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José M. Serra López-Matencio, Manuel Gómez, Esther F. Vicente-Rabaneda, 
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Preface to ”Rheumatic Diseases: Pathophysiology,

Targeted Therapy, Focus on Vascular and Pulmonary

Manifestations”

This book aims to summarize the latest advances in the rheumatic diseases, particularly 
regarding their pathophysiology and targeted therapy, with a focus on the recent efforts of vascular 
and pulmonary manifestations in order to anticipate new and future directions of these research 
topics.

Rheumatic diseases represent a heterogeneous group of severe autoimmune disorders. The 
present Special Issue aims to provide an overview of the diversity and complexity of vascular and 
pulmonary manifestations of rheumatic diseases and to highlight gaps in our knowledge of how to 
effectively manage them. Despite their significant morbidity, we have a limited understanding of 
their pathogenesis. The eleven published articles reported here underline the complexity of 
rheumatic diseases and the difficulty of managing them. The manuscripts provide an overview of the 
pathophysiology and current management approach of these disorders, highlighting tools that assist 
with diagnosis, risk stratification, and therapy.

A significant number of articles have reported innovative and effective treatments for the most 
frequent and debilitating complications of rheumatic diseases. The book emphasizes the importance 
of multidisciplinary teams using the skills of laboratory researchers, clinicians, radiologists, and 
pathologists.

Furthermore, recent findings are presented and discussed, highlighting strategies to combat 
worsening symptoms of rheumatic diseases. The research described in this book provide an 
extremely useful example of the results achieved in the field of anti-rheumatic drug development. 
Detailed information on new breakthroughs can be found in this book. We strongly encourage a wide 
group of readers to explore the book that we are presenting for inspiration to develop new 
approaches to the diagnosis and treatment of rheumatic diseases.

We are grateful to all the authors for their contributions. We would also like to thank all reviewers 
for their help with evaluating manuscripts. We thank MDPI for their decision to publish this book 
and Ms. Fendy Fan for her kind assistance and technical support.

Barbara Ruaro, Francesco Salton, and Paola Confalonieri

Editors

xi
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Abstract: The early diagnosis of pulmonary arterial hypertension (PAH) is a major determinant
of prognosis in patients affected by connective tissue diseases (CTDs) complicated by PAH. In the
present paper we investigated the diagnostic accuracy of cardiopulmonary exercise testing (CPET)
in this specific setting. We recorded clinical and laboratory data of 131 patients who underwent
a CPET at a pulmonary hypertension clinic. Out of them, 112 (85.5%) had a diagnosis of CTDs;
8 (6.1%) received a diagnosis of CTDs-PAH and 11 (8.4%) were affected PH of different etiology.
Among CPET parameters the following parameters showed the best diagnostic performance for PAH:
peak volume of oxygen uptake (VO2; AUC: 0.845, CI95% 0.767–0.904), ratio between ventilation and
volume of exhaled carbon dioxide (VE/VCO2 slope; AUC: 0.888, CI95%: 0.817–0.938) and end-tidal
partial pressures (PetCO2; AUC: 0.792, CI95%: 0.709–0.861). These parameters were comparable
among CTDs-PAH and PH of different etiology. The diagnostic performance was even improved by
creating a composite score which included all the three parameters identified. In conclusion, CPET is
a very promising tool for the stratification of risk of PAH among CTDs patients; the use of composite
measures may improve diagnostic performance.

Keywords: pulmonary arterial hypertension; systemic sclerosis; scleroderma; cardiopulmonary
exercise testing

1. Introduction

Pulmonary arterial hypertension (PAH) is a progressive disease affecting the pre-
capillary pulmonary vascular bed, leading to an increase in pulmonary vascular resistance
and right ventricular failure, burdened by a high mortality rate [1]. PAH is a severe compli-
cation of different connective tissue disease (CTDs), particularly: systemic sclerosis (SSc),
mixed connective tissue diseases (MCTD) and SSc overlapping with other CTDs [2]. The
early diagnosis of SSc-PAH is difficult, since PAH is initially minimally symptomatic or
asymptomatic, but absolutely pivotal: indeed, the early initiation of an effective treatment
is the most relevant prognostic factor in patients affected by PAH [3]. This is why patients
diagnosed with CTDs are commonly followed-up and screened for the development of
PAH; the two-step algorithm DETECT is the most commonly used screening tool [4]. The
DETECT algorithm includes a first step in which patients are indicated to echocardiog-
raphy according to a composite score derived from the following variables: forced vital

Pharmaceuticals 2021, 14, 342. https://doi.org/10.3390/ph14040342 https://www.mdpi.com/journal/pharmaceuticals
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capacity (FVC) and diffusing capacity of the lung for carbon monoxide (DLCO); presence
of teleangectasias and anti-centromere antibody; serum urate; N-terminal probrain natri-
uretic peptide and presence of right axis deviation on electrocardiogram. On the basis
of the result of echocardiography, at risk patients will be further tested with right heart
catheterization (RHC). The detect score well performs in this setting, showing a very high
sensitivity (96%), as required by any screening tool; however, the specificity is low (48%)
having as a direct consequence the need for a high number of unnecessary invasive mea-
surement of pulmonary pressure, by RHC [5]. This is why there is an unmet need of novel
biomarkers able to refine the PAH risk stratification among CTDs patients [6,7]. In the last
years, cardiopulmonary exercise testing (CPET) has been proposed as a novel tool to better
select those patients at higher risk of PAH, thus requiring RHC [8]. CPET provides an
important insight into exercise physiology and, according to recent data, may contribute to
the identification of PAH among SSc patients [9]. In the present study we aimed to confirm
this observation and to evaluate whether CPET findings among PAH-CTDs patients differ
from patients affected by PH of a different etiology, in a pilot study.

2. Results

We recruited 131 patients, 115 (87.8%) females; the median age was 61.5 (52.0–69.5)
years. Out of them, 112 (85.5%) had a diagnosis of CTDs alone: 84 were affected by SSc,
15 by overlap syndrome, 5 by MCTD and 8 by Undifferentiated connective tissue disease
(UCTD). The median disease duration of CTDs was 5 (2–11) years; antirheumatic treatment
mainly included hydroxychloroquine (N = 57, 50.9%) and methotrexate (N = 15, 13.4%).
37 patients (33.0%) were receiving steroids when CPT was performed.

8 (6.1%) received a diagnosis of CTDs-PAH: 6 were affected by SSc, 1 by overlap
syndrome and 1 by MCTD; 6 patients were on endothelin receptor antagonists, 5 patients
were receiving phosphodiesterare 5 inhibitors. Moreover 1 patient was receiving riociguat
and 1 patient selexipag. The median time to pulmonary hypertension diagnosis was
5 (3–6) years.

Finally, 11 (8.4%) patients received a diagnosis of PH of different etiology (5 PAH,
4 chronic thromboembolism, 1 unknown).

In Table 1 we report the main clinical and laboratory features of the three study groups:

Table 1. Main general features of the study population and comparison between groups. For abbreviation: CTDs, connective
tissue diseases; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; M, males; F, females; FVC, forced
vital capacity; FEV1, forced expiratory volume in the 1st second; DLCO, diffusing capacity of the lung for carbon monoxide;
LVEF, left ventricular ejection fraction; sPAP, systolic pulmonary arterial pressure. *A vs. B; § A vs. B and C.

Group A
CTDs

Group B
CTDs-PAH

Group C
PH

p

Gender, M/F 11/101 1/7 4/7 0.04

Age, years 61 (50–68) 70.5 (68–73.5) 65 (56–78) 0.01 *

FVC, % of predicted value 104 (92–116) 99 (89–126) 87 (67–106) 0.21

FEV1, % of predicted value 104 (91–115) 117 (90–124) 87 (74–111) 0.16

DLCO, % of predicted value 89 (77–96) 48 (46–62) 76 (64–79) <0.0001 §

LVEF, % 63 (59–66) 64 (63–66) 57 (54–65) 0.18

sPAP, mmHg 26 (23–30) 46 (38–65) 47 (39–53) <0.0001 §

As shown in the Table 1, patients affected by PH show higher sPAP and lower DLCO,
as expected. Among CTD patients, those with PAH are significantly older. Looking at
the CPET parameters, we compared the results of the test among groups. The results are
shown in Table 2:
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Table 2. Comparison of the main CPET parameters among groups between groups. For abbreviation: VO2, volume of
oxygen uptake; VE, ventilation; VCO2, volume of exhaled carbon dioxide; PetCO2, end-tidal partial pressures for CO2.
*A vs. B; § A vs. B and C; ◦ C vs. A and B.

Group A
CTDs

Group B
CTDs-PAH

Group C
PH

p

Peak VO2 (ml/kg/min) 18.4 (15.1–21.8) 12.5 (12.0–14.0) 11.6 (9.2–17.0) <0.0001 §

VO2 at first ventilator threshold
(% of peak VO2)

56 (49–64) 55 (48–58) 64 (24–73) 0.25

VE/VCO2 slope 29.1 (26.4–32.6) 40.4 (36.3–41.2) 37.1 (31.6–51.6) <0.0001 §

PetCO2 basal (mmHg) 29.2 (26.1–31.0) 25.0 (23.2–26.9) 25.9 (22.9–27.6) 0.005 §

Pulse O2 peak (%) 82 (73–92) 66 (63–75) 89 (52–92) 0.04 *

EQCO2 basal 37 (34–42) 42 (38–45) 41 (38–48) 0.04

Duration of exercise, minutes 10 (8.5–12) 7 (4.5–9.5) 8 (6.5–10) 0.004 §

Maximal workload, watts 68.5 (52.0–89.0) 37.0 (32.5–50.0) 56.0 (35.5–88.0) 0.02 *

Respiratory exchange ratio 1.0 (1.0–1.0) 1.0 (0.5–1.0) 1.1 (1.0–1.2) 0.004 ◦

Patients with PH have a significantly lower peak VO2 and basal PetCO2, and a
significantly higher VE/VCO2 slope. These parameters were comparable among CTDs-
PAH patients and PH patients with different etiologies. We finally evaluated the diagnostic
accuracy of the different CPET parameters considered. In Figure 1 we reported the ROC
curve for peak VO2 for the diagnosis of PAH in patients affected by CTDs. As shown,
this parameter has very good diagnostic performance (AUC: 0.845; CI 0.767–0.904); a
value ≤ 14.1 is 87.5% sensitive (LR− 0.15, CI95% 0.02–0.90) and 83.05% specific (LR+ 5.16,
CI95%: 3.2–8.4) for PAH. The NPV is 98.4% (CI 95% 90.5–99.7%), while the PPV is 36.4%
(CI 95% 26.1–48.2%).

Figure 1. ROC curve for peak VO2. We diagnosed 8 CTD-PAH.

In Figure 2 we reported the ROC curve for VE/VCO2 slope, which again demonstrates
a very good diagnostic accuracy (AUC: 0.888; CI95%: 0.817–0.938); a threshold > 33.96 is
87.5% sensitive (LR− 0.15, CI95% 0.02–1.0) and 82.14% specific (LR+ 4.9, CI95%: 3.0–7.9)
specific for PAH. The NPV is 98.3% (CI95% 90.4–99.7) and the PPV is 35.3 (CI95%: 25.3–46.7).

3
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Figure 2. ROC curve for peak VE/VCO2 slope. We diagnosed 8 CTD-PAH. For abbreviation: AUC,
Area under the curve.

Moreover, in Figure 3 we reported the ROC curve for basal PetCO2; a threshold ≤ 27.2
is 87.5% sensitive (LR− 0.18; CI95% 0.03–1.1) and 71.43% specific (LR+ 3.1; CI95%: 2.1–4.5)
specific for PAH, while the AUC is: 0.792 (CI95%: 0.709–0.861). The PPV is 25.4% (CI 95%
18.7–33.5) and the NPV is 98.1% (89.1–99.7).

Figure 3. ROC curve for basal PetCO2. We diagnosed 8 CTD-PAH.

We finally tried to evaluate the diagnostic accuracy of a composite predictive model
including all these three parameters. We scored 1 point for each parameter considered: a
peak VO2 ≤ 14.1; a VE/VCO2 slope > 33.96; a basal PetCO2 ≤ 27.2. In Table 3 we report
the different scores according to the presence/absence of PAH among CTDs patients. The
distribution was significantly different (χ2 for trend; 34.3 p < 0.0001).

Table 3. Application of the CPET scoring system among CTDs patients.

Score = 0 Score = 1 Score = 2 Score = 3

CTDs 60 (53.6%) 34 (30.4%) 17 (15.2%) 1 (0.9%)
CTDs-PAH 1 (12.5%) 0 0 7 (87.5%)

4
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As shown in the ROC curve (Figure 4), a score of 3 is 87.5% (CI95% 47.3–99.7) sensitive
and 99.1% (CI95%:95.1–100.0) specific for PAH. The LR− is 0.13 (CI95%: 0.02–0.8) and the
LR+ 98 (CI 95%: 13.7–701.8). The PPV is 91.6% (CI 95%: 60.3–98.7) and the NPV is 98.6%
(CI 95%: 91.9–99.8).

Figure 4. ROC curve for the composite model. We diagnosed 8 CTD-PAH.

3. Discussion

In the present paper we aimed at preliminary evaluating the diagnostic accuracy
of CPET in the diagnosis of PAH among CTDs patients. According to our data, CPET
is a potentially sensitive and specific tool for the diagnosis of pulmonary hypertension,
independently from the underlying etiology. The use of composite, CPET-based scores
might improve the diagnostic accuracy and should be evaluated on a larger scale, since our
pilot study provides only preliminary data. These findings will be herein discussed on the
basis of the current literature.

SSc is a potentially severe condition; according to a meta-analysis published in 2012,
which pooled data from different cohort studies covering over 50 years of observation,
patients affected by SSc have a standardized mortality ratio 3.5 times higher than the
general population [10]. PAH is a major determinant of this excess of deaths; in fact,
according to the EUSTAR cohort study, more than half SSc patients dies because of a
condition related to their underlying CTD; more specifically, around 15% of deaths are
related to the development of PAH [11]. Patients affected by PAH have a severe prognosis;
the annual mortality is around 10% in idiopathic PAH [3] and even worse in CTDs-related
PAH, particularly when SSc is the underlying rheumatic condition [12]. Indeed, according
to Mukerjee et al., the survival rate at 1-, 2- and 3-years was respectively 81%, 63%, and
56% [13] and a comparable prognosis has been reported more recently in different registry
based studies [14,15].

The degree of hemodynamic impairment is universally considered a main prognostic
predictor in PAH [3,14–16]; being available different therapeutic strategies effective in the
management of PAH, it is reasonable to consider early diagnosis fundamental to impact on
patients’ prognosis. This is why SSc patients should undergo a regular screening strategy to
early identify cardiopulmonary involvement and to start the treatment as soon as possible.
According to the lastly updated Eular guidelines for the management of SSc-PAH, the
treatment of this condition should include the same classes of drugs used in the other
forms of PAH; this recommendation belongs to the results of different high quality clinical
trials including heterogeneous population of PAH patients among whom CTDs-PAH was
included [17].

The most commonly used screening protocol is the DETECT algorithm, firstly de-
scribed by Coghlan et al. in 2014; it is a very well performing diagnostic tool, particularly
in the context of a screening strategy, because of its optimal sensitivity. However, it should

5
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be acknowledged that its specificity is quite low. This is not negligible; in fact, the relatively
low positive predictive value accounts for an excess of patients needing to be tested with
the gold standard for PAH diagnosis, the RHC. This test is invasive and burdened by po-
tential complications which, although rare, may be severe and even fatal [18]; thus, a better
tailoring of screening strategy and individual’s risk stratification may allow to reduce the
costs and limit the risk for patients, by reducing the number of patients unnecessary tested.

In the last few years an increasing number of papers investigated the diagnostic role
of CPET in the identification of those CTDs patients with PAH [19]. Although this test is
not currently included in the guidelines for the management of SSc, the current literature
is highly consistent in confirming its potential in the identification of PAH in this specific
group of individuals.

In our study, we selected the best performing parameters and finally we built a com-
posite score to improve their diagnostic accuracy. We reported that peak VO2 is significantly
reduced in CTDs-PAH, with respect to CTDs alone; this reduction is comparable to what
observed in patients affected by PH with different etiologies. Similar results were pre-
viously reported by Dumitrescu et al. and may be explained by the fact that peak VO2
is closely related to cardiac output during exercise; therefore, a high peak VO2 reflects a
good hemodynamic adaptation to exercise and is able to rule out PAH with high accuracy.
The authors also evaluated the best performing threshold for this parameter, identifying
a cut-off of 13.8, very close to our one [8]. Another common finding is the good clinical
performance of VE/VCO2 slope. In a recent paper of an Italian group, VE/VCO2 slope was
the best parameter able to identify PAH at RHC, on top of a positive DETECT screening.
Interestingly, once more, the cut-off used was quite close to the one that we identified
(35.5 vs. 33.9) and showed an optimal sensitivity and a good specificity yielding a PPV
of 0.636 (0.556–0.750) [9]. We also tested the role of PetCO2; as already reported by Du-
mitrescu et al. [8], this marker of ventilator efficiency is predictive of PAH, although its
diagnostic power is lower than peakVO2. Interestingly, these alterations are not specific
for CTDs-PAH; we, indeed, included a subgroup of subjects suffering for PH of different
etiologies, demonstrating that the CPET is more generally able to detect cardiopulmonary
involvement. A major novel finding of our work is the observation that combining dif-
ferent CPET parameters may improve the diagnostic accuracy of the test; in particular,
we propose a 3-points score based on the three previously discussed parameters which
very well fits to our population. Despite having a sensitivity which is similar to the one
of any single parameter tested, the use of a composite score significantly enhances the
specificity and the PPV. This may, finally, significantly increase the diagnostic accuracy
of the present tool. On this basis, we can postulate that CPET may contribute to a better
stratification of those patients really requiring a RHC; it can be argued that, in the context
of a screening procedure, the use of less sensitive tools than DETECT algorithm can cause
the loss of some PAH cases with relevant clinical implications; however, RHC is an invasive
procedure. Thus, we might hypothesize that RHC may be postponed in those patients
with an indication according to DETECT but with a normal CPET. These subjects may be
addressed to a stricter follow-up to early identify clinical deterioration. Moreover, we can
also postulate that, giving the very high PPV of CPET, it could even represent an alternative
to RHC in those patients at higher procedural risk. However, we acknowledge that the low
number of cases and the cross-sectional design of the study limit the possibility to truly
test our score as a diagnostic tool. Prospective studies are indeed required to evaluate its
potential clinical application.

A further element of discussion belongs to the observation that SSc patients may have
less marked alteration of CPET even in absence of PAH; according to previous findings,
in fact, patients with SSc may show increased VE/VCO2 slope and decreased peak VO2
with respect to the general population [20]. It will be interesting to evaluate, in the next
future, whether those patients with an altered CPET may represent a subset of individuals
at higher risk for PAH development. Obviously, our study because of its cross-sectional
design is not able to give an answer to this relevant research question.
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Our paper has some limitations: first of all, the number of patients affected by PAH
included in the final analysis is low; our study should be, in fact, considered for what
it actually is: a pilot study with preliminary results that, although promising, require a
confirmation on a larger scale. Furthermore, some of the patients received a diagnosis
of pulmonary hypertension on the basis of the echocardiographic findings, being RHC
contraindicated. Despite this is in line with the current international guidelines, we should
acknowledge that RHC is the gold standard for the diagnosis of pulmonary hypertension.
Moreover, the diagnostic efficacy of this CPET-based score should be tested in a more
comprehensive strategy, as integration of the standard DETECT algorithm. A further
relevant limitation is that we considered prevalent PAH, rather than incident PAH; patients
were not naïve to treatment, which might have affected our findings.

4. Materials and Methods

We performed a cross-sectional, observational study on patients evaluated at the
Pulmonary Hypertension Clinic of the Cardiology Division, University Hospital of Novara
from 3 October 2016 to 12 December 2019. The clinic was the main referral for Rheumatol-
ogy Units of the geographic area, representing a major facility for PAH screening of CTDs
patients. The study protocol was approved by the local ethical committee and conducted
in strict accordance with the principles of the Declaration of Helsinki. Written informed
consent was obtained from all individual participants included in the study.

We included all the patients older than 18 years who underwent, under clinical
indication a CPET. We excluded from the study those who refused to sign the informed
consent. We included in the study both CTDs patients and patients with a diagnosis of
PH with a different etiology. The following criteria were applied to classify the different
rheumatic conditions:

- SSc: 2013 ACR/Eular classification criteria [21];
- MCTD: Kasukawa’s criteria [22];
- Overlap syndrome: patients fulfilling the classification criteria for SSc along with

those of other rheumatic conditions [23];
- UCTD was made when patients with a connective tissue disease did not meet the

classification criteria of any specific syndrome [24].
All the included patients also underwent a comprehensive clinical evaluation and a

biochemistry panel; moreover, respiratory function and echocardiography were performed
as described in previous papers belonging to the same project [6,7].

We recorded the following standardized measurements: forced vital capacity (FVC),
forced expiratory volume in one second (FEV1), and FEV1/FVC%), diffusing capacity of
the lung for carbon monoxide adjusted for alveolar volume (DLCO VA), measured with the
single-breath Jones-Meade protocol, corrected for alveolar ventilation, systolic pulmonary
pressure (sPAP), right atrium area (RAA), right ventricle diameter (RVD), and ejection
fraction (EF).

According to the application of international guidelines, those patients with a sus-
pected PAH underwent right heart catherization. PAH was defined by mean pulmonary
artery pressure (mPAP) ≥ 25 mmHg, pulmonary capillary wedge pressure ≤ 15 mmHg,
and pulmonary vascular resistance >3 wood units. Whenever contraindications to RHC
occurred, pulmonary hypertension was diagnosed based on echocardiography-estimated
sPAP ≥ 35 mmHg and additional high probability criteria (1 patient in the group B and
5 patients in the group C), in agreement with the 2015 ESC/ESR guidelines [1].

CPET was performed on a stationary bicycle ergometer, within two weeks from
echocardiographic assessment and PFTs. The exercise protocol consists of 3 min of rest
followed by the incremental work rate to the patients’ maximum tolerance, then 5 min
of recovery. The incremental work rate was selected according to the patient’s exercise
capacity to aim for 8–12 min in length. Gas exchange was measured breath-by-breath
during the test using a Schiller Cardiovit CS-200 Ergo-Spiro System (Baar, Switzerland); we
used the Ganshorn Medizine Eletronic software for pulmonary function testing (v. LF8.5M
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SR3, Niederlauer, Germany). Equipment was calibrated before each exam. ECG and pulse
oximetry were continuously monitored, and blood pressure was measured every three
minutes. Minute ventilation (VE), heart rate (HR), oxygen uptake (VO2), carbon dioxide
production (VCO2), CO2 ventilatory equivalent (VE/VCO2 or EQCO2), O2 ventilatory
equivalent (VE/VO2 or EQO2), end tidal O2 (PetO2), end tidal CO2 (PetCO2), tidal volume
and PulseO2 were averaged every 10 s. Predicted value for peak VO2 were calculated
according to the standard formula. The first ventilatory threshold was determined from gas
exchange by the V-slope method, derived from the plot with VO2 and VCO2 recognizing
the point where VCO2 started increasing faster than VO2, in all patients. The relationship
between VE and VCO2 (VE/VCO2 slope) was calculated as the slope of the linear rela-
tionship between VE and VCO2 from one minute after the beginning of loaded exercise
to the end of the isocapnic buffering period. We considered maximal effort ad achieved if
the respiratory exchange ratio (RER) calculated as the ratio between VO2 and VCO2 was
above 1,10. All CPET were executed and analyzed by one physician’s blinded to patients’
clinical features.

Statistical Analysis

All the data were recorded in a database and analyzed by the statistical software
package MedCalc v.19.6.4 (MedCalc Software, Broekstraat 52, 9030, Mariakerke, Belgium).
Continuous variables are presented as medians and interquartile range [IQR]. We compared
continuous variables among groups by Kruskal-Wallis test, while categorical distribution
was tested by Pearson’s χ2.

To test the diagnostic performance of different CPET parameters among CTDs patients,
receiver operating characteristics curves were built, with calculation of the areas under
the curve (AUC). Moreover, we calculated the sensitivity, specificity, positive and negative
likelihood ratio (LR+ and LR−), negative predictive value (NPV) and positive predictive
value (PPV) for the different thresholds. NPV and PPV were calculated on the basis of
an estimated rate of CTDs-PAH of 10%. The best diagnostic thresholds were identified
according to the Youden index J and used to build a composite score which was tested for
its diagnostic performance.

The level of significance chosen for all statistical analysis was 0.05 (two-tailed).

5. Conclusions

In conclusion, our paper supports the idea that CPET should be considered for the ex-
tensive use in the follow-up of CTDs patients at risk for PAH; a multiparametric diagnostic
strategy might be more effective to improve the diagnostic performance of this examination.
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Abstract: Pulmonary arterial hypertension (PAH) is a severe complication of connective tissue
diseases (CTD). Its early diagnosis is essential to start effective treatment. In the present paper,
we aimed to evaluate the role of plasma osteopontin (OPN) as a candidate biomarker of PAH in
a cohort of CTD patients. OPN is a pleiotropic protein involved in inflammation and fibrogenesis
and, therefore, potentially promising in this specific clinical context. We performed a cross-sectional
observational study on a cohort of 113 CTD patients (females N = 101, 89.4%) affected by systemic
sclerosis N = 88 (77.9%), mixed connective tissue disease N = 10 (8.8%), overlap syndrome N = 10
(8.8%) or undifferentiated connective tissue disease N = 5 (4.4%). CTD-PAH patients showed
significantly higher OPN plasma values than patients with CTD alone (241.0 (188.8–387.2) vs. 200.7
(133.5–281.6) ng/mL; p = 0.03). Although OPN levels were directly correlated with age and inversely
with glomerular filtration rate, they remained associated with PAH at multivariate analysis. In
conclusion, OPN was significantly associated with PAH among patients with CTD, suggesting it may
have a role as a non-invasive disease biomarker of PAH.

Keywords: osteopontin; pulmonary arterial hypertension; systemic sclerosis; connective tissue diseases

1. Introduction

Pulmonary arterial hypertension (PAH) is a relatively uncommon condition, defined
by the presence of a mean pulmonary arterial pressure (mPAP) equal to or greater than
25 mmHg assessed during invasive right heart catheterization (RHC) at rest; PAH is defined
precapillary when pulmonary capillary wedge pressure (PCWP) equal to or less than
15 mmHg, [1]. PAH is a severe and potentially life-threatening complication of systemic
sclerosis (SS) and scleroderma spectrum disorders (SSD), a definition encompassing clinical
entities sharing common features with SSc: mixed connective tissue diseases (MCTD) and
SS overlap with other connective tissue diseases (CTDs) [2]. The CTD-associated PAH
(CTD-PAH) carries a worse prognosis than the idiopathic PAH [3].

The early diagnosis of PAH in a patient affected by a CTD is crucial but requires a
high degree of suspicion since PAH is initially minimally symptomatic or asymptomatic.
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The two-step algorithm DETECT is the most widely used screening tool for SS patients [4].
However, novel diagnostic biomarkers and PAH predictors are needed [5,6], being a timely
diagnosis quintessential to early treatment and improved prognosis [7].

Osteopontin (OPN) is a 32-kDa secreted, extracellular-matrix glycosylated phospho-
protein encoded by a gene located on chromosome 4 (4q13) with pleiotropic effects, among
which regulation of the inflammatory response is paramount [8]. Indeed, systemic in-
flammatory disorders are associated with an increase in OPN plasma levels. For instance,
patients with rheumatoid arthritis have high OPN concentrations [9]; similarly, OPN levels
are increased in sepsis and have a prognostic value [10]. This increase follows the release
of OPN by macrophages, activated T cells, endothelial and epithelial cells during the
inflammatory response [8]: OPN then acts as a chemoattractant, assisting the recruitment
of immune cells in the inflamed tissues [11].

Moreover, OPN is implicated in regulating fibrogenesis [12,13], with growing evidence
linking this molecule specifically to the pathogenesis of dermal fibrosis in SSc [14]. Finally,
OPN plays a role in the vascular remodeling process [15], and its levels are increased in
patients affected by PAH. Importantly, OPN is one of the top five overregulated genes in
explanted lungs of PAH patients, independently from what caused PAH, but with a direct
correlation with the severity of the disease [16].

Inflammation, fibrosis and vascular remodeling are major pathogenetic mechanisms
driving developing PAH during CTD clinical course. Therefore, OPN may represent a
promising candidate biomarker of PAH among CTD patients; the present pilot study was
built to verify this hypothesis.

2. Results

The study population included 101 females (89.4%) and 12 males (10.6%), with a
median age of 65 years (54–74). These patients were classified as follows: SSc, N = 88
(77.9%); MCTD, N = 10 (8.8%); overlap syndrome, N = 10 (8.8%); UCTD, N = 5 (4.4%). Of
the 88 patients with SSc, 68 (77.3%) were classified as limited cutaneous SSc and 20 (22.7%)
with the diffuse variant. Table 1 presents the main clinical features and main antirheumatic
ongoing treatment of the study population.

Table 1. Clinical and laboratory features of the study population. Abbreviations: CTD—connective tissue diseases;
PAH—pulmonary arterial hypertension.

Clinical Features Study Population CTD without PAH CTD-PAH p

Female gender 101 (89.4) 87 (89.7) 14 (87.5) 0.68

Median age, years 65.0 (54.0–75.0) 62.0 (51.0–71.0) 74.0 (69.0–78.5) 0.0004

Hydroxychloroquine 65 (57.7) 57 (58.8) 8 (50.0) 0.59

Methotrexate 15 (13.3) 15 (15.5) 0 (0.0) 0.12

Steroids 38 (33.6) 36 (37.1) 2 (12.5) 0.08

Phosphodiesterase 5 inhibitors 6 (5.3) 2 (2.1) 6 (37.5) <0.0001

Endothelin-1 receptors antagonists 8 (7.1) 7 (7.2) 8 (50.0) <0.0001

Riociguat 1 (0.9) 0 (0.0) 1 (6.2) 0.14

Raynaud’s phenomenon 102 (90.3) 87 (89.7) 14 (87.5) 0.61

Previous acral ulcers 49 (43.4) 43 (44.3) 7 (43.7) 1.00

Digital ulcers in the past month 5 (4.4) 4 (4.1) 1 (6.2) 0.54

Sclerodactyly 66 (58.4) 57 (58.8) 9 (56.2) 1.00

Puffy fingers 16 (14.2) 16 (16.5) 0 (0.0) 0.12

Telangiectasia 32 (28.3) 28 (28.9) 5 (31.2) 1.00

Pulmonary interstitial disease 38 (33.6) 31 (32.0) 7 (43.7) 0.40

Gastrointestinal involvement 22 (19.5) 18 (18.6) 4 (25.0) 0.51
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Table 1. cont.

Clinical Features Study Population CTD without PAH CTD-PAH p

Renal involvement 3 (2.7) 2 (2.1) 1 (6.2) 0.37

Anti-nuclear antibodies (ANA) 104 (92.0) 88 (90.7) 16 (100.0) 0.35

Anti-centromere antibodies 69 (61.1) 56 (57.7) 13 (81.2) 0.10

Anti-Scl-70 antibodies 28 (24.8) 23 (23.7) 5 (31.2) 0.54

Anti-U1-RNP antibodies 21 (18.6) 16 (16.5) 5 (31.2) 0.17

Disease duration 5 (3–13) 5 (4–13) 5 (3–11) 0.66

Sixteen patients (14.2%) were diagnosed with CTD-PAH (all the patients received a
diagnosis of type 1 pulmonary hypertension; however, 2/16 showed mixed pathogenesis,
type 1 and 3). The diagnosis was established by RHC in 15/16 patients. The mean
pulmonary arterial pressure (PAP) was 30 (26–36) mmHg, with a median pulmonary vein
resistance of 4.1 (3.3–6.4) WU.

As shown in Table 1, PAH patients were significantly older than those with CTD. In
Table 2, we report the differences among groups concerning laboratory and instrumen-
tal findings.

Table 2. Laboratory and instrumental data in the entire study population and in two subgroups categorized according to the
presence/absence of pulmonary arterial hypertension. Abbreviations: CTD—connective tissue diseases; PAH—pulmonary
arterial hypertension; WBC—white blood cells; Hb—hemoglobin—PLTs—platelets; ALT—alanine aminotransferase; AST—
aspartate aminotransferase; eGFR—estimated glomerular filtration rate; CRP—C-reactive protein; ESR—erythrocyte
sedimentation rate; BNP—brain natriuretic peptide; FEV1—forced expiratory volume in 1 s; FVC—forced vital capacity;
TLC—total lung capacity; EF—ejection fraction; PAPS—pulmonary artery pressures; TAPSE—tricuspid annular plane
excursion.

Variable Study Population CTD without PAH CTD-PAH p

WBC, ×109/L 6.49 (5.26–7.68) 6.47 (5.26–7.63) 6.77 (5.15–7.87) 0.81
Hb, g/dL 12.8 (11.9–13.7) 12.9 (12.2–13.7) 11.3 (10.8–13.5) 0.01

PLTs, ×109/L 228 (192–286) 234 (202–286) 188 (167–273) 0.07
ALT, U/L 17 (13–22) 18 (13–22) 13 (12–20) 0.33
AST, U/L 23 (20–26) 23 (20–26) 23 (20–27) 0.63

Creatinine, mg/dL 0.72 (0.61–0.88) 0.68 (0.6–0.81) 0.95 (0.81–1.08) <0.0001
eGFR, mL/min 90 (63.5–101.3) 93 (72–103) 58.5 (51.5–64.5) <0.0001

CRP, mg/dL 0.18 (0.04–0.78) 0.14 (0.04–0.34) 0.77 (0.04–0.98) 0.26
ESR, mm/h 14.5 (7–28) 13 (7–25) 25 (7–50) 0.31
C3, mg/dL 104 (90–121) 106 (91–121) 92 (84–119) 0.13
C4, mg/dL 24 (19–28) 24 (20–29) 22 (16–26) 0.11

BNP, pg/mL 46.8 (27.1–99.6) 39.6 (24.9–85.7) 177.0 (82.3–305.2) <0.0001
FEV1, % 99 (88–114) 100.5 (88–113.5) 94 (88.5–113) 0.76
FVC, % 100 (90–112) 100 (90.5–113.5) 91 (80–104) 0.25

FEV1/FVC, % 109 (102–113.3) 109 (102–114) 107.5 (101–113) 0.74
TLC, % 98 (86.5–112) 99 (87–112) 82 (58–95) 0.07

DLCO-VA, % 86 (76–99) 87 (78–99) 54.5 (53–76) 0.008
DLCO-Hb, % 77 (61–91) 80 (62–91) 51 (43–72) 0.03

EF, % 63 (58–67) 63 (58–67) 61 (58.3–66) 0.41
PAPS, mmHg 27 (23–35) 26 (23–30) 44 (42–51) <0.0001
TAPSE, mm 22 (19–24) 22 (20–24) 22 (18–23) 0.42

Looking at the laboratory parameters, patients with CTD-PAH showed lower Hb and
eGFR; conversely, BNP was significantly higher. As expected, CTD-PAH patients have a
reduced DLCO, while other pulmonary function tests were not statistically different from
those observed in the other CTD patients. Moreover, CTD-PAH patients had higher PAPS.

Disease duration, years: 10.5 (4.0–14.0)
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We then assessed the diagnostic role of OPN. First of all, patients with CTD-PAH have
significantly higher plasma values compared to patients with CTD (241.0 (188.8–387.2) vs.
200.7 (133.5–281.6) ng/mL; p = 0.03; see also Figure 1).

Figure 1. Plasma osteopontin (OPN) levels in CTD and CTD-associated pulmonary arterial hy-
pertension (CTD-PAH) patients. As shown in the figure, CTD-PAH patients showed higher OPN
plasma levels.

To assess the diagnostic power of measuring the OPN concentration in identifying
PAH in patients with CTD, we built the corresponding ROC curve. As shown in Figure 2,
OPN plasma levels had an area under the curve (AUC) = 0.662 (IC95% (0.567–0.748);
p = 0.016).

Figure 2. OPN ROC curve. Abbreviations: ROC—receiver operating characteristic; OPN—osteopontin;
AUC—area under the curve.

In Table 3, we report the sensitivity/specificity table for OPN.
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Table 3. Sensitivity/specificity table. Abbreviations: Sens—sensitivity; Spec—specificity; LR—likelihood ratio.

Criterion Sens 95% CI Spec 95% CI +LR 95% CI −LR 95% CI

>159.65 100.00 79.4–100.0 31.96 22.9–42.2 1.47 1.3–1.7 0.00
>159.89 93.75 69.8–99.8 31.96 22.9–42.2 1.38 1.1–1.7 0.20 0.03–1.3
>174.01 87.50 61.7–98.4 41.24 31.3–51.7 1.49 1.2–1.9 0.30 0.08–1.1
>185.73 81.25 54.4–96.0 44.33 34.2–54.8 1.46 1.1–2.0 0.42 0.1–1.2
>188.15 75.00 47.6–92.7 44.33 34.2–54.8 1.35 1.0–1.9 0.56 0.2–1.4
>201.59 68.75 41.3–89.0 51.55 41.2–61.8 1.42 1.0–2.1 0.61 0.3–1.3
>225.16 62.50 35.4–84.8 56.70 46.3–66.7 1.44 0.9–2.2 0.66 0.3–1.3
>236.49 56.25 29.9–80.2 61.86 51.4–71.5 1.47 0.9–2.4 0.71 0.4–1.3
>243.8 50.00 24.7–75.3 63.92 53.5–73.4 1.39 0.8–2.4 0.78 0.5–1.3

>271.22 43.75 19.8–70.1 73.20 63.2–81.7 1.63 0.9–3.1 0.77 0.5–1.2
>293.54 37.50 15.2–64.6 78.35 68.8–86.1 1.73 0.8–3.6 0.80 0.5–1.2

>316 31.25 11.0–58.7 83.51 74.6–90.3 1.89 0.8–4.4 0.82 0.6–1.2
>450.44 25.00 7.3–52.4 97.94 92.7–99.7 12.12 2.4–60.8 0.77 0.6–1.0
>470.97 18.75 4.0–45.6 98.97 94.4–100.0 18.19 2.0–164.2 0.82 0.6–1.0
>564.24 12.50 1.6–38.3 98.97 94.4–100.0 12.13 1.2–126.1 0.88 0.7–1.1
>654.78 6.25 0.2–30.2 100.00 96.3–100.0 0.94 0.8–1.1

The OPN values had a direct relationship with age (ρ = 0.249, p = 0.008), while
were inversely related to glomerular filtration rate (ρ = −0.241, p = 0.01). There was no
association with gender or mPAP. In a multiple regression model that had PAH as the
dependent variable, and OPN, age and glomerular filtration rate as independent variables,
OPN was confirmed to be independently associated with PAH diagnosis (F-ratio = 11.32,
p < 0.0001; Table 4).

Table 4. Variables associated with PAH. In the table, we show a multiple regression model of predic-
tive factors for PAH. Abbreviations: OPN—osteopontin; eGFR—estimated glomerular filtration rate.

Variable Coefficient Standard Error r t p

OPN 0.0005 0.0002 0.19 2.09 0.04
eGFR −0.007 0.002 −0.32 −3.52 0.0006
Age −0.002 0.003 −0.04 −0.49 0.62

3. Discussion

The present data, though admittedly preliminary, show that plasma OPN levels are
significantly higher in CTD-PAH than in CTD patients without PAH, independently of
age and renal function. Thus, they confirm that plasma OPN is a putative biomarker of
PAH worth further study in this setting. The merits and limitations of this study will be
discussed in light of the current literature on the topic.

In our series, we observed a prevalence of PAH (14.2%) slightly higher than expected
based on other epidemiological data (8–12%) [17]. Compared to those with CTD alone,
those with a PAH diagnosis were, as expected, older and had higher PAPS. Similarly, DLCO
was significantly reduced. DLCO is a well-known predictor of PAH; its alterations may
antedate the recognition of pulmonary hypertension of several years [18].

To the best of our knowledge, the present is the first report to suggest a potential role
for OPN in this clinical context and may also be taken as a clue for a potential pathogenetic
role played by this molecule in PAH. In fact, we started from what we believe is a solid
rationale. First of all, OPN was related to fibrogenesis in SSc. Patients with SSc show higher
OPN plasma levels; when dermal fibroblasts are challenged with pro-fibrotic stimuli, the
expression of OPN is induced, suggesting a potential role in this pathogenetic process [19].
Moreover, OPN-deficient (OPN(-/-)) mice develop less dermal fibrosis compared with
wild-type (WT) mice in the bleomycin-induced dermal fibrosis model, a commonly used
animal model of SSc. In vitro, OPN(-/-) dermal fibroblasts have decreased migratory
capacity, and TGF-β production by OPN-deficient macrophages is reduced compared
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with WT animals [14]. Finally, two single nucleotide polymorphisms of the OPN gene
(namely, the alleles −156G in the proximal promoter and +1239C in the untranslated region)
are more frequent among SSc patients suggesting that these OPN genetic variations may
contribute to SSc susceptibility [20].

Second, OPN appears potentially implicated in developing pulmonary hypertension.
OPN plasma concentrations increase in patients affected by idiopathic PAH concerning
healthy controls, being an independent predictor of mortality [21,22]. Similarly, OPN levels
are increased in the case of pulmonary hypertension related to chronic thromboembolism,
supporting the idea that this biomarker is related to developing pulmonary hypertension
rather than to a specific etiology [23]. Indeed, OPN is upregulated in explanted lungs of pul-
monary hypertension patients, either affected by type I or type II pulmonary hypertension,
being correlated to disease severity [16]. OPN seems to be involved in the pathogenesis of
the vascular remodeling process accompanying developing PAH. Fibroblasts isolated from
pulmonary arteries of chronically hypoxic hypertensive calves are constitutively activated,
showing a high proliferative and migratory potential. These fibroblasts overexpress OPN
and its receptors. This is associated with high proliferative, migratory, and invasive proper-
ties; OPN silencing is conversely paralleled by a decreased proliferation, migration and
invasion [24].

OPN levels are directly related to age and inversely related to glomerular filtration rate.
This is particularly important in CTD-PAH; indeed, a lower glomerular filtration rate is
observed in PAH patients, as also reported in the present study. The reduction in glomerular
filtration rate is partly explained by the difference in age between the two groups; however,
the altered renal function could also be the consequence of altered hemodynamics due
to an overloaded right ventricle, leading to progressive functional deterioration. In any
case, the association between OPN and PAH remains even after correction for age and
renal function, suggesting that OPN is an independent biomarker of PAH. It should be,
however, acknowledged that the association between PAH and OPN has a weak statistical
significance; therefore, the differences between groups may be explained by the different
glomerular filtration rates, the association, of which is much stronger. Nevertheless, our
study represents a proof of concept. OPN may be proposed as a diagnostic and prognostic
biomarker in CTD-PAH, the clinical relevance, of which should be assessed in further,
larger cohorts. Indeed, the dosage of this protein, combined with data such as red cell
distribution width (RDW), diffusing capacity of the lung for carbon monoxide (DLCO),
systolic pulmonary arterial pressures (sPAP), may allow better risk stratification in CTD
patients. The demonstration of the prognostic role of OPN in the context of CTD-PAH goes,
however, beyond the aim of the present study and should be specifically addressed by ad
hoc prospective studies.

Our study has limitations. First of all, the study population is relatively small; however,
it should be acknowledged that SSc is a rare and relatively small proportion of patients
who develops PAH. The AUC of the ROC curve is poor, particularly if we consider OPN
in a screening strategy, requiring high sensitivity; however, our study only adds a proof
of concept, which requires confirmation on a larger scale and which has possibly been
underpowered by the small sample size.

A further limitation is that many patients were already receiving treatment either
for PAH or for CTD-ILD, and this may have partly influenced the OPN plasma values.
Moreover, not all the patients included in the present cohort underwent RHC, which was
limited to those with echocardiographic findings suggestive for PAH. Ideally, being RHC
the gold standard for PAH diagnosis, we cannot exclude a misclassification for a minor
proportion of subjects. However, this approach is supported by international guidelines for
diagnosing CTDs-PAH and is used to limit unnecessary RHC, which may expose patients
to potential risks.

Finally, for the present study, the diagnosis of PAH relied on the 2015 ESC/ESR guide-
lines, which were revised during the 2018 PH World Symposium. The new proposed cutoff
for PAH diagnosis is an mPAP ≥ 20 mmHg with a pulmonary vascular resistance ≥ 3 WU
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at RHC. However, it should be considered that the threshold of 25 mmHg was the diagnos-
tic cutoff when the present study was conducted.

4. Materials and Methods

We performed a cross-sectional, observational study on patients already diagnosed
with CTDs, referred and consecutively evaluated at the Pulmonary Hypertension Clinic
of the Cardiology Division, University Hospital of Novara, from 3 October 2016 to 12
December 2019. The study protocol (no. 108/16) was approved by the local ethical
committee on 9 September 2016 and conducted in strict accordance with the principles of
the Declaration of Helsinki. Written informed consent was obtained from all individual
participants included in the study.

The inclusion criteria were: (1) diagnosis of SSc or other connective tissue diseases at
risk for PAH (MCTD, scleroderma overlap syndromes, UCTD) defined in relation to the
fulfillment of diagnostic criteria international employees currently employed; (2) Age > 18.

The exclusion criteria were: (1) refusal to give informed consent to participation;
(2) impossibility to undergo the investigations included in the study Protocol.

The diagnosis of SSc has been confirmed in relation to the fulfillment of the 2013
ACR/Eular classification criteria [25], while the diagnosis of MCTD was made based on
Kasukawa’s criteria [26]. Patients fulfilling the classification criteria for SSc along with
those of other rheumatic conditions were classified as overlap syndrome [27]. Finally,
the diagnosis of UCTD was made when patients with a connective tissue disease did not
meet the classification criteria of any specific syndrome [28]. We identified 113 patients
who underwent:

Clinical evaluation, including a comprehensive medical history and a physical exami-
nation performed by an experienced clinician;

A biochemistry panel;
12-lead electrocardiogram with 6-limb and 6 precordial leads with paper speed set at

the standard rate of 25 mm/s;
Posteroanterior and lateral chest X-rays;
Pulmonary function tests (PFTs): were performed using standardized equipment

and technique with a spirometer (COSMED, Rome, Italy). The device was connected to a
computer employing the software “Medisoft Expair 1.28.20”. The following standardized
measurements were evaluated: forced vital capacity (FVC), forced expiratory volume
in one second (FEV1), and FEV1/FVC% (also known as the Tiffeneau index). We also
evaluated the diffusing capacity of the lung for carbon monoxide (DLCO), measured with
the single-breath Jones–Meade protocol.

Transthoracic echocardiography (TTE) was performed using the Vivid 7 or E9 cardio-
vascular ultrasound machine by GE Medical Systems (Horten, Norway) with a 1.7/3.4 MHz
tissue harmonic transducer. All data were obtained in standardized patient positions, ac-
cording to the standards of the American Society of Echocardiography. The test was
performed by an expert echocardiographer with a special interest in pulmonary hyper-
tension. The following parameters were generated: systolic pulmonary pressure (sPAP),
right atrium area (RAA), right ventricle diameter (RVD), and ejection fraction (EF). Right
ventricle systolic function was evaluated by estimating the tricuspid annular plane systolic
excursion (TAPSE).

According to the application of international guidelines, those patients with a sus-
pected PAH underwent right heart catheterization within one month after TTE. PAH was
defined by mean pulmonary artery pressure (mPAP) ≥ 25 mmHg, pulmonary capillary
wedge pressure ≤ 15 mmHg, and pulmonary vascular resistance > 3 wood units. Whenever
contraindications to RHC occurred, pulmonary hypertension was diagnosed based on
echocardiography-estimated sPAP ≥ 35 mmHg and additional high probability criteria, in
agreement with the 2015 ESC/ESR guidelines [1].

For each patient, a blood sample was drawn and collected in a tube with EDTA; the
samples were then centrifuged at room temperature for 10 min at 3000 rpm within one
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hour of collection, then stored at −80 ◦C at the Laboratory of the University of Eastern
Piedmont, Department of Medicine Translational.

OPN concentrations were measured by a commercially available enzyme-linked
immunosorbent assay (ELISA) (DUOSET® ELISA R&D System, Minneapolis, MN, USA.
Code DY1433) following the manufacturer’s instructions.

Statistical Analysis

Anthropometric, clinical, and biochemical data were recorded in a database and ana-
lyzed by the statistical software package MedCalc v.19.6.4 (MedCalc software, Broekstraat
52, 9030, Mariakerke, Belgium). The normality of OPN distribution was assessed by the
Shapiro–Wilk test. Continuous variables are presented as medians and interquartile range
(IQR). Differences in these variables between CTD and CTD-PAH patients were compared
by the Mann–Whitney. Correlations between continuous variables were analyzed by Spear-
man’s rank test. To test the diagnostic performance of OPN in identifying patients with
PAH receiver operating characteristics, curves were built with the calculation of the areas
under the curve (AUC). To test whether OPN was independently associated with the diag-
nosis of PAH we first, run a univariate analysis evaluating the association with potential
confounders, such as age, gender and renal function. We then built a multiple regression
model. The level of significance chosen for all statistical analyses was 0.05 (two-tailed).

5. Conclusions

In conclusion, OPN was significantly associated with PAH in patients affected by SSC,
suggesting a possible role for this protein as a non-invasive disease biomarker.
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Abstract: Gastrointestinal symptomatology is frequent among patients with fibromyalgia, which
increases disease burden and lacks specific treatment, either pharmacological or non-pharmacological.
We aimed to evaluate the efficacy and tolerability of a multi-strain probiotic, VSL#3®, for the treatment
of fibromyalgia-associated gastrointestinal manifestations. This randomized, placebo-controlled
trial included 12 weeks of probiotic or placebo treatment followed by 12 weeks of follow up. The
primary outcome variable was the mean change from the baseline to the endpoint in the composite
severity score of the three main gastrointestinal symptoms reported by patients with fibromyalgia
(abdominal pain, abdominal bloating and meteorism). Secondary outcome variables were the severity
of additional gastrointestinal symptoms, fibromyalgia severity, depression, sleep disturbance, health-
related quality of life and patients’ overall impression of improvement. No differences were found
between VSL#3® (n = 54) and the placebo (n = 56) in the primary outcome (estimated treatment
difference: 1.1; 95% confidence interval [CI]: −2.1, 4.2; p = 0.501), or in any of the secondary outcomes.
However, responders to VSL#3 were more likely to maintain any improvement during the follow-up
period compared to responders in the placebo arm. Overall, VSL#3 tolerability was good. Our data
could not demonstrate any beneficial effects of VSL#3® either on the composite score of severity
of abdominal pain, bloating and meteorism or in any of the secondary outcome variables. More
research is needed to elucidate specific factors that may predict a favourable response to treatment in
patients with fibromyalgia.

Keywords: fibromyalgia; gastrointestinal symptoms; probiotic; VSL#3®; efficacy; tolerability

1. Introduction

Fibromyalgia is a complex syndrome in that, although its main characteristic is chronic
generalized musculoskeletal pain, this is accompanied in most patients by other symptoms,
the most common of which are non-restorative sleep, chronic fatigue, cognitive difficulties
and anxious and/or depressive symptoms [1]. It is included within the central sensitization
syndromes, such as migraine, irritable bowel syndrome (IBS) or temporomandibular
disorders, with which it shows a high comorbidity [2].

Gastrointestinal symptoms are very common in patients with fibromyalgia, and could
be derived from the presence of comorbid IBS or other underlying pathophysiological

Pharmaceuticals 2021, 14, 1063. https://doi.org/10.3390/ph14101063 https://www.mdpi.com/journal/pharmaceuticals
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mechanisms [3]. A systematic review reported a pooled prevalence of 51% for functional
gastrointestinal disorders and 46% for IBS among patients with fibromyalgia [4]. On
the other hand, even among patients with fibromyalgia who do not meet the criteria to
diagnose IBS, the presence of gastrointestinal symptomatology is frequently observed [3].
The cause of these symptoms remains unknown, although some studies suggest that they
could be due to intestinal bacterial overgrowth or intestinal permeability alterations [5–7].
A recent study in patients with chronic fatigue syndrome, a pathology that shows a broad
overlap with fibromyalgia, described an increased likelihood of intestinal dysbiosis for
these patients [8]. Patients with fibromyalgia also showed an alteration in gut microbiota,
although the role of these alterations should be further elucidated [9,10].

No specific treatment for alleviating the gastrointestinal symptoms associated with fi-
bromyalgia has been studied, despite their frequency and most patients describing them as
extremely annoying [3,11]. This may explain the frequency with which these patients resort
to different types of diets, even though their benefits have not been previously demon-
strated [12–14]. In this regard, the use of probiotics, alone or associated with prebiotics
(synbiotics), could be an interesting therapeutic approach for managing gastrointestinal
symptoms in patients with fibromyalgia. Probiotics have been studied in a variety of clini-
cal conditions, including gastrointestinal disorders, dermatological disorders and metabolic
diseases [15,16]. Among gastrointestinal disorders, the most studied condition is IBS, where
probiotics seem to exert a favourable response in global symptoms, although there are
not still enough data to specify which individual probiotics could be more effective [17].
Probiotics seem to be well tolerated in general [17].

Considering the frequent presence of gastrointestinal symptoms in patients with
fibromyalgia who might be susceptible to treatment with probiotics, the objective of this
trial was to assess the efficacy and tolerability of VSL#3®, a multi-strain probiotic, which
has demonstrated a trend for an overall improvement in the treatment of IBS [18,19] in
patients with fibromyalgia and gastrointestinal symptomatology.

2. Results

2.1. Patient Disposition and Characteristics

One hundred and ten patients were recruited from May 2018 to November 2019 and
allocated to either placebo (n = 56) or VSL#3® (n = 54). Twenty-five subjects (44.6%) in the
placebo group and 28 (51.8%) subjects in the VSL#3® group did not complete the study
(Figure 1). Fifty-three subjects in each study group were included in the analysis of the
primary outcome and that of a proportion of responders according to the composite score
of abdominal pain, bloating and meteorism; secondary efficacy outcomes, including the
proportion of responders according to the Patient Global Improvement scale (PGI), were
evaluated in 35 subjects in the placebo group and 28 subjects in the VSL#3® group. All
randomised subjects were included in the safety analysis.

Subjects were middle-aged, and the vast majority were women (Table 1). Comorbidity
was high, with anxiety/depressive disorder, tension-type headache, craniomandibular
dysfunction, chronic fatigue syndrome and irritable bowel syndrome present in over 50% of
the patients (Table 1). Most patients were receiving pharmacological treatment with some
activity for the symptoms of fibromyalgia. Benzodiazepines, antidepressants, NSAIDs,
paracetamol and tramadol were mainly used, each in over 30% of the patients; one-third
of patients were receiving gastroprotectant drugs (Table 1). At baseline, the study groups
were generally well-balanced regarding demographics and clinical characteristics (Table 1),
including the individual gastrointestinal symptoms of abdominal pain, abdominal bloating,
meteorism, and the composite score of these three symptoms (Table 2). However, the impact
of fibromyalgia as evaluated with the revised fibromyalgia impact questionnaire (FIQR)
was greater among placebo-treated patients than in VSL#3®-treated patients (FIQR total
score 75.5 ± 12.3 vs. 70.0 ± 17.8), although the difference was not statistically significant.
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Figure 1. Disposition of trial participants.

Table 1. Demographic and clinical characteristics.

Variable
Placebo
N = 56

VSL#3®

N = 54

Age (years), mean (SD) 55.5 (8.6) 56.0 (7.5)

Sex (females), n (%) 55 (98.2) 52 (96.3)

Weight (kg), 71.2 (13.4) 73.3 (17.7)

Comorbidities a, n (%)

Anxiety/depressive disorder 48 (85.7) 45 (83.3)

Tension-type headache 40 (71.4) 36 (66.7)

Craniomandibular dysfunction 36 (64.3) 36 (66.7)

Chronic fatigue syndrome 35 (62.5) 28 (51.9)

Irritable bowel syndrome 33 (58.9) 32 (59.3)

Migraine 24 (42.9) 30 (55.6)

Hypothyroidism 25 (44.6) 15 (27.8)

Osteoarthritis 21 (37.5) 15 (27.8)

Rheumatoid arthritis 10 (17.9) 10 (18.5)

Hypercholesterolemia 4 (7.1) 9 (16.7)

Hypertension 9 (16.1) 9 (16.7)

Diabetes mellitus 7 (12.5) 4 (7.4)
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Table 1. Cont.

Variable
Placebo
N = 56

VSL#3®

N = 54

Fibromyalgia diagnosis, mean (SD)

Widespread Pain Index (WPI) [range 0–19] 16.5 (2.6) 15.9 (3.0)

Symptom Severity Score (SSS) [0–12] 9.7 (1.7) 9.3 (2.0)

Fibromyalgia Score (WPI + SSS) [0–31] 26.2 (3.5) 25.3 (4.3)
a Those with a frequency equal to or greater than 10% in any of the trial arms. SD, standard deviation.

2.2. Primary Outcome

In the intent-to-treat last observation carried forward (LOCF) analysis, at week 12, the
severity of pain, bloating and meteorism as measured with the composite score was reduced
by 6.5 points among VSL#3®-treated patients and 5.4 points among placebo-treated patients;
this difference was not statistically different (estimated treatment difference (ETD): 1.1; 95%
confidence interval [CI]: −2.1 to 4.2; p = 0.501) nor clinically relevant (Cohen’s d = 0.13).

2.3. Secondary Outcomes
2.3.1. Gastrointestinal Symptoms

There were no statistically significant differences between VSL#3® and placebo in any
of the individual gastrointestinal symptoms (Table 2). The largest difference was observed
in diarrhoea, in favour of VSL#3® (ETD: 1.3; 95% CI: −0.4 to 2.9; p = 0.131). All effect sizes
for the differences between VSL#3® and placebo in the gastrointestinal symptoms were
trivial, except for a small effect size for abdominal pain and diarrhoea in favour of VSL#3
and a small effect size for constipation in favour of the placebo. Results of the complete
case analysis for the primary outcome and the gastrointestinal symptoms were generally
similar to those of the LOCF approach, except for the largest mean within-group changes
in the scores (Table 3).

In the intent-to-treat population and using an LOCF approach, by week 12, 27 out of
the 53 (50.9%) patients showed a reduction equal to or greater than 30% in the composite
score of abdominal pain, bloating and meteorism in the VSL#3® group, compared to
22 of the 53 (41.5%) in the placebo group (relative risk [RR]: 1.23; 95% CI: 0.81 to 1.86).
The proportion of responders according to the PGI was 22.2% and 26.4% for VSL#3- and
placebo-treated patients, respectively (RR: 0.86; 95% CI: 0.44 to 1.68) (Figure 2).

Figure 2. Proportion of responders to treatment.
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Among the patients who responded to treatment at week 12 according to the reduction
in the composite score of abdominal pain, bloating and meteorism, after discontinuing the
study treatment, the composite score increased by over four points during the 12-week
follow-up extension in the placebo group and by over one point in the VSL#3® group, with
an ETD of 2.8 points (95% CI: 0.0 to 5.6; p = 0.048) (Figure 3).

Figure 3. Composite score of abdominal pain, bloating and meteorism after discontinuing the study
treatment.

There were no relevant differences in the baseline characteristics between responders
and non-responders in either the total sample or in the VSL#3® and placebo groups (data
not shown).

2.3.2. The Effect on Other Symptoms of Fibromyalgia and Quality of Life

Overall, the severity of fibromyalgia was reduced in both study groups, but to a
greater extent among placebo-treated patients, although the differences between the two
study groups were not statistically significant (ETD: −5.2; 95% CI: −12.0 to 1.6; p = 0.128;
Cohen’s d: 0.40). Except for stiffness, which improved to a significantly greater extent with
the placebo than with VSL#3® (ETD: −1.5; 95% CI: −2.8 to 0.1; p = 0.0304; Cohen’s d: 0.56),
there were no significant differences in the changes from baseline in the core symptoms of
fibromyalgia, sleep impairment, depressive symptoms or quality of life between VSL#3®

and the placebo (Table 4).
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2.4. Tolerability

One-third of the patients in each study group reported at least one adverse event.
Seven (13.0%) patients in the VSL#3® group and six (10.7%) in the placebo group dis-
continued the treatment due to adverse events. The vast majority of the adverse events
were gastrointestinal related, with some differences between the two study groups in the
adverse event profile. Abdominal distension was more frequent among VSL#3®-treated pa-
tients, whereas upper abdominal pain was more frequent among placebo-treated patients;
however, none of the differences was statistically significant (Table 5).

Table 5. Safety and tolerability profiles of VSL#3® and placebo.

Outcome [N (%)]
Placebo
N = 56

VSL#3®

N = 54
p-Value

At least one adverse event 19 (33.9) 20 (37.0) 0.733

Treatment discontinuation due to
adverse events 6 (10.7) 7 (13.0) 0.714

Serious adverse events 0 (0.0) 0 (0.0) NA

Most frequent adverse events a

(incidence ≥ 3%)

Abdominal distension 1 (1.8) 5 (9.3) 0.110

Flatulence 3 (5.4) 5 (9.3) 0.490

Abdominal pain 3 (5.4) 3 (5.6) 1.000

Constipation 4 (7.1) 3 (5.6) 1.000

Diarrhoea 0 (0.0) 2 (3.7) 0.240

Vomiting 0 (0.0) 2 (3.7) 0.240

Nausea 3 (5.4) 2 (3.7) 1.000

Disease worsening 0 (0.0) 2 (3.7) 0.240

Dyspepsia 3 (5.4) 0 (0.0) 0.240

Headache 2 (3.6) 0 (0.0) 0.490

Upper abdominal pain 4 (7.1) 0 (0.0) 0.120

Swelling 2 (3.6) 0 (0.0) 0.490

Influenza 2 (3.6) 0 (0.0) 0.490
a Adverse events were coded with the Medical Dictionary for Regulatory Activities (MedRA) and are presented
as preferred terms. NA = not applicable as the data did not fulfil the criteria required to perform a Fisher’s test.

3. Discussion

Overall, our data could not demonstrate any beneficial effects of VSL#3® either on the
composite score of severity of abdominal pain, bloating and meteorism or in any of the
secondary outcome variables. This lack of benefit can be potentially attributed to several
factors, including the elevated placebo response, the high proportion of patients who
withdrew from the study, and the presence of rather complicated mechanisms underlying
the gastrointestinal manifestations in fibromyalgia.

The relevance of the placebo effect in fibromyalgia clinical trials is substantial and
has been investigated in several systematic reviews and meta-analyses [20–22]. It has been
estimated that the mean placebo effect for pain reduction in patients with fibromyalgia is
30.8% when considering a 30% pain reduction, and 18.8% when considering a 50% pain
reduction [20,21]. A recent meta-analysis found that, in relation to patients that received no
treatment, fibromyalgia patients receiving placebo experienced significant improvement
not only in pain, but also in fatigue, sleep quality, physical function and FIQ total score [22].
In our study, the proportion of placebo responders for the main outcome variable was 50.9%.
Similar placebo effect rates have been described in clinical trials evaluating probiotics in
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patients with IBS. In their review, Rogers and Mousa indicated the presence of a high
placebo effect among patients with IBS ranging between 30% and 50%. Several mediators
of the placebo effect, particularly in patients with functional somatic disorders, have been
suggested, including Pavlovian conditioning, belief outcomes, and patient expectations,
among other factors [23].

The dropout rate was also disproportionately high. Nocebo effect is also very relevant
in fibromyalgia clinical trials, and it has been estimated to represent between 9% and
11% of patient dropouts [21,24]. Consistent with these estimations, the percentage of
placebo-treated patients in our study that withdrew due to tolerability issues was 10.7%
of the sample, slightly less than the dropout rate in the VSL#3® group, which was of 12%.
However, 17 (31.5%) patients in the VSL#3®-treated group and 15 (26.8%) in the placebo-
treated group withdrew due to reasons unrelated to tolerability and/or efficacy issues,
mainly loss of follow up; the percentage of withdrawals was similar across participating
centres.

The effects of probiotics on human health seem to be related to different effects, such
as a decrease in inflammation, decrease in intestinal permeability, modification of the
intestinal microbiota, and metabolism modulation. These effects are mediated by multiple
mechanisms of action, including the colonization and normalization of perturbed intestinal
microbial communities, competitive exclusion of pathogens, modulation of enzymatic
activities and production of volatile fatty acids. Nevertheless, it is important to highlight
that the mechanisms underlying the exacerbation of gastrointestinal manifestations in
fibromyalgia appear to be far more complex and extend beyond the possible small intestinal
bacterial overgrowth, gut microbiota alterations or symbiosis [3]. Therefore, this may
provide another possible explanation for the lack of benefit of VSL#3 on the primary
efficacy outcome. More research is needed to further understand the specific patient
characteristics that may predict a favourable response to VSL#3®.

Interestingly, VSL#3-treated patients who were considered as responders to treat-
ment according to the primary outcome variable maintained the degree of improvement
obtained after the treatment period during the follow-up period, whereas in placebo-
treated patients who were considered as responders, the improvement decreased during
the follow-up period. This suggests that at least a subgroup of patients obtained a benefit
from VSL#3® treatment. Unfortunately, we were not able to identify any characteristic that
could differentiate placebo- from VSL#3®-responders.

In the last five years, the efficacy of probiotics in the treatment of IBS has been
evaluated in several systematic reviews and meta-analyses [17,25–27]. These reviews
reached a common conclusion that probiotics seem to be beneficial for IBS symptoms and
that their tolerability is generally good, although more information is needed in relation to
probiotic type, probiotic dosage and treatment length. With one exception [27], they also
agree in considering that multi-strain probiotics seem to be preferable over single-strain
probiotics.

The use of probiotics in the management of IBS has been recently revised by the Amer-
ican Gastroenterological Association in a technical review that found that, although data
concerning the potential efficacy of probiotics on the management of IBS are substantial,
no single strain or combination has been studied in a sufficiently rigorous manner [28]. For
this reason, the American Gastroenterological Association advocates the use of probiotics
for the treatment of IBS only in the context of a clinical trial [29].

VSL#3® has been the object of two meta-analyses in the treatment of IBS. The first one,
published in 2018, evaluated the efficacy and tolerability of VSL3#3® for the treatment of
IBS [18]; the authors concluded that, although a trend for global overall improvement was
observed, no significant differences with placebo were found for specific symptoms such
as abdominal pain, bloating or stool consistency. Probiotic-associated side effects were
detailed only in one of the five clinical trials included in the meta-analysis and reported
a more frequent worsening of the gastrointestinal symptoms in VSL#3®-treated patients
than in placebo-treated patients. In our study, almost all side-effects reported by patients

29



Pharmaceuticals 2021, 14, 1063

who received VSL#3® were also related to the worsening of the previous gastrointestinal
symptoms (Table 5). We would like to note that some authors have reported that the
formulation of VSL#3 used in the studies conducted prior to 2016 is not the same as the
one used here; thus, the results reported in this meta-analysis could be referred to that
formulation and not the one we used in our study [30]. The second meta-analysis was
based on the tolerability of VSL#3® in any clinical condition, which included IBS, obesity,
ulcerative colitis, and early menopause, concluding that the safety profile of VSL#3® was
not significantly different from the placebo, and was similar to that of other probiotics [19].
However, there are uncertainties about this meta-analysis because the actual number
of patients examined was too small and the pathologies and the probiotic dosages too
heterogeneous.

To the best of our knowledge, only one study has been published evaluating the use of
probiotics in the treatment of fibromyalgia [31]. The objective of this randomised, placebo-
controlled trial, which also used a multi-strain probiotic, was to investigate the potential
efficacy of the probiotic on the cognition, emotional symptoms and functional state of the
patients. Thus, we cannot establish any comparison in relation to our primary objective,
which was to assess the gastrointestinal symptomatology of the patients. However, the
authors assessed other variables that we also evaluated, such as depression, anxiety,
fibromyalgia pain and impact and health-related quality of life, As in our case, no significant
differences were found between the probiotic and placebo in relation to any of these
outcomes.

Our study has some limitations. The high dropout rate and its impact on the study
estimates because of the missing data as well as the placebo effect in our study were
relatively high, prompting cautious interpretation of the study findings. Although we
performed a secondary analysis using a complete case approach in order to limit the
influence of the imputation method to handle missing data, it is important to bear in mind
that complete case analysis is appropriate only when the participants in the analysis can be
regarded as a random sample of the study population (i.e., when the missing mechanism is
missing completely at random) [32], which cannot be assumed to be the case in our study;
in addition, complete case analysis tends to overestimate treatment effects. Therefore,
complete case analysis can only be considered as a sensitivity analysis. In addition, due
to the lack of a validated scale for measuring our primary outcome, we had to use an ad
hoc instrument to assess the severity of gastrointestinal symptoms. Additionally, the lack
of sample size calculation due to the absence of published data on the primary outcome
measure may have prevented us from adequately controlling the power in the current
study. Finally, we did not investigate the composition of patients’ microbiota either at
the beginning or the end of the trial; this would have been a worthwhile approach, since
different experimental and clinical studies have shown that multi-train probiotics can
improve health by modifying the gut microbiota composition [33–36].

4. Materials and Methods

4.1. Study Design

In this study, a randomised double-blind placebo-controlled trial evaluating the ef-
ficacy and tolerability of VSL#3® in the treatment of patients with fibromyalgia and as-
sociated gastrointestinal symptomatology was conducted. VSL#3® (manufactured for
Actial Farmaceutica Srl) is a high-concentration multi-strain probiotic mix, commercially
available in 450 billion CFU/sachet, containing the following: (i) one strain of Streptococcus
thermophilus BT01; (ii) three strains of Bifidobacteria: B. breve BB02, B. animalis subsp. lactis
BL03 (previously identified as B. longum BL03) and B. animalis subsp. lactis BI04 (previously
identified as B. infantis BI04); and (iii) four strains of Lactobacilli: L. acidophilus BA05, L. plan-
tarum BP06, L. paracasei BP07 and L. helveticus BD08 (previously identified as L. delbrueckii
subsp. bulgaricus BD08) [37]. The composition of the placebo was maltose, cornstarch and
silicon dioxide
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The treatment was administered during a 12-week period, and the participants were
followed for an additional 12-week period in order to follow evolution after treatment.
The trial protocol was approved both by the Biomedical Research Ethics Committee of
the province of Granada (Granada, Spain) and by the Ethics Committee of the Catholic
University of Murcia (Murcia, Spain), the two cities where the trial was carried out. Written
informed consent was obtained from every subject before inclusion in the study. The trial
was registered at ClinicalTrials.gov with the identifier NCT04256785.

4.2. Participants

Patients were recruited from several fibromyalgia associations who regularly attended
the two outpatient clinics where the trial was performed.

The inclusion criteria were the following: (a) diagnosis with fibromyalgia, confirmed
at the screening of patients using the ACR 2016 criteria [38]; (b) 18 years of age or older; (c)
agreement to voluntarily participate in the study by signing informed consent; (d) willing-
ness to, with no need under medical criteria, maintain the treatment previously received
for fibromyalgia, both of pharmacological and non-pharmacological types, with no change
in life habits especially regarding habitual diet during the trial’s duration; and (e) regular
suffering (two or more times per week) from three or more of the following symptoms:
abdominal pain, abdominal bloating, meteorism, flatulence, nausea, dyspepsia, eructation,
constipation and/or diarrhoea.

The exclusion criteria were as follows: (a) suffering from severe mental illness other
than major depression; (b) suffering from severe renal, hepatic or cardiovascular organic
disease that, at the discretion of the investigator, could have interfered with participation
in the study; (c) suffering from any chronic gastrointestinal disease other than IBS, such
as inflammatory bowel disease, active gastroduodenal ulcer or colorectal carcinoma; and
(d) pregnancy or breastfeeding. All of the mentioned diseases were required to have been
diagnosed by a physician.

4.3. Study Assessments

The severity of the following types of gastrointestinal symptoms was evaluated using
a 10-point Visual Analogue Scale (VAS): abdominal pain, abdominal bloating, meteorism,
flatulence, constipation, diarrhoea, nausea, eructation and dyspepsia.

Secondary assessments were the following:

(a) The Revised Fibromyalgia Impact Questionnaire (FIQR) [39]: This instrument was
created to assess the overall symptoms related to fibromyalgia. The total score of
the FIQR ranges from 0 to 100, and the higher the score, the greater the severity of
fibromyalgia. The validated Spanish version was used [40].

(b) The 9-item Patient Health Questionnaire (PHQ-9): The objective of this questionnaire
is to evaluate depressive symptoms. Its total score ranges from 0 to 27 points; the
higher the score, the greater the severity of the depression. Since depression is also a
symptom frequently associated with fibromyalgia, it was used to check whether an
eventual improvement in gastrointestinal symptoms is reflected in an improvement
in depressive symptomatology. A validated Spanish version of the questionnaire was
used [41].

(c) The Insomnia Severity Inventory (ISI): This is a brief questionnaire which assesses the
severity of insomnia. Its total score ranges from 0 to 28 points; the higher the score, the
greater the severity of insomnia. The validated Spanish version of the questionnaire
was used [42].

(d) The Short-Form Health-Survey SF-36: This multi-item generic health survey aims
to evaluate general health concepts not specific to any age, disease or treatment
group and measures eight health domains: physical functioning, physical role limita-
tions, bodily pain, general health perceptions, vitality, social functioning, emotional
limitations and mental health. These domains yield two summary measures: the
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Physical Component Summary (PCS) and the Mental Component Summary (MCS).
The validated Spanish version was applied [43].

(e) A seven-point, Likert-type scale, the Patient Global Improvement Scale, was used to
assess the relief of patients’ general symptomatology.

4.4. Procedure

At the time of screening, demographic and clinical data from each patient were
collected, and the fibromyalgia diagnosis was confirmed. Then, each patient was allocated
either to VSL#3® or the matching placebo; the treatment was administered as two sachets of
study products twice a day for twelve consecutive weeks. Each sachet of VSL#3® contained
450 billion CFU of live freeze-dried bacteria in powder form (Lot. No. 709002, 709003,
802112, 802113). Patients were randomised in a 1:1 ratio to one of the two treatment groups
using a random number generator.

On the day of initiation of treatment, the following questionnaires were administered:
VAS of abdominal pain, abdominal bloating, meteorism, flatulence, constipation, diarrhoea,
nausea, eructation and dyspepsia; FIQR; ISI; PHQ-9; PGI; and SF-36.

Visual analogue scales of gastrointestinal symptomatology were filled in weekly by
the patients during the first 4 weeks of the trial and every 2 weeks between weeks 4 and 12
of the trial. At week 12, FIQR, ISI, PHQ-9 and SF-36 were also completed; PGI was filled in
on weeks 4, 8 and 12.

At the end of the treatment period, patients entered into a follow-up period and were
monitored at 4, 12 and 24 weeks thereafter; in these visits, the VAS of gastrointestinal
symptoms, FIQR, PGI and SF-36 were completed.

Adverse effects potentially associated with treatment were collected at each visit
through an open-ended question system. During the 12 weeks of treatment, the medication
packages were collected to control therapeutic compliance.

4.5. Statistical Analysis

Given the absence of previous intervention studies in this area and, in general, limited
information on this aspect of fibromyalgia, this was considered a pilot study. Thus, the cal-
culation of the sample size was based on the feasibility of recruiting them. The recruitment
of 110 patients was estimated as a reasonably attainable goal considering the volume of
patients attending each one of the two participating centres.

The primary outcome variable was the mean change from baseline to endpoint in the
composite score of the three main gastrointestinal symptoms reported by patients with
fibromyalgia, i.e., abdominal pain, abdominal bloating and meteorism, as evaluated with
the 10-point VAS. We selected the primary outcome variable considering the most frequent
gastrointestinal symptoms previously observed in patients with fibromyalgia [3], which
are also the most common ones in IBS. Secondary outcomes were the mean changes from
baseline to endpoint in the scores of the FIQR, ISI, PHQ-9 and SF-36. In addition, the
proportion of responders regarding gastrointestinal symptoms was calculated in two ways:
the proportion of patients with a reduction equal to or greater than 30% in the composite
score of abdominal pain, bloating and meteorism, and the proportion of patients who were
highly or very highly improved (i.e., a score of 1 or 2) according to the PGI.

All patients who had a postbaseline evaluation were included in the efficacy analyses,
and missing data were imputed using the LOCF approach. A complete case analysis was
also performed for the analysis of the mean changes in the scores of the gastrointestinal
symptoms. The results were analysed by applying Student’s t-test to independent samples
in order to compare the data between the subjects who received the placebo and those who
received the active product, as well as to compare the data in the subgroups of patients
treated with the placebo and with VSL#3®. The proportion of responders and other
categorical variables were compared using the χ2 test or Fisher’s exact test, as appropriate.
Values lower than 0.05 were considered significant. Effect sizes were calculated using
Cohen’s d and interpreted as trivial if they were <0.2, small if they were between 0.2 and

32



Pharmaceuticals 2021, 14, 1063

<0.5, medium if they were between 0.5 and <0.8 and large if they were ≥0.8. All analyses
were performed using SPSS version 22.

5. Conclusions

In summary, although VSL#3® displayed favourable safety and tolerability profiles
in patients with fibromyalgia, it did not improve their gastrointestinal or fibromyalgia
symptomatology compared to the placebo. However, the maintenance of the benefit among
VSL#3® responders and not among placebo responders suggests that some patients could
benefit from treatment with this probiotic. More research is still needed to further elucidate
the specific factors that may predict a favourable response to treatment with VSL#3® in
patients with fibromyalgia.
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Abstract: CX3C Motif Chemokine Ligand 1 (CX3CL1; fractalkine) has been implicated in the patho-
genesis of rheumatoid arthritis (RA) and its inhibition was found to attenuate arthritis in mice as well
as in a clinical trial. Therefore, we investigated the effects of an anti-CX3CL1 monoclonal antibody
(mAb) on immune-mediated interstitial lung disease (ILD) in SKG mice, which exhibit similar patho-
logical and clinical features to human RA-ILD. CX3CL1 and CX3C chemokine receptor 1 (CX3CR1),
the receptor for CX3CL1, were both expressed in the fibroblastic foci of lung tissue and the number
of bronchoalveolar fluid (BALF) cells was elevated in ILD in SKG mice. No significant changes
were observed in lung fibrosis or the number of BALF cells by the treatment with anti-CX3CL1
mAb. However, significantly greater reductions were observed in the number of M1 macrophages
than in M2 macrophages in the BALF of treated mice. Furthermore, CX3CR1 expression levels
were significantly higher in M1 macrophages than in M2 macrophages. These results suggest the
stronger inhibitory effects of the anti-CX3CL1 mAb treatment against the alveolar infiltration of M1
macrophages than M2 macrophages in ILD in SKG mice. Thus, the CX3CL1-CX3CR1 axis may be
involved in the infiltration of inflammatory M1 macrophages in RA-ILD.

Keywords: rheumatoid arthritis; interstitial lung diseases; CX3CL1/fractalkine; CX3CR1; M1
macrophage; M2 macrophage; SKG mice

1. Introduction

Rheumatoid arthritis (RA) is a systemic inflammatory disease that is characterized
by synovitis, progressive bone erosion, and cartilage destruction [1]. Interstitial lung
disease (ILD) develops in 10% of patients with RA, with alveolar septal fibrosis occurring
through unknown mechanisms and resulting in more impaired pulmonary gas exchange
and shorter life expectancy than in RA patients without ILD [2,3]. Limited information
is currently available on the pathogenesis of RA-ILD and its exacerbating factors and an
effective therapy has not yet been established [4].
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ILD is characterized by abnormal tissue repair after lung tissue damage by chronic
inflammation regardless of the cause. Macrophages, which are the most abundant im-
mune cell in the lungs, play a key role in the development of ILD. Activated macrophages
are polarized into classically activated M1 macrophages and alternatively activated M2
macrophages [5,6]. In the early inflammatory phase, M1 macrophages produce proinflam-
matory factors, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and inducible
nitric oxide synthase [7–11]. In contrast, M2 macrophages contribute to tissue fibrosis by se-
creting profibrotic cytokines, including IL-4, IL-10, and transforming growth factor-β [12–15].
Lung macrophages are also classified into alveolar and interstitial macrophages depending
on their locations, both of which are involved in the pathogenesis of ILD [16,17]. Although
embryonic alveolar macrophages dominant in the steady state, the infiltration of alveolar
macrophages derived from circulating monocytes also occurs in murine bleomycin-induced
ILD (BLM-ILD) [17]. Monocyte-derived alveolar macrophages, but not embryo-derived
resident alveolar macrophages, express profibrotic genes in BLM-ILD [16], suggesting that
these migrated monocyte-derived alveolar macrophages are responsible for ILD.

The sole member of the CX3C-type chemokine family, chemokine (C-X3-C motif)
ligand 1 (CX3CL1; fractalkine) is a membrane-bound chemokine that is expressed on a
number of cells, including endothelial cells, fibroblast-like synoviocytes, osteoblasts, neu-
rons, adipocytes, and intestinal epithelial cells. [18]. The extracellular domain of CX3CL1
is constitutively cleaved and functions as a soluble chemokine [19,20]. In the steady state,
circulating monocytes expressing CX3C chemokine receptor 1 (CX3CR1), the receptor for
CX3CL1, adhere to endothelial cells through the CX3CL1-CX3CR1 interaction in order
to monitor vascular abnormalities [19]. Membrane-bound CX3CL1 is more strongly ex-
pressed on endothelial cells under inflammatory conditions, leading to the firm adherence
and activation of CX3CR1+ monocytes that initiate local inflammation. The cleavage of
membrane CX3CL1 is also promoted by TNF-α, IL-1, and interferon-γ. The recruitment of
CX3CR1-expressing inflammatory cells, including monocytes, NK cells, cytotoxic T cells,
type 1 helper T cells, and γδ T cells, has been shown to exacerbate local inflammation [21].

Proliferative fibroblast-like synoviocytes express CX3CL1 and inflammatory cells,
such as macrophages and T cells, express CX3CR1 in RA joints [22–25]. We previously
demonstrated that the blockade of CX3CL1 efficiently suppressed collagen-induced arthritis
in mice [25]. A clinical trial on a humanized anti-CX3CL1 monoclonal antibody (mAb)
for RA reported clinical efficacy for active RA [26,27]. These findings indicate that the
CX3CL1-CX3CR1 axis contributes to the progression of RA through the CX3CL1-dependent
migration of activated macrophages into the synovium.

Limited information is currently available on the role of the CX3CL1-CX3CR1 axis
in RA-ILD. CX3CL1 is expressed on alveolar and bronchial epithelial cells and vascular
endothelial cells in the normal lungs of humans and mice [28,29]. In idiopathic pulmonary
fibrosis (IPF) and ILD in polymyositis or dermatomyositis (PM/DM), CX3CL1 is expressed
on fibroblasts, inflammatory cells, and alveolar macrophages in addition to the epithelia and
vessels [28,29]. Serum CX3CL1 levels were found to correlate with the alveolar-arterial oxy-
gen pressure difference in patients with ILD with PM/DM [30]. On the other hand, CX3CR1+

mononuclear cells infiltrated ILD in patients with systemic sclerosis [31] and PM/DM [30] as
well as murine BLM-ILD [32,33]. In BLM-ILD, the depletion of CX3CR1-expressing cells sup-
pressed lung fibrosis and this was accompanied by a decrease in infiltrated macrophages [32].
These findings implicate the CX3CL1-CX3CR1 axis in lung fibrosis.

SKG mice develop RA-like chronic polyarthritis and ILD following an injection of
zymosan A [34,35]. Since the point mutation of zeta-chain-associated protein kinase 70
(ZAP-70) in SKG mice promotes autoreactive T-cell development in the thymus, these artic-
ular and lung manifestations are considered to develop through autoimmune mechanisms.
While arthritis develops in the early stages (4–5 weeks) after the administration of zymosan
A, lung inflammation manifests later and fibrosis becomes evident after approximately
12 weeks [34,36]. Therefore, ILD in SKG mice (SKG-ILD) is considered to more closely
reflect RA-ILD than other ILD models.

38



Pharmaceuticals 2021, 14, 474

In the present study, we investigated the involvement of CX3CL1 and its inhibition
in ILD in SKG mice. A treatment with anti-CX3CL1 mAb suppressed the infiltration of
M1 macrophages, but not M2 macrophages, into the alveolar space, but did not attenuate
lung fibrosis, suggesting the potential of CX3CL1 to regulate macrophage infiltration
in SKG-ILD.

2. Results

2.1. Histopathological Findings of SKG-ILD

SKG mice spontaneously develop ILD at approximately 6 months of age under conven-
tional conditions [34], but not under specific-pathogen-free (SPF) conditions [36]. Therefore,
we induced ILD in SKG mice under SPF conditions at 8 weeks of age using the intraperi-
toneal administration of zymosan A. We confirmed that lung tissues collected 12 weeks
after the administration of zymosan A exhibited multiple fibroblastic foci that were fibrotic
areas with mononuclear cell infiltration and a consequently altered alveolar structure,
while those from mice administered saline showed no signs of inflammation (Figure 1A,B).
Masson’s trichrome (MT) stain showed collagen deposition colocalized with infiltrating
cells in fibroblastic foci (Figure 1B), which confirmed that SKG mice administered zymosan
A developed robust ILD in our SPF mouse facility.

Figure 1. Interstitial lung disease (ILD) induced in SKG/jcl (SKG) mice. ILD was induced in male SKG mice by an
intraperitoneal injection of 7.5 mg zymosan A or saline as the control at 8–9 weeks of age. Lung tissue was isolated 12 weeks
after the administration of saline or zymosan A and stained with hematoxylin and eosin (H&E) and Masson’s trichrome
(MT). (A) A representative image of whole area of longitudinal H&E section of the lung from SKG mice administered saline
or zymosan A at × 40 magnification. Scale bars indicate 500 μm. (B) Images of H&E (upper panels) or MT (lower panels)
staining at × 200 magnification. Scale bars indicate 50 μm.

2.2. Expression of CX3CL1 and CX3CR1 in Lungs with ILD in SKG Mice

To examine the involvement of CX3CL1 in the pathogenesis of ILD in SKG mice, an
immunohistochemical analysis of the expression of CX3CL1 and CX3CR1 in lungs with
ILD was performed (Figure 2). While CX3CL1 was expressed on alveolar epithelial cells
and macrophages in lungs from both saline-(control) and zymosan A-administered mice,
CX3CL1 appeared to accumulate in the fibroblastic foci of lungs in zymosan A-administered
mice (Figure 2A, the 3,3′-diaminobenzidine (DAB) staining intensities in control and
zymosan A-administered mice, 0.015 vs. 11.136). CX3CR1 was only expressed on alveolar
macrophages, the number of which was small, in control mice, whereas CX3CR1-expressing
cells massively infiltrated fibroblastic foci in zymosan A-administered mice (Figure 2B, the
DAB staining intensities in control and zymosan A-administered mice, 0.094 vs. 5.552).
Although alveolar macrophages appeared to be present in the fibrotic foci of lungs with ILD,
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the destruction of the alveolar structure made them less distinct. These results suggested
the involvement of the CX3CL1-CX3CR1 axis in the infiltration of alveolar macrophages
and interstitial macrophages in SKG-ILD.

 
Figure 2. Immunohistochemical (IHC) analysis of CX3CL1 and CX3CR1 in lung tissue from SKG-ILD
mice. Lung tissue was obtained as described in Figure 1. Representative images of the IHC analysis
of CX3CL1 or CX3CR1 are shown. (A) Images of IHC for CX3CL1. Arrows indicate CX3CL1-positive
alveolar epithelial cells (black arrows), alveolar macrophages (yellow arrows), or CX3CL1-stained
areas in fibroblastic foci (red arrows). (B) Images of IHC for CXC3R1. Arrows indicate CX3CR1-
positive alveolar macrophages (yellow arrows) or CX3CR1+ cell-infiltrating areas in fibroblastic foci
(red arrows). Original magnification of ×200. Scale bars indicate 50 μm.

2.3. Minimal Effects of the Blockade of CX3CL1 in the Lung Pathology of SKG-ILD

Based on the results showing that CX3CR1+ cell numbers increased in the lung tissue
of SKG-ILD, we hypothesized that the migration of CX3CR1-positive cells contributes to
lung inflammation and fibrosis. To address this hypothesis, we treated SKG-ILD mice
with neutralizing anti-CX3CL1 mAb or a control antibody (Ab) and assessed the lung
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histology of ILD. Anti-CX3CL1 mAb was administered twice a week from the day of the
administration of zymosan A until mice were euthanized. Lung tissue from control Ab- and
anti-CX3CL1 mAb-treated mice both showed fibroblastic foci with massive cell infiltration
and an altered alveolar structure (Figure 3A). The accumulation of collagen bundles was
also similarly observed in lungs from control Ab-treated mice and anti-CX3XCL1 mAb-
treated mice with MT staining (Figure 3A). No significant differences were noted in Ashcroft
scores [37] or collagen-deposited areas between control Ab-treated mice and anti-CX3CL1
mAb-treated mice (Figure 3B,C). These results indicated that the inhibition of CX3CL1 had
minimal effects on fibrotic changes in the lungs of SKG-ILD.

 

Figure 3. No significant changes in lung fibrosis by the anti-CX3CL1 mAb treatment in SKG-ILD.
SKG mice were treated with an intraperitoneal injection of control Ab (hamster immunoglobulin)
(n = 7) or anti-CX3CL1 mAb (n = 6) twice a week for 12 weeks immediately after the administration of
zymosan A until euthanization. (A) Representative images of lung tissues stained with H&E (upper
panels) or MT (lower panels). Original magnification × 200. Scale bars indicate 50 μm. (B) The
Ashcroft scale was used to assess H&E-stained lung tissues. (C) The percentage of MT-positive
(blue color-stained) areas in the whole area. The black points indicate each sample value. Data are
expressed as means ± standard error of the mean (SEM). ns, not significant. The Kruskal–Wallis test
was used with Dunn’s test as a post hoc test.

2.4. Flow Cytometric Analysis of Bronchoalveolar Fluid (BALF) Cells in SKG-ILD

Although the inhibition of CX3CL1 only negligibly affected lung fibrosis, marked
changes were observed in CX3CR1+ cells that had abundantly infiltrated the alveolar
space. We performed a flow cytometric analysis of BALF cells in SKG-ILD to investigate
changes in alveolar cell populations following the treatment with anti-CX3CL1 mAb. The
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numbers of all cells, leukocytes, and T lymphocytes in BALF were significantly higher
in SKG-ILD mice than in control saline-injected SKG mice. Furthermore, the number of
CD68+ macrophages was markedly higher in SKG-ILD mice than in control SKG mice. No
changes were observed in BALF B lymphocytes following the induction of ILD. However,
the administration of anti-CX3CL1 mAb did not significantly alter the numbers of these
cell populations (Figure 4).

Figure 4. No significant changes in numbers of individual immune cell populations in BALF from
SKG-ILD mice treated with anti-CX3CL1 mAb. BALF cells were isolated from saline-administered
SKG mice (n = 5) or zymosan A-administered SKG mice treated with control Ab (n = 7) or anti-
CX3CL1 mAb (n = 5). The numbers of all cells (A), CD45+ cells (B), T lymphocytes (C), B lymphocytes
(D), and macrophages (E) are shown. Since 4 mL of saline was used to obtain BALF, total cell numbers
of individual populations are estimated by multiplying the concentration (cells/mL) by 4 mL. Data
are expressed as means ± SEM. The Kruskal–Wallis test was used with Dunn’s test as a post hoc test.

2.5. Effects of the Blockade of CX3CL1 on Alveolar Macrophages in SKG-ILD

Since macrophages play a critical role in ILD, we examined M1 (CD86+CD206−)
and M2 (CD206+CD86−) macrophages in BALF. The number of M2 macrophages was
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similar between control Ab-treated mice and anti-CX3CL1 mAb-treated mice (Figure 5A,C),
which is consistent with the lack of an effect of the anti-CX3CL1 treatment on fibrosis. In
contrast, the number of M1 macrophages significantly decreased following the anti-CX3CL1
mAb treatment (Figure 5B), and consequently the M1/M2 ratio significantly decreased
(Figure 5D), suggesting skewed polarization toward M2 macrophages. However, the level
of IL-1β in BALF was not altered and IL-6 in BALF rather increased following the anti-
CX3CL1 mAb treatment (Figure 5E,F). Thus, these results indicate that anti-CX3CL1 mAb
inhibited M1 macrophage infiltration and skewed polarization toward M2 macrophages,
consistently with little anti-fibrotic effects of the blockade of CX3CL1.

Figure 5. Alterations in M1 and M2 macrophage numbers in BALF following the treatment with
anti-CX3CL1 mAb. BALF cells obtained in Figure 4 were analyzed for M1 and M2 macrophages.
(A) Representative flow cytometry scatter plots for the expression of CD86 and CD206 in CD68+

macrophages. (B–D) The numbers of M1 macrophages (CD86+CD206− cells; (B) and M2
macrophages (CD206+CD86− cells; (C) and the M1/M2 ratio (D) are shown. (E,F) Levels of in-
terleukin (IL)-1β (E) and IL-6 (F) in BALF. Data are expressed as means ± SEM. The Mann–Whitney
U test was performed.

2.6. High Expression Levels of CX3CR1 in Alveolar M1 Macrophages

We examined CX3CR1 expression levels on BALF M1 and M2 macrophages in SKG-
ILD mice. Although M1 and M2 macrophages both expressed CX3CR1, its expression levels
were significantly higher in M1 macrophages than in M2 macrophages (mean fluorescent
intensity; M1, 2994 ± 551.6, M2, 767.8 ± 117.9, Figure 6). This result suggested that the
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higher expression level of CX3CR1 more strongly inhibited the alveolar infiltration of M1
macrophages by anti-CX3CR1 mAb than that of M2 macrophages.

Figure 6. Expression of CX3CR1 on M1 or M2 macrophages. BALF cells obtained from SKG-
ILD mice were analyzed for the expression of CX3CR1 on M1 and M2 macrophages. (A) Rep-
resentative histogram of CX3CR1 expression on CD45+CD68+CD86+CD206−-gated cells (M1) or
CD45+CD68+CD86−CD206+-gated cells (M2). (B) Pooled data on the mean fluorescent intensity of
CX3CR1 expression on M1 or M2 macrophages (n = 11). Data are expressed as means ± SEM. The
Mann–Whitney U test was conducted.

3. Discussion

In the present study, we administered a treatment with anti-CX3CL1 neutralizing mAb
to SKG mice with immune-mediated ILD. The results obtained demonstrated that CX3CL1+

and CX3CR1+ cells localized to fibroblastic foci in SKG-ILD and that the anti-CX3CL1 mAb
treatment reduced the number of M1 macrophages in BALF. However, the treatment did
not significantly alter the number of BALF M2 macrophages or fibrosis in SKG-ILD. We
also found that CX3CR1 expression levels in BALF were higher in M1 macrophages than in
M2 macrophages in SKG-ILD, suggesting that anti-CX3CL1 mAb more strongly inhibited
the migration of M1 macrophages than M2 macrophages.

Although the contribution of the CX3CL1-CX3CR1 axis to the pathogenesis of ILD has
already been demonstrated using a murine BLM-ILD model, its involvement in immune-
mediated ILD remains unclear. The present study is the first to examine the role of the
CX3CL1-CX3CR1 axis in immune-mediated ILD using SKG mice. The expression of
CX3CL1 and CX3CR1 in lung fibroblastic foci was observed in SKG-ILD mice, similar to
the murine BLM-ILD model [29,32,33]. CX3CR1+ macrophages that localize to fibrotic loci
have been shown to promote fibroblast migration or proliferation through the production of
platelet-derived growth factor-AA in BLM-ILD [32]. CX3CL1 and CX3CR1 are abundantly
expressed in ILD in patients with RA (unpublished data). These findings indicate that the
CX3CL1-CX3CR1 axis is involved in the pathogenesis of RA-ILD, similar to the murine
model of ILD.

Anti-CX3CL1 mAb therapy reduced the number of BALF M1 macrophages, but not
M2 macrophages, in SKG-ILD, and only negligibly attenuated lung fibrosis in SKG-ILD.
Based on the result showing that BALF M1 macrophages expressed a significantly higher
level of CX3CR1 than BALF M2 macrophages in SKG-ILD, we speculated that anti-CX3CL1
mAb efficiently suppressed the migration of M1 macrophages, but not M2 macrophages.

The minimal effects of anti-CX3CL1 mAb on SKG-ILD is consistent with our recent
findings showing the negligible effects of anti-CX3CL1 mAb therapy on the number of
infiltrated BALF M2 macrophages in a BLM-ILD model [29]. In contrast, previous studies
reported that genetically CX3CR1-depleted mice were resistant to BLM-ILD regardless
of whether they were congenic or inducible-deficient mice [32,33]. Therefore, the use
of CX3CL1-blocking antibodies may have different outcomes from the complete genetic
absence of the CX3CL1-CX3CR1 signal.
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ILD is characterized by abnormal tissue repair during chronic inflammation. Al-
though M2 macrophages are considered to play a pivotal role in the process of fibrosis, M1
macrophages are also necessary for inflammation eliciting abnormal tissue repair. In the
present study, anti-CX3CL1 mAb successfully inhibited the migration of M1 macrophages,
but failed to suppress the migration and/or polarization of M2 macrophages; therefore, it
did not exert therapeutic effects against lung fibrosis with CX3CL1 blockade alone. More-
over, the levels of IL-1β and IL-6 in BALF did not decrease following the anti-CX3CL1
mAb treatment. These imply that anti-CX3CL1 mAb treatment could not dampen IL-1β
and IL-6 production even though it reduced M1 macrophages in BALF. This is probably
partially because these cytokines were also produced by activated fibroblasts and/or the
other macrophages in uncontrolled lung fibrosis.

The present study had several limitations that need to be addressed. Although we
observed a decrease in BALF M1 macrophages in SKG-ILD following the treatment with
anti-CX3CL1 mAb, the number of BALF cells reflects, but may not directly contribute to,
inflammation and/or fibrosis in the lung. Therefore, the effects of anti-CX3CL1 mAb on
lung-infiltrating cells remain unclear. Another limitation is that anti-CX3CL1 mAb was
administered at the same time as the zymosan A injection. In SKG mice, lung fibrosis
becomes evident several weeks after an injection of zymosan A. A different treatment
outcome may have been observed if anti-CX3CL1 mAb had been administered once lung
fibrosis was established.

In summary, our study demonstrated that the CX3CL1-CX3CR1 axis contributed to the
pathogenesis of ILD through the migration of CX3CR1+ cells into inflammatory lung tissue
expressing CX3CL1 in SKG mice, a model of RA-ILD. Although anti-CX3CL1 mAb therapy
did not attenuate lung fibrosis in SKG-ILD, the infiltration of BALF M1 macrophages
strongly expressing CX3CR1 into the lungs was efficiently suppressed. Although anti-
CX3CL1 mAb alone did not exert therapeutic effects against lung fibrosis, its combination
therapy with anti-fibrotic drugs, such as nintedanib or pirfenidone, may be expected to
have a therapeutic effect on ILD.

4. Materials and Methods

4.1. SKG Mice

Male SKG/jcl mice were purchased from CLEA Japan Inc (Tokyo, Japan). SKG/jcl mice
aged 8–9 weeks (n = 11) were intraperitoneally administered 7.5 mg of zymosan A (Alfa
Aesar, Lancashire, UK) dissolved in 0.5 mL of physiological saline. Control mice (n = 5) were
administered 0.5 mL of saline. Mice were euthanized 12 weeks after the administration of
zymosan A to assess pulmonary fibrosis. Regarding the treatment with anti-CX3CL1 mAb,
500 μg of anti-CX3CL1 mAb (5H8-4) [25,38] was intraperitoneally injected twice a week for
12 weeks from the day of the zymosan A administration. Hamster Ig [39] was used as the
control Ab for the control group of mice. All experimental procedures were performed in
the SPF animal facility of Toho University. Animal experiments were performed according
to the animal experiment guidelines approved by Toho University Animal Care and User
Committee (approved number: #18-51-398, approved date: 24 May 2018).

4.2. Histopathological Investigation

Mice were euthanized with an overdose of injectable anesthetics 12 weeks after the
administration of zymosan A. Left lung tissue was fixed with 10% neutral formalin solution
and embedded in paraffin. Three-micrometer-thick sections were used for hematoxylin
and eosin (H&E) staining, the MT stain for collagen deposition, and an immunohisto-
chemical analysis. In the immunohistochemical analysis, sections were stained with rabbit
immunoglobulin as the isotype control (Dako X0903, Santa Clara, CA, USA), rabbit anti-
CX3CL1 polyclonal Ab (pAb, Boster PA1401, Pleasanton, CA, USA), or anti-CX3CR1
(Abcam ab8021, Cambridge, UK,) after blocking endogenous peroxidase and consequent
blocking with 2.5% goat serum. An incubation with the primary Ab was conducted at
room temperature for 3 h for anti-CX3CL1 pAb or for 30 min for anti-CX3CR1 pAb. The
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ImmPRESS polymer kit (Vector MP-7451-15, Burlingame, CA, USA) was used to detect Ab
staining, and counterstaining with hematoxylin was performed. All histological images
were captured using a BX-63 microscope (Olympus, Tokyo, Japan).

To assess lung fibrosis, ten fields under the × 40 view were randomly selected from
each H&E section, scored using the Ashcroft scale [37], and the average score of each
section was calculated [37]. Regarding collagen quantification, MT-stained areas and the
total cross-section area were quantified by ImageJ software (National Institute of Health)
and the percentage of MT areas in the total area was calculated. To assess the intensity of
CX3CL1 or CX3CR1 staining in IHC images, the mean value of DAB staining per pixel in
the lung interstitial area after thresholding was calculated by ImageJ.

4.3. Flow Cytometric Analysis of BALF

BALF was obtained as previously described [29]. Briefly, 1 mL of saline with 100 μM
EDTA was intratracheally injected and aspirated by a 24-G catheter with a 1 mL syringe.
This procedure was repeated 4 times and recovered BALF was pooled.

After Fc blocking with 20 μg/mL of rat anti-mouse CD16/CD32 mAb (2.4G2, BD,
Franklin Lakes, NJ, USA), BALF cells were stained with PE-conjugated rat anti-mouse CD68
mAb (FA-11, BioLegend, San Diego, CA, USA), BV421-conjugated rat anti mouse CD86
mAb (GL-1, BioLegend), APC-conjugated rat anti mouse CD206 mAb (C068C2, BioLe-
gend), BV510-conjugated rat anti-mouse CD3 mAb (17A2, BioLegend), FITC-conjugated
rat anti-mouse CD19 mAb (1D3/CD19, BioLegend), APC/Cy7-conjugated rat anti-mouse
CD45 mAb (30-F11, BioLegend), and PE/Cy7-conjugated rat anti-mouse CX3CR1 mAb
(SA011F11, BioLegend). A flow cytometric analysis was performed using BD LSRFortes-
saTM (BD Biosciences, San Jose, CA, USA) and data were analyzed using FlowJo software
ver. 10.7.1 (BD Biosciences).

4.4. Enzyme-Linked Immunosorbent Assay (ELISA) for BALF

Supernatant of BALF were collected and stored at −80 ◦C until subjected to the assay.
ELISA was performed to measure the levels of IL-1β and IL-6 using mouse IL-1β ELISA
kit (Proteintech KE10003, Rosemont, IL, USA) and mouse IL-6 quantikine ELISA kit (R&D
systems 6000B, Minneapolis, MN, USA), respectively by following manufactural protocols.

4.5. Statistical Analysis

Statistical analyses were performed using Graph Pad Prism ver. 8.3.1 (Graph Pad
Software, San Diego, CA, USA). The Kruskal–Wallis test was used to compare three groups.
Dunn’s test was employed as a post hoc test. The Mann–Whitney U test was conducted to
compare two groups. A p-value less than 0.05 was considered to be significant. Results
were shown as the mean ± SEM.

5. Conclusions

Our study suggests that the CX3CL1-CX3CR1 axis contributes to the pathogenesis of
RA-ILD through the migration of CX3CR1+ cells. Anti-CX3CL1 mAb therapy efficiently
suppressed the infiltration of BALF M1 macrophages in the mouse model of RA-ILD,
and therefore, this therapy combined with anti-fibrotic drugs may have a more robust
therapeutic effect on lung fibrosis.
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Abstract: Primary myocardial involvement is common in systemic sclerosis (SSc). Ventricular-arterial
coupling (VAC) reflecting the interplay between ventricular performance and arterial load, is a key
determinant of cardiovascular (CV) performance. We aimed to investigate VAC, VAC-derived indices,
and the potential association between altered VAC and survival free from death/hospitalization
for major adverse CV events (MACE) in scleroderma. Only SSc patients without any anamnes-
tic and echocardiographic evidence of primary myocardial involvement who underwent three-
dimensional echocardiography (3DE) were included in this cross-sectional study and compared with
healthy matched controls. 3DE was used for noninvasive measurements of end-systolic elastance
(Ees), arterial elastance (Ea), VAC (Ea/Ees) and end-diastolic elastance (Eed); the occurrence of
death/hospitalization for MACE was recorded during follow-up. Sixty-five SSc patients (54 female;
aged 56 ± 14 years) were included. Ees (p = 0.04), Ea (p = 0.04) and Eed (p = 0.01) were higher in
patients vs. controls. Thus, VAC was similar in both groups. Ees was lower and VAC was higher in
patients with diffuse cutaneous form (dcSSc) vs. patients with limited form (lcSSc) (p = 0.001 and
p = 0.02, respectively). Over a median follow-up of 4 years, four patients died for heart failure and
34 were hospitalized for CV events. In patients with VAC > 0.63 the risk of MACE was higher (HR 2.5;
95% CI 1.13–5.7; p = 0.01) and survival free from death/hospitalization was lower (p = 0.005) than in
those with VAC < 0.63. Our study suggests that VAC may be impaired in SSc patients without signs
and symptoms of primary myocardial involvement. Moreover, VAC appears to have a prognostic
role in SSc.

Keywords: heart failure; 3D-echocardiography; ventricular function; outcome; systemic sclerosis;
ventricular-arterial coupling

1. Introduction

Systemic sclerosis (SSc) is a chronic systemic autoimmune disease characterized by
widespread vascular lesions and fibrosis of skin and internal organs [1]. Although often
clinically silent [2,3], primary cardiac involvement is one of the main causes of death in
SSc [4,5]. Thus, a yearly transthoracic echocardiography is recommended in patients with
SSc to assess systolic pulmonary artery pressure as well as diastolic and systolic function
of the left ventricle (LV) [6]. In this regard, some measurements such as end-diastolic
diameter, fractional shortening, or LV ejection fraction (LVEF) are routinely used in clinical
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practice. However, these indices are load-dependent and do not systematically reflect the
contractile state of the myocardium [7]. The interplay between cardiac function and arterial
system—commonly defined as ventricular-arterial coupling (VAC)—is a major determinant
of ventricular performance as it reflects global cardiovascular (CV) efficiency [8], and can
be mathematically expressed as the ratio between arterial elastance (Ea) and end-systolic
elastance (Ees) of the LV. VAC has been recently recognized as a key determinant of
cardiovascular performance, and in fact, ventricular-arterial uncoupling which occurs in
various clinical conditions, may predict morbidity and mortality [9–11].

The advantages of three-dimensional echocardiography (3DE) vs. 2-dimensional
echocardiography (2DE) lie in its better accuracy, precision, and reproducibility for volume
measurements [12], and consequently for VAC assessment [13].

We aimed to investigate VAC by 3DE in SSc patients, as well as potential differences
in VAC values and VAC-derived indices by comparing patients with a limited and diffuse
cutaneous form of SSc (lcSSc and dcSSc, respectively). Moreover, we set out to evalu-
ate a potential association between altered VAC and survival-free from major adverse
cardiovascular events (MACEs) in SSc.

2. Results

2.1. Echocardiography and Pressure-Volume Curve Parameters in SSc Patients and Controls

Baseline characteristics of the 65 patients enrolled in the study are shown in Table 1.
LV diastolic dimension, wall thickness, and mass index were comparable in patients and in
controls. Regional contractility was normal in all patients and controls. Left ventricular
end-systolic volume (LVESV), LV end-diastolic volume (LVEDV), stroke volume (SV),
and LVEF were similar in both groups. Systolic and diastolic blood pressure were com-
parable in patients and controls. E/e’ was higher in patients vs. controls (10.02 ± 4.3
vs. 6.5 ± 2.2, p < 0.0001). Ees and Ea were higher in patients vs. controls (3.95 ± 1.8 vs.
2.99 ± 0.7 mmHg/mL, p = 0.002; 2.28 ± 0.11 vs. 1.73 ± 0.07 mmHg/mL, p = 0.001, respec-
tively), whereas VAC was comparable in both groups (0.60 ± 0.1 vs. 0.62 ± 0.2, p = 0.59).
Diastolic elastance (Eed) was higher in patients (0.23 ± 0.01 vs. 0.16 ± 0.03 mmHg/mL,
p = 0.001). Stroke work (SW), potential energy (PE), pressure-voulme area (PVA) and
LV efficiency indicating mechanical energy exerted by the left ventricle were similar in
both groups.

Table 1. Clinical and Echocardiographic Features in SSc Patients with and without VAC > 0.63.

All Patients
(n = 65)

VAC ≤ 0.63
(n = 34)

VAC > 0.63
(n = 31)

p Value

Age, years 56 ± 14 58 ± 13 53 ± 16 0.12

Female, n (%) 54 (83) 29 (85) 25 (81) 0.61

Body weight, Kg 60 ± 11 62 ± 9 59 ± 10 0.81

BMI, Kg/m2 25 ± 2 26 ± 3 25 ± 1 0.80

Systolic blood pressure, mmHg 126 ± 21 127 ± 20 125 ± 22 0.55

Diastolic blood pressure,
mmHg 74 ± 10 70 ± 9 79 ± 6 0.69

Hemoglobin, g/dL 14 ± 0.8 15 ± 0.6 13 ± 0.2 0.71

Creatinine, mg/dL 0.98 ± 0.02 0.95 ± 0.01 1.02 ± 0.02 0.81
Clinical Features

Disease duration, years 19 ± 11 16 ± 9 22 ± 12 0.03

Diffuse cutaneous form, n (%) 27 (41) 10 (29) 17 (55) 0.03

PAH, n (%) 22 (34) 6 (17) 16 (47) 0.57

ILD on HRCT, n (%) 37 (57) 20 (59) 17 (55) 0.86

Digital ulcers, n (%) 39 (60) 20 (58) 19 (61) 0.66
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Table 1. Cont.

All Patients
(n = 65)

VAC ≤ 0.63
(n = 34)

VAC > 0.63
(n = 31)

p Value

Treatment, n (%)

Prostanoid ev 12 (18) 4 (12) 8 (26) 0.40

ET-1 inhibitors 22 (34) 14 (41) 8 (26) 0.33

Immunosuppressants 30 (46) 18 (53) 12 (39) 0.28
Echocardiographic Measurements

LVEDD, mm 44.9 ± 0.5 45.1 ± 0.6 44.7 ± 0.5 0.94

IVS thickness, mm 11.4 ± 1.2 9.9 ± 1.9 13.6 ± 1.6 0.28

PW thickness, mm 11.5 ± 1.3 9.6 ± 1.9 13.2 ± 1.6 0.21

LV mass, g 155 ± 59 151 ± 63 161 ± 53 0.33

LVEDV, mL 88 ± 26 85 ± 29 91 ± 24 0.24

LVESV, mL 33 ± 11 28 ± 10 38 ± 11 <0.0001

SV, mL 55 ± 17 57 ± 19 52 ± 14 0.41

LVEF (%) 62 ± 5 67 ± 3 57 ± 2 <0.0001

Aorta, mm 30 ± 0.3 30 ± 0.3 30 ± 0.4 0.69

Left atrium, mm 49.8 ± 9 47.7 ± 8 51.9 ± 9 0.12

RVEDD, cm2 19 ± 5 18.2 ± 5 20 ± 5 0.08

TAPSE, cm 2.25 ± 0.5 2.31 ± 0.5 2.19 ± 0.5 0.24

Peak E velocity, m/s 0.86 ± 0.2 0.85 ± 0.1 0.88 ± 0.2 0.58

Peak A velocity, m/s 0.79 ± 0.2 0.84 ± 0.2 0.75 ± 0.2 0.13

DT, ms 199 ± 60 219 ± 62 179 ± 52 0.08

E/A ratio 1.14 ± 0.3 1.07 ± 0.3 1.21 ± 0.3 0.16

E/e’ ratio 10.2 ± 4.3 10.9 ± 4.7 9.3 ± 3.6 0.23

PAP, mmHg 34 ± 19 32 ± 16 37 ± 21 0.42
Pressure-Volume Curve Relationships

End-diastolic elastance,
mmHg/mL 0.21 (0.17–0.28) 0.23 (0.17–0.29) 0.21 (0.16–0.24) 0.42

Arterial elastance,
mmHg/mL 2.10 (1.82–2.80) 2.10 (1.78–3.01) 2.10 (1.87–2.80) 0.69

End-systolic elastance,
mmHg/mL 3.79 (2.87–5.30) 4.43 (3.3–6.3) 2.94 (2.53–4.12) <0.0001

Ventricular-arterial
coupling 0.57 (0.49–0.72) 0.51 (0.45–0.53) 0.73 (0.68–0.75) <0.0001

Stroke work, mmHg·mL 6021 (4275–8424) 6351 (4325–8991) 5346 (4252–7695) 0.38

Potential energy,
mmHg·mL 1566 (1258–2413) 1532 (1194–2103) 1935 (1521–3087) 0.001

Pressure-volume area,
mmHg·mL

7659
(5798–11,102)

8008
(5550–11,274)

7281
(5798–10,410) 0.86

LV efficiency, % 78 (73–80) 79 (78–81) 73 (72–74) <0.0001
BMI, body mass index; DT, E-wave deceleration time; ET-1, endothelin 1; E/A, ratio of early transmitral diastolic
flow velocity (E) and flow velocity during atrial contraction (A); HRCT, high resolution computed tomography;
ILD, interstitial lung disease; IVS, interventricular septum; LV, left ventricle; LVEDD, left ventricular end-
diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV,
left ventricular end-systolic volume; PAH, pulmonary arterial hypertension; PAP, pulmonary arterial pressure;
PW, posterior wall; RP, Raynaud phenomenon; RVEDD, right ventricular end-diastolic dimension; SSc, systemic
sclerosis; SV, stroke volume; TAPSE, tricuspid annular plane excursion. Values are mean ± SD or median (IQR).
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2.2. Echocardiography and Pressure-Volume Curve Parameters According to VAC Value

Patients in the higher VAC group (>0.63) had significantly higher LVESV (p < 0.0001)
with reduced LVEF (p < 0.0001) than those with lower VAC (≤0.63). Ees was lower in
patients with VAC > 0.63 (p < 0.0001) whereas Ea was similar in both groups (Table 1).
Disease duration was longer (p = 0.03) and the prevalence of diffuse cutaneous SSc (dcSSc)
was higher (p = 0.03) in patients with VAC > 0.63. Ongoing medications were comparable
between the two groups.

2.3. Echocardiography and Pressure-Volume Curve Parameters in dcSSc and lcSSc Patients

Table 2 shows the differences between patients with dcSSc vs. lcSSc. In particular,
LVEDV (p = 0.004), LVESV (p = 0.001), and SV (p = 0.03) were higher in dcSSc patients
and LVEF was lower, albeit within the normal range (p = 0.01). Ea (p = 0.01) and Ees
(p = 0.001) were lower in dcSSc patients. VAC was significantly higher in dcSSc patients
(p = 0.02). PE was higher in dcSSc (p = 0.01) and LV efficiency was lower (p = 0.02) (Table 2).
Ees correlated with Ea (ρ = 0.851, p < 0.0001). However, in dcSSc the correlation line is
shifted upward and to the left. For the same Ea value, patients with dcSSc presented
a lower Ees, indicative of inadequate contractility (Figure 1).

Table 2. Clinical and Echocardiographic Features in dcSSc Patients versus lcSSc Patients.

dcSSc
(n = 27)

lcSSc
(n = 38)

p Value

Age, years 51 ± 14 59 ± 14 0.02

Female, n (%) 19 (70) 35 (92) 0.01

Body weight, Kg 60 ± 5 57 ± 2 0.52

BMI, Kg/m2 26 ± 2 25 ± 2 0.61

Systolic blood pressure, mmHg 124 ± 22 128 ± 21 0.44

Diastolic blood pressure, mmHg 77 ± 8 72 ± 7 0.62

Hemoglobin, g/dL 13 ± 0.3 15 ± 0.1 0.58

Creatinine, mg/dL 0.98 ± 0.01 0.93 ± 0.03 0.34

Clinical features

Disease duration, years 14 ± 7 22 ± 12 0.005

PAH, n (%) 10 (37) 12 (31) 0.25

ILD on HRCT, n (%) 12(44) 25 (66) 0.01

Digital ulcers, n (%) 17 (62) 22 (58) 0.83
Treatment, n (%)

Prostanoid ev 7 (26) 5 (13) 0.21

ET-1 inibithors 9 (33) 13 (34) 0.44

Immunosuppressants 8 (29) 22 (58) 0.008
Echocardiographic measurements

LVEDD, mm 46 ± 0.6 44 ± 0.5 0.07

IVS thickness, mm 10 ± 0.2 12 ± 0.2 0.46

PW thickness, mm 10 ± 0.2 12 ± 0.3 0.83

LV mass, g 148 ± 51 166 ± 71 0.54

LVEDV, mL 101 ± 29 82 ± 21 0.004

LVESV, mL 39 ± 12 29 ± 9 0.001

SV, mL 62 ± 20 52 ± 13 0.03
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Table 2. Cont.

dcSSc
(n = 27)

lcSSc
(n = 38)

p Value

LVEF (%) 60 ± 6 64 ± 5 0.01

Aorta, mm 29 ± 0.4 30 ± 0.3 0.12

Left atrium, mm 48 ± 0.8 50 ± 0.9 0.50

RVEDD, cm2 19.9 ± 5 18.3 ± 5 0.32

TAPSE, cm 2.24 ± 0.5 2.30 ± 0.5 0.65

Peak E velocity, cm/s 0.90 ± 0.2 0.84 ± 0.2 0.53

Peak A velocity, cm/s 0.81 ± 0.2 0.78 ± 0.2 0.53

DT, ms 180 ± 54 211 ± 61 0.38

E/A ratio 1.19 ± 0.3 1.11 ± 0.2 0.44

E/e’ ratio 8.6 ± 2 10.7 ± 4 0.07

PAP, mmHg 32 ± 3 34 ± 3 0.75
Pressure-volume curve relationships

End-diastolic elastance, mmHg/mL 0.17 (0.13–0.22) 0.23 (0.19–0.28) 0.03

Arterial elastance, mmHg/mL 1.83 (1.53–2.20) 2.21 (1.88–2.73) 0.01

End-systolic elastance, mmHg/mL 2.90 (2.22–3.56) 4.06 (3.12–5.49) 0.001

Ventricular-arterial coupling 0.69 (0.52–0.74) 0.52 (0.45–0.65) 0.02

Stroke work, mmHg·mL 6284 (4045–8748) 5805 (4680–8748 0.25

Potential energy, mmHg·mL 1863 (1493–2973) 1552 (1215–2268 0.01

Pressure-volume area, mmHg·mL 8008 (5487–11,522) 7357 (6138–11,016 0.12

LV efficiency, % 74 (72–78) 79 (76–81) 0.02
Abbreviations as in Table 1. Values are mean ± SD or median (IQR).

Figure 1. Scatterplot of the relationship between Ea and Ees in patients with lcSSc and patients with
dcSSc. Ees correlates with Ea both in lcSSc (ρ = 0.779, p < 0.0001) and, albeit more weakly, in dcSSc
(ρ = 0.599, p = 0.002).

2.4. Correlations of Pressure-Volume Curve Parameters

Unlike Ees and VAC (ρ = −0.456, p < 0.0001 and ρ = 0.336, p = 0.008, respectively),
Ea did not correlate with time elapsed from SSc diagnosis (ρ = 0.035, p = 0.78). Ea posi-
tively correlated with Eed (ρ = 0.857, p < 0.0001) and systolic pulmonary arterial pressure
(ρ = 0.401, p = 0.002), and inversely with TAPSE (ρ = −0.434, p = 0.007). Ees positively cor-
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related with Eed (ρ = 0.811, p < 0.0001). Eed inversely correlated with TAPSE (ρ = −0.447,
p = 0.001).

2.5. Association between VAC and Other Clinical Variables

At univariate linear regression analysis, diagnosis of dcSSc (p = 0.009), therapy with
prostanoid (p = 0.03), disease duration (p = 0.01) and age at diagnosis (p = 0.02) were deter-
minants of VAC. To further investigate the potential factors involved in VAC alterations,
we performed a multivariable linear regression (stepwise) including significant factors at
univariate linear regression analysis which revealed that only diagnosis of dcSSc had an
independent influence on VAC (Table 3).

Table 3. Independent Effects of Clinical Variables on VAC.

b 95% CI p Value
dcSSc 0.342 0.020–0.184 0.01

Prostanoid ev 0.247 (−0.008)–0.154 0.07

Disease duration 0.133 (−0.002)–0.005 0.39

Age at SSc diagnosis −0.077 (−0.004)–0.002 0.63

Corrected R2 0.008
Note: Using multivariable linear regression analysis with stepwise method.

2.6. Factors Associated with VAC > 0.63

In univariable logistic regression VAC > 0.63 was associated with time elapsed from
diagnosis (p = 0.01), age at SSc onset (p = 0.04), diagnosis of dcSSc (p = 0.03), and LVESV
(p = 0.002). In multivariable logistic regression, adjusted for age and sex, VAC > 0.63 was
associated with LVESV (OR 1.076; 95% CI 1.012–1.144; p = 0.02) and time elapsed from
diagnosis (OR 1.057; 95% CI 1.008–1.127; p = 0.04).

2.7. Major Adverse Cardiac Events

During a 4-year median follow-up (IQR, 2–10 years), 38 patients (58.5%) developed
major adverse cardiac events (MACEs). Four patients (6%) died from heart failure, 16 (24%)
were hospitalized for heart failure and 18 (28%) for angina (n = 12, 67%; nine without
coronary epicardial stenosis and three with epicardial coronary stenosis), or myocardial
infarction (n = 6, 33%). Twelve out of 16 (75%) of the heart failure episodes were with low
ejection fraction (HFrEF). No heart failure episode was of right-sided origin. There were
non-cardiovascular death or events during the follow-up period.

Differences between patients with and without MACEs are shown in Table 4. Time from
SSc diagnosis was longer and LVEF was lower in patients with MACEs (p = 0.03 and
p = 0.01, respectively). LVESV tended to be greater in patients with MACEs (p = 0.06).
Ea was similar in patients with and without MACEs (p = 0.52). Ees was lower (p = 0.01) and
VAC was higher (p = 0.008) in patients with MACEs. LV efficiency was lower in patients
with MACEs (p = 0.01). VAC was >0.63 in 23/38 (60%) patients with MACEs and in 8/27
(29%) patients without MACEs (p = 0.01). Figure 2 shows the cumulative survival free from
MACEs according to VAC value.
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Table 4. Clinical and Echocardiographic Features in Patients with and without MACEs.

No MACEs
(n = 27)

MACEs
(n = 38)

p Value

Age, years 55 ± 11 56 ± 16 0.66

Female, n (%) 22 (81) 32 (84) 0.77

Body weight, Kg 58 ± 3 59 ± 2 0.81

BMI, Kg/m2 25 ± 1 26 ± 2 0.89

Systolic blood pressure, mmHg 133 ± 19 122 ± 22 0.04

Diastolic blood pressure, mmHg 75 ± 6 73 ± 7 0.49

Hemoglobin, g/dL 14 ± 0.3 15 ± 0.4 0.68

Creatinine, mg/dL 0.95 ± 0.04 0.96 ± 0.01 0.89
Clinical features

Disease duration, years 10 ± 1 16 ± 1 0.03

dcSSc, n (%) 9 (33) 16 (42) 0.43

PAH, n (%) 8 (30) 14 (36) 0.69

ILD on HRCT, n (%) 10 (37) 27 (71) 0.03
Digital ulcers, n (%) 16 (59) 23 (60) 0.75
Treatment, n (%)

Prostanoid ev 6 (22) 6 (15) 0.64

ET-1 inibithors 9 (33) 13 (34) 0.44

Immunosuppressants 6 (22) 24 (63) 0.007
Echocardiographic measurements

LVEDD, mm 43 ± 0.5 45 ± 0.5 0.13

IVS thickness, mm 10 ± 0.2 13 ± 0.2 0.18

PW thickness, mm 9 ± 0.2 12 ± 0.3 0.22

LV mass, g 143 ± 50 168 ± 66 0.17

LVEDV, mL 85 ± 24 91 ± 28 0.36

LVESV, mL 30 ± 10 35 ± 12 0.06

SV, mL 54 ± 15 55 ± 18 0.84

LVEF (%) 64 ± 5 60 ± 5 0.01

Aorta, mm 30 ± 0.3 29 ± 0.3 0.46

Left atrium, mm 52 ± 0.9 48 ± 0.8 0.13

RVEDD, cm2 17.7 ± 3 20 ± 6 0.12

TAPSE, cm 2.35 ± 0.5 2.15 ± 0.5 0.23

Peak E velocity, cm/s 0.92 ± 0.2 0.82 ± 0.3 0.50

Peak A velocity, cm/s 0.80 ± 0.2 0.73 ± 0.2 0.41

DT, ms 189 ± 50 200 ± 55 0.36

E/A ratio 1.17 ± 0.3 1.13 ± 0.2 0.71

E/e’ ratio 11 ± 4 9.2 ± 4 0.24

PAPs, mmHg 29 ± 9 37 ± 23 0.14
Pressure-volume curve relationships

End-diastolic elastance,
mmHg/mL 0.23 (0.18–0.27) 0.19 (0.16–0.24) 0.68

Arterial elastance, mmHg/mL 1.25 (1.96–2.84) 1.95 (1.69–2.45) 0.52

End-systolic elastance,
mmHg/mL 4.50 (3.08–6.08) 3.30 (2.70–3.89) 0.01

57



Pharmaceuticals 2021, 14, 646

Table 4. Cont.

No MACEs
(n = 27)

MACEs
(n = 38)

p Value

Ventricular-arterial coupling 0.51 (0.45–0.64) 0.63 (0.53–0.72) 0.008

Stroke work, mmHg·mL 6588 (4781–8910) 5400 (4230–6705) 0.44

Potential energy, mmHg·mL 1521 (1257–2322) 1748 (1527–2252) 0.52

Pressure-volume area, mmHg·mL 8100 (6169–11,381) 7380 (5620–9459) 0.67

LV efficiency, % 79 (75–81) 75 (73–78) 0.01
Abbreviations as in Table 1. Values are mean ± SD or median (IQR).

Figure 2. Kaplan Meier estimate of survival free from hospitalizations of patients with VAC ≤ 0.63
(in black), and patients with VAC > 0.63 (in yellow).

2.8. Risk Factors for MACEs in the Study Cohort

In univariable Cox regression analysis, MACEs were associated with VAC > 0.63
(p = 0.008), LVEF < 62% (p = 0.02), LV efficiency < 76% (p = 0.02) and disease duration
(p = 0.01). In the final multivariable regression model, also adjusted for age, sex, pulmonary
hypertension, dcSSc and interstitial lung disease, VAC > 0.63 was independently associated
with MACEs (HR 2.5; 95% CI 1.13–5.7; p = 0.01) (Table 5). The C statistic for multivariable
model increased from 0.82 to 0.92 when adding VAC > 0.63 (p = 0.001) (Figure 3).

Table 5. Univariate and Multivariable Predictors of MACEs.

Univariate Multivariable Model

HR (95% CI) p Value HR (95% CI) p Value
Age > 60 years 1.5 (1.2–2.9) 0.20

Female 2.0 (1.2–5.2) 0.15

Disease duration, years 1.03
(1.006–1.06) 0.01

Diffuse cutaneous form 1.7 (1.1–3.3) 0.13

PAH 1.0 (0.3–3.4) 0.94

ILD on HRCT 1.2 (0.5–2.6) 0.54

Immunosuppressants 1.7 (0.8–3.8) 0.13
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Table 5. Cont.

Univariate Multivariable Model

HR (95% CI) p Value HR (95% CI) p Value

Echocardiographic measurements
LVEDV > 85 mL 1.0 (0.5–1.9) 0.97

LVESV > 34 mL 1.1 (0.6–2.2) 0.61

SV < 53 mL 1.3 (0.7–2.6) 0.31

LVEF < 62% 2.1 (1.0–4.1) 0.02

TAPSE < 2.1 cm 1.6 (0.6–4.3) 0.29

E/e’ ratio > 9 2.1 (0.6–6.8) 0.21

PAP > 30 mmHg 0.8 (0.4–1.6) 0.56
Pressure-volume curve
relationships

End-diastolic elastance >
0.21 mmHg/mL 1.0 (0.3–3.2) 0.86

Arterial elastance > 2 mmHg/mL 0.8 (0.4–1.5) 0.56

End-systolic elastance <
3.4 mmHg/mL 1.4 (0.7–2.8) 0.24

Ventricular-arterial coupling > 0.63 2.4 (1.2–4.8) 0.008 2.5 (1.13–5.7) 0.01

Stroke work < 5671 mmHg·mL 1.5 (0.8–2.9) 0.19

Potential energy > 1621 mmHg·mL 1.1 (0.6–2.2) 0.62

Pressure-volume area <
7498 mmHg·mL 0.9 (0.4–1.7) 0.75

LV efficiency < 76% 2.1 (1.09–4.1) 0.02
CI. confidence interval; HR, hazard ratio; HRCT, high resolution computed tomography; ILD, interstitial lung
disease; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ven-
tricular end-systolic volume; MACE, major adverse cardiac events; PAH, pulmonary arterial hypertension; PAP,
pulmonary arterial pressure; SV, stroke volume; TAPSE, tricuspid annular plane excursion.

Figure 3. Receiving operating curves in model 1 and model 2 (including VAC > 0.63) for MACEs. C-statistic improves
adding VAC > 0.63 in the multivariable model * p value is derived from comparison of model 1 to model 1 plus VAC > 0.63
(model 2).

2.9. Incremental Value of VAC for Predicting Adverse Cardiac Events

To assess the incremental prognostic value of VAC, global chi-square scores were
calculated (Figure 4). The addition of VAC > 0.63 (global chi-square: 13.1) significantly
increased the global chi-square score (19.2; p = 0.02).
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Figure 4. Incremental prognostic value of VAC > 0.63 when added to LVEF, LV efficiency, disease
duration, age, sex, pulmonary hypertension, dcSSc and interstitial lung disease (Model 1).

2.10. Intra and Interobserver Reproducibility of VAC by 3D

Intraobserver reproducibility was high (r = 0.98, SEE = 0.12); the mean difference
was −0.02 and the upper and lower limits of agreement between the measurements were
+0.14 (95% CI, +0.08 to +0.2) and −0.19 (95% CI, −0.26 to −0.13), respectively; intraclass
correlation coefficient was 0.986. Interobserver reproducibility was also high (r = 0.96, SEE
=0.18); the mean difference was 0.01 and the upper and lower limits of agreement between
the 2 measurements were +0.36 (95% CI, +0.26 to +0.45) and −0.33 (95% CI, −0.43 to −0.23),
respectively; intraclass correlation coefficient was 0.966.

2.11. Ventricular-Arterial Coupling by 2D and 3D Echo Modalities

Table 6 presents the comparison between 2D and 3D parameters. Although Ea
and VAC were similar between 2D and 3D echocardiography, Ees was lower by 3D
echocardiography.

Table 6. Arterial elastance, End-systolic elastance and Ventricular-arterial coupling by 2D and 3D
echocardiography (n = 65).

2D Echo 3D Echo p Value
Arterial elastance, mmHg/mL 2.29 (1.93–2.70) 2.04 (1.77–2.66) 0.23

End-systolic elastance, mmHg/mL 4.17 (3.38–4.97) 3.41 (2.57–4.50) 0.02

Ventricular-arterial coupling 0.57 (0.44–0.66) 0.62 (0.48–0.71) 0.15

Figure 5 presents a linear regression plot (left panel) and Bland–Altman analysis (right
panel) for VAC computed by 2D- and 3D-echocardiography.
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Figure 5. Linear regression (left) and Bland-Altman analysis (right) for VAC between 2D and 3D-echocardiography.
Scattergram (left panel) showing the correrelation plot between VAC obtained by 2D- and 3D echocardiography. Plot of the
difference (right panel) between the VAC measurements against their mean is shown. Medial line represents bias while the
upper and lower red dotted lines the levels of agreement Dotted lines represent boundaries of means ± 2 SD, from −1.96 to
+1.96. Relative mean error was calculated by the ratio of absolute difference of two values over their average.

3. Discussion

Standard transthoracic measurements derived from echocardiography such as end-
diastolic diameter, fractional shortening, or LVEF are routinely used in clinical practice.
However, these indices are load-dependent and do not systematically reflect the contractile
state of the myocardium.

Our main findings indicate that: (1) VAC by 3DE may be significantly higher in dcSSc
patients than in lcSSc patients, despite normal LVEF and worsen in relation to disease
duration; (2) VAC by 3DE may predict major cardiovascular events in SSc.

As LV and arterial system are anatomically continuous, their interaction is a crucial
determinant of cardiovascular function [14,15]. Notably, and to the best of our knowledge,
this is the first study to assess LV pressure-volume relationship and VAC by 3DE in SSc.
3DE allows for a more precise evaluation of LV volumes than 2D echocardiography [12]
and this is paramount for a correct assessment of VAC. Comparison with two-dimensional
measurements was beyond the scope of our study. Nevertheless, in our 65 patients we
found a Pearson correlation r = 0.87 between 2D and 3D echocardiography (p = 0.0001)
(data not shown).

In our study, the traditional indices of the LV (i.e., LVEDV, LVESV and LVEF) in SSc
patients were similar to that observed in controls and SV tended to be lower (p = 0.07) in
the former. However, Ea was higher and Ees was significantly higher in SSc patients. Thus,
VAC was similar in SSc patients and controls. Eed was higher in patients, indicating high
filling pressure. This hemodynamic arrangement is peculiar to heart failure with preserved
ejection fraction (HFpEF) [11,14], one of the typical and prognostically negative clinical
manifestations of cardiac involvement in SSc. We corroborated previous reports indicating
high frequencies of impaired diastolic function in SSc. A recent study conducted on a large
and unselected SSc cohort showed more frequent and severe diastolic dysfunction (2016
guidelines definition) during the disease course and a high impact on mortality in SSc [16].

Many studies have reported a low prevalence of systolic dysfunction in SSc pa-
tients [3,17,18]. However, we hypothesize that conventional echocardiography may cause
LV systolic dysfunction to be underestimated. Although we found no differences in the
diastolic function between dcSSc and lcSSc, as previously reported [16], there appears to
be significant hemodynamic differences between the two main subgroup of SSc patients
with different cutaneous form. In fact, our findings point to a predominant intrinsic LV
systolic dysfunction in dcSSc and LV inability to compensate higher afterload, rather than
important differences in load. The higher afterload in SSc may be attributable to increased
arterial stiffness from deposition of collagen and other matrix components [19]. This is
supported by the higher Ea value found in our study and correlates with a worse progno-
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sis. In fact, in the recent consensus on the role of VAC [11] the Authors highlighted that
extracellular matrix and cytoskeleton regulation processes are biochemical pathways that
concomitantly affect cardiac and arterial structure and function through replacement or
reactive fibrosis, which typically occurs in in SSc patients. The same Authors note that the
measurement of VAC may be useful for not only SSc patients but also for patients with
other cardiovascular diseases [11].

The inability of the contractile function of the myocardium to adapt to the afterload
is evident from our results, mostly in patients with dcSSc. Impaired contractility and
ventricular-arterial uncoupling may stem from coronary microvascular dysfunction and
remodeling [20]. Moreover, VAC may be associated with future risk of coronary events
due to microvascular dysfunction rather than coronary epicardial atherosclerotic stenosis.
Endothelial-derived nitric oxide, oxidative stress and cytokines are main regulators of
myocardial microcirculation, as well as aortic vasoreactivity. Furthermore, the decreased
autonomic nervous system activity in SSc individuals may result in significant impairment
of LV structure, function and mechanics [21]. Finally, as above mentioned, myocardial
fibrosis could also play a prominent role [1]. In this regards, the imbalance between
extracellular matrix synthesis and degradation by metalloproteinases has been highlighted
as a prominent mechanism underlying impaired VAC.

Pulmonary arterial hypertension (PAH) typically affects the right ventricle, whereas
the presence of LV abnormalities due to PAH is very uncommon (less than 1% of patients).
In this regards, some studies have demonstrated the occurrence of right ventricular-arterial
uncoupling in PAH but, to the best of our knowledge, no study have investigated or demon-
strated the presence of high left VAC in PAH, due to the absence of a pathophysiological
rationale. Moreover, the values of PAPs in our SSc patients with PAH are quite low (mean
34 mmHg), so the possibility of an impact on the left heart is highly unlikely. In line with
this rationale, our study patients with VAC > 0.63 did not shown higher rate of PAH or
higher level of pulmonary pressure values. Moreover, PAH was not a determinant of VAC
in our linear regression analysis. Considering all this aspects, we did not consider useful to
exclude these patients, which would considerably reduce the sample size of the study and
its relevance.

VAC has been recently recognized as a key determinant of cardiovascular performance
and its prognostic role has been demonstrated in various conditions [11]. For the first time,
we provided data on the prognostic role of VAC in SSc, thus contributing to clarify the
prognostic significance of subclinical cardiac alterations detected by imaging, one of the
main unresolved issues in SSc. Our findings support a possible role for VAC in stratifying
SSc patients with a major cardiovascular risk. Further prospective studies on larger cohorts
are warranted to corroborate our findings.

While specific therapies for SSc cardiomyopathy are still lacking, vasoactive drugs
have proven effective in mitigating myocardial perfusion and function abnormalities using
conventional techniques. In addition, even low-dose acetylsalicylic acid has been recently
associated with a lower incidence of distinct primary myocardial disease manifestations in
SSc [22,23]. In this scenario, VAC evaluation may help identify patients who would most
benefit from an early and more aggressive treatment with vasodilators and acetylsalicylic
acid, to prevent myocardial dysfunction and reduce future MACEs. In this regards it is
worth mentioning that—according to emerging evidences—even subclinical inflammation
seems play a role in SSc cardiomyopathy. Given that systemic inflammation has been
recognized as another potential pathogenetic mechanisms underlying VAC, its assessment
might be useful in the longitudinal evaluation of SSc patients ad it pertains the potential
benefit of immunosuppressants on subclinical myocardial dysfunction in SSc, as it has been
suggested for rheumatoid arthritis.

As a limitation of the study, we should mention the relatively small sample size
and monocentric nature of our study. Although statistically significant differences were
observed, we acknowledge that our study may be slightly underpowered. A post-hoc
power analysis (assuming α = 0.05) estimated that with 34 patients with VAC ≤ 0.63 and
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31 patients with VAC > 0.63, with an event incidence of 44% in patients with VAC ≤ 0.63
and 74% in patients with VAC > 0.63, we reject the null hypothesis of equal survival
with 75% power. In addition, we were not able to demonstrate the exact mechanisms
underlying the subtle changes in myocardial contractility, based on other methods, such as
cardiac magnetic resonance imaging. Myocardial fibrosis, which is a potential mechanism
of myocardial dysfunction in SSc, was not investigated. Although we did not perform
coronary angiography to exclude coronary heart disease, all patients were asymptomatic
and the pre-test probability was low based on atherosclerotic risk factors, and there were no
significant differences vs. controls. Moreover, we did not measure the global longitudinal
strain (GLS) and therefore we do not have data of correlation between GLS and LV elastance.
Therefore, because LGS is an early and well proved indicator of LV systolic dysfunction,
it would be useful for identification of LV dysfunction in SSc patients.

4. Materials and Methods

4.1. Study Population

We conducted a retrospective cohort study that comprised patients attending the
Rheumatology Unit of Padova University Hospital. The study population was retrieved
from the database of our Echocardiography Laboratory. Overall, three hundred fifty
patients underwent echocardiogram between January 2014 and March 2016 [24].

• Inclusion and Exclusion Criteria

Among the 350 patients, only those patients who were evaluated by 3DE were included
(Figure 6). All patients were affected with SSc according to ACR/EULAR classification
criteria [24].

Exclusion criteria were as follows: patients undergoing only 2DE (n = 250); patients
(n = 35) with evidence of structural heart diseases (cardiomyopathy of any origin, sig-
nificant valvular heart disease, coronary artery disease or myocardial infarction), atrial
fibrillation, diabetes mellitus or systemic arterial hypertension grade II/III according to the
European Society of Hypertension/European Society of Cardiology 2018 guidelines [25];
glomerular filtration rate <30 mL min−1 per 1.73 m2, cancer in the past 5 years, end-stage
ILD and dyslipidemia.

Figure 6. Study flow diagram. SSc, Sytemic Sclerosis.
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Ultimately, we enrolled 65 SSc patients (54 female; age 56 ± 14 years) with no signs
and symptoms of primary myocardial involvement (Figure 6), according to the available
echocardiogram, and to clinical history, physical examination and ECG reported in clinical
records within the previous six months.

Baseline evaluation included physical examination, gathering demographic and clini-
cal data, and echocardiographic features (Table 1). Several disease features (e.g., cutaneous
form, digital ulcers) and other organ involvement (e.g., interstitial lung disease, ILD)
were recorded.

A series of 30 age- and sex-matched subjects satisfying the same exclusion criteria
were evaluated by 3DE as controls. Given the retrospective nature of the study the written
informed consent had been obtained by all patients at time of 3DE examination: this was
a generic consensus to the acquisition of 3D images, beyond 2D standard Echocardiography.

4.2. Echocardiography

Echocardiography was performed using Vivid 7 ultrasound systems (GE Healthcare,
Horten, Norway) with a 2.5-MHz transducer by 2 experienced cardiologists (F.T. and D.M.).
All participants were examined with conventional 2-dimensional echocardiography and
color tissue Doppler (TDI). All echocardiograms were stored on magneto-optical disks and
an external FireWire hard drive (LaCie, France) and analyzed off line with commercially
available software (EchoPac version 2008; GE Medical, Horten, Norway). Measurements
of LV internal dimensions and LV mass index (LVMI) were performed and calculated
according to European and American recommendations [26]. LV mass/body surface
area ≤116 g/m2 in men and ≤104 g/m2 in women was considered normal. None of the
patients suffered from significant valvular disease. In each subject, LVEF was measured and
diastolic dysfunction was defined according to the American Society of Echocardiography
criteria [27]. We considered abnormal an E/e′ > 14, and sign of diastolic dysfunction.

Echocardiographic parameters of diastolic function including the ratio between early
(E) and late (A) peak velocities of the mitral inflow, E/A, and pulsed-wave tissue Doppler
velocities of the mitral annulus in early diastole in the lateral wall (e′) were used as
surrogates of LV diastolic relaxation and compliance and the deceleration time (DT) as
a surrogate of early LV stiffness, and E/e′ as surrogate estimate of LV filling pressure [28].
All measures were averaged over 3 heart cycles.

4.2.1. Transthoracic Real-Time 3D Imaging

Three-dimensional echocardiography data set acquisition of the LV was performed by
the same examiner at the end of the standard 2DE examination using a 3Volume matrix-
array transducer (GE Healthcare). A full-volume scan was acquired using second-harmonic
imaging from apical approach, and care was taken to encompass the entire LV cavity in the
data set. Consecutive four- to six-beat ECG-gated subvolumes were acquired during an
end-expiratory apnoea to generate the full-volume data set. The quality of the acquisition
was then verified in each patient by selecting twelve-slice display mode available on
the machine to ensure that the entire LV cavity is included in the 3DE full volume, and,
if unsatisfactory, the data set was re-acquired. Data sets were stored digitally in raw-data
format and exported to a separate workstation equipped with commercially available
software for offline analysis of LV volumes and LVEF from 3DE data sets: 4D AutoLVQ™
(EchoPac 202, GE Vingmed, Horten, Norway).

4.2.2. Left Ventricular Volume Measurements

Left ventricular analysis was performed in several steps [29,30]:

(1) Automatic slicing of LV full-volume data set. The end-diastolic frames needed for
contour detection were automatically displayed in quad-view: apical four-, two-
chamber, long-axis views and LV short-axis plane. Each longitudinal view was
color-coded and indicated on the short-axis image at 60◦ between each plane. Both
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reference frames in the end-systole and end-diastole could be also manually selected,
if necessary.

(2) Alignment. Rapid manual alignment by pivoting and translating the four-chamber
plane was first performed in order that the corresponding intersection line of all
planes was placed in the middle of the LV cavity, crossing the LV apex and the center
of mitral valve opening in each view. Aligning one plane automatically changed the
others. Once LV central longitudinal axis was identified, accurate orientation of LV
views was ensured by manual refinement of the angles between the LV planes on the
LV short-axis view, in order to correspond to the defining anatomical landmarks of
each view.

(3) Left ventricular reference point identification. To subsequently identify a fitting
geometric model, the software required manual input of only two single points in any
of the three LV apical planes (on points on mitral annulus, and one at the apex) first
in end-diastolic frames, and then for corresponding end-systolic frames.

(4) Automated identification of endocardial border. The software automatically detected
LV cavity endocardial border in 3D and provided the measured end-diastolic volume
(LVEDV). Three additional short-axis views at different levels were displayed in
order to facilitate verification of the accuracy of endocardial surface detection both in
cross-section and in long-axis by rotating and translating active view plane. At this
stage, LV borders could be manually adjusted, if unsatisfactory, by (dis)placing as
many additional points as needed (manually corrected AutoLVQ), with secondary
immediate automated refinement of boundary detection accordingly. This could
be done on each of the six simultaneously displayed LV views, but also possible
in between reference planes for LV with distorted shape. After completing steps
1–4 for end-diastolic views, only 3–4 sequence was required for end-systolic frames,
since adjustments done in steps 1–2 were automatically carried out subsequently in
end-systolic views.

(5) Final quantitative analysis and data display. Using the initial contours in both end-
systole and end-diastole, a corresponding dynamic surface-rendered LV cast was
derived. Final data panel automatically displayed LVEDV, LVESV, LVEF, SV, cardiac
output, and heart rate values. A volume–time plot was also provided.

The intra- and inter-observer reproducibility for systolic function parameters in 20 ran-
domly selected patients were good. Concordance between two raters using the Kappa
statistic was 0.95 (p < 0.0001).

4.2.3. Variables Derived from Left Ventricular Pressure-Volume Relations

To noninvasively quantify ventricular contractility, we calculated Ees as end-systolic
pressure (ESP) divided by LVESV. LVEDV is an index of LV size and quantifies the degree
of cardiac remodeling. The end-systolic pressure volume relationship (ESPVR) provides
a load-independent measure of contractile function. The ESPVR is typically assumed to be
linear and is therefore defined by a slope and an intercept. Although many studies focus
on the slope alone, both the slope (end-systolic elastance [Ees]) and the intercept (V0) are
required to describe the contractile state of the left ventricle. Ees quantifies ventricular
elastance (stiffness) at end-systole, and V0 is a measure of ventricular volume at a theoretical
end systolic pressure of 0 mm Hg. Because V0 is an extrapolated value obtained at a non-
physiological pressure, the LVESV at a systolic pressure of 100 mm Hg (V100) is also often
described. For arterial load, Ea was the ratio of ESP to stroke volume (SV), and VAC was
defined as the ratio of Ea to Ees. For these equations, LVESV and SV were obtained from
3DE results. ESP was defined as 0.9 x systolic blood pressure determined by noninvasive
blood pressure measurement at the same time as 3DE. As recommended by the ESC
guidelines on hypertension, patients were seated comfortably in a quiet environment for
5 min before beginning blood pressure measurements. Three blood pressure measurements
were recorded, 1–2 min apart, and additional measurements only if the first two readings
differed by >10 mmHg. We used a standard bladder cuff (12–13 cm wide and 35 cm long)
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for all patients and controls. End-diastolic elastance (Eed) was the ratio of left ventricular
end-diastolic pressure (EDP) to LVEDV. We estimated EDP with a formula using the E/e’
ratio (11.96 + 0.596 E/e’) [31].We estimated mechanical energy including SW, PE, PVA,
and LV mechanical efficiency [32]. (Figure 7).

Figure 7. Pressure-volume loops of the left ventricle (left). Measurement of parameters derived from a pressure-volume
loop of the left ventricle (right). End-systolic elastance (Ees) represents the slope of the end-systolic pressure volume
relationship (ESPVR) where ESP denotes end-systolic pressure, and Ees represents the noninvasively derived single-beat
estimation of this parameter. LVEDV is the end-diastolic volume, and LVESV is the end-systolic volume. V0 is the intercept
of the ESPVR at an end-systolic pressure of 0 mm Hg, and V100 is the point on the end-systolic pressure volume line at an
end-systolic pressure of 100 mm Hg. Effective arterial elastance (Ea) represents the negative slope joining the end-systolic
pressure volume point to the point on the volume axis at end-diastole, where SV represents stroke volume.

4.3. Primary Study Endpoint: Major Adverse Cardiovascular Events (MACEs) during Follow-up

The primary study endpoint was a composite endpoint of MACEs during follow-up.
MACEs were defined by the occurrence of death for heart failure or hospitalization from
CV causes (i.e., angina, myocardial infarction or heart failure). Angina and myocardial
infarctions were defined according to ESC guidelines [33,34]. Two physicians (E.Z. and E.B.)
blinded to 3DE findings reviewed all the medical records of included patients, regularly
follow-up every 6 months—as per usual protocol at our Rheumatology Unit. In addition,
further information were also obtained by evaluating hospital discharge cards and the
personal status (i.e., alive/dead) that is recorded in the medical information system of
our region.

4.4. Statistical Analysis

Continuous variables with no/mild skew were presented as mean ± SD; skewed
measures were represented as median with first and third quartiles (Q1-Q3). Discrete vari-
ables were summarized as frequencies and percentages. The distribution of the data was
analysed with a 1-sample Kolmogorov-Smirnov test. Categorical variables were compared
by the χ2 test or the Fisher exact test as appropriate. Continuous data were compared
using the 2-tailed unpaired t test (for normally distributed data sets) or the Mann-Whitney
U test (for skewed variables). Time-dependent receiver operating characteristic curves
were used to determine the optimal cutoffs for the primary composite endpoint based
on the Youden index. Bivariate correlations were assessed by the Spearman coefficient
(ρ). In unadjusted and multivariable-adjusted linear regression analyses, we expressed
association between VAC and other clinical variables. Logistic regressions with odds ratios
(ORs) and 95% confidence intervals (CIs) were applied to investigate associations between
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VAC > 0.63 and clinical characteristics. Event rates are plotted in Kaplan-Meier curves for
the primary composite end point and cardiovascular death, and groups were compared
using the log-rank test. Univariate and multivariable Cox proportional hazards models
were performed to identify the independent determinants of the primary composite end
point. Variables with p < 0.05 at univariate analysis were included as covariables in multi-
variable models. Multivariable analyses were performed using a backward-conditional
selection procedure on the remaining variables demonstrated a p value < 0.05. Pulmonary
hypertension, dcSSc and interstitial lung disease, which have proven important in systemic
sclerosis, were forced into the multivariable models, because model’s adjustments should
take into account factors with well-established clinical relevance. Moreover, VAC was
introduced separately in the multivariable analysis to compare incremental value in pre-
dicting outcome. To assess the incremental value of VAC in addition to other risk factors for
predicting adverse events, we calculated the improvement in global χ2 value. Multivariable
Cox models were discriminated by the C-index (values > 0.7 were deemed acceptable).
The agreement between 2D-or 3D-echocardiography was tested by the Bland-Altman
method and by the concordance correlation coefficient comparing the mean differences
between the two methods of measurements and 95% limits of agreement as the mean dif-
ference. Intraobserver and interobserver reproducibilities of VAC were evaluated by linear
regression analysis and expressed as correlation of coefficients (r) and standard error of
estimates (SEE), and by the intraclass correlation coefficient. Reproducibility is considered
satisfactory if the intraclass correlation coefficient is between 0.81 and 1.0. Intraobserver
and interobserver reproducibility measurements were calculated in all 65 patients. All tests
were two-sided and statistical significance was accepted if the null hypothesis could be re-
jected at p < 0.05. Data were analyzed with SPSS software version 24.0 (SPSS, Inc., Chicago,
IL, USA). The study was approved by the institutional ethics committee.

5. Conclusions

In conclusion, our results may help better identify primary cardiac involvement in SSc.
We provided the first evidence that VAC may be impaired in SSc and, importantly, that
it seems to play a prognostic role in these patients. Our results also suggest that patients
with dcSSc present an intrinsic LV systolic dysfunction, which seems to worsen over time
and is responsible for the LV inability to compensate higher afterload. Further prospective
studies are warranted to ascertain whether early intervention can improve outcomes in
patients with “abnormal” VAC.
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Abstract: (1) Polymyalgia rheumatica (PMR) is an inflammatory disease characterised by pain,
morning stiffness, and reduced quality of life. Recently, vagus nerve stimulation (VNS) was shown
to have anti-inflammatory effects. We aimed to examine the effect of transcutaneous VNS (t-VNS) on
PMR. (2) Fifteen treatment-naïve PMR patients completed the study. Patients underwent a 5-day
protocol, receiving 2 min of t-VNS stimulation bilaterally on the neck, three times daily. Cardiac
vagal tone (CVT) measured on a linear vagal scale (LVS), blood pressure, heart rate, patient-reported
outcome, and biochemical changes were assessed. (3) t-VNS induced a 22% increase in CVT at
20 min after initial stimulations compared with baseline (3.4 ± 2.2 LVS vs. 4.1 ± 2.9 LVS, p = 0.02)
and was accompanied by a 4 BPM reduction in heart rate (73 ± 11 BPM vs. 69 ± 9, p < 0.01). No
long-term effects were observed. Furthermore, t-VNS induced a 14% reduction in the VAS score for
the hips at day 5 compared with the baseline (5.1 ± 2.8 vs. 4.4 ± 2.8, p = 0.04). No changes in CRP or
proinflammatory analytes were observed. (4) t-VNS modulates the autonomic nervous system in
patients with PMR, but further investigation of t-VNS in PMR patients is warranted.

Keywords: polymyalgia rheumatica; vagus nerve stimulation; inflammatory response; PMR; t-vns

1. Introduction

Polymyalgia rheumatica (PMR) is an inflammatory rheumatic disease of unknown
aetiology characterised by muscle pain and morning stiffness in the shoulders, pelvic girdle,
and neck. PMR is rarely seen in persons below the age of 50, and can occur independently
or alongside giant cell arteritis [1,2]. Typically, PMR will “burn out” after approximately
2 years and it is not associated with increased mortality [3–5]. Nevertheless, ordinary
daily activities become immensely difficult and painful to accomplish; consequently, PMR
patients often describe a great decline in quality of life. Finally, the disease is associated
with increased usage of primary healthcare [6], and thus effective treatment restoring
quality of life is of paramount importance to patients with PMR and their families. The
first-choice treatment is systemically administered low doses (initially 12.5–25 mg/day) cor-
ticosteroids [7]. Although this treatment provides quick and efficient recovery, the adverse
effects are typically numerous and severe [8]. Among these, osteoporosis, skin thinning,
cushingoid appearance, weight gain, myopathy, and mood disorders are common [9]; as
such, effective treatments with less negative and unwanted side effects are warranted. Bio-
logical anti-inflammatory drugs are frequently used within rheumatology. Recent studies
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have demonstrated that PMR patients had increased serum levels of interleukin 6 (IL-6)
in comparison with healthy controls, suggesting that IL-6 was part of the pathogenesis of
PMR [10,11]. This is supported by the efficient use of monotherapy with IL-6 inhibitors in
PMR patients [12–15]. However, treatment with biological drugs is still associated with
side effects, such as the increased the risk of infection, fever, and rash.

It is generally accepted that the autonomic nervous system regulates neuro-immune
communication primarily through the vagal nerve. In vitro studies have shown the inhibi-
tion of macrophage cytokine release in lipopolysaccharide-stimulated human macrophage
cultures enriched with the cholinergic neurotransmitter acetylcholine [16]. Moreover, di-
rect electrical stimulation of the vagus nerve in rats diminished serum levels of tumour
necrosis factor-alpha (TNF-α) [17]. Vagal nerve stimulation (VNS) is also believed to di-
minish levels of pro-inflammatory cytokines, such as IL-1 and IL-6, the latter of which
is of great interest in PMR patients [18]. In studies of healthy humans, transcutaneous
vagus nerve stimulation (t-VNS) was shown to modulate the inflammatory response by
increasing the cardiac vagal tone (CVT) and decreasing the systemic level of TNF-α [16,19].
Finally, t-VNS has reduced disease activity scores in patients with well-controlled psoriatic
arthritis (PsA) and rheumatoid arthritis (RA) with no reported adverse effects [20,21].
However, a knowledge gap remains, as no studies have previously investigated the effect
of t-VNS as an exclusive treatment in treatment-naïve patients with diseases characterised
by high-grade inflammation.

Thus, we aimed to investigate the effect of 5-day t-VNS in treatment-naïve patients
with PMR. We hypothesised that t-VNS would increase CVT and consequently reduce the
inflammatory response, leading to clinical improvement in patients with PMR. Thus, the
aims of this proof-of-concept study were to assess (1) the acute and 5-day CVT response
to t-VNS; (2) the effect of 5-day t-VNS on cardiac-derived parameters, such as blood
pressure (BP) and heart rate (HR); (3) the effect of t-VNS on inflammatory biomarkers; and
(4) patient-reported inflammatory pain.

2. Results

Fifteen of the twenty enrolled patients completed the study. The baseline character-
istics of the population are shown in Table 1. The intention-to-treat approach was used,
and due to the investigation of various parameters, some datapoints may be missing in a
subgroup of patients either because they were extreme values or because the assays were
performed incorrectly. Consequently, such values were excluded from further analyses. No
adverse events were reported. On average, each patient received 24 stimulations, which
means they received fewer than planned (26).

Table 1. Demographic and General Population Characteristics.

Characteristic PMR Patients (n = 15)

Sex (female) 13 (87)
Age (years) 65 ± 10
Height (cm) 169 ± 6
Weight (kg) 72 ± 12

Body mass index (kg/m2) 25 ± 4
Currently using NSAIDs (yes) 6 (40.0)

Daily NSAID dose (mg ibuprofen) 833 ± 480
Ethnicity (Caucasian) 15 (100.0)
Smoking, ever (yes) 7 (47)

Smoking (pack-years) 16 ± 12
Daily caffeine intake (yes) 15 (100)

Stimulations pr. patient (mean out of 26) 24 (91)
Amplitude of baseline stimulation 33 ± 6

Data are given as mean ± SD or no. (%) unless stated otherwise.
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2.1. Changes in Primary Outcome: Cardiac Vagal Tone

One patient had faulty CVT recordings at all visits; consequently, these measurements
were excluded. Another patient showed an extreme value of CVT on day 2; thus, this
single measurement was excluded. Only measurements of CVT were excluded; the other
parameters were not.

An acute 22% increase in CVT was observed 20 min after the initial t-VNS (3.4 ± 2.2 LVS
vs. 4.1 ± 2.9 LVS, p = 0.02). However, no changes in CVT were observed on day 2
(3.4 ± 2.2 LVS vs. 3.9 ± 2.7 LVS, p = 0.50) nor on day 5 (3.4 ± 2.2 LVS vs. 4.2 ± 2.9, p = 0.20).
The results are shown in Table 2.

Table 2. Changes in Outcomes.

Baseline 20 min 24 h Day 5 p-Value

Cardiac vagal tone (LVS) 3.4 ± 2.2 4.1 ± 2.9 3.9 ± 2.7 4.2 ± 2.9 0.02 *
Systolic blood pressure (mmHG) 139 ± 22 141 ± 22 135 ± 19 137 ± 24 0.38
Diastolic blood pressure (mmHG) 79 ± 10 81 ± 10 77 ± 8 82 ± 15 0.53

Heart rate (BPM) 73 ± 11 69 ± 9 74 ± 11 70 ± 14 0.01 *
MHAQ score 0.9 ± 0.5 - 0.9 ± 0.5 0.8 ± 0.5 0.19

VAS score of PMR-influence 6.7 ± 2.6 - 6.4 ± 2.6 6.1 ± 2.5 0.23
VAS score in hips 5.1 ± 2.8 - 5.0 ± 3.1 4.4 ± 2.8 0.04
Global VAS score 6.2 ± 2.8 - 6.1 ± 2.7 5.9 ± 2.5 0.54

Duration of morning stiffness (minutes) 124 ± 89 - 120 ± 79 108 ± 65 0.19
C-reactive protein (mg/L) 32.3 ± 19.7 - 32.4 ± 19.3 35.9 ± 24.6 0.74

IFN-γ (pg/mL) 5.40 ± 2.67 - - 6.20 ± 5.94 0.29
IL-2 (pg/mL) 0.06 (0.10) - - 0.12 (0.24) 0.06
IL-4 (pg/mL) 0.01 ± 0.01 - - 0.03 ± 0.03 0.82
IL-6 (ng/L) 4.81 (4.80) - - 4.50 (6.25) 0.19

IL-8 (pg/mL) 12.72 ± 6.58 - - 12.68 ± 6.90 0.37
IL-10 (pg/mL) 0.27 (0.14) - - 0.32 (0.12) 0.91

TNF-α (pg/mL) 1.35 ± 0.43 - - 1.32 ± 0.44 0.67

Data are given as mean ± SD or median (interquartile range) unless otherwise stated. The p-values are a
comparison between baseline and day 5. * Comparison between baseline and 20 min.

2.2. Changes in Secondary Outcomes
2.2.1. Changes in Cardiac-Derived Parameters

An acute decrease of 4 BPM in resting HR was observed 20 min after initial t-VNS
(73 ± 11 BPM vs. 69 ± 9, p < 0.01). No changes in resting HR were observed on day 2
(73 ± 11 BPM vs. 74 ± 11 BPM, p = 0.77) or on day 5 (73 ± 11 BPM vs. 70 ± 14, p = 0.27).
No changes in systolic or diastolic BP were observed 20 min after initial t-VNS, on day 2,
or on day 5. The results are shown in Table 2 and Figure 1.

2.2.2. Changes in CRP and Proinflammatory Analytes

Two patients were diagnosed obs. pro PMR but had no concomitant increase in
markers of CRP; consequently, they were excluded from the analysis of changes in CRP.
Furthermore, a single patient showed extreme values for CRP due to an infection and was
excluded for analysis.

No changes in CRP were observed in response to t-VNS on day 2 (32.3 ± 19.7 mg/L
vs. 32.4 ± 19.3, p = 0.94) or on day 5 (32.3 ± 19.7 mg/L vs. 35.9 ± 24.6 mg/L, p = 0.33) in
comparison with the baseline. The results are shown in Table 2 and Figure 1. No changes
were observed in any of the investigated analytes.

2.2.3. Changes in Patient-Reported Outcome

A 14% reduction in the VAS score for the hips was shown on day 5 in comparison with
baseline (5.1 ± 2.8 vs. 4.4 ± 2.8, p < 0.05). No significant changes were observed in MHAQ
scores, VAS score of PMR influence, global VAS score, or duration of morning stiffness on
day 2 or on day 5. The results are shown in Table 2 and Figure 1.
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Figure 1. Raw data points, mean, and 95% CI of selected outcomes.

3. Discussion

To our knowledge, this is the first report of response to t-VNS in patients with PMR.
We demonstrated that t-VNS caused an acute increase in CVT alongside a decrease in HR
in treatment-naïve patients with PMR as a response to bilateral stimulation, indicating that
an acute modulation of the autonomic nervous system was obtained. Furthermore, we
demonstrated pain relief related to the hips in response to t-VNS.

In this study, we found lower mean values of CVT at baseline and on day 5 when
compared with healthy individuals of similar age [22]. However, although this is the
first preliminary report on CVT values in patients with PMR, it is consistent with low
CVT values in patients with chronic pancreatitis and diabetes mellitus type 1 [23,24].
Furthermore, impaired parasympathetic activity has been demonstrated in patients with
Crohn’s disease [25]. Thus, our findings seem to support that the autonomic nervous
system regulates neuro-immune communication and the activation of the cholinergic anti-
inflammatory reflex. A true increase in CVT following 5 days of stimulation may exist;
however, this result may subsequently be hampered by the presence of a type 2 error due
to low power.

PMR is a clinical diagnosis that may be difficult to establish with certainty due to
the heterogeneity of the disease [26]. In 2012, The European League Against Rheumatism
(EULAR) in collaboration with the American College of Rheumatology (ACR) developed
provisional classification criteria for PMR in order to make the process of diagnosis more
consistent [27]. However, these criteria are not meant for diagnostic purposes. Patients
were eligible for inclusion if the doctor’s putative diagnosis was PMR or obs. pro. PMR,
and thus, the diagnoses were not definitive at the point of enrolment.
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We observed a 14% decrease in VAS score of the pain related to the hips, and similar
trends were shown for the rest of the parameters. This suggests that t-VNS might reduce
pain. Furthermore, although PMR is not associated with increased mortality, patients with
PMR typically describe an immense loss in quality of life. To evaluate the patient’s self-
reported function and quality of life, MHAQ score, VAS scores, and duration of morning
stiffness were evaluated but were not altered in response to t-VNS.

We did not observe any decrease in the objective biochemical profile, including CRP
and IL-6, which are of particular interest in PMR. This contrasts with findings in other
inflammatory diseases, such as rheumatoid and psoriatic arthritis, where t-VNS resulted
in decreased levels of CRP [21]. These contrasting findings may be due to the high-grade
inflammation in PMR patients. Koopman et al. demonstrated inhibited levels of TNF-α
and improved disease scores in response to VNS stimulation for 42 days with an implanted
device in patients with RA, suggesting the long-term activation of the cholinergic anti-
inflammatory reflex [28]. In contrast, we applied stimulation three times per day over
5 days with a handheld, non-invasive device, and the treatment was mostly patient-
administered. Thus, this study might underestimate the potential benefit of VNS on pro-
and anti-inflammatory cytokines in PMR.

Limitations

This study is the first of its kind to investigate the effect of transcutaneous vagal nerve
stimulation in patients with PMR characterised by high-grade inflammation. It is, however,
an open-label, proof-of-concept study and thus has inherent limitations. First, as we did
not have a sham control group, we cannot make firm conclusions on the observed changes
in response to VNS. Second, as the study was open-label, all patients were aware of any
beneficial effect and may have influenced subjective outcomes. However, all patients were
examined by the same two researchers; thus, instructions on how to use the gammaCore
were standardised, which minimised the risk of difference in the quality of the stimulation.
Third, the study may be underpowered as we aimed to include 20 patients, but only 15
completed the protocol. Therefore, the sample size was small and vulnerable to inducing
error. However, similar explorative pilot studies have been able to show differences in
response to t-VNS in patient groups with established rheumatoid diagnoses [20,21]. Fourth,
the intervention length of 5 days may have been insufficient for t-VNS to alter the disease
activity. However, as these patients were treatment-naïve and suffered from pain, we did
not believe it ethical to prolong this explorative treatment. Consequently, all patients in
the study went on to be treated with prednisolone. Nonetheless, we cannot rule out the
possibility that a longer intervention might have produced pronounced effects. Fifth, it
has been questioned whether 5 min CVT was a reliable biomarker of parasympathetic
activation, but the measure has been shown to perform better than heart rate variability
measures [29]. Lastly, with only three out of the total 26 stimulations being supervised, we
could not ensure the quality of each stimulation.

4. Materials and Methods

4.1. Study Design

This study was an open-label, proof-of-concept experimental pilot study investigating
the effect of t-VNS in patients with inflammatory diseases. Two centres were used for
inclusion: Mech-Sense, Aalborg University Hospital, and Department of Rheumatology,
Aarhus University Hospital. A 5-day protocol was used, which was believed to be of
adequate length to demonstrate our hypothesis, but did not unnecessarily delay treatment
with glucocorticoids.

4.2. Cohort

Forty-two patients did not meet any exclusion criteria and were eligible for screening
by a trained doctor to confirm the diagnosis of either (1) a well-established diagnosis of
PMR (certain diagnosis) or (2) a putative PMR diagnosis, where no alternative pathology
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could explain the case better (obs. pro PMR). Exclusion criteria were any corticosteroid
treatment within 5 weeks prior to inclusion, age < 18 years, known cardiovascular disease,
hypotension (<100 mmHg systolic and <60 mmHg diastolic), pregnancy (positive U-HCG)
or current lactation, and non-compliance with the protocol. Inclusion criteria were newly
diagnosed, treatment-naïve PMR patients. No drugs were used besides NSAIDs and
paracetamol; while the usage of NSAIDs during the protocol was not disallowed, it was
recommended that patients did not use it.

If the eligible patients agreed to participate, they signed an informed consent form.
Twenty patients were included; however, 5 patients dropped out before completion, leaving
15 patients for analysis. Reasons for drop-out were: non-compliance with the protocol
(n = 1), withdrawal of consent (n = 2), and did not show (n = 2).

4.3. Vagus Nerve Stimulation

t-VNS was performed using a non-invasive, handheld gammaCore® device (elec-
troCore, Inc., Basking Ridge, NJ, USA) providing transcutaneous low-voltage electric
stimulation on the cervical part of the vagus nerve. The signal consisted of five 5000 Hz
sine-wave pulses repeated at a rate of 25 Hz. Patients were given clear instructions to
place the two gel-covered conductors on top of the common carotid arteries on the neck.
The amplitude of the electric signal, ranging from 0 to 40 on an arbitrary scale, could be
adjusted via two control buttons on the device. Each stimulation lasted 2 min, after which
the device would stop automatically.

On days 1–4, stimulations were carried out bilaterally three times a day (morning,
noon, and evening), while on day 5 only one stimulation was carried out. A total of
26 stimulations were planned for each patient. Compliance was assured by counting the
remaining stimulations when the device was returned. The patients were given clear
instructions to position the device correctly, and the amplitude was to be slowly increased
until a mild contraction of the ipsilateral oral commissure was seen or the pain from the
stimulation was unbearable. At the second visit, the patients performed a stimulation
under the supervision of the investigator to ensure safe and proper usage.

4.4. Outcomes
4.4.1. Primary Outcome: Resting Cardiac Vagal Tone

The primary outcome was a change in resting CVT between baseline and day 5 (long-
term response) and differences between baseline and 20 min after the first stimulation
(acute response).

CVT is a non-invasive measure of the efferent parasympathetic cardiac vagal tone,
which is computed from a five-minute ECG recording; incoming QRS complexes are
compared with a template derived from the initial part of the recording, and changes in
R–R intervals are detected via phase shift demodulation [22]. CVT was measured on a
linear vagal scale where 0 represents full atropinisation [30]. Resting CVT was assessed
via a three-lead ECG (eMotion Faros180◦ portable cardiac monitoring device, Bittium,
Oulu, Finland) using Ambu BlueSensor P ECG-electrodes (Ambu, Copenhagen, Denmark),
placed on cleaned and dried skin, and assessments were performed in conformity with
international recommendations [31]. The recordings were analysed using ProCVT software
(ProBiometrics, London, UK) to derive CVT.

On days 1, 2, and 5, five-minute ECG recordings were conducted. On day 1, two
recordings were made to evaluate the acute response; one prior to the first stimulation
(baseline) and the second after 20 min. On days 2 and 5, a single CVT recording was per-
formed before stimulation. The successful recordings were manually edited if needed, i.e.,
changes in HR exceeding 15 beats per minute (BPM) between two consecutive heartbeats
were treated as artefacts, e.g., coughing or sudden movements. If artefacts were present in
the data, the five heartbeats before and after were discarded by the underlying algorithm.

76



Pharmaceuticals 2021, 14, 1166

4.4.2. Secondary Outcomes: Cardiac-Derived Parameters, CRP, Proinflammatory Analytes,
and Patient-Reported Outcome

Patient-reported outcomes were assessed on days 1, 2, and 5, with each patient
completing two questionnaires. Firstly, the modified health assessment questionnaire
(MHAQ), which consists of eight questions measuring the ability to perform common
daily life activities, such as dressing, arising, eating, walking, hygiene, reaching, and
gripping. Each patient was asked to rate their ability to perform these activities on a
scale ranging from 1 to 4: 1 = without difficulty, 2 = with some difficulty, 3 = with much
difficulty, and 4 = unable to do the requested task. The second questionnaire consisted
of three assessments on a validated continuous (0–100 mm) visual analogue scale (VAS
scoring) and an evaluation of the duration of morning joint stiffness. For the VAS score,
three domains were assessed: (1) general pain, (2) pain related to the hips, and (3) a general,
overall assessment of the negative effect and influences caused by PMR.

Measurement of BP and HR was carried out prior to each ECG recording. Each
measurement was performed on the upper left arm using an electronic sphygmomanometer
(UA-852; A&D Company, Limited, Tokyo, Japan).

Blood samples were drawn on days 1, 2, and 5 prior to other measurements. Samples
for routine clinical biochemistry, alongside EDTA-plasma and serum, were drawn on
baseline day and day 5 for analysis of proinflammatory analytes IFN-γ, IL-,1β, IL-2, IL-4,
IL-6, IL-8, IL-10, IL-13, and TNF-α. Analyses of cytokines were performed via Luminex
multiplexing technology using the Inflammation 20-Plex Human ProcartaPlex™ Panel
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and a MAGPIX instrument
(Luminex, Austin, TX, USA) in accordance with the manufacturer’s protocol. For each
analyte, extreme outliers, defined as values above Q3 + 3 × IQR or below Q1 − 3 × IQR,
were identified and removed.

4.5. Statistical Methods

Data were presented as mean ± standard deviation (SD) unless otherwise clarified. All
data were evaluated for normality using Shapiro–Wilk test for normality or through visual
inspection of QQ plots. For statistical comparison between baseline and visit values, paired
t-test was used for data of normal distribution, and Wilcoxon signed-rank test was used for
data of non-normal distribution. A p-value less than 0.05 was considered significant. All
data analyses were performed in STATA version 16.0 (StataCorp, TX, USA) and R version
4.0.3 (The R Foundation for Statistical Computing). Likewise, all graphical outputs were
produced using the same version of R.

5. Conclusions

In conclusion, we showed an acute modulation of the autonomic nervous system in
patients with PMR as evidenced by increased CVT and decreased HR. Furthermore, we
showed alleviation of hip pain in response to a five-day protocol, but this was not reflected
in the cytokine profile. Further investigation of t-VNS in PMR patients is warranted, prefer-
ably in blinded, randomised, sham-controlled trials, before any firm conclusion is drawn
upon the ability to activate the cholinergic anti-inflammatory reflex in this patient group.
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Abstract: Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease character-
ized by a wide spectrum of clinical manifestations. The respiratory system can be involved in up
to 50–70% of patients and be the presenting manifestation of the disease in 4–5% of cases. Every
part of the respiratory part can be involved, and the severity can vary from mild self-limiting to
life threatening forms. Respiratory involvement can be primary (caused by SLE itself) or secondary
(e.g., infections or drug toxicity), acute or chronic. The course, treatment and prognosis vary greatly
depending on the specific pattern of the disease. This review article aims at providing an overview
of respiratory manifestations in SLE along with an update about therapeutic approaches including
novel biologic therapies.

Keywords: systemic lupus erythematosus; airway disease; interstitial lung disease; shrinking lung
syndrome; diffuse alveolar hemorrhage; pleurisy; infection

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic, systemic autoimmune disease with
a relapsing–remitting course and characterized by the production of a wide range of
autoantibodies. Although people of any age and gender can be involved, females of
childbearing age are the most affected, with a female-to-male ratio of about 9:1 [1].

SLE can have a wide range of manifestations, involving virtually every organ or appa-
ratus, and its severity can vary from very mild disease without major organ involvement,
to severe life-threatening conditions. Clinical manifestations may include cytopenia, fever,
malar and other skin rashes, oral ulcers, polyarthralgia/non erosive arthritis, vasculitis,
renal, neurological, cardiac and pleuro-pulmonary involvement [2–4]. Recently, a new set
of classification criteria was proposed by American College of Rheumatology/European
League Against Rheumatism (ACR/EULAR), designed to increase classification sensi-
tivity and specificity for inclusion in SLE research studies and trials [5]. Furthermore,
recommendations on disease management from EULAR were recently updated [6,7].

SLE pathogenesis is multifactorial and not completely understood, and includes an
interaction between non-Mendelian genetic predisposition, hormonal and environmental
factors, ultimately leading to an alteration in both innate and adaptive immunity. In
particular, SLE pathogenesis is characterized by an impaired apoptotic cell clearance
by phagocytes, B-cell and T-cell autoreactivity leading to an abnormal production of
autoantibodies, and immune complexes (ICs) formation with nuclear and cytosolic antigens.
ICs can, in turn, activate the classical pathway of the complement system contributing to
inflammation and damage in target organs [4,8].

Although the exact prevalence is unknown, respiratory tract involvement can be
present in 50–70% of SLE patients, being the presenting symptom of the disease in 4–5% of
cases and more frequent in men [8–10]. Every part of the respiratory tract can be involved:
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upper and lower airways, vessels, pleura, lung parenchyma and respiratory muscles
(Figure 1). Respiratory manifestations can be acute or chronic, primary (directly caused
by the disease) or secondary (due to concomitant complications such as infections). Inter-
estingly, acute manifestations may be associated with generalized lupus disease activity,
while chronic complications may progress independently to general disease activity [10].

Figure 1. Overview of respiratory manifestations in systemic lupus erythematosus along with the prevalence and corre-
sponding references.

Respiratory manifestations of SLE are associated with a variable mortality rate, de-
pending to the type of involvement, its extension, and the presence of comorbidities. In
particular, pulmonary involvement is associated with higher mortality and with negative
effect on patient-reported outcomes, patient-performed outcome and quality of life [11].
Unfortunately, clinical and therapeutic trial data specifically focused on respiratory mani-
festations of SLE are scarce, so treatment options are based on evidence from other organ
involvement in SLE, or from respiratory manifestations in other autoimmune diseases, or
based on case reports or small cases series.

In this review, we provide an overview of the scientific literature about the respiratory
involvement in SLE, and highlight the progress achieved so far in the understanding of
pathogenic mechanisms and in the identification of therapeutic strategies needing to be
addressed in future studies. In particular, we designed a comprehensive literature search
on this topic, by a review of reported published articles in indexed international journals
up until 31st October 2019, following proposed guidelines for preparing a biomedical
narrative review [12].

2. Airway Disease

Laryngeal involvement can occur in 0.3–30% of SLE patients and range from asymp-
tomatic to severe life-threatening upper airway obstruction [13]. Clinical manifestations are
non-specific and include hoarseness, cough, dyspnea, and stridor. Mucosal inflammation
with erythema and edema is the major manifestation; other findings include vocal cord
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paralysis, bamboo nodes of the vocal cords, recurrent laryngeal neuropathy, epiglottitis,
rheumatoid nodules [14], vasculitis, inflammatory mass formation and late subglottic
stenosis. It usually responds well to corticosteroids (CS) therapy. However, in severe cases
of respiratory failure, advanced airway management may be necessary [13,15,16].

Other airway involvement includes upper airway angioedema, necrotic tracheitis and
early post-intubation stenosis, bronchial stenosis; small airway obstruction with bronchi-
olitis is found in the 13% to 21% of patients with the use of high-resolution computed
tomography (HRCT) [17] and bronchiectasis as a consequence of direct SLE involvement
or as sequelae of bronchopulmonary infections [17–21].

Using pulmonary function tests (PFTs), Andonopoulos et al. found a prevalence
of obstructive disorders in 6% of SLE patients and 0% of control group (smokers were
excluded) and initial damage of small airways (defined as maximum expiratory flow-
volume (MEFV) 25–75 below 60% of predicted value) was present in 24% of SLE patients
but the difference was not statistically significant with the control group [22], moreover,
surveillance of pulmonary function tests revealed a progressive decline in values indicating
small airways damage with time [17].

3. Parenchymal Lung Disease

3.1. Acute Diseases

Acute lupus pneumonitis (ALP) and diffuse alveolar hemorrhage (DAH) are acute
and uncommon manifestations of SLE [10].

3.1.1. Acute Lupus Pneumonitis

ALP is a rare, probably under-recognized, manifestation of SLE that occurs in 1–8%
of SLE patients, in particular younger patients and patients with a recent diagnosis.
Moreover, it can be the first manifestation of a previously unrecognized SLE in 50%
of cases [10,17,23–25]. Clinical presentation is non-specific and can simulate infectious
pneumonia with sudden onset of fever, cough, dyspnea, pleuritic chest pain and occasion-
ally hemoptysis. Physical examination can reveal tachycardia, tachypnoea hypoxemia,
hypocapnia and lung crackles. Occasionally, it can present with acute respiratory fail-
ure requiring mechanical ventilation. ALP has been described complicating SLE during
pregnancy [10,17,23–26]. Chest X-ray can show multiple, bilateral patchy infiltrations,
predominantly in the lower lobes, with or without pleural effusion. However, chest X-ray
can be normal, especially in the initial phases or shows only lung nodules. Although
these findings are non-specific, CT scan can show ground glass opacities and areas of
consolidation, predominantly in the lower lobes [10,23]. Histologically, ALP presents
diffuse alveolar damage (DAD) with inflammatory cell infiltration, damage and necrosis
of alveolar-capillary unit, edema, hyaline membrane formation and alveolar hemorrhage.
Capillaritis and thrombosis have also been described. Alveolar damage may be mediated
by the deposition of ICs and complement fractions. However, there are not diagnostic
and/or pathognomonic findings specific for ALP. Some data highlight a pathogenetic
role of anti-Ro/SSA antibodies, due to an association between ALP and these autoanti-
bodies [10,17,23–26]. Since there are no specific clinical or imaging findings in ALP, the
diagnosis is of exclusion and a comprehensive differential diagnosis must be considered
with infections, organizing pneumonia, malignancy, DAH, pulmonary edema, lung drug
toxicity [23,24]. Infections must always be ruled out, since they may have a similar clinical
picture and immunosuppressive treatments needed to treat ALP, could have a deleteri-
ous effect on the infection course. In this setting, bronchoscopy with bronchoalveolar
lavage fluid (BALF) analysis should be performed and followed by microbiological tests
for common and opportunistic pathogens [23]. It seems that the presence of eosinophilia
or neutrophilia on BALF carries worse prognosis than lymphocytosis. A marked elevation
in C-reactive protein (CRP) and procalcitonin levels in the serum may suggest an infection.
Lung biopsy is rarely necessary [23,24,27]. Prognosis is severe, with a high mortality risk;
in particular, Matthay et al. reported a mortality rate of 50% among 12 patients treated
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for ALP [28] while more recently Wan et al. found a mortality of 40% [29]. High doses
of CS are the mainstay of treatment. In severe cases daily pulses of methylprednisolone
(up to 1000 mg/day for 3 days) can be used, followed by 1–2 mg/kg per day of pred-
nisone and a subsequent tapering according to clinical response. Immunosuppressants
such as cyclophosphamide (CYC) and azathioprine, biologics drugs such as rituximab
(RTX), intravenous immunoglobulins (IVIg) or plasma exchange can be added in severe
refractory cases, but the evidence on their efficacy is scarce. A broad-spectrum antibiotic
coverage should be started until an infection is ruled out, and then prophylaxis against
opportunistic pathogens (e.g., Pneumocystis jirovecii) can be considered during immuno-
suppressive treatment [10,17,23–25,28,29]. Factors that seem to contribute to poor outcome
include intercurrent infections, aspiration, diaphragmatic dysfunction, cardiac and renal
failure, drug and oxygen toxicity [7,29–31]. Of those who recover from the acute episode,
50–100% may eventually develop chronic interstitial pneumonia so a thorough follow-up
is advisable [10,31].

3.1.2. Diffuse Alveolar Hemorrhage

DAH, first described by Dr. William Osler in 1904, is a rare, but very severe and
potentially fatal complication of SLE [8,32]. It is not exclusive to SLE, occurring in several
other conditions such as anti-neutrophil cytoplasmic autoantibody (ANCA)-associated
vasculitis, antiphospholipid syndrome (APS), other connective tissue diseases, infections,
bone marrow transplantation, and drug toxicity [33,34].

DAH prevalence among SLE patients ranges from 0.5–0.6% to 5.4–5.7% with a femal-
to-male ratio of approximately 6:1. DAH was described as initial manifestation of SLE in
11–20% of cases; some autoptic studies in SLE patients have found the presence of red blood
cells in the lungs of 30–66% of cases maybe due to the presence of either unidentified or
subclinical, paucisymptomatic forms of DAH [10,33]. Mean age of presentation is 27 years,
but it can occur at an early stage of the disease [17]. Some patients may have recurrent
episodes [33,35].

The clinical picture of DAH is characterized by the sudden onset, within hours or
a few days, of dyspnea, hypoxemia with possible acute respiratory failure and need for
mechanical ventilation in more than 50% of cases, fever, cough, hemoptysis with a rapid
fall in hemoglobin levels, and appearance of new alveolar or interstitial infiltrates. Some
patients can present chest pain. Hemoptysis can be of variable severity, dramatic in some
cases, or initially absent in up to 33% of cases [8,10,33,36].

Chest X-ray can be normal or show bilateral, rarely unilateral, airspace opacities
(patchy, focal or diffuse). CT scan may show diffuse, bilateral and patchy alveolar infiltrates,
also asymmetrical, ground glass opacities or diffuse nodular opacities and it is more
accurate than chest X-ray to evaluate the extent of the disease. BALF is usually hemorrhagic,
and the presence of 20% or more hemosiderin-laden macrophages in BALF is a criterion
for DAH diagnosis [8]. However, this pattern can appear only after 48–72 h from symptom
onset. BALF culture is mandatory to exclude an infection as a cause of DAH; many
pathogens such as Legionella pneumophila, Strongyloides stercoralis and Cytomegalovirus
can be associated with DAH [8]. Secondary infections, mainly nosocomial, can complicate
the course of DAH thereby worsening the disease prognosis. Zamora et al. found a
mortality rate of 100% in 3 patients with secondary infections (1 infected with Aspergillus,
1 with Escherichia coli and 1 with both methicillin-resistant Staphilococcus aureus and
Candida) [37]; in a study by Rojas-Serrano et al., bronchoscopic assessment performed
during the first 48 h of admission in 13 SLE patients demonstrated infections in 57% of
cases including Pseudomonas aeruginosa, Serratia marcescens, Citrobacter freundii, and
Aspergillus fumigates [38].

Lung biopsy is rarely necessary, and critically ill patients might not tolerate this in-
vasive procedure. Histologic findings are non-specific with the presence of mild blood
extravasation. More severe cases present capillaritis with neutrophil infiltration of alveolar
septa [8,10,33,35,36]. Laboratory findings can show a rapid drop in hemoglobin levels,
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along with other characteristics of an active SLE, such as low complement levels, throm-
bocytopenia and autoantibodies. A rapid fall in hematocrit levels must alert clinicians to
DAH [8]. An increase of carbon monoxide diffusing capacity (DLCO) of 30% or more over
baseline values or an absolute elevation over 130% of predictive value is supportive to the
diagnosis of DAH, due to the enhanced uptake of carbon monoxide by hemoglobin present
in the alveoli [8,10,39].

DAH pathogenesis is not completely known, but it is characterized by an immune
mediated damage of small vessels and alveolar septa, with deposition of ICs and com-
plement fractions in the alveolar capillaries. A neutrophil interstitial infiltration with
alveolar and capillary walls necrosis (capillaritis) has also been demonstrated. Neutrophils
may play a pathogenetic role by the release of neutrophils extracellular traps (NETs) and
cytotoxic proteins that contribute to the local damage. The loss of integrity of the alveolar-
capillary wall results in the leakage of red blood cells into the alveolar space [8,10,36].
Other proposed mechanisms include: increased apoptosis of the alveolar wall cells with
monocyte-macrophage infiltration, diffuse alveolar damage with edema of alveolar septa
and formation of hyaline membranes, and fibrinoid necrosis. B-lymphocytes may play a
pivotal role in autoantibodies formation [8,36].

Risk factors for the development of DAH include: history of thrombocytopenia, low C3
fraction, high titers of anti-double-stranded (ds)DNA, leucopenia, coexisting neuropsychi-
atric lupus, high disease activity (e.g., SLE Disease Activity Index (SLEDAI) score >10) and
the presence of active renal disease (in particular class III and IV lupus nephritis) [8,10,36].

DAH treatment is based on case reports, expert opinion or derived from other condi-
tions [36]. The treatment’s mainstay is the early administration of high dose iv methylpred-
nisolone (usually 1 g/day iv for 3 or more days up to 4–8 g total dose) with subsequent
tapering according to clinical evolution. CYC can be added in severe forms but data on
its efficacy are contrasting with an increased mortality in the study of Zamora et al. [37],
when compared to the beneficial effect in the study of Sun et al. [40]. However, a re-
cent meta-analysis did not confirm an association with CYC and survival [41]. Other
immunosuppressants have been used, such as cyclosporine, azathioprine, tacrolimus, my-
cophenolate mofetil (MMF), without any conclusive evidence. Among biologic drugs, RTX
has shown some good results and different schemes and dosages has been used, mainly
375 mg/m2 weekly × 4 or fortnightly × 2 or 1 g 2 weeks apart, generally in association
with CS. In the majority of reports, one course of therapy was sufficient; however, in
refractory cases, maintenance therapy with RTX can be needed [8,36,42–46]. The potential
role of belimumab remains unknown [8,36].

Plasmapheresis is generally used in patients with refractory and more severe disease,
with contrasting results in literature [41]. Adverse events can occur in up to 10% of cases, are
more frequent in the first procedure and are generally mild or moderate, including access
site or device problems, hypotension and syncope, tingling, urticaria, nausea/vomiting,
chills, fever, arrhythmia [47].

Other therapeutic options include IVIg, intrapulmonary administration of recombi-
nant factor VIIa, and umbilical cord mesenchymal stem cell transplantation [36]. Supportive
and resuscitative treatments must be guaranteed, in particular in the context of respiratory
failure in which patients may require mechanical ventilation up to extracorporeal mem-
brane oxygenation support in more severe cases. Broad spectrum antimicrobic therapy is
mandatory, since infections can both initiate or complicate the course of DAH [8,36].

Prognosis is poor, with a mortality rate of up to 70–92%, (average 50%); however, a
trend in the reduction of mortality was observed in the recent years, likely due to a better
knowledge of the disorder, a more rapid diagnosis and a precocious introduction of novel,
targeted therapies [8]. Older age, longer lupus disease duration, acute massive hemoptysis,
requirement of mechanical ventilation and plasmapheresis treatment, thrombocytopenia
(not universally accepted) and infections are associated with an increased risk of mor-
tality [8,10,41]. However, severe diseases rendered the requirement of plasmapheresis
treatment and mechanical ventilation are themselves associated with poor outcome. The
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presence of other comorbidities must also be considered. Among survivors, 70–90% can
eventually develop pulmonary fibrosis therefore a strict follow-up is mandatory [10,41].
Randomized trials of therapeutics are needed to determine the most efficacious strategies
for SLE-associated DAH for better management of this life-threatening complication.

3.2. Chronic Diseases

Chronic interstitial lung disease (ILD) in SLE seems to be less frequent in comparison
to other connective tissue diseases (CTDs), and it is rarely severe [10,48–50]. The exact
prevalence is probably underestimated, because older studies performing chest X-ray
have shown the presence of ILD in 6–24% of SLE patients, while in those using a more
sensitive method such as HRCT, ILD was found in up to 70% of cases, suggesting that
the condition is frequently subclinical [10,49,51]. Risk factors for ILD include older age,
late-onset SLE, illness duration (≥1 year), tachypnea, low levels of anti-dsDNA, high
level of C3 and male gender [48–52]. The presence of Raynaud’s phenomenon, swollen
fingers, sclerodactyly, telangiectasia, nailfold capillary abnormalities among SLE patients
was associated with a higher prevalence of restrictive deficit and reduced DLCO, probably
in the context of overlap syndromes that seem to carry a worse lung prognosis. Some
associations were found with anti-U1 RNP, anti-SSB, anti-Scl70 and anti-SSA antibodies
and sicca syndrome [10,49–53].

The most common pattern, histologically and radiologically, is non-specific interstitial
pneumonia (NSIP); however, usual interstitial pneumonia (UIP) is not uncommon [52].
Lian et al. reported that the most frequent findings were ground glass opacities (84.4%),
followed by consolidation (21.1%), honeycombing (15.6%), and traction bronchiectasis
(12.8%) [53].

Clinically, ILD can evolve as a consequence a disease with acute onset (ALP or DAH) or
follow a more insidious onset with chronic non-productive cough, exertional dyspnea and
non-pleuritic chest pain. The mean age of onset is earlier when following an acute condition
(mean 38 years) compared to the chronic form (46 years). Patients with a radiologically
documented ILD can also be asymptomatic [10,51]. Inspiratory fine crackles may be heard
upon physical examination, while the presence of digital clubbing is rare. Pulmonary
function tests can show a restrictive pattern with reduced DLCO [10]. The severity of ILD
does not correlate with SLE serologic markers [49].

Prognosis for SLE-associated ILD seems more favorable when compared to idiophatic
pulmonary fibrosis or RA-associated ILD [50,52,54,55]. Toyoda et al. found a five-year
survival rates of 92.9% calculated from the time ILD was diagnosed and the survival rate
did not significantly differ between the patients with and without ILD [52].

Lymphocytic interstitial pneumonia (LIP) can complicate many autoimmune condi-
tions and has been described in SLE patients in particular when associated with Sjögren’s
Syndrome. LIP is characterized by the formation of lung cysts, an infiltration of the intersti-
tium with polyclonal lymphocytes and lymphocytic alveolitis [10,49,56,57]. Prognosis is
variable. Approximately 50–60% of patients respond to corticosteroids with stabilization
or improvement of the disease, but in others there is progressive decline in pulmonary
function and development of honeycomb lung. In general, death occurs in approximately
33 to 50% of patients within 5 years of diagnosis [56,57].

Organizing pneumonia (OP) has also been described as initial manifestation of SLE
and regardless of SLE activity [10,49,58–60]. On HRCT, OP shows ground glass opacities,
consolidations and peribronchovascular opacities. OP has also been described in rhupus
syndrome [61]. CS are the treatment of choice. In the majority of cases patients recover
within days of weeks after treatment introduction and radiographic findings show improve-
ment in 50–86% of patients. Spontaneous resolution may occur. However, in a minority
of cases, the disease may persist, and up to 30% may have a relapse after treatment with-
drawal [62]. Several immunosuppressant agents, such as azathioprine, MMF, cyclosporin,
CYC and plasmapheresis, have been used in various case reports. [58–62]. Finally, an asso-
ciation between SLE and pulmonary sarcoidosis has been described [10,63–66]. According
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to Rajoriya N et al., patients with sarcoidosis have an OR of 8.33 (2.71 to 19.4) for the
development of SLE [64].

Placebo-controlled trials to guide the treatment of SLE-associated ILD are lacking.
CS are, generally, the mainstay of treatment and patients usually show a good response.
Immunosuppressants such as CYC, azathioprine, or MMF can be added in refractory more
severe cases [10,23]. Among biologics, RTX can be used in some cases [67].

Treatments are generally well tolerated; with CYC, immuno- and myelosuppression,
as well as IgG levels decreased can occur with subsequent infections that are generally
non-life-threatening and do not necessitate stopping treatment [68,69]. In particular, in
the study of Okada et al., only two sessions of CYC infusions among a total of 141 were
postponed because of upper respiratory infections [69]. Interestingly, cumulative data
show a higher frequency of adverse events, including hemorrhagic cystitis, premature
ovarian failure, herpes zoster and cancer, with the oral administration, in comparison with
pulse intravenous infusion of CYC, as found in the lupus nephritis [68–70]. Concerning the
use of MMF in SLE-ILD, only one of ten patients with CTD-ILD had a diagnosis of SLE
in the case series by Saketkoo et al. [71], while Fisher et al. included four patients with
SLE-ILD in their retrospective study [72]. The most common side effects reported in these
studies were diarrhea and leucopenia.

4. Vascular Diseases

4.1. Acute Reversible Hypoxemia Syndrome

First described in 1991 by Abramson [73], acute reversible hypoxemia syndrome is
characterized by the acute onset of dyspnea, chest pain and hypoxemia. Pleural involve-
ment may be present. It is frequently associated with a flare of SLE. Pulmonary imaging
is generally normal, while PFTs may show reduction in vital capacity and DLCO [17,51].
Pathophysiology is not completely understood. An association between endothelium
activation, with a high expression of vascular adhesion cell molecule-1 (VACM-1) and
intercellular adhesion molecule-1(ICAM-1), and activated neutrophil and platelet sludging
mediated by complement activation has been postulated as a pathogenic mechanism. These
alterations can ultimately lead to endothelial dysfunction, vascular lumen occlusion by
leukocyte aggregates and subsequent hypoxemia [17,51,73,74].

This condition rapidly responds to low doses of CS, usually insufficient to control SLE
flares, when present together, so higher doses may be needed. Combination of high doses
of aspirin can be useful [17,51], and most cases respond to therapy with rapid improvement
of gas exchanges [9].

4.2. Pulmonary Embolism

SLE patients are at increased risk of developing deep vein thrombosis (DVT), occurring
in up to 10% of patients [75], and pulmonary embolism (PE) with a 3-fold increased risk in
comparison to general population [76]. Vein thromboembolism (VTE) represents the third
most common cardiovascular (CV) event after myocardial infarction and stroke [77,78]. PE
has a high mortality rate of up to 15%. Many risk factors have been investigated besides
“classical” risk factors such as obesity, hyperglycemia and hyperlipidemia [77]. Moreover,
You et al. found the following risk factors associated with PE: high body max index,
hypoalbuminemia, positivity for anti-phospolipid antibodies (aPL), high levels of high
sensitivity CRP and high doses of CS (>0.5 mg/kg/day) [78]. Finally, SLE patients with
APS are at increased risk of DVT and PE. The prevalence of APS among SLE patients is
about 30% [79].

APS can cause a hypercoagulable state by interacting and activating platelets, neu-
trophils and endothelial cells [78]. In particular, a metanalysis found that SLE patients with
APS have a six times greater risk of developing PE than SLE patients without APS [79].
Moreover, patients with the positivity for lupus anticoagulant (LA) and high titers of IgG
anti-cardiolipin (aCL) are at increased risk [80,81].
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Clinical manifestations depend on the severity of vasculature occlusion, ranging
from asymptomatic small vessels occlusion to massive PE with sudden right ventricular
failure and acute circulatory collapse. Other symptoms of PE include pleuritic chest pain,
dyspnea, hemoptysis, crepitations, tachypnea and tachycardia. Chronic PE can progress
to secondary pulmonary arterial hypertension (PAH) due to the reduction of pulmonary
vascular tree [49]. In addition to PAH, other non-thrombotic intrathoracic manifestations
of APS associated with SLE are: DAH, adult respiratory distress syndrome (ARDS) and
valvular heart disease (e.g., Libman-Sacks endocarditis) [49,82]. A rare, potentially fatal,
manifestation of APS is the catastrophic APS (CAPS). CAPS is characterized by the diffuse
occlusion of small vessels in three or more organs [81–85]. It generally develops in APS
patients in association with a trigger such as infections, neoplasm or surgery. Respiratory
failure is often present and can rapidly progress to acute respiratory distress syndrome
(ARDS) [81–85].

Treatment of APS includes anticoagulation with the vitamin K antagonists (VKA), to
maintain an international normalized ratio (INR) range of 2.0 to 3.0, for a definite period in
a first provoked episode, indefinitely in recurrent episodes or in patients with a high-risk
profile [81,85]. In patients with recurrent arterial or venous thrombosis, a higher INR
range 3.0–4.0 or the addition on low dose aspirin should be considered. Common CV
risk factors should be corrected, concurrently. In high-risk anti-phospholipid antibodies
(aPL) carriers without history of thrombosis, prophylactic treatment with low dose aspirin
can be adopted [81,85]. Hydroxychloroquine may reduce thrombotic risk both in APS
and non-APS SLE patients due to its pleiotropic effects but evidence in this regard is
still scarce [78,85]. Treatment of CAPS includes: elimination of triggers (e.g., infections),
combination therapy with heparin, glucocorticoids and plasma exchange or intravenous
immunoglobulins. B-cell depletion (e.g., RTX) or complement inhibition (e.g., eculizumab)
can be considered in refractory cases. Supportive treatments in the intensive care unit may
be necessary [81,85]. Recent systematic literature reviews and meta-analyses investigating
direct oral anticoagulants have recommended against their use in these patients [86,87].

4.3. Pulmonary Arterial Hypertension

Pulmonary hypertension (PH) is classified into five major categories, according to its
clinical characteristics and etiology and pulmonary arterial hypertension (PAH) associated
with connective tissue diseases (CTDs) belongs to the first group and it is the second most
frequent form after idiopathic PAH [88,89]. PAH is defined by the presence of an increase
in mean pulmonary arterial pressure (mPAP) ≥ 25mmHg at rest (assessed by right heart
catheterization (RHC)) with a normal pulmonary capillary wedge pressure (≤15 mmHg)
and increased pulmonary vascular resistance (PVR) > 3 wood units (WU) [73]. Less
frequently, SLE patients can present PH secondary to chronic pulmonary thromboembolism
(group 4), mitral stenosis due to Libman-Sacks endocarditis (group 2), pulmonary veno-
occlusive disease (group 1), ILD-associated PH (group 3) [88–92].

According to the REVEAL registry (Registry to Evaluate Early and Long-term Pul-
monary Arterial Hypertension disease management), SLE patients display the second
highest prevalence of PAH after systemic sclerosis (SSc) [93,94]. The real prevalence of
PAH among SLE patients is unknown. Past studies have reported different results due
to the method used for diagnosis (right heart catheterization (RHC) versus transthoracic
echocardiography (TTE)) and the cut-off value used for the diagnosis [94]. The majority
of patients are women with a mean age at PAH diagnosis of about 45 years, and with
its prevalence and severity increasing with time from SLE onset. PAH can occasionally
be the first manifestation of SLE. Usually, PAH tends to be moderate with systolic PAP
of 40–60 mmHg and PVR between 5 and 15 WU [93–95]. Some possible risk factors for
PAH are Raynaud’s phenomenon, active renal disease, vasculitic manifestations, pleu-
ritis, pericardial effusion, ILD, SLEDAI ≤9, lack of rash, low erythrocyte sedimentation
rate (ESR) ≤ 20 mm/h. Among immunological parameters associated with PAH: aPL,
Anti-U1-RNP and anti-SSA/Ro have been described [94]. The pathogenesis of SLE-PAH is
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probably multifactorial and is not completely understood. Multiple factors such as genetic
predisposition, environmental stimuli and immune system dysfunction could lead to an
imbalance between vasoconstrictor and vasodilator mediators resulting in an increase in
PVR [94,96]. aPL, anti-endothelial cells and anti-endothelin receptor antibodies, vasculitis,
vasospasm, inflammation, decreased oxygen saturation, apoptosis and smooth muscle cell
proliferation contribute to the development of the typical lesions of idiopathic PAH, such
as plexiform lesions, smooth muscle cell hypertrophy, intimal proliferation, and collagen
deposition [94,96]. Moreover, in SLE-associated PAH, there is an involvement of pulmonary
veins and perivascular inflammatory infiltration [94,96,97].

Clinical presentation is non-specific, progressive and related to right ventricle dysfunc-
tion and includes dyspnea, dry cough, fatigue, weakness, exercise intolerance, angina, syn-
cope, and hemoptysis; hoarseness due to recurrent laryngeal nerve compression, wheeze
caused by large airway compression, and exercise-induced vomiting can be present in
advanced cases. Symptoms are initially exercise-related, but in advanced cases occur at rest.
With progression of right ventricle failure, lower limb edema, liver enlargement, abdominal
distention and ascites may develop. Exceptionally, severe dilatation of pulmonary artery
may complicate with its rupture or dissection leading to a cardiac tamponade. Physical
findings may include: accentuated pulmonary component of the second heart sound,
left parasternal lift, right ventricle third sound, murmurs indicative of tricuspid and/or
pulmonary regurgitation, wheeze, and crackles; elevated jugular pressure may be present
in advanced cases [88,94]. The gold standard for the diagnosis is RHC that can show
some rough etiologic characterization. TTE is a non-invasive and low-cost method for
the screening and follow-up of PAH patients. Other ancillary investigations may be used,
such as HRCT of the lungs for the diagnosis of ILD, ventilation/perfusion scintigraphy for
the assessment of chronic thromboembolism, pulmonary function tests that may show an
isolated reduction of DLCO [88,94].

Early aggressive treatment aimed at normalizing PAP can improve survival. Vasodila-
tors (e.g prostacyclin analogues), endothelin receptor antagonists (ERAs) (e.g., bosentan),
phosphodiesterase 5 inhibitors (PDE-5Is) (e.g., sildenafil), guanylate cyclase stimulants
(e.g., riociguat), prostacyclin IP receptor agonist (e.g., selexipag) and calcium channel
blockers (CCB) (in those with a positive response to acute vasodilator testing) have shown
good results. In more severe and/or refractory forms a combination with two or more
different classes of drugs can be considered [49,88,94,98–105].

Side effects are in part shared by vasodilators agents. Limiting factors for CCB dose
increasing are generally lower limb peripheral oedema and systemic hypotension. In the
group of ERAs, ambrisentan and bosentan are associated with abnormal liver function tests
(in the 0.8–3% for the former and in the 10% for the latter) with ambrisentan also associated
with peripheral oedema [88,100,103]. Macitentan is not associated with liver toxicity, but
a reduction in hemoglobin levels ≤8 g/dL was observed in 4.3% of patients in the study
of Pulido et al. [88,106]. PDE-5Is side effects are mainly related to vasodilation such as
headache, flushing and epistaxis and are mild to moderate [88]. The most frequent adverse
events with riociguat were hypotension, dizziness, peripheral oedema, vomiting and
anemia [105]. With beraprost the most adverse events (common with other prostanoids)
are headache, flushing, jaw pain and diarrhea [88], while epoprostenol also carries the risk
of a long-term intravenous catheter [88,102,104]. According to the GRIPHON study, most
frequent adverse events with the use of selexipag are similar with therapies that target the
prostacycline pathway (e.g., headache, diarrhea, nausea, dizziness) and are more frequent
during the titration period [98].

Some studies have reported a beneficial effect of immunosuppressive therapy in SLE-
associated PAH. Among immunosuppressants, CYC +/− glucocorticoids showed good
response; other small studies evaluated RTX, MMF and cyclosporine. Immunosuppressants
can be combined with vasoactive agents in more severe forms. Supportive treatments such
as diuretics, anticoagulants and oxygen may be beneficial [88,94,107–110].
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PAH affects quality of life and survival of SLE patients. Data from REVEAL registry
reveal that CTD-associated PAH has a worse prognosis compared to idiopathic PAH;
however, among CTDs-associated PAH, SLE patients seem to have a better prognosis, with
a 1-year survival rate of 94% vs. 82% of SSc [93,94,111]. Cardiac failure and arrhythmias
are the most frequent causes of death in patients with SLE-PAH [9,94].

5. Pleural Disease

Pleuritis is the most frequent lung manifestation in patients with SLE, occurring,
often in association with pericarditis, in about 40–60% of patients during the course of
the disease, although in autoptic studies up to 83% of patients can show signs of pleural
involvement [10,112]. Of note, it is the only SLE manifestation of the respiratory system
included in the diagnostic criteria [5]. Pleuritis, with or without pleural effusion, can be the
first manifestation of SLE in the 3% and 1% of SLE patients, respectively [113,114]. Pleural
involvement can be present also in overlap syndromes like rhupus syndrome [115]. The
clinical picture can vary from asymptomatic, incidental findings on imaging, to pleuritic
chest pain that is increased with deep inspiration, dyspnea, dry cough, fever and other
systemic manifestations. Pleural effusion can be uni- or bilateral, usually mild to moderate,
rarely massive. Occasionally pleuritis can be dry [10,49]. Pathogenesis of pleural effusion
is thought to be due to ICs deposition on pleural surfaces. Histopathologic studies have
shown the presence of a non-specific lymphoplasmacytic infiltration with rare evidence
of IC-mediated vasculitis [115]. Pleuritic fluid is sterile, exudative, and yellow-tinged,
but occasionally it can be turbidous or seroematic. It contains inflammatory cells such as
neutrophils, but it can show a predominance of mononuclear lymphocytic cells, especially
in longstanding cases. It also contains glucose levels similar to those of plasma (60–
95 mg/dL), increased levels of adenosine deaminase, decreased levels of complement
and ANA, in particular with titer ≥ 1:160. It has a greater pH (>7.35) and lower lactate
dehydrogenase (LDH) levels (<500 IU/L or <2 times upper limit of normal for serum)
than in patients with RA or tuberculosis. LE cells can be seen showing a low sensibility
(about 40%) and a specificity of 80%. However, none of these characteristics are specific
to SLE pleuritis [10,49,113,115–117]. Differential diagnosis may be difficult, since SLE
patients can have pleural effusions for many reasons including infections, renal and cardiac
failure, pulmonary embolism, and rarely malignancies. It is interesting to note that in SLE
pleuritis CRP can be elevated also in the absence of infections [116]. Pleural biopsy can
occasionally be necessary, only to rule out tuberculosis or malignancy [116]. Prognosis
is usually favorable, with a good and rapid response to CS at medium dosage, although
development of progressive pleural fibrosis leading to fibrothorax has been described. Non-
steroidal anti-inflammatory drugs (NSAIDs) can be used for milder cases and spontaneous
resolution can also occur. In more severe cases CS can be used (in patients already on steroid
therapy an increase of dosages may be needed). In chronic forms, hydroxychloroquine
can be used as a glucocorticoid-sparing agent. Major immunosuppressants (e.g., CYC and
azathioprine) are not used, unless in the case of a concomitant systemic involvement. An
association of IVIg and cyclosporine has been used in chronic, refractory pleural effusion.
Chest drainage, pleurodesis and/or pleurectomy are rarely necessary in severe refractory
cases [51,113,117–119].

6. Infections

SLE patients are at high risk of severe infections, by either common or opportunistic
pathogens, the majority of which are lung infections, but also urinary tract, soft tissue
and skin. Bacteria are the most commonly implicated agents, followed by viruses and
fungi [120]. In the EuroLupus cohort, 36% of patients developed an infection and about
30% of deaths were related to infections in the five-year follow-up [121]. In addition, SLE
patients have a higher incidence of respiratory failure and a high mortality rate for the ones
admitted to the intensive care unit (ICU) with pneumonia as the most common cause of
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death. It is estimated that up to half of SLE patients develop major infections during the
course of the disease [121–123].

Different causes accounting for this increased risk have been postulated. A genetic,
non-Mendelian predisposition has been hypothesized, since the risk for severe infections
seems to be increased prior to the development of SLE and a great number of genetic poly-
morphisms have been studied. Immunologic dysfunctions can involve both adaptive and
innate immunity, in particular: complement deficiency, Ig deficiency, functional asplenia,
altered cytokine production, impaired chemotaxis and phagocytosis are the major alter-
ations thought to be involved [97,120–124]. SLE patients can present underlying structural
alterations in the respiratory tract, such as respiratory muscle weakness, parenchymal
disease, bronchiectasis, atelectasis with impaired local mucociliary clearance and defense
against infections [97,120–124].

Immunosuppressants are well known risk factors for infections, both traditional (e.g.,
CYC, azathioprine) and new biologic agents (e.g., RTX and belimumab). CS are an often-
underestimated cause of immunosuppression, especially when used in long term courses
(>3 weeks), at relatively high dosage and in association with other immunosuppresants.
On the contrary, antimalarials seem to have a protective role against infections both by
allowing the reduction of CS dosage and by exerting a direct antimicrobial activity. It is
also interesting to note that the risk of infections parallels disease activity [120].

Many pathogens can cause infections in SLE patients: Streptococcus pneumoniae
is the most frequent cause of respiratory tract infections. Along with Salmonella, it is
also associated with bacteriemia in the context of functional asplenia. Among fungal
pathogens, Pneumocystis jiroveci, Criptococcus neoformans, Candida albicans, Aspergillus
have been identified in SLE patients. Viral infections have been reported in particular with
cytomegalovirus and varicella zoster virus, often in the context of a disseminated infection.
SLE patients are also at increased risk for tuberculosis and infections with non-tuberculous
mycobacteria [120–126]. Protozoa infections, also with rare pathogens such as Lophomonas
blattarum, have been reported [127].

Diagnostic workup for infections in SLE patients may be challenging; infections
can have an atypical course due to immunosuppression, moreover lung infections can
simulate a lupus flare. In this context, infections must be always ruled out in a SLE
patient with lung complaints and/or the appearance of a new infiltrate prior to increase
the immunosuppressive therapy. Bronchoscopy with BALF analysis may be very useful
for the isolation of pathogens and start of a targeted therapy [120,122]. A reduction of the
immunosuppressive therapy for a short period may be necessary in severe cases during
antimicrobial therapy in order to improve the immune response.

Prevention of infections can be adopted with seasonal influenza and pneumococcal
vaccination and with Pneumocystis jirovecii prophylaxis in at risk patients [128–130].

7. Miscellanea

Shrinking Lung Syndrome

Shrinking lung syndrome (SLS) is a rare manifestation of SLE affecting less than
1% of SLE patients [131], with about 100 cases described to date [132]. Older papers
reported a higher prevalence of 18–27%, while a prevalence of up to 7% has been described
among patients with refractory SLE [132–134]. It was described for the first time in 1965
by Hoffbrand and Beck [135], and subsequently it has occasionally been described in
other autoimmune diseases (e.g., systemic sclerosis, primary Sjögren’s syndrome, RA
and undifferentiated arthritis) [136,137]. It is characterized by progressive exertional
dyspnea, pleuritic chest pain and, less frequently, cough. It can be observed in every
phase of the disease but usually it occurs in long standing disease, often as the only
main organ involvement of SLE, with women more often affected than men. There is no
correlation with SLE activity. Physical findings are often normal, sometimes bibasilar rales
can be heard. Chest X-rays show reduced lung volumes, elevated hemidiaphragms (also
monolateral) and less commonly basilar atelectasis due to poor chest expansion, pleural
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effusions and pleural thickening. CT scan is usually negative for parenchymal disease.
Ultrasound and fluoroscopy have been proposed to study diaphragm mobility. PFTs show
a restrictive pattern (reduced forced expiratory volume in the 1st second, forced vital
capacity and total lung capacity) with a deterioration compared to previous tests, while
carbon monoxide transfer corrected for lung volume (KCO) is normal. Echocardiography
does not show any signs of PAH. No specific association was found between serologic
markers and the disease, it was suggested an association with Anti-Ro/SSA. Since there
are no specific diagnostic criteria, the diagnosis is one of exclusion [131,132,138–141]. The
pathogenesis of this condition is not known, and several mechanisms have been proposed
in recent years: micro-atelectasis with surfactant deficiency, phrenic nerve neuropathy,
primary respiratory muscle myopathy, diaphragmatic fibrosis, steroid induced myopathy,
pleural adhesions, and pleuritic chest pain with reduced chest expansion by an inhibitory
reflex [135,140,142–145].

The majority of patients received high dose of CS, even with iv pulses, with improve-
ment occurring in several weeks, but in some cases even in 48 h [140,141]; anecdotal data
support the use of immunosuppressive agents such CYC, azathioprine, methotrexate, MMF
after CS failure or as CS-sparing agents [132,139,141]. RTX has been shown to improve
lung function and pain in some cases [146]. Choudhury et al. reported improvement
of one patient treated with belimumab [132]. Theophylline has shown to improve di-
aphragmatic strength and improve PFT [147], beta-agonists could reduce diaphragmatic
fatigue thanks to their positive inotropic effect [148], theophylline and beta agonists may
be more efficacious if combined with CS [141]. An improvement in PFT after hematopoietic
stem cells transplantation has also been described [149]. Physiotherapy could be useful to
improve lung volumes and prevent impaired chest wall expansion, but it could be limited
by pain [141]. Antalgic agents may be considered in the initial phase [140], while in severe
respiratory weakness ICU admission and mechanical ventilation may be required [141].
Prognosis seems favorable, with a rapid improvement of symptoms, and progressive im-
provement, stabilization or only minor deterioration of PFTs, although full recovery is rare.
Pain can persist for a long time, despite improvement in PFT. Death, due to respiratory
failure is unusual [133,140,141]. In this regard, an early diagnosis and an appropriate
treatment is mandatory.

8. Conclusions

SLE can affect any part of the respiratory tract, with various degrees of severity and
at any phase of the disease course. Respiratory manifestations may display acute and/or
chronic course and since most respiratory signs and symptoms are non-specific, differential
diagnosis is often challenging. However, the early recognition and management of SLE-
related respiratory manifestations is essential to prevent complications and the worsening
of disease prognosis.
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Abstract: Among the diverse forms of lung involvement, interstitial lung disease (ILD) and pul-
monary arterial hypertension (PAH) are two important conditions in patients with rheumatic diseases
that are associated with significant morbidity and mortality. The management of ILD and PAH is
challenging because the current treatment often provides only limited patient survival benefits. Such
challenges derive from their common pathogenic mechanisms, where not only the inflammatory
processes of immune cells but also the fibrotic and proliferative processes of nonimmune cells play
critical roles in disease progression, making immunosuppressive therapy less effective. Recently,
updated treatment strategies adopting targeted agents have been introduced with promising results
in clinical trials for ILD ad PAH. This review discusses the epidemiologic features of ILD and PAH
among patients with rheumatic diseases (rheumatoid arthritis, myositis, and systemic sclerosis) and
the state-of-the-art treatment options, focusing on targeted agents including biologics, antifibrotic
agents, and vasodilatory drugs.

Keywords: rheumatic; interstitial lung disease; pulmonary arterial hypertension; targeted therapy

1. Introduction

Lung involvement is common in patients with rheumatic diseases (RDs), causing
substantial morbidity and mortality in these patients. Individual RDs tend to be associated
with a characteristic lung disease pattern where the key structure of the injury, as well as
the critical cells and cytokines involved, are different [1].

Among the diverse forms of lung involvement, interstitial lung disease (ILD) and pul-
monary arterial hypertension (PAH) are the two most important manifestations in patients
with RD, leading to grave prognoses [2]. Of note, rheumatoid arthritis (RA), myositis, and
systemic sclerosis (SSc) are the major systemic RDs, in which a significant proportion of the
patients develop and die from ILD and/or PAH. However, recent advances in pharmacologic
interventions have been shown to delay the disease progression of these lung conditions
and also improve patient survival. In this review, we introduced updated knowledge on the
treatment options for ILD and PAH in RDs, focusing on targeted therapies.

2. Interstitial Lung Disease (ILD)

Lung involvement in RDs most commonly takes the form of ILD. In particular, more
than two thirds of the patients exhibit ILD in SSc and myositis [3,4]. Clinically symptomatic
ILD is less frequent in RA than SSc and myositis, found only in about 10% of the pa-
tients [5]. However, the associated morbidity and mortality are never less. RD-associated
ILD (RD-ILD) can be classified as usual interstitial pneumonia (UIP), nonspecific interstitial
pneumonia (NSIP), organizing pneumonia (OP), diffuse alveolar damage (DAD), lymphoid
interstitial pneumonia (LIP) and others, according to the radiologic and/or pathologic–
morphologic patterns presented by the revised 2013 American Thoracic Society/European
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Respiratory Society classification of idiopathic interstitial pneumonias [6]. In RDs, the two
most predominant types of ILDs are NISP and UIP [1]. While the prognosis is similar
between RD-NISP and idiopathic NSIP, the prognosis of the RD-UIP other than RA-UIP is
better than that of idiopathic UIP or idiopathic pulmonary fibrosis (IPF) [7].

2.1. Rheumatoid Arthritis Associated ILD (RA-ILD)

Potential targets of the lung injury in RA include almost all components of the lung
structures. Thus, lung injury associated with RA encompasses a wide spectrum of disorders
such as parenchymal (ILD), airway (bronchiectasis or bronchiolitis), pleural (pleurisy), and
vascular diseases. Among them, ILD is most common.

2.1.1. Clinical Features of RA-ILD

Approximately 10% of RA patients suffer clinically significant RA-ILD [5], with
8–9 times the lifetime risk of ILD development among RA patients compared to that
of the general population (7.7% vs. 0.9%, respectively) [8]. Thirty-four percent of RA-ILD
was found to occur within one year of RA diagnosis [9] and the risk of RA-ILD increases
with RA duration and autoantibody (rheumatoid factor and/or anticitrullinated protein
antibody) titers [10,11].

Unlike other RD-ILDs in which NSIP is the most prevalent histopathologic pattern, up
to half of the RA-ILD cases show the UIP pattern, with NSIP as the second most common
pattern [1]. With a heterogeneous progression rate across individuals, symptoms of RA-ILD
usually progress over time once clinically present. The UIP patterns tend to demonstrate
extensive disease at baseline and more rapid pulmonary function decline during follow-
up, thus are associated with a worse prognosis [1,12]. The mortality of the patients with
RA-ILD was as high as three times that of the patients with RA alone, with more than one
third of RA-ILD patients being dead at five-years after ILD diagnosis [8,9].

Although it is considered that the natural progression of RA-ILD is heterogeneous, as
in IPF, and a subgroup of those whose lung function progressively declines would show
a grave prognosis, the exact natural history of RA-ILD is not fully known, particularly
regarding acute exacerbation. In addition to the chronic lung function loss, acute exacer-
bation is another cause of the mortality associated with RA-ILD. However, a substantial
proportion of patients with RA-ILD would suffer mixed patterns.

Acute exacerbation is a fatal condition characterized by a rapidly progressive respira-
tory failure. It has been well recognized not only in IPF and NSIP [6], but also in RD-ILD,
particularly RA-ILD [13]. The radiographic characteristics of the acute exacerbation are
defined as ground-glass opacities (GGOs) or consolidations newly overlaid on the back-
ground reticular abnormalities. Two thirds of RA-ILD patients with acute exacerbation
died during the initial episode, causing a 2.5-fold increased mortality among RA-ILD
patients [14]. The risk factors for the acute exacerbation of RA-ILD include UIP histology,
old age, and methotrexate (MTX) use [14]. In IPF, more advanced lung fibrosis is also
known as a reliable risk factor of the acute exacerbation [15].

2.1.2. Pharmacologic Treatment of RA-ILD

Unfortunately, there have been no randomized controlled trials (RCTs) for RA-ILD and
the EULAR and ACR recommendations do not specify how to treat RA-ILD yet [16,17]. In
general, physicians either adopt the treatment strategies against the corresponding pattern
of idiopathic interstitial pneumonia or practice empirical therapies with immunosuppres-
sives. However, due to the heterogeneous clinical behaviors of RA-ILD, the treatment
goal is hard to define: treatment to achieve recovery versus treatment to stabilize or slow
progression. In the case of acute exacerbation, most therapies are immunosuppressants
with potent anti-inflammatory effects, assuming reversibility of the lesions, while in case of
chronic progression, the antifibrotic approach will take the priority [2]. Therefore, physi-
cians need to understand the dominant pathogenic mechanism underlying the clinical
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behavior of individual cases of RA-ILD, which can vary at different time points even in the
same patient.

Treatment with Conventional Agents

The data on the effect of individual immunosuppressive agents on RA-ILD are limited.
Mycophenolate mofetil (MMF) was associated with a modest improvement in forced
vital capacity (FVC) and the diffusing capacity of carbon monoxide (DLCO), reducing
prednisone dosage in an observational study on 125 patients with RD-ILD including 18
RA-ILD cases [18]. In the case of the acute exacerbation of RA-ILD, high dose steroid
therapy is delivered in combination with other immunosuppressive agents including MMF,
azathioprine, or cyclophosphamide (CYC) [13,14].

Treatment with Targeted Agents

Although hope has been placed on biologics for RA-ILD treatment based on their
excellent efficacy against articular inflammation, the evidence suggests that the safety
profile of biologics including TNF inhibitors and others is uncertain for ILD treatment.
Since biologics could, albeit rarely, exacerbate or cause the de novo development of ILD [19],
experts recommend carefully assessing patients before and after treatment. While anti-TNF
therapy has been suspected to aggravate ILD or induce its development [19], clear causal
evidence is lacking [20,21]. Rituximab and abatacept have been more favorably suggested
for patients with RA-ILD over anti-TNF therapy [22,23]. However, even these drugs have
also been associated with lung toxicity and their data are scarce due to the less common
use compared to TNF inhibitors [19].

Besides biologics, there are targeted agents with antifibrotic effects, recently introduced
to treat IPF and RD-ILD (Table 1). These agents include nintedanib and pirfenidone.

Nintedanib is a competitive inhibitor of the nonreceptor and receptor tyrosine kinases
that shows an antifibrotic effect [24]. The nonreceptor targets of nintedanib include Lck, Lyn,
and Src and the receptor targets include platelet-derived growth factor receptors (PDGFR)
α/β, fibroblast growth factor receptors (FGFR) 1/2/3, vascular endothelial growth factor
receptors (VEGFR) 1/2/3, and fms-related tyrosine kinase 3 (FLT3). The targets of both cat-
egories play important roles in fibrosis [24]. In the phase II proof-of-concept TOMORROW
study on patients with IPF diagnosed based on biopsy and/or high resolution computed
tomography (HRCT) whose % predicted FVC of ≥50% and DLCO of 30–79% [25], 52-week
nintedanib treatment (150 mg twice/day) was associated with less FVC decline, fewer
acute exacerbations, and the preservation of health-related quality of life compared to
placebo in patients with IPF. The antifibrotic effect of nintedanib on IPF was also replicated
in phase 3 INPULSIS 1 and 2 trials, which showed significant reductions in the annual FVC
decline in the treated group compared to the placebo (between-group difference of 125.3
and 93.7 mL/year in INPULSIS 1 and 2 trials, respectively, p < 0.001 in both results) [26].
Unlike treatment consistency on lung function preservation, however, the benefits on acute
exacerbation were only observed in the INPULSIS 2. Nintedanib reduced the FVC decline
among diverse subgroups defined by sex, age (<65 or ≥65 years), race (White or Asian),
the baseline FVC% predicted (≤70% or >70%) and DLCO% (≤40% or >40%), composite
physiologic index at baseline (≤45 or >45), the total baseline score on St George’s Respi-
ratory Questionnaire (≤40 or >40), smoking status (never-smoker or current/ex-smoker),
corticosteroids for systemic use at baseline (yes or no), and bronchodilator use at baseline
(yes or no) [27,28].

The recent INBUILD study, an RCT that assessed the efficacy and safety of nintedanib
in patients with non-IPF ILD (entry criteria: % predicted FVC of ≥45% and DLCO of
30–79%), included a subgroup of patients with RD-ILDs, mostly RA-ILD [29]. In the RD
subgroup, nintedanib reduced the rate of FVC decline compared to placebo at 52 weeks
with a between-group difference of 104 mL/year (p < 0.001) [29]. Based on the INBUILD
trial, nintedanib was approved by the U.S. Food and Drug Administration (FDA) for
progressive-ILD, including RA-ILD in March 2020.
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Table 1. Recent clinical trials on targeted drugs for idiopathic pulmonary fibrosis and rheumatic disease-associated
interstitial lung disease.

Targeted
Therapy

Mechanism of
Therapy

Target Disease
Key RCT

Name
Primary

Outcome
Treatment
Duration

Proven Efficacy

Nintedanib Tyrosine kinase
inhibition IPF TOMORROW Annual FVC

decline 52 weeks Reduced FVC
decline

IPF INPULSIS 1
and 2

Annual FVC
decline 52 weeks Reduced FVC

decline

Non-IPF ILD
(e.g., RA-ILD) INBUILD Annual FVC

decline 52 weeks Reduced FVC
decline

SSc-ILD SENSIS Annual FVC
decline 52 weeks Reduced FVC

decline

Pirfenidone Unknown IPF Japanese RCT
Capacity 004

Annual VC
decline

FVC change at
72 weeks

52 weeks
72 weeks

Reduced FVC
decline

IPF ASCEND Annual FVC
change or death 52 weeks Reduced FVC

decline

Non-IPF ILD
(e.g., RA-ILD)

Multinational
RCT

FVC change at
24 weeks 24 weeks Reduced FVC

decline

RA-ILD TRAIL1
Annual FVC

decline >10% or
death

52 weeks Awaited

Rituximab B cell depletion RD-ILD RECITAL FVC change at
24 weeks 48 weeks Awaited

Tocilizumab IL-6 blockade SSc-ILD faSScinate

Modified
Rodnan skin
score; FVC
decline as a
secondary
outcome

24 weeks

Numerically
greater

reduction of
skin fibrosis;
seemed to

reduce FVC
decline

SSc-ILD FocuSSced

Modified
Rodnan skin
score; FVC
decline as a
secondary
outcome

48 weeks

No primary
endpoint was

met; seemed to
reduce FVC

decline

FVC = forced vital capacity, ILD = interstitial lung disease, IPF = idiopathic pulmonary fibrosis, RD = rheumatic disease, RA = rheumatoid
arthritis, RCT = randomized controlled trial, SSc = systemic sclerosis.

Pirfenidone, another antifibrotic drug approved for IPF, might show similar benefits
for patients with the RA-UIP as the drug did for patients with IPF. Unlike nintedanib,
the mechanism of the action of pirfenidone is not well known. Among the three phase
3 clinical trials in patients with IPF [30,31], the Japanese trial showed that pirfenidone
reduced the decline in vital capacity at week 52 (between-group difference, 0.07 L/year)
and improved progression-free survival compared to placebo [30]. In the remaining two
CAPACITY trials (004 and 006) on patients with multinational backgrounds (entry criteria:
% predicted FVC of 50–90% and DLCO of 35–90%), the primary endpoint (% predicted
FVC change from baseline to week 72) was met in trial 004 (−8.0% vs. −12.4%, p < 0.05)
but not in 006 (−9.0% vs. −9.6%, p = 0.501) [31]. In the ASCEND trial [32], there was a
relative reduction of 47.9% in the proportion of IPF patients who had an absolute decline
of ≥10% in the FVC or who died (16.5% vs. 31.8%, p < 0.001). There was also a relative
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increase of 132.5% in the proportion of patients with no decline in FVC (22.7% vs. 9.7%,
p < 0.001). In another multinational clinical trial on non-IPF ILD, the use of pirfenidone
was associated with a lower risk of FVC decline greater than 10% (odds ratio = 0.44, 95%
CI: 0.23–0.84) with a between-group difference in FVC of 95.3 mL/year at 24 weeks [33].
TRAIL1 is a 52-week multicenter randomized, double-blind, placebo-controlled, phase 2
study (ClinicalTrials.gov number, NCT02808871) of the safety, tolerability, and efficacy of
pirfenidone in patients with RA-ILD, aiming to enroll as many as 270 subjects with RA-ILD
and the results are awaited [34].

There is an overlap of adverse event profiles between nintedanib and pirfenidone [35].
In patients treated with nintedanib, gastrointestinal adverse events (e.g., diarrhea) were
most common with mild-to-moderate intensity, accounting for the majority of the drug
discontinuation [25,26,29]. Similarly, the most common adverse event of pirfenidone was
gastrointestinal including nausea and vomiting, experienced by 40% and 18% of treated
patients, respectively, out of 2059 person-years of exposure [36]. However, the two drugs
have different pharmacokinetic profiles. Nintedanib is metabolized predominantly by ester
cleavage and then glucuronidated to be excreted via the biliary system [35]. The use of
nintedanib is associated with liver function test abnormalities in less than 5% of patients,
and is not recommended for those with moderate-to-severe hepatic dysfunction. Regular
liver function monitoring is required. Nintedanib has a low potential for drug–drug inter-
actions, especially with drugs metabolized by cytochrome P450 enzymes. Pirfenidone is
metabolized by various cytochrome P450 enzymes in the liver and predominantly excreted
via the urine [35]. Similar rates of liver function test abnormalities were observed with
pirfenidone as with nintedanib [25,26,31,32]. Pharmacokinetically, no drug–drug interac-
tion was observed between nintedanib and pirfenidone. There are RCTs that examined the
effect of nintedanib added on pirfenidone treatment [37,38]. More reports of nausea and
vomiting were observed with nintedanib added on pirfenidone than used alone. However,
most of them were mild-to-moderate as with the single drug treatment and the combination
did not provide a new safety signal.

General Treatment Strategy for RA-ILD

Due to the heterogeneous progression patterns across individuals, it is hard to define
an optimal treatment strategy in RA-ILD. Although the baseline extent of lung injury
has been acknowledged as the most reliable risk factor of both progression and acute
exacerbation, the cut-off extent to initiate treatment is not well defined. The international
guidelines on RA management have yet to specify when to initiate treatment and what
to be the first line agent [16,17]. Moreover, the treatment of acute exacerbation should
be different from that of chronic progression [2]. However, it seems reasonable to use
nintedanib when FVC loss is progressive enough to deteriorate symptoms (e.g., dyspnea or
exercise capacity) or of when the current status is severe enough to qualify for the previous
RCTs including the INBUILD trial (FVC of ≥45%, DLCO of 30–79%) [29].

2.2. Systemic Sclerosis Associated Interstitial Lung Disease (SSc-ILD)

The pulmonary manifestations of SSc can be both direct and indirect. The former
category includes parenchymal (ILD) and vascular diseases (PAH) and the latter includes
aspiration due to gastroesophageal reflux associated with esophageal sphincter fibrosis.

2.2.1. Clinical Features of SSc-ILD

The key pathophysiology of SSc encompasses a triad of immune activation, vascu-
lopathy, and fibrosis. Due to fibrosis and vasculopathy, the lung involvement of SSc most
often manifests as ILD and/or PAH. ILD develops more frequently in the diffuse than
limited cutaneous subset, particularly in the presence of antitopoisomerase I antibodies.
SSc-specific anti-U3 RNP and anti-Th/To are also associated with SSc-ILD [39].

As many as 90% of SSc patients show ILD [3]. Among 3656 SSc patients from the
European Scleroderma Trials and Research group, ILD was observed by plain chest radio-
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graphy in approximately half of the patients with the diffuse cutaneous SSc and in one
third of the patients with the limited cutaneous SSc [40]. Regarding severity, moderate
(FVC of 50–75%) to severe (FVC < 50%) restrictive lung disease was found in 40% of SSc
patients [41]. The pulmonary function of SSc-ILD patients mostly declines during the
first several years after the onset of non-Raynaud’s symptoms, but the progression rate
of decline is best predicted by the baseline severity of the lung function or fibrosis [1]. A
greater impairment at baseline predicts more progression in the future. Further, there are a
significant proportion of patients not treated without progression [42], suggesting that the
clinical course of SSc-ILD is variable [43].

The predominant histologic pattern of SSc-ILD is NSIP based on biopsy and/or
HRCT [1,3,44]. However, the histologic pattern does not affect the clinical outcome of
SSc-ILD [1,7,44]. Because fibrosis is the main histologic finding other than inflammation,
even GGO represents fine reticulation and is rarely reversed but replaced later by overt
fibrotic findings such as reticulation or honeycombing [45,46].

The mortality of SSc patients showed an overall three-fold increased standardized
mortality ratio compared to the general population [47]: the survival of SSc patients was
74.9% at 5 years and 62.5% at 10 years from the diagnosis, with the mortality risk in the
presence of ILD being 2.9-fold compared to in the absence of ILD [47].

2.2.2. Pharmacologic Treatment of SSc-ILD

The lung function of SSc patients with FVC of ≥80% at baseline rarely declines [43].
Thus, symptomatic patients are the primary target of treatments, particularly those whose
ILD is moderate-to-severe or shows progression. The recent European consensus state-
ments presented an agreement on screening of ILD for all SSc patients at baseline particu-
larly in the presence of risk factors (diffuse cutaneous subset, antitopoisomerase antibody,
low DLCO) preferably by HRCT but also with pulmonary function test (PFT) and clinical
assessment as supporting tools [48]. The statements recommend treatment for all severe
cases defined by PFT or HRCT, and for those who progress based on clinical assessment,
HRCT, and/or PFT. However, the statements did not specify the threshold to define severe
ILD or when to initiate or escalate treatment. Those who have symptoms that are progres-
sively deteriorating (newly developed functional class II and more), whose FVC and/or
DLCO decline is large enough (≥10% and ≥15%, respectively) [49,50], or whose FVC or
DLCO is severe enough to justify treatment-related adverse events (refer to the inclusion
criteria for Scleroderma Lung Study or SENSCIS trial below) [51–53] would be reasonable
candidates to initiate or escalate treatment.

Treatment with Conventional Agents

Until recently, the treatment SSc-ILD has relied on immunosuppressants such as CYC
and MMF based on the RCT data [51,52,54]. Since GGO of SSc-ILD often indicates fine
fibrosis rather than inflammation [45,46], these immunosuppressive treatments stabilize
rather than improve such lesions.

In the Scleroderma Lung Study (SLS) I on 158 SSc patients with symptomatic ILD
(active alveolitis on imaging and FVC ranging between 45–85%) [51], the mean absolute
difference of FVC% predicted at 12 months (2.53%, p < 0.03) was significantly in favor of oral
CYC over placebo. When the patients were followed for another one year after stopping
the medication, the effect was maintained or even greater at six months after treatment
termination but disappeared by one year [52]. According to the subgroup analysis, a greater
response to CYC was linked to more severe lung disease at baseline [52]. In SLS II, the
efficacy of the two-year treatment with MMF was comparable to that of the one-year
treatment with oral CYC at 24 months (mean FVC improvement from baseline of 2.17% in
the MMF group versus 2.86% in the CYC group) [54]. The adverse events were less with the
former drug. The 2017 updated EULAR recommendations still suggest CYC preferentially
over MMF [55], but MMF is a viable first line treatment for patients who are susceptible to
the toxicity of CYC.
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Treatment with Targeted Agents

Antifibrotics

The SENSCIS trial was performed on 576 patients with SSc-ILD (mean age 54.6 years,
74–76% female) of at least 10% extent of the lung [53]. The entry criteria of ILD required
% predicted FVC ≥ 40% and % predicted DLCO ranging in 30–90%. The % predicted
FVC of included patients was 72% and DLCO 53% at baseline. Of the patients included in
the study, 48.4% were taking background MMF. After 52 weeks of treatment, nintedanib
(150mg twice daily) was associated with a lower annual rate of FVC decline compared to
the placebo treatment (−52.4 mL/year versus −93.3 mL/year). The curves for the FVC
change from the baseline separated by 12 weeks and continued to diverge until the end of
study. The effect of nintedanib was additive when combined with MMF: the annual rates
of change in FVC among the patients receiving mycophenolate were −40.2 mL/year in
the nintedanib group and −66.5 mL/year in the placebo group, and the corresponding
rates among the patients who were not receiving mycophenolate were −63.9 mL/year
and −119.3 mL/year. Of note, the SENSCIS trial did not show any treatment effect on the
skin fibrosis. According to the subgroup analysis, the effect of nintedanib was consistent
regardless of the use of MMF, suggesting that there is no synergy but additive effect
between nintedanib and MMF [56]. The gastrointestinal adverse (e.g., diarrhea) events
were more common in the SENSCIS trial compared to the INPULSIS trials probably due to
the gastrointestinal involvement by SSc itself [26,53]. The post hoc analysis on the SENSCIS
trial showed that the effect of nintedanib was significant to prevent % predicted FVC
decline of >10% but not of >5% [57]. An open label extension study is ongoing to provide
long term data on nintedanib use in patients with SSc-ILD (ClinicalTrials.gov number,
NCT03313180). Based on the SENSCIS trial [53], nintedanib was approved to treat SSc-ILD
by the FDA in 2019 and by the European Medicines Agency (EMA) in 2020.

The acceptable safety and tolerability of the antifibrotic agent pirfenidone were re-
ported among patients with SSc-ILD [58], but its efficacy needs to be assessed in further clin-
ical trials. There are two ongoing RCTs on SSc-ILD. The efficacy and safety of pirfenidone
is now being assessed in a phase 3 study on 144 SSc-ILD patients (ClinicalTrials.gov num-
ber, NCT03856853). In addition, the SLS III study (phase 2) will randomize 150 patients
with SSc-ILD to pirfenidone versus placebo, with background MMF, over 18 months of
follow-up (ClinicalTrials.gov number, NCT03221257), to assess the effect of combination
treatment of pirfenidone and MMF versus MMF alone.

Biologics

Promising benefits in SSc-ILD from biologics have recently been suggested. In the
phase II faSScinate trial that assessed the skin fibrosis as the primary outcome and lung
function as the secondary outcome, 48-week treatment with tocilizumab (TCZ) provided
an encouraging numerical improvement in the modified Rodnan skin scores and evidence
of less decline in lung function [59]. During another 48-week open-label extension period
of TCZ treatment, skin score improvement and FVC stabilization were observed in the
placebo-treated patients who transitioned to tocilizumab [60]. In the faSScinate study, the
patient population showing benefits from TCZ had a shorter duration of disease (mean
disease duration, 1.6 years), increased serum acute phase reactants, progressive skin disease,
and low normal mean FVC levels (mean predicted FVC%, 81%) at the study baseline. These
findings may suggest that more inflammatory process is involved during the early phase
of the disease, where immunosuppressive or anti-inflammatory treatment can provide
more benefits. In the subsequent focuSSced study of the multinational background on
210 patients with early diffuse cutaneous SSc (duration ≤ 5 years) [61], TCZ and placebo
were compared regarding skin fibrosis (primary outcome) and lung function (secondary
outcome). After 48 weeks, the skin fibrosis endpoint was not met but the FVC loss was
more in favor of the TCZ group than the placebo (between-group difference, 241 mL,
p = 0.002). The results of the focuSSced study on FVC should be interpreted with caution
because the SSc-ILD was not the primary outcome and only 65% of enrolled patients
had SSc-ILD at baseline. Controlled studies are awaited to assess whether TCZ has an

105



Pharmaceuticals 2021, 14, 251

effect in patients with severe established SSc lung disease. In addition, the paradoxical
response of aggravating ILD has been also reported from TCZ treatment [19], indicating
that meticulous monitoring of ILD is mandatory before and after treatment despite the
overall benefits of TCZ in patients with ILD.

Rituximab has also been used to treat SSc-ILD. In an open-label RCT on 60 patients
with SSc-ILD, the RTX treatment showed a significantly better patient response than
the CYC treatment in terms of improvement in FVC and skin fibrosis [62]. However, a
propensity score matched observational study showed that the proportion of patients with
FVC decline of ≥10% was similar regardless of RTX treatment. Nevertheless, patients
treated with RTX were more likely to stop or decrease steroid use [63]. According to the
experts, rituximab was considered as one of the first induction agents for SSc-ILD in
addition to MMF or CYC [64]. An ongoing trial (RECITAL) is comparing rituximab and
CYC for RD-ILD including SSc-ILD [65].

General Treatment Strategy for SSc-ILD

For those who are asymptomatic with minimal extent of ILD (e.g., FVC > 80%),
watchful monitoring without treatment is justified [42,43]. For those who need treatment,
the EULAR guidelines endorse CYC over MMF as the first line treatment for SSc-ILD [55]
while the European consensus statements consider CYC and MMF, and nintedanib as
equivalent options for treatment initiation or escalation [48]. The subgroup analysis of
SENSCIS showed a comparable FVC change between placebo with baseline MMF group
(−66.5 mL/year) versus nintedanib without baseline MMF group (−63.5 mL/year) [53].
Thus, whether to use antifibrotics as a first line treatment needs further data (e.g., head-to-
head comparison between immunosuppressants versus antifibrotics) and discussion. A
reasonable approach would be to switch to or add nintedanib when refractory to CYC or
MMF. Although some evidence emerged suggestive of the benefits with TCZ and RTX on
lung function, such evidence is only exploratory and needs to be confirmed in an RCT that
examines lung function as the primary end point.

2.3. Myositis Associated Interstitial Lung Disease (Myositis-ILD)

As in SSc, the pulmonary manifestations of myositis can be categorized as direct and
indirect. The direct involvements are mostly ILD. The indirect involvements consist of
aspiration pneumonia due to pharyngeal muscle weakness and hypoventilation due to
respiratory muscle weakness [66].

2.3.1. Clinical Course of Myositis-ILD

A majority of myositis-associated lung involvement manifests as ILD. Unlike in
SSc, isolated PAH is rare in myositis [67]. ILD manifests early in the course of myositis,
often found at the time of diagnosis [4,68,69]. Being prevalent in up to two thirds of
myositis patients [4,69], more than 90% of myositis patients develop ILD in the presence of
antiaminoacyl tRNA synthetase (ARS) antibody [70]. The clinical course of myositis-ILD
is diverse but distinguished from SSc-ILD in that as many as 20% of myositis-ILD cases
manifest as a rapidly progressive form that challenges successful treatment [69]. This
contrasts with SSc-ILD, where fibrosis is the hallmark of the disease, causing more chronic
progression. Such difference indicates that inflammatory process is a dominant process in
myositis-ILD, generally in proportion to symptom deterioration rate, and culminates in the
rapidly progressive form in which respiratory failure can occur even within days [71,72].

While NSIP is most common for myositis-ILD in general [1], DAD is more common in
case of the rapidly progressive type [70]. The rapidly progressive ILD tends to cluster in
patients with either classic DM or amyopathic dermatomyositis than polymyositis, particu-
larly in the presence of antimelanoma differentiation-associated gene 5 (anti-MDA5) [73].
Myositis-ILD of the rapidly progressive type is refractory to treatment leading to a high
mortality [72].
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The treatment response of myositis-ILD follows the underlying histological pat-
tern [69,74,75]. OP is well treated by steroids alone, whereas DAD and UIP respond
poorly even to combination therapy [69,74]. The treatment response of NSIP depends
upon the degree of inflammation compared to fibrosis [75]. Biomarker studies showed
that high serum levels of ferritin, IL-18, or soluble CD206 (macrophage mannose receptor)
were associated with a poor treatment response among patients with anti-MDA5-positive
ILD [76,77].

2.3.2. Pharmacologic Treatment of Myositis-ILD

Due to the rarity of the disease and the heterogeneous clinical subsets within the
disease, the treatment of myositis-ILD most often relies upon empirical therapy consisting
of steroids combined with conventional immunosuppressives such as CYC, cyclosporine,
or MMF without sufficient data supported by RCTs [1]. Even more limited are the data
for targeted treatments. A recent Japanese study showed that the initial combination
treatment with high dose steroid, tacrolimus, and CYC with or without plasmapheresis
was associated with a better response in anti-MDA5-positive ILD patients compared to
step-up therapy from initial high-dose steroids [78]. This finding also put emphasis on the
early aggressive treatment for anti-MDA5-positive, rapidly progressive ILD. Moreover, a
Spanish expert group agreed that anti-MDA5-positive ILD should be similarly treated [79].
Of note, despite the disease-specific anti-MDA5 autoantibody, successful treatment with
rituximab has only been anecdotally reported [80].

2.4. Future Treatment Strategies for Rheumatic Disease Associated Interstitial Lung Disease

Nintedanib and pirfenidone slow but do not halt the progression of IPF. Thus, in-
terest in the combination of the two drugs is growing, but more data are needed on the
safety and efficacy of combination therapy. There are a few studies that showed relatively
acceptable tolerability and safety of the two drugs combined for a short-term period
(12~24 weeks) [37,38]: the combination was completed in two thirds of patients despite a
higher adverse event rate compared to the single drug treatment. However, there have
yet to be large randomized controlled trials assessing whether combination therapy has
increased efficacy compared to treatment with a single antifibrotic drug.

Several clinical trials evaluating the efficacy of the new drugs on pulmonary outcomes
are underway. The ISABELA 1 and 2 trials are now ongoing to examine the effect of auto-
taxin inhibitor GB-0998 among patients with IPF (ClinicalTrials.gov number, NCT03711162;
NCT03733444) [81]. A phase 2 RCT of bortezomib plus MMF versus MMF alone on patients
with SSc-ILD is currently ongoing (ClinicalTrials.gov number, NCT02370693). Romilkimab,
a monoclonal antibody targeting IL-4 and IL-13, showed efficacy after 24 weeks on skin
fibrosis associated with diffuse SSc under background immunosuppressive agents in a
phase 2 pilot study [82]. However, it failed to show benefits in the of IPF after 52 weeks [83].
Guselkumab (monoclonal antibody that blocks IL-23) is under investigation in SSc patients
with skin fibrosis as the primary outcome of and lung function as one of the secondary
outcomes (ClinicalTrials.gov number, NCT04683029).

3. Pulmonary Arterial Hypertension (PAH)

Abnormal proliferation, vasoconstriction, and thrombosis of the pulmonary vascula-
ture are the main pathogenic mechanisms of PAH. Right heart catheterization (RHC) is the
gold standard to diagnose PAH using the criteria of a mean pulmonary arterial pressure of
≥25 mmHg and a pulmonary capillary wedge pressure of ≤15 mmHg [84].

3.1. Systemic Sclerosis Associated Pulmonary Arterial Hypertension (SSc-PAH)

Not only isolated PAH but also PH secondary to either left heart dysfunction or ILD
progression can occur in SSc, either separately or in combination. The SSc-PAH shows a
unique phenotype of PAH with a worst prognosis compared to idiopathic or non-SSc RD-
PAH [85,86].
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3.1.1. Clinical Features of SSc-PAH

The mortality risk of SSc patients increases by 3-fold in the presence of PAH, showing
PAH is a deadly complication of SSc patients [87]. Therefore, patients should be screened
for PAH based on symptoms, echocardiography, and DLCO patterns and undergo RHC if
identified as high-risk [88,89]. With RHC, SSc-PAH was found in approximately 10% of
these high-risk candidates. The limited rather than the diffuse cutaneous subset shows
a higher prevalence of SSc-PAH, which was observed in up to half of the patients with
CREST syndrome [90]. It was reported that 50% of SSc-PAH occurs within five years from
the first non-Raynaud phenomenon symptom with the mean interval from SSc diagnosis
to PAH occurrence of 6.3 years [91].

Like those with idiopathic PAH, patients with SSc-PAH are either clinically silent
or show only nonspecific symptoms until their disease is advanced. Therefore, active
surveillance is the key to early intervention, which indeed led to better survival compared
to passive identification [92]. In SSc patients, male sex, old age, overt vasculopathy such as
telangiectasia and digital ulcers, anticentromere or anti-U3 RNP antibodies, and the limited
cutaneous subset (e.g., CREST syndrome) were identified as risk factors for PAH [93]. How-
ever, both the sensitivity and the specificity of these risk factors are limited. Other findings
suggestive of PAH include elevated levels of the N-terminal probrain natriuretic peptide
(NT-proBNP) or disproportionately low DLCO [94,95]. In particular, echocardiographic
measures are one of the important screening tools to identify candidates for RHC. For ex-
ample, a tricuspid regurgitation (TR) velocity of ≥2.5 m/s is considered one of the findings
highly suggestive of PAH [96]. However, the sensitivity at this TR velocity threshold is
limited, missing 20% of the mild PAH patients [96,97]. DETECT is a multidimensional
algorithm to identify SSc patients at a high risk of PAH, used as the active surveillance
strategy to avoid the delayed diagnosis of PAH [1,96]. Among 57 DETECT enrollees with
SSc-PAH, 44% progressed during a median follow-up of 12.6 months [98]. The factors
associated with progression were male gender, disproportionately low DLCO, and poor
functional capacity. A more simplified and practical algorithm proposed in 2013 to initially
screen SSc patients uses PFT, echocardiography, and NT-proBNP for referral for RHC [99]
(Table 2).

In a recent prospective observational study, 93 SSc-ILD patients were screened and
underwent RHC following the above 2013 algorithm. Of these, 31.2% were found to have
RHC-proven PAH, and the survival rate was 91% at three years [100]. This improved
survival is striking compared to the exceptionally grave prognosis (survival of 39% at three
years) previously reported for SSc patients with coexisting ILD and PAH [101]. Based on
this finding, the poor prognosis of SSc-PAH patients compared to patients with idiopathic
or PAH of other rheumatic diseases could be due to delayed diagnosis and treatment [85,86],
and early treatment is paramount for better survival.

3.1.2. Pharmacological Treatment of SSc-PAH
Treatment with Conventional Agents

Immunosuppression against the hyperimmune state of SSc is never sufficient to stop
SSc-PAH progression due to fibrotic and proliferative pathways driven by nonimmune
cells. An acute vasoreactive response is observed in 10% of the patients with RD-PAH, but
the response to calcium channel blockers beyond 3–4 months is preserved in less than 1%
of these patients [102].
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Table 2. Screening algorithm for SSc-PAH proposed in 2013 a.

Quality of Evidence
All patients with SSc should be screened for PAH Moderate
Initial screening evaluation in patients with SSc or SSc-spectrum disorders

▶ Pulmonary function test (PFT) with diffusion capacity of carbon monoxide (DLCO) High

▶ Transthoracic echocardiography (TTE) High

▶N-terminal probrain natriuretic peptide (NT-proBNP) Moderate

▶DETECT algorithm if DLCO% < 60% and >3 years disease duration from non-RP Moderate

Recommendations for right heart catheterization for SSc or SSc-spectrum disorders
Screening method Parameter cut-off Signs/symptoms requirement b

PFT c FVC/DLCO ratio > 1.6 and/or
DLCO < 60% Yes High

FVC/DLCO ratio > 1.6 and/or
DLCO < 60% plusNT-proBNP > 2
x upper limit of normal

No High

TTE TR velocity Yes High

2.5–2.8 m/s No High

>2.8 m/s No High

Cavity enlargements irrespective
of TR velocityRA major
dimension > 53 mm orRV
mid-cavity dimension > 35 mm

Composite
Meets DETECT algorithm with
DLCO% < 60% and >3 years of
disease duration

No Moderate

a Cited and modified from “Recommendations for screening and detection of connective tissue disease-associated pulmonary arterial
hypertension” by Khanna D, et al. Arthritis Rheum 2013; 65: 3194–3201 [99]. b Symptoms: dyspnea upon rest or exercise, fatigue,
presyncope/syncope, chest pain, palpitations, dizziness, lightheadedness. Signs: loud pulmonic sound, peripheral edema. c Without
overt systolic dysfunction, greater than grade I diastolic dysfunction, greater than mild mitral or aortic valve disease, or evidence of PAH
in echocardiography. DLCO = diffusion capacity of carbon monoxide; FVC = forced vital capacity; NT-proBNP = N-terminal probrain
natriuretic peptide; PAH = pulmonary arterial hypertension; PFT = pulmonary function test; RA = right atrium; RV = right ventricle;
SSc = systemic sclerosis; TTE = transthoracic echocardiography.

Treatment with Targeted Agents and Risk Stratification

Although the autoimmune process may be the fundamental mechanism orchestrating
the initiation and progression of RD-PAH, its downstream effects involve nonimmune com-
ponents as well, leading to pulmonary vascular remodeling. In particular, the treatment
effect of anti-inflammatory agents is limited in lung diseases associated with SSc, indicating
that noninflammatory pathways play a dominant role. In PAH, endothelial dysfunction
due to abnormally regulated vasoactive and/or proliferative mediators induces vascular
constriction and remodeling. Currently, three pathways important in endothelial function
are targeted by PAH treatments, endothelin-1, nitric oxide (NO), and prostacyclin path-
ways [103]. Endothelin receptor antagonist (ERA), phosphodiesterase 5 inhibitor (PDE5i),
and soluble guanylate cyclase (sGC) stimulator, which potentiate the effect of nitric oxide
(NO), as well as prostacyclin analogs (PCA), are commercially available (Table 3).
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Table 3. Efficacy of drug monotherapy for group 1 PAH according to WHO functional class a.

Class b-Level c

WHO-FC II WHO-FC III WHO-FC IV

ERA

Ambrisentan I A I A IIb C

Bosentan I A I A IIb C

Macitentan I B I B IIb C

PDE5i

Sildenafil I A I A IIb C

Tadalafil I B I B IIb C

Vardenafil IIb B IIb B IIb C

sGC stimulator Riociguat I B I B IIb C

PCA

Epoprostenol Intravenous - - I A I A

Iloprost
Inhaled - - I B IIb C

Intravenous - - IIa C IIb C

Treprostinil

Subcutaneous - - I B IIb C

Inhaled - - I B IIb C

Intravenous - - IIa C IIb C

Oral - - IIb B - -

Beraprost - - IIb IIb - -

Selexipag [oral] I B I B - -

a Cited and modified from “2015 European Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines for the diagnosis
and treatment of pulmonary hypertension” by Galiè N et al. Eur Heart J. 2016; 37:67–119 [97], b Class of recommendation, c level of evidence,
ERA = endothelin receptor antagonist; PDE5i = phosphodiesterase 5 inhibitor; sGC = soluble guanylate cyclase; PAH = pulmonary arterial
hypertension; PCA = prostacyclin analog or receptor antagonist; WHO = World Health Organization; FC = functional class.

According to the 2017 EULAR recommendations [55], ERA (ambrisentan, bosentan,
and macitentan), PDE5i (sildenafil and tadalafil), and an sGC stimulator (riociguats) are
considered the first-line options for treating SSc-PAH based on high-quality RCTs that
showed improvement in exercise capacity, the time to clinical worsening (defined as
a composite of death, hospitalization, and disease progression), and/or PAH-related
hemodynamics in heterogeneous patients with PAH including RD-PAH. These studies
were not powered to show the independent efficacy of the SSc-PAH subgroup, but the
EULAR recommendations are based on the extrapolation of the high-quality RCT results.
In the subgroup analyses, the direction of the results was not different between patients
with idiopathic PAH and RD-PAH. In the idiopathic PAH, significant improvements in
exercise capacity and reductions in mortality (pooled effect, 44% reduction; p < 0.041) by
these treatments were demonstrated [104].

A high-quality RCT showed that continuous intravenous epoprostenol (a prostacyclin
analog) administration improved exercise capacity, functional class, and hemodynamics in
patients with SSc-PAH [105]. The administration of continuous intravenous epoprostenol
requires an indwelling central venous catheter and abrupt cessation of the drug may cause
PAH rebound that can be fatal. Thus, the EULAR recommendations suggest that this
treatment should be considered for severe SSc-PAH of class III and IV [55]. In addition to
epoprostenol, other PCAs (iloprost and treprostinil) showed similar results in high-quality
RCTs on heterogeneous patients with PAH including RD-PAH and are also approved
for the treatment of PAH including RD-PAH [55]. Although not commented in EULAR
recommendations, selexipag, an oral selective prostacyclin IP receptor agonist, has shown
efficacy in the phase 3 GRIPHON trial of reducing the risk of a primary composite endpoint
of morbidity and mortality by 40% and 41% in PAH and RD-PAH (majority, SSc-PAH),
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respectively [106,107]. Selexipag is the only oral prostacyclin receptor agonist that showed
a reduction of morbidity and mortality in a RCT.

In addition to the application of individual drugs that target each corresponding
pathway, the advancements in recent treatment strategies include the risk assessment
of PAH patients and linking the baseline severity of PAH to the subsequent treatment
intensity or escalation [97,103]. According to the 2015 European Society of Cardiology
(ESC)/European Respiratory Society (ERS) pulmonary hypertension guidelines [97], a
multiparametric approach should be considered to stratify patients into low-, intermediate-
or high-risk groups for 1-year mortality using clinical (clinical signs of right heart failure, the
progression of symptoms, and syncope), functional class (WHO or NYHA class), exercise
(6-min walking distance and cardiopulmonary exercise testing), biochemical (NT-proBNP),
and echocardiographic/hemodynamic parameters (Table 4).

Table 4. 2015 European Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines for the risk assessment
of patients with PAH a.

Estimated 1-Year Mortality
Parameters of Prognosis

Low Risk < 5% Low Risk < 5% Low Risk < 5%

Clinical signs of right heart
failure Absent Absent Present

Progression of symptoms No Slow Rapid

Syncope No Occasional syncope b Repeated syncope c

WHO functional class I, II III IV

6MWD >440 m 165–440 m <165 m

Cardiopulmonary exercise
testing

Peak VO2 > 15 mL/min/kg
(>65% predicted)

VE/VCO2 slope < 36

Peak VO2 >15 mL/min/kg
(35–65% predicted)

VE/VCO2 slope < 36

Peak VO2 <11 mL/min/kg
(<35% predicted)

VE/VCO2 slope ≥ 45

NT-proBNP levels BNP < 50 ng/L
NT-proBNP < 300 ng/L

BNP 50–300 ng/L
NT-proBNP 300–1400 ng/L

BNP >300 ng/L
NT-proBNP > 1400 ng/L

Imaging (echocardiography,
CMR imaging)

RA area <18 cm2

No pericardial effusion VE/VCO2 slope < 36 RA area > 26 cm2

pericardial effusion

Hemodynamics
RAP < 8 mmHg

CI ≥ 2.5 L/min/m2

SvO2 > 65%

RAP 8–14 mmHg
CI 2.0–2.4 L/min/m2

SvO2 60–65%

RAP > 14 mmHg
CI < 2.0 L/min/m2

SvO2 < 60%

a Cited and modified from “2015 European Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines for the diagnosis
and treatment of pulmonary hypertension” Galiè N, et al. Eur Heart J. 2016;37:67–119 [97]. b Occasional syncope during brisk or heavy
exercise, or occasional orthostatic syncope in an otherwise stable patient. c Repeated episodes of syncope even with little or regular
physical activity. 6MWD = 6-min walking distance; BNP = brain natriuretic peptide; CI = cardiac index; CMR = cardiac magnetic resonance;
NT-proBNP = N-terminal probrain natriuretic peptide; PAH = pulmonary arterial hypertension; RA = right atrium; RAP = right atrial
pressure; SvO2 = mixed venous oxygen saturation; VE/VCO2 = ventilatory equivalents for carbon dioxide; VO2 = oxygen consumption;
WHO = World Health Organization.

Another important feature of the 2015 ESC/ERS guidelines for PAH is the endorsement
of pre-emptive combination therapy targeting different endothelial pathways, particularly
for high-risk patients [97]. The most compelling evidence for such strategy came from the
recent AMBITION trial where a 50% reduction in the composite endpoint of clinical failure
events at 24 weeks was seen from treatment with the upfront combination of ambrisentan
and tadalafil compared to either drug alone in patients with PAH and RD-PAH [108].
Similarly, the add-on effect of a study drug (either macitentan, selexipag, or riociguat)
was observed in other RCTs when combined with a background PAH treatment using
a different class [106,109,110], also endorsing sequential combination therapy. Similar
evidence for upfront or initial combination or sequential combination therapy was also
observed in patients with RD-PAH including SSc-PAH [107,111,112]. The 2015 ESC/ERS

111



Pharmaceuticals 2021, 14, 251

guidelines also depict a treatment algorithm that recommends treatment escalation (double
to triple, maximal medical therapy including intravenous PCA) when the reassessment
in 3–6 months shows an insufficient response such as residual intermediate- or high-risk
status [97]. However, the evidence for the benefits of combination therapy remains to be
replicated, specifically for SSc-PAH in future studies.

4. Pulmonary Manifestations of Other Rheumatic Diseases

Other than RA, SSc, and myositis, Sjogren’s syndrome (SjS) and mixed connective
tissue disease (MCTD) also show a substantial prevalence of pulmonary manifestations
including ILD and PAH. Although the data on the epidemiology are growing in SjS and
MCTD, RCT data regarding the treatments are very limited. However, we may be able
to apply similar treatment strategies in SjS and MCTD as in other RDs described in this
review, based on the dominant underlying mechanism of fibrosis versus inflammation or
chronic progression versus acute exacerbation.

4.1. Sjogren’s Syndrome Associated Pulmonary Involvements

SjS is a systemic autoimmune disease primarily affecting exocrine glands, which
ultimately leads to the destruction of the given tissue [113]. The autoimmunity of SjS
activates both immune cells and glandular epithelial cells showing a histological lesion of
focal lymphocytic infiltrates, enriched in CD4+ T-cells, around the salivary and lachrymal
ducts and even in lung tissues [114]. Of note, the focus score of salivary glands has been
shown to correlate with the increased prevalence of airway disease and ILD in SjS [115].
These findings may suggest that the glandular and extraglandular lesions of SjS share
similar pathogenic pathways involving autoimmunity to epithelial cells.

The prevalence of pulmonary involvement in patients with SjS has been estimated
to range from 10% to 20% [116]. Airway disease and ILD are the predominant forms of
lung involvement among the pulmonary manifestations of SjS, but lymphoproliferative
disorders as well as cystic lesions are also observed [116]. The most common histologic
type of ILD associated with SjS was found to be NSIP followed by UIP and LIP [117,118],
with NSIP present in up to 45% of biopsied cases [117] and mostly of the fibrotic type [118].
Unlike RA-UIP, SjS-UIP tends to have a better response to immunotherapy as compared
to IPF [119]. LIP constitutes 15% of SjS-ILD, of which clinical course is variable from
complete resolution without treatment to progression and possible death or transformation
to lymphoma [120].

4.2. Mixed Connective Tissue Disease Associated Pulmonary Involvements

MCTD is characterized by mixed features of two or more RDs including but not
limited to SSc, myositis or systemic lupus erythematosus, with disease specific high titer
anti-U1 RNP antibodies [121]. The common pulmonary manifestations of MCTD are ILD
and PAH. A Norwegian nationwide cross-sectional study showed that 35% of MCTD
patients had lung fibrosis in HRCT after a mean disease duration 9 years [122]. A higher
rate of ILD was found (up to two thirds of the patients) in the hospital-based study [123].
In the Norwegian study, 19% of MCTD associated ILD (MCTD-ILD) was severe in extent
involving >50% of lung parenchyma [122]. However, the retrospective cohort study on
unselected 53 patients with a mean disease duration of 9 years in Brazil showed that 51%
of the patients had ILD at baseline with a mean FVC that remained stable at around 77%
over 10 years of follow-up and a mean DLCO that declined from 84% to 71% [124]. Such
discrepant findings leave a debate on the natural course of MCTD-ILD, and further cohort
studies at a larger scale are needed. Together with ILD, PAH is a major prognostic factor of
MCTD [125,126]. The Norwegian population-based prevalence of pulmonary hypertension
was reported to be less than 5% over 5.6 years [125], but PAH has been recognized as the
leading cause of death in patients with MCTD, explaining 41% of all deaths [126].
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5. Conclusions

ILD and PAH are the two most important prognostic factors in patients with RD
and are associated with significant morbidity and mortality. Early diagnosis and early
treatment are the key steps to the successful management of these two conditions, improv-
ing survival. In addition to conventional immunosuppressants, new targeted treatments
are under investigation and some have already been incorporated into the international
recommendations for treating RD-related ILD or PAH. However, more data are needed to
ensure that the efficacy and safety of drugs used to treat RD as a whole are demonstrated
for a specific RD.
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Abstract: Systemic sclerosis (SSc) is an autoimmune disease, characterized by the presence of gen-
eralized vasculopathy and tissue fibrosis. Collagen vascular disorder in SSc is due to fibroblast
and endothelial cell dysfunctions. This leads to collagen overproduction, vascular impairment and
immune system abnormalities and, in the last stage, multi-organ damage. Thus, to avoid organ
damage, which has a poor prognosis, all patients should be carefully evaluated and followed. This
is particularly important in the initial disease phase, so as to facilitate early identification of any
organ involvement and to allow for appropriate therapy. Pulmonary disease in SSc mainly involves
interstitial lung disease (ILD) and pulmonary arterial hypertension (PAH). High-resolution computed
tomography (HRCT) and pulmonary function tests (PFT) have been proposed to monitor parenchy-
mal damage. Although transthoracic echocardiography is the most commonly used screening tool
for PAH in SSc patients, definitive diagnosis necessitates confirmation by right heart catheterization
(RHC). Moreover, some studies have demonstrated that nailfold videocapillaroscopy (NVC) provides
an accurate evaluation of the microvascular damage in SSc and is able to predict internal organ
involvement, such as lung impairment. This review provides an overview of the correlation between
lung damage and microvascular involvement in SSc patients.

Keywords: systemic sclerosis; pulmonary involvement; microvascular involvement; pulmonary
arterial hypertension; interstitial lung disease; nailfold capillaroscopy

1. Introduction

Systemic sclerosis (SSc), a heterogeneous disease, is characterized by immune dys-
function, often leading to organ damage due to inflammation, endothelial dysfunction and
fibrosis [1–4]. SSc involves microcirculation structural and functional alterations [5–9]. The
main cause of death in SSc patients is not only collagen overproduction but also the effects
collagen overproduction has on the pulmonary system. This includes fibrosis or pulmonary
artery hypertension (PAH) [10–15]. Recent guidelines have recommend screening with high
resolution computed tomography (HRCT) to diagnose interstitial lung diseases (ILD) in
SSc patients at the baseline visit and once the diagnosis of ILD has been established [16,17],
whilst a combination of HRCT and pulmonary function tests is recommended to quantify
the extent and severity of ILD [16–19]. Screening for PAH in SSc is transthoracic echocar-
diography, which has a sensitivity of 90%, even if definitive diagnosis is to be confirmed by
right heart catheterization (RHC) [20–25]. Although nailfold videocapillaroscopy (NVC) is
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the validated method for assessing peripheral vascular damage [26–29], several studies
have demonstrated that NVC is capable of predicting internal organ involvement [27–35].

This review aims at providing updated information on the link between pulmonary
damage, i.e., ILD and PAH, and peripheral vascular manifestations, evaluated by NVC, in
SSc patients.

2. Pulmonary Manifestations

Pulmonary disease in SSc includes interstitial lung disease (ILD) and pulmonary
arterial hypertension (PAH) [36–38]. All SSc patients should be screened to detect any
ILD and PAH development, at diagnosis and periodically thereafter. Indeed, although
there has been no statistically significant change in the SSc mortality rate over the past
40 years, the proportion of deaths due to ILD and PAH has increased [36–41]. ILD and
PAH are the two main causes of death in SSc patients and account for 33% and 28% of
deaths, respectively [36–41]. Although ILD is reported to be more common in diffuse
cutaneous SSc (dcSSc) whilst PAH is reportedly more common in limited cutaneous SSc
(lcSSc), both pulmonary manifestations have been described in each of the disease subsets.
Patients with rarer phenotypes associated with antiTh/To and anti U3RNP antibodies may
have PAH and ILD concomitantly. Pulmonary disease may even occur in SSc with no skin
involvement, i.e., scleroderma sine scleroderma [36–41].

Although the clinical course varies from mild and asymptomatic to severely debili-
tating, most patients have some degree of pulmonary fibrosis [39,40]. The most common
early symptoms related to SSc pulmonary manifestations are exertional dyspnea and dry
cough and, in most cases, are non-specific findings [42–46]. Should this be the case, then a
differential diagnosis should be made to investigate/exclude SSc-ILD, PAH, decondition-
ing, chronic anemia and/or left heart involvement with a reduced or preserved ejection
fraction [42–46]. Considering the frequency of lung involvement in SSc and its impact on
prognosis, early recognition of lung involvement and prompt appropriate treatment is a
must [36–41]. Although there are inherent challenges in the management of both PAH and
ILD, with the early diagnosis, treatment may have a higher chance of efficacy for each of
these lung complications [2,10].

The etiologic or enhancing factors of pulmonary involvement in SSc patients are
still a question of debate. A previous study implicated genetic factors, i.e., HLA class II
(1–3). Others have implicated immunologic factors for which certain autoantibodies such
as anti–topoisomerase I (anti–topo I) may be markers [1–3]. The few studies that have
addressed the impact of race or ethnicity on lung involvement in early SSc suggest a worse
prognosis for nonwhite groups (e.g., African Americans, the Japanese population and
Choctaw Indians). However, ethnicity is not only defined by racial or genetic factors but
also by sociodemographic and cultural factors [1–4].

3. Interstitial Lung Disease

ILD complicates diffuse cutaneous SSc (dcSSc) in 53% of cases but may also be as-
sociated in 35% of cases with limited cutaneous SSc (lcSSc), as reported by the European
Scleroderma Trials and Research group (EUSTAR) [39,42]. Furthermore, several autopsy
studies reported that parenchymal involvement, in the form of ILD, was present in up
to 90% of SSc patients. Risk factors for ILD development include African American eth-
nicity, skin score, serum creatinine and creatine phosphokinase levels, hypothyroidism
and cardiac involvement [1,2,42–44]. Genetic factors, specific serological findings and
anti-topoisomerase and anti-endothelial cell antibodies can predict the presence of lung
involvement [1,2,42–44]. It is also reported that the patients with dcSSc have a higher
incidence of interstitial disease [1–3]. Predictors of severe restrictive lung disease (defined
by a forced vital capacity (FVC) of 50% predicted) include African American ethnicity, male
gender, the degree of physiological abnormalities at diagnosis (FVC and diffusing lung
capacity for carbon monoxide (DLCO)) and a younger age [1,2,46–48].

122



Pharmaceuticals 2021, 14, 403

Unfortunately, there are limited treatment options for this manifestation. This is due
to the paucity of high-quality, randomized, controlled trials that specifically target SSc-ILD.
Moreover, historically, studies have favored cyclophosphamide (CYC) for SSc-ILD treat-
ment, as also suggested in the most recent European League against Rheumatism (EULAR)
recommendations [2,49]. Supportive data have shown that nintedanib, a multi-tyrosine
kinase inhibitor, and tocilizumab (TCZ) significantly inhibit the progressive functional
decline [2,49]. Current innovative proposals have also recently been made on the basis of
clinical and preclinical evidence for rituximab (RTX) and pirfenidone (PIRF), as well as
hematopoietic stem cell and lung transplantation [2,49]. However, the safety and efficacy
of emerging experimental therapies for SSc-ILD do require further investigation.

Other findings were that high-resolution computed tomography (HRCT) evidenced
interstitial abnormalities in as many as 90% of patients, and 40–75% had changes in
pulmonary function tests (PFT) [46–52].

4. Imaging

SSc-ILD is diagnosed by HRCT, which is a simple non-invasive, sensitive investigation,
able to detect parenchymal lung disease [53–60]. However, despite its high sensitivity,
HRCT may be normal in some patients with pulmonary function test abnormalities or
abnormal chest auscultation (i.e., crackles) [46–48,58]. The absence of lung involvement
in HRCT at the time of disease presentation may lower the long-term risk of developing
SSc-ILD, as 85% of patients have a normal HRCT at an average 5 year follow-up [46–55].
These factors stress the importance of making an SSc-ILD diagnosis by combining clinical
findings, pulmonary function tests and HRCT abnormalities.

A common HRCT pattern of SSc-ILD is characterized by a greater proportion of
ground-glass opacities with a lower degree of reticulation, suggestive of nonspecific inter-
stitial pneumonia (NSIP). The predominant observations in the basal areas of the lungs
are low lung volumes and interstitial reticular thickening. In the late lung involvement
stages, pulmonary fibrosis manifests as traction bronchiectasis and honeycomb cysts, a
marker for usual interstitial pneumonia (UIP) [55–64] (Figure 1). These two alterations
have been observed in up to 33% of SSc-ILD patients, suggesting that these patients may
have a mixture (or overlap) of UIP and NSIP patterns [55–64].

Figure 1. A 43-year-old female with a diagnosis of systemic sclerosis. Axial high-resolution CT scan obtained in the supine
position shows subtle ground-glass opacities in the subpleural regions of the lung bases, suspicious for NSIP (non-specific
interstitial pneumonia) (a). When these findings are not prominent, an additional scan can be acquired in the prone position
to differentiate ground-glass opacities due to gravitational phenomena from interstitial lung disease. In this patient the
ground-glass opacities persist in the prone position, confirming the interstitial lung involvement (b). Additional systemic
sclerosis-related findings should be searched for, such as a dilated esophagus on images reconstructed using an appropriate
mediastinal window setting (c).

Even when treated, ground-glass opacities progress to fibrosis and lead to honey-
combing/traction bronchiectasis and/or bronchiectasis formation over time in up to 60%
of patients [55–64]. There is a correlation between ground-glass opacities/consolidation
and active inflammation, whilst reticular opacities/honeycombing correlate with fibrotic
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lesions. There is a better treatment response in patients with HRCT features of ground-glass
opacities, as they are markers of inflammation and reversible lung injury [50–52,64–67].

Although the HRCT pattern correlates well with histology, nowadays lung biopsies
are rarely performed, except for the exclusion of other parenchymal processes [52–55].
However, when performed, histology analysis shows interstitial fibrosis with temporal
homogeneity and a modest inflammatory cell infiltrate (i.e., fibrotic NSIP) [42–44,52–55].

It has been observed that HRCT is more sensitive than chest radiography (CR) in
diagnosing and characterizing SSc-related lung diseases, as there may be a normal CR in early
lung involvement and even in some patients with pulmonary symptoms [58,64,67]. Moreover,
ILD HRCT findings correlate more closely with pulmonary function test abnormalities,
demonstrating that SSc-related lung injury is a restrictive disorder, associated with low lung
volumes, and a diffusion disorder, which impairs carbon monoxide diffusion capacity [55,58].

Chest HRCT findings also have prognostic implications in SSc and SSc-ILD. The
absence of lung involvement in HRCT at the time of disease presentation is a good long-
term prognostic indicator of SSc-ILD [42,64]. Conversely, the presence of SSc-ILD and
its extent, quantified by both visual semi-quantitative and software-based quantitative
methods, are able to predict disease-related mortality [64,65]. Along with parenchymal
features, lung vessels have also been recently investigated on HRCT. It was observed that
the extent of lung volume occupied by vessels has a statistically significant correlation with
the extent of SSc-ILD, ILD-related restrictive functional changes and decline in the diffusion
capacity of carbon monoxide (DLCO) among SSc patients with or without ILD [51,65–67].

Recently, various radiation-free modalities have been tested, and it seems that lung
MRI may be a promising tool for SSc-ILD detection and prognostication [68]. This may
be due to the fact that MRI is capable of differentiating inflammation-predominant ver-
sus fibrosis-predominant lesions, offering information as to the choice for more anti-
inflammatory or more anti-fibrotic targeting medications [68]. Moreover, ultrasound lung
investigations are becoming widespread in the SSc-ILD field due to their potential for ILD
screening [69–71]. Ultrasound correlates well with ILD extent and lung impairment and
has a significant prognostic value in the evaluation of lung involvement, even if further
studies are required to support the use of the technique [69–71].

5. Pulmonary Function Tests

Pulmonary function tests (PFT) are essential, readily available non-invasive tests able
to detect SSc-related pulmonary changes. PFT in SSc-ILD is characterized by a restric-
tive ventilatory defect with a decrease in functional vital capacity (FVC) and/or total
lung capacity (TLC), a preserved forced expiratory volume in 1 s (FEV1), a normal or
increased FEV1/FVC ratio and a DLCO reduction [72–77]. SSc survival has been inversely
correlated with the degree of restrictive ventilatory defect on pulmonary function tests.
Several studies have reported an 87% 10-year survival rate in patients with minimal to
absent restriction and a 75% and 58% 10-year survival rate in patients with moderate or
severe restriction [72–77]. Both FVC and DLCO have been identified as adverse prognostic
markers in SSc-related lung injury. Indeed, almost all patients have a reduced DLCO, along
with other pulmonary function test abnormalities. However, a reduced DLCO is the single
most significant marker of poor outcome and correlates with the extent of lung disease on
HRCT [72–77]. An important factor, not to be overlooked, is the fact that although patients
with early SSc-ILD may have signs of lung disease at HRCT and a DLCO decrease, they
may also have preserved lung volumes [72–77].

Recent studies have demonstrated that more than 60% of SSc-ILD patients had normal
PFT at HRCT [72–77]. Therefore, although PFT is an important diagnostic tool for SSc-ILD, it is
not sensitive enough make an early detection [72–77]. Regular annual PFT after SSc diagnosis
may be useful to evidence any changes in lung function that are indicative of ILD [72–77].

The reduced DLCO levels observed in SSc-ILD are due to a variable combination of
a reduction in alveolar volume and/or thickening of the alveolar–capillary membrane.
Impaired DLCO in SSc-induced lung injury is usually secondary to two main pathological
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conditions, i.e., ILD and PAH, even if it may be observed without these complications.
Indeed, an isolated DLCO impairment, with reduced FVC/TLC and clinical and/or radio-
logical signs of parenchymal lung involvement, has been attributed to lung vasculopathy
and could be considered a good prognostic sign, even it may rarely be associated with the
future development of PAH or SSc-ILD [72–78].

Up until 2010, the most common outcome test used in clinical lung disease studies
was the DLCO evaluation, which was later surpassed by FVC. Indeed, the FVC percentage
predicted the primary endpoint in 70.4% of studies, whilst only 11.3% of DLCO evaluations
were predictive. To the best of our knowledge, only five studies specifically aimed to
validate PFT: two concluded that the extent of SSc-ILD was best measured by DLCO whilst
the other three did not favor any PFT parameter. These studies also showed validity
measures for total lung capacity (TLC). Despite the current preference for FVC, available
evidence suggests that DLCO and TLC should not yet be discounted as potential surrogate
markers for SSc-ILD progression [55,72–78].

6. Pulmonary Arterial Hypertension

The highest prevalence of PAH amongst the various connective tissue diseases is ob-
served in SSc patients, and it may occur in all forms [20–25]. The main pathophysiological
alteration in SSc-PAH is small vessel vasculopathy [20–25,43,51]. This is usually diagnosed 10
to 15 years after SSc onset and is associated with early mortality [20–25,51]. PAH was previ-
ously defined as an average pulmonary artery pressure (mPAP) of ≥ 25 mmHg, assessed by
right heart catheterization (RHC), with an mPAP between 21 mmHg and 24 mmHg, which was
considered “borderline pulmonary hypertension” (Bo-PAH) [19,78]. At the 6th World Sympo-
sium of Pulmonary Hypertension, PAH was finally defined as an mPAP of ≥ 21 mmHg with
a peripheral vascular resistance (PRV) of ≥ 3 Woods Units (WU) [19,78].

The presence of PAH in SSc may be the result of vaso-occlusive pulmonary artery
hypertension (SSc-PAH), left ventricular heart dysfunction or pulmonary hypoxic disease,
classified as group 1, 2 and 3 PAH, respectively [19,78]. Group 1 includes patients with
isolated PAH without ILD, whilst PAH patients with ILD are classified into group 3, in the
PH classification [19,78].

7. Screening

Our understating of this condition has been changed by the development of systematic
algorithms for early diagnosis over the last decade and the data from the follow-up cohorts
of incidental SSc-PAH [24]. Indeed, echocardiograph assessment is the most frequently used
screening tool to identify candidates for RHC, and a tricuspid regurgitation (TR) velocity
of ≥ 2.5 m/s is considered to be highly suggestive of PAH [78]. However, the sensitivity at
this TR velocity threshold is limited and misses 20% of mild PAH patients [19,78].

Other studies documented that 55–86% of patients with an echocardiography finding
suggestive of pulmonary hypertension (e.g., a right ventricular systolic pressure (RVSP) of
30 to 40 mmHg or higher, with or without symptoms) will have pulmonary hypertension on
RHC. When the measurement of RVSP is combined with an increase in right atrial or right
ventricular size, reduced pulmonary artery acceleration and decreased right ventricular
function, the specificity of echocardiography for pulmonary hypertension diagnosis will
be higher [78–84].

The multi-dimensional DETECT algorithm, the forced vital capacity (FVC)/diffusion
capacity for carbon monoxide (DLCO) ratio or N-terminal-pro-brain natriuretic pep-
tide (NT-pro-BNP) are all proven screening tools that support the early diagnosis of
SSc-PAH [24,75,79]. Reduced DLCO levels in PAH are due to vascular remodeling, which
leads to vessel wall tightening and arterial stiffness. The presence of a baseline isolated
marked reduction in DLCO (<55% of predicted) in SSc patients might characterize a
peculiar SSc subset that may precede the development of PAH, and the progression of
pulmonary vascular disease can be linked to decreasing DLCO trends [66,72–74].
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8. Right Heart Catheterization

Right heart catheterization (RHC) is the gold standard investigation for making a defini-
tive diagnosis of pulmonary arterial hypertension (PAH) [80–84]. The RHC provides useful
information on the degree of hemodynamic impairment, determines response to PAH ther-
apy and establishes prognosis, providing information for clinical decision-making in PAH
management [80–84] (Figure 2). Despite widespread acceptance, there are no internationally
accepted clinical guidelines presenting the best practice for performing RHC. Therefore, to
ensure the correct evaluation of directly measured hemodynamic or calculated parameters
from RHC, procedures such as the position of the pressure transducer and catheter balloon
inflation volume should be standardized with care [80–84]. The assessment of pulmonary
arterial wedge pressure is particularly vulnerable to over- or under-wedging, which may
lead to false readings. Moreover, errors in RHC measurement and data interpretation can
complicate the differentiation of PAH from other disorders and lead to a misdiagnosis. Apart
from diagnosis, the role of RHC in conjunction with non-invasive tests is on continuous ex-
pansion, encompassing the monitoring of treatment response and establishing the prognosis
of patients diagnosed with PAH. However, it has been proposed that further standardization
of RHC is warranted if we are to ensure its optimal use in routine clinical practice [80–84].

Figure 2. From below: pulmonary arterial pressure, respiratory and EKG waveforms during arterial catheterization. The first
part of the pressure trace reflects the pressure in a pulmonary artery (large swings, dicrotic notch), then the balloon is inflated
and the tip of the Swan Ganz catheter floats until it wedges in a small artery (small swings synchronous with respiratory rate),
allowing a pulmonary arterial wedge pressure (PAWP) to be obtained, which is an indirect measure of left ventricle pressure.
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9. Peripheral Vascular Manifestations

Raynaud’s phenomenon (RP), secondary to SSc, is the most frequent vascular manifes-
tation in SSc patients. Secondary RP, the most common presenting feature of the disease, is
observed in 95% of scleroderma patients and may precede diagnosis by many years [85–88].
During RP, the skin usually turns white (ischemia), blue (deoxygenation) and then red
(reperfusion) [85–88].

Secondary Raynaud’s phenomenon (SRP) occurs in response to cold temperature or
emotional stress, in the setting of underlying vascular disturbance, and is often associ-
ated with digital pain and ischemic ulcers [89–92]. However, it may occasionally lead to
gangrene with tissue loss or the need for digital amputation [89,90].

As there is an obliterative vasculopathy of the peripheral arteries and microcirculation
in SRP, it often leads to critical ischemia in scleroderma. There is often a luminal narrowing
of >75% of digital arteries due to underlying intimal fibrosis and luminal occlusion caused
by thrombi [85–88]. Endothelial cell injury and activation lead to vascular dysfunction and
vasospasm that may quickly obstruct the already limited blood flow of the vasculopathic
digital arteries [41].

Conversely, primary RP (PRP) is an isolated finding without underlying pathology
(idiopathic). The suggested criteria for PRP include symmetric attacks, the absence of
tissue necrosis, ulceration or gangrene, the absence of a secondary cause, negative tests for
antinuclear antibodies and a normal erythrocyte sedimentation rate [85,86].

As a diagnosis of PRP is made at a time when no underlying disease has yet been
identified, predicting whether or when it may turn into SRP is a difficult task [93–96]. As
NVC detects morphological microcirculation abnormalities, it is able to distinguish SRP
from both PRP and healthy subjects [97–100]. Therefore, primary RP patients should be
carefully followed-up by NVC so as to allow for an early detection of the first signs of any
transition to the secondary form of RP in the most reliable manner [101–104].

10. Nailfold Videocapillaroscopy

Morphological signs that represent the microvascular damage can be observed in
nailfold videocapillaroscopy (NVC) images in SRP patients; these alterations include giant
capillaries, microhemorrhages, capillary loss, the presence of avascular areas and angiogen-
esis [105–107]. These sequential capillaroscopic changes are typical of the microvascular
involvement observed in more than 95% of SSc patients and are described as an “SSc pat-
tern” [93–95,105]. The nailfold capillaries in PRP patients usually have a normal shape
without any specific alterations. Whilst the presence of abnormal capillaroscopic findings,
i.e., giant capillaries and microhemorrhages, are diagnostic of the early NVC pattern of scle-
roderma microangiography [105], the NVC technique is able to identify three morphological
patterns specific to various SSc stages (early, active and late patterns) [105]. As reported
hereafter, the early NVC pattern is characterized by a few enlarged/giant capillaries and
capillary microhemorrhages, no evident capillary loss and a relatively well-preserved capil-
lary distribution [105]. The most frequent alterations in the active NVC pattern are giant
capillaries and capillary microhemorrhages, with a moderate capillary loss and a mild disor-
ganization of the capillary architecture. There is severe capillary loss with evident avascular
areas and disorganization of the normal capillary array in the late NVC pattern [105]. NVC
provides a quantitative assessment of the microvascular damage, i.e., a quantification of
certain characteristics and a semi-quantitative scoring. The characteristic capillaroscopic
diagnostic parameters, i.e., irregularly enlarged capillaries, giant capillaries, microhemor-
rhages and progression parameters, which include fewer capillaries, capillary ramifications
and capillary architectural disorganization, can be scored from 0 to 3 according to increasing
severity and have been combined to create a semi-quantitative scale [105].

In healthy and primary RP subjects, NVC evaluation is characterized by morpho-
logical/structural homogeneity, evidencing 10–12 capillaries per linear millimeter, mor-
phology of the capillary to “U” or “hairpin shape” and diameters of capillary branches
of <20 μm [93–95]. Although it is quite common to observe normal nailfold capillaries
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in primary RP, capillaries with efferent branch enlargement or tortuosity may also be
present [93–95].

The European League Against Rheumatism (EULAR) Study Group on Microcircula-
tion in Rheumatic Diseases (EULAR SG MC/RD) has recently reported a simple consensus
definition to name a single capillary as “(ab)normal”. The authors tried to standardize and
clarify the differences between scleroderma and non-scleroderma patterns, avoiding confu-
sion caused by the various different definitions used to describe non-scleroderma abnormal
capillary morphology (e.g., “ramifications”, “neoangiogenesis” or “meandering”) [28].

In conclusion NVC, which combines a microscope (with system that ranges from
50 × up to 500 × magnification) and a digital video camera, represents a method for
an early diagnosis and follow-up of nailfold microangiopathy—one of the earliest signs
of morphological damage and change in SSc—and is a non-invasive, user-friendly, well-
accepted, accessible and portable tool [28].

That is why abnormal nailfold capillaroscopic images, i.e., “scleroderma patterns”,
were included in the 2013 European League Against Rheumatism and American College of
Rheumatology’s classification criteria for SSc [103]. Several studies have also demonstrated
that NVC is a promising tool for the prediction of clinical complication markers of severity
and progression of SSc organ involvement [49–54].

11. The Correlation Between Peripheral Vascular and Pulmonary Involvement

Various studies have demonstrated that NVC alterations are associated with dif-
ferent SSc clinical complications and organ involvement [106–112]. Moreover, other au-
thors reported on the correlation between NVC alterations and SSc-ILD diagnosed by
HRCT [110,111]. Caetano et al., made a cross-sectional analysis of 48 SSc-ILD patients with
HRCT and the presence of ground-glass opacities and/or fibrosis [111]. The same authors
investigated the association between NVC findings, the presence and extent of ILD, as well
as functional impairment. Capillary loss and avascular areas were significantly associated
with the presence of ILD. The receiver operating characteristic (ROC) curve analysis con-
firmed the association between capillary loss and ILD (the area under the ROC curve, 90.1%;
95% CI, 81.8–91.4). Avascular areas and capillary loss were associated with a worse pul-
monary function. No additional statistically significant difference was observed between
ILD and other NVC findings (i.e., capillary dimension (p-value = 0.328), abnormal capillary
morphology (p-value = 0.790) or the presence of hemorrhages (p-value = 0.187)) [111]. In
another cross-sectional study, Guillen-del-Castillo et al. evaluated 134 SSc patients (58
with ILD on HRCT) with at least eight NVC (200 × magnification) images through both
quantitative and qualitative examinations [110]. The SSc ILD patients had a lower median
capillary density (4.86/mm vs 5.88/mm, p-value = 0.005) and higher median neoangiogen-
esis (0.56/mm vs 0.31/mm, p-value = 0.005). Moreover, more neoangiogenesis capillaries
were observed in PAH patients (0.70/mm vs 0.33/mm, p-value = 0.008). A multivariate lin-
ear regression analysis emphasized a correlation between neoangiogenesis and decreased
FVC (p-value < 0.001) and between the number of giant capillaries and reduced DLCO
(p-value = 0.016) [110]. Guillen-del-Castillo et al., demonstrated that the late pattern was
associated with lower FVC (p-value = 0.018) [110]. Jehangir et al.,’s case-control study
made use of a dermascope to study the NVC pattern in 65 subjects: 10 patients with pri-
mary Raynaud’s phenomenon (RP), 40 with SSc and 15 age- and gender-matched controls.
When testing HRCT and NVC patterns, only one patient with the early pattern had ILD,
whereas those with an active or late pattern had a higher percentage of 55% and 100%,
respectively [108] (Figure 3).
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Figure 3. Vasculopathy in systemic sclerosis patients and the link between pulmonary damage and
peripheral vascular manifestations.

Markusse et al. performed NVC in 287 SSc patients aimed at assessing whether it
could improve the detection of patients at high risk of cardiopulmonary involvement (82).
The study population included 51% ILD patients, 59% with a DLCO decrease and 16%
with a systolic pulmonary artery pressure (sPAP) of >35 mmHg. The NVC pattern showed
a stable association with the presence of ILD or sPAP. The odds ratio (OR) for ILD was
1.3–1.4 (p-value < 0.05 for analyses with anti-RNAPIII, anti-RNP). The OR for DLCO was
1.5 (p-value < 0.05 for analyses with ACA, anti-Scl70, anti-RNAPIII, anti-RNP). The OR for
sPAP was 2.2–2.4 (p-value < 0.05 for analyses with anti-RNAPIII, anti-RNP) [82].

It has been demonstrated that SSc-associated PAH is correlated with capillaroscopic
changes identified by NVC [112–127]. NVC data are also markers of SSc severity and
progression, such as reduced capillary density, which is associated with a high risk of
developing PAH [112–123]. Some authors have supported the possibility of an early
identification of a subset of patients with severe disease [112–127]. Hofstee et al. studied
capillary density and dimensions and their association with pulmonary hemodynamic
characteristics in 21 healthy controls, 20 idiopathic PAH patients and 40 SSc patients (21/40
had SSc-PAH, as determined by RHC) [123]. This study reported a significantly lower
capillary density in SSc-PAH patients than in those without SSc-PAH (p-value = 0.001),
although no statistically significant difference was observed for capillary dimensions
(p-value > 0.05) [123].

Similarly, Corrado et al. evaluated 25 healthy subjects, 21 idiopathic PAH patients and
39 SSc patients (19/39 affected by SSc-PAH, determined by RHC, as mPAP ≥ 25 mmHg,
PCWP ≤ 15 mmHg and pulmonary vascular resistance > 3 Wood units) [118]. The authors
observed that the presence of PAH had a significantly inverse correlation with capillary
density (p-value < 0.05) and correlated with both capillary dimension and giant capillaries
(p-value < 0.05), which correlated with abnormal capillary morphology (p-value < 0.01) in
SSc patients [118].

Riccieri et al.’s cross-sectional study evaluated NVC alterations in 12 consecutive
SSc-PAH patients, confirmed by RHC. They demonstrated that NVC damage is correlated
with the grade of PAH.

Indeed, the NVC score (combining a semiquantitative score for density, dimension,
presence of hemorrhage and morphology) and avascular area grading had a statistically
significant correlation with PAH (p-value = 0.03 and p-value = 0.003, respectively) [121].
Furthermore, they observed that the active/late pattern was more common in SSc-PAH
patients than in those without SSc-PAH (73% vs 50%, p-value < 0.05) [121]. This led to
two recent meta-analyses confirming that microvascular changes detected by NVC are
significantly associated with SSc-PAH, in particular lower capillary density and higher
capillary width [112,117].
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Kim et al. investigated the relationship between clinical manifestations and quanti-
tative analysis of computerized NVC. They observed a strong correlation between cap-
illary dimension and capillary loss with SSc-PAH (p-value < 0.05) and digital ulceration
(p-value < 0.01) [114]. Moreover, a cross-sectional pilot study also assessed sublingual mi-
crovasculature by videocapillaroscope. The authors demonstrated that PAH patients had
a lower sublingual microvasculature flow index and a higher vascular tortuosity than
healthy age- and gender-matched control subjects [128].

In addition to the cross-sectional evidence, Smith et al.’s prospective longitudinal
research studied 66 consecutive SSc patients. They defined the NVC pattern according
to Cutolo’s classification and clinical evaluation was performed according to Medsger’s
disease severity scale (DSS), with an 18–24 month follow-up [120]. They observed a
statistically significant association between the NVC patterns and the development of
future severe peripheral vascular or lung involvement. Indeed, the OR for future severe
lung involvement, based on simple/multiple regression was 2.54/2.33 (p-value < 0.05) for
early patterns, 6.43/5.44 for active patterns and 16.30/12.68 for late patterns.

12. Conclusions

The characteristic features of SSc include extensive fibrosis, fibroproliferative vascu-
lopathy and systemic autoimmunity (autoantibodies and T cell autoantigen reactivity).
However, the vascular pathology in SSc is not necessarily an inflammatory process and may
be better characterized as a vasculopathy. Some autopsy studies have shown that vascu-
lopathy is a systemic process [128]. One such study is that of D’Angelo et al., who reported
that SSc patients had widespread intimal proliferation in the pulmonary arteries [128].
Moreover, complex interactions between endothelial cells, vascular smooth muscle cells, ex-
tracellular matrix and circulating mediators contribute to vascular remodeling, vasospasm
and vessel occlusion [128].

There is evidence to support the hypothesis that microangiopathy may be an important
component of internal organ involvement and that NVC is a candidate biomarker for the
assessment of pulmonary damage.

There are numerous reports finding a good correlation between distinctive quantitative
and qualitative NVC features and the presence of ILD on HRCT, as well as lung functional
parameters such as FVC and DLCO. Therefore, it might well be that microangiopathy is
a pivotal process in the establishment and progression of SSc-ILD. Similarly, as NVC is
capable of detecting the early microvascular changes associated with the presence of PAH,
it may well play a significant role in early prediction of SSc-PAH.

The gold standard with which to diagnose SSc-ILD is still the chest HRCT, whilst
RHC is the validated test with which to diagnose PAH. Due to the poor prognosis for
SSc patients with organ damage, in particular those with pulmonary manifestations, all
these patients should be carefully evaluated from the early disease phase and followed-up.
This should hopefully facilitate early identification and the choice of an early appropriate
therapeutic regimen.

This review reports on the different clinical manifestations and tests, i.e., clinical,
radiological and pulmonary function tests that may be used for the early prediction of lung
involvement in SSc patients. It also includes evidence from the literature on how NVC may
also be a promising tool for early identification and/or prediction of pulmonary complica-
tions. The data herein reported support the possibility that NVC might be incorporated
together with other parameters in high-performance algorithms (e.g., DETECT algorithm
for SSc-PAH, ILD screening procedures) in the early detection of lung involvement in SSc.
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Abstract: Systemic sclerosis (SSc) patients are often affected by interstitial lung disease (ILD) and,
although there have been recent treatment advances, it remains the leading cause of death among
SSc, with a 10-year mortality up to 40%. African Americans and subjects with diffuse cutaneous
SSc or anti-topoisomerase 1 antibodies are most commonly affected. Currently, early ILD diagnosis
can be made, and it is pivotal to improve the prognosis. The diagnostic mainstay test for SSc-ILD
is high-resolution computed tomography for the morphology and pulmonary function tests for
the functional aspects. Treatment planning and intensity are guided by the disease severity and
risk of progression. Traditionally, therapy has depended on combinations of immunosuppressants,
particularly cyclophosphamide and mycophenolate mofetil, which can be supplemented by targeted
biological and antifibrotic therapies. Benefits have been observed in trials on hematopoietic autol-
ogous stem cell transplantation for patients with progressive SSc, whilst lung transplantation is
reserved for refractory SSc-ILD cases. Herein, recent advances in SSc-ILD treatment will be explored.

Keywords: systemic sclerosis; scleroderma; interstitial lung disease; pulmonary function tests;
high-resolution computed tomography

1. Introduction

Scleroderma or Systemic Sclerosis (SSc), a disease characterized by fibrosis, vascu-
lopathy, and inflammation, may affect different organ and systems, with severe prognostic
implications [1,2]. When SSc pathogenetic processes manifest at lung level [3], pulmonary
disease may manifest both as interstitial lung disease (ILD) and/or pulmonary arterial
hypertension (PAH) [4,5]. The European Scleroderma Trials and Research (EUSTAR) group
reported that 53% of cases with diffuse cutaneous SSc (dcSSc) have ILD, as do 35% of cases
with limited cutaneous SSc [6]. Moreover, high-resolution computed tomography (HRCT)
evidences interstitial abnormalities in 90% of SSc patients [7], and pulmonary function
tests (PFT) showed alterations in 40–75% [8]. There has been no significant change in SSc
mortality rate over the past 40 years [9,10], although an increase in mortality due to ILD and
PAH [11,12] is significant, a decrease in deaths due to renal crisis has been recorded [13].
Nowadays, ILD and PAH are the two leading causes of death in SSc, accounting for 33%
and 28% of deaths, respectively [10–12]. The survival of systemic sclerosis-related intersti-
tial lung disease (SSc-ILD) patients is reported to be 29–69% at 10 years [9,12]. Early autopsy
studies demonstrated that up to 100% of patients had parenchymal involvement [14]. Con-
sidering the frequency and the prognosis of SSc-ILD patients, it is essential to attempt to
identify pulmonary disease early, at a potentially reversible stage [15].

Unfortunately, there are limited treatment options for this manifestation, given that
the paucity of high-quality, randomized, controlled trials specifically targeting SSc-ILD are
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scanty, and, historically, studies have favored cyclophosphamide (CYC) for the treatment
of SSc-ILD, as also suggested in the most recent European League against Rheumatism
(EULAR) recommendations [16–19]. The most recent and supportive data showed the
positive effect of nintedanib, a multi-tyrosine kinase inhibitor, as a significant inhibitor of
progressive functional decline [20]. Innovative proposals have also recently been made on
the basis of clinical and preclinical evidence for rituximab (RTX), tocilizumab (TCZ), and
pirfenidone (PIRF), as well as hematopoietic stem cell transplantation and lung transplanta-
tion [21]. However, the safety and efficacy of emerging experimental therapies for SSc-ILD
require further investigation. The aim of this review is to summarize the state-of-the art in
SSc-ILD treatments.

2. Management Principles

As SSc-ILD is a very heterogeneous disease, management tends to differ according
to the profile of the patient. Furthermore, with the advent of the new aforementioned
treatment options, it is pivotal to detect ILD [22–24] as early as possible and also to assign
the right treatment as early as possible [7,19]. Toward this aim, precise and objective
ILD classification tools that allow for patient stratification at ILD detection and diagnosis
play a major role [25]. Indeed, patients must be classified by a severity assessment of
ILD at diagnosis, performed by HRCT and PFT, and then by the evaluation of the risk of
ILD progression [25,26].

The HRCT variables predictive of mortality and ILD progression in SSc–ILD were stud-
ied and reported in a recent meta-analysis of 27 studies, which concluded that the extent of
disease on HRCT was an independent predictor of both mortality and ILD progression [27].

It is a must to detect the subset of clinical ILD patients with progressive disease,
defined as a decline in Forced Vital Capacity (FVC) levels of >10% from baseline or a ≥ 5%
to < 10% relative decline in FVC and a ≥ 15% relative decline in Diffusion Lung Capacity
of Carbon monoxide (DLCO) over 12 months [28]. Despite this cut-off being proposed for
clinical trials and applied also in clinical practice, smaller changes may also be of clinical
importance, in particular worsening symptoms attributable to ILD [25,26,29]. DLCO alone
was also one of the most consistent predictors of mortality, a finding that may well help
in the identification of patients with a poor prognosis, even if these preliminary findings
should be confirmed and expanded by further rigorous studies [25–27]. The likelihood
of progression, comorbidities, and toxicity risks and current data on efficacy are often the
basis for decisions taken to initiate or advance treatment [30]. The goal of treating clinical
SSc-ILD is the stabilization or prevention of progressive disease.

3. Treatment Options

The 2017 EULAR recommendations for the treatment of SSc state that the physician’s
assessment of symptoms, disease severity, and/or disease progression form the basis for
decisions to initiate SSc-ILD treatment, with a tailored risk–benefit evaluation especially in
progressive SSc-ILD patients [18]. There was also a recommendation for the use of CYC
and hematopoietic stem-cell transplantation for SSc-ILD patients. After the release of this
recommendations, evidences for a positive effect of mycophenolate mofetil (MMF) and
nintedanib have also become available [17,20]. Several studies have also been reported that
tocilizumab and rituximab might be able to slow down ILD progression [21]. A summary
of the treatment options further discussed is presented in Table 1.
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Table 1. Summary of current treatment options for systemic sclerosis related interstitial lung disease.

Drug Study Designs Pulmonary Parameters Tested

Cyclophosphamide [16,17,31–39] RCT, OS FVC, DLCO, ILD progression, HRCT disease extent,
PROs

Mycophenolate Mofetil [17,33,40–42] RCT, OS FVC, DLCO, ILD progression, HRCT disease extent,
PROs

Azathioprine [31,34–36] RCT, CS/CR FVC, DLCO, PROs

Autologous Haematopoietic Stem Cell
Transplantation [38,39,43–47] RCT, CS/CR FVC, DLCO, Total Lung capacity, Vital Capacity, HRCT

disease extent

Tocilizumab [48–51] RCT, CS/CR FVC, DLCO, HRCT disease extent, PROs

Rituximab [37,52–55] RCT, OS, CS/CR FVC, DLCO, PROs

Abatacept [51,56,57] RCT, CS/CR FVC, DLCO, PROs

Nintedanib [20,58,59] RCT FVC, DLCO, PROs

Pirfenidone [60–63] RCT, CS/CR FVC, DLCO, PROs

DLCO = diffusion lung capacity of carbone monoxyde; FVC = forced vital capacity; HRCT = high resolution computed tomography; ILD =
interstitial lung disease; OS = observational study; PROs = patient reported outcomes; RCT = randomized clinical trial; CR/CS = case
report/case series.

4. Conventional and Biologic Immunosuppressants

SSc is a connective tissue disease where inflammation and immune abnormalities play
a central role [64–67]. The immune system, especially B and T lymphocytes, is involved
in fibroblast activation and fibrogenesis as they secrete proinflammatory and profibrotic
cytokines and growth factors [64–67]. That is why traditional immunosuppressant, e.g.,
CYC, MMF and azathioprine (AZA) have been so far considered the milestones of SSc-
ILD treatment.

4.1. Cyclophosphamide

CYC is the most commonly used immunosuppressant, and it has been tested in
numerous open-label studies, as well as in a few randomized control trials (RCT) [68]. CYC
is recommended as first-line therapy in SSc–ILD patients in the EULAR guidelines [18].

In the Scleroderma Lung Study (SLS) I, 1-year course of oral CYC up to 2 mg/kg/day
showed a statistically significant but small improvement in FVC (2.5% improvement) vs.
placebo and little sustained benefit after discontinuation [16]. Similar results were not
confirmed in the Fibrosing Alveolitis in Scleroderma Trial (FAST), which reported no
statistically significant difference between the placebo and CYC group [31]. The clinical
significance of this is modest, yet real improvement in FVC is still under debate and it
seems that there will be decades of pros and cons. Noteworthy is the fact that the SLS
I patients most likely had a stable SSc-ILD, as only 15% of them needed to restart an
immunosuppressive treatment after the end of the study [16].

The SLS II (head-to-head comparison of oral CYC up to 2 mg/kg/day for 1 year plus 1 year
of placebo versus MMF at up to 1.5 g twice daily for 2 years) showed that the benefits of
MMF on FVC and on improvement in dyspnea were similar to those obtained with oral
CYC at 2 years (MMF 2.2%, CYC 2.9%), with a safety profile favoring MMF [17].

In conclusion, it seems that CYC can either stabilize worsening SSc-ILD or modestly
improve stable SSc-ILD; these data were also confirmed in a recent comparison between
intravenous and oral CYC administration analyzing patients derived from the SLS1, SLS2,
and EUSTAR cohorts. These results showed non-different effect on FVC change and ILD
progression for the two routes of administration, despite a significantly lower CYC dosages
in the intravenous group and a significantly different safety profile [32].
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4.2. Mycophenolate Mofetil

MMF inhibits lymphocyte proliferation and is a safer, less toxic alternative to CYC
for the treatment of SSc–ILD. Indeed, the safety and efficacy of MMF in SSc–ILD patients
has been reported in several case series, uncontrolled studies, and, more recently, 2 meta-
analyses [17,33,40,41]. Recently, the SLS II study, which reported on SSc–ILD patients
treated with MMF for 2 years or CYC for 1 year followed by one year of placebo, showed
that both treatment regimens led to a significant improvement in the pre-specified measure-
ments of lung function over the 2-year study period. However, even if MMF was better
tolerated and had lower toxicity levels, the hypothesis that it would be more efficacious
at 24 months than CYC was not confirmed [17]. Although these data support the poten-
tial clinical efficacy of both CYC and MMF for progressive SSc–ILD, there is a possible
preference for MMF due to its better tolerability and toxicity profile [17]. Lastly, Owen
et al. demonstrated that MMF therapy was associated with a clinical stability for up to
36 months and lower frequency of early adverse events compared to AZA for SSc–ILD
patients with a decline in pulmonary function [42].

4.3. Azathioprine

Although some small case series and retrospective studies suggested that AZA could
be used as maintenance immunosuppressive treatment for SSc–ILD [34,35], a randomized
unblinded clinical trial comparing the use of CYC and AZA (a purine analog) as first-line
treatment did not evidence the efficacy of AZA in the treatment of SSc–ILD [36]. In addition,
the very recent study by Owen et al. showed the better efficacy and tolerability of MMF
versus AZA in the management of SSc–ILD [42].

4.4. Rituximab

A few case reports and open-label uncontrolled studies reported an improvement
in SSc–ILD with RTX. Indeed, RTX therapy in SSc has gained favor after reports on its
promising effects on both ILD and skin thickening [52,53,69]. The largest observational
study available so far was published by the EUSTAR group and included 254 SSc patients
treated with RTX, showing a good safety profile, steroid sparing agent potential and good
efficacy profile on the skin but not on the lung. At pulmonary level, the combination of
RTX + MMF determined a significant reduction in FVC decline over time, compared to
monotherapy, therefore hypothesizing a higher promising potential for the combination
treatment [54]. A similar safety profile and potential beneficial effect was also confirmed in
an observational cohort receiving biosimilar RTX [55].

A recent open-label, randomized, controlled trial of head-to-head RTX vs. monthly
pulse CYC reported on a population of 60 early, treatment naïve, anti-SCL-70+, dcSSc with
ILD patients receiving either CYC or RTX. At the end of 6 months, the authors observed that
FVC improved from 61.3% to 67.5% in the RTX group, whilst it did not in the CYC group
(59.3% to 58.1%) [37]. The currently ongoing Rituximab versus Cyclophosphamide in
Connective Tissue Disease-ILD (RECITAL) study (NCT01862926) is investigating the same
topic in a larger cohort of connective tissue diseases related ILD, with a longer follow-up
(48 weeks) [70].

4.5. Tocilizumab

The first two studies on TCZ, an anti-IL-6 soluble receptor monoclonal antibody,
reported inconclusive results [48,49]. TCZ was administered in a phase 2 study (FaSScinate),
and the data suggested this drug played a role in the IL-6 pathway in SSc-ILD and treatment
of early SSc with elevated C-Reactive protein (CRP) and that it led to the stabilization of the
FVC% in the tocilizumab group vs. a clinically meaningful decline in the placebo group over
48 weeks [48]. In this view, the phase 3 double-blind randomized placebo-controlled study
(FocuSSced) of TCZ enrolled 210 early dcSSc patients. Similarly, a reduced FVC decline
was seen in the TCZ group (difference between groups 4.2 (95% CI 2.0–6.4) favoring TCZ;
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p = 0.0002), with a trend for a lower rate of patients requiring rescue immunosuppressive
therapy for ILD indication (p = 0.08) [49].

Although the primary (skin) endpoint was not met, both trials showed some efficacy
and a good safety profile for using TCZ in SSc and evidenced a potential benefit of treating
subclinical ILD patients with high risk features (early dcSSc, and elevated CRP) [50].

4.6. Abatacept

Abatacept is a recombinant fusion protein that inhibits T cell activation. An observa-
tional study was carried out on 20 patients with SSc-associated polyarthritis and myopathy
to evaluate the safety and efficacy of TCZ. However, despite having a good safety profile,
there was no change in lung fibrosis in patients treated with abatacept [51]. A similar, more
recent, observational experiment from the EUSTAR group, which included 27 SSc patients
(15 with ILD), confirmed the good safety profile of the drug as well as a beneficial effect
on joint and muscle disease. In addition, a possible positive effect was also seen for skin
fibrosis (despite the lack of a control group), while no significant change in lung function
was detected [56]. Finally, a recent phase II multicentre double-blind placebo-controlled
trial of abatacept in early dcSSc showed a trend for a significant lower decline of FVC% pre-
dicted (mean difference 2.79, 95% CI −0,69–6,27, p = 0,11 favouring Abatacept), although
the change in skin fibrosis as a primary endpoint was, again, not met [57]. Despite this,
there is a promising potential for Abatacept in SSc, which could be investigated in a phase
III study.

5. Other Treatment Options

5.1. Immunoglobulins

A randomized control trial assessing the change in skin fibrosis as primary endpoint
failed to demonstrate a significant beneficial reduction of modified Rodnan skin score in
Intravenous immunoglobulin (IVIg) administration versus placebo [71]. Different authors
have shown the beneficial effect of the use of IVIg in SSc patients with arthritis [72] and
inflammatory myopathy [73], and they have demonstrated some potential benefit on early-
stage ILD, with the authors reporting a regression in ground glass opacity, septal thickening,
and a full recovery of lung function [74]. A randomized phase II trial (NCT04137224) is
currently testing a possible similar effect and the safety of subcutaneous immunoglobulins
and IVIg [75].

5.2. Autologous Hematopoietic Stem Cell Transplant

Hematopoietic stem cell transplant (HSCT) is an emerging treatment option, aimed at
regenerating the patient’s immune system [43,76]. It is based on the use of high-intensity
immunosuppression (conditioning regimen) aimed at a strong reduction/eradication of
the “auto-reactive” immune system, followed by a re-population with antigen-naïve T cells
previously isolated from the same individual [76]. It has been proposed for patients with
dcSSc (with or without SSc-ILD) that is severe and refractory to standard therapy, who
will probably benefit from the procedure but are more unlikely to develop post-transplant
complications [44,77]. Indeed, improved survival compared to CYC has been reported
by three trials, i.e., Autologous Stem Cell Systemic Sclerosis Immune Suppression Trial
(ASSIST), Autologous Stem Cell Transplantation International Scleroderma trial for (ASTIS),
and Scleroderma: Cyclophosphamide Or Transplantation trial (SCOT). Moreover, there
was an improvement in skin thickening and FVC, as well as quality of life [38,39,45]. In
addition to these results, an observational analysis of ILD extent in SSc patients receiving
HSCT versus CYC was recently published, showing significant reduction in total ILD
extent and, in particular, in the extent of ground glass opacifications, which were not seen
in the CYC group [46]. With this promising background, a phase III randomized clinical
trial (NCT044644) is currently testing upfront HSCT versus intravenous CYC induction
followed by maintenance with MMF in early dcSSc, including pulmonary endpoints [78].
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5.3. Lung Transplant

Lung Transplant is a life-saving option and remains a therapy for appropriately se-
lected candidates with treatment-refractory lung disease [47,79]. An early referral should
be made for advancing disease so as to provide these patients with a multi-disciplinary eval-
uation before transplant is considered an option. A few recent studies have demonstrated
an increase in survival after lung transplantation [47,79].

5.4. Non-Pharmacologic Therapy

SSc-ILD should be managed by a multidisciplinary team [80]. Among non-pharmacologic
options, pulmonary rehabilitation is aimed at improving lung function [81]; in particular,
when an SSc-ILD patient is being considered for a transplant, pulmonary rehabilitation
is a necessary step in their evaluation [81]. Furthermore, supplemental oxygen should be
given whenever deemed necessary.

6. Anti-Fibrotic Therapies

Nintedanib is an intracellular tyrosine kinase inhibitor approved for the first time
for the treatment of idiopathic pulmonary fibrosis (IPF) [82,83]. Its pharmacological effect
covers numerous pathophysiological pathways, such as fibroblast activation, myofibroblast
accumulation, and fibrogenic cytokine and growth factor expression. The increasing
number of national and international authorities giving approval for treatment with the
antifibrotic agent nintedanib to slow down the rate of decline of pulmonary function
in SSc-ILD patients is opening up a new era [84]. The results of the recently published
Safety and Efficacy of Nintedanib in Systemic Sclerosis (SENSCIS) trial supported the
decision [20]. The SENSCIS trial, a double blind, randomized, placebo-controlled trial,
evaluated the efficacy and safety of oral nintenadib (150 mg bid) treatment in patients
with SSc-ILD for at least 52 weeks [20]. It reported that almost 50% of the subjects had
dcSSc; a similar percentage was on a stable dose of MMF and HRCT evidenced fibrosis in
at least 10% of the lungs (the latter as per study inclusion criteria). In this trial, patients
with SSc-ILD treated with nintedanib showed a significantly lower rate of annual FVC
decline than those receiving placebo, despite no significant improvement or benefit in any
of the other organ manifestations. Although the change in FVC was small (absolute mean
decline mean −52.4 mL per year in the nintedanib versus −93.3 mL per year in the placebo
group), the mean decline reached a previously shown value of minimal clinically important
difference (MCID) in the placebo group, but not in the nintedanib treated population [85].
This beneficial effect on FVC preservation was seen both in MMF and non-MMF co-
treated patients, with a numerically lower decline in patients receiving the combination
treatment [58]. In the SENSCIS study, Nintedanib showed a safety profile similar to the side
effects seen in IPF, particularly affecting the gastrointestinal tract (75.7% of treated patients
manifested diarrhea) and requiring dose-adjustment/temporary interruption in almost
half of the treated patients [59]. Interestingly, the safety profile was similar in patients
receiving or not receiving co-treatment with MMF, which itself carries a gastro-intestinal
burden in terms of adverse events [58].

With a similar multi-target pathogenetic activity, pirfenidone (a pyridone showing
both anti-inflammatory and anti-fibrotic effects) is another antifibrotic agents approved
for the management of IPF patients [86]. The initial compassionate use in selected patients
with SSc–ILD showed that the drug was well tolerated and, although it did not improve
survival, it did stabilize the effects of progressive pulmonary fibrosis [60,61]. Recently,
the Safety and Tolerability of Pirfenidone in Participants with Systemic Sclerosis-related
Interstitial Lung Disease (LOTUSS) study, a phase II, open-label, randomized, 16-week
study, assessed the safety and tolerability of pirfenidone in SSc–ILD patients. The drug
was reported to have an acceptable tolerability profile that was not affected by concomitant
treatment with MMF, although data as to its efficacy is not yet available [62]. Indeed,
pirfenidone can be associated with adverse events of the gastrointestinal system and the
skin in patients with IPF, two organs very frequently involved in SSc-ILD. Sometimes these
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adverse events can lead to drug discontinuation [63]. Given the promising effect in the
stabilization of SSc-ILD, the drug is now tested versus placebo in SSc-ILD patients receiving
MMF as a background immunosuppressive therapy in a placebo-controlled multi-center
double blind randomized SLS study III [87].

7. Conclusions

Although ILD is a common finding in SSc, currently there is a paucity of detailed
data to help in predicting which subsets of patients will or will not develop organ and
potentially life-threatening disease. Despite this, the potential risk of morbidity and
mortality supports the need for a thorough and early monitoring of the signs and symptoms
of the development and progression of ILD.

At time of writing, the standard of care includes the use of CYC and MMF (which
have only provided modest improvements in FVC) and Nintedanib (which is not available
worldwide). Preliminary data on newer therapies, like biologics, stem cell transplant,
and other anti-fibrotics suggest improved efficacy and safety profiles compared to those
obtained with conventional immunosuppressive therapy.

Following the SLS II trial, a Delphi consensus treatment algorithm advocated MMF as
first-line treatment of SSc-ILD and suggested that second-line treatment should include
CYC or rituximab as an induction therapy, followed by MMF as a maintenance therapy [88].

A more recently published European consensus on SSc-ILD identification and man-
agement stressed the importance of different factors guiding treatment initiation, including
speed of disease progression, survival rate, response rate after previous treatment, prolon-
gation of time to progression, speed of improvement of patients’ symptoms, safety and
tolerability, scientific evidence of efficacy, and impact on quality of life [15].

In addition, disease severity and speed of progression could be the main drivers of
treatment escalation [15]. Although consensus and recommendations are nowadays avail-
able, these do not fully cover the different clinical scenarios, in particular regarding time
to initiation and a possibly more effective treatment protocol. In this context, SSc experts
still relay on their clinical experience and take into account the different abovementioned
factors to guide their decision in a patient-tailored, customized treatment regimen [89],
possibly informed also by molecular biomarkers [90].

Although a substantial amount of evidences in SSc-ILD management resemble IPF,
SSc-ILD is not IPF, as patients with SSc-ILD have a systemic disease. It has been hypothe-
sized that future therapeutic options may be provided by targeting the self-perpetuating
fibrosis [91], although whether an early (immunosuppressive) aggressive treatment will
lead to a modification of disease progression and prevention of irreversible lung damage
remains a question of debate. In this context, limiting fibrogenesis by the use of antifibrotic
therapy and controlling inflammation/immunological abnormalities through immunosup-
pressants could well become the new paradigm of treatment in SSc-ILD. If available and
well-tolerated, a combination regimen with immunosuppression and anti-fibrotic may al-
low a multi-target treatment and, potentially, a multiple organ/system benefit. Specifically,
immunosuppression could also be personalized according to non-ILD organ complications
such as cutaneous involvement, arthritis, myositis, and cardiomyopathy.

Clearly, there is a need for guidance in the new treatment regimens, in particular
regarding the use of upfront or add-on combination treatment with immunosuppres-
sants/antifibrotic, which could be the possible second/third level option in case of treat-
ment failure. Hopefully, our understanding of the pathogenesis of SSc-ILD will evolve,
along with the development of specific therapies for the organ systems affected by this
disease, thus improving patients’ survival, function, and quality of life [92,93].
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Abstract: The discovery of antifibrotic agents have resulted in advances in the therapeutic manage-
ment of idiopathic pulmonary fibrosis (IPF). Currently, nintedanib and pirfenidone have become
the basis of IPF therapy based on the results of large randomized clinical trials showing their safety
and efficacy in reducing disease advancement. However, the goal of completely halting disease
progress has not been reached yet. Administering nintedanib with add-on pirfenidone is supposed
to enhance the therapeutic benefit by simultaneously acting on two different pathogenic pathways.
All this becomes more important in the context of the ongoing global pandemic of coronavirus
disease 2019 (COVID-19) because of the fibrotic consequences following SARS-CoV-2 infection in
some patients. However, little information is available about their drug–drug interaction, which
is important mainly in polymedicated patients. The aim of this review is to describe the current
management of progressive fibrosing interstitial lung diseases (PF-ILDs) in general and of IPF in
particular, focusing on the pharmacokinetic drug-drug interactions between these two drugs and
their relationship with other medications in patients with IPF.

Keywords: antifibrotic agents; COVID-19; interstitial lung disease; IPF; progressive fibrosing ILD;
UIP; pharmacological interactions

1. Background

Interstitial lung diseases (ILD) are a heterogeneous group of pulmonary disorders
characterized by varying degrees of inflammation and fibrosis resulting in the loss of
alveolar function and impairment of gas exchange [1]. Idiopathic pulmonary fibrosis (IPF)
is an entity that is included in the group of interstitial lung diseases of unknown etiology,
being a severe form of pulmonary fibrosis that is associated with high morbidity and
mortality [1–3].

IPF has a variable incidence depending on the population under study. Thus, in the
United Kingdom, IPF has an incidence of around 7.44 cases per 100,000 inhabitants, while
in the United States some series show an incidence of 16.3 cases per 100,000 inhabitants
or even 93.7 cases per 100,000 people as described in a systematic review conducted
by Hutchinson [4] covering the decade from 2001 to 2011. Overall, it is estimated that
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the worldwide prevalence may be close to 60 cases per 100,000 inhabitants. This entity
predominantly affects males over 65 years of age [2–4].

Since its appearance, the coronavirus disease 2019 (COVID-19) pandemic has affected
millions of people worldwide causing more than three million deaths. The available
data indicate that a significant percentage of individuals suffering from severe acute
respiratory syndrome caused by severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) develop acute lung injury/acute respiratory distress syndromes (ALI/ARDS),
which can become severe. Pulmonary fibrosis is a recognized sequel of ARDS. Currently,
there is evidence of fibrotic changes in radiographic images of patients recovered from
COVID-19 [5–7].

Although IPF is the most widely studied and most common fibrosing ILD, there
are also other progressive fibrosing (PF)-ILDs such as certain connective tissue disease-
associated ILDs, which evolve towards pulmonary fibrosis and present a similar behavior
to IPF, characterized by worsening of respiratory symptoms, decline in lung function and
early mortality despite standard of care treatment [1–3]. In the same line, the PROGRESS
study showed data on patients with other chronic PF-ILDs who were admitted to a hospital
in Lyon, France, between 2010 and 2017. This study showed that those patients who had a
loss of a quarter of their lung function or a loss of forced vital capacity (FVC) ≥ 10%, had
3 year survival rates of 83% and 5 year survival rates of 72%. In addition, some factors were
shown to be associated with worse evolution, such as age > 70 years; FVC < 70% and/or
diffusing capacity of the lungs for carbon monoxide (DLCO) < 40% at diagnosis; reduction
in FVC ≥ 10% from the estimated value or decrease in DLCO ≥ 15% from the estimated
value within 6–12 months of follow-up; and decrease > 50 m in the 6 min walking test at 6
months [8].

Indeed, much of the information given in this review is applicable to both IPF and
other non-IPF ILDs with a fibrosing phenotype [1,2].

Regarding the pathophysiology of IPF and of other PF-ILDs, it is multifactorial and
results in a progressive deterioration of lung function. Some risk factors for progression
have been described, including environmental factors, microbial agents or some previous
pathologies such as gastroesophageal reflux, which have a probable genetic basis that
confers the patient a certain susceptibility to the disease [9].

IPF is the most common idiopathic interstitial pneumonia in the world. It is character-
ized by a heterogeneous, irreversible, progressive and unpredictable course associated with
significant morbidity and poor prognosis after diagnosis [1–3]. There is growing evidence
supporting that the disease originates from the interaction between the variable expression
of genetic polymorphisms, changes related to cellular aging and exposure to certain envi-
ronmental factors, such as smoking, industrial powders, chronic gastric microaspiration,
viral infections and possibly alterations in the lung microbiome [1,3]. The lesions produced
by repetitive exposures aberrantly activate the alveolar epithelial cells of genetically sus-
ceptible individuals, promoting apoptosis of the epithelium, recruitment of mesenchymal
cells and increased vascular permeability. Unregulated epithelial/mesenchymal interac-
tion results in the secretion of a variety of profibrotic cytokines, metalloproteinases and
procoagulant mediators, which promote uncontrolled migration and proliferation, and
differentiation in fibroblasts to myofibroblasts as well as fibrosis in the extracellular ma-
trix. The main pro-inflammatory cytokines involved in fibrosis are tumour necrosis factor
(TNF)-α and interleukin (IL)-1, as well as some fibrous factors such as transforming growth
factor (TGF)-β and platelet-derived growth factor (PDGF) [1–5].

Patients present a nonspecific symptomatology, which is the fundamental cause
of the delay in diagnosis. Accordingly, in order to reach a definitive diagnosis, it is
essential to combine a detailed medical history with the realization of radiological imaging
studies and sometimes with histopathological studies obtained through a pulmonary
biopsy (PB). Currently, the gold standard for diagnosis of IPF and other non-IPF PF-ILDs
is multidisciplinary discussions that can improve the precision of diagnosis, avoiding
unnecessary tests such as pulmonary biopsy and optimizing patient management. The
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multidisciplinary team should include a pulmonologist, a radiologist, a pathologist, a
thoracic surgeon, a rheumatologist and a specialist nurse [10].

Patients with IPF present with dyspnea, cough and asthenia, which are symptoms
that cause a reduction in daily physical activity and muscle strength leading to a precarious
quality of life and often result in social isolation with increased levels of dependence and
immobility as the disease progresses and causing a significant number of cardiopulmonary
complications. In addition, these patients experience depressive and anxiety disorders,
creating a situation that is difficult to manage for both patients and their caregivers [11].

Another cause for the delay in the diagnosis of IPF is that this is an entity that can be
easily confused with other respiratory pathologies requiring multidisciplinary assessment
by the pulmonology, radiology and pathological anatomy services, thereby using more
healthcare resources [10,12].

Lung transplantation is the only therapeutic option that appears to increase the life
expectancy of patients with IPF. This procedure would be indicated when there is a higher
probability of accelerated decrease in FVC and, therefore, a poor prognosis in the short term.
As the knowledge of IPF has deepened and several technical advances have been achieved,
especially in the area of transplant immunology and surgical procedures (involving both
means and technique), the average age of recipients undergoing lung transplantation
has increased in recent decades from 45 to 55 years. However, this therapeutic option
has been extended in recent years to patients up to 65 years of age in specialized centers.
Nevertheless, despite these advances, pulmonary recipients with IPF have an overall
survival rate upon single transplantation between 4 and 5.5 years, depending on the series,
and may exceed 10 years for bilateral pulmonary transplantation [10–12].

Traditionally, IPF treatment was based on immunosuppressants, glucocorticoids,
oxygen therapy and palliative measures. However, the PANTHER-IPF study showed
that treatment with azathioprine, N-acetyl cysteine and prednisone was associated with
increased hospitalizations and mortality [13]. Currently, there are two drugs approved
for this pathology that have been shown to delay lung deterioration associated with the
disease with satisfactory safety and tolerability profiles. These two drugs are nintedanib
and pirfenidone [14,15]. However, there is little information on the pharmacological
interactions of these two agents in IPF patients who are usually polymedicated.

The group of COVID-19 patients most affected by severe disease present clinical char-
acteristics highly similar to patients suffering from PF-ILD, rendering PF-ILD management
more important than ever [5–7].

Below we review the main pharmacological interactions of the two currently available
antifibrotic drugs, used individually or in combination, as well as some practical aspects of
their therapeutic management, which have become more complex in this pandemic.

2. COVID-19 and ILD

SARS-CoV (Severe Acute Respiratory Syndrome Coronavirus) and MERS-CoV (Mid-
dle East Respiratory Syndrome Coronavirus) are genetically similar to SARS-CoV-2 and
cause lung syndromes similar to COVID-19. At the end of the SARS pandemic on June 2003,
8422 people were affected and 916 died. On the other hand, MERS, which began in April
2012, infected 2519 recognized subjects out of which 866 died. Tomographic abnormalities
in SARS included the following: rapidly progressive ground-glass opacities, some of them
with consolidation of some regions of the lung; and apparent reticular changes approxi-
mately two weeks after the onset of symptoms, which persisted in half of the patients for
about 4 weeks. A 15 year follow-up study of 71 patients with SARS showed that interstitial
and functional abnormalities progressively decreased, resulting in recovery after the first
2 years following infection and then remained stable; at 15 years, only one patient had
obstructive pulmonary disease and none had restrictive respiratory dysfunction, while
4–6% showed interstitial abnormalities [6]. Similar to the findings in SARS, ILD with a
fibrosing phenotype has been reported in MERS [7].
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Several cases of patients with severe pneumonia of unknown cause appeared in
Hubei province, China, in December 2019. Almost one month later, these cases were
reported to the World Health Organization (WHO). They started an outbreak that was
later declared a pandemic by WHO. The causative agent of this disease was identified
as a betacoronavirus RNA, similar to SARS-CoV, which was thus called SARS-CoV-2.
This coronavirus causes lung, gastrointestinal and neurological disease. It has a diameter
between 60 and 140 nanometers and is covered by an envelope formed by different spicules,
which gives it a solar corona appearance. By genetic recombination, coronaviruses acquire
the capacity to infect any host, including bats and humans. SARS-CoV-2 is able to infect
the nasal and bronchial epithelia, as well as pneumocytes, through the binding of the spike
(S) protein of viral spicules to its receptor on the cell surface, which is the angiotensin-
converting enzyme-2 (ACE-2); this interaction triggers an inflammatory response and,
subsequently, the clinical picture of pneumonia and/or respiratory failure [1,6]. In one of
the first studies conducted in China during the pandemic, the characteristics of 1099 patients
were reported. Out of these, 173 cases were severe, with an average age of 49 years;
57% were male; 28% were smokers; and 23.7% (over 70 years) presented comorbidities
such as diabetes, hypertension and chronic obstructive pulmonary disease (COPD); 5%
of the cases were in intensive care; 2.3% on mechanical ventilation; and 1.4% of patients
died [16]. As of June 2021, 180,569,000 infections and 3,912,200 deaths have been reported
worldwide [17].

Fibrotic changes have been found in chest computerized tomography (CT) in patients
with COVID-19. Available data indicate that one-third of the recovered patients develop
fibrotic abnormalities, 47% have impaired DLCO and 25% have decreased total lung
capacity. In a study by Huang et al., all patients who survived had varying degrees of
fibrotic damage ranging from subtle linear opacities to diffuse distribution of crazy paving
pattern, with extensive fibrosis evidenced in 52% of patients. In another study by Zhou et al.
including 62 patients, 21 (33.9%) had fibrotic changes, which were more likely to occur in
advanced stages of the disease (8 to 14 days from onset of symptoms) than in earlier stages
(less than 7 days). Similarly, Pan et al. reported fibrotic changes in chest CT in 11 out of
63 patients during acute illness. These reshapings are supported by autopsy reports. Early
fibrotic changes in the course of the disease suggest repair attempts following lung damage;
all this results in pulmonary sequelae, which include impaired exercise capacity, fibrotic
lung tissue and impaired diffusing capacity. However, although pulmonary function can
be improved over time, moderate fibrosis could be irreversible in some patients [18,19].
Thus, it would make sense to apply the same strategy as in other non-IPF PF-ILDs in these
patients and antifibrotic agents could play a relevant role.

The early identification of subpopulations of patients developing PF-ILD phenotype
after COVID-19 infection is important since it is presumed that, by acting early in the course
of ARDS, the development of lung damage could be avoided, delayed or decreased [18].
Several markers associated with mortality risk including age, disease severity, time of
Intensive Care Unit (ICU) stay, mechanical ventilation and hyperinflammatory markers
may be potential predictors of PF-ILD. Other factors such as male sex, smoking and
underlying diseases have also been described. In addition, prolonged fever prior to hospital
admission, tachypnea and eosinopenia at admission may be useful as a combination of
early risk indicators [19].

Age: Pulmonary fibrosis is most often reported in elderly individuals. The exact
reason for this association is unknown; however, older individuals are more susceptible to
SARS, MERS and SARS-CoV-2 and are more likely to possess severe symptoms [17].

Disease severity: According to the WHO, 80% of COVID-19 cases are mild, 14%
develop severe symptoms and 6% are very severe. Comorbidities such as high blood
pressure, diabetes and coronary artery disease are factors associated with increased severity.
Laboratory findings that correlate with increased severity are as follows: lymphocytopenia,
leukocytosis and lactate dehydrogenase (LDH) increase. Serum LDH levels have been used
as a marker of disease severity following acute lung damage. LDH is an indicator of lung
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tissue destruction and correlates with mortality risk. Peak LDH levels were significantly
correlated with the risk of pulmonary fibrosis after infection in MERS and SARS [17]. In
a meta-analysis, Chen et al. reported that elevated LDH values were associated with a
12-fold increase in the risk for severe COVID-19 and concluded that LDH levels can be
used to predict severe disease [20].

Time of hospitalization at the ICU and mechanical ventilation: Five percent to twelve
percent of COVID-19 patients required ICU admission. Although disease severity is
closely related to the time of hospitalization at the ICU, mechanical ventilation provides an
additional risk of ventilator-induced lung damage. Ventilator-associated lung damage is an
acute damage that is initiated or exacerbated by mechanical ventilation and is associated
with increased mortality in ARDS. Pressure and volume abnormalities induce this damage,
resulting in the release of proinflammatory modulators, worsening of acute lung damage,
increased mortality and pulmonary fibrosis in survivors. In a follow-up study of 27 patients
with ARDS who received mechanical ventilation, 23 (87%) had pulmonary fibrosis between
110 and 267 days after extubation [17].

Smoking: It is associated with chronic oxidative stress, increased expression of inflam-
matory cytokines and pulmonary fibrosis. The harm associated with smoking continues
even after smoking cessation. A systematic review by Vardavas and Nikitara showed
that smokers are 1.4 times more likely to have more severe symptoms of COVID-19 and
2.4 times more likely to need the ICU, mechanical ventilation or die than non-smokers [17].

Chronic Alcoholism: Alcohol abuse is associated with recurrent pneumonia due to
the aspiration of gastric contents. Clinical and experimental studies show that alcoholism
causes glutathione depletion, chronic oxidative stress, inflammation and induction of TGF-
B in the lungs, thereby increasing the risk of acute lung injury and pulmonary fibrosis [17].

Patients should be advised not to leave the house and to use non-face-to-face methods
for consultations (telemedicine), to obtain medicine stocks (they can be formulated for
3 months) and, if required, to ask for help in order to avoid leaving the house (from family
or friends). They should also take into account the different recommendations on fever,
odynophagia, dry cough and dyspnoea for 1 week and consult for suspected COVID-
19. A management strategy should be established with patients and family members, if
possible, with recommendations on how to proceed during a mild exacerbation at home,
including indications about warning signs for them to attend emergencies or to contact their
physician and reminding them that they may not necessarily be infected with COVID-19.
Medications for interstitial lung disease should be maintained at the dose recommended by
the attending physician but should be discontinued at the time of acute COVID-19 infection
in order to avoid drug interaction or side effects. The patient’s immune response appears
to play an important role in the pathophysiology of both acute lung injury and ARDS.
Patients with COVID-19, particularly those with pneumonia and ARDS have elevated
levels of proinflammatory cytokines and other inflammatory biomarkers. Currently, the
most commonly used drugs for the acute phase of COVID-19 are glucocorticoids. In fact,
in the RECOVERY trial, dexamethasone has shown a moderate but significant reduction in
mortality among those patients who were receiving either invasive mechanical ventilation
or oxygen alone at randomization but not among those receiving no respiratory support.
However, despite this clinical trial being one of the most robust studies regarding the
use of glucocorticoids in COVID-19, its methodology is somehow questionable among
other reasons because no severity markers were recorded. Furthermore, several routes of
administration of dexamethasone, oral or intravenous, were used [21]. Notwithstanding
the need of further evidence, glucocorticoids seem to be the cornerstone of the treatment
of the acute phase of COVID-19 to date. Additionally, the combination of supportive
therapy along with antiviral treatment, oxygen therapy and anticoagulation must be
emphasized [22]. In order to clarify the role of anti-inflammatory and immunomodulatory
treatment of the acute phases of COVID-19 on the occurrence of long-COVID and post-
ARDS interstitial lung disease, further research is needed. Finally, pulmonary rehabilitation
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in the acute and inflammatory phases is essential for the full recovery of lung function in
these patients.

3. Pharmacovigilance

According to the WHO, pharmacovigilance is defined as “the science and activities
related to the detection, assessment, understanding and prevention of adverse drug effects
or any other possible drug-related problem”. The safety system covers adverse drug
reactions (ADR) produced by medications, dosing errors, falsified medicinal products,
their lack of effectiveness and misuse and/or abuse and drug interactions, among others.
It also involves monitoring the safety of natural and traditional medicines, blood products,
radioactive substances, contrast media, biological products, vaccines and even medical
devices [23]. The main purpose of pharmacovigilance is to determine the cause, frequency
and severity of ADRs in such a manner that the necessary preventive measures can be
put in place in order to preserve patient safety and achieve the rational use of medicinal
products optimizing the benefit/risk ratio. Therefore, it is considered a key piece for
ensuring the efficiency and effectiveness of the pharmaceutical regulatory systems, clinical
practice and the programmes implemented in healthcare [24].

Drug Interactions

When a medicine is administered, it undergoes a series of processes that contribute
in inducing its therapeutics and toxic effects in the organism and are summarized under
the acronym LADME (liberation, absorption, distribution, metabolism and excretion). A
drug interaction occurs when the concomitant administration of two drugs alters any of
the aforementioned processes [25]. There are several scenarios resulting from a drug–drug
interaction: drug absorption can be delayed, decreased or increased; the distribution within
the body and the pharmacological effect for which the drugs were designed may be altered;
or their metabolism and/or excretion can be significantly modified [26].

The understanding of the mechanism involved in a given drug interaction is essential
for its interpretation, prevention and treatment. However, it is not easy to establish a
clear mechanism for each interaction since they usually involve more than one drug acting
simultaneously through different mechanisms [27]. Two main groups of drug interactions
can be considered:

1. Pharmacodynamic: They take place at biologically active sites, such as receptors, and
produce changes in pharmacological activity. They do not usually affect pharmacoki-
netic parameters, but they alter the patient’s response to the drug. These interactions
are as clinically important as pharmacokinetic interactions but much more difficult
to study systematically since they usually take place affecting pairs of medications,
which makes it difficult to establish common mechanisms explaining the effects on
both drugs. Two types of pharmacodynamic interactions can be defined [26]:

- Synergistic: Two drugs with the same pharmacological effect are administered
together;

- Antagonistic: Two drugs that are administered together have opposite actions.

2. Pharmacokinetic: They affect different drug kinetic processes, resulting in modifi-
cations in plasma drug concentration. There are different types of pharmacokinetic
interactions depending on whether they occur at the level of absorption, distribution,
metabolism or excretion [26,28].

Absorption: They can affect both the speed and magnitude of absorption. In general,
these interactions have little clinical relevance and can be avoided by separating the
administration of the two drugs.

Distribution: Displacement of plasma protein binding. They occur when two drugs
compete for the same binding site in plasma proteins; in this case, the drug with the lowest
affinity for the protein is displaced by the one with the highest affinity. The result is an
increase in the concentration of free (active) drug, which is usually compensated by an
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increase in its excretion. These interactions are only clinically important for drugs in which
the percentage of plasma protein binding is greater than 90%.

Metabolism: The interactions at this level are the most important from a clinical point
of view. Cytochrome P-450 is the main responsible for the metabolism of drugs, as well
as other exogenous substances (polycyclic aromatic hydrocarbons, etc.) and endogenous
compounds (steroids, hormones, prostaglandins, lipids and fatty acids), through mono-
oxidation reactions.

The term cytochrome P-450 refers to a group of numerous isoenzymes located in the
membrane of the smooth endoplasmic reticulum of hepatocytes. They are also present at
high concentrations in small intestine enterocytes and in small amounts in extra-hepatic
tissues, such as kidney, lung and brain. Cytochrome P-450 enzymes form a genetic super-
family that can be divided into families and subfamilies. To date, more than 30 different
isoenzymes have been identified in humans, but 90% of oxidation reactions can be at-
tributed to the six main families: CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1 and
CYP3A4.

Interactions affecting the metabolism are caused by the induction or inhibition of
cytochrome P-450 isoenzymes. Enzymatic induction is a gradual process since it requires
the synthesis of new enzymes and produces a decrease in the plasma level of the drug
being metabolized. Enzymatic inhibition, on the other hand, takes place more quickly
and results in an increase in the plasma concentration of the affected drug. A drug can
be metabolized simultaneously by more than one isoenzyme. In addition, a drug does
not need to be a substrate of this enzyme to behave as an inducer or inhibitor of a specific
isoenzyme.

Excretion: Those drugs that alter the renal excretion of other drugs can affect their
plasma levels. The two most common mechanisms of interaction at the renal level are
competition for active tubular secretion and the modification of urinary pH. The clinical
impact of these types of interactions depends on the percentage of renal elimination of a
drug or its metabolites, but these mechanisms are not as important as those involving the
metabolism in general.

It should be emphasized that the probability of drug interactions increases substan-
tially with the number drugs administered simultaneously to a patient. Accordingly, drug
interactions are expected to be greater in the polymedicated patient. Therefore, drug inter-
actions go hand-in hand with polymedication [29,30]. The WHO defines chronic diseases
as “diseases of long duration and usually of slow progression” [31]. Heart disease, stroke,
respiratory diseases, cancer and diabetes are good examples of chronic diseases. Between
60% and 70% of deaths worldwide are attributed to these diseases. In turn, 80% of these
deaths occur in low-income and middle-income countries inhabited by a large part of the
global population, affecting important aspects of the lives of both men and women. Other
examples of chronic diseases include hearing and visual impairments, oral diseases, os-
teoarticular diseases, gene and mental disorders. The main risk factors for the development
of chronic disease are smoking, an unhealthy diet, physical inactivity and alcoholism [31].

4. Pirfenidone

Pirfenidone (5 methyl-1-phenyl-2-[1H] pyridone) is an agent that combines anti-
inflammatory and antifibrotic effects acting on the regulation of TGF-5 activity, TNF-α and
β pathways, as well as cellular oxidation. Pirfenidone is indicated for the treatment of mild
to moderate IPF [15]. Pirfenidone was approved for IPF based mainly on the two CAPAC-
ITY trials [32] (Table 1). Moreover, in order to confirm the beneficial effect of pirfenidone on
disease progression, another trial was performed showing positive outcomes [33] (Table 1).
According to the RELIEF study, inpatients with fibrotic ILDs other than IPF (such as con-
nective tissue disease-associated ILDs, fibrotic non-specific interstitial pneumonia, chronic
hypersensitivity pneumonitis and pneumoconiosis) attended in 17 centers specialized in
ILD in Germany deteriorated despite conventional therapy. However, with the addition of
pirfenidone to the existing treatment there was an attenuation of disease progression, as
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measured by decline in FVC [34]. Nevertheless, more studies for assessing the efficacy and
safety of pirfenidone in this kind of patients are needed.

Table 1. Main clinical trials on pirfenidone and nintedanib in idiopathic pulmonary fibrosis (IPF).

Study
(References)

Design Treatment Main Endpoints Patients

CAPACITY 004 [32]

Phase 3
Randomized

Parallel Assignment
Double-Blind

Pirfenidone
(2403 mg or 1197 mg) versus

Placebo

Absolute Change in Percentage of
predicted FVC

Mean Change in Percent Predicted
FVC as measured from baseline to

week 72

435

CAPACITY 006 [32]

Phase 3
Randomized

Parallel Assigment
Double-Blind

Pirfenidone
(2403 mg) versus

Placebo

Change in percentage of predicted
FVC at week 72 344

ASCEND [33]

Phase 3
Randomized

Parallel Assigment
Double-Blind

Pirfenidone (2403 mg) versus
Placebo Change in FVC or death at week 52 555

RELIEF [34]

Phase 2
Randomized

Parallel assignment
Double blinded

Pirfenidone (267 mg or 534 mg or
801 mg) versus placebo

Absolute change in percentage of
predicted FVC at week 48 127

TOMORROW [35]

Phase 2
Randomized

Parallel assignment
Double blinded

Nintedanib
(50 mg,100 mg, 200 mg or

300 mg) versus
Placebo

Annual rate of decline in FVC over
52 weeks 432

INPULSIS 1-
INPULSIS 2 [36]

Phase 3
Randomized

Parallel assignment
Double blinded

Nintedanib
(200 mg or 300 mg) versus

Placebo

Annual rate of decline in FVC over
52 weeks 1066

SENSCIS [37]

Phase 3
Randomized

Parallel assigment
Double blinded

Nintedanib (150 mg) versus placebo Annual rate of decline in FVC over
52 weeks 576

INBUILD [38]

Phase 3
Randomized

Parallel assigment
Double blinded

Nintedanib (150 mg) versus placebo Annual rate of decline in FVC over
52 weeks 663

INJOURNEY [39]

Phase 4
Randomized

Parallel assignment
Open-label

Nintedanib
(150 mg) versus

Pirfenidone (2403 mg)

Percentage of patients with
on-treatment gastrointestinal AEs

from baseline to week 12
105

Abbreviations: FVC: forced vital capacity. AE: Adverse Events.

Pharmacologically, pirfenidone belongs to the group of immunosuppressive agents.
It was approved by the US Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) in 2011, becoming the first drug authorized for the treatment
of IPF. Pirfenidone has antifibrotic and anti-inflammatory properties both in vitro and in
animal models of pulmonary fibrosis [15]. In addition, pirfenidone reduces the accumula-
tion of inflammatory cells and attenuates the proliferation of fibroblasts, the production of
cytokines and proteins related to fibrosis and the increased synthesis and accumulation of
extracellular matrix [15].

Treatment of mild to moderate IPF with pirfenidone in adults begins with 800 mg/day
and is increased up to 2400 mg/day over the course of 3 weeks. The most common adverse
reactions are observed at the gastrointestinal, skin and liver level (Table 2). It is worth
highlighting that polymedicated patients should be closely monitored, as pirfenidone
metabolism can be influenced in these patients by inhibition or induction of liver enzyme
systems such as cytochrome P450 1A2 (CYP1A2), CYP3A4 and P-glycoprotein (P-gp) [15].
Table 2 shows a list of drugs that should be avoided when initiating pirfenidone treatment
because the risk/gravity of their adverse effects outweighs the benefit from treatment
(major interactions).
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Table 2. Pharmacological characteristics of nintedanib and pirfenidone.

Pirfenidone Nintedanib

Pharmaceutical form
(orally)

Capsules
Tablets Capsules

Half-life (hours) 3 9.5

Side effects

Bloating, dizziness, diarrhoea, dyspepsia,
gastroesophageal reflux, nausea,
vomiting, fatigue, weight loss,

photosensitivity reactions and rash

Increased liver enzymes, abdominal pain,
diarrhoea, nausea, vomiting weight loss

Major pharmacological
Interactions *

Aminolevulinic acid, amiodarone,
enoxacin, fluvoxamine, leflunomide,
mibefradil, mipomersen, rucaparib,

teriflunomide, vemurafenib

Carbamazepine, dexamethasone,
drotrecogin alfa, phenytoin, leflunomide,

lomitapide, mipomersen, mitotane,
phenobarbital, primidone, rifampicin, St.

John’s wort, tripanavir, teriflunomide

Contraindications
Smoking

Kidney failure
Liver failure

Thromboembolic disease
Lung toxicity

Gastric perforation
Smoking

Kidney failure
Liver failure

Pregnancy Category (FDA) C D

Abbreviations: Pregnancy category C: Animal reproduction studies have shown adverse effects on the foetus or its safety could not be
demonstrated. There are no adequate and well-controlled studies in humans. Drugs included in this category should only be used when
the potential benefits justify the potential risks to the foetus. Pregnancy category D: There is evidence of risk to the foetus based on research
data, post-marketing data, adverse reaction records or human studies. However, the potential benefits of its use in pregnant women may
be acceptable despite the likely risks in some situations. FDA: Food and Drug Administration. * Major interactions: Highly relevant at the
clinical level. Combinations causing this type of interactions should be avoided since their risk exceeds the potential benefit.

Various analyses of cumulative information from several studies have provided sev-
eral important conclusions [40,41]. For instance, in a single-dose drug interaction study
involving 27 volunteers, co-administration of 800 mg pirfenidone and 750 mg ciprofloxacin
(moderate CYP1A2 inhibitor) two times daily for 6 days increased exposure to pirfenidone
by 81% [15] (Table 1). Consequently, in the case of strong CYP1A2 inhibitors such as
fluvoxamine or enoxacin, the dose of pirfenidone should be reduced to one-third of the
usual dose, while for moderate inhibitors such as ciprofloxacin, it should be reduced to
66% of the commonly used dose [15].

For P450 1A2 inducers, a study in which a single pirfenidone dose of 801 mg was
administered to 25 healthy non-smoking patients and 25 smokers without concomitant
therapy at the time of the study showed less exposure to the drug in smoking subjects (area
under the curve (AUC) 46% in smokers and 68% in non-smokers) (Table 1) [40].

Pirfenidone has been shown to exert low inhibition (10% to 30%) of P-gp-mediated
digoxin (5.0 μM) efflux at concentrations of 100 M and higher [8]. The inhibitory activity of
pirfenidone for CYP2C9 and 2C19 or 1A2, 2D6 and 3A4 was evaluated in vitro at a con-
centration of 1000 μM (approximately 10 times the average of the maximum concentration
(Cmax) in humans). The activity of these enzymes was reduced by 30.4%, 27.5%, 34.1%,
21% and 9.6%, respectively; this effect has great clinical relevance, as it increases Cmax and
AUC values proportionally to the dose used [41].

5. Nintedanib

Nintedanib is an intracellular tyrosine kinase inhibitor developed for the treatment of
various types of cancer (lung, ovary, renal, colo-rectal and liver), as well as an antifibrotic
agent. The first clinical trial that confirmed the effects of nintedanib slowing the progression
of idiopathic pulmonary fibrosis was the phase II TOMORROW [35], which was confirmed
in the phase III INPULSIS-1 and INPULSIS-2 [36].

In 2014, it was approved for the treatment of IPF in the USA and Europe, and it
received a new indication for systemic sclerosis (SSc)-associated ILD (SSc-ILD) therapy in

157



Pharmaceuticals 2021, 14, 819

2019 [37]. More recently, this drug has been approved for the treatment of other progressive
fibrosing interstitial lung diseases (PF-ILD) [38].

Nintedanib is a potent oral inhibitor of the tyrosine-kinase activity of several pro-
angiogenic receptors: vascular endothelial growth factor receptors (VEGFR) 1–3, fibroblast
growth factor receptors (FGFR) 1–3 and platelet-derived growth factor receptors (PDGFR)
α and β. Additionally, it inhibits the kinase activity of RET receptors, FLT3 and the Src
family of tyrosine kinases. Overall, more than 12 tyrosine-kinase receptors and signalling
molecules are inhibited by nintedanib, suggesting potential effects on multiple signalling
pathways [14].

Nintedanib displays linear pharmacokinetics for a dose of 350 mg twice daily. The
maximum plasma concentrations are normally reached 2–4 h after oral administration with
food. Its half-life is 9.5 h (Table 2), and the average concentration in the steady state is
normally reached in one week, with low concentrations remaining stable for a period longer
than 1 year. The absolute bioavailability of nintedanib 100 mg is 4.7%. This pharmacokinetic
profile is due to the quick metabolization of the molecule by methylesterases [14,35,36].

The main metabolic pathway of nintedanib is esterase-mediated hydrolysis followed
by glucuronidation. CYP450, primarily CYP3A4, plays a minor role in nintedanib biotrans-
formation. The main route of nintedanib elimination is the bile/faecal pathway (which
accounts for about 93% of the administered dose). The contribution of renal excretion
to total clearance is low at about 0.65% [14]. The co-administration of nintedanib with
ketoconazole, a CYP3A4 and P-gp inhibitor, increases nintedanib exposure by 60%; patients
receiving nintedanib concomitantly with P-gp and CYP3A4 inhibitors should be closely
monitored. The co-administration of nintedanib and rifampicin, a P-gp and CYP3A4 in-
ducer, decreases nintedanib exposure by 50%. Therefore, concomitant administration of
nintedanib with P-gp or CYP3A4 inducers should be avoided [14,35,36]. Table 2 shows a
list of drugs that should be taken into account when treating patients with nintedanib due
to the risk of major drug interactions.

6. Managing the Adverse Effects of Antifibrotic Therapy

The most common adverse events (AEs) of antifibrotic therapy occur at the gas-
trointestinal tract [14,15] (Table 2). Grouped data from TOMORROW and INPULSIS
trials (Table 1) showed that the AE most commonly associated with daily nintedanib
300 mg was diarrhoea, reported in 61.5% of cases (17.9% with placebo) [13,42]. In most
patients, nintedanib-associated gastrointestinal AEs can be managed by reducing the
dose (200 mg/day), discontinuing treatment and applying symptomatic measures with
loperamide or similar [14]. The most common AE associated with pirfenidone in the
CAPACITY and ASCEND studies was nausea, which appeared in 35.5% of patients vs.
15.1% in patients treated with placebo [43]. Gastrointestinal toxicity associated with pir-
fenidone is managed by reducing the dose or interrupting treatment [14]. Taking treatment
after meals can also be helpful [43]. Photosensitivity and rash associated with pirfenidone
appear mostly in the first months of treatment. In CAPACITY and ASCEND trials, rash was
reported in 29.2% of patients treated with pirfenidone compared to 9% in patients treated
with placebo [43]. This AE can be reduced by the use of photoprotective creams [14]. Table 3
shows recommended strategies for the prevention and treatment of the most common AEs
associated with antifibrotic agents.

In addition, nintedanib and pirfenidone may cause an increase in liver enzymes.
Therefore, it is necessary to perform control analyses at the start of treatment as well as
periodically during treatment for the early detection of potential liver damage [14,15,44,45].
Dose adjustments made to manage AEs do not reduce the effectiveness of nintedanib or
pirfenidone decreasing FVC [46–49].
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Table 3. Strategy for the prevention and management of adverse events related to antifibrotic therapy.

Pirfenidone Nintedanib

Type of AE Gastrointestinal Cutaneous Hepatic Gastrointestinal Hepatic

AE prevention

Take pirfenidone
with plenty of food.

Titration for
4 weeks instead

of 2.

Avoid exposure to
sunlight or intense

artificial light.
Applications of

complete
protection cream
every 2 h. Use of
sunglasses and

protective clothing.
Avoid use of

phototoxic drugs.

Monitor liver
bio-chemistry

(ALT, AST and
bilirubin) at

baseline, monthly
for 6 months and

then every
3 months.

Take nintedanib
with food.

Monitor liver
biochemistry

(ALT, AST,
bilirubin) at

baseline, monthly
for the first

3 months and then
periodically.

AE treatment
Prokinetics and
proton pump

inhibitors.

Steroids or
sulphadiazine if

severe
phototoxicity.

Antidiarrheal
(loperamide).
Antiemetics.

Proper hydration.

Dose reduction

Reduce doses to
1–2 capsules

2–3 times daily.
Make the

reduction at the
time point in

which the AE is
most pronounced.

Reduce dose to
1 capsule every 8 h

for one week.

If AST and ALT are
increased (>3 to

5× ULN) or there
are symptoms or
hyperbilirubine-

mia, reduce doses
until values

recovery.

Reduce to
100 mg/12 h if

persistent
diarrhoea.

If AST/ALT are
increased (>3 to
5× ULN) reduce

dosage until values
recovery.

Then, re-scale
doses up to max

tolerated.

Dose interruption

If AE persists,
temporarily
discontinue

therapy until
symptom
resolution.

Discontinue doses
for 14 days if rash

persists and
subsequently

re-escalate.
Do not re-escalate
if the rash does not

subside.

Permanently
discontinue if the
elevations of AST

and ALT are
accompanied by
symptoms of hy-
perbilirubinemia

or if the elevations
are >5× ULN.

Stop doses if
severe diarrhoea

for one week.
Discontinue

permanently if
there is no

improvement.

Permanently stop
doses if elevations
are accompanied

by severe
symptoms of liver

damage.

Abbreviations: AE: adverse events; ALT: alanine amino-transferase; AST: aspartate amino transferase; max.: maximum; ULN: upper limit
of normality.

Results from a study of 186 patients from a single centre in the United States showed
that the percentage of patients who had to discontinue treatment with pirfenidone or
nintedanib due to AEs was similar to that observed in clinical trials (20.9% and 26.3%,
respectively), with gastrointestinal AEs being primarily responsible for discontinuation [49].
Moreover, several studies have shown that efficacy and safety data in clinical practice are
similar to those described in clinical trials [50–54].

7. Concomitant Administration of Nintedanib and Pirfenidone

AUC and Cmax values obtained for nintedanib administration in conjunction with
pirfenidone in IPF patients, indicate that there are no clinically relevant interactions between
these two agents. Although exposure to nintedanib in these studies decreased when
administered with pirfenidone compared to monotherapy, this fact lacks clinical relevance
and can be attributed to the great inter-individual variability among patients, as it is also
observed when nintedanib is administered as monotherapy [55,56].

Regarding pharmacokinetics of pirfenidone, the AUC and Cmax values are similar
when this drug is used alone or in combination with nintedanib [55,56]. This information
was more consistent in the INJOURNEY study, which evaluated the safety, efficacy and
pharmacokinetic profile of nintedanib alone or in combination with pirfenidone. Interest-
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ingly, combined treatment reduced FVC less than nintedanib in monotherapy, although
these data should be interpreted with caution [39].

As both drugs produce similar AEs [4,5], a negative additive effect could be expected
when they are administered together. However, the AEs of the combined administration
were similar to those of individual treatments [57,58].

The data analysed until now suggest the absence of relevant clinical interactions
between these two drugs. Although there is a lot of information regarding long-term
individual administration of pirfenidone and nintedanib [57,58], information about their
combined administration is very limited. There is only a small Phase IV study in 20 patients
with IPF under long-term treatment with both drugs (Table 1), in which no added AEs
were observed [39].

Cost-effectiveness remains to be improved, as the association of two antifibrotic agents
considerably increases the cost of treatment per patient and year, thereby increasing the
economic burden on healthcare providers. In recent years, inhaled administration of
new antifibrotic agents has been explored; this new administration route could improve
adherence to treatment in polymedicated patients [59].

8. Final Considerations

In December 2019, reports emerged from Wuhan, China, of a new severe acute respira-
tory disease caused by SARS-CoV-2. COVID-19 pneumonia presents as an acute respiratory
infection, with fever, dry cough, dyspnoea, arthralgia and other symptoms, which may be
similar to some interstitial lung diseases. Therefore, history, epidemiological link, physical
examination and clinical examination of the patient should be taken into account for a
correct differential diagnosis. In this manner, when a physician faces a patient with this
type of interstitial lung disease, it is important to define the complete medical history in
order to determine whether the interstitial disease is acute or chronic and to consider the
diagnosis of infection by COVID-19, which is, perhaps, the greatest challenge [5–7].

Data from previous coronavirus-induced diseases such as SARS and MERS, as well as
emerging data from the COVID-19 pandemic, suggest there could be substantial fibrotic
consequences following SARS-CoV-2 infection. Nintedanib and pirfenidone might have a
role in preventing severe lung fibrosis after SARS-CoV-2 infection, especially in patients
with the PF-ILD phenotype [5–7,60]. Furthermore, we must take into account that these
drugs do not produce immunosuppression, which is an advantage over the use of corticos-
teroids in the acute phase of the disease. This becomes particularly important in patients at
high risk of contracting any type of infection during COVID treatment. Thus, switching to
antifibrotic therapy is an option to be considered in some patients.

In addition, chronic diseases are a growing threat capable of triggering serious reper-
cussions ranging from negatively affecting health-related quality of life and being an
underestimated cause of poverty for both families and society in general to being the lead-
ing cause of premature deaths worldwide [60]. It is important to note that these population
groups are especially susceptible to interactions, mainly because of polypharmacy. Poly-
medication is a frequent phenomenon in chronic diseases and, in the majority of cases, is
associated with non-compliance with treatment, inappropriate use and/or abuse of drugs,
dosing mistakes or inadequate medication, among others. Its prevalence is an imminent
alarm in the health sector as it has undergone significant growth in the last years [60].

IPF and PF-ILDs are chronic diseases affecting patients who often take at least four
different kinds of drugs [61]. In these patients, the risk of a harmful and unwanted response
increases exponentially, resulting in new requirements for dealing with conditions wrongly
interpreted as “new pathological processes”, which give rise to a therapeutic cascade.
Moreover, drug interactions are more frequent in the polymedicated patient [62].

Although not all drug interactions are clinically significant, it is important to remain
vigilant for those that are relevant. It is impossible to keep in mind all the relevant inter-
actions described, but knowledge of the main types of drugs most frequently involved
in interactions can be crucial for establishing an alert system that contributes to improv-
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ing prescription of drug therapy. Several methods that allow the reduction in the risks
associated with interactions and thus improve the therapeutic risk/benefit ratio have been
described, including among others the reduction in the number of drugs administered,
avoiding unnecessary polymedication, the selection of alternative drugs with low AE rate,
an adequate dosing regimen adjusted to the individualized characteristics of every patient,
pharmacokinetic monitoring of serum concentrations of drugs in those cases in which this
is possible and constant clinical observations in order to detect the consequences of an
interaction as quickly as possible [62–65].

Nintedanib and pirfenidone have represented a breakthrough in the treatment of IPF
in recent years. Their different mechanisms of action open the possibility of using them in
combination, thus providing an interesting therapeutic option, especially for those cases
with worse prognosis. However, little information is currently available on the possible
pharmacological interactions that could occur in the case of combined administration and
on the additive effects that this interaction could exert on the effectiveness and safety of
both drugs.
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