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Editorial on the Research Topic
Immune-mediated lung injury

The dawn of a new immune-mediated lung disease:
post-COVID-19 interstitial lung disease

The role of immunity in acute and chronic lung injury has been now established (Sweis
et al.) (1, 2). With regards to interstitial lung diseases (ILDs), a possible association with
immunity was first reported almost 50 years ago. In particular, Crystal et al. reported
that “The fibrotic process is probably irreversible, however the inflammatory and immune
processes causing it may be amenable to therapy if diagnosed early” (3). Despite further
reports linking immune deregulation and chronic lung injury, the role of immunity
had been severely underscored in the past mainly due to the disappointing results of
immunosuppressive and immunomodulatory agents such as corticosteroids in patients with
idiopathic pulmonary fibrosis (IPF) (4). Most recently, the interest has been revived. Clinical
and translational observations fueled mechanistic discoveries on the role of immunity
in lung injury. For example, cellular deconvolution of the 52-gene signature, a highly
reproducible biomarker in IPF, showed that monocytes are the cellular source of the
upregulated genes. This paved the way for clinical studies showing the prognostic potential
of monocyte count in ILDs as well as mechanistic studies investigating the role of monocytes/
myeloid derived suppressor cells in pulmonary fibrosis (5-9).

Given the increased interest for the association of immunity with lung injury, this
Research Topic included articles presenting immune insights in the context of IPF
as well as articles highlighting the impact of ILD in patients with connective tissue
diseases such as scleroderma and myositis (Kirgou et al.; Liossis and Bounia; Liossis and
Staveri; Karampitsakos et al.). Importantly, this Research Topic highlighted the dawn of
a new immune-mediated lung disease, named post-COVID-19-ILD (Bernardinello et al;
Karampitsakos et al.). In particular, data from the Greek registry of patients with post-
COVID-19-ILD showed that Forced Vital Capacity% predicted and Diffusing capacity for
carbon monoxide% predicted were below 80% in 25.8 and 30.6% of patients in the 3-
month follow up, respectively (Karampitsakos et al.). Of note, 5.6% of patients presented
with “fibrotic-like” changes and persistent functional impairment at the 6-month follow-
up leading thus to implementation of antifibrotics. Similarly, an Italian study demonstrated
that 6.9% of the cohort had not recovered in terms of lung disease in the 1-year follow-up
(Bernardinello et al.). Patients that did not recover in the 1-year follow-up were older, more
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frequently current smokers and had worse PaO,/FiO, on
admission at the time point of hospitalization compared to patients
that recovered (Bernardinello et al.). Given that both studies
showed that a (not negligible) minority of patients with COVID-19
exhibit persistent lung disease even 1 year following acute infection,
questions about the long-term trajectory of these patients arise.
Taking into consideration that COVID-19 and fibrotic-ILDs have
(1) common radiographic features and (2) common innate and
adaptive immune responses [the aforementioned gene-signature
that predicted outcomes in IPF, predicted outcomes in COVID-19,
as well (10)], the following remain to be addressed:

1) Are “fibrotic-like” changes in patients with post-COVID-19
reversible? Does radiologic fibrosis necessarily mean histologic
fibrosis? Will the treatment of “immature fibrosis” prevent
irreversible disease or radiographic findings will resolve/not
progress irrespective of treatment? Ongoing studies will
hopefully shed light to these questions.

2) Are genes that predict mortality in IPF and COVID-19,
still abundantly expressed in post-COVID-19-ILD? Extensive
investigation of genes that predict mortality in IPF suggested
that monocytes/myeloid derived suppressor cells persist during
the disease course, while T cells might exhibit exhaustion
(5-11). Similarly in COVID-19, myeloid cells have been
shown to be highly activated (12), with dysfunctional HLA-
DR°CD163" and HLA-DR°S100AM CD14+ monocytes being
present in patients with severe disease (13). Moreover, T cell
subpopulations of patients with SARS-CoV-2 infection had
exhaustion features (14-16).

if the

aforementioned phenomenon persists in post-COVID-19-ILD.

However, further data are needed to understand

If not, a less abundant expression of genes that are directly
related with monocytes, might mean a gradual “immune
recovery” in post-COVID-19-ILD and probably a favorable
long-term course. Contrary to IPE, persistence of monocytes
and impaired T cell response might not be the case in post-
COVID-19-ILD, as the epithelial injury happened only in

the acute phase of infection and is not repetitive (17, 18).
Studies implementing single-cell RNA-sequencing to compare
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post-COVID-19-ILD and IPF could hopefully address this
unmet need and help clinicians “predict” the long-term
outcomes of patients with post-COVID-19-ILD.

Addressing the two aforementioned questions, will substantially
contribute to the management of this new entity with unknown
long-term consequences. Despite that the acute phase of the
pandemic is thankfully over, clinicians should not forget that a
minority of COVID-19 survivors have persistent lung disease.
Timely and appropriate management of this new entity might
positively impact patients’ health-related quality of life on a
long-term basis.
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Background: Pulmonary alveolar proteinosis (PAP) is a rare syndrome first described
by Rosen et al. in 1958. Despite our considerably evolved understanding of PAP over
the past decades, no bibliometric studies have been reported on this field. We aimed
to analyze and visualize the research hotspots and current trends of the PAP research
field using a bibliometric analysis to help understand the future development of basic and
clinical research.

Methods: The literature regarding PAP was culled from the Web of Science Core
Collection (WoSCC) database. Data were extracted from the relevant articles and visually
analyzed using CiteSpace and VOSviewer software.

Results: Nine hundred and nine qualifying articles were included in the analysis.
Publications regarding PAP increased over time. These articles mainly come from 407
institutions of 57 countries. The leading countries were the USA and Japan. University
of Cincinnati (USA) and Niigata University (Japan) featured the highest number of
publications among all institutions. Bruce C Trapnell exerts a significant publication
impact and has made the most outstanding contributions in the field of PARP. American
Journal of Physiology-Lung Cellular and Molecular Physiology was the journal with the
most publications, and American Journal of Respiratory and Critical Care Medicine was
the most commonly cited journal. All the top 5 co-cited journals belong to Q1. Keyword
citation bursts revealed that inflammation, deficiency, tissue resident macrophage,
classification, autoimmune pulmonary alveolar proteinosis, sarcoidosis, gm csf, high
resolution ct, and fetal monocyte were the emerging research hotspots.

Conclusion: Research on PAP is prosperous. International cooperation is also
expected to deepen and strengthen in the future. Our results indicated that the
etiology and pathogenesis of PAP, current and emerging therapies, especially the novel
pathogenesis-based options will remain research hotspots in the future.

Keywords: pulmonary alveolar proteinosis (PAP), bibliometric analysis, CiteSpace, VOSviewer, autoimmune

pulmonary alveolar proteinosis (aPAP), alveolar macrophage, granulocyte-macrophage colony-stimulating factor
(GM-CSF)
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INTRODUCTION

Pulmonary alveolar proteinosis (PAP) is a rare syndrome that
was first described in 1958 by Rosen et al. (1). Recently, the
prevalence of PAP has been estimated to be 6.87 per million
in the general population, without gender predilection (2); the
evidence backing global variation in the epidemiology of PAP
is insubstantial (3). PAP is characterized by altered surfactant
homeostasis and resultant accumulation of lipoproteinaceous
material in pulmonary alveoli and alveolar macrophages (AMs)
(4, 5). Pathologically, PAP is a heterogeneous group of diseases
that result from either poor surfactant clearance or abnormal
surfactant production due to AMs dysfunction (3). Granulocyte-
macrophage colony-stimulating factor (GM-CSF) plays a pivotal
role in the terminal differentiation of AMs, which is crucial for
AMs regulating innate immunity and surfactant catabolism (6).
The typical physiological consequence of PAP is impaired gas
exchange, resulting in progressive dyspnoea, hypoxemia, or even
respiratory failure and death (5). There is currently no cure for
PAP, but it can be treated. By tradition, the standard gold therapy
of PAP has been whole-lung lavage (WLL), where large quantities
of saline are instilled into the lungs to clear the abnormal
surfactant. Other therapeutic strategies have been investigated by
targeting AMs with GM-CSF augmentation or reducing the levels
of GM-CSF autoantibodies with CD20 antibody rituximab and
experimental plasmapheresis. New treatment modalities, such
as statins, pioglitazone, lung transplantation, and pulmonary
macrophage transplantation, are promising approaches requiring
further research. Notwithstanding significant progress in our
understanding of PAP over the past decades, comprehensive
reports that can help scholars obtain an intuitive overview and
disclose trends in the PAP research field are still absent.
Bibliometric analysis is a novel scientific method used
to analyze large amounts of heterogeneous literature (7).
Combining visualizing processing tools like CiteSpace (8) and
VOSviewer (9) helps comprehend the knowledge structure and
explore developmental trends. Bibliometric analysis can not
only evaluate the contributions of various authors, institutions,
countries/regions, and journals, but also can predict the research
hotspots and trends of a specific research field, laying the
foundation for the development of future study (10, 11).
However, there is still a lack of bibliometric analysis in PAP
research. The present study aimed to explore the hotspots and
developmental trends of PAP by analyzing historic achievements
from 2001 to 2021 to provide new visions for future researchers,
especially for those who have an interest but are new to this field.

MATERIALS AND METHODS

Data Collection

A literature search was conducted using the Web of Science
Core Collection database on December 11, 2021. Editions
selected “Science Citation Index Expanded (SCI-EXPANDED).”
The search strategy was set to TS = (“pulmonary alveolar
proteinosis”) AND Language = English from 2001 to 2021.
A total of 1,504 articles were retrieved, 595 irrelevant articles,
including meeting abstracts, editorial materials, corrections,

letters, retractions, and proceedings papers, were excluded. A
total of 909 papers were exported in the form of full records
and cited references and saved in download_txt format within 1
day (Figure 1).

Data Analysis

Records retrieved from Web of Science Core Collection
were imported to Microsoft Excel 2019, using CiteSpace and
VOSviewer to analyze and visualize retrieval results. In the atlas,
nodes represent countries/regions, institutions, authors, co-cited
literature, journals, and keywords; links between nodes usually
mean cooperation or co-citation relationships; colors of the
nodes and links alter over time.

CiteSpace version 5.8.R3 (Drexel University, Philadelphia,
PA, USA) was used to draw the maps of country/region
and institutional cooperation, literature, and journal co-
citation. CiteSpace is a tool for progressive knowledge domain
visualization developed by Chen (12). It is particularly beneficial
to visualize and analyze trends and patterns in scientific
literature. The primary objective of knowledge domain
visualization is to uncover critical points in the development
of the domain. CiteSpace provides a visual aid that portrays
research hotspots and evolution processes intuitively and
predicts the developmental trends of the research field (8, 13).

VOSviewer version 1.6.17 (Leiden University, Leiden,
Netherlands) was used to analyze and visualize the author’s
cooperation and keyword co-occurrence. VOSviewer is software
for constructing and viewing bibliometric networks. Unlike
the conventional bibliometric tools, VOSviewer concentrates
on the graphic representation of bibliometric networks. Its
most prominent feature is displaying large bibliometrics in an
easy-to-explain way (9).

RESULTS
The Trend of Publication Outputs

The number of publications and times cited in each period
reflects the research trends in this field. As shown in Figure 2, the
number of studies concerning PAP manifested an overall upward
trend. Nine hundred and nine included scientific literature
(including 735 Articles and 174 Review Articles) with the times
cited of 28,550, the average citations of 31.41 per item, and an
h-index of 81. 2015-2017 were the most productive period with
a total of 175 articles. Despite reducing publications since 2018,
Results showed that research on PAP remains at a relatively
high level.

Contribution of Countries/Regions and

Institutions

The maps of intercountry/regional cooperation (Figure 3, N =
57, E = 131) and inter-institutional cooperation (Figure4, N
= 473, E = 789) were generated using CiteSpace. Researchers
from 407 institutions in 57 countries/regions contributed to
publications on PAP between 2001 and 2021. As shown in these
figures, each node represents a country or institution; the node’s
size is proportional to the publications. The lines between the
nodes stand for cooperation between countries or institutions;
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Visualization and analysis
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Microsoft Excel 2019)

FIGURE 1 | Flowchart of literature selection.
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FIGURE 2 | Trends of PAP publications over the past 20 years.

50— dl i | - .

20-8 B B B BB EE B B

0 o . - . N g

il B B BN EEENN.]
D

the wider the lines, the closer the cooperation. Tables 1, 2 list
the top 5 countries and institutions in this field. The largest
contributor was the United States (n = 382, 42.0%), followed by
Japan (n = 160, 17.6%), Germany (n = 116, 12.8%), China (n
= 74, 8.1%), and Italy (n = 56, 6.2%). The publications from

the two highest-ranked countries were nearly two-thirds of the
total. University of Cincinnati (Cincinnati, Ohio, USA) was the
most authoritative institution in the PAP research field, followed
by Niigata University (Niigata, Niigata, Japan) and Cincinnati
Children’s Hospital Medical Center (Cincinnati, Ohio, USA).
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Countries such as Switzerland, Italy, and Canada, demonstrated
a high degree of centrality, as indicated by the thickness of the
purple rings in Figure 3. It is a measure associated with the
transformative potential of a scientific contribution. Such nodes
tend to bridge different stages of the development of a scientific
field (14). There was active cooperation among countries
and institutions, including Switzerland, Australia, Italy, Niigata
University, Tohoku University, Hannover Medical School, and
the University of Toronto. However, most countries/regions and
institutions were dispersed and lacked intensive cooperation.

Authors and Co-cited Authors

Table 3 lists the top 5 most active authors and co-cited authors.
BC Trapnell had the highest number of published papers (40,

4.4%). Among the top 5 authors, K Nakata (0.05) and Y Inoue
(0.05) have high centralities, which implicates that these two
authors significantly impact each other’s work and studies from
other groups.

Co-cited authors are two or more authors cited
simultaneously, and these authors form a co-citation
relationship. Among all the co-cited authors, four had a
citation frequency of more than 300 times. JF Seymour (503) was
the most frequently cited author, followed by BC Trapnell (405).

Figure 5 generated by VOSviewer presented the collaborative
relationships and found 11 cooperation teams. Each node
symbolizes an author, with larger nodes indicating more
publications. Wider lines represent the closer connection
between authors. The connection network of different colors
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FIGURE 4 | Distribution of publications from different institutions.

manifests the cooperation cluster among authors in PAP  ranked second (24, 2.6%) with the highest impact factor (IF =
research. As shown in Figure 5, there was an obvious connection ~ 16.671) among the top 10 academic journals. It can be seen in
network between different authors, for example, BC Trapnell, T ~ Table 4 that 80% of journals belong to Q1 and Q2 according to

Suzuki, K Uchida, and K Nakata, R Tazawa, T Ichiwata. the journal citation reports (JCR) in 2020.
. The influence of academic journals relies on the number
Journals and Co-cited Journals of times they are co-cited, which shows whether the journal

There were 398 academic journals related to PAP. The journal  has notable influence in a domain. Among the top 10 co-cited
American Journal of Physiology-Lung Cellular and Molecular  journals, five journals have been cited more than 1,000 times.
Physiology had the highest number of outputs (25, 2.8%). The ~ As shown in Table 4, the American Journal of Respiratory and
American Journal of Respiratory and Critical Care Medicine  Critical Care Medicine had the highest number of citations
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TABLE 1 | The top 5 countries for publications and centrality in PAP research.

No. Country Count (%) Country Centrality
1 USA 382 (42.0%) Switzerland 0.33
2 Japan 160 (17.6%) Italy 0.31
3 Germany 116 (12.8%) Canada 0.31
4 China 74 (8.1%) Netherlands 0.2
5 Italy 56 (6.2%) France 0.17

TABLE 2 | The top 5 institutions for publications and centrality in PAP research.

No. Institution Count (%) Institution Centrality
1 Univ Cincinnati 36 (4.0%) Cincinnati 0.26
Childrens Hosp
Med Ctr
2 Niigata Univ 33 (3.6%) Hannover Med 0.22
Sch
3 Cincinnati 32 (3.5%) Univ Munich 0.21
Childrens Hosp
Med Ctr
4 Univ Munich 30 (3.3%) Hop Enfants 0.15
Armand Trousseau
5 NIAID 19 (2.1%) Childrens Hosp 0.13

Pittsburgh

(2,565), followed by The New England Journal of Medicine
(NEJM) (1,525), Chest (1,519), Blood (1,374), and European
Respiratory Journal (1008). All the co-cited journals were
distributed in the Q1 and Q2 region, and the NEJM had the
highest impact factor (IF = 91.245).

Co-cited References and References Burst
Co-citation means that two or more articles are cited together
by at least one later publication. It is a measurement to quantify
the degree of relationship between articles. Among the 24,740
cited references retrieved, Table 5 demonstrates the 10 most often
cited references, of which Bruce C Trapnell’s article published
in NEJM in 2003 ranks the first. Figure 6 reveals that the first
burst of co-cited reference began in 2001. The majority of them
have been cited frequently during 2001-2021, which suggests that
the research related to PAP may continue to be flourishing in
the future.

The Analysis of Hotspots and Frontiers

Keywords sum up research topics and essences. High-frequency
keywords are usually the dominant research direction in
this field. Keyword co-occurrence analysis helps us determine
research hotspots and predict research trends in a specific
field (12). According to Table 6, excluding pulmonary alveolar
proteinosis (476), The top 10 keywords with the highest
frequency in 2001-2021 are colony-stimulating factor (258),
disease (122), gm-csf (119), lung (95), diagnosis (67), expression
(64), surfactant (23), deficient mice (24), therapy (25). Among
these keywords, GM-CSF (including colony-stimulating factor

and gm-csf) appeared over 400 times, indicating that it was the
topical issue in the study of PAP.

Clustered keywords reflect structures of knowledge in
related study fields. We used VOSviewer software for this
procedure. Nodes and labels form a unit, and units of
different colors constitute different clusters. As shown in
Figure 7, there are red, green, blue, and yellow clusters,
representing four research directions. The main keywords
of the red cluster are gm-csf, autoantibodies, diagnosis,
therapy, efficacy, patient. The green cluster includes alveolar
macrophages, cells, deficient mice, differentiation, expression,
inflammation. Blue cluster mainly includes children, mutations,
gene, deficiency, interstitial lung disease, pulmonary surfactant,
respiratory distress syndrome, and of the yellow cluster are
bronchoalveolar lavage, whole-lung lavage, high-resolution ct,
inhalation, fibrosis.

Strong citation bursts can disclose hot words at the frontier
of research. Table7 cataloged the top 20 keywords with
the strongest citation bursts. The top five hotspots were:
pulmonary surfactant (11.69), respiratory distress syndrome
(9.53), congenital alveolar proteinosis (6.38), surfactant protein
b (5.95), deficient mice (5.23). Subsequently, keywords such
as “inflammation,” “deficiency,” “tissue resident macrophage,’
“classification;” “autoimmune pulmonary alveolar proteinosis,”
“sarcoidosis,” “gm csf;” “high-resolution ct,” and “fetal monocyte”
appeared frequently in the last 5 years (Table 8). It indicates
that the early stage of PAP research was focused on surfactant
metabolism and the etiology and pathogenesis of different
classifications of PAP. Recently, the efficacy of emerging
pathogenesis-based therapies (such as PMT) has addressed our
attention. Autoimmune PAP will remain research hotspots in the
coming years.

DISCUSSION

General Information

Research on PAP can be roughly divided into three time
periods during 2001-2021. The early-stage (2001-2009) has been
increasing steadily. From 2010 to 2016, publication outputs
began to increase rapidly, with three times more published in
2016 than in 2001. However, decreased publications were seen
in the past 5 years but remained at a high level. This reminds
us that although significant advances in our understanding of
PAP over the past several decades, many important questions
remain unanswered and research on PAP has still attracted great
attention from scholars.

Using visual analysis of the contribution of countries and
institutions, we can see that the USA, Japan, and Germany
are the leading countries where PAP research is occurring.
All the top 5 institutions were in these three countries.
Centrality is an indicator to measure the importance of
nodes in network analysis. It mainly quantifies the nodes
value acts as a bridge in the entire network structure.
Generally, centrality values >0.1 are regarded as relatively
essential nodes. As shown in Table 1, Switzerland has the
highest centrality (0.55), implying it plays a pivotal role as
a bridge in the worldwide international cooperation network.
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TABLE 3 | The top 10 authors and co-cited authors in PAP research.

No. Author Count (%) Centrality Co-cited author Citation Centrality
1 BC Trapnell 40 (4.4%) 0.03 JF Seymour 503 0
2 K Nakata 39 (4.3%) 0.05 BC Trapnell 405 0
3 T Suzuki 21 (2.3%) 0.04 LM Nogee 377 0
4 M Griese 19 (2.1%) 0 T Kitamura 352 0
5 Y Inoue 18 (2.0%) 0.05 T Suzuki 299 0
barna, bp
thom j
. "
griese, m &

her: &,ﬁmothy Fs
broug%to@ sophie e.

hetzel, ,mih'arn

hucci, adele
acNermann, mania

FIGURE 5 | The active authors in the PAP research field: there are 13 clusters.

trapnell, b‘

Fnakatd

malur, anagha
thomassen, mary jane

hollanggs&even m.

olivier, kgrrneth n.

Nevertheless, from Figures 3, 4, the distribution of countries
and institutions is scattered. The breadth and intensity of
leading countries’ collaboration were not ideal. For instance,
there is a lack of academic cooperation between China and
the USA. As for institutions, most collaborating institutions
are limited to domestic ones, and there is relatively less

international cooperation and exchange of findings. Considering
this disease is very rare, this situation greatly hinders the
development of the research field. Therefore, it is strongly
recommended that institutions worldwide remove academic
barriers and enhance cooperation to boost the development of
PAP research.
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TABLE 4 | The top 10 journals and co-cited journals related to PAP.

No. Journal Count (%) IF (2020) JCR Co-cited Journal Citation IF (2020) JCR
1 Am J Physiol Lung Cell Mol Physiol 25(2.8%) 5.464 Q2 Am J resp Crit Care 2,565 21.4 Q1
2 Am J resp Crit Care 24(2.6%) 21.4 Q1 New Engl J Med 1,525 91.245 Q1
3 Chest 24(2.6%) 9.410 Qi Chest 1,519 9.410 Q1
4 Respirology 21(2.3%) 6.424 Q2 Blood 1,374 22.113 Q1
5 Orphanet J Rare Dis 17(1.9%) 4,123 Q2 Eur Respir J 1,008 16.671 Q1
6 Eur Respir J 16(1.8%) 16.671 Q1 J Immunol 997 5.422 Q2
7 Intern Med 14(1.5%) 1.271 Q4 J Biol Chem 976 5.157 Q2
8 BMC Pulm Med 13(1.4%) 3.317 Q3 Am J Physiol Lung Cell Mol Physiol 969 5.422 Q2
9 J Immunol 13(1.4%) 5.422 Q2 J Exp Med 957 14.307 Q1
10 Respir Res 13(1.4%) 5.631 Q2 P Natl Acad Sci USA 873 11.205 Q1
TABLE 5 | The top 10 co-cited references related to PAP.
No. References Author Year Journal Citation References
1 Pulmonary alveolar proteinosis BC Trapnell 2003 New Engl J Med 277 (15)
2 Pulmonary alveolar proteinosis: JF Seymour 2002 Am J Resp Crit 251 (16)
progress in the first 44 years Care
3 |diopathic pulmonary alveolar T Kitamura 1999 J Exp Med 246 (17)
proteinosis as an autoimmune
disease with neutralizing antibody
against granulocyte/macrophage
colony-stimulating factor
Pulmonary alveolar proteinosis SH Rosen 1958 New Engl J Med 201 (1)
Involvement of G Dranoff 1994 Science 167 (18)
granulocyte-macrophage
colony-stimulating factor in
pulmonary homeostasis
6 Characteristics of a large cohort of Y Inoue 2008 Am J Resp Crit 139 (19)
patients with autoimmune pulmonary Care
alveolar proteinosis in Japan
7 Granulocyte/macrophage E Stanley 1994 P Natl Acad Sci 135 (20)
colony-stimulating factor-deficient Usa
mice show no major perturbation of
hematopoiesis but develop a
characteristic pulmonary pathology
8 GM-CSF regulates alveolar Y Shibata 2001 Immunity 111 6)
macrophage differentiation and innate
immunity in the lung through PU. 1
9 High-affinity autoantibodies K Uchida 2004 Blood 108 21)
specifically eliminate
granulocyte-macrophage
colony-stimulating factor activity in
the lungs of patients with idiopathic
pulmonary alveolar proteinosis
10 Familial pulmonary alveolar T Suzuki 2008 J Exp Med 101 (22)

proteinosis caused by mutations in
CSF2RA

From the perspective of authors and co-cited authors, Koh
Nakata (129, 8.6%) contributed the most, followed by Bruce C
Trapnell (114, 7.6%), Ryushi Tazawa (78, 5.2%), Brenna Carey
(69, 4.6%), and Takuji Suzuki (65, 4.3%). It is noteworthy that
Bruce C Trapnell (0.19) exerts a significant publication impact
and has made the most outstanding contributions in the field
of PAP during the last 20 years. Dr. Trapnell is Professor of

Medicine and Pediatrics at the University of Cincinnati and an
attending physician at Cincinnati Children’s Hospital Medical
Centers. He focused on the pathogenesis and therapy of rare lung
diseases, including PAP. In 2007, Dr. Trapnell and Kanji Uchida
et al. identified that GM-CSF autoantibodies caused autoimmune
PAP (aPAP) and initiated clinical laboratory tests for its diagnosis
(26). Since 2010, Dr. Trapnell and Takuji Suzuki et al. found
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Top 25 References with the Strongest Citation Bursts

References Year Strength Begin End 2001 - 2021

Menko FH, 2009, LANCET ONCOL, V10, P1199, DOI 10.1016/S1470-2045(09)70188-3, DOL 2009 25.2 2011 2014

Zbar B, 2002, CANCER EPIDEM BIOMAR, V11, P393 2002 21.17 2002 2007

Nickerson ML, 2002, CANCER CELL, V2, P157, DOI 10.1016/S1535-6108(02)00104-6, DOL 2002 20.27 2003 2007

Schmidt LS, 2005, AM J HUM GENET, V76, P1023, DOI 10.1086/430842, DOL 2005 20.22 2006 2010

Toro JR, 2008, J MED GENET, V45, P321, DOI 10.1136/jmg.2007.054304, DOIL 2008 20.18 2009 2013

Baba M, 2006, P NATL ACAD SCI USA, V103, P15552, DOI 10.1073/pnas.0603781103, DOL 2006 18 2008 2011

Vocke CD, 2005, J NATL CANCER I, V97, P931, DOI 10.1093/jnci/dji154, DOL 2005 15.41 2006 2010

Schmidt LS, 2001, AM J HUM GENET, V69, P876, DOI 10.1086/323744, DOL 2001 14.35 2002 2006

Hasumi Y, 2009, P NATL ACAD SCI USA, V106, P18722, DOI 10.1073/pnas.0908853106, DOL 2009 13.63 2011 2014

Furuya M, 2012, AM J SURG PATHOL, V36, P589, DOI 10.1097/PAS.0b013e3182475240, DOL 2012 12.26 2013 2017 B S —

Hartman TR, 2009, ONCOGENE, V28, P1594, DOI 10.1038/0onc.2009.14, DOL 2009 12.05 2010 2014

Houweling AC, 2011, BRIT J CANCER, V105, P1912, DOI 10.1038/bjc.2011.463, DOL 2011 11.91 2013 2016 e S —

Furuya M, 2016, CLIN GENET, V90, P403, DOI 10.1111/cge.12807, DOL 2016 11.73 2017 2021 R ——

Lingaas F, 2003, HUM MOL GENET, V12, P3043, DOI 10.1093/hmg/ddg336, DOL 2003 11.54 2004 2008

Pavlovich CP, 2005, J UROLOGY, V173, P1482, DOI 10.1097/01.ju.0000154629.45832.30, DOIL 2005 11.07 2006 2010

Schmidt LS, 2015, NAT REV UROL, V12, P558, DOI 10.1038/nrurol.2015.206, DOL 2015 11.04 2016 2021 e p—
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FIGURE 6 | 25 references with the strongest citation bursts related to PAP.

TABLE 6 | Top 20 keywords related to PAP.
Rank Keywords Count Rank Keywords Count
1 pulmonary alveolar proteinosis 476 1 pulmonary surfactant 51
2 colony-stimulating factor 258 12 autoantibodies 50
3 disease 122 13 whole-lung lavage 50
4 gm-csf 119 14 macrophages 49
5 lung 95 15 mice 49
6 diagnosis 67 16 bronchoalveolar lavage 45
7 expression 64 17 mutations 43
8 surfactant 58 18 children 39
9 deficient mice 53 19 gene 39
10 therapy 52 20 inflammation 39

hereditary PAP (hPAP) as a new genetic disease due to mutations
in CSF2RA and CSF2RB (22, 27, 28). In 2014, his research
group developed pulmonary macrophage transplantation (PMT),
an innovative type of cell transplantation, and is currently
translating it as the first specific therapy in patients with
hereditary PAP (29).In 2018, Dr. Trapnell and Cormac McCarthy

found that the GM-CSF signaling abnormalities lead to AMs
dysfunction, including its ability to process and clear out
cholesterol. They creatively use cholesterol-busting statins as a
novel pathogenesis-based pharmacotherapy of PAP (30). Among
the top 5 co-cited authors, Takayuki Kitamura (357) and John F.
Seymour (290) established that idiopathic PAP, aka autoimmune
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PAP, neutralizes GM-CSF in the early research period (17).
Therefore, based on this finding, a novel serological diagnosis is
proposed (31).

According to the journals and co-cited journals in Table 4,
the American Journal of Respiratory and Critical Care Medicine
had the highest number of publications and citations. Almost all
the top 5 co-cited journals belong to Q1. It can be seen that the
research regarding etiology, pathogenesis, current and emerging
therapies, and management is a hot topic presently and also a
future development trend. The analysis of the literature sources
is helpful to find the core journals in the research field. It can
be seen that the cited articles are all from high-impact journals,
indicating that a study on PAP is considered of high value by
academics worldwide.

As shown in Table 5, the most frequently cited article was
published by Bruce C Trapnell in NEJM in 2003 (15), which
reports that GM-CSF autoantibodies are markedly elevated in
autoimmune PAP but not in patients with secondary PAP,
congenital PAP, other lung diseases, or healthy people. This

finding considerably changed our concepts of the pathogenesis
and treatment of PAP.

The Hotspots and Frontiers

Keyword co-occurrence analysis focused on understanding the
distribution and development of research hotspots in a particular
field. As shown in Table 6, pulmonary alveolar proteinosis (522),
colony-stimulating factor (285), gm-csf (121), surfactant (32),
whole lung lavage (25), macrophages (33), and mutations (33) are
keywords with high occurrence frequency. Cluster analysis was
performed based on keywords. Eventually, four colors clusters
were generated. Based on these two analyses, the research
hotspots and development frontiers in the pulmonary alveolar
proteinosis research field are as follows:

Pathogenesis and Classification of PAP

Pulmonary alveolar proteinosis (PAP) results from abnormalities
of pulmonary surfactant homeostasis, usually owing to AM
dysfunction. Attenuated AM maturation is generally caused by
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TABLE 7 | Top 20 keywords with the strongest citation bursts.

