 factors known as essential contributors in PAH pathobiology. However, this first-time
attempt requires follow-up studies to validate the presented results on larger patient

cohorts and patients who reside in different geographical locations. It is also important

to implement a further stratification based on PAH etiology or comorbidities, focusing on
the sex-dependent conditions. Therapy could alter the cytokine profiles and redox status.
Although the therapy profiles of male and female PAH patients were matched in this study,
and the ORP values in treated and treatment-naive patients were similar, the effects of
therapy should be investigated more precisely, for example, by comparing the cytokine
levels in patients placed on different treatment protocols with treatment-naive subjects.
Future research could also include longitudinal evaluation of circulating cytokine profiles or
retrospective assessment of the efficiency of anti-inflammatory therapy based on the patient
sex and plasma redox profile. While ORP represents a sum of simultaneously ongoing
oxidative-reductive reactions and, therefore, is more suitable to describe a complex and
fast-changing balance between oxidants and reductants compared to measuring single redox
contributors, future studies may also evaluate the different aspects of redox homeostasis

by identifying the key contributors into the final redox balance. Additional research on

a better understanding of the mechanisms responsible for the distinct contribution of sex

in cytokine release and PAH severity is also required. It could shed light on the new
sex-specific targetable mechanisms or the particular type of inflammatory cells responsible
for the discovered difference in the cytokine profile. Finally, the discovered connection
between the cytokine levels and patient survival would also require further validation and
testing. Nevertheless, if confirmed, it could help optimize and personalize the therapeutic
options and reduce mortality risk.
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Abbreviations:

AUC area under the curve

BNP brain natriuretic peptide

CTD connective tissue disease

FC functional class

NK Natural killer

ORP oxidation-reduction potential

PAH pulmonary arterial hypertension

PCA Principal component analysis

ROS reactive oxygen species

TBST Tris-buffered saline

UA University of Arizona
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At A Glance Commentary
Rafikov R, et al.
Background

Although sex and oxidative stress are known and significant contributors to the
pathobiology of PAH, their contribution to the profile of circulating cytokines has never
been evaluated.

Translational Significance

In males, circulating cytokines are preferably increased in low oxidative conditions and
positively correlate with PAH severity, while in females, cytokine release corresponds
to higher oxidative stress but less severe PAH. Thus, the contribution of sex to the
inflammatory response and PAH severity highlights the critical importance of the
sex-based stratification of patient cohorts subjected to anti-inflammatory therapies.
Furthermore, the combined cytokine/redox profiles allow an accurate prediction of PAH
mortality.
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Redox-based profile of circulating cytokines. The contribution of the redox status was
evaluated by comparing the levels of circulating cytokines in the Low-ORP quartile (<25%)
vs the High-ORP quartile (>75%) in each sex. Female patients showed more cytokines
significantly elevated in High-ORP samples (A). In males, cytokines were predominantly
elevated in Low-ORP samples (B). In each graph, Controls subjects are shown in the first
boxplot (black contour), the least oxidized samples with the lowest ORP — as a second
boxplot (light grey contour), and the most oxidized samples with the highest ORP — as a
third boxplot (dark grey contour). Boxplots are presented only for ORP-dependent cytokine
(highest or lowest ORP group is significantly different vs controls). *indicate significance (P
< 0.05) between highest and lowest ORP by the Students t-test.

Trans/ Res. Author manuscript; available in PMC 2023 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

RAFIKOV et al.

Page 20

Males
Pro-inflammatory 1-IL-1b
® 2-MiP-1a
1 3-G-CSF
Pro-angiogenesis TH
4-1L-6
° o o
High ORP Proliferation ::{;Ejér:
2 Vascular 7-IL-10
. \ remodeling 8 — Eotaxin
W . 9-MCP1
- (i 10- IFNg
inflammatory
o7 Th2
athwa
PaESY ) ow ORP
Control
10
Th1/17
pathway
Females
1-IL-1b
° Adaptive immunity 2-IL-2
Pro-inflammatory 3-1L-13
° o 4-1L-7
4 5-IL-17
8 6 — Eotaxin
‘s Pro-angiogenesis 7-1L-8
High ORP ° Anti-inflammatory 8= 1L-10
9-MiPla
Vascular 10 - IFNg
% e "8 remodeling 11 - VEGF
. 12 -IL-1ra
°
- 910 11 Proliferation 13~MCP-1
_ Th1/17 and Th2 Low ORP
Control pathways

Fig 2.

Rgdox—based clustering of control and PAH plasma samples in each sex. Principal
component analysis (PCA) of cytokines that differentially express in 2 extreme redox
conditions, the most and the least oxidized, revealed the clustering of PAH samples with
Low-ORP, High-ORP, and control classes for each sex. The linear projection of individual
cytokines showed vectors that are contributed to the separation of the classes. In males, IL-
Ib, a pro-inflammatory cytokine, showed the highest involvement in separating patients with
High-ORP from controls. MIP-1a, G-CSF, IL-6, IL-1ra, VEGF, IL-10, and Eotaxin exhibited
influence on clustering of patients with Low-ORP. In females, not only IL-1b, but also IL-2,
IL-13, IL-7, and IL-17 contributed to the clustering of High-ORP samples. The Low-ORP
group's separation was driven by Eotaxin, IL-8, IL-10, MIP-1a, IFNg, VEGF, IL-1ra, and
MCP-1. Overall, High-ORP clustering is mediated by pro-inflammatory cytokines, and
Low-ORP - by proliferative and anti-inflammatory pathways.
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Sex-specific separation of PAH patient cohort based on cytokine profiles. Confusion matrix
for cross-validation of Stochastic gradient descent machine learning algorithm trained on
sex-specific cytokine profiles was able to distinguish males and females with 87%-90%
prediction accuracy (A), confirming the presence of distinct sex-based profiles in cytokine
expression identifiable by machine learning models. Blue fields indicate correct predictions;
red fields — incorrect predictions (algorithm confusions). Cytokines IL-1ra, IL-2, 1L-12,
IFNg, IP10, and IL-8 were identified as the most potent contributors in the differentiation of

male vs female cytokine profiles (B). Information gain values indicate the ranking.
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Redox-specific separation of PAH patient cohort based on cytokine profiles. Confusion
matrix for cross-validation of Support Vector Machine trained on redox-specific profiles

in each sex group distinguished between High-ORP and Low-ORP plasma samples with
95%-100% prediction accuracy (A). The data confirm that the difference in the redox
environment triggers the distinct patterns of cytokine expression that could be accurately
recognized by machine learning models. Blue fields indicate correct predictions; red fields
—incorrect predictions (algorithm confusions). MCP-1, VEGF, IL-1ra, Eotaxin, IL-1b, and
IL-10 were identified as the primary contributors to the redox-based profiling in females,
whereas VEGF, IL-10, IL-6, IFNg, IL-1ra were responsible for the redox-based separation in
males (B). Information gain values indicate the ranking.

Trans/ Res. Author manuscript; available in PMC 2023 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

RAFIKOV et al.

>

-
o
=]

Survival
probability
(%

o

== male
female

0 1 2 3 4 5

Survival
probability
00 02 04 06 08 1.0

——— male
female,

30 40 5 60 70 80 90

Page 23

Time, years Age+Time, years
C Predicted D Predicted
Survivors Non-survivors Survivors Non-survivors
'g Survivors 65.0 % 350 % ® Survivors 65.0 % 35.0 %
g g
<C Non-survivors 20.0% 80.0 % <C Non-survivors 60.0 % 40.0 %
D Correct predictions D Incorrect predictions
* 8 Gw H15n I 100-
- -
. = s0 .
- & =
= = £ *% E
E E 4 E 10 ?, D 6] & &
2 4 2 2 i =
5 ~ TRl Ed
= 2 o = Hi &
= = 20
o o 3 T T
&
&
& & & & &
& &
2" 2 mptact7a 2T 217 wwses 2
3 90 Fall " B oo %, 75213 B s % 3 90 i, TNFa>485
i Wl v Be] Tl e §ao]
o [ } [ e & e
T [ kN T 70 Loog o IL-9<86.5* G 70 TNFa<d8.5
2 3. 2 IL7<21.3 2 2 =
£ % 5o MIP-te>1.74 tw T w £ &
a 02 p=002 B p=029 @ p=01 @ p=032
012345 012345 012345 012345 012345
Time, years Time, years Time, years Time, years Time, years
100- L 25
2 30 € o] .
> = »
3 . Ea] e =
S FE g s F g E . B s -
_"{:‘— " & 4 —§~ ar - B = Lroq o
G o S >4 i SR g
e n{ ¥ 53 Sk
T = T
& & &
& & & & & &L
%od o"'\’é ..jo"‘ (\po“ & «‘fc‘ & Qﬁo‘l
& & & &

Fig 5.

C)?tokine profile but not clinical parameters predict PAH patient mortality. The Kaplan
—Meier estimates of 5 year survival for each sex of patients involved in cytokine study were
compared by log-rank test (solid lines; £=0.12). Dotted lines indicate 0.95% confidence
interval (A). Overall survival of patients stratified by sex assuming left truncation indicated
no difference between sexes (£ = 0.2) (B). Confusion matrix for cross-validation of Neural
Network deep learning algorithm trained on the selected cytokine profile+redox status
predicted mortality in total (male + female) PAH patient cohort with 80% prediction
accuracy (C). Blue fields indicate correct predictions; red fields — incorrect predictions
(algorithm confusions). The same machine-learning algorithm applied for the primary
clinical parameters predicted patient mortality with 40% accuracy, although it showed a
comparable accuracy for predicting patient survival (D). Five cytokines, IL-6, MIP-1a
IL-7, IL-9, and TNFa were identified as significantly different between the survivals and
non-survivals (E-1). Kaplan-Meier curves confirmed an unfavorable survival for patients
with cytokine levels exceeding 95% percentile of the control values for IL-6 and MIP-1a (E,
F). IL-7, IL-9, and TNFa showed a non-significant predisposition to the decreased survival
in patients with values below the 95% percentile determined in control subjects (G-1). Only
6MWD and pro-BNP levels, but not mPAP, ClI, or PVR were significantly different in
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survivals vs non-survivals (F). *indicate significance £ < 0.05, **indicate significance P<
0.01 by the Students t-test.
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