Keywords Strength Begin End 2001-2021

pulmonary surfactant 11.69 2001 2021 L 1 1 1 1 [ | [ | | [ | [}
respiratory distress syndrome 9.53 2001 2021 1NN I N Y Y Y O O O Y O O Y O Y Y Y N I
congenital alveolar proteinosis 6.38 2001 2021 1NN I N N O N O O O U O O O O N O O O N I
surfactant protein b 5.95 2001 2021 NN N [ Y N N U Y N NN N N
deficient mice 5.23 2001 2021 NN I I S N O O O O N O N N O O N U N NN N
icell 5.19 2005 2021 . ¢\ ! (1 1 1 | | ‘| [/ [ | | | | ||
bronchoalveolar lavage fluid 5.15 2004 2021 s s s s NN N N N N N N N N N N N AN AN N N
lung surfactant 5.08 2001 2021 et L]
newborn 4.55 2005 2021 . ¢ ! (| 1 1 1 | | ‘[ [/ [ | [ | | ||
alveolar macrophage 4.23 2004 2021 s s s s [N I I I I I O (O O O O U (N N N
innate immunity 4.04 2006 2021 s s s I I I N O I I U O I O O O O O O I
respiratory failure 3.7 2008 2021 ([ [ [ [ | | [ [ | |
common beta chain 3.49 2008 2021 (111 1 [ ] [ | [ |
lung disease 3.43 2004 2021 11 1 1 1 1 1 1 | | | | ||
gm csf therapy 3.43 2004 2021 s s s I I I I I I O O O I O O O N O NN N
hermansky pudlak syndrome 3.43 2004 2021 e ([ [ [ | | [ [ [ | [ || [ | [ |
gene expression 3.33 2005 2021 e [ [ [ | | ([ [ | [ | | [ [ [ |
inhalation 3.31 2011 2021 L1 11 1 1 [ | | |
spc 3.3 2001 2021 L1 1 [ [ I | [ | | [ [ | | [ | [ |
macrophage differentiation 3.18 2008 2021 L 1 1 1 | | | | | [ |
TABLE 8 | The strongest citation bursts keywords after 2016.

Keywords Strength Begin End 2016-2021

inflammation 3.83 2016 2021 | 1 | [ | |
deficiency 4.41 2017 2021 I I I
tissue resident macrophage 4.06 2017 2021 I I I
classification 3.51 2017 2021 I
autoimmune pulmonary alveolar proteinosis 3.51 2017 2021 I I
sarcoidosis 3.45 2017 2021 I I I
gm csf 4.06 2018 2021 L1 | ]
high resolution ct 3.77 2018 2021 I I
fetal monocyte 3.5 2018 2021 I

insufficient granulocyte-macrophage colony-stimulating factor
(GM-CSF) signaling, which is essential for the development
of AMs metabolic and immune functions (34). Autoimmune
PAP, formerly known as idiopathic PAP, is the best-studied
PAP-causing disease. It occurs when elevated levels of GM-CSF
autoantibodies lead to the shortage of bioavailable GM-CSF.
Congenital PAP (cPAP) or hereditary PAP, occurs when genetic
defects of GM-CSF receptor o or § chains (CSF2RA, CSF2RB)
lead to impaired AMs differentiation (27). Finally, secondary
PAP (sPAP) results from AMs dysfunction due to hematopoietic
disorders, immune dysregulation, environmental exposures, and
pharmaceutical agents (16). In some rare cases, the etiology
of PAP remains uncertain and the patient is diagnosed with
unclassified PAP. Autoimmune PAP comprises the biggest share

(90-95%) of adult patients, whereas secondary PAP accounts for
5-10% of adult cases (19).

Role of GM-CSF in PAP

As a 23 kDa glycoprotein cytokine produced by type II alveolar
epithelial cells, GM-CSF is named for its capacity for stimulating
the formation of neutrophil and macrophage colonies (35). It
plays a pivotal role in the terminal differentiation of AMs. GM-
CSF signaling via transcription factor PU.1 (36) and peroxisome
proliferator-activated receptor-y (PPARY) (37, 38) is essential for
the functions of AMs, including cholesterol export, surfactant
clearance, immunity, and others (39). It means that GM-CSF
signaling links with cholesterol homeostasis in the lungs.

Frontiers in Medicine | www.frontiersin.org 18

March 2022 | Volume 9 | Article 846480


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Liu et al.

Pulmonary Alveolar Proteinosis

The pathogenesis of PAP remained obscure until the
fortuitous discovery that GM-CSF knock-out mice developed
pulmonary surfactants accumulation, remarkably identical to
phenotype to human PAP (18, 20). Moreover, knock-out mice
deficient in the GM-CSF receptor p-chain (Csf2rb’/ ~ mice) (40,
41) or GM-CSF receptor a-chain (Cszra’/’ mice) (42, 43) also
developed a lung phenotype similar to PAP caused by CSF2RA or
CSF2RB mutations observed in children. They also had reduced
expression of PPARy and PU.1, which resulted in cholesterol
accumulation within AMs, leading to a frothy appearance of
macrophages and a decline in the uptake and clearance of
surfactant (6, 39). GM-CSF augmentation was also found to
correct the alveolar proteinosis in GM-CSF-deficient mice. These
and further animal observations established the critical part
played by GM-CSF in the proper functioning of human AMs
(37). Additionally, it indicates that GM-CSF controls cholesterol
efflux in a constitutive, reversible, and dose-dependent style (39).

Neutralizing GM-CSF autoantibodies are observed at high
levels in autoimmune PAP patients (17, 34) but not in those
with congenital or secondary PAP, other respiratory diseases,
or healthy people (21, 44). Furthermore, injection of GM-CSF
autoantibodies derived from patients with autoimmune PAP into
healthy non-human primates reproduced the characteristics of
PAP (45, 46), thus proving the hypothesis that autoimmune
PAP results from an autoantibodies-mediated disorder of GM-
CSF signaling.

Treatment of PAP

Therapeutic whole-lung lavage

Since its initial description in 1964, WLL has been the forefront
therapy for PAP (but not congenital PAP) (47). In brief, it is a
single or sequential bilateral lavage accompanied by isolation of
the two lungs using a double-lumen endotracheal tube under
general anesthesia (48). Normal saline is instilled into the
lung, then the milky and opaque effluent is drained repeatedly
until the effluent becomes clear (49). Segmental lavage has
also been done through bronchoscopy (bronchoalveolar lavage)
in some medical centers. Therapeutic efficacy derives from
removing the excessive surfactant by physically “washing” the
alveoli with saline (50). Although WLL is generally regarded as
a safe procedure that could improve symptoms, radiographic
abnormalities, and oxygenation in patients, it is not without
complications, including hypoxia, pneumothorax, hydrothorax,
infection, and acute respiratory distress syndrome (3). Moreover,
the procedure has not yet been standardized remains highly
operator-dependent. In conclusion, WLL, notwithstanding being
an invasive procedure, remains the cornerstone of therapy for
moderate to severe PAP.

Emerging Pathogenesis-Based Therapies

GM-CSF therapy

The discovery that insufficient GM-CSF bioavailability is the
pathogenesis of autoimmune PAP aroused interest in the
therapeutic use of GM-CSF. In 1996, a patient received
recombinant human GM-CSF (thGM-CSF) by subcutaneous
administration for the first time, resulting in a significant
improvement in symptoms and oxygenation (51). Since then,

several other cohort studies using subcutaneous delivery have
reported similar findings with objective improvements in ~50%
of cases and accumulated plenty of available efficacy data (33, 52).

Previously, aerosolized GM-CSF has been the most promising
therapy in autoimmune PAP. In a prospective trial conducted
in Japan (25), 35 Japanese patients with autoimmune PAP
inhaled GM-CSF over a total period of 24 weeks, using a
regimen of initial high-dose followed by a maintenance low-
dose. 62% of patients demonstrated an improvement in both
subjective (dyspnoea) and objective parameters (6-minute walk
test), whereas serum GM-CSF autoantibody levels remained
static. After an extended follow-up of 30 months, 66% of patients
require no further additional treatments. Most importantly,
unlike the subcutaneous administration, no significant side-
effects have been observed in any of the trials of inhaled GM-CSF.
In a recent randomized, controlled trial, inhaled recombinant
human GM-CSF (sargramostim) was associated with a modest
salutary effect on the laboratory outcome of arterial oxygen
tension, and no clinical benefits were noted (24). In 2020,
a double-blind, placebo-controlled, three-group trial assigned
patients with autoimmune PAP to receive the recombinant GM-
CSF molgramostim (300 pg once daily by inhalation), either
continuously or intermittently (every other week), or matching
placebo. For multiple end points, improvement was greater with
continuous molgramostim than with intermittent molgramostim
or placebo (53). Overall, clinical trials show that inhaled GM-CSF
in patients with autoimmune PAP is safe and effective. However,
the optimal dose, timing, or duration of administration should be
further defined for response rate improvement.

Therapy Targeting GM-CSF Autoantibodies

Since the finding of the pathogenesis of GM-CSF autoantibodies,
different therapeutic strategies targeting a lower level of the
autoantibodies have been adopted in autoimmune PAP. By
analogy with other autoimmune diseases, corticosteroids seem
reasonable to treat autoimmune PAP. However, results from
PAP patients treated with corticosteroids show more harm than
good (54). Other therapies include rituximab (a monoclonal anti-
CD20 antibody) to remove B lymphocyte and autoantibodies
depletion using plasmapheresis. Plasma exchange has been used
with marginal success, and the results have not been consistent
enough for a recommendation (55, 56). As for rituximab, one
open-label trial demonstrated improvement in A-aDO; gradient
in seven out of the nine patients completing the study (23);
A retrospective study showed that no patient had marked
improvement after 6-month treatment (32). Further prospective
studies are demanded before the utility of those conceptually
feasible therapies.

Pulmonary Macrophage Transplantation

Hereditary PAP deficient in GM-CSF receptor, thus, other
therapeutic options are needed. Animal studies showed that
bone marrow transplantation (BMT) can re-establish surfactant
homeostasis and correct hereditary PAP. Although BMT had
minimal success in hereditary PAP children, it is restricted by the
morbidity and mortality of myeloablation, and secondary PAP
can itself be a complication of BMT (57). Pulmonary macrophage
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transplantation (PMT) is a novel cell transplantation method
that has demonstrated therapeutic efficacy in animal studies
(29, 42, 43). These reports support the translation of PMT as a
specific therapy for children with hereditary PAP.

Targeting Pulmonary Cholesterol Homeostasis

GM-CSF signaling interruption reduced cholesterol clearance
from AMs, which is the leading pathogenesis of PAP. This led to
the consideration of therapy targeting cholesterol homeostasis as
an alternative option for PAP. PPARy agonist therapy escalated
cholesterol clearance and reduced PAP disease severity of knock-
out mice (39). This discovery has translated to a clinical trial of
pioglitazone (a PPARY agonist). In addition, statin is associated
with decreased cholesterol accumulation of AMs and PAP disease
remission. As for patients with autoimmune PAP, statin therapy
ameliorates PAP significantly (30), supporting the possibility of
statins as innovative pathogenesis-based therapies.

CONCLUSIONS

This study summarizes the research status of PAP in the past
20 years. Publications related to PAP are increasing over time.
Different countries/regions and institutions need to deepen and
strengthen cooperation. The majority of the articles regarding
PAP are published in and cited from influential international
journals, suggesting that PAP has attributed much attention.
Several cardinal questions remain unanswered, such as the
etiology of autoimmune PAP and the pathogenesis of secondary
PAP. Those critical issues need to be put on the front burner. This
study provides assistance for scholars to find core literature and
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Autoimmune rheumatic diseases may affect vital organs with lung involvement being
severe and difficult to treat manifestation. Systemic sclerosis (SSc) commonly affects the
lung in the form of interstitial lung disease (ILD). ILD may be also seen in patients with
rheumatoid arthritis (RA), Sjdgren’s syndrome (SS), systemic lupus erythematosus (SLE),
inflammatory myositis (IM), antisynthetase syndrome (AS), and the ANCA-associated
vasculitides (AAV). Rituximab (RTX) is an anti-CD20 B lymphocyte depleting mAb, often
administered in the treatment of autoimmune rheumatic diseases. Although RTX is an off-
label treatment for CTD-ILD, there are numerous reports providing data that is effective
in improving both pulmonary function tests (PFTs) and chest computed tomography
findings consistent with ILD. There are retrospective uncontrolled studies that assess
RTX as a treatment of ILD in autoimmune diseases. These studies, apart from one, do
not include patients with AAV-ILD. In SSc-ILD, in particular, there are both controlled and
uncontrolled studies displaying encouraging results following B cell depletion. In addition,
a number of retrospective uncontrolled studies and fewer prospective studies evaluate
RTX in connective tissue diseases CTD-ILD. Although RTX is an approved treatment
for AAV there are scarce only data focusing on patients with AAV-ILD specifically. The
results of a handful of studies comparing treatment of CTD-ILD with RTX to treatment
with other agents are in favor of RTX. Results from large, still ongoing controlled trials are
awaited to ascertain RTX effects in ILD encountered in autoimmune rheumatic diseases.
We review herein the results of the different RTX trials in patients with autoimmune
disease—associated with ILD. Despite the heterogeneity of these studies, RTX may
be considered an alternative and safe but still off-label treatment for patients with
refractory CTD-ILD.

Keywords: interstitial lung disease, connective tissue diseases, B cell depletion, systemic sclerosis, rheumatoid
arthritis

INTRODUCTION

Interstitial lung diseases (ILD) are a group of parenchymal lung disorders sharing clinical and
radiological phenotypes. CTDs such as systemic sclerosis (SSc), rheumatoid arthritis (RA), systemic
lupus erythematosus (SLE), Sjogren’s syndrome (SS), inflammatory myositis [polymyositis (PM),
dermatomyositis(DM), and antisynthetase syndrome (AS)] may affect lung parenchyma (1). In
addition, ANCA—associated vasculitides (AAV) may present with ILD. CTD-ILD is divided
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into seven histological types including usual interstitial
pneumonia (UIP), nonspecific interstitial pneumonia (NSIP),
desquamative interstitial pneumonia (DIP), respiratory
bronchiolitis (RB), organizing pneumonia (OP), diftfuse alveolar
damage (DAD), and lymphoid interstitial pneumonia (LIP).
NSIP and UIP are the most common ILD subtypes encountered
in patients with connective tissue diseases (CTDs) (2). Although
treating lung involvement in CTDs has been extensively studied
it is still a challenge to improve the prognosis of these patients
(3, 4). Immunosuppressive agents currently represent the
standard of care for patients with CTD-ILD. SSc beholds the
majority of studies assessing the effects of immunosuppressants
and also of studies regarding RTX administration in ILD (5).
RTX is a monoclonal antibody against the surface marker CD 20
of B lymphocytes. RTX depletion of B lymphocytes is achieved in
three ways (Figure 1): (a) anti-CD20 antibody induces internal
signaling within the B cell, causing antiproliferative effects
or cell death (direct cytotoxicity) (b) the first component of
complement (C1) binds to the Fc portion of the anti-CD20
resulting in the activation of the complement cascade and cell
lysis through the formation of membrane attack complexes
(MAC) of the B cell (complement-dependent cytotoxicity) and
(c) the effector cells such as natural killer cells or macrophages
bind to the Fc portion of the anti-CD20 molecule through
their Fc y Rllla receptors (antibody-dependent cell-mediated
cytotoxicity-ADCC) (6).

We searched the PUBMED and SCOPUS using the following
terms: interstitial lung disease, rheumatic diseases, connective
tissue diseases, systemic sclerosis, rheumatoid arthritis,
antisynthetase syndrome, Sjogren’s syndrome, systemic lupus
erythematosus, Anca-associated vasculitis, rituximab, and B-cell
depletion. Preference was given in clinical trials, randomized
controlled trials and metanalyses over the past 10 years. Reviews
and case reports were not included (Figure 2). In this review, we
discuss the results of studies evaluating RTX as an alternative
treatment for ILD in patients with CTDs either collectively in
groups of patients with different CTDs or as a separate group
with a single CTD. All studies evaluate the changes of pulmonary
function tests (PFTs) like forced vital capacity (FVC) and
diffusing lung capacity for carbon dioxide (DLCO) and fewer
studies examine for alterations of lung parenchyma in chest high
resolution computed tomography (HRCT) following treatment
of patients with RTX.

RETROSPECTIVE STUDIES IN CTD-ILD

Duarte et al. evaluated 48 patients with CTD-ILD (7); 30 patients
with RA (two of them with secondary SS), four with pSS, four
with SLE, three with SSc, two with overlap SSc/PM, two with
PM, twowith AS, one with DM, and one with an overlap of
SLE/pSS. Most patients initiated RTX treatment because of lung
involvement and a few were already on RTX treatment for other

C) ADCC

cell-mediated cytotoxicity ADCC.

B) Complement —
mediated cytotoxicity

FIGURE 1 | Mechanisms of action of RTX-induced B cell depletion. (A) Direct cytotoxicity (B) Complement—mediated cytotoxicity (C) Antibody-dependent

Vg

A) Direct cytotoxicity
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942 results in
PUBMED and
SCOPUS
756 with duplicate
removal
631 results 125 results
irrelevant relevant
48 results fulfilled study
criteria
CTD-ILD (11) SSc ILD(15) RA-ILD (5) AS-ILD (5) SLE (1) SS (1)
FIGURE 2 | Flow chart and strategy of the studies researched and assessed.

disease manifestations. Thirteen patients had already received
other immunosuppressants for ILD such as cyclophosphamide
(CYC) (n = 10) followed by mycophenolate mofetil (MMF) (n
= 5 out of 10) or azathioprine (AZA) (n = 5 out of 10), and
AZA as first choice (n = 3). RTX as the initial treatment for
ILD was administrated in 35 patients. All patients were evaluated
with PFTs and HRCTs performed at 6 and 12 months following
RTX administration for a 3-year period of follow-up. At 12
months, DLCO values remained stable (mean: + 5.4%, p = 0.12)
compared to baseline values and FVC improved (mean + 4.3%,

p = 0.03) compared to baseline values. When the patients were
separately evaluated according to NSIP or UIP pattern in HRCT,
the following were observed: in patients with NSIP DLCO values
slightly, but not significantly, increased at 12 months after RTX
(8.5%, p = 0.08), while FVC values increased significantly (4.5%,
p = 0.04) compared to baseline. However, patients with UIP
had no significant change at 12 months after RTX compared to
baseline either in DLCO (2.5%, p = 0.77) or in FVC (4.2%, p =
0.16). Potential changes in HRCT ILD pattern and extent were
not addressed.
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Lepri et al. retrospectively enrolled 44 patients in their study
(23 with SSc, 15 with AS, and 6 with MCTD) (8). All patients were
diagnosed with ILD and were treated with RTX. Most patients
(15/23 with SSC, 8/15 with AS, and 5/6 patients with MCTD)
were also treated with other DMARDs. At 12 months after RTX
administration patients with SSc displayed a statistically non-
significant increase of FVC from 81.0% at baseline to 89.0%.
Patients with AS displayed a stabilization of FVC (53% at baseline
vs. 51.4% at 12 months) similar to the group of patients with
MCTD (64.5% at baseline vs. 63% at 12 months). DLCO values
in the SSc group increased minimally (61% prior RTX to 63% at
12 months) and were considered as stable at 2 years of treatment
compared to baseline levels. Similar results were reported for
patients with AS a non-significant increase of DLCO from 41.7%
at baseline to 52% at 12 months of treatment with RTX and
stability of DLCO at 2 years of treatment with RTX compared to
baseline levels before RTX administration. Finally, patients with
MCTD had no significant changes at 1 year but displayed a trend
in the improvement of DLCO at 2 years following treatment with
RTX compared to baseline.

Atienza-Mateo et al. enrolled in their retrospective study
26 patients with autoimmune diseases that were treated with
RTX due to lung involvement (9). Patients were diagnosed with
SSc¢ (n = 7), IM (n = 6), ASS (n = 6), amyopathic DM (n
= 1), RA (n = 5), interstitial pneumonia with autoimmune
features (IPAF) (n = 3), pSS (n = 3), and myeloperoxidase anti-
neutrophil cytoplasmic antibody (MPO-ANCA) positive (n = 2).
Nineteen out of 26 patients were on immunosuppressive therapy
[MME, hydroxychloroquine (HCQ), methotrexate (MTX), AZA]
and 3/26 patients were on antifibrotic therapy at the time of
enrollment. RTX was administrated 1,000 mg biweekly (n = 20)
(“RA scheme”), 500 mg biweekly (n = 4), and 375 mg/m2 weekly
for 4 weeks (n = 2) (“lymphoma scheme”). The study reported
a slight improvement of all PFTs (FVC, FEV1, and DLCO) that
was preserved after 6, 12, and 24 months of treatment with RTX
compared to baseline levels. In addition, a significant increase in
DLCO values was observed at 12 months compared to baseline
(mean =+ SD: 34.02 &+ 14.75% at baseline vs. 38.22 + 15.86% at
12 months, respectively, p = 0.025). Lung involvement was also
evaluated with chest HRCT in 23 out of 26 patients. Interstitial
lung involvement was unchanged in 15/23 patients (65.2%),
worsened in 5/23 patients (21.7%) and improved in 3/23 patients
(13.1%). This study finally emphasizes that RTX unlike other
previous studies was administered early in ILD diagnosis before
any worsening of ILD disease was confirmed.

Sharp et al. studied retrospectively 24 patients with rheumatic
diseases that developed ILD refractory to conventional therapy
and therefore received RTX (10). The trial included 10 patients
with AS, 3 with DM, 3 with SSc, 2 with SS, 2 with SLE and 4
with unclassifiable CTD-ILD. RTX was administered in the “RA
scheme” and PFTs and HRCT images were evaluated before and
after 6 months of treatment with RTX. FVC improved with a
mean change 0of 4.1%, (p = 0.01) at 6 months after RT'X compared
to baseline, and DLCO did not change significantly. HRCT
imaging after treatment with RTX revealed a non-significant
mean change of disease extent of —3.75% compared to baseline;
it should be noted that HRCT depicted deterioration in 9/22
patients following treatment with RTX.

Robles-Perez et al. evaluated 18 patients with rapidly
progressive ILD awaiting in a list for lung transplantation (11);
progressive ILD was defined as an FVC < 60% or worsening
FVC > 10% in the last 6 months and/or DLCO < 40%. The
patients included were 7 with SSc, 5 with RA, 4 with SLE, 1 with
SS and 1 with AS. All patients received RTX 1,000 mg biweekly
as an add-on therapy on top of immunosuppressive therapy and
were evaluated with PFTs and HRCTs at time-points 0, 12 and
24 months after treatment with RTX. FVC increased significantly
(4+6.3%) at 12 months after RTX compared to baseline (
0.033) and DLCO values also clearly increased (4+12.4%) at 12
months after RTX compared to baseline values p < 0.001. Ten
out of 18 patients were evaluated 2 years following treatment
with RTX and they again displayed a significant increase of
DLCO compared to baseline levels (+ 15.3%, p = 0.001). In
contrast, FVC values did not change significantly 2 years after
treatment with RTX compared with pre-treatment levels in
these 10 patients. Thirteen patients also underwent chest HRCT
before and after 1 year of RTX administration. Stabilization or
improvement was seen in 10/13 patients (76.9%) when scored by
two independent radiologists and deterioration was reported in
3/13 patients.

Keir et al. analyzed 50 patients with ILD 33 of which had CTDs
(12). Patients with CTDs included 10 with IIM, 8 with SSc, 9 with
UCTD, 2 with MCTD, 2 with RA, 1 with SLE, and 1 with SS.
All patients had advanced ILD with a mean FVC of 44.0% and
a mean DLCO of 24.5%. In addition, they all had resting state
hypoxia (mean PaO2: 8.3 kPa). RTX was administered in the “RA
scheme” resulting in a median improvement of FVC of 6.7% (p <
0.01) and a stabilization of DLCO with a median change of 0%
(p < 0.01) at 6 and 12 months of RTX treatment compared to
baseline levels. Patients (n = 50) were considered as responders
according to stabilization (n = 22) or improvement (n=14) of
PFTs and as non-responders (n = 14) due to deterioration of
PFTs. Comparison between the two categories depicted a lesser
decline of FVC at 6-12 months after RTX compared to baseline
in responders (—12.9%) vs. non-responders (—20.0%) after 6 to
12 months of RTX compared to baseline, (p = 0.05).

However, Zhu et al. conducted a retrospective controlled trial
comparing the effects of combined RTX plus MMF treatment
in patients with CTD-ILD (n = 15) (RTX group) vs. MMF
treatment alone (n = 68) in patients with CTD-ILD (control
group) (13). The evaluation of PFTs between the two groups
reveals the following: the absolute change in FVC (% predicted,
post-treatment—baseline) was —3.0 in the RTX group thus
showing a significant decrease. On the other hand, the control
group had a significant increase in the absolute change of FVC
of + 2.0, p = 0.03. Moreover, the absolute change of DLCO
was significantly decreased at —3.0 in the RTX group, whereas
it improved significantly at + 4.5 in the control group, p = 0.046.
The mixed model analysis performed however in the two groups
did not display a significant difference in both PFTs over time.
HRCT scores showed no significant differences between the RTX
group (17.5 £ 4.6) compared to the control group (12.6 £ 4.4).
It should be noted that the steroid dosages decreased in the RTX
group, whereas it did not in the control group (p = 0.017). The
mortality rate after treatment was calculated at 3/15 (20.0%) in
the RTX group vs. 7/68 (10.3%) in the control group. Results of
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TABLE 1 | Trials of RTX use in CTD-ILD.

References No of Disease RTX scheme Follow up Outcomes Safety of RTX
patients
Duarte et al. (7) 30 CTDs RA scheme 3y Improved FVC Stable DLCO 13/30 pts discontinued RTX 4/13
due to infection
Lepri et al. (8) 44 CTDs RA scheme 1y/2y Stable FVC and DLCO 12/44 pts serious AE
Atienza-Mateo 26 CTDs RA scheme (n = 20) 2y Stable PFTsat6m, 1,2y 6/26 discontinued RTX due to AE
etal. (9) Lymphoma scheme 1DLCO at 1y stable HRCT 3/26 death
h=2)

Sharp et al. (10) 24 CTDs RA scheme 6m Improved FVC stable DLCO No serious AE

13/22 stable HRCT
Robles-Peres et al. 18 CTDs RA scheme 1y/2y Increased PFTs at 1y No serious AE
(11) 10/18 stable HRCT at 1y
Zhu et al. (13) 15 RTX vs. CTDs Significant DLCO change and No serious AE

68 non-RTX steroid reduction vs. control

Similar FVC, HRCT score

vs. control
Keir et al. (12) 33 CTDs RA scheme 6m/ly Improved FVC, stable DLCO -
Mena-Vazquez 37 CTDs RA scheme 1y Stable PFTs 29/37 lung infection, 7/27 deaths
etal. (14) HRCT stable or improved

No, Number; m, month; y, year; AE, adverse events; CTDs, connective tissue diseases; RTX, rituximab; PFTs, pulmonary function tests; FVC, forced vital capacity; DLCO, diffusing lung
capacity for carbon monoxide;, HRCT, high resolution computed tomography; RA, rheumatoid arthritis. 1, Increased.

this trial do not favor the addition of RTX on top of standard of
care treatment. The authors point-out that patients in the RTX
group had longer disease duration and lower DLCO percentages
at baseline.

A PROSPECTIVE TRIAL OF B CELL
DEPLETION IN PATIENTS WITH CTD-ILD

Mena-Vazquez et al. evaluated 37 patients with CTD-ILD that
received RTX as add-on therapy upon the deterioration of either
clinical symptoms or PFTs compared to the time of diagnosis
(14). Nineteen patients with RA (51.4%), 14 with SS (37.8%),
and 4 with IM (10.8%) received RTX in the “RA scheme” and
were evaluated before and 12 months after treatment. The above
parameters improved (n = 6) or stabilized (n = 7) in 62.2%
of patients and worsened (n = 7) or died (n = 7) in 37.8%
of patients.

In the whole group of patients on RTX or in any disease-
specific subgroup mean PFT and DLCO values did not decrease
significantly during the first 12 months of treatment with RTX
compared with baseline. HRCT revealed radiological progression
in 14/37 patients (37.8%) while in 16/37 patients (43.2%) revealed
stabilization and in 7/37 (18.9%) revealed improvement, but
differences were not significant.

Table 1 summarizes the studies of RTX use in CTD-ILD.

ONGOING CLINICAL TRIALS OF RTX IN
PATIENTS WITH CTD-ILD

An ongoing, multicentre, prospective, randomized, double-blind,
controlled trial (RECITAL) compares RTX vs. CYC in the
treatment of patients with ILD in CTD such as SSc, [IM

(including AAS), or MCTD (15). RTX will be administered in
the “RA scheme” and CYC will be administered IV at 600 mg/m?
body surface area monthly. A total of 116 patients is expected
to be randomized 1:1 to each of the two treatment arms in
this 48-wk trial. The primary end-point is the change in FVC
at 24 weeks and secondary endpoints include treatment safety,
changes in FVC at 48 weeks as well as survival, change in oxygen
requirements, and total 48-wk corticosteroid exposure.

Another multicentre, prospective, randomized, double-blind,
placebo controlled, superiority trial evaluates the efficacy and
safety of RTX plus MMF in patients with ILDs (EVER-ILD)
(16). A broad range of patients with non-responding, resistant to
previous therapy ILD was recruited to receive different treatment
schemes; one group (n = 61) will receive RTX (“RA scheme”) plus
MME, while the other group (n = 61) will receive one placebo
infusion plus MMF for 6 months. Pulmonary function, with the
changes of FVC as the primary endpoint, will be evaluated at
6 months.

A META-ANALYSIS OF PATIENTS WITH
CTD-ILD

In their meta-analysis, Xing et al. selected 6 retrospective studies
in which 242 patients with CTD-ILD had been included (17).
Five out of 6 studies included patients with SSc-ILD and 1
included patients with RA-ILD. All patients were analyzed
for potential changes in the PFTs after being treated with
RTX. The FVC was evaluated in 210 patients from all 6
studies. Analysis disclosed that the mean difference of FVC
between RTX and conventional therapy was 5.4 (95% CI 3.73
to 7.08; p < 0.00001) in favor of RTX. However, DLCO
was evaluated in 111 only patients from four studies (due
to the high heterogeneity of results). The mean difference
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between post-treatment RTX and conventional therapy was-
—2.22 (95% CI —6.83-2.40) in favor of conventional treatment
though it was not statistically significant. This meta-analysis
suffers from high heterogeneity between the studies included; it
mainly refers to SSc-ILD and not ILD due to other CTDs. In
addition, the very small number of studies included represents
another limitation.

SYSTEMIC SCLEROSIS SSC

Prospective Controlled Studies in Patients
With SSc-ILD

A controlled study by Daoussis et al. evaluated 8 patients with
SSc-ILD who received RTX as an add-on treatment vs. 6 patients
with severe SSc-ILD who continued their standard treatment
(18). Patients in the RTX group demonstrated a significant
increase of FVC compared to baseline values (mean £ S.D.:
68.13% =+ 19.69 vs. 75.63% =+ 19.73, at baseline vs. 1 year,
respectively, p = 0.0018). DLCO increased significantly as well
(mean + S.D.: 52.25 =% 20.71 vs. 62 £ 23.21, at baseline vs. 1
year, respectively, p = 0.017). No significant changes in PFTs
of the control group were observed. Chest HRCT scores, based
on a semi-quantitative program, disclosed no worsening at 24
weeks in the RTX group, but patients in the control group
displayed a slight worsening in HRCT involvement scores at
24 weeks.

Jordan et al. studied 25 patients with SSc-ILD initiating RTX
vs. 25 patients with SSc-ILD that were not treated with RTX
from the EUSTAR database (19). Patients in the RTX-group at
6 months displayed a stable FVC (60.6 &= 2.4 vs. 61.3 &= 4.1%; p
= 0.5) and a significantly increased DLCO (41.1 & 2.8 vs. 44.8
=+ 2.7%; p=0.03) when compared to baseline values. DLCO did
not change significantly in a direct comparison between the two
groups. A comparison between the RTX group vs. the non-RTX
group revealed significant changes in percentages of predicted
FVC (0.4 £ 4.4 vs. —=7.7 £ 3.6; p = 0.02) and in the absolute FVC
values changes (0.8 & 2.2 vs. —4.8 &= 1.7; p = 0.01) as well.

A multicentre controlled trial in Greece enrolled 51 patients
with SSc-ILD receiving RTX vs. 33 patients with SSc-ILD
receiving standard treatment, for a period of 4 years (20). FVC
in the RTX group during the first 2 years significantly increased
(mean = SD of FVC: 80.6 &= 21.21 vs. 86.90 % 20.56 compared to
baseline p = 0.041, but the patients receiving standard treatment
displayed no significant changes in FVC. In addition, patients
treated with RTX for 7 years (n = 5) had numerically, but not
significantly higher FVC compared to baseline (mean £ SD of
FVC: 91.60 + 14.81 vs. 86.90 £ 20.56, p = 0.158). However,
the patients (n = 9) on standard treatment had significant FVC
deterioration at the 7th year of follow-up (p < 0.01). Moreover,
a direct comparison between the two groups revealed a significant
benefit for the RTX group vs. the non-RTX group (p = 0.013).
Patients in the RTX group preserved their DLCO values for
the 7-yr period, but patients in the non-RTX group displayed a
significant reduction of their DLCO values (p = 0.004).

Boonstra et al. studied 16 patients with early SSc for a 2-yr
follow-up period; one group was treated with RTX (n = 8) with
the “RA scheme” and the control group (n = 8) with placebo
(21). Previous immunosuppressive therapy was allowed for all
patients during the 2 yrs of follow-up. FVC and the extent of lung
involvement slightly but non-significantly improved with RTX
after 2 years; FVC (placebo: —1.4 vs. RTX: +4, p = 0.65), and
DLCO% (placebo: —2.2, RTX: —6.0, p = 0.77). Analysis of HRCT
lesions according to criteria set by Goh disclosed a mean change
in the percentage of affected lung tissue between baseline and 12
months of —1.6% for the RTX group and +2.8% for the placebo
groups (p = 0.28).

The EUSTAR study evaluated 146 out of 254 patients with
SSc-ILD who received RTX plus standard treatment vs. standard
treatment alone, for a 2-year period (22). More specifically,
Elhai et al. studied 254 patients from the EUSTAR database
with SSc-ILD treated with RTX from a pool of 9,575 patients
with SSc-ILD receiving standard treatment for a period of 2
years. During the 2 years of evaluation in both groups FVC, as
well as DLCO values, remained practically stable. RTX-treated
vs. standard-treated patients did not have significantly different
rates of decrease in FVC > 10% [6.5 vs. 6.6 events per 100
person-years; OR: 1.03 (0.55-1.94); p = 0.93] and in DLCO as
well. However, the patients in the RTX group discontinued or
reduced the daily dosages of steroids earlier [OR: 2.34 (1.56—
3.53), p < 0.0001]. Even though the number of patients was
large enough, the trial results may have been confounded by
patient heterogeneity. There were differences in the extent of
lung involvement of enrolled patients, in the chronicity of the
disease, and even in the RTX administration protocol among the
various participating centers to such an extent that may preclude
the extraction of safe conclusions. In secondary analyses of PFTs
patients treated with RTX plus MMF (n = 37) showed better
outcomes as compared with patients receiving RTX alone [delta
FVCin RTX plus MMEF: 5.22 (0.83-9.62); p = 0.019 vs. delta FVC:
3 (0.66-5.35); p = 0.012 in patients receiving rituximab alone].

In a recent, open-label, prospective, randomized, controlled
trial the authors compared head-to-head RTX vs. monthly
cyclophosphamide (CYC) treatment (23). Sixty patients with
early, diffuse SSc with ILD and anti-Scl70(+), were enrolled
to receive CYC or RTX as first-line treatment. Patients in the
CYC treatment arm received 500 mg/m? CYC IV pulses every
4 weeks for 24 weeks. Patients in the RTX group received
RTX as in the “RA scheme.” The RTX group revealed an
improvement of FVC% at the end of 6 months when compared
to baseline values (RTX group: 61.3-67.5%, p = 0.002) while
the CYC group did not (CYC: 59.3-58.1%, p = 0.496). RTX
turned out to be safer than CYC regarding cases of malignancy,
gangrene, and ovarian failure, but it displayed higher rates
of (minor) infusion reactions. Based on these data RTX may
be considered a first-line therapy instead of CYC especially
if we take into account the safety demonstrated too in this
trial. However, one should take into account that the current
standard-of-care treatment for SSc-ILD is MMF and not CYC.
The controlled trials of RTX effect on SSc-ILD are depicted in
Table 2.
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TABLE 2 | Controlled trials of RTX in SSc-ILD.

References No of Disease RTX scheme Follow up Outcomes Safety of RTX

patients

Daoussis et al. (18) 8 RTX vs. 6 SSc Lymphoma scheme 1y Improved PFTs and stable HRCT 3 serious AE/2 lung infections, 1
Control score in favor of RTX infusion reaction

Jordan et al. (19) 25 RTX vs. SSc RA scheme 6m Increased FVC, stable DLCO in 11/58 infections

25 control RTX group No other serious AE
Daoussis et al. (20) 33 RTX vs. SSc Lymphoma scheme 7y Improved FVC, stable DLCO vs. 3 serious infections, 2 infusion
18 control control reactions, 5 deaths
Boonstra et al. (21) 8 RTXvs. 8 SSc RA scheme 2y Stable PFTs and HRCT similar to 7 serious AE in RTX(infusion
con control group reaction) vs. 4 serious AE in
control (weight loss)

Eustar et al. (22) 254 RTX vs. SSc RA scheme (n = 2y Stable PFTs similar to 36/254 serious AE, 24/254
9,575 203) lymphoma control/steroid reduction vs. discontinue, 6 deaths unrelated
control scheme (n = 4) else control

(h=27)
Theibaut et al. (24) 23 RTX vs. SSc RA scheme 2y Improved PFTs Infusion reactions, mild
26 non-RTX infections/2 deaths
Sircar et al. (23) 30 RTX vs. SSc RA scheme 6m Improved FVC on RTX vs. control RTX AE 9/30 vs. CYC AE 21/30
60 CYC

Prospective Uncontrolled Studies in

Patients With SSc-ILD

Lafyatis et al. studied 15 patients with early SSc treated with
RTX only (“RA scheme”) without concomitant disease modifying
anti-rtheumatic (DMARD) therapy (25); they did not find a
clear beneficial effect on skin fibrosis and pulmonary function
at 6 and 12 months of follow-up. Patients with severe lung
disease were excluded from this trial; therefore this might
explain why the average FVC and DLCO values did not change
significantly at 6 months. In detail, baseline FVC changed
from 89.2 to 92.7% after RTX treatment and DLCO changed
from 79.7% at baseline to 77.9% after RTX administration. In
agreement with the above, little or no progression of pulmonary
disease was depicted on HRCT. Because patients included in
this study had a near-normal respiratory function, no safe
conclusions can be drawn regarding the effects of B cell
depletion treatment.

Daoussis et al. presented a beneficial effect of RTX
(“lymphoma scheme”) when the follow-up of our initial
cohort of 8 patients that were previously reported at 1
year was extended to 2 years of treatment (26). FVC values
displayed a significant improvement at 2 years (mean =+
SEM: 77.13 £+ 7.13 vs. 68.13 + 6.96, respectively, p <
0.0001) as did the DLCO values (mean + SEM: 63.13 =+
7.65 vs. 52.25 £ 7.32, respectively, p < 0.001). Moreover,
semiquantitatively ground glass lesions were depicted in HRCT
of 5/8 patients. The results are considered encouraging, even
though the numbers of patients enrolled were small, RTX was
administered concurrently with other immunosuppressing drugs
(MMF in the majority) and there is not a control group in
this study.

Another open-label study by Smith et al. in patients with early
diffuse SSc who received RTX for a 2 year period, displayed a
statistically significant overall decrease of FVC percentages, with
a mean FVC of 92.8% at baseline vs. 84.7% at 24 months (p =

0.047) (27). However, no clinical worsening was DLCO values
remained stable over the 2-years.

Bosello et al. administered RTX (“RA scheme”) in 20 patients
with early (<3 years) and extensive SSc-ILD (28). During a
follow-up period of 2 years, the evaluation of PFTs every 6
months and of chest HRCT every 12 months indicated no
significant changes in FVC, DLCO, and chest HRCT lesions
over time. However, there was marked heterogeneity regarding
the duration of follow-up and the number of RTX cycles
administered. When analyzed separately, the patients with the
restrictive disease (n = 6) in PFTs (representing perhaps the
most interesting patient subset) had an increase in their FVC but
insignificant changes in their DLCO and HRCT scores during
the first year of RTX treatment. In contrast, patients without
restrictive disease in PFTs (n = 8) displayed no increases in the
above parameters throughout the study.

Fraticelli et al. studied 15 patients with SSc-ILD receiving
RTX for 6 months followed by MMF administration escalated
to 2 gr for 6 months (29). After 6 months of RTX, there was
a significant increase in FVC (p = 0.0197) and FEV1 (p =
0.0278) compared to baseline. The HRCT pattern was analyzed
with two different methods. The first was a semiquantitative
standardized method, but the results did not show significant
improvement. On the contrary, the second, which is an automatic
software-based assessment revealed a significant improvement
(p = 0.0331) which is consistent with a significant reduction in
the quantity of pulmonary fibrosis. At 12 months of combined
therapy with RTX initially and MMF afterward, a significant
increase in FVC percentages were observed (p = 0.0093) and
of FEV1 values (p = 0.0061) as well, compared to baseline.
DLCO values remained stable (p = 0.3375). Despite the small
number of patients and the absence of a control group, the
authors felt optimistic about the sequential treatment of RTX
followed by MMF in SSc-ILD. The uncontrolled studies of RTX
administration in SSc-ILD are shown in Table 3.
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TABLE 3 | Uncontrolled trials of RTX in SSc-ILD.

References No of Disease RTX scheme Follow up  Outcomes Safety of RTX
patients
Lafyatis et al. (25) 15 SSc RA scheme 6m Stable PFTs and HRCT score No serious AE
Daoussis et al. (26) 8 SSc Lymphoma scheme 2y Improved PFTs and HRCT score 3 serious infections, 2 infusion
reactions
Smith et al. (27) 8 SSc RA scheme 2y Increased FVC, stable DLCO 5 serious AE/1 death
Bosello et al. (28) 20 SSc RA scheme 2y Stable PFTs and HRCT score 4 serious AE
Fraticelli et al. (29) 15 SSc RA scheme 6m Improved FVC, stable DLCO, Imroved No serious AE
HRCT
Vilela et al. (30) 10 SSc RA scheme 6m Stable PFTs -
Sari et al. (31) 15 SSc Ra scheme Variable Stable PFTs No serious AE

Retrospective Trials in Patients With SSc-ILD
A placebo-controlled trial by Thiebaut et al. studied
retrospectively 13 patients with SSc-ILD who were treated
with RTX vs. 26 patients with SSc-ILD that were not for a follow
up period of 2 years (24). Both FVC and DLCO values did not
change significantly after 1 year. FVC showed 72% at baseline
and 85% at month 12 (p = 0.6) and DLCO values [40% at
baseline vs. 49% at month 12 (p = 0.9)]. However, after 2 years
of follow-up, 7/13 patients treated with RTX improved their
FVC by a gain of 12 points, whereas 14 patients not treated with
RT? worsened their FVC by —1.5. DLCO values also improved
in the RTX-treated group with a gain of 4, while it worsened
with a loss of —4.5 in the non-RTX-treated group. A direct
comparison between the 2 groups (RTX group vs. non-RTX)
revealed a significant improvement of PFTs in RTX-treated
patients regarding both FVC percentages (p = 0.003) and DLCO
percentages (p = 0.03). The authors also further analyzed a
total of 42 patients (35 from the literature and 7 from their own
series). They reported an increase of FVC from 71% at baseline
to 84% at 12 months (p = 0.0006) and in DLCO from 58% at
baseline to 64% at 12 months (p = 0.02) in the RTX group.
Vilela et al. reported 10 patients with diffuse SSc treated
with RTX (“RA scheme”) that were evaluated after 6 months
(30). No significant changes were seen in PFTs in all patients
regardless of the patients had early (<4 yrs) or late progressive
disease. Sari et al. claimed a beneficial effect of RTX therapy
in 14 patients with SSc and chronic extensive restrictive lung
disease resistant to previous therapy for 15 months of follow up
(31). However, heterogeneity in treatment cycles and in time-
points of evaluation limit the value of any potential conclusions
of this report.

A META-ANALYSIS OF PATIENTS WITH
SSc-ILD

A recent systematic review and meta-analysis by Goswami
et al. evaluated the efficacy of RTX treatment on pulmonary
function parameters of patients with SSc-ILD (32). Twenty
studies were included in this meta-analysis among which there
were two randomized controlled trials, six prospective studies,
five retrospective studies, and seven conference abstracts. RTX

was reportedly associated with increases of FVC by 4.49%
(95% CI 0.25, 8.73) and similarly with increases of DLCO
by 3.47% (95% CI 0.99, 5.96) at 6 months. Furthermore,
FVC values were increased by 7.03% (95% CI 4.37, 9.7) and
percentages of DLCO by 4.08% (95% CI 1.51, 6.65) after 1 year
of treatment with RTX. Two studies comparing RTX treatment
to other immunosuppressive treatments showed improvements
in FVC in the RTX group that was 1.03% (95% CI 0.11, 1.94)
greater than the improvement of FVC values of patients in the
immunosuppressive group at 6 months but not at 12 months.
Changes in DLCO values were similar in both groups at both
time points. Patients on RTX had lower rates of infection as
well. The authors acknowledge another limitation of this meta-
analysis such as the different disease traits, RTX administration
schemes, and evaluation of PFTs at the standard time points of 6
and 12 months.

RETROSPECTIVE TRIALS IN PATIENTS
WITH RA-ILD

Fui et al. studied 28 patients with RA 21 of which had ILD (33).
Fourteen of 28 were treated with RTX due to worsening ILD.
PFTs and HRCTs were evaluated before and 6 and 12 months
later. FVC before RTX administration was 87.11 £ 6.13% and
FVC after 12 months of RTX treatment was 93.01 £ 23.01%, p
= NS. DLCO percentages before RTX treatment were 53.76 +
5.37% and DLCO 12 months after RTX administration was 54.9
=+ 15.2%, p = NS. Therefore, we conclude that patients receiving
RTX had stabilization of their PFTs. Patients were also separately
analyzed as UIP HRCT patterns and NSIP HRCT patterns. For
the UIP-ILD pattern, there was a loss of 301 ml of FVC at 1 year,
while for the NSIP-ILD the loss was limited to 51 ml compared to
baseline volumes, non-significant reductions. However, a direct
comparison of volume losses between the UIP and NSIP-ILD
volume losses disclosed that reductions seen in the UIP-ILD
subgroup were significant. The study included also 14/28 patients
with RA that did not receive RTX and were evaluated as well at
baseline and 12 months. However, a direct comparison between
the RTX and the non-RTX group revealed no significant changes.
The patients with RA-UIP pattern had a bad prognosis, despite
the observation that PFTs of these patients did not worsen after
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RTX administration. It is of interest that in this retrospective
study another subpopulation not receiving RTX was evaluated
and was used as a control subpopulation.

Md Yusof et al. evaluated retrospectively 700 patients with
RA with 56/700 diagnosed with ILD (34). Some patients
were treated with RTX due to worsening ILD (n = 10) or
due to unresponsiveness to previous treatment for RA (n =
6). PFTs were evaluated in all 56 patients with RA-ILD. A
numerical improvement was observed in FVC after 6-12 months
of RTX administration compared to baseline from —2.4%
pre—RTX treatment to +1.2% post-RTX treatment, with a
median difference of +4.2%, p = 0.025. DLCO values had an
increase from—4.4% pre-RTX to —1.3% post-RTX with a median
difference of +3.7%, p = 0.045. Fourteen patients with worsening
ILD were evaluated with HRCT before and after treatment with
RTX. Improvement of HRCT images was seen in one patient
(7%), stabilization in six patients (42%), and worsening in seven
patients (50%) after RTX administration. A direct comparison
between the patients with responsive NSIP-ILD (n = 33) and the
patients with progressive non-responsive NSIP-ILD revealed that
DLCO values declined more in the non-responsive group (—3.8%
responsive NSIP-ILD vs. —17.5% non-responsive NSIP-ILD, p
=0.037).

In their retrospective study Narvaez et al. analyzed 31 patients
with RA that developed serious ILD refractory to the previous
DMARD therapy (35). Some patients switched to RTX from
other biologic agents (n=12) or had already failed to respond
to previous ILD treatment (n=3). HRCTs were performed after
RTX treatment, only in those patients that had worsening
dyspnea or deterioration of PFTs. RTX treatment prevented the
further reduction of FVC at 1 year compared to baseline (delta:
percentage change from the start of therapy): A% pFVC +8.06%
(95% CI: —10.9-—5.2; p < 0.001). Moreover, DLCO did not
further decline after 1 year compared to baseline A% pDLCO:
+12.7% (95% CI: —16.3 to —9.1; p < 0.001. When the patients
were divided into a UIP (n = 13) or a non-UIP- pattern (n = 18)
and analyzed separately, PFTs in both groups improved at 1 year
compared to baseline levels. A quantitative ILD score (QILD)
score was used in HRCTs to define the extent of lung disease.
Eighteen/31 patients had a QILD of 18.6 & 12% before treatment
with RTX. Six of the 18 patients (33%) worsened their QILD
score (mean —5% =+ 0.7), 2/18 (11%) improved their score (mean
+6.5% =+ 1.5), and 10/18 (56%) had the same QILD score after 21
months of RTX administration in comparison to baseline QILD
score. In addition, 25 patients with RA evaluated at 2 years of
treatment with RTX displayed a significant improvement of both
FVC and DLCO compared to pretreatment levels.

Prospective Trials in Patients With RA-ILD

In their study, Matteson et al. evaluated 10 patients with RA-ILD
treated with RTX (7/10) for a maximum of 48 weeks (36). By
week 48, FVC values declined by at least 10% in 1/7 patients,
remained stable in 4/7, and increased by at least 10% in 2/7
patients. DLCO worsened by at least 15% in 1/7 patients, was
stable in 4/7 patients, and increased by >15% of baseline in
2/7 patients. HRCT scores improved in 1 patient, worsened in

another patient and stabilized in the rest of 5/7 patients assessed
at week 48 after RTX administration.

Vadillo et al. enrolled 68 patients from two different medical
centers diagnosed with RA ILD (37). Functional impairment
was defined as a reduction of FVC < 5%. By the time ILD was
diagnosed treatment of patients changed with preferential use of
RTX, abatacept, and azathioprine and reduced use of MTX, LEE,
and anti-TNFa mAb. Thirty-one out of 68 patients with RA were
treated with RTX with a mean follow-up of 20.6 months and
maximum exposure of 8.8 years. Multivariate analysis revealed
that PFTs were preserved in patients with RA treated with RTX
compared to patients on other treatment regimes. The same
analysis disclosed that RTX had less risk of deterioration (Hazard
Ratio and 95% confidence interval) [HR 0.51 (95% CI 0.31,
0.85), p = 0.01] vs. patients with RA on other treatments. The
doses of RTX administered, the repetition of cycles as well as the
number of cycles of RTX differed in each patient. Despite such
confounding factors, the results of this trial could be considered
as promising.

RETROSPECTIVE STUDIES IN PATIENTS
WITH AS

Marie et al. studied seven patients with AS that manifested
with severe ILD that had previously failed treatments with
immunosuppressive agents (38). After having received RTX
treatment for 1 year, the patients exhibited improvement of PFTs.
FVC percentages increased from a pre-treatment mean of 66%
to a post-treatment of 74 %, p = 0.04 and an increased DLCO
from 39% (pre-treatment) to 59% (post treatment), p = 0.001.
HRCT scoring disclosed an improvement of ILD abnormalities
at 1 year after RTX treatment in 5/7 patients and stabilization
of ILD abnormalities in 2/7 patients. The dosages of steroids
were tapered by almost 50% of the pretreatment dosages after
treatment with RTX. This small uncontrolled and retrospective
study favors RTX use in refractory cases of AS—associated ILD.
Twenty-five patients with AS autoAb and ILD treated with
RTX were retrospectively evaluated in the study of Doyle et al.
(39). RTX was administered because of recurrent or progressive
ILD. Twenty-one out of 25 patients were treated with RTX as
a second-line medication due to unresponsiveness to previous
DMARD:s and 4 out of 25 were treated with RTX as a treatment
of the first choice. Prednisone and other DMARDs were allowed.
PFTs and HRCT scores were evaluated before and 1 year after
treatment with RTX. FVC (n = 19) was stable or improved by
79% at 1 year after treatment with RT'X compared to baseline. In
addition, HRCT average scores (n = 8) were stable or improved
in 88% of subjects. FVC was also statistically increased for
seven patients with AS 3 years after RTX treatment compared
to pretreatment levels (+21%, p = 0.016). DLCO percentages
on the contrary were reduced 1 year after treatment with RTX
compared to baseline, from 42 £ 17 to 36 £ 16. Nevertheless,
2 years after RTX administration, DLCO percentages increased
compared to baseline from 36 £ 16 to 53 £ 26. The authors
report that the dosages of glucocorticoids were stable or reduced
in 88% of patients. Moreover, it is of importance that the patients
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who received more than one cycle of RTX (n = 17) compared
to the patients that received only one cycle of RTX (n = 8) had
an increase of FVC of 9.3% (p = 0.0077). Patients having NSIP
patterns in HRCT had a better response to RTX treatment. In
addition, patients with mild disease (based on good FVC and
DLCO parameters) responded better to treatment with RTX.

Andersson et al. studied retrospectively 24 patients with AS
with severe ILD involvement and were administrated RTX (40).
During the follow-up period (median: 52 months after RTX
treatment), FVC values were increased from 58% at baseline
to 72% at post-treatment (p < 0.018). DLCO values similarly
increased from 41% at baseline to 48% post-treatment, (p <
0.025). The extend of ILD-affected lung parenchyma on HRCT
was reduced by a median of 33% compared to pre-treatment
HRCT scores. The follow-up period after RTX treatment is more
than 4 years, which is long enough. Patients treated with RT'X that
were followed up for <12 months had a significant improvement
in PFTs and HRCT extent of ILD after RTX treatment.

Langlois et al. compared CYC (n 32) followed by
standard immunosuppressive agents vs. RTX (n = 28) treatment
administered every 6 months in patients with ASS-related ILD
(41). CYC was administered (750 mg/m?/month) for 6 months
and then was switched to other immunosuppressive drugs (AZA,
MME MTX). PFTs showed a significantly increased median FVC
from 53% at baseline to 62% at 6 months after CYC treatment, p
= 0.01. DLCO percentages also increased from 31.5% at baseline
to 35% post treatment, p = 0.01. Additionally, eight patients
had HRCT scores improved, 14 stabilized, and eight worsened
their HRCT scores at 18 months of follow-up after treatment
with CYC. RTX was given in the “RA scheme” every 6 months.
FVC increased significantly at 6 months after therapy with RTX
compared to baseline from 64 to 74%, p = 0.002 and DLCO
increased slightly, from 45% at baseline to 48% at 6 months
after RTX, p = 0.1. FVC values were statistically and significantly
higher at 1 and 2 years after RTX treatment compared to pre-RTX
values. DLCO percentages did not display significant increases
at 1 and 2 years of treatment with RTX compared to baseline.
Eleven patients improved their HRCT scores, 12 stabilized and
1 worsened their HRCT scores after RTX administration during
a mean follow-up of 17.5 months. Upon comparison of the 2
groups treated with CYC vs. treated with RTX, it was observed
that the group that initiated CYC had already lower PFT values
compared to the group that initiated RTX. More specifically,
FVC was 53% in the CYC group vs. 64% in the RTX group, (p
= 0.04) and DLCO was 32% in the CYC group vs. 45% in the
RTX group (p = 0.01), respectively. In addition, it was recorded
that RTX was administered in patients with the more refractory
disease compared to the cases in that CYC was given. The number
of previous immunosuppressive treatments contributed to this
conclusion: 2.32 & 1.45 in the RTX group vs. 1.35 £ 1.39 in the
CYC group, (p = 0.004), respectively.

RTX and CYC demonstrated similar pulmonary progression-
free survival (PFS) at 6 months after treatment (92% RTX vs.
85% CYC, respectively), but RTX was superior to CYC at 2
years of treatment (HR 0.263, 95% CI 0.094-0.732, p = 0.011).
RTX treatment was superior in the maintenance phase compared
with immunosuppressants continued after CYC. No significant

differences were reported in the dosage of the steroid and
in the adverse events of the two treatments as well. Despite
the retrospective nature of this study and the dissimilarity of
the patients comprising the 2 treatment groups this study is
acknowledged as the first comparison study of RTX vs. other
immunosuppressive treatment in AS-ILD.

The majority of the studies of RTX conducted in groups
of patients with different CTDs-ILD or in patients with one
underlying disease-ILD such as SSc, RA, AS, has noted that
B cell depletion treatment was safe and well-tolerated. A few
gastrointestinal complaints have been reported and to a lesser
extent infusion reactions. Our major concern is focused on
infections, especially respiratory tract infections (42).

STUDIES IN PATIENTS WITH SS

A few case reports and even fewer retrospective studies have
evaluated RTX in ILD in patients with SS (43, 44). Chen et al.
studied retrospectively 10 patients with primary SS (pSS) with
moderate to severe ILD that had previously been treated with
DMARD:s (45). PFTs at 6 months after RTX treatment revealed
an improvement of DLCO from 49.3 £ 12.6% at baseline to 56.9
=+ 11.4% at 6 months after RTX, (p = 0.011) but a non-significant
change of FVC from 74.7 &= 16.2% at baseline to 76.4 £ 16.1 %
at 6 months, (p = 0.484). Mean HRCT scores decreased but not
significantly after rituximab in 7/10 patients (from 8.7 £ 4.1t0 7.6
=+ 4.6, p = 0.419). A significant improvement in HRCT imaging
was reported only in 1 pSS patient at 6 months. In addition, all 10
pSS patients with ILD had a restrictive pattern with low DLCO
(<75%) and 2/10 had a mixed type of obstructive and restrictive
patterns (decreased FVC, <60%). According to this observation,
RTX may be beneficial for patients with pSS during active phases
of ILD.

SLE

ILD, although uncommon in SLE, is highly associated with
increased mortality. ILD in SLE presents as NSIP, OP,
LIP, follicular bronchitis, and UIP. No clinical trials and
head-to-head studies exist assessing the treatment of SLE-
related ILD, let alone with RTX treatment. Only case reports
and case series have been reported regarding the effects
of RTX treatment on all manifestations of patients with
SLE (46).

Acute lupus pneumonitis is also a serious manifestation of
SLE as well as pulmonary hemorrhage. Immunosuppressive
agents including RTX have been used. RTX has also been
employed with promising results in shrinking lung syndrome
in patients with SLE as a few case reports have reported
(47, 48).

One retrospective study included 11 patients with refractory
SLE to the previous use of steroids and immunosuppressive
agents (49). The patients were given RTX as an add-on therapy
and were evaluated at 6 months after RTX administration.
Seven out of 11 patients were simultaneously treated with CYC
and 6 out of 11 were treated with IV steroids. Three patients
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TABLE 4 | Trials of RTX use in RA/AS/SS/SLE-ILD.

References No of Disease RTX scheme Follow up Outcomes Safety of RTX
patients
Fui et al. (33) 14 RTXvs. RA RA scheme 12m Stable PFTs and HRCT score vs. reduced  No serious AE
14 non-RTX PFTs in control
Md Yusof et al. (34) 56 RA RA scheme 12m Increased PFTs/HRCT score 33/56 serious AEs/infections
12/56 deaths
Narvaez et al. (35) 31 RA RA scheme 12m Improved PFTs improved/stable HRCT Few serious AE 10/31
2/31 deaths
Mattesson et al. (36) 10 RA RA scheme 12m Stable PFTs/stable HRCT 3/7 AEs
2/7 death
Vadillo et al. (37) 31 RTX/37 RA RA scheme 6m Stable PFTs vs. non-stable PFTs in control A few AEs
non-RTX group
Marie et al. (38) 7 AS RA scheme 12m Improved PFTs/HRCT score/steroid No serious AE
reduction
Doyle et al. (39) 21 AS RA scheme 12m Improved PFTs and HRCT/steroid No serious AE
reduction
Andersson et al. (40) 24 AS RA scheme 52m Improved PFTs and HRCT 6/34 serious infection, 7/34 death
Langlois et al. (41) 28 RTXvs. AS RA scheme 2y Improved PFTs and HRCT score in both Similar AE
32 CYC groups
Allenbach et al. (43) 10 AS RA scheme 1y Improve PFTs/stable HRCTscore No serious AE
Chen et al. (45) 10 SS RA scheme 6m Improved FVC, stable DLCO,Stable No serious AE
HRCTscore
Reynolds et al. (49) 11 SLE RAscheme (n=9) 6m Stable PFTs No serious AE

Lymphoma scheme
(h=2)

had severe lung disease with significant morbidity. One patient
responded well to RTX with improvement in FVC and total lung
capacity. Two patients preserved a non-deteriorating respiratory
function, and 1 patient had an objective improvement in lung
function as he remained stable after RTX treatment. FVC did
not change significantly in the whole group of 11 patients, p
= 0.11. One might assume that RTX halted the deterioration
and progression of lung disease in these few patients, whereas
previous immunosuppressants had previously failed in halting
ILD progression. Table 4 collects all studies mentioned above
regarding RTX in RA-, AS-, SS-, and SLE-related-ILD.

STUDIES IN PATIENTS WITH AAV-ILD

ILD has been related to ANCA-associated vasculitis (AAV)
over the past three decades. ILD can be present in 23% of
patients with granulomatosis with polyangiitis (GPA) and up
to 45% of patients with microscopic polyangiitis (MPA). ILD
may precede or manifest concurrently with other manifestations
of AAV (50). Radiologic patterns in HRCT include UIP
(up to 78% of cases), NSIP (ranging from 13 to 64% of
cases), desquamative interstitial pneumonia-like pattern, OP,
and combined pulmonary fibrosis and emphysema (CPFE).
Although there are treatment guidelines for the initial therapy
of patients with AAV, limited data exist for the treatment of
patients with AAV (51). RTX is a licensed and commonly used
immunosuppressive treatment in patients with AAV-ILD both
for induction of, and for maintenance of disease remission.

The study of Maillet et al. evaluated retrospectively 62 patients
with AAV-ILD vs. 124 patients with AAV without ILD who
were gathered from five prospective trials and were considered
as a control group (52). Patients with AAV-ILD received
more frequent immunosuppressive treatment for induction and
maintenance of disease remission than the control group did.
The comparison concerns the two groups of AAV patients, those
with ILD and those without ILD. RTX was administrated for
induction of remission in 6/62 patients with AAV-ILD and as
maintenance therapy in 24/62 patients with AAV-ILD. RTX
(27%) and CYC (41%) were most commonly prescribed for
re-inducing remission. The prognosis of relapsing disease was
good since 95% of patients achieved re-remission. Therefore,
this study cannot account for RTX effects in patients with
AAV-ILD. RTX was administered as a maintenance treatment
more frequently in AAV-ILD than in AAV-non-ILD (40 vs. 4%).
Clearly, a large study evaluating RTX-treatment effects strictly in
lung involvement in AAV is lacking, despite the proven efficacy
of RTX to control AAV systemic manifestations.

DISCUSSION

The progressive and life-threatening nature of CTD-ILD
represents a major challenge. Thus, it is important to
identify and apply an aggressive and effective treatment
yet with an acceptable safety profile, that will at least slow
down disease progression. MMF has been acknowledged
as a first-line treatment agent in SSc-ILD. RTX has been
employed in a good number of case series and studies both
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controlled and uncontrolled regarding CTD-ILD in two
different treatment approaches. The results of these studies
are encouraging given the heterogeneity of patients studied
and additional potentially confounding factors that affect
the evaluation of PFTs and HRCT scoring methods after
RTX administration.

Based on data discussed herein, patients with CTD-ILD, either
early- or long-standing disease, mild or severe disease, and
resistant disease to previous therapy may represent successful
candidates for B cell depletion treatment. In addition, despite
a semi-quantitative approach, imaging studies may also depict
improvements following RTX treatment. B cell depletion
administered in repeated cycles may be a better approach in
contrast to a single infusion. It is not entirely clear if it is preferred
to employ RTX as a monotherapy or as a combination treatment
along with other immunosuppressive/anti-fibrotic medications.

Nevertheless, all existing data point to an additional benefit of
RTX treatment, i.e., the steroid-sparing effect. Finally, the use of
RTX as a first-line agent and not as an agent used in unresponsive
cases represents another unanswered question and an additional
challenge in the successful treatment of patients with CTD-ILD.
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Systemic sclerosis (SSc) is a chronic, autoimmune, multisystem disease characterized
by tissue fibrosis that, apart from the skin, may affect the lungs among other organs. B
cells have been found in tissue lymphocytic infiltrates; in the lungs are encountered in
lymphoid aggregates. The abnormal and hyperreactive B cell in SSc may initiate and
perpetuate the fibrotic process via incompletely understood mechanisms. Studies in
animal models of SSc have demonstrated that B cell dysregulation is an early event
in disease pathogenesis. Functional disturbances of BCR signaling such as decreased
inhibitory CD22 signal transduction or augmented CD19-mediated signaling result in
prolonged B cell activation. Antagonism of BAFF, a cytokine known for his central role in
B cell survival and maturation, not only suppresses the production of fiorogenic cytokines
such as IL-6 and IL-10, but also amplifies antifibrogenic cytokine secretion such as IFN-y
and it finally contributes to skin fibrosis attenuation. B cells subsets in SSc patients display
several abnormalities. Naive B cells are increased, in contrast to switched memory B
cells that are not only decreased but also activated. Disturbances in the expression of
molecules that are involved in B cell tuning have also been described. Interestingly, a
distinct B cell population characterized by anergy and exhaustion has been found to
be increased in patients with SSc-ILD. Another B cell subset, the CD30TGM-Beff, is
capable to differentiate monocytes to dendritic cells and is increased in SSc patients
with ILD. Of note, patients with SSc-ILD exhibit increased expression of the inhibitory
receptor FcyRIIB on naive and double negative B cells aiming perhaps to counterbalance
the abnormal B cell activation. Studies of B cell targeted treatments have demonstrated
promising clinical efficacy. Therefore, B cell eliminating therapies could be integrated into
the therapeutic armamentarium of patients suffering from SSc-ILD aiming to at least
stabilize the fibrotic lung process.

Keywords: B cell, scleroderma (systemic sclerosis), interstial lung disease, pathogenesis, human

INTRODUCTION

Systemic sclerosis (SSc) is a chronic, autoimmune, multisystem disease characterized by tissue
fibrosis affecting the skin, the lungs, and other organs. In patients with SSc, B cells have been
found in tissue lymphocytic infiltrates and in the lungs are encountered in lymphoid aggregates (1).
Additionally, B cells produce specific SSc-associated autoantibodies (autoAb) and may also present
antigens, produce cytokines and regulate T cell function. Based on these, it has been proposed
that hyperreactive B cells in SSc may not only initiate but also perpetuate the fibrotic process via
incompletely understood mechanisms.
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B Cells May Have a Direct Pathogenic
Effect

Recombination activating gene 2 (Rag2) is implicated in the
V(D)] recombination in T- and B-cell maturation. Interleukin-
2 receptor gamma chain gene (IL2Ry) is involved in natural
killer (NK) cell activity. Therefore, in double knockout
Rag2~/~IL2Ry™/~ mice the survival of transferred human
immune cells was enhanced due to the absence of native B cells, T
cells and NK cells, as well as Tregs which may interplay with the
human immune response in mice. Peripheral blood mononuclear
cells (PBMC) derived from patients with SSc and from patients
with granulomatosis with polyangiitis (GPA) were transferred
to the immunocompromised Rag™/~/IL-2Ry~/~mice (2). Two
weeks after the infusion of SSc patient-derived PBMC the
recipient mice developed autoAb such as antinuclear antibodies
(ANA), as well as cellular tissue infiltrates consisting mainly
of B cells in various organs including the lungs. In contrast,
passive transfer of PBMC from patients with GPA and from
healthy donors did not result in autoAb production or cellular
tissue infiltrates. Of note, transfer of PBMC from SSc patients
previously treated with RTX failed to induce the pathological
findings of human SSc. The study illustrated a potentially direct
pathogenic effect of immune cells in SSc in the early stages of the
disease progress, assigning a particularly important role to B cells.

B Cell Implication Is an Early Event in

Disease Pathogenesis

A study illustrated that the potential role of B cell may begin
during the early stages of the disease course (3). Next-generation
RNA sequencing of skin biopsies from patients with early SSc
(median disease duration: 1.3 years) yielded high proportions of
M2 and M1 macrophages, CD8" T cell, CD4™ T cell and B cell
signatures (96, 94, 65, 60, and 69%, respectively). Furthermore,
analysis illustrated that T and B cell signatures were significantly
associated with shorter disease duration even after adjustment for
immunosuppression treatment, underscoring thus the potential
role of B cells in early disease.

Cytokine Profile in Th1/Type 1 Effector B

Cells Defines the Autoimmune Disease

Type I effector B cells are functionally polarized effectors that
produce a Thl-like cytokine profile. A study analyzing 179
patients with 4 different systemic autoimmune diseases including
SSc, demonstrated that B cells prosper Thl differentiation and
naive T cell proliferation resulting in the induction of type
I effector B cells that tend to differentiate into plasmablasts
(4). This T cell/B cell crosstalk has been associated with the
development of a proinflammatory cytokine microenvironment
consisting of IL-2, IL-6, CXCL10, and IFN-y production. This
study provides evidence that a shared proinflammatory cytokine
profile could define distinct patients of each autoimmune
disease. In the proinflammatory group patients with Sjogren’s
syndrome (SS) and patients with SSc had increased levels of
IL-13, patients with SLE had significantly increased levels of
IFN-y and significantly decreased levels of IL-13 and patients
with RA had significantly increased levels of IL-8. Scleroderma

patients in the proinflammatory group had significantly more
often pulmonary, renal and vascular involvement compared to
other, “non-inflammatory” patients with SSc (66.5 vs. 13.3%, p
=0.0011).

A) ALTERED PHENOTYPE OF THE
SCLERODERMA B CELL

Deranged expression of molecules implicated in B cell regulation
is evident in SSc patients. B cells from SSc patients exhibit an
activated phenotype (5). Surface expression of the co-stimulatory
molecule CD86 was increased in SSc patients, especially in naive
and transitional B cell subpopulations, but no differences were
noticed in the expression of MHC II molecules, involved in
antigen presentation. The amounts of IL-6 produced by B cells
were similar between SSc patients and healthy controls, but IL-
10 secretion by B cells was significantly reduced in SSc patients.
Most B cells that secrete IL-10 were identified in the transitional
B cell subpopulation but the percentage of B cells that secrete
IL-10 was reduced in all B cell subsets. Furthermore, a subset
of B cells (CD25M8hCD27M8"CD86Mg"CD1dM8h) that normally
express high levels of IL-10 (as well as TGF-f), was decreased
in SSc patients. Disturbances in the expression of regulatory
receptors on the surface of B cell subsets of patients with SSc are
summarized in Table 1.

Altered CD19-Dependent Signal

Transduction

The tight skin mouse (TSK/+4) is a model for human SSc.
A tandem duplication in the FBN1 gene in TSK/4 mice is
thought to be responsible for the development of skin fibrosis
and the production of SSc-specific autoAb. The expression of
CD19 on the surface of B cells in the periphery, spleen, bone
marrow and peritoneum of TSK/+ mice was similar to wild-
type mice (6). However, tyrosine phosphorylation of CD19 was
increased by 45% in splenic B cells of TSK/4 compared to
wild-type mice. Tyrosine phosphorylation of Vav, a kinase, that
mediates downstream CD19 signaling, was also increased in B
cells of TSK/+ mice compared to wild-type mice. Lyn, a kinase
that is also involved in CD19 tyrosine phosphorylation was

TABLE 1 | Aberrations in the expression of stimulatory (stim) and inhibitory (inh)
receptors on the surface membrane of B cell subsets from patients with SSc.

Naive B cells Memory B cells Transitional B cells

CD19 stim 1
CD21 stim
CD40 stim
CD35 inh

CD22 inh

FcyRIIB inh 1
Siglec 10 inh

t 1

t t t
| 1 |

- 1

4, Increased; |, Decreased; —, no difference between SSc patients and healthy donors.
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amplified by 22% in B cells of TSK/+4 mice compared to wild-
type mice. Aiming to further examine the role of CD19 signaling
in the development of autoimmunity, TSK/4 mice with CD19
deficiency were generated. CD19 loss resulted in reduced activity
of Lyn kinase in TSK/+ B cells. This genetic model exhibited
an activated CD19-initiated signaling pathway following CD19
ligation and enhanced proliferation of TSK/+ B cells in response
to anti-IgM Ab. However, not all signaling pathways of TSK/+
B cells were overreactive because responses to LPS and to anti-
CD38 mAb were normal. Therefore, TSK/4+ B cells display
increased responses specifically via CD19 and the BCR and
CD19 deficiency normalizes TSK/4- B cell hyperresponsiveness.
Moreover, CD19 deficiency prevented autoAb production and
resulted in a decrease of peripheral B cell numbers without
significantly affecting B cell development. Phenotypically, CD19
loss was associated with a significantly thinner hypodermal tissue
compared to CD19 sufficient mice. Of equal importance, CD19
loss inhibited IL-6 production by TSK/+ B cells. IL-6 induces
the production of collagen and glycosaminoglycans by dermal
fibroblasts, regulates B cell differentiation and proliferation and
it also reinforces autoAb production. IL-4 may also play a role
in cutaneous hyperplasia of TSK/+ mice. It has been illustrated
that TSK/4 B cells display amplified activation by IL-4 that
was reduced by CD19 loss. Collectively, these data suggest that
amplified CD19 signal transduction results in chronic activation
of B cells leading to autoimmunity and predisposing to fibrosis.

The Role of CD19 in Lung Fibrosis

A study examined the role of CD19 in the development
of lung fibrosis evaluating CD19-deficient mice and
human CD19 (hCD19)-overexpressing transgenic mice (7).
Bleomycin introduction resulted in consolidation, infiltrates
of inflammatory cells, increased collagen deposition and
reduced lung function in wild type mice but to a lesser extent
in CD19 deficient mice. However, the development of such
abnormalities was significantly enhanced in hCD19-transgenic
mice. The hydroxyproline content of the lung was decreased in
CD19 deficient mice, whereas it was significantly increased in
hCD19-transgenic mice.

The B220 isoform of CD45 is a pan B cell marker found in
mice. B220 B cell numbers in bronchoalveolar lavage (BAL) fluid
were significantly decreased in CD19 deficient mice but were
significantly increased in hCDI19-transgenic mice illustrating
a direct correlation with CD19 expression. Therefore, loss of
CD19 prevented B cell accumulation in the lungs following
bleomycin treatment. In addition, CD19 deficiency decreased the
B220+ B cell count/total cell count, but CD19 overexpression
significantly increased the ratio. Of note, the ratio of B220 B
cells/total cells in BAL fluid in control (adhesion molecule-
deficient) mice was similar to the ratio found in wild-type mice.
Therefore, these experiments clearly depict that CD19 expression
magnitude was associated with B cell migration into sites of
lung inflammation. Additionally, it was shown that migration
of B cells into the inflamed lungs was associated with up-
regulation of CXCR3, a chemokine induced by CD19 signaling.
Bleomycin treatment of mice induced IL-6 secretion; IL-6 was
directly correlated with levels of CD19 expression on the surface

membrane of B cells. In hCD19 overexpressing mice IL-6 levels
were upregulated but in CD19-deficient animals IL-6 levels were
decreased. hCD19 overexpressing animals displayed decreased
IL-10 levels in contrast to CD19 deficient mice that had increased
levels of IL-10. Of note, IFNY levels were not detectable in CD19
deficient mice, wild-type mice and hCD19-transgenic mice, with
or without bleomycin introduction. Finally, it was illustrated
that immunoglobulin levels that reflect B cell responses, were
strongly correlated with CD19 expression levels after bleomycin
treatment. However, although CD19 clearly plays a role in
experimental SSc models, a trial of inebilizumab, a mAb targeting
CD19 did not seem to improve lung function in patients with
SSc-ILD (8).

Disrupted CD22 Regulation Affects CD19

Activation Status

CD19 overexpression was associated with IgG anti-topo I autoAb
production; even higher levels of expression of endogenous CD19
resulted in even higher IgG and IgM anti-topo I autoAb levels
(9). Human CD19-trnsgenic (TG)-1 mice and CD19-TG-4 mice
were previously backcrossed more than 4 generations onto the
TSK/+ mice. Breedings of CD19TG+/- TSK/+ mice resulted
in CD19TG1 and CD19TG-4 TSK/4+ mice. IgG anti-topo I
production was x7.9-fold in CD19TG-4+-/-TSK/+ mice and x20-
fold in CD19TG-1+/+TSK compared to TSK/+ mice. Similarly,
IgM anti-topo I production was x2.7-fold in CD19TG-4+/-
/TSK+ mice and x12-fold in CD19TG-1+4/4/TSK+ compared
to TSK/+. Therefore, overexpression of CD19 in 2 different
TSK genetic variants regulates anti-topo I autoAb production
levels. Regarding skin fibrosis, it was depicted that CD19
deficiency may attenuate skin fibrosis, but, contrastingly, CD19
overexpression did not amplify skin fibrosis. Evidence raised the
possibility of intristic B cell signaling abnormalities in TSK/+
mice. Circulating B cells from TSK/+ mice express lower surface
IgM levels, but higher MHC class II levels compared to wild
type B cells. Moreover, TSK/+ mice display a hyperreactive B
cell phenotype. It has been demonstrated that TSK/+ B cells
exhibit a rapid and sustained increase of the intracellular calcium
concentration [Ca?*] following BCR ligation compared to wild-
type B cells. To explain this augmented BCR-initiated signaling,
levels and activities of signal transducing tyrosine kinases and
phosphatases were sought, but no abnormalities were reported.
Nevertheless, CD22 phosphorylation was reportedly decreased
in TSK/+ B cells, while BCR ligation resulted in a modest only,
CD22 phosphorylation, underscoring that there is a dysregulated
CD19/CD22 loop in Tsk/+ B cells. Therefore, disturbances of B
cell signaling events, and particularly of those related to CD22
pathway may participate in the development of autoimmunity in
TSK/+ mice.

CD22 and CD72

CD22 and CD72 are B cell-surface molecules that inhibit
BCR-mediated signaling. Deficiency of both CD22 plus CD72
in murine knockout models significantly decreased dermal
thickness compared to wild type mice (p < 0.05) (10).
Additionally, a-ASMA (+4) myofibroblasts were significantly
decreased in CD22 and CD72 deficient mice compared to wild
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type mice. Thus, deficiency of CD22 or CD72 or both attenuated
skin fibrosis induced by bleomycin administration.

Lung fibrosis in mutant and wild type mice was also examined.
Lung fibrosis scores were significantly better in mutant mice
(CD22-deficient, CD72-deficient and CD22 and CD72 double-
deficient mice) compared to wild type mice (mice without CD22
or CD72 deficiency). Thus, deficiency of CD22 or CD72 or both
decreased bleomycin-induced lung fibrosis. CD22~/~, CD727/~
and CD227/~CD727/~ mice transfused with B cells from wild-
type mice demonstrated skin and lung fibrosis comparable to that
encountered in wild type mice. Moreover, leukocytes, including
T cells and macrophages, profibrotic cytokines such as IL-6,
TNF-a, IL-18, IL-13, TGF-B, and CTGF and chemokines such as
ICAM-1 and CXCL2 were all reduced in mutant nice compared
to wild type mice. Furthermore, an isolated deficiency of CD22
or of CD72 was sufficient to attenuate lung and skin fibrosis,
because CD72 blockade in CD227/~ animals did not offer any
additional benefit.

Role of FcyRIIB

A study examined the role of FcyRIIB, a B cell surface receptor
for the Fc region of IgG that down-regulates BCR signaling, in
the development of a murine bleomycin-induced model of SSc
(11). B220+B cells were significantly increased in the skin of
FcyRIIB deficient mice compared to the skin of wild type mice.
Additionally, FcyRIIB deficient mice demonstrated higher levels
of TNF-a and IL-1B production and increased expression of
ICAM-1, CCL3, and CXCL2 in the skin compared to wild type
animals. Furthermore, an adoptive transfer of splenic CD19"B
cells and CD19™ non-B cells from FcyRIIB deficient mice to
wild type mice resulted in lung and skin fibrosis attenuation.
Therefore, experimental data suggest that FcyRIIB may play a
role in the SSc-related fibrotic process.

Increased Expression of FcyRIIB on the

Surface of Specific B Cell Subsets

Increased CD27~IgD™ naive, reduced CD271IgD™ pre-switched
memory and increased CD277IgD™ memory B cells were
found in SSc patients compared to controls. Flow cytometry
of blood samples from 76 SSc patients and 59 healthy controls
demonstrated an increased expression of the inhibitory receptor
FcyRIIB levels on naive (CD19"IgDTCD27%) and double-
negative (DN) CD19TIgD~CD27~ memory B cells in SSc
patients compared to controls (12). FcyRIIB expression on
naive B cells was increased in patients with ILD treated with
glucocorticoids and in patients with a history of intravenous
cyclophosphamide (IV CYC) treatment. FcyRIIB expression on
switched memory B cells was increased in patients with ILD
even without any treatment. There was no significant correlation
of FcyRIIB expression levels with skin thickness. Therefore,
FcyRIIB expression on naive and DN memory B cells was
increased in SSc patients with ILD specifically. TLC, FVC and
DLCO were decreased in patients with high FcyRIIB expression
(p < 0.005, p < 0.01, p < 0.05). Apart from ILD, cardiac
involvement was similarly over-represented in patients with high
FcyRIIB expression on DN memory B cells.

The levels of FcyRIIB expression on DN memory B cells may
correlate with disease severity, since the European Scleroderma
Group-Activity Index (EScG-Al) was significantly increased in
patients with higher levels of FcyRIIB compared to those with
normal FcyRIIB levels on the surface of DN memory B cells.
FcyRIIB expression levels on pre-switched memory, DN memory
and switched memory B cell counts after IV CYC treatment
decreased compared to pre-treatment levels, in parallel with ILD
improvement. Thus, FcyRIIB expression levels on the surface of
certain B cell subsets might serve as a marker of ILD and of
disease activity.

B) ALTERED B CELL SUBSETS IN SSc

B cells represent a quite heterogeneous population that includes
diverse subsets characterized by their membrane phenotype
and/or their cytokine secretion profile. A study of 31 patients with
SSc and 53 healthy controls demonstrated altered frequencies
of B cell subsets in the peripheral blood of SSc patients. More
specifically, there was an increased percentage of CD19" B
cells in SSc patients, but the percentage of transitional B cells
was increased compared to healthy controls (5). Another study
showed that in patients with SSc, marginal zone, memory
and switched memory B cells were reduced compared to
healthy donors (13). In contrast, mature naive, naive and
CD21°CD38!°B cells were significantly expanded compared to
healthy donors. CD21°CD38!°B cells are characterized by a very
low expression of CD21 and low levels of CD38. There was an
increased expression of activation markers, such as CD80, CD95,
and HLA-DR on the surface membrane of B cells from some B
cell subpopulations. More specifically: (i) increased expression of
CD80 was reported on marginal zone, mature naive and switched
memory B cells, (ii) increased expression of CD95 on marginal
zone, mature naive and the total B cell population and finally
(iii) increased HLA DR expression on the surface of marginal
zone B cells. Of note, expression of the apoptosis regulator Bcl-
2 was decreased in B cells of SSc patients, particularly in marginal
zone B cells. Patients with SSc-ILD have decreased numbers of
B cells that secrete IL-10 (B10 cells) when stimulated via a short
activation protocol (with the oligodeoxynucleotide CpG for 5h),
but not when activated via a long stimulation protocol (with CpG
and CDA40L for 48 h), suggesting thereby that B10 cells and not
their precursors may be also implicated in the ILD pathogenesis.

Increased Activated Switched Memory B
Cells

Memory B cells depending on their IgD expression levels
are further divided into switched (CD19TCD27"IgD™)

and  non-switched (CD197CD27tIgD") memory B
cell subpopulations. The percentages of unswitched
(CD19+1gD°CD27+tCD38%), resting switched

(CD19"IgD~CD27"CD38TCD95~) and activated switched
memory (CD191IgD~CD27tCD38~CD95%) B cells have been
reported to be significantly decreased in SSc patients compared
to healthy donors (14). The percentage of activated switched
memory B cells was found to be increased in dcSSc patients, in
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anti-topo I (+) patients and in those with lung involvement (p =
0.003) suggesting a correlation of this subset with the severity of
SSc disease.

Reduced Non-switched Memory B Cells
Naive B cell counts were increased in SSc patients compared to
controls (15). However, the proportion of memory B cells was
reduced and more specifically that of non-switched memory B
cells was reduced. Patients with diffuse SSc exhibited higher levels
of DN memory that lack IgD and CD27 and switched memory
B cells compared to patients with limited SSc (p = 0.031 and
p = 0.025, respectively). Additionally, CD95" DN memory and
CD957CD27" memory B cells were increased in patients with
diffuse SSc compared to patients with limited SSc (p = 0.045
and p = 0.038, respectively). Perhaps the imbalance in B cell
repertoire is involved in SSc pathogenesis.

Defective B Cell Tolerance Checkpoints
Newly emigrant/transitional B cells
(CD19+CD21°CD10TIgM"8"CD27~) producing polyreactive
antibodies were significantly expanded in SSc patients suggesting
a defect in central B cell tolerance (16). Mature naive B cells
(CD19+7CD217CD10~IgMTCD277) producing Hep-2-reactive
antibodies were also increased in SSc patients compared to
healthy donors suggesting an additional defective peripheral
B cell tolerance checkpoint. Therefore, incomplete removal of
autoreactive B cells may result in the production of self-antigen
specific B cells that may implicated in the tissue fibrotic process
in SSc.

Defective Regulation of Transitional IL-6%
B Cells

SSc patients have more transitional (CD24highCD3ghigh) B cells
compared to healthy subjects (17). Perhaps more importantly,
patients with severe lung disease had more peripheral IL-67 B
cells compared to patients with mild disease, and patients with
diffuse SSc had more IL-67 B cells compared to patients with
limited SSc. However, the differences of previous comparisons
were not statistically significant. IL-6 producing transitional B
cells may reflect a defect of the checkpoint mechanisms that
regulate autoreactive T1-T2 maturation. Stimulation of PBMC
enriched in B cells via TLR-9 alone or via TLR-9 along with
CD40 resulted in the production of less IL-10 compared to
healthy donors. Additionally, transitional B cells were resistant
to apoptosis following BCR signaling. Levels of IgM anti-Scl-
70 positive transitional B cells were increased in patients with
anti-Scl-70 autoantibodies compared to those they did not have
anti-Scl-70 autoantibodies. It seems that abnormal regulation of
transitional IL-6™ B cells in patients with SSc¢ may contribute in
the disease pathogenesis.

C) DISTINCT B CELL SUBSETS
ASSOCIATED WITH SSc-ILD

Decreased B Regulatory Cells
The frequency of IL-10 producing Breg cells was reduced
in the peripheral blood of patients with SSc compared to

healthy controls (18). The absolute number of Breg cells was
significantly lower in SSc patients compared to disease-control
and healthy individuals. For example, frequency of Breg cells
in dermatomyositis patients was similar to that encountered in
healthy controls. Furthermore, frequencies and absolute numbers
of CD24MCD27+ that are characterized by a high expression of
CD24 and a moderate expression of CD27 were decreased in SSc
patients compared to controls.

SSc patients with decreased Breg cells had more frequently
ILD. It has been proposed that decreased Breg cells might
accelerate autoimmunity in SSc. Breg cell percentages were
correlated negatively with the titer of anti-topo I and anti-
centromere autoAb in SSc patients. Treatment significantly
increased circulating Breg and CD24"CD27+ B cells in patients
with dcSSc compared to pre-treatment levels. It has been also
reported that Breg cells of patients receiving immunosuppressive
therapy were numerically, but not significantly increased
compared to patients that did not. Thus, Breg cell levels may
participate in the development of SSc.

Granulocyte-Macrophage
Colony-Stimulating Factor
(GM-CSF)-Producing Effector B Cells
(GM-Beffs)

GM-CSF is a proinflammatory cytokine involved in the
differentiation of monocytes to myofibroblasts and macrophages
and promotes fibrosis in SSc. GM-CSF production is mainly a
property of CD197CD27" memory B cells. GM-CSF as well as
IL-6 mRNA were up-regulated when B cells were stimulated with
IL-4 (a Th2 cytokine), but not upon B cell stimulation with IFN-
y or IL-17 (19). IL4R was induced on the surface of stimulated
B cells and consequently IL-4 might have autocrine effects on
B cells. Tofacitinib introduction suppressed the expression of
GM-CSF mRNA and protein in memory B cells induced by
IL-4, but not by TGE-p. The number of GM-Beffs was clearly
increased in patients with SSc compared to healthy controls. The
number of GM-Beffs in diffuse SSc, limited SSc patients, with
and without concomitant ILD were 164.2 & 257.0, 54.0 & 47.0,
150.6 £ 245.4, and 55.8 & 44.3 cells/100 pl, respectively, p < 0.05.
Thus, GM Beffs may be involved synergistically with IL-4 in SSc
pathogenesis via the induction of dendritic cells.

TIM-1 Defines a Specific B Cell Subset in

SSc-ILD

TIM-1 (T cell Ig and mucin domain protein 1), a Breg
marker was reportedly increased on transitional (CD19"
CD24MCD38M) compared to naive (CD19F CD24™edCD3g™med)
and memory (CD197" CD24hcD38med) B cells in patients with
SSc (20). TIM-1 was expressed in all B cell subsets except
plasmablasts (CD19+ CD24~CD38M). Reduced frequency of B
cells expressing TIM-1 was only reported in transitional B cells
in SSc patients. Investigators found a direct correlation between
TIM-1 expression and CD19 on the surface of transitional B
cells, as well as a significant increase in TIM-1 expression upon
activation of BCR and TLR9 in all B cell subsets. Importantly,
TIM-1 expression levels on transitional B cells were higher in
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patients with dcSSc and worse lung function, expressed as a
lower DLCO. TIM-1" B cells from healthy subjects strongly
suppressed the expression of proinflammatory cytokines from
co-cultured CD4+ T cells such as IFN-y, TNF-a, and IL-17
compared to TIM-1~ B cells. On the contrary, TIM-1" and
TIM-17 B cells did not intensively suppress CD4+ T cells like
they did in healthy individuals. It was also proposed that TIM-
1 is associated with a subpopulation of Bregs different from
transitional B cells. Thus, abnormalities in TIM-1" B cells may
play a role in SSc pathogenesis.

CD21'°% B Cells

A distinct B cell subset expressing low levels of the complement
receptor 2 (CD21°"B cells) is reportedly expanded in SSc
patients compared to healthy controls (21). These cells are
characterized by anergy and exhaustion, but they tend to be
resistant to apoptosis when compared to healthy donors resulting
in their expansion in the blood of SSc patients. Memory B cells
represented the prominent B cell subset in patients with CD211°%
B cells. DN CD277IgD™ B cells were also increased in SSc -
CD21!°% patients compared to SSc-CD217 patients. In contrast,
naive B cells represented the prominent B cell subset in SSc-
CD21% patients. CD217 and CD21°" B cells from patients
with SSc illustrated higher CD19 expression compared to similar
subsets of healthy controls. DLCO was significantly decreased
in SSc-CD21°" patients compared to SSc-CD217 (p<0.01).
Therefore, expansion of CD21'°" B cells may define a distinct
group of patients with SSc and vascular complications.

Among various clinical manifestations of SSc, only ILD was
found to be associated with expansion of CD21!°" B cells in the
periphery (22). Such B cells in addition express lower cytoplasmic
amounts of Bruton’s tyrosine kinase (BTK) compared to normal
B cells; in fact, their anergic state has been assigned to suppression
of BTK-mediated signaling.

BTK is believed to be overexpressed in autoimmune diseases.
A study examined the effects of ibrutinib, a BTK inhibitor, on B
cells of SSc patients (23). High doses of ibrutinib (10 u M) resulted
in decreased production of all the detected cytokines including
IL-6, TNF-a, IEN-y, and IL-10 and also in decreased production
of anti-Scl-70 autoAb. Interestingly, low-doses of ibrutinib
(1 wM) decreased the proinflammatory cytokines IL-6 and TNE-
a only, increased the anti-fibrotic cytokine IFN-y and finally it
did not affect the anti-inflammatory cytokine IL-10. Ibrutinib
treatment significantly decreased the levels of phosphorylation
of the proinflammatory transcription factor NFkB that was
previously induced with CpG stimulation. Furthermore, high
doses of ibrutinib treatment also significantly reduced IL-67 B
cells among naive and memory B cells, but the low doses of
ibrutinib decreased the IL-6™ cells among naive only, but not
memory B cells, a finding of uncertain significance.

Another study disclosed that the CD21'%/7°8 B cell subset that
express low levels or lack surface CD21 was increased in SSc
patients with ILD compared to those without ILD and healthy
subjects, but frequencies of CD21°/"8 B cells did not differ
between patients with diffuse vs. those with limited disease (24).
The DN B cell subset consisted of CD21+ and CD21%/"¢8 B
cells, but only CD21'°/"¢8 B cells were increased in patients with

SSc-ILD. Histological examination of an explant from 1 patient
with SSc-ILD and from 1 patient with chronic post-obstructive
pneumonia disclosed that the patient with SSc-ILD had dense B
cell infiltrates throughout all histological sections but the other
patient had only 1 focus of B cells. Most B cells in the parenchyma
of the lung did not stain for CD21, but the B cells in the germinal
center did. Previous reports also suggest that CD21'°/7¢8 cells are
localized into sites of inflammation. Further studies are necessary
to define the role of CD21°"/"8 B cells in the pathogenesis
of SSc-ILD.

Previously mentioned distinct B cell subsets that are associated
with SSc-ILD are shown in Figure 1.

D) ROLE OF CYTOKINES ESSENTIAL FOR
B CELL SURVIVAL

BAFF

Studies in TSK/4 mice have demonstrated elevated serum
BAFF levels, although the expression of the 3 different BAFF-
receptors, BAFF-R, TACI and BCMA was not altered (25). In
an effort to block the effects of BAFE, 8-wk-old TSK/4 mice
treated with BAFF-R-Ig displayed reduced hypodermal thickness
by 49% compared to TSK/+ littermates, and also decreased
cutaneous collagen content by 51%. Therefore, BAFF blockade
via BAFF-R-Ig decreased fibrosis and skin collagen accumulation
in TSK/4 mice. It was also shown that BAFF antagonism
regulates B cell phenotypes in TSK/+ and wild-type littermates.
More specifically, BAFF antagonism reduced total B cells by
75% in the spleen of TSK/+ and wild-type littermates and
diminished mature B cells in the spleen and bone marrow; it
also decreased transitional type 2 (T2 B cells), marginal zone
and follicular B cells in TSK/+ and wild-type littermates. In
contrast, BAFF antagonism significantly augmented transitional
type 1 (T1 B cells). BAFF antagonism also decreased the levels of
anti-topoisomerase I autoAb as well as the levels of IgM, IgG2a,
IgG2b, and IgG3 in TSK/+ mice. In addition, it was reported that
BAFF antagonism downregulates the previously amplified type
2 cytokines mRNA expression in TSK/+ mice, such as TGF-f,
IL-6, and IL-10 and increased the expression of the anti-fibrotic
cytokine IFN-vy in the skin of TSK/+ mice.

Median BAFF levels in the sera of patients with SSc were
higher compared to healthy controls and significantly increased
in patients with dcSSc compared to those with 1cSSc (26). Of note,
higher BAFF levels were observed also in patients with reduced
FVC (p < 0.05), but the overall frequency of lung disease in
dcSSc patients with increased BAFF levels was similar to those
with normal BAFF levels. A 6-year follow-up study of 21 SSc
patients illustrated stable BAFF levels in 52%, decreased BAFF
levels in 33% and increased, over the time, BAFF levels in 14%
compared to baseline levels. Among the 3 different receptors that
bind BAFE BAFF-R is the only one that specifically interacts with
BAFF. BAFE-R expression on B cells of SSc patients was found
to be increased compared to healthy controls. However, patients
with SSc who were treated with belimumab, a mAb blocking
soluble BAFEF, did not exhibit improvements in FVC and DLCO
during treatment (27).
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FIGURE 1 | B cell subsets and cytokines in patients with SSc-ILD. Distinct B cell subsets such as CD21"°, GM-Beffs, activated switched memory B cells, topo
I-reactive B cells with high affinity for topo |, increased expression of FcyRIIB on naive B cells and that of TIM-1 on transitional B cells, as well as increased levels of
free k light chains, BAFF and APRIL cytokines are associated with ILD in patients with SSc. CD19 modulates the accumulation of B cells in BAL fluid. Loss of CD22 or
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A proliferation-inducing ligand (APRIL) is a cytokine
demonstrating close homology with BAFF that has an important
role in B cell development. Patients with SSc¢ and SLE
demonstrated increased serum APRIL concentrations compared
to healthy controls (28). SSc patients with increased APRIL
concentrations were more likely to develop pulmonary fibrosis
than those with normal APRIL levels (65 vs. 37%, p < 0.05).
Additionally, VC percentages in SSc patients with higher levels
of APRIL were significantly reduced compared to those with
normal APRIL levels (p < 0.05), despite the absence of differences
in %DLCO among patients. Elevated levels of APRIL were
specifically correlated with lung but not with other organ
involvement. Increased APRIL levels were also correlated with
hyper-y-globulinemia, but not with SSc-specific autoAb levels or
acute-phase protein levels. Furthermore, serum APRIL levels did
not exhibit any association with BAFF levels. Separation of SSc
patients in groups according to APRIL and BAFF concentrations
illustrated that patients with high BAFF levels had a higher
modified Rodnan skin score (p < 0.05), while patients with higher
APRIL levels had significantly reduced %VC and %DLCO (p
<0.05).

E) EVIDENCE FOR THE ROLE OF B CELLS
IN THE FIBROTIC PROCESS

B Cells and BAFF Promote Fibrosis

In one study dermal fibroblasts from SSc patients were cocultured
with B cells from healthy controls (29). According to the results,
B cells induced production of collagen by dermal fibroblasts of

both healthy subjects and SSc patients with equal potency to that
observed with the addition of TGF-f1 in cell cultures. Coculture
of dermal fibroblasts with whole PBMC instead of B cells did
not yield any differences in the production of collagen compared
to culture of dermal fibroblasts without PBMCs. Coculture of
B cells with dermal fibroblasts from SSc patients resulted in
the induction of COL1A1, COL1A2, and COL3A1, whereas it
increased levels of a-ASMA, TIMP1, and MMP9 expression.
BAFF addition also induced the expression of collagen and of
profibrotic markers. The use of transwells to prohibit cell-cell
contact inhibited collagen production and profibrotic markers,
while the addition of BAFF and anti-IgM to stimulate B cells,
resulted in a partial inhibition by transwells. The addition
of a neutralizing antibody against TGF-B1 inhibited collagen
production effectively. Thus, direct cell-cell (B cell—dermal
fibroblast) contact and profibrotic cytokines may be implicated in
B cell- and BAFF- induced fibrosis, which is eventually mediated
by TGF-B1.

B Cells Secrete IL-6 and TGF- and

Activate Fibroblasts

Naive, Breg, effector memory cell, and plasmablast counts were
similar in the periphery of SSc patients and healthy controls (30).
The proportion of IgD~CD27" memory B cells was decreased
in patients with SSc compared to healthy donors and the
IgD~CD38™ early Bm5 subpopulation was the most prominently
decreased subset. Early Bm5 memory cells express moderately
positive levels of CD38 but they do not express IgD. B cells
from SSc patients displayed increased expression of the activation
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markers CD95, CD69, and CD86 compared to healthy donors.
A distinct B cell subset expressing both CD69 and CD95 in
patients with SSc was not present in healthy controls. CD95%
B cell count was expanded in early limited SSC compared to
those with not-early limited SSc and CD69" B cell count was
increased in early diffuse SSc compared to patients with not-
early diffuse SSc. Additionally, the percentages of CD95% and
CD69" B cells were increased in patients with early disease
compared to those without early SSc. B cells that express CD22,
CD32, and CD72 were similar between SSc patients and controls.
Expression of CD20 on the surface of B cells was increased in
patients with SSc compared to healthy controls. Similarly, there
was a significant increase in the populations expressing IL-6R
or IL-21R in patients with SSc compared to healthy donors but
patients without pulmonary disease had a decreased proportion
of B cells expressing IL-6R. Of note, the IL-6 receptor inhibitor,
tocilizumab, an approved treatment for SSc-ILD, may stabilize
lung function in early SSc-associated ILD over 48 weeks of
treatment (31). A significant increase of IL-6-producing B cells
was found in SSc patients compared to healthy controls. B cells
from SSc patients had increased percentages of TGFBTCD19™
B cells compared to healthy controls. B cells from SSc patients
secreted increased concentrations of IL-6 and TGF and lower
amounts of IL-10 upon stimulation, in contrast to a strong
increase of IL-10 secretion that was seen in healthy controls
after stimulation.

Increased levels of TGFB were also measured in the
supernatants of CpG-stimulated B cells from patients with SSc
compared to healthy controls. Supernatants from CpG- or PMA-
stimulated SSc B cells enhanced the proliferation of fibroblasts
of healthy subjects and SSc patients. Increased expression of
vimentin and mRNA for the transcription factor Snail and type
I collagen was reported following co-culture of fibroblasts from
SSc patients and healthy controls with CpG -stimulated B cell
supernatants from patients with SSc. The transcription factor
Snail and vimentin are proteins thought to be associated with
the trans-differentiation of fibroblasts into myofibroblasts. In
agreement with the above, the addition of anti-TGFp or anti-
IL6R mADb in cultures prohibited fibroblast proliferation.

F) AUTOREACTIVITY OF B CELLS,
AUTOAB PRODUCTION AND FREE LIGHT
CHAINS

Antigen Affinity in B Cell Autoreactivity

In systemic sclerosis specific autoAb are strongly correlated
with distinct clinical phenotypes. Anti-topoisomerase I autoAb,
also known as anti-Scl-70, are associated with diffuse cutaneous
disease and pulmonary fibrosis. A study reported that frequencies
of anti-topo I (+) CD27TCD19" B cells were significantly
expanded in anti-topo I autoAb-positive SSc patients compared
to healthy controls and anti-CENP autoAb-positive SSc patients
(32). Thus, topo-I-reactive CD271 B cells are found only in
anti-topo I autoAb-positive SSc patients. The majority of topo
I-reactive CD27" B cells produced one type of cytokines (IL-
2, 1L-6, IL-10, IL-14, IL-16, IL-23, IL-35, and TGF-fl). In
contrast, topo I-non-reactive B cells did not express any of

these cytokines. Therefore, one may hypothesize that topo I-
reactive CD27% B cells have already been stimulated by self-
antigens in vivo. Association of the affinity magnitude of topo
I reactive CD277 B cells with the cytokine production profile is
provided in Table 2. The ratio of high-affinity CD27% B cells
to low-affinity CD27" B cells correlated positively with the
mRSS and inversely with the percentage predicted values of FVC
and DLCO (p < 0.0001). Patients in the high-affinity-dominant
group (with a frequency of more than 50% of B cells with high
affinity for topo I) demonstrated longer disease duration, higher
mRSS, frequent digital scars or ulcers and lower values of %FVC
and %DLCO compared to low-affinity-dominant group (with
a frequency of more than 50% with low affinity for topo I).
Thus, topo I-reactive B cells with high affinity for topo I are
associated with severe skin and lung fibrosis. BTK inhibition
resulted in increased numbers of cells producing IL-10 and IL-
35 and in amplification of IL-10 and IL-35 amount production,
whereas the numbers of cells producing IL-6 and IL-23 were
reduced. Therefore, BTK inhibition decreased the numbers and
the affinity for topo I of topo I-reactive B cells, accompanied
by an increased production of inhibitory cytokines, and finally
to fibrosis attenuation. One study evaluated 10 patients with
SSc treated with RTX; mRSS improved, but anti-topo I autoAb
titers did not change. Therefore, one might conclude that it
is cytokines and not autoAb production that is critical for the
mechanism of BTK inhibitors in SSc¢ pathogenesis. The presence
of anti-topo I antibodies in SSc patients’ sera could be considered
as an epiphenomenon; however, it has been demonstrated that
anti-topo I autoAb levels correlate with disease activity and
severity. Thus, topo I-reactive B cells may participate in disease
pathogenesis, regardless of the presence of anti-topo I autoAb.

Free Light Chains in SSc

Antibody production is accompanied by an increased synthesis of
immunoglobulin light chains in the peripheral blood. Increased
levels of free k and ) light chains were found in the sera of SSc
patients compared to healthy controls (33). Free k serum levels
were above the cut-off value of 19.4 mg/L in 57 out of 72 patients.
The k/\ ratio and k 4+ A sum were reportedly increased in the
sera of SSc patients compared to healthy donors. Additionally,
free k light chains were increased in the urine of SSc patients
compared to healthy donors. Patients with increased k + A sum
illustrated higher ESR, C-reactive protein, disease activity index,
and disease severity scale scores compared to SSc patients with
normal levels of free light chains. According to the results of the
study, serum and urine free light chains produced by activated B
cells may represent potential biomarkers of disease activity.

Another study examined the possible association of free light
chains with organ involvement (34). Free k light chains were
increased in patients with disturbed lung function (FVC<80%):
26.4 £ 7.4 mg/L compared to patients with normal pulmonary
function (FVC>80%): 19.6 £ 7.3 mg/L. There was no difference
in free light chains concentrations or k/\ ratio between patients
who had a deterioration of their pulmonary function and patients
that had no deterioration. The association between increased
levels of free light chains in SSc patients with pulmonary
involvement might strongly suggest that B cell overactivation is
implicated in disease pathogenesis.
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TABLE 2 | Association of the affinity magnitude of anti-topo | reactive CD27+ B
cells with cytokine production profile.

TABLE 3 | Effects of B cell depletion treatment on the cytokine profile measured
at the skin and spleen of TSK/+ mice.

Topo | reactive CD27+ B cells Cytokines

IL-10
IL-35
High affinity IL-2
IL-6
IL-23
TGF-p1

Low affinity

G) INDIRECT EVIDENCE FOR THE ROLES
OF B CELLS

B Cell Depletion Treatment in Models

The effects of B cell depletion have been evaluated in murine
models of SSc. Low numbers of CD19!°"B2207 B cells were found
in the blood, spleen and lymph nodes following B cell depletion
therapy (35). These cells were pre-B or immature B cells recently
migrating from the bone marrow. B cell depletion treatment
decreased dermal and hypodermal thickness in Tsk/+ mice by
31 and 43%, respectively, compared to control mAb treated
animals, but it did not affect skin fibrosis in wild-type mice. B
cell depletion treatment also decreased content of hydroxyproline
by 50% in TSK/+4 mice, although this remained significantly
higher compared to wild-type littermates. B cell depletion
may suppress skin fibrosis at the early stages of the disease
process; however, in Tsk/4+ mice, it does not affect established
sclerosis or lung emphysema. Similarly, autoAb production and
hypergammaglobulinemia were decreased when treatment was
administered early but not later in the disease process. Tsk/+
and wild-type littermates were treated with anti-CD20 mAb or
control mAb at days 3 and 17, with B-cell associated transcripts
quantified in the skin from 3-wk-old- mice, at a time-point when
blood and spleen CD197B220" B cells are eliminated by more
than 93%. B cell transcripts were not detected in the skin of Tsk/+
as well as in wild-type littermates. B cell depletion treatment also
regulated the cytokine transcript profile in the skin and spleen of
the experimental animals Table 3.

BAFF Inhibition

A study suggests that BAFF inhibition diminishes fibrosis by
affecting the balance between effector and regulatory B cells (Befts
and Bregs, respectively). IL-6- and IL-10-producing Beft counts
were found to be increased in inflamed skin of mice treated with
bleomycin compared to those treated with phosphate-buffered
saline (36). IL-6 deficient B cells induced an attenuation of
dermal thickness, collagen expression and lung fibrosis. It is
clearly important that IL-6-producing Beffs mediate fibroblast
collagen production.

BAFF induced IL-6 production from B cells after stimulation
with LPS and/or CD40 and at the same time inhibited IL-
10 production from B cells following stimulation with LPS.
In addition, BAFF resulted in expansion of IL-6-producing
Beffs but at the same time in elimination of IL-10-producing
Bregs. Importantly, not only skin but also lung fibrosis of mice

Skin TGF-B transcripts

TNF-a, IL-2, IFN-y mRNA
IL-4, IL-6 IL-10 mRNA
IL-2, IL-4, IFN-y mRNA
IL-6, IL-10, TNF-a mRNA
TGF-p mRNA

Spleen

- > <« o <«

4, Increased levels; |, decreased levels; —, stable.

treated with the BAFF-blocker BAFFR (BAFF-Receptor)-Fc was
significantly diminished compared to those treated with Fc
control protein. BAFFR-Fc led to reduced IL-6- producing Beft
counts but didn’t alter numbers of IL-10-producing Bregs. IL-6-
producing Beffs are considered pathogenic, but IL-10-producing
Bregs are proposed to have a protective role.

Role of Anti-CD22 AutoAb

A study assessed the effect of autoAb against CD22 present in the
sera of SSc patients as well as the sera of TSK/+ mice (37). Titres
of anti-CD22 autoAb were higher in the sera of patients with SSc
compared to healthy controls (where they were undetectable),
and they were higher in patients with diffuse compared to those
with limited SSc. Of note, titres of anti-CD22 autoAb were higher
in patients with SSc compared to patients with SLE.

Surfactant protein D (SP-D) plays an important role in
lung homeostasis due to its immunomodulatory and antiviral
properties. It was demonstrated that patients with anti-CD22
autoAb exhibited higher SP-D concentrations compared to those
without anti-CD22 autoAb [SP-D: 137 (44-502) ng/dl vs. 73.2
(29.2-311) ng/dl, p < 0.05]. Of note, anti-CD22 autoAb were
correlated with lower values of vital capacity percentage (%VC)
compared to anti-CD22 (-) negative patients, but the difference
was not statistically significant (78.2% vs 99.2%). Furthermore,
anti-CD22 autoAb reduced CD22 tyrosine phosphorylation by
Lyn kinase upon BCR ligation, but this finding was not specific
for patients with SSc. Additionally, in the presence of anti-CD22
autoAb the tyrosine phosphorylation of CD19 was augmented
following BCR ligation. Thus, one might hypothesize that B
cells produce anti-CD22 autoAb which in turn activate B cells
in an autocrine manner leading to the perpetuation of the
immune response.

Autologous Hematopoietic Stem Cell

Transplantation Effects on B Cells

Alterations in B cell subsets that sustained up to 14 months
following autologous hematopoietic stem cell transplantation
(aHSCT) were reported in 6 SSc patients (38). Regarding lung
involvement data were evaluated before and at 10-18 months
after aHSCT. The median percentages of DLCO and FVC
remained stable during the study (p = 0.315 and p = 0.066,
respectively). On the functional side, another study suggests that
aHSCT may restore the previously reduced inhibitory function of
Bregs in SSc patients (39). The effects of aHSCT on B cell subsets
and cytokine production in patients with SSc are summarized in
Table 4.
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TABLE 4 | Autologous hematopoieitic stem cell transplantation effects on B cell
subsets and cytokine production in patients with SSc.

CD38**/CD10%/IgD™* transitional
CD38++/CD27++/IgD~ plasmablasts
CD27/IgD* naive

CD27+/IgD* pre-switched memory
CD27%/IgD~ post-switched memory
CD27- /gD~ DN

Plasma cell

IL-10 producing Breg cells*

IL-6 and TGF-B producing B cells
Th1 cytokines™

IL-10

B e e i i R SIS SIS

4, Increased; |, Decreased.

“Defined as: CD19TCD24"CD38" and CD19tCD24"CD27+ cells.

**Because CD19+CD24"CD38" Bregs recovered their ability to inhibit Th1 cytokine
production by CD4* T cells.

DISCUSSION

A plethora of B cell abnormalities render B cells important
players of SSc pathogenesis. The expression of activating and
inhibitory molecules tuning B cell functions in B cell subsets
has reportedly been disturbed. Studies in murine models of
SSc illustrated that CD19 signaling pathway in B cells plays
a critical role in the development of skin fibrosis. B cells in
Tsk/+ mice upregulated CD23 expression and downregulated
surface IgM expression, amplified constitutive CD19 and Vav
tyrosine phosphorylation, enhanced the activity of kinase Lyn
and also augmented CD19-induced [Ca®"] responses, hyper-y-
globulinemia and response to BCR ligation. Importantly, CD19
deficiency resulted in the reduction of collagen deposition; yet,
CD19 overexpression did not amplify skin fibrosis in Tsk/+ mice.
It was also proposed that CD19 levels modulate the accumulation
of B cells in BAL fluid suggesting thereby a role of CD19 signaling
in the development of lung fibrosis.

The inhibitory regulation of CD22 was found to be disturbed
in B cells of Tsk/+ mice. The CD19/CD22 signaling loop is
strongly correlated with anti-topo I autoAb production. Loss of
inhibitory molecules, either CD22 or CD72, decreased skin and
lung fibrosis revealing a role for both negative co-receptors of
BCR signaling in disease pathogenesis. It has been also proposed
that B cells produce anti-CD22 autoAb leading to a vicious circle
of B cell activation. Anti-topo I autoAb may not have a direct
pathogenic role in the development of fibrosis in SSc. Studies
in humans revealed that increased peripheral B cells in patients
with SSc exhibit increased expression of activation markers,
cytokine receptors and increased levels of IL-6 and TGF-f. Mice
with a B cell-specific deficiency in IL-6 exhibited attenuation of
their skin and lung fibrosis, whereas those with a B cell-specific
deficiency in IL-10 had severe skin and lung fibrosis. BAFF
antagonism decreased skin and lung fibrosis in the bleomycin-
induced scleroderma model via reduction of Beffs. B cells may
increase the expression of FcyRIIB in order to counterbalance
their abnormal hyperactivation. Moreover, FcyRIIB expression
levels may represent a marker of disease severity, mainly of ILD.

B cell homeostasis also seems to be impaired. CD21° B cells
have been found increased in SSc patients with lung involvement.

High counts of GM-Beffs were found to be associated with
the diffuse form of SSc with concomitant ILD. The association
of activated switched memory B cells with the presence of
anti-topoisomerase I autoAb may reflect their potential role
in the abnormal autoAb production. Reduced Breg cells were
associated with lung disease. Free light chains production by
immunoglobulins that reflect B cell overactivation have been
found in high concentrations in the sera of patients with SSc
and are associated with lung involvement. Disrupted removal of
autoreactive naive B cells may result in the production of self-
antigen specific B cells that produce autoAb. Increased BAFF
levels were correlated with disease severity, whereas decreased
BAFF levels were correlated with attenuation of skin fibrosis.
B cells that had been stimulated with BAFF were found to
have an amplified capacity to secrete IL-6 and IgG. Profibrotic
cytokines and direct cell-cell contact may be participate in TGF-
B1-mediated-B cell- and BAFF-induced fibrosis. Increased levels
of APRIL in the SSc patients’ sera were associated with a greater
incidence of lung fibrosis.

Indirect evidence for the role of B cell in SSc pathogenesis
result from the efficacy of the anti-CD20 mAb in patients with
SSc. A 1-year proof-of-principle study showed that patients
treated with rituximab experienced an improvement of lung
function (mean FVC & S.D.: 68.13 & 19.69 vs. 75.63 & 19.73,
at baseline vs. 1 year, p = 0.0018 and mean DLCO =+ S.D.:
52.25 & 20.71 vs. 62 £ 23.21, at baseline vs. 1 year, p = 0.023)
(40). In contrast, patients that were not treated with rituximab
had a deterioration of their pulmonary function. Platelet-derived
growth factor (PDGF) participates also in fibrotic process in SSc.
A study demonstrated that PDGFRa and PDGFRP expression
as well as phosphorylated PDGFoa and PDGXP expression
in the papillary dermis were significantly reduced following
rituximab treatment (41). Therefore, rituximab may improve
skin fibrosis by altering the pathway mediated by PDGF via
unknown mechanisms. Autologous hematopoietic stem cell
transplantation causes alterations in B cell subpopulations and
seems to restore the previously decreased suppressed function of
Breg cells in patients with SSc.

The question on how autoimmunity leads to the clinical
phenotypes of SSc, in particular to lung disease, cannot be
answered yet. Recently, some light has been shed on B
cell abnormalities that are present in patients with SSc and
participate in disease pathogenesis through poorly understood
mechanisms. However, B cell targeting therapies could be
integrated into the therapeutic armamentarium of patients
with resistant SSc-ILD aiming to at least stabilize the fibrotic
lung process.
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loannina, Greece, *Department of Rheumatology and Clinical Immunology, Faculty of Medicine,
School of Health Sciences, University of Thessaly, Biopolis, Larissa, Greece

Patients with idiopathic pulmonary fibrosis are screened for circulating
autoantibodies as part of the initial interstitial lung disease workup.
Management of seropositive idiopathic pulmonary fibrosis is currently
considered no different than that of lone idiopathic pulmonary fibrosis.
Emerging data however suggest that the former may possess distinct
characteristics in terms of pathophysiology, histopathology, prognosis and
amenability to immunomodulation. In that context, the aim of our study
was to evaluate the influence of autoantibody status on: (i) the decline of
forced vital capacity; (i) the decline of diffusing capacity of lung for carbon
monoxide; and (iii) 3-year survival; in a cohort of 102 idiopathic pulmonary
fibrosis patients. In a pilot sub-study, we also sought to evaluate whether
changes in antibody status during disease course affect the aforementioned
parameters by potentially reflecting activity of the autoimmunity component
of the pro-fibrotic mechanism.

KEYWORDS

idiopathic pulmonary fibrosis, autoimmunity, antinuclear antibody, autoantibodies,
interstitial lung disease, pulmonary function test (PFTs)

Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common form of
progressive idiopathic interstitial pneumonia characterized by a specific type of
radiological/histopathological pattern termed Usual Interstitial Pneumonia (UIP)
(1). Paramount to the diagnosis of IPF is exclusion of interstitial lung disease in the
setting of connective tissue disease (CTD-ILD) as UIP can be found in patients with
systemic sclerosis, rheumatoid arthritis and polymyositis/dermatomyositis (1). The
2018 ATS/ERS/JRS/ALAT guidelines recommend routine screening for circulating
anti-nuclear antibody (ANA), rheumatoid factor (RF), anti-cyclic citrullinated peptide
antibodies (anti-CCP) and anti-myositis panel (1). Autoantibody positivity has been
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reported in 23-41% of IPF patients and ~8-10% of those with
an initial diagnosis congruent with IPF will eventually develop
overt CTD (2). Another portion of UIP cases may demonstrate
clinical, histological and serological aspects of autoimmunity
inconsistent with distinct CTD and are categorized as Interstitial
Pneumonia with Autoimmune Features (IPAF) (3). In other
words, a significant number of seropositive cases under the
guise of IPF are likely to present with an autoimmunity
phenotype/flare and be therefore rediagnosed as IPAF or
CTD-ILD. On the other hand, the significance of circulating
autoantibodies in patients with IPF that never fulfill criteria for
IPAF or CTD-ILD remains controversial.

light of the

immunomodulatory/immunosuppressive

of
agents

current
IPE,
the pathophysiological implications of autoimmunity have

In ineffectiveness

in

been markedly understated. Recent studies however concerning
aberrant function of CD4+ and regulatory T cells and humoral
autoreactivity against nuclear and cytoplasmic antigens in IPF
have spurred novel interest on the paradigm (4). As a result
there have been several publications contemplating the link
between circulating autoantibodies and clinically impactful IPF
endpoints such as: (i) patient survival, (ii) pulmonary function
test parameters at diagnosis, (iii) pulmonary function test (PFT)
parameter progression, (iv) acute exacerbation frequency or
severity, and (v) response to treatment with antifibrotics or
immunosuppression; albeit with conflicting outcomes (5-9).
While it cannot be excluded that circulating antibodies are
randomly autoreactive, it is entirely possible that they reflect
an ongoing autoimmune process that participates in the
mechanism culminating in pulmonary fibrosis. Considering the
above, it would be prudent to explore whether autoantibody
profiling denotes clinical phenotypes that could be more
amenable to immunomodulation given the dismal prognosis
of IPF and the urgent need for effective pharmacological
intervention (10).

In this study we retrospectively assessed the frequency
of an extensive panel of circulating autoantibodies in IPF
patients belonging to three reference centers in Greece. We
sought to perform associations between serological status and
demographics, baseline PFT parameters, PFT parameter decline
and 3-year survival. In a pilot sub-study the influence of

Abbreviations: anti-CCP, anti-cyclic citrullinated peptide; anti-dsDNA,
stranded DNA; cANCA,

antibodies, cytoplasmic; pANCA, antineutrophil cytoplasmic antibodies,

anti-double antineutrophil cytoplasmic
perinuclear; ANA, antinuclear antibody; anti-RNP, anti-ribonucleoprotein;
anti-SM, anti-Smith; anti-Scl70, anti-topoisomerase 1; CTD, connective
tissue disease; ILD, interstitial lung disease; DLCO, diffusing capacity
for carbon monoxide; anti-ENA, extractable nuclear antigen; FVC,
functional vital capacity; IPF, idiopathic pulmonary fibrosis; [PAF,
interstitial pneumonia with autoimmune features; RF, rheumatoid factor;

PFT, pulmonary function test.
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seroconversion and autoantibody clearance on disease trajectory
were investigated.

Materials and methods

Study population

The records of 102 patients diagnosed with IPF by an
interdisciplinary care team (pulmonologist, rheumatologist,
and radiologist) at the Outpatient ILD Clinics of Respiratory
Medicine Department of University Hospital of Larissa,
Respiratory Medicine Department of University Hospital of
Toannina and Respiratory Medicine Department of Corfu
General Hospital between 2017 and 2020 were reviewed
retrospectively. The diagnosis was based on the results
of high- resolution computed tomography according to
the 2018 ATS/ERS/JRS/ALAT guidelines (UIP pattern) (1).
Demographics, pulmonary function tests and serum antibody
titers were recorded.

Serologic auto-antibodies profile

All patients were tested for serum autoantibodies at
diagnosis and at regular visits after 12, 24, and 36 months. The
results reported tests for conventional IgG ANA (antinuclear
antibody), anti-ENA (extractable nuclear antigen), anti-
SSA (Ro), anti- SSB (La), anti- RNP (ribonucleoprotein),
anti- SM (Smith), anti- Scl70 (topoisomerase 1), anti-Jol,
antineutrophil cytoplasmic antibodies cytoplasmic and
perinuclear (cANCA and pANCA, respectively), anti-dsDNA
(double stranded DNA), anti-CCP (cyclic citrullinated peptide)
and RF (rheumatoid factor). The titer of all serologic screening
antibodies was considered positive if the result was above
cut-offs recommended by the manufacturer. ANA testing was
performed by conventional indirect immunofluorescence using
HEp-2 as antigenic source (Euroimmun, Liibeck, Germany)
and a test was considered positive at >1:80. ANCA testing
was performed by indirect IFL using human neutrophils
(Euroimmun) (>1:20). Positive tests by IFL were cross-checked
by an independent diagnostician. All other tests were performed
by conventional ELISAs or blot assays, as thoroughly described
previously (Euroimmun). All positive tests were re-checked in
duplicate (11).

Pulmonary function tests
All patients underwent pulmonary function testing at
baseline and at regular follow up every 12 months. Spirometry,

diffusing capacity of lung for carbon monoxide (DLCO) and
body plethysmography were recorded according to published
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guidelines (12). All the parameters were expressed in absolute
terms and as a percentage of the predicted value. Gender, age
and height were the variables used for calculating the predicted
values for each PFT parameter (13).

Statistical analysis

Results are given as mean (fStandard Deviation, SD) in
normally distributed parameters and as median (+Standard
Error, SE) in non-normally distributed values. Kolmogorov-
Smirnov test was used to identify whether a continuous variable
was normally or non-normally distributed. Normally distributed
continuous indices were compared with Student’s -test or one-
way Anova; non-normally distributed indices were compared
via the Mann-Whitney-U and Wilcoxon test or Kruskal-Wallis
test. Survival was reviewed by using Kaplan Meier analysis and
hazard by implementing Cox Regression. Finally, Chi-square
was used when testing categorical data. Data were analyzed using
SPSS (IBM SPSS statistics version 25).

Results

The follow up time after diagnosis was 3 years. The study
involved 102 participants with a mean age of 71.8 years and
a male/female ratio of ~4:1. The patients were subject to
pulmonary function tests and had their blood drawn at diagnosis
and at 12, 24,and 36 months post-diagnosis. A positive smoking
history was obtained from 76 participants divided in 13 current
smokers and 63 ex-smokers. The study population had a mean
Forced Vital Capacity (FVC) of 2.67 = 0.84 L (77.48 £ 19.22%)
and a mean DLCO of 3.96 + 1.53 mmol/min/kPa (48.20 =+
16.4%) at diagnosis (Table 1).

Gender, smoking, age, baseline FVC, FVC percent decline
during the first year following diagnosis, average annual percent
FVC decline or total percent FVC decline over 3 years, average
annual percent DLCO decline or total percent DLCO decline
over 3 years were not associated with all-cause mortality. On the
other hand, baseline DLCO (HR = 1.66. 95% CI 1.09-2.54 p =
0.018) and DLCO percent decline during the first year following
diagnosis were associated with all-cause mortality in IPF patients
(HR = 0.94 95% CI 0.89-1, p = 0.049).

It was found that 47 out of 102 (48%) enrolled subjects
had detectable circulating autoantibodies at some point during
the disease course. ANA was found in 35 patients, RF was
found in 14 patients and the antigen-specific antibodies of the
study panel were detected in 5 patients (Table 1). No statistical
difference was observed in terms of baseline demographics
and pulmonary function test values between seropositive and
seronegative patients.

The rate of FVC decline was independent of autoreactivity
status in this cohort (Table 1). On the other hand, all patients
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with circulating autoantibodies showed slower deterioration
when assessed for changes in DLCO (Table 1). Autoantibody
status was not associated with all-cause mortality in IPF patients
although a tendency for benefit was observed for seropositive
individuals (HR = 0.77. 95% CI 0.23-1.33) (Figure 1).

We speculated that circulating autoantibody temporal
kinetics may define distinct disease phenotypes on the basis
that innate immunity activity against self antigens may be
an important avenue of fibrosis propagation in autoantibody
positive IPF. Patients of: (i) Group A (n = 29) were persistently
seropositive; (ii) Group B (n = 11) developed autoreactivity
after the diagnosis; and (iii) Group C (n = 7) became
seronegative as fibrosis progressed. The remaining patients were
the 55 seronegative controls comprising Group D. However,
no statistically significant differences were observed between
groups A, B and C in terms of FVC and DLCO baseline
values/trajectory or 3-year survival.

Discussion

Our study contributes to the small but growing body of
literature assessing the rate of decline in PFT parameters of
IPF patients with and without circulating autoantibodies. This
is the first report aiming to determine the implications of
autoantibody kinetics in IPF. The results suggest that patients
with circulating autoantibodies at some point during the disease
course progressed slower in terms of DLCO compared to
seronegative controls. There was a tendency for improved
survival in seropositive participants but it was not statistically
significant. Persistently seropositive patients were no different in
terms of study endpoints compared to patients that developed
seroconversion or those that became seronegative.

It remains unclear if circulating autoantibodies are more
common in IPF patients compared to healthy individuals. In the
publication of Lee et al., which is one of the few to address the
issue, positive serology was found in 22% of IPF patients (n =
67) similar to that of internal controls (n = 52) (6). However, the
lack of statistical significance becomes intriguing when taking
into context that; (i) the IPF group had a higher proportion of
males (50% males for the control group vs. 75% males for the
IPF group); and (ii) healthy females are more likely to harbor
circulating ANA.

Analysis and comparison of data regarding circulating
autoantibodies in IPF patients is hindered by considerable
heterogeneity between studies in critical parameters such
as positivity cut-off values, population demographics,
autoantibody selection and laboratory methodologies. At a
low dilution of >1:40, Fischer et al. and Kang et al. reported
ANA prevalence of 34 and 31.5% in their cohorts of 285 and 526
patients, respectively (8, 14, 15). We demonstrated that 48% of
patients with IPF were seropositive for ANA, RF and/or antigen
specific autoantibodies and that 34.4% had ANA > 1:160, a

frontiersin.org


https://doi.org/10.3389/fmed.2022.964722
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Kirgou et al.

10.3389/fmed.2022.964722

TABLE 1 Cohort demographic data and evolution of pulmonary function test parameters for seronegative patients and seropositive patients.

Seronegative patients Seropositive patients p-value Cohort
Patient number 55 47 - 102
Age (mean =+ SD) 72.40 £ 9.60 71.10 £9.43 >0.05 71.80 £ 9.50
Male 83.60% 76.60% >0.05 80.40%
Smoking status
Non 11 (20%) 15 (31.9%) >0.05 26 (25.5%)
Ex 38 (69.1%) 25 (53.2%) >0.05 13 (61.8%)
Active 6 (10.9%) 7 (14.9%) >0.05 63 (12.7%)
Autoantibodies
ANA - 35 (74.5%) - -
RF - 14 (29.7%) - -
Antigen specific - 5(10.6%) - -
Pulmonary function trajectory
Baseline absolute FVC (mean 4 SD) 2,66 +0.9 2.67 +0.75 >0.05 2.67 +0.84
Baseline FVC % predicted (mean & SD) 77.66 £ 21.88% 79.02 £ 17.42% >0.05 77.48 £ 19.22%
Baseline absolute DLCO (mean =+ SD) 385+ 1.6 4.09 £ 1.45 >0.05 3.96 £1.53
Baseline DLCO % predicted (mean 4 SD) 45.92 £+ 15.92% 51.01 £ 16.89% >0.05 48.2 +16.4%
Total AFVC (mean + SD) —2.85+14.1% =773 +£12.7% >0.05 —5.26 +13.63%
Total DLCO (mean =+ SD) —14.45 4+ 14.26% —7.86 +12.42% 0.041 —14.45 +2.05%
Mean annual AFVC (mean + SE/SD) —1.23 £ 2.46% —1.78 £4.01% >0.05 —1.45 4+ 0.61%
Mean annual ADLCO (mean = SD) —6.92 +6.81% —3.73+£7.53% 0.042 —4.82 +7.41%
Clinically significant FVC decline 40 (72.7%) 37 (78.7%) >0.05 77 (75.5%)
Year 1 10 (18.2%) 9 (19.1%) >0.05 19 (18.7%)
Year 2 9 (16.4%) 10 (21.2%) >0.05 19 (18.7%)
Year 3 7 (12.7%) 6 (12.8%) >0.05 13 (12.7%)
Year 142 4(7.3%) 4 (8.5%) >0.05 8(7.8%)
Year 143 3 (5.5%) 2 (4.3%) >0.05 5 (4.9%)
Year 243 5(9.1%) 4 (8.5%) >0.05 9 (8.8%)
Year 14243 2 (3.5%) 2 (4.3%) >0.05 4(3.9%)
Clinically significant DLCO decline 34 (61.8%) 28 (59.6%) >0.05 62 (60.8%)
Year 1 12 (21.7%) 9 (19.2%) >0.05 21 (20.6%)
Year 2 9 (16.3%) 9 (19.2%) >0.05 18 (17.7%)
Year 3 4(7.3%) 7 (14.9%) >0.05 11 (10.8%)
Year 142 3 (5.5%) 1(2.1%) >0.05 4(3.9%)
Year 143 3 (5.5%) 1(2.1%) >0.05 4(3.9%)
Year 243 3 (5.5%) 0 (0%) >0.05 3(2.9)
Year 14243 0 (0%) 1(2.1%) >0.05 1(1%)

Total AFVC or ADLCO = percent difference between absolute value at diagnosis and at 3 years post-diagnosis, Mean annual AFVC or ADLCO = mean value of percent decline occurring
during year 1, 2, and 3 post diagnosis, Clinically significant FVC decline = annual decline >5% at least once during follow-up (max. 3), Clinically significant DLCO decline = annual
decline >15% at least once during follow-up (max. 3). Patients were further stratified based on which year(s) clinically significant FVC or DLCO decline was observed.

SD, standard deviation; SE, standard error.

level which is more clinically relevant. Two studies involving
the same cut-off point showed a large discrepancy in terms of
frequency with 41.4% out 58 and 16.8% out 386 individuals
being positive, respectively (5, 16). Both research groups
screened patients for antigen-specific autoantibodies such as
ANCA, anti SSA/SSB, antiScl70 and antiJo-1, a strategy which
moderates misclassification of patients as seronegative owing
to untested markers of humoral autoimmunity. Nevertheless,
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no significant correlation between autoantibody presence
and survival was found. It must be noted though that Moua
et al. screened a portion of the population for antigen-specific
autoantibodies which could result in false negative results
(16). Even patients with ANA > 1:320 and/or antigen specific
autoantibodies showed no alterations in terms of life expectancy
(17). The decline of PFT parameters during disease progression
(annual absolute and percent predicted FVC or DLCO)
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remained unaffected in disagreement with our findings (17).
However, after adjustment for previously established FVC and
DLCO decline cut-offs (>5 and >15%, respectively) associated
with survival, the influence of autoantibody positivity on
DLCO becomes negligible in our study (Table1) (18, 19).
Taken together, the aforementioned body of evidence support
the prevailing notion that CTD-related autoantibodies in IPF
patients are probably inconsequential.

We did observe a statistically significant reduction in DLCO
decline and Lee et al. reported longer transplant-free survival
in seropositive individuals although both outcomes are of
ambiguous clinical relevance (6). Extension of the follow-up
period in our study could resolve the apparent contradiction,
given the prognostic value of DLCO, and produce improvement
of survival in line with the latter. It was recently shown
by, Ghang et al. that autoantibodies as defined by the IPAF
serologic domain and ANCA confer a favorable prognosis (7).
Intriguingly, immunomodulation was beneficial to seropositive
subjects which is consistent with the fact that circulating
autoantibodies in IPF patients have been previously linked
to CTD-like findings on lung histology (20). On the other
hand, seronegative comparators showed greater 5-year mortality
when treated (7). Parallels can be drawn with the study of
Tzouvelekis et al. where combined emphysema and fibrosis
patients with autoimmune markers showed better prognosis and
abundant CD20+ B cell lymphoid follicles compared to those
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lacking autoreactivity indices (4). In agreement with the above,
a recent pilot trial suggested that antibody reduction through
plasma exchange, rituximab and intravenous immunoglobulin
may quench acute exacerbations of IPE, a condition likely
to be characterized by immunity perturbations found in
classical autoantibody-mediated disorders (21). Within that
context, we suggest that the clinical redundancy of circulating
autoantibodies in IPF may need to be revisited.

Serial autoantibody measurements at follow-up visits
for patients with an initial diagnosis most congruent with
IPF has been proposed to monitor development of CTD
given that disease presentation may be limited to pulmonary
manifestations and the likelihood of misdiagnosis should be
considered. For instance, in a Chinese study 25.1% of patients
with ILD became seropositive after the initial diagnostic
assessment (22). We sought to unravel additional value
beyond CTD exclusion for monitoring levels of circulating
autoantibodies in IPF. It is speculated that regular screening
could identify patients developing activation of innate
immunity against self antigens at some point during disease
evolution (23). Given the different types of inflammation
between rapid and slow progressors, changes in antibody
status could represent a harbinger of the rate of functional
decline and even response to immunosuppression (24).
Although our exploratory trial did not show any difference
in PFT trajectory and survival between groups A, B, and
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C, it is worthwhile to further delineate the implications
of the dynamic inflammatory process during the course
of IPE.

Our study has several limitations. Due to the size of
the cohort, stratification based on antibody temporal kinetics
produced sub-groups each with a small number of patients,
thereby diminishing the strength of statistical analysis. Although
we thoroughly screened every participant for an extensive
panel of circulating autoantibodies, seropositive patients were
not further classified based on autoantibody type considering
that a very small minority had humoral autoreactivity markers
besides ANA and RF. Therefore, the notion that certain
CTD-related circulating autoantibodies may be of greater
relevance in the setting of IPF management could not be
explored in this study. Unfortunately, no data were recorded
in terms of acute exacerbations precluding associations between
deviant adaptive immunity responses against self-antigens
and frequency or severity of episodes. We performed serial
measurements of autoantibodies and regular rheumatologic
consultations, however given the follow-up duration of 3 years;
it cannot be excluded that some patients will eventually develop
features consistent with CTD and were therefore misdiagnosed
as IPF.

Large, prospective, multi-center studies involving
meticulous serial measurements of standardized ILD-
associated autoantibody arrays are required to unfold the
dichotomy surrounding the role of circulating autoantibodies
in IPF. To this end, the recent discovery of unidentified
autoantibody bands by immunoprecipitation in IPF patients
provides a new avenue to explore the immunological
background of the disease and particularly that of acute
exacerbation, when adaptive immunity perturbation may
be more prominent (25). Even if detection of CTD-related
circulating autoantibodies is unequivocally proven incidental
in IPF patients, it is possible that novel autoantibodies with
mechanistic, diagnostic, prognostic and therapeutic relevance
await discovery.
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Introduction: Myositis associated interstitial lung disease (ILD) seems to be an
under-recognized entity.

Methods: In this multicenter, retrospective study, we recorded between
9/12/2019 and 30/9/2021 consecutive patients who presented in five different
ILD centers from two European countries (Greece, France) and received a
multidisciplinary diagnosis of myositis associated-ILD. The primary outcome
was all-cause mortality over 1 year in specific subgroups of patients.
Secondary outcomes included comparison of disease characteristics between
patients diagnosed with the amyopathic subtype and patients with evidence
of myopathy at diagnosis.
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Results: We identified 75 patients with myositis associated-ILD. Median age
(95% CI) at the time of diagnosis was 64.0 (61.0-65.0) years. Antinuclear
antibody testing was positive in 40% of the cohort (n = 30/75). Myopathy onset
occurred first in 40.0% of cases (n = 30), ILD without evidence of myopathy
occurred in 29 patients (38.7%), while 16 patients (21.3%) were diagnosed
concomitantly with ILD and myopathy. The commonest radiographic pattern
was cellular non-specific interstitial pneumonia (NSIP) and was observed
in 29 patients (38.7%). The radiographic pattern of organizing pneumonia
was significantly more common in patients diagnosed with the amyopathic
subtype compared to patients that presented with myopathy [24.1% (n = 7/29)
vs. 6.5% (n = 3/46), p = 0.03]. One year survival was 86.7% in the overall
population. Kaplan—Meier analysis demonstrated significantly higher all-cause
1-year mortality in patients with the amyopathic subtype compared to
patients with evidence of myopathy [HR 4.24 (95% Cl: 1.16-15.54), p = 0.03].
Patients diagnosed following hospitalization due to acute respiratory failure
experienced increased risk of 1-year all-cause mortality compared to patients
diagnosed in outpatient setting [HR 6.70 (95% Cl: 1.19-37.81), p = 0.03].
Finally, patients with positive anti-MDAS5 presented with higher 1-year all-
cause mortality compared to anti-MDAS5 negative patients [HR 28.37 (95% ClI:
5.13-157.01), p = 0.0001].

Conclusion: Specific ILD radiographic patterns such as NSIP and organizing
pneumonia may herald underlying inflammatory myopathies. Hospitalized
patients presenting with bilateral organizing pneumonia refractory to
antibiotics should be meticulously evaluated for myositis associated-ILD even
if there is no overt muscular involvement. Incorporation of ILD radiological
patterns in the diagnostic criteria of inflammatory myopathies may lead to
timely therapeutic interventions and positively impact patients’ survival.

myositis, interstitial lung disease, organizing pneumonia, amyopathic, survival

Introduction

Idiopathic inflammatory myopathies (IIMs) or “myositis
spectrum disorders” comprise a heterogeneous group of
systemic autoimmune diseases characterized by varying degree
of skeletal muscle inflammation (1). The most commonly
used classification involves three main subtypes of IIMs
and specifically dermatomyositis, polymyositis and clinically
amyopathic dermatomyositis (CADM) (2). The subgroups of
IIM have varied in recent years as knowledge on serotype-
phenotype correlations has evolved (3). Clinical features of
IIMs vary considerably and may include proximal muscle
weakness, skin rash, and extramuscular manifestations such as
arthralgia, Raynaud’s phenomenon, fever, cardiac arrhythmias,
ventricular dysfunction, and interstitial lung disease (ILD).
Multiple IIMs phenotypes have been described including
overlap syndrome, antisynthetase syndrome, immune mediated
necrotizing myopathy and inclusion body myositis. (4-6).
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Myositis-associated ILD represents one of the most
common extramuscular manifestations occurring in 20-80% of
patients with IIMs (7, 8). Importantly, ILD can precede clinically
evident muscle or skin disease in a considerable proportion
of patients (9-11). Of note, absence of concomitant skin or
muscle disease can confound early disease identification and
hamper timely interventions leading thus to increased mortality,
especially in centers with no expertise in connective tissue
disease associated-ILD (9). The need for meticulous evaluation
of patients admitted with rapidly progressive respiratory failure
seems amenable, given that rapidly progressive-ILD (RP-ILDs)
associated with IIMs can be refractory to immunosuppression
and result in patients’ admission to the intensive care unit (ICU)
(9, 12-14). Negative prognostic indicators include anti-MDA5
antibody positivity, absence of myopathy, older age, and skin
ulceration (8, 15-17).

Despite the considerable progress on the knowledge of IIMs
phenotypes (3, 18-21) and the advent of recent registries from
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different parts of the world (1, 22), there is still a pressing need
of data for amyopathic cases. This multicenter study aims to
present features of patients with myositis associated-ILD from
two European countries, compare patients with myopathy and
patients with the amyopathic subtype and increase awareness for
this under-recognized entity.

Materials and methods
Study design and patient selection

In this multicenter, retrospective study, we recorded
between 9/12/2019 and 30/9/2021 consecutive patients who
presented in five different ILD centers from two European
countries (Greece, France) and received a multidisciplinary
diagnosis of myositis associated-ILD. Diagnosis was typically set
following multidisciplinary discussion, thus muscle biopsy was
not always performed. Patients with a follow-up of at least 1 year
were included in the analysis. Data collection and analysis was
approved by the Institutional Review Board and the Local Ethics
Committee (protocol number 28746/9-12-2019).

Age, smoking history, comorbidities, most commonly
encountered antibodies, predominant radiographic pattern,
functional indices including Forced Vital Capacity% predicted
(FVC% pred) and diffusing capacity of the lung for carbon
monoxide% predicted (DLCO% pred), cytologic features of
bronchoalveolar lavage (BAL), treatment modalities applied,
and survival data. Radiographic patterns were reviewed by
a radiologist (CK). Antibody profile was obtained using
commercially available myositis panel tests such as EUROLINE
test kit. Results were available no later than 7 days in most cases.

Outcome measures

The primary outcome was all-cause mortality over 1 year
in specific subgroups of patients: (1) patients diagnosed with
the amyopathic subtype compared to patients with evidence
of myopathy at diagnosis, (2) patients diagnosed following
hospitalization due to acute respiratory failure compared to
patients diagnosed in outpatient setting, and (3) patients
with positive anti-MDAS5 compared to anti-MDA5 negative
patients. Secondary outcomes included comparison of disease
characteristics such as (1) the frequency of encountered
autoantibodies and (2) the most common radiographic patterns,
between patients diagnosed with the amyopathic subtype and
patients with evidence of myopathy at diagnosis.

Statistical analysis

With regards to baseline data, summary descriptive
statistics were generated with categorical data displayed
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as absolute numbers and relative frequencies. Continuous
data were denoted as mean =+ standard deviation (SD) or
medians with 95% Confidence Interval (95% CI) following
Kolmogorov-Smirnov test for normality. The primary
outcome was presented with the Kaplan-Meier method and
cumulative incidence curves were compared between the

pre-specified groups.

Results

Baseline characteristics

We included 75 patients with myositis associated-ILD.
Baseline characteristics are summarized in Table 1. Common
working diagnoses included antisynthetase syndrome (n = 43,
57.3%) and CADM (n = 29, 38.7%). Median age (95% CI) at
the time of diagnosis was 64.0 (61.0-65.0) years. Most patients
were female (57.3%, n = 43) and ex-smokers (50.7%, n = 38).
Mean FVC% predicted & SD and DLCO% predicted = SD at the
time of diagnosis were 76.5 £ 22.3 and 59.1 £ 27.7, respectively.
Median percentage (95% CI) of lymphocytes in BAL was 15.5
(6.0-22.7) in the overall population. Median percentage (95%
CI) of lymphocytes in BAL was 13.0 (6.0-20.0) in patients
with evidence of myopathy and 21.0 (3.0-43.8) in patients with
CADM. Creatine phosphokinase was elevated in 46 patients
with evidence of myopathy and 4 patients with CADM (total
number of patients: n = 50, 66.7% of this cohort).

Myopathy onset occurred first in 30 patients (40.0%), ILD
without evidence of myopathy occurred in 29 patients (38.7%),
while 16 patients (21.3%) were diagnosed concomitantly with
ILD and myopathy. Patients with evidence of myopathy (n = 46,
61.3%) had typically proximal muscle weakness, while distal
myopathy was observed following disease progression. The
percentage of patients diagnosed with IIM at the time point of
hospitalization due to acute respiratory failure was significantly
higher in CADM compared to the group with evidence of
myopathy [31% (n = 9/29) vs. 6.5% (n = 3/46), p = 0.005].

Autoantibody profiles

Antinuclear antibody testing (ANA) (40.0%, n = 30), anti-
Jo-1 (26.7%, n = 20), anti-Ro-52 (24.0%, n = 18), anti-MDAS5
(18.7%, n = 14), anti-PL-7 (14.7%, n = 11), and anti-PL-12
(14.7%, n = 11) were the most frequently encountered antibodies
in the overall population (Table 2). Anti-Jo-1 (27.6%, n = 8),
anti-MDAS5 (27.6%, n = 8), anti-Ro-52 (24.1%, n = 7), anti-PL-
7 (20.7%, n = 6), and anti-OJ (13.8%, n = 4) were the most
frequently encountered antibodies in patients diagnosed with
CADM. Anti-Ku antibodies were significantly more common
in patients with myopathy compared to patients with CADM
[13.0%, (n = 6/46) vs. 0.0% (n = 0/29), p = 0.04].
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TABLE 1 Baseline characteristics.

Total number of patients 75

Age median (%95 CI) 64.0 (61.0-65.0)

Male/Female 32 (42.7%)/43 (57.3%)

Current smokers/Ex-smokers/Never 7 (9.3%)/38 (50.7%)/11 (40.0%)

smokers
FVC% predicted &+ SD 76.5+£223
DLCO% predicted & SD 59.1+£27.7

BAL Macrophages% median (%95 CI) 64.0 (59.7-75.7)

BAL Lymphocytes% predicted median 15.5 (6.0-22.7)

(%95 CI)

BAL Neutrophils% predicted median (%95 8.0 (3.0-11.0)
CI)

BAL Eosinophils% predicted median (%95 1.0 (0.0-3.0)

19))

ILD onset first 29 (38.7%)

Concomitant diagnosis of ILD/myopathy 16 (21.3%)

Myopathy onset first 30 (40.0%)

Arterial hypertension 28 (37.3%)

Gastroesophageal reflux disease 14 (18.7%)

Hypothyroidism 11 (14.7%)
Diabetes mellitus 9 (12.0%)
Chronic heart disease 9 (12.0%)
Cancer 8 (10.7%)

BAL, bronchoalveolar lavage; CI, confidence interval; DLCO, diffusing capacity of lung
for carbon monoxide; FVC, forced vital capacity; ILD, interstitial lung disease; SD,
standard deviation.

Radiographic patterns

The predominant radiographic pattern was non-specific
interstitial pneumonia (NSIP) in 46 patients (61.3%), with
fibrotic changes in 17 of them (22.7% of the cohort). Organizing
pneumonia was observed in 10 patients (13.3%) and NSIP
along with organizing pneumonia in 19 patients (25.3%),
(Table 3). The radiographic pattern of organizing pneumonia
was significantly more common in patients diagnosed with the
amyopathic subtype compared to patients that presented with
myopathy [24.1% (n = 7/29) vs. 6.5% (n = 3/46), p = 0.03].
Representative images are shown in Figure 1. NSIP was the
most common radiographic pattern in patients with anti-Jo-1
[NSIP: 10/20 (50%), NSIP along with organizing pneumonia:
9/20 (45.0%)], anti-PL-7 [NSIP: 8/11 (72.7%), NSIP along with
organizing pneumonia: 2/11 (18.2%)], anti-PL-12 [NSIP: 6/11
(54.5%), NSIP along with organizing pneumonia: 3/11 (27.3%)],
anti-Ku [NSIP: 6/6 (100%)], and anti-OJ [NSIP: 7/9 (77.8%)]
antibodies. Organizing pneumonia was the most common
pattern in patients with positive anti-MDAS5 [organizing
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TABLE 2 Most frequently encountered autoantibodies.

Auto- Overall | Amyopathic Presence of
antibodies | N =75 | atdiagnosis myopathy
N =29 at diagnosis
N = 46
ANA 30 (40.0%) 11 (37.9%) 19 (41.3%)
Anti-Jo-1 20 (26.7%) 8 (27.6%) 12 (26.1%)
Anti-Ro-52 18 (24.0%) 7 (24.1%) 11 (23.9%)
Anti-MDAS 14 (18.7%) 8 (27.6%) 6 (13.0%)
Anti-PL-7 11 (14.7%) 6 (20.7%) 5 (10.9%)
Anti-PL-12 11 (14.7%) 3(10.3%) 8 (17.4%)
Anti-OJ 9 (12.0%) 4(13.8%) 5 (10.9%)
Anti-Ku 6 (8.0%) 0 (0.0%) 6 (13.0%)
Anti-Mi-2a 4(5.3%) 3(10.3%) 1(2.2%)
Anti-Mi-2b 4(5.3%) 3 (10.3%) 1(2.2%)
Anti-NXP2 3 (4.0%) 2 (6.9%) 1(2.2%)

ANA, antinuclear antibody; Jo-1, Histidyl-tRNA synthetase; MDAS5, melanoma
differentiation-associated gene 5; Mi-2a, helicase protein-2a; Mi-2b, helicase protein-
2b; NXP2, nuclear matrix protein; OJ, Isoleucyl-tRNA synthetase; PL-7, Threonyl-tRNA
synthetase antibodies; PL-12, Alanyl-tRNA synthetase.

TABLE 3 Radiographic patterns identified in the cohort.

Radiographic | Overall | Amyopathic | Presence of

pattern N =75 | atdiagnosis myopathy
N =29 at diagnosis

N = 46

Cellular NSIP 29 (38.7%) 12 (41.4%) 17 (37.0%)

Overlap 19 (25.3%) 5(17.2%) 14 (30.4%)

NSIP/organizing

pneumonia

Fibrotic NSIP 17 (22.7%) 5(17.2%) 12 (26.1%)

Organizing 10 (13.3%) 7 (24.1%) 3(6.5%)

pneumonia

NSIP, non-specific interstitial pneumonia.

pneumonia: 5/14 (35.7%), organizing pneumonia along with
NSIP: 4/14 (28.6%)].

Treatment modalities

Oral corticosteroids were given to all patients (100%,
n = 75), with intravenous pulses of methylprednisolone
(25.3%). Other

immunosuppressants including rituximab, mycophenolate

being implemented in 19 patients
mofetil, azathioprine, cyclophosphamide, intravenous immune
globulin, and methotrexate were applied in 54.7% (n = 41),
34.7% (n = 26), 20.0% (n = 15), 16.0% (n = 12), 14.7% (n = 11),
and 12.0% (n = 9) of patients, respectively. Treatment modalities
per myositis antibody are summarized in Table 4.
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FIGURE 1

Representative high resolution computed tomography (HRCT) images of two patients with myositis associated-ILD. Panel (A,B) depict a patient
with RP-ILD presenting with the radiographic pattern of organizing pneumonia. Panel (C,D) present a case of myositis in which non-specific
interstitial pneumonia (NSIP) was observed 10 years following diagnosis.

TABLE 4 Most common treatment regimens per myositis antibody.

Auto- Pulses CS MMEF Azathioprine | Cyclophosphamide \Y/[e]
antibodies

Anti-Jo-1 6 (30.0%) 2 (60.0%) 5 (25.0%) 4(20.0%) (10.0%) (15.0%) 4(20.0%)
Anti-MDA5 7 (50.0%) 4 (28.6%) 5 (35.7%) 2 (14.3%) 6 (42.9%) 5 (35.7%) 1(7.1%)
Anti-PL-7 4(36.4%) 4 (36.4%) 4 (36.4%) 1(9.1%) 1(9.1%) 2 (18.2%) 0 (0%)
Anti-PL-12 4(36.4%) 8 (72.3%) 4(36.4%) 3(27.3%) 3(27.3%) 0 (0%) 0 (0%)
Anti-OJ 2 (22.2%) 6 (54.5%) 2(22.2%) 2(22.2%) 1(11.1%) 0 (0%) 0 (0%)

CS, corticosteroids; Jo-1, Histidyl-tRNA synthetase; IVIG, intravenous immune globulin; MDAS5, melanoma differentiation-associated gene 5; MME, mycophenolate mofetil; MTX,
methotrexate; OJ, Isoleucyl-tRNA synthetase; PL-7, Threonyl-tRNA synthetase antibodies; PL-12, Alanyl-tRNA synthetase; RTX, rituximab.

Survival myopathy [HR 4.24 (95% CI: 1.16-15.54), p = 0.03, Kaplan-
Meier analysis], (Figure 2A). Patients diagnosed with RP-ILD

One vyear survival was 86.7% in the overall population. and acute respiratory failure experienced increased risk of 1-year
All-cause 1-year mortality was higher in patients with the all-cause mortality compared to patients diagnosed in outpatient

amyopathic subtype compared to patients with evidence of setting [HR 6.70 (95% CI: 1.19-37.81), p = 0.03], (Figure 2B).
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FIGURE 2
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Kaplan—Meier curves showing the prognostic impact of the absence of myopathy (A), diagnosis during hospitalization for acute respiratory
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Finally, patients with positive anti-MDA5 presented with higher
1-year all-cause mortality compared to anti-MDA5 negative
patients [HR 28.37 (95% CI: 5.13-157.01), p = 0.0001],
(Figure 2C).

Discussion

This multicenter study demonstrated that ILD involvement
in the setting of amyopathic IIM and diagnosis at the
time point of hospitalization due to acute respiratory failure
are negative prognostic factors in patients with IIM. This
study also validated that presence of anti-MDAS5 is associated
with increased mortality risk. Specific ILD radiographic
patterns such as NSIP and organizing pneumonia may herald
underlying inflammatory myopathies and most importantly
raise the suspicion of autoimmune-associated ILDs with rapidly
progressive clinical course requiring timely intervention with
immunosuppressants.

The evidence that patients with the amyopathic subtype
have worse prognosis represents an important attribute of that
study that should be presented upfront. Indeed, a substantial
minority of patients presenting in the clinical setting as
antibiotic -refractory organizing pneumonia with rapidly-
progressing clinical course may display positive myositis-related
autoantibodies without any muscle involvement, as assessed by
both clinical signs and laboratory parameters (11, 12, 21, 23).
This is an important observation as specific ILD radiological
patterns including those of organizing pneumonia/NSIP in
patients with rapidly progressing respiratory failure may
raise the suspicion of an underlying autoimmune-related
pneumonitis that will respond to high-doses of corticosteroids
and immunosuppressants while escalation of antibiotics will fail,
as it happens in our cohort. Unfortunately, in the majority of
these cases the conventional serology profile is negative further
hampering the diagnosis. To this end, the myositis panel of
autoantibodies may unravel the underlying autoimmunity and
guide therapeutic decisions.

We showed that diagnosis at the time point of
hospitalization due to acute respiratory failure has a negative
prognostic impact. Our report couples with previous evidence
showing increased mortality risk for myositis-associated
RP-ILD (8, 24-26). Myositis-associated RP-ILD is more
common in female and younger patients (27). A high index
of suspicion is of paramount importance for these rare but
treatable cases. Otherwise, these patients are often admitted
to ICU due to Acute Respiratory Distress Syndrome (ARDS).
Intriguingly, critically ill patients are frequently not evaluated
for myositis-associated pulmonary processes, leading thus to
excess mortality due to the absence of appropriate treatment.
In the multinational Large Observational Study to Understand
the Global Impact of Severe Acute Respiratory Failure -LUNG
SAFE- cohort, only 12 out of 234 patients with ARDS of
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unknown etiology had been screened for autoimmune etiology
of RP-ILD (28).

Screening for autoimmune etiology in these patients should
not be limited to ANA testing. Antisynthetase antibodies
are cytoplasmic and subsequently ANA testing is frequently
negative in patients with myositis associated-ILD. Therefore,
negative ANA should not preclude further testing with myositis-
specific antibodies (9, 29). This has been corroborated by our
cohort, in which only 40% of patients were ANA positive.
Importantly, classification criteria of the European League
Against Rheumatism and American College of Rheumatology
had been widely criticized for the exclusion of non-Jo-1
antisynthetase antibodies (9, 30). The aforementioned is further
corroborated by our cohort in which anti-Jo-1 were positive
only in 26.7% of cases. Patients with myositis presented
with substantial variability with regards to myositis-specific
positive antibodies.

Myositis-specific positive antibodies might have prognostic
significance and unravel specific phenotypes based on this study
and previous reports (31). Anti-MDA5 positivity is closely
associated with CADM and has a negative prognostic role for
patients with myositis (8, 12, 15, 32-36). Features including
presence of ILD, mucocutaneous or necrotic ulcerations,
Gottron papules, painful, and erythematous papules especially
over the palmar surfaces should raise suspicion of anti-MDA5
positivity and fuel meticulous immunologic investigation even
in the absence of myopathy (37-39). Early identification of
anti-MDAS5 can lead to timely therapeutic interventions and
may positively impact patients’ survival. Several compounds
have been used for the management of anti-MDAS5 myositis
including corticosteroids and steroid sparing agents (40). Most
recently, emerging data support the use of tofacitinib in these
patients (41, 42). With regards to other autoantibodies, anti-
PL7 and anti-PL12 have been characterized as indicators of
more severe lung involvement (31). Risk of cancer is elevated
in patients with anti- Transcriptional intermediary factor-1vy,
Nuclear matrix protein 2 and 3-hydroxy-3-methylglutaryl-CoA
reductase antibodies (43). Finally, in our cohort anti-Ku were
significantly more common in patients with myopathy.

With regards to radiographic patterns, in consistency with
previous studies, most patients presented with NSIP and/or
organizing pneumonia (8, 44). Patchy bilateral areas of ground-
glass attenuation predominantly localized in the lower lobes
along with areas of consolidation, septal thickening and traction
bronchiectasis seem to be common radiographic findings
in these patients (45). Prominent consolidation refractory
to antibiotics is typical of acute onset ILD and responds
well to corticosteroids or immunosuppressive compounds if
intervention is timely. Presence of ground-glass attenuation
combined with reticulation and bronchiectasis is more common
in chronic cases potentially underdiagnosed due to lack of
extensive immunologic evaluation. Of note, American thoracic
society (ATS)/European respiratory society (ERS) statement
highlighted that overlap of NSIP and organizing pneumonia or
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presence of the fibrosing variant of organizing pneumonia are
suspicious for underlying myositis (46).

Our study presents with limitations that should be treated
cautiously. First, our sample size is relatively moderate and we
could not compare the effect of different treatment regimens
in particular subgroups; yet, this sample size seems acceptable
for this rare entity. Second, we did not present long term
follow-up data; nonetheless, our aim was to increase awareness
for timely diagnosis and intervention in this under-recognized
entity. Finally, this study has the inherent weakness of a
retrospective study.

Collectively, this study showed that ILD is the hallmark of
pulmonary involvement in both myopathic and amyopathic
forms of inflammatory myopathies and may precede myopathy
onset. Respiratory physicians should be alert to organizing
pneumonia cases without overt muscular involvement.
Hospitalized patients presenting with bilateral organizing
pneumonia refractory to antibiotics should be meticulously
evaluated for myositis associated-ILD as certain autoimmune
profiles such as anti-MDA5 have a negative prognostic role
for these patients. The term of amyopathic forms of IIMs
in the context of RP-ILD is quite often misjudged and
questioned by rheumatologists as autoantibodies presenting
in the myositis panel may also independently affect the
lung interstitium without muscle involvement. To this
end, we believe that the term “autoimmune-induced lung
injury or ILD” could be most appropriate in this context.
Incorporation of myositis-specific ILD radiological patterns
and all myositis-specific antibodies in the diagnostic criteria
of inflammatory myopathies may lead to timely and effective
therapeutic interventions.
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Background: Acute lung injury (ALl) is a life-threatening inflammatory disease
without effective therapeutic regimen. Macrophage polarization plays a key role
in the initiation and resolution of pulmonary inflammation. Therefore, modulating
macrophage phenotype is a potentially effective way for acute lung injury.
Cryptotanshinone (CTS) is a lipophilic bioactive compound extracted from the
root of Salvia miltiorrhiza with a variety of pharmacological effects, especially
the anti-inflammatory role. In this study, we investigated the therapeutic and
immunomodaulatory effects of CTS on AL

Materials and methods: The rat model of ALl was established by intratracheal
instillation of LPS (5 mg/kg) to evaluate the lung protective effect of CTS in vivo and
to explore the regulation of CTS on the phenotype of lung macrophage polarization.
LPS (1 pwg/mL) was used to stimulate RAW264.7 macrophages in vitro to further
explore the effect of CTS on the polarization and metabolic reprogramming of
RAW264.7 macrophages and to clarify the potential mechanism of CTS anti-ALl.

Results: CTS significantly improved lung function, reduced pulmonary edema,
effectively inhibited pulmonary inflammatory infiltration, and alleviated ALl. Both
in vivo and revealed that CTS inhibited the differentiation
of macrophage into the M1 phenotype and promoted polarization into M2
phenotype during ALl Further in vitro studies indicated that CTS significantly
suppressed LPS-induced metabolic transition from aerobic oxidation to glycolysis in
macrophages. Mechanistically, CTS blocked LPS-induced metabolic transformation
of macrophages by activating AMPK.

in vitro results

Conclusion: These findings demonstrated that CTS regulates macrophage
metabolism by activating AMPK, and then induced Ml-type macrophages to
transform into M2-type macrophages, thereby alleviating the inflammatory response
of ALI, suggesting that CTS might be a potential anti-ALI agent.

acute lung injury, Cryptotanshinone, macrophage polarization, metabolic reprogramming,
AMPK
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1. Introduction

Acute lung injury (ALI) is a life-threatening respiratory disease
which can lead to respiratory failure and higher mortality (1).
The main pathogenesis of ALI are sharp increase in pulmonary
inflammatory responses, diffused alveolar injury and pulmonary
edema, which might ultimately lead to acute hypoxemia (2).
Currently, the clinical treatment for ALI is limited and specific drugs
for ALI are also still lacking (3). Even though mechanical ventilation
could partially relieve the pathology of ALI, long-term mechanical
ventilation always increases ventilator-related lung injury, higher
mortality and heavy financial burden (4, 5). Therefore, it is urgent
to explore new strategies to improve ALIL

As the core participants of innate immune response, alveolar
macrophages play a pivotal role in the initiation, development
and resolution of lung inflammation during acute lung injury
(6). In the early exudative stage of ALI, stimulated by Thl-
type cytokines such as TNF-a or interferon, macrophages
could differentiated into M1 phenotype or proinflammatory
macrophages to mediate inflammatory responses via releasing
proinflammatory cytokines and chemokines (7). During the repair
phase of ALI activated by Th2-type cytokines, such as IL-4,
IL-13 and immune complex, macrophages prefer to polarize
into M2 phenotype or anti-inflammatory macrophages (6).
Macrophages are key orchestrators in the progress of ALI and
modulating the phenotype of macrophage might improve the
prognosis of ALL

Furthermore, accumulating evidence suggests that metabolic
reprogramming plays a crucial role in the differentiation of
macrophages (8). As indicated by the increasing glucose
uptake and lactic acid production, activated M1 phenotypes
are highly dependent on aerobic glycolysis to meet energy
requirements for rapid proliferation and cytokine production
(9). Conversely, M2 phenotypes are mainly dependent on
mitochondrial oxidative phosphorylation and fatty acid oxidation
for energy supplement (10). The metabolic reprogramming is
not only to meet the energy requirements of macrophages in
response to vary stimulus, but also a necessary step to drive
macrophage polarization (8). Previous studies have shown that
overexpression of glucose transporter 1 (GLUTI1), a key gene
involved in glycolysis, could drive macrophages differentiated
into M1 phenotype by promoting glycolysis (11). However, 2-DG
(2-deoxy-D-glucose), a well-established inhibitor of glycolysis,
inhibits the proinflammatory phenotype of M1 macrophages
by blocking glycolysis (12). Additionally, knockout of genes
related to fatty acid metabolism or mitochondrial oxidative
phosphorylation blocked the activation of M2 phenotype (13, 14).
Therefore, intervention of the metabolic pattern of macrophages

Abbreviations: ALl, acute lung injury; AMPK, amp-activated protein kinase;
BALF, bronchoalveolar lavage fluid; CD68, cluster of differentiation 68; CD86,
cluster of differentiation 86; CD206, cluster of differentiation 206; CPTIA,
carnitine palmitoyltransferase 1la; CPT2, carnitine palmitoyltransferase 2; CC,
compound c¢; 2-DG, 2-deoxy-D-glucose; ECAR, extracellular acidification
rate; EIP, end inspiratory pause; EEP, end expiratory pause; FAO, fatty acid
oxidation; GLUT1, glucose transporter 1; LPS, lipopolysaccharide; LKB1, liver
kinase bl; MV, minute ventilation volume; MPO, myeloperoxidase; MCAD,
medium-chain acyl-coA dehydrogenase; OCR, oxygen consumption rate;
OXPHOS, oxidative phosphorylation; Penh, enhanced pause; RT-PCR, real-
time polymerase chain reaction; PKM2, pyruvate kinase m2; PFKFB3, 6-
phosphofructo-2kinase/fructose-2,6-biphosphatase; RT, relaxation time.
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will control the phenotype of macrophages and might play a
pivotal role in ALIL

Cryptotanshinone (CTS) is extracted from Salvia miltiorrhiza
and belongs to diterpenoid quinones with a variety of
pharmacological activities such as anti-inflammatory, anti-cancer,
anti-oxidant and anti-fibrosis (15). Previous studies from other’s
and our laboratory have systematically studied the effects of CTS
on arthritis (16), atherosclerosis (17), and Alzheimers disease
(18), all of which indicated the excellent therapeutic effects of
CTS. Previously, we have reported that CTS effectively protected
lung from pulmonary fibrosis by inhibiting Smad and STAT3
signaling pathways (19). CTS inhibited the occurrence and
development of acute colitis and cerebral ischemic stroke by
promoting the trans-differentiation of M1 phenotype into the
M2 phenotype (20, 21). In addition, CTS has been shown to
exert anticancer effects by blocking glycolysis to inhibit tumor
cell proliferation and migration (22, 23). Even though CTS could
inhibited the progression of protect ALI by inhibiting NF-kB
signal pathway (24), it was still unknown whether CTS could
alleviate the inflammatory response ALI by altering the metabolic
pattern of macrophages.

In this study, we found that CTS effectively improved
pulmonary function and relieved LPS-induced pulmonary
inflammation in rats with ALL This study further revealed that
CTS inhibited the accumulation of the MI phenotype (pro-
inflammatory) macrophage and increased the M2 phenotype
(anti-inflammatory) macrophage in the lung tissue. Additionally,
both the showed that CTS
could regulate metabolic reprogramming of macrophage by
activating AMPK.

in vivo and in vitro results

2. Materials and methods

2.1. Reagents

CTS (purity > 98%) were obtained from the Laboratory of
Pharmacology and Toxicology, School of Pharmaceutical Sciences,
Sun Yat-sen University (Guangzhou, China). LPS was purchased
from Sigma-Aldrich (St. Louis, USA). Compound C were purchased
from Selleck (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Gibco (NY, USA). Fetal
bovine serum (FBS) was abtained from HyClone (Logan, USA).
Myeloperoxidase (MPO) and lactic acid assay kits were from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
The antibodies against CD86 (A1199) and Arg-1 (A4923) were
obtained from ABclonal (Wuhan, China). The antibodies against
CD206 (ab64693) were purchased from Abcam (Cambridge,
MA). The antibody against iNOS (AF0199) was from Affinity
Biosciences (OH, United States). The antibodies against B-actin
(6600-1-Ig), GLUT1 66290-1-Ig) and PFKFB3 (3763-1-AP) were
purchased from Proteintech (Chicago, USA). The antibodies
against PKM2 (D78A4), HIF-1a (D1S7W), p-AMPK (40H9) and
AMPK (2532) were obtained from Cell Signaling Technology
(Danvers, USA). The antibodies for flow cytometry, including
phycoerythrin (PE) anti- CD86 (105007) and allophycocyanin (APC)
anti-CD206 (141708) were obtained from BioLegend (San Diego,
USA).
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2.2. LPS - Induced acute lung injury rat
model

The animal procedures were approved by the Research Ethics
Committee of Sun Yat-sen University and conducted following the
Guide for the Care and Use of Laboratory (NIH Publication No. 85-
23, revised 1996). Sprague-Dawley rats (SD rats, male, SPF grade,
6-8 weeks, weighing 200-230 g) were supplied by the Experimental
Animal Center of Sun Yat-sen University (Guangzhou, China) and
the certification No. 44008500024762. LPS (5 mg/kg) was dissolved
in normal saline (NS) and administrated by intratracheal instillation
to SD and the acute lung injury model was established by LPS
administration for 24 h. SD rats were randomly divided into
several groups (10 rats in each group): the control group, the LPS-
induced acute lung injury model group and the CTS treatment
groups at three different concentrations. CTS was dissolved in
sodium carboxymethylcellulose (CMC-Na, 5%, W/V) at different
concentrations (15, 30 and 60 mg/kg/day). Before LPS treatment,
the CTS treatment group was pre-administered intragastrically for
5 days, while the control and model groups were given the same
volume of solvent solution. The rats in each drug administration
group were given drug intervention once at 6 hours, 12 hours and
18 hours after modeling.

2.3. Pulmonary function assessment

Pulmonary function was measured by using a whole-body
plethysmograph (Emka Technologies, Paris, France) for rats. The
parameters of pulmonary function included enhanced pause (Penh),
relaxation time (RT), end inspiratory pause (EIP), end expiratory
pause (EEP) and minute ventilation volume (MV). Rats were placed
in a plethysmograph chamber and 10 min was used for acclimation
before 5 min of assessing respiratory parameters.

2.4. Histopathological assessment and the
measurement of lung wet/dry (W/D)
weight ratio

At the end of the in vivo experiment, all rats were anesthetized
and sacrificed. The whole lung of the rat was quickly removed
and weighed. The lung weight to body weight ratios were
calculated according to the following formula: Lung to Body weight
ratio = (Lung weight (g)) / (Body weight (g)) x 100%. Subsequently,
left lung tissue was fixed in 4% paraformaldehyde, embedded in
paraffin, sectionalized, and stained with hematoxylin and eosin (HE).
HE scores were calculated by light microscopic analysis of four
parameters including alveolar septal thickness, interstitial edema,
infiltration of inflammatory cells, and alveolar congestion/collapse.
Each parameter was categorized into four grades: 0 = normal;
1 < 25%; 2 = 25-50%; 3 = 50-75%; and 4 > 75%, and the mean score
of the four parameters was used to represent the overall lung injury
(25). Histopathological images were captured and analysis by using
light microscope at 400x magnification (EVOS FL Auto Cell Imaging
System, USA). The right lung was excised and weighed to assay wet
weight, followed by drying at 80 ? for 48 h to obtain dry weight. The
lung wet/dry (W/D) weight ratio W/D weight ratio was calculated to
indicate pulmonary edema formation.
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2.5. Measurement of myeloperoxidase
(MPO) activity

MPO activity of lung tissue was measured by a commercial
kit according to the manufacturer’s instructions (A044, Nanjing
Jiancheng Bioengineering Institute, China).

2.6. Bronchoalveolar lavage fluid (BALF)
collection

By intratracheal injection of 5 mL sterile saline and then
slowly withdrawn, repeated irrigation three times. The collected
bronchoalveolar lavage fluid was centrifuged at 300 g for 10 min
at 4°C, and the supernatant was extracted for subsequent cytokine
and total protein inspection. Cytokine levels in the supernatants of
BALF were determined using commercially available TNF-a, IL-18,
IL-6, IL-10 ELISA kits (Wuhan Huamei Biotech Co., Ltd., Wuhan,
China) according to the manufacturer’s instructions. Total protein
concentration in the supernatant BALF was determined using the
BCA protein quantification kit (Thermo Fisher Scientific, Waltham,
USA).

2.7. Cell culture

RAW264.7 cell line was obtained from ProCell (Wuhan, China)
and maintained in 37°C incubators with 5% CQO,. The cultured media
was DMEM media with 10% fetal bovine serum, 100 U/ml penicillin
and 100 mg/ml streptomycin. RAW264.7 were pretreated with the
indicated concentrations of CTS (2.5, 5, 10 wM) for 2 h before being
stimulated with LPS (1 pg/mL) for another 24 h.

2.8. Measurement of glucose uptake and
lactic acid in RAW264.7

Glucose uptake of RAW264.7 cells were assayed by using the
Glucose Uptake-Glo Assay kit from Promega (Wisconsin, USA). The
level of lacticte acid was detected by using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, China).

2.9. Immunofluorescence staining

Frozen lung tissue sections were fixed in acetone for 20 min,
then permeabilized by 0.3% Triton X-100 (Sigma, St. Louis,
USA) for 15 min and blocked by 10% goat serum for 30 min.
Subsequently, sections were incubated with anti-CD68 antibody
(BIO-RAD, MCA341GA 1:100 dilution) overnight at 4°C, anti-
CD86 antibody (ABclonal, A11991, 100 dilution), and anti-CD206
antibody respectively (Abcam, ab64693, 1:100 dilution). Sections
were washed with PBS followed by incubation with fluorescent
secondary antibodies (Abcam, ab150116, ab150077) in dark for 1 h
at room temperature. Finally, the sections were re-stained with 4,6-
diamidino-2-phenylindole (DAPI) for 10 min at room temperature.
Fluorescent images were captured under a fluorescent microscope
(EVOS FL Auto Cell Imaging System, USA).
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2.10. Immunohistochemical staining

For immunohistochemistry (IHC) analysis, paraffin-embedded
lung tissues were deparaffinized, rehydrated through an alcohol series
followed by antigen retrieval with sodium citrate buffer. Tumor
sections were blocked with 5% normal goat serum with 0.3% Triton
X-100 and 3% H,O, in PBS for 60 min at room temperature
and then incubated with anti-iNOS antibody (Affinity Biosciences,
AF0199, 1:100 dilution) or anti-Arg-1 antibody (ABclonal, A4923,
1:100 dilution) at 4°C overnight. Then, HRP-conjugated goat anti-
rabbit IgG polyclonal antibody (Abcam, ab6721, 1:1000) were used.
Alternatively, sections were stained with DAB and restained with
hematoxylin, and then photographed using a microscope (EVOS FL
Auto Cell Imaging System, USA). The area of the positive area was
calculated using Image-Pro Plus 6.0 software (Media Cyber??netics,
Silver Spring, USA).

2.11. CCK-8 assay

RAW264.7 cells were grown in 96-well plates at a density of
10000 cells per well and cultured overnight in the incubator. Different
concentrations of CTS (2.5, 5, 10 wM) were administrated to cells
for 24 h with or without LPS (1 pg/mL) stimulation. Subsequently,
10 pL of CCK-8 solution was added into each well and incubated for
another 4 h. The absorbance values of each well were measured at
450 nm using a microplate reader (Bio-Tek, Winooski, USA).

2.12. Flow cytometry analysis

RAW?264.7 cell suspension was collected and incubated with
anti-CD16/32 (BioLegend, San Diego, USA) at 4 ? for 20 min to
block Fc receptor. And then, the cells were washed twice in staining
buffer (BioLegend, San Diego, USA) and stained with anti-CD86-
PE antibody (BioLegend, San Diego, USA)) or anti-CD206-APC
antibody (BioLegend, San Diego, USA) for 30 min. Followed by
washing twice with staining buffer (BioLegend, San Diego, USA),
resuspended the RAW264.7 cells in 300 pwL staining buffer. Flow
cytometry data were obtained using a CytoFLEX S flow cytometer
(Beckman Coutler, Brea, USA) and analyzed using FlowJo software
(Ashland, USA).

2.13. Measurement of oxygen
consumption rate (OCR) and extracellular
acidification rate (ECAR) of RAW264.7 cells

OCR and ECAR were measured by using XF-96 Extracellular flux
analyzer (Seahorse Bioscience, North Billerica, MA, USA) to assess
mitochondrial oxidative phosphorylation and glycolysis capacity
respectively. CTS at different concentrations (2.5, 5, 10 wM) were
pre-incubated with RAW264.7 cells for 2 h with co-stimulation of
LPS (1 wg/mL) for 24 h. For the ECAR assay, the medium was
replaced with XF solution containing 2 mmol/L L-glutamine prior to
analysis. Glucose (10 mM), oligomycin (1 wM) and 2-DG (50 mM)
were used to determine the glycolysis rate, glycolysis capacity and
glycolysis reserve capacity of cells. For the OCR assay, the medium
was replaced with XF solution containing glucose (2.5 M), pyruvate
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(I mM) and glutamine (1 mM) prior to analysis. Oligomycin (1 wM),
FCCP (0.75 wM), rotenone (0.5 wM) and antimycin A (0.5 wM) were
used to determine basal respiration, mitochondrial ATP production
and maximum respiration.

2.14. Protein extraction and western blot

Total protein was extracted from lung tissues or RAW264.7
cells using RIPA lysis buffers containing protease inhibitors
and phosphatase inhibitors. The concentrations of proteins were
measured using the BCA protein quantification kit (Thermo Fisher
Scientific, Waltham, USA). Equal amount of protein samples was
boiled and loaded in 10% SDS-PAGE for separation and transferred
to PVDF membrane (Meck Millipore, Burlington, USA). The PVDF
membranes were blocked with 5% skim milk at room temperature for
1 hour and then incubated with different primary antibodies at 4°C
overnight. The membranes were incubated with the corresponding
secondary antibodies for 1 h at room temperature. The proteins
were visualized by chemiluminescence using an ECL system (GE
Healthcare, Pittsburgh, USA) and the images were captured using an
imaging system (Tanon, Shanghai, China).

2.15. Real-time polymerase chain reaction
(RT-PCR)

Total RNA was extracted from RAW264.7 cells using Trizol
reagent (Invitrogen, Carlsbad, USA) and cDNA was synthesized
using the QuantiTect reverse transcription kit (QIAGEN, Valencia,
USA) according to the manufacturer’s protocol. The relative mRNA
expression level was determined using the 2-delta delta Ct analysis
method, where GAPDH was used as a home keeper gene. The primer
sequences used in this experiment were listed in Table 1.

2.16. Statistical analysis

The results were expressed as mean =+ standard error of mean
(SEM) from at least three independent experiments and analyzed

TABLE 1 RT-gPCR Primers used in this study.

GLUT1 Forward ACGATCTGAGCTACGGGGT
Reverse GCCCGTCACCTTCTTGCTG
PFKFB3 Forward CAACTCCCCAACCGTGATTGT
Reverse TGAGGTAGCGAGTCAGCTTCT
PKM2 Forward ATTACCAGCGACCCCACAGAA
Reverse ACGGCATCCTTACACAGCACA
CPT1A Forward TATGGTCAAGGTCTTCTCGGGTCG
Reverse AGTGCTGTCATGCGTTGGAAGTCTC
CPT2 Forward TCGGCCCTTAAGTGCTGTCT
Reverse TTTAGGGATAGGCAGCCTGGG
MCAD Forward TGACAAAAGCGGGGAGTACC
Reverse GCACCCCTGTACACCCATAC
GAPDH Forward ACCCTTAAGAGGGATGCTGC
Reverse CCCAATACGGCCAAATCCGT
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by using GraphPad Prism 8.0 software (San Diego, CA, USA).
Student’s t-test was used to compare differences between two groups.
Differences between groups were compared using one-way analysis
of variance (ANOVA) followed by Post hoc Bonferroni’s test. P < 0.05
was considered statistically significant.

3. Results

3.1. CTS ameliorated LPS-induced acute
lung injury in rats

To determine the effects of CTS on pulmonary function of
rats, non-invasive lung function tests were performed in rats.
Penh is an indicator of airway resistance to positively reflect the
constriction degree of internal bronchi. Compared with control
group, a single dose of LPS (5 mg/kg) administration through
intratracheal instillation significantly increased the value of enhanced
pause (Penh) (Figure 1A), shortened the time period of end-
inspiratory pause time (EIP) and relaxation time (RT) (Figures 1B,
C), prolonged end-expiratory pause time (EEP) (Figure 1D), and
finally decreased minute ventilation volume (MV) (Figure 1E). These
results indicated that LPS administration successfully induced acute
lung injury of rats. In contrast, CTS treatment at 15, 30 and 60 mg/kg
effectively improved pulmonary function of rat in a dose-dependent
manner (Figures 1A-E).

Additionally, pathological changes of lung tissue were analyzed
by HE staining. As Figures 1F, G shown, the pulmonary structure was

10.3389/fmed.2022.1075465

destroyed following LPS-stimulation as evidenced by disorganized
pulmonary alveoli structure, obvious perivascular edema, widened
space and significantly thickened alveolar walls accompanied by a
large number of inflammatory cell infiltration, all of which were
effectively relieved by CTS. Furthermore, LPS-induced increase in
lung coefficient and right lung wet to dry weight ratio (Lung W/D
ratio) were also relieved by CTS treatment in a dose dependent
manner (Figures 1H, I). Total protein concentration in BALF
and neutrophil infiltration was used to assess permeability of lung
and the severity of pulmonary edema. Compared with the control
group, LPS significantly induced the total protein concentration
of BALF (Figure 1]). while CTS decreased the level of BALF in
dose-dependent manner. In addition, LPS induced the neutrophil
infiltration as indicated by the increased activity of MPO in lung
tissue (Figure 1K). Moreover, CTS treatment relieved the protein
concentration of BALF and neutrophil infiltration. All these results
revealed that CTS alleviated lung pathology and inflammatory cell
infiltration in a dose-dependent manner.

3.2. CTS inhibited inflammatory response
by regulating macrophage polarization

Macrophages are sentinel cells of the lung innate immune system
and can be differentiated into the proinflammatory (M1) phenotype
or anti-inflammatory (M2) phenotype macrophages according to
different stimulations (26, 27). Excessive activation of M1 phenotype
macrophages or deficiency of M2 phenotype macrophages is the key
factors causing uncontrolled lung inflammation in acute lung injury
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Cryptotanshinone (CTS) ameliorates LPS-induced acute lung injury in rats. LPS was used to induce in vivo ALl and CTS at different concentrations was
administrated to rat. Representative parameters of mice pulmonary function: (A) enhanced pause (Penh), (B) end-inspiratory pause (EIP), (C) relaxation
time (RT), (D) end-expiratory pause (EEP), (E) minute ventilation volume (MV), n = 6. (F) Representative HE staining results of lung histopathological
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FIGURE 2

Cryptotanshinone (CTS) inhibited M1-type polarization and induces M2-type polarization of macrophages in vivo. (A) The levels of IL-18, IL-6, TNF-a, and

IL-10 in BALF were determined using ELISA, n = 6. (B,C) Representative immunofluorescence image of lung tissues. DAPI (bl

(green), and CD206 (green), scales: 25 um, n = 4. (D) The protein levels of

by anti-iNOS antibody and anti-Arg-1 antibody, n = 4. Data were presented as the mean + SEM. #

vs. the Model group

(28). To explore the in vivo effects of CTS on inflammatory response
and macrophage polarization, we measured the levels of different
cytokines in alveolar lavage fluid and the changes of macrophage
polarization subtypes in lung tissue. Our ELISA results showed
that LPS significantly induced the secretion of pro-inflammatory
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ue), CD68 (red), CD86
iNOS and Arg-1, n = 4. (E) Lung sections were \mmunoh\stochem\calty stained
##p < 0.01 vs. the control group; *P < 0.05, **P < 0.01

cytokines (such as IL-1f, IL-6 and TNF-a) and inhibited the
secretion of anti-inflammatory factors (IL-10) in alveolar lavage fluid
(Figure 2A). However, CTS significantly inhibited the secretion of IL-
1B, IL-6 and TNF-a, and increased the IL-10 levels in alveolar lavage
fluid (Figure 2A). Cluster of differentiation 68 (CD68) was used
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as a pan-macrophage marker, cluster of differentiation 86 (CD86)
was used as a specific marker for M1 macrophages, and cluster
of differentiation 206 (CD206) was used as a specific marker for
M2 macrophages (29). Our immunofluorescence results showed that
the number of CD68TCD86" macrophages significantly increased
during LPS-induced acute lung injury rats (Figures 2B, C). Western
blotting and immunohistochemical also showed that the expression
of iINOS was also increased following LPS-stimulation (Figures 2D,
E). All these results indicated that LPS promoted macrophage
differentiated into the proinflammatory type. However, we found
that CTS could significantly promote the trans-differentiation of
MI1 macrophages into M2 macrophages, evidence by decreased
CD68TCD86™ and iNOS level and increased the protein levels of
CD681CD206™ and Argl level.

3.3. CTS inhibited macrophage polarized
to M1 type and induced to M2 type in
RAW264.7 cell line

Our in vivo results suggested that CTS inhibited LPS-induced
inflammatory response of lung tissues by regulating macrophage
polarization. Therefore, we further validated the effects of CTS on
macrophage polarization by using RAW264.7 cell line. Firstly, CCK-8
results showed that CTS treatment with or without LPS did not alter
the cell viability of RAW264.7 cell line (Figure 3A). According to
our previous studies (30), CTS was used at different concentrations
(2.5,5, 10 M) to inhibit inflammation. CTS could dose-dependently
relieved LPS-induced expression of iNOS and CD86 (Figure 3B),
and increased expression of Arg-1 and CD206 (Figure 3C). Our flow
cytometry results furthermore showed that CTS dose-dependently
decreased the proportion of CD86™ M1 macrophages and increased
the proportion of CD206" M2 macrophages (Figures 3D, E).
Collectively, both in vitro and in vivo results consistently showed
that CTS inhibited the polarization of macrophage and relieved
inflammation in vitro.

3.4. CTS ameliorated LPS-induced
metabolism dysfunction of macrophages

Phenotypic transformation of macrophages are closely
related to the metabolism pattern (31). Based on metabolic
characteristics of different macrophages phenotypes, M1 phenotype
macrophages mainly rely on glycolysis, while M2 phenotype
macrophages rely on fatty acid oxidation (FAO) and oxidative
phosphorylation (OXPHOS) (32). Therefore, we further detected the
effects of CTS on macrophage metabolism. Our results showed
that CTS abrogated LPS-induced glucose uptake and lactic
acid production in macrophage in a dose-dependent manner
(Figures 4A, B). Extracellular acidification rate (ECAR) is a
key indicator for measuring glycolysis flux and mitochondrial
oxygen consumption rate (OCR) is the gold standard for
detecting oxidative phosphorylation. Subsequently, we detected
ECAR and OCR respectively in macrophage by using XF-96
extracellular flux analyzer. As shown in Figures 4C, D, LPS
significantly increased glycolysis rate, glycolytic capacity and higher
glycolysis reserve capacity, whereas basal respiration, mitochondrial

related ATP production and maximum respiration rate were
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significantly inhibited in macrophage following LPS stimulation
(Figures 4E, F). Conversely, CTS effectively relieved glycolysis and
improved mitochondrial oxidative phosphorylation of macrophage
(Figures 4C-F). Moreover, we detected the expression of proteins
closely related to glycolysis such as pyruvate kinase M2 (PKM2), and
6-phosphofructo-2kinase/fructose-2,6-biphosphatase 3 (PFKFB3)
and glucose transporter 1 (GLUT1). As shown in Figure 4G,
the expression of PKM2, PFKFB3 and GLUT1 were significantly
increased by LPS, whereas CTS treatment effectively inhibited the
expression of these proteins. These results indicated that CTS might
block LPS-induced metabolic dysfunction in macrophage.

3.5. AMPK was involved in the regulation
of CTS on RAW264.7 macrophage
polarization

As a sensor of intracellular energy metabolism, AMP-activated
protein kinase (AMPK) plays an important role in oxidative
phosphorylation, cell growth and regulation of immune responses
(33). AMPK has been shown to be a metabolic regulator of
macrophage polarization (34), which was inhibited in LPS-induced
M1 type macrophage and meant increased glycolysis as major
metabolism pathway (35). However, activation of AMPK could
switch the metabolism pattern from glycolysis to aerobic oxidation
and promote the transformation of macrophages from M1 to M2
phenotype (36, 37). According to previous studies (38), CTS is an
activator of AMPK pathway. Whether it could relieve LPS induced
inflammation and metabolism dysfunction by activating AMPK
remains unknown. Therefore, we detected the phosphorylation at
serl72 and total protein level of AMPK in macrophage with CTS
and LPS co-treatment. As shown in Figures 5A, B, both the in vivo
and in vitro results showed that the phosphorylation of AMPK
was decreased following LPS stimulation, whereas CTS treatment
significantly augmented AMPK ser127 phosphorylation (Figures 5A,
B). These results indicated that CTS activated AMPK during ALL

Compound C, a specific pharmacological inhibitor for AMPK,
was used to further verify the involvement of AMPK on the
protective of CTS. And then the type of macrophage polarization
was measured. As Figure 5C shown, compound C (5 M) treatment
effectively blocked the phosphorylation of AMPK. Moreover, the
expression of iNOS and CD86 were inhibited and the expression of
Arg-1 and CD206 were augmented by CTS, which were deprived
following compound C stimulation (Figure 5D). Flow cytometry
results also revealed that compound C inhibited CTS induced M2
type macrophage and promoted polarization of macrophages to
M1 type (Figure 5E). These results suggest that AMPK was closely
involved in the regulation of CTS on macrophage polarization.

3.6. CTS regulates RAW264.7 macrophage
metabolism by activating AMPK-HIF-1a

Since changes of macrophage polarization phenotype are closely
related to cell metabolism, we further explored whether AMPK
is involved in the regulation on metabolism of macrophage.
Our results showed that LPS sharply increased rate of glycolysis
and deterioration of mitochondrial oxidative phosphorylation of
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FIGURE 3
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proportion of CD86 positive cells was analyzed by flow cytometry, n = 3. (E) The proportion of CD206 positive cells was analyzed by flow cytometry,

n = 3. Data were presented as the mean + SEM. ##P < 0.01 vs. the control group; *P < 0.05, **P < 0.01 vs. the LPS group.

macrophage, while CTS antagonized these results (Figures 6A-  LPS-induced metabolic switch from OXPHOS to aerobic glycolysis
D). However, inhibition of AMPK partially blocked the effects in macrophages is associated with HIFla activation (42). This
of CTS on macrophage metabolism dysfunction. There is ample  metabolic pattern switch depends on the stabilization of HIF-
evidence that AMPK acts as a negative regulator of the “Warburg”  la and resulting in in the expression of key glycolytic proteins,
effect, by inhibiting HIF-la-mediated glycolysis (39-41). The  such as GLUT1, PKM2, and PFKFB3 (43). Here, our results
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showed that LPS significantly promoted the expression of HIF-1a,
which was ameliorated by CTS treatment (Figure 6E). However,
inhibition of AMPK by compound C blocked the effect of CTS
on HIF-la and the mRNA expression of GLUT1 and PFKFB3
(Figures 6E, F). FAO, an important provider of acetyl CoA that
fuels the TCA cycle and OXPHOS, is significantly increased in

Frontiers in Medicine

M2 macrophages (44). AMPK is a key regulator of FAO, which
promotes the increase of intracellular FAO by increasing the
expression of fatty acid metabolism enzymes, such as carnitine
palmitoyltransferase 1A (CPT1A), carnitine palmitoyltransferase 2
(CPT2) and medium-chain acyl-coA dehydrogenase (MCAD) (45,
46). Therefore, we speculated that CTS enhanced mitochondrial
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expression of p-AMPK/AMPK in LPS-treated macrophage was
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n = 3. Data were presented as the mean + SEM. #P < 0.05, ##P < 0.01
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oxidative phosphorylation through activation of AMPK-mediated
increases in FAO. The effect of CTS on the expression of fatty
acid oxidation genes were determined. Our results showed that
the expressions of CPT1A, CPT2 and MCAD were significantly
inhibited by LPS while promoted by CTS (Figure 6G). However,
Compound C blocked the mRNA expression of CPT1A, CPT-
2 and MCAD. These results suggested that AMPK was involved
in role of CTS on regulation of macrophage polarization and
metabolism reprogramming.
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4. Discussion

ALI is a diffuse inflammatory injury of lung parenchyma
caused by a variety of non-cardiac internal and external lung
pathogenic factors, which is clinically manifested as respiratory
failure, hypoxemia and pulmonary edema with high morbidity and
mortality (47, 48). In addition, ALI has been considered to be an
important factor causing the death of critically ill patients with The
Corona Virus Disease 2019 (COVID-19) that is currently circulating
worldwide (49, 50). A growing body of evidence indicates that the
key pathogenesis of ALI is cytokine storm induced by immune
cell. Too much proinflammatory cytokines caused inflammation of
the lungs and serious destruction of the alveolar capillary barrier,
further resulting in the decrease of lung compliance and a sharp
deterioration in pulmonary function (51, 52). Therefore, inhibiting
excessive inflammatory response in the lung is a key strategy for
the treatment of ALL. However, to date, the treatment strategies for
acute lung injury are limited and no drugs targeting inflammatory
responses during ALI have been approved. ALI patients can only
rely on supportive strategies to save their lives (53). Therefore, it
is urgent to develop new and effective drugs to treat patients with
acute lung injury.

As the main component of the cell wall of gram-negative bacteria,
LPS could activate the in vivo innate immune system and induce
pulmonary inflammatory responses, and was used to simulate ALI
syndrome in vivo (54). In this study, intratracheal infusion of
LPS was used to induce acute lung injury model of rat and the
pulmonary function was rapidly destroyed as indicated by obvious
diffuse alveolar injury, excessive infiltration of inflammatory cells
and pulmonary edema. CTS is one of the main biologically active
ingredient of salvia miltiorrhiza with powerful anti-inflammatory
activity and higher distribution in the lung tissue (15, 55). Given its
anti-inflammatory property and tissue-specific distribution in lung,
CTS may be a potential compound for the treatment of acute lung
injury. According to our previous results, the dosages of CTS used
in this study were 15, 30 and 60 mg/kg/day (19). In this study,
our results firmly showed that CTS restored pulmonary function of
rats in a dose-dependent manner as indicated by the improved lung
compliance and alveolar capillary barrier integrity.

Alveolar macrophages are the most abundant immune cells in the
lung tissue and are crucial for maintaining airway homeostasis (56).
Different phenotypes of macrophage played different roles during
the pathological process of acute lung injury (56). Activation of
pro-inflammatory (M1) phenotype macrophage is a key parameter
of acute pneumonia, which stimulates cytokine storm by releasing
proinflammatory factors such as IL-1B, IL-6 and TNF-a (57).
In contrast, activation of the anti-inflammatory (M2) phenotype
macrophages ameliorates lung tissue injury by releasing anti-
inflammatory mediators Arg-1 and IL-10 to promote inflammation
resolution (58). Therefore, modulation of macrophage polarization is
a potentially effective treatment for acute lung injury (58).

CTS has been shown to be able to convert M1 to M2 phenotype
macrophages to alleviate ulcerative colitis lesions and significantly
inhibit neuroinflammation in ischemic stroke (20, 21). This suggests
that CTS may be an immunomodulator targeting macrophage
polarization to treat inflammatory diseases. Consistently, our
results showed that CTS was able to inhibit the activation of
M1 phenotype macrophage and promote the activation of M2
phenotype macrophage during acute lung injury. Additionally,
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metabolic reprogramming of macrophage plays a key role in the
process of macrophage polarization (31). M1 macrophage showed
reduced oxidative metabolism and increased glycolysis, while M2
macrophage has a complete tricarboxylic acid cycle and utilizes FAO
and OXPHOS for energy supplement (35). The glycolytic inhibitor
2-DG inhibits the activation of M1 type macrophage, whereas
viral knockdown of the fatty acid-related gene CPT1A inhibited
activation of M2 type macrophage (12, 13, 59). This suggests that
blocking or restoring metabolic pathways to modulate macrophage
polarization is feasible. Consistent with previous study, we found that
CTS inhibited LPS-induced glycolysis and promoted mitochondrial
oxidative phosphorylation of macrophage (22, 23). These results
firstly revealed that CTS exerted its protective effects by regulating
macrophage polarization and metabolism reprogramming.

Previous studies suggested that AMPK acted as a key protein
molecule in regulating metabolism reprogramming and polarization
of macrophage by repressing the expression of HIF-la (39,
41). Activation of AMPK could promote transformation of
macrophages from the pro-inflammatory type to the anti-
inflammatory type (36). Consistent with previous reports, the
activation of AMPK was inhibited with LPS stimulation both
in vivo and in vitro (37), which was relieved by CTS in a
dose-dependently manner. Previous studies have shown that
differentiated
into the pro-inflammatory phenotype (60). Furthermore, the

HIF-lo-mediated glycolysis drove macrophage
M2 phenotype polarization of macrophage was dependent
on AMPK-induced increase in FAO (10), including the up-
regulation of FAO related enzymes such as CPT1A, CPT2
and MCAD (45, 61). In this study, compound C, an AMPK
blocked CTS-induced inhibition of HIF-
la and the expression of key glycolysis genes (such as
GLUT1 and PFKFB3), subsequently abrogating CTS-induced
promotion of key FAO enzyme genes (e.g, CPT1A, CPT2,
and MCAD). These findings suggested that the ability of CTS
to induce macrophages
to the activation of AMPK to
HIF-1a-mediated glycolysis.

specific  inhibitor,

polarization was mainly attributed
induce FAO and inhibit

However, the mechanism by which CTS activates AMPK remains
unknown. Liver kinase B1 (LKBI1) is one of the upstream kinases
that regulate AMPK activation and directly phosphorylates Thr172 of
the o subunit of AMPK to activate AMPK. Studies have shown that
LPS reduced AMPK phosphorylation in macrophages and inhibited
LKBI1 activation (62). It has been reported that CTS activates AMPK
signaling pathway by LKB1 (63). Therefore, it was reasonable to
speculate that CTS might promote AMPK phosphorylation through
activation of LKB1, but this needs further experimental verification.

In conclusion, our study suggested that CTS promoted the
transformation of M1-type macrophages into M2-type macrophages
by regulating energy metabolism, thus playing an anti-acute lung
injury role. Furthermore, we have shown that AMPK mediated the
regulation of CTS on macrophage polarization by affecting energy
metabolism patterns of macrophage.
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Post-COVID-19 interstitial lung
disease: Insights from a machine
learning radiographic model
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Introduction: Post-acute sequelae of COVID-19 seem to be an emerging global
crisis. Machine learning radiographic models have great potential for meticulous
evaluation of post-COVID-19 interstitial lung disease (ILD).

Methods: In this multicenter, retrospective study, we included consecutive patients
that had been evaluated 3 months following severe acute respiratory syndrome
coronavirus 2 infection between 01/02/2021 and 12/5/2022. High-resolution
computed tomography was evaluated through Imbio Lung Texture Analysis 2.1.

Results: Two hundred thirty-two (n = 232) patients were analyzed. FVC% predicted
was >80, between 60 and 79 and <60 in 74.2% (n = 172), 21.1% (n = 49), and 4.7%
(n = 11) of the cohort, respectively. DLCO% predicted was >80, between 60 and 79
and <60 in 69.4% (n = 161), 15.5% (n = 36), and 15.1% (n = 35), respectively. Extent
of ground glass opacities was >30% in 4.3% of patients (n = 10), between 5 and 29%
in 48.7% of patients (n = 113) and <5% in 47.0% of patients (n = 109). The extent of
reticulation was >30%, 5-29% and <5% in 1.3% (n = 3), 24.1% (n = 56), and 74.6%
(n = 173) of the cohort, respectively. Patients (n = 13, 5.6%) with fibrotic lung disease
and persistent functional impairment at the 6-month follow-up received antifibrotics
and presented with an absolute change of +10.3 (p = 0.01) and +14.6 (p = 0.01) in
FVC% predicted at 3 and 6 months after the initiation of antifibrotic.

Conclusion: Post-COVID-19-ILD represents an emerging entity. A substantial
minority of patients presents with fibrotic lung disease and might experience
benefit from antifibrotic initiation at the time point that fibrotic-like changes are
“immature.” Machine learning radiographic models could be of major significance
for accurate radiographic evaluation and subsequently for the guidance of
therapeutic approaches.

KEYWORDS
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Introduction

The global impact of the ongoing coronavirus disease 2019
(COVID-19) pandemic has been unparalleled. The disease course is
variable, manifesting from asymptomatic to fatal forms, and long-
term complications could have further devastating effects (1-3).
Emerging evidence indicate that a substantial proportion of infected
individuals may experience prolonged symptoms lasting for more
than 6 months (4-6).

The National Institute for Health and Care Excellence (NICE)
and the Centers for Disease Control and prevention (CDC) define
long COVID as symptoms and sequalae that persist or develop after
the 4-week acute phase of COVID-19 and that cannot be explained
by an alternative diagnosis (7, 8). This term includes ongoing
symptomatic COVID-19, which encompasses manifestations from
4 to 12 weeks post-infection, and post-COVID-19 syndrome,
which refers to symptoms/clinical signs beyond 12 weeks following
infection (8). The pathogenic process of this recently reported
condition has not been elucidated; yet potential contributing
mechanisms include viral toxicity inducing ACE2 downregulation
(due to cellular internalization) thus leading to a pro-fibrotic
microenvironment as well as immune dysregulation with emergence
of autoimmunity phenomena leading to persistent inflammatory
damage (9). Post-COVID clinical manifestations are multisystemic
and the lasting symptom burden may lead to severe functional
limitation and decrement in quality of life (9). Pulmonary sequalae
range in a wide clinical, physiologic, and imaging spectrum and
have been related to the severity of acute illness (9-11). The most
commonly reported pulmonary manifestations are diffusion capacity
decline, restrictive pattern with regards to functional impairment and
ground glass opacities with or without fibrotic lesions in the context
of radiographic signs (12, 13).

Meticulous radiographic evaluation might have a cardinal role
for the guidance of therapeutic approaches in this new entity with
unknown long-term effects. Toward this direction, we performed
patients’ radiographic evaluation through a validated machine
learning software system, denominated Imbio Lung Texture Analysis
(14). Machine learning represents a subgroup of artificial intelligence.
In this setting, computers extract patterns from appropriately
classified input data and accordingly generate labels for new,
unknown data (15). Machine learning and its subset named deep
learning have demonstrated great potential in multiple medical
imaging classification tasks including prediction of mortality in
Idiopathic Pulmonary Fibrosis (16-20).

This multicenter study aimed to present functional and
radiographic features of patients with post-COVID-19-interstitial
lung disease (ILD), in a quantitative, precise and unbiased fashion
using cutting-edge technology, highlighting the importance of
screening patients with long-COVID-19 clinical, and functional and
radiological impairment.

Materials and methods

Trial design and oversight

In this multicenter, investigator-initiated, retrospective,
observational cohort study, we included consecutive patients that had
been evaluated 3 months following severe acute respiratory syndrome

Frontiers in Medicine

10.3389/fmed.2022.1083264

coronavirus 2 (SARS-CoV-2) infection between 01/02/2021 and
12/05/2022. Trial sites were five referral ILD centers in Greece.
Patients with positive polymerase chain reaction test for SARS-
CoV-2, treated both in outpatient and inpatient setting were
included. Patients with less than 18 years of age were excluded
from the analysis.

We recorded PaO,/FiO; during hospitalization, demographics,
comorbidities, as well as forced vital capacity (FVC), forced
expiratory volume in 1 s (FEV1), diffusing capacity of the lung
for carbon monoxide (DLCO) and High-Resolution Computed

TABLE 1 Baseline characteristics of patients enrolled in the study.

Total number of patients 232

Characteristics

Age (median% 95 CI) 61.0 (58.0-63.0)

Male/female 160 (68.9%)/72 (31.1%)

Current/ever/never smokers 30 (12.9%)/84 (36.3%)/118 (50.8%)

Hospitalization for COVID-19 178 (76.7%)

Vaccination against COVID-19 6 (2.6%)

Arterial hypertension 88 (37.9%)

Dyslipidemia 78 (33.6%)

Diabetes mellitus 55 (23.7%)

Thyroid disorders 24 (10.3%)
COPD 15 (6.4%)
Depression/anxiety 15 (6.4%)
Gastroesophageal reflux disease 15 (6.4%)
Asthma 13 (5.6%)
History of myocardial infarction 11 (4.7%)
Pre-existing ILD 8 (3.4%)
Cancer 8 (3.4%)
Atrial fibrillation 7 (3.0%)
Congestive heart failure 6 (2.5%)
Chronic kidney disease 5(2.2%)
OSAS 3 (1.3%)
Pulmonary hypertension 2 (0.8%)

CI, confidence interval; COPD, chronic obstructive pulmonary disease; ILD, interstitial lung
disease; OSAS, obstructive sleep apnea syndrome.

TABLE 2 Functional and radiographic findings 3 months following
hospitalization.

Parameter Value

FVCY% predicted (£5D) 89.3 (+18.8)
FEV1% predicted (+£SD) 90.5 (£19.5)
DLCO% predicted (£SD) 85.8 (+27.3)
Hyperlucent% (£SD) 2.1(40.43)
Reticular% (£SD) 3.7 (£0.55)
Ground glass% (+SD) 8.9 (£1.0)

Honeycombing% (£SD) 0.36 (+0.22)

DLCO, diffusing capacity of lung for carbon monoxide; FEV, forced expiratory volume in 1 s;
FVC, forced vital capacity; SD, standard deviation.
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FIGURE 1

Functional features at the 3-month follow-up. Percentage of patients with reduced FVC% predicted (A), FEV1% predicted (B), and DLCO% predicted (C) is

presented

Tomography (HRCT) findings 3 months following COVID-
19 infection.

High-Resolution Computed Tomography scans were evaluated
through the validated machine learning software, named Imbio Lung
Texture Analysis version 2.1 (14). Imbio Lung Texture Analysis had
the following technical requirements for HRCT analysis: Minimal
movement and acceptable position, slice thickness <2.0 mm,
revolution time <1 s, pixel spacing <2.0 mm, and slice spacing
<2.0 mm. Subsequently, Imbio Lung Texture Analysis version 2.1
provided a report with% of each lobe and % of lung as total that was
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characterized as: Normal, ground glass, reticular, honeycombing or
hyperlucent. A succinct rating scale for % disease extent was applied,
providing 1% step evaluation for disease extent.

The trial was conducted in accordance with the International
Conference on Harmonization E6 guidelines for Good Clinical
Practice, the Declaration of Helsinki and the local regulations.
Management was based on a common algorithm. Radiographic
findings of the patients were initially meticulously evaluated and
split into two groups: (1) Fibrotic-like lesions and (2) inflammatory
abnormalities only. Subsequently, patients were further divided based
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FIGURE 2

Radiographic features at the 3-month follow-up based on Imbio Lung Texture Analysis 2.1. Percentage of patients with% extent ground glass (A) and %
extent reticulation (B) above 30, between 5 and 29, as well as below 5 is presented

on their functional status. Retrospective data collection and analysis
was approved by our institutional review board (protocol number:
16574/29-6-2022).

Outcome measures

Outcome measures included: (1) The frequency of functional
impairment as indicated by decline in FVC% predicted, FEV1%
predicted or DLCO% predicted, (2) the frequency of specific
radiographic findings following Imbio Lung Texture Analysis, and
(3) the effectiveness of antifibrotics as indicated by change in FVC%
predicted, DLCO% predicted at 3, 6, and 12 months following
treatment initiation and changes in HRCT.

Statistical analysis

Continuous data were reported as mean =+ standard deviation
(SD) or medians with 95% Confidence Interval (95% CI)
following Kolmogorov-Smirnov test for normality. Frequency
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tables and graphs were drawn. ANOVA repeated measures was
used to investigate differences in FVC% predicted and DLCO%
predicted at different time points. P-values < 0.05 were considered
statistically significant.

Results

Baseline characteristics

Two hundred thirty-two (n = 232) patients were included in
the analysis. Baseline characteristics are summarized in Table 1.
Median age (95% CI) was 61.0 (58.0-63.0) years. Most patients
were male (n = 160, 68.9%), while the most common comorbid
condition was arterial hypertension (n = 88, 37.9%). Six patients
(2.6%) had been vaccinated against COVID-19 prior hospitalization.
One hundred seventy-eight (n = 178, 76.7%) patients reported history
of hospitalization for COVID-19 and 54 (23.3%) patients were treated
as outpatients. With regards to hospitalized patients, median value
of the worst PaO,/FiO; (95% CI) during hospitalization was 160.0
(130.2-180.0).
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FIGURE 3
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Three-month follow-up

Functional and radiographic features at the 3-month follow-up
are summarized in Table 2. FVC% predicted was >80, between 60
and 79 and <60 in 74.2% (n =172),21.1% (n =49),and 4.7% (n = 11)
of the cohort, respectively (Figure 1A). FEV1% predicted was >80 in
78.5% (n = 182), 60-79 in 16.8% (1 = 39) and <60 in 4.7% (n = 11)
of patients (Figure 1B). DLCO% predicted was >80, between 60 and
79 and <60 in 69.4% (n = 161), 15.5% (n = 36), and 15.1% (n = 35),
respectively (Figure 1C).

Imbio Lung Texture Analysis 2.1 demonstrated extent of ground
glass opacities >30% in 4.3% of patients (n = 10), extent between 5
and 29% in 48.7% of patients (n = 113) and <5% in 47.0% of patients
(n = 109) (Figure 2A). Accordingly, the extent of reticulation was
>30, 5-29, and <5% in 1.3% (n = 3), 24.1% (n = 56), and 74.6%
(n =173) of the cohort, respectively (Figure 2B). Honeycombing was
identified in 14 patients (6.0%). Representative images from Imbio
Lung Texture Analysis 2.1 are presented in Figure 3.

Post-COVID-19 interstitial lung disease

Management of patients with post-COVID-19 interstitial lung
disease was based on a common algorithm as shown in Figure 4A.
Patients with reticulation >5% or honeycombing (n = 71, 30.6%)
were meticulously evaluated at 6-months. Among them, patients with
either of the following: FVC% predicted <70, DLCO% predicted <50
or 6-min walking distance <350 m (n = 16, 6.9%) had been offered
a 6-week course of oral prednisolone with gradual tapering at the
time point of the 3-month follow-up visit. The rest patients were
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meticulously evaluated as shown in Figure 4B and to this end none
of them presented with disease progression.

At the time point of the 6-month follow-up visit, 13 patients
(5.6%) presented with evidence of both “fibrotic-like” abnormalities
and persistently decreased functional indices as shown in Figure 4B.
Of note, none of these patients was vaccinated against COVID-
19 (0/13, 0%). In these patients, antifibrotics were implemented.
Antifibrotics were chosen based on patients’ comorbidities and
preferences following discussion for the potential adverse events
of each compound (pirfenidone: 10, nintedanib: 3). A statistically
significant improvement was observed with regards to ground
glass opacities in the follow-up HRCT 6 months after initiation
of antifibrotics [25.0 (95% CI: 6.7-27.9) vs. 5.0 (95% CI: 0.5-8.8),
p = 0.04]. A trend for improvement of reticular opacities was also
observed [8.0 (95% CI: 2.5-15.0) vs. 2.0 (95% CI: 1.0-8.9), p = 0.13].
Patients presented with an improvement (absolute change) of 10.3
(p =0.01) and 14.6 (p = 0.01) in FVC% predicted at 3 and 6 months
after the initiation of antifibrotic (Figure 5A). An absolute change of
+8.6 (p = 0.0003) and +15.1 (p = 0.002) was observed with regards
to DLCO% predicted (Figure 6A). Subgroup analysis of patients with
1-year follow-up is presented in Figures 5, 6B.

Discussion

This is the first study in Caucasian population aiming
to investigate post-COVID-19-ILD through a machine learning
radiographic model. Our report presented in detail the functional and
radiographic impact of this entity and validated previous evidence
showing that a considerable proportion of patients is experiencing
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Treatment algorithm for patients with post-COVID-19 interstitial lung disease (A). The proportion of patients that belongs to each group is shown in
panel (B). CTPA, computed tomography pulmonary angiogram; GGO, ground glass opacities; G6PD, glucose-6-phosphate dehydrogenase; HBV,
hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; MICO, masterful inactivity with cat-like observation; OCS, oral
corticosteroids; OP, organizing pneumonia; TMP/SMX, trimethoprim-sulfamethoxazole; TST, tuberculin skin test; EMWD: 6 min walking distance.

functional impairment several months following infection. Fibrotic
lung disease was observed in a substantial minority of COVID-19
survivors. These patients might experience benefit from antifibrotic
initiation at the time point that fibrotic-like changes are “immature.”

Our study exhibited a number of important attributes that should
be presented. First, we evaluated disease extent through a machine
learning model. Manual interpretation of radiographic abnormalities
extent is hindered by variability, especially at centers with lack
of expertise (17). Deep learning might be the key to overcome
barriers for fast and massive radiological evaluation in an unbiased
fashion. Deep learning could be deployed all over the world and
provide homogeneous and accurate reporting (21-23). Second, we
demonstrated that a short course of antifibrotics could significantly
improve lung function. Third, based on the fact that the majority
of our cohort was unvaccinated against COVID-19, we provided
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indirect evidence that vaccination against COVID-19 is not only the
best way to contain the pandemic but also the best way to limit
post-acute sequelae of COVID-19.

Percentage of patients with functional and radiographic
impairment is in line from data of other countries (24-32). In
the 3-month follow-up, almost 30% of this cohort presented with
DLCO% predicted below 80. A recent, large study in China showed
in the 6-month follow-up that DLCO% predicted was below 80 in
21% of patients that were not in need of oxygen supplementation and
in 57% of hospitalized patients that presented with WHO ordinal
scale of 5 or 6 (32). Reticulation >5% was observed in almost one
out of four patients in this study. Other studies reported that fibrotic
like changes ranged from 22.5 to 35% in the 6-month follow-up (26,
30). Importantly, we observed fibrotic lung disease and substantial
functional impairment in 5.6% of this cohort. Previous studies
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FIGURE 5

Patients with fibrotic-like changes and persistently decreased functional indices received antifibrotics. ANOVA repeated measures was used to investigate
differences in FVC% predicted at different time points (A). Subgroup analysis of patients with 1-year follow-up is presented in panel (B).

reported significant functional deficit in almost 5% of COVID-19
survivors, while the prevalence of the so called post-COVID-19
interstitial lung damage was estimated between 6.5 and 8.3% (24,
25). Suggested risk factors for post-COVID-19 fibrotic lung disease
have been male gender, increased age, increased body mass index,
duration of hospitalization >17 days, disease severity, extent of
baseline radiographic lesions, intensity of ventilatory support,
persistent viremia and Epstein-Barr reactivation, diabetes mellitus,
and presence of auto-antibodies (32-38).

With regards to treatment of post-COVID-19-ILD, a minority
of our patients received oral corticosteroids. Percentage of treated
patients in this cohort is comparable to a previously published
large study reporting that corticosteroids were suggested initially
in 35/837 COVID-19 survivors and finally prescribed in 3.6%
(n = 30) of patients (24). Importantly, high doses of prednisolone
(40 mg tapered) were not superior to lower doses (10 mg
tapered) in patients with post-COVID-19-ILD (39). In the context
of “fibrotic-like” changes, sequelae consistent with “fibrotic-like”
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parenchymal lung disease has been observed following COVID-
19 infection in a minority of patients and importantly these
changes seem to lack of resolution in a considerable proportion
of cases (40); yet, estimates must be interpreted cautiously due to
substantial heterogeneity, differences in study casemix, and baseline
severity among studies (41). Antifibrotics were prescribed in a
substantial minority of this cohort. Pirfenidone was administered
more often, as a considerable proportion of patients had history
of pulmonary embolism following COVID-19 infection or was
receiving anticoagulants due to chronic heart disease. While high
quality trials aiming to address their role in post-COVID-19
interstitial lung disease are greatly anticipated (42-44), observational
studies have suggested that antifibrotics might confer benefit (45,
46) with regards to radiologic improvement and time to recovery in
patients with sustained and extensive fibrotic changes. The concept
of antifibrotics implementation in a minority of patients at the
time point that fibrotic-like changes are “immature” deserves further
investigation (47). It is a matter of ongoing debate if all abnormalities
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FIGURE 6

Patients with fibrotic-like changes and persistently decreased functional indices received antifibrotics. ANOVA repeated measures was used to investigate
differences in DLCO% predicted at different time points (A). Subgroup analysis of patients with 1-year follow-up is presented in panel (B).

characterized as “fibrotic-like” can reliably indicate irreversible
disease in a post-Acute Respiratory Distress Syndrome setting (48,
49). Eminent fibrotic-like changes and architectural distortion on
HRCT is not necessarily synonymous with irreversible lung scarring,
particularly in the context of a post-infectious syndrome (50).
Similarly, bronchiectatic-like lesions during the acute phase of a
respiratory infection may not necessarily represent irreversible and
permanent enlargement of the airways but may largely resolve
following resolution of the infection. Even if “fibrotic-like” changes
on HRCT represent histologic fibrosis in a subgroup of cases,
remodeling and regression of “immature” fibrosis represents an
anticipated phenomenon following severe acute lung injury (49-51).
In such cases, antifibrotics might be beneficial. Machine learning
models might be helpful for the appropriate classification and
selection of patients likely to benefit from antifibrotics as they may
quantify in an unbiased and accurate fashion the extent and the
type of lesions.

Our trial has some limitations. First, our report has the inherent
weaknesses of a retrospective study. Second, follow-up period of
patients under antifibrotics is relatively short given that post-
COVID-19-ILD is a new entity; yet, even in this short period, our
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study provided evidence that antifibrotics might confer significant
benefit if applied early during the post-COVID-19 syndrome when
fibrotic-like changes appear to be “immature.” Third, a major
limitation is that this cohort has not undergone HRCT prior SARS-
CoV-2 infection to compare pre and post-infection radiographic
abnormalities and identify a subset of patients with pre-existing ILD
patterns. Nonetheless, the percentage of patients with functional and
radiographic impairment is similar to other published reports and
importantly our aim was to highlight the need of early detection
and management of interstitial lung disease. Moreover, based on
current guidelines, HRCT during infection was not performed in all
cases, while PFTs could not be performed at the acute phase due to
safety considerations. Thus, we could not compare radiographic and
functional status between the acute phase and the 3-month follow-up.
Finally, based on the fact we used a common algorithm and treated
similarly all cases of same severity, we could not compare patients
that receive antifibrotics with other patients of same phenotype that
didn’t. Besides, this was not a randomized-controlled trial. This was
a real-life study aiming to present outcomes following management
with a common algorithm and using a highly novel machine learning
radiographic model.

frontiersin.org


https://doi.org/10.3389/fmed.2022.1083264
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Karampitsakos et al.

Collectively, post-COVID-19-ILD represents an emerging entity.
Given that a considerable proportion of infected individuals has
functional impairment several months after infection, screening
3 months following infection is encouraged, especially for severe
cases that have been hospitalized for prolonged periods. On the
other hand, post-COVID-19 HRCT screening may confer several
other benefits, including identification of incidental lung cancer
lesions, considering that the majority of patients screened for
post-COVID-19 present with several risk factors for lung cancer,
such as age, smoking status and comorbidities, and including
chronic respiratory diseases. Current evidence does not support
irrational use of corticosteroids; yet, short-term corticosteroids might
confer benefit to specific patients with organizing pneumonia,
functional impairment and persistent clinical symptoms without
compromising patients immune status. Finally, a minority of
these patients with persistent fibrotic lung lesions and functional
disability, despite steroid treatment, could benefit from antifibrotic
therapy, if applied early on during disease clinical course. Machine
learning radiographic models might have a cardinal role for precise,
unbiased and quantitative radiographic evaluation which may guide
therapeutic decisions.
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Background: Since the beginning of the SARS-CoV-2 pandemic, over 550 million
people have been infected worldwide. Despite these large numbers, the long-term
pulmonary consequences of COVID-19 remain unclear.

Aims: The aim of this single-center observational cohort study was to identify and
characterize pulmonary sequelae of COVID-19 at 12 months from hospitalization and
to reveal possible predictors for the persistence of long-term lung consequences.

Methods: Based on the persistence or absence of radiological changes after
12 months from hospitalization, the whole population was categorized into NOT-
RECOVERED (NOT-REC) and RECOVERED (REC) groups, respectively. Clinical and
pulmonary function data tests and clinical data were also collected and compared
in the two groups. In the NOT-REC group, high resolution computed tomography
(HRCT) images were semiquantitatively scored analyzing ground-glass opacities
(GGO), interstitial thickening (IT), consolidations (CO), linear and curvilinear band
opacities, and bronchiectasis for each lung lobe. Logistic regression analyses served
to detect the factors associated with 12-month radiological consequences.

Results: Out of the 421 patients followed after hospitalization for SARS-CoV-2
pneumonia, 347 met inclusion and exclusion criteria and were enrolled in the study.
The NOT-REC patients (n = 24; 6.9%) were significantly older [67 (62—-76) years vs.
63 (53-71) years; p = 0.02], more frequently current smokers [4 (17%) vs. 12 (4%);
p = 0.02], and with more severe respiratory failure at the time of hospitalization
[PaO,/FiO, at admission: 201 (101-314) vs. 295 (223-343); p = 0.01] compared
to REC group (n = 323; 93.1%). On multivariable analysis, being a current smoker
resulted in an independent predictor for lung sequelae after 12 months from
hospitalization [5.6 OR; 95% Cl (1.41-22.12); p = 0.01].
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Conclusion: After 12 months from hospital admission, a limited number of patients
displayed persistent pulmonary sequelae with minimal extension. Being a current
smoker at the time of SARS-CoV-2 infection is an independent predictive factor to
lung consequences, regardless of the disease severity.

COVID-19, pulmonary fibrosis, 12-month follow-up, CT scan, SARS-CoV-2

Introduction

SARS-CoV-2 has spread quickly around the world since
December 2019, infecting hundreds of millions of people. Despite
our knowledge about this virus constantly growing, the complete
understanding of long-term complications remains unclear (1).
The clinical course of COVID-19 could be highly heterogeneous,
in some cases with severe respiratory complications, necessitating
an intensive care unit hospitalization (ICU) (2). Moreover, a
percentage of patients after the acute phase could develop long-
term complications of the virus, such as chronic fatigue, dyspnea,
brain fog, muscle dizziness, and other neurocognitive conditions,
reducing quality of life and daily activity tasks (3, 4). Previous
SARS and MERS epidemics demonstrated that symptoms and
imaging abnormalities persist over time, hence, it has been suggested
to monitor patients after acute SARS-CoV-2 pneumonia (5). In
2020, the British Thoracic Society (BTS) produced a document
for post-COVID-19 management, distinguishing severe pneumonia
and patients with mild-moderate pneumonia (6). The purpose of
this document was to standardize radiological follow-up and then
mitigate the pressures on respiratory services after the initial COVID-
19 outbreak. Thus, in these last 2 years, more effort was spent to
identify specific clinical and biological attributes before and during
COVID-19 infection that can be predictive of which symptoms
and clinical course patients may develop (7). Other studies tried to
investigate, both in severe and non-severe ill patients, the prevalence
and the risk factor of pulmonary fibrosis after COVID-19 infection.
Several authors reported a percentage of 19% at 4 months (8), while
others reported a higher prevalence at 7 and 12-month follow-ups
(9-11). However, few data have been published concerning a longer
observational period. Thus, the aim of this study was to identify and
characterize, among patients hospitalized for SARS-CoV-2 infection,
those exhibiting persistent pulmonary sequelae at 12 months of
follow-up, and then to investigate which clinical characteristics could
predispose to these radiological findings.

Materials and methods

Study population and design

In this single-center observational cohort study, 421 patients
were consecutively evaluated at the post-COVID-19 clinic of our
hospital after discharge. Eligible patients were previously admitted
to the Division of Infectious and Tropical Diseases of the University
Hospital of Padova from the end of February 2020 until the end of
April 2021. Inclusion criteria were: (i) age > 18 years at the moment
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of hospital admission and (ii) diagnosis of SARS-CoV-2 infection by
positive real-time polymerase chain reaction (RT-PCR) on the nasal-
pharyngeal swab or on bronchoalveolar lavage (BAL). Exclusion
criteria were: (i) pregnancy or breastfeeding status, (ii) having only
one or more chest-X-ray (CXR) as a unique radiological investigation,
(iii) missing on follow-up visit, or (iv) absence of computed
tomography (CT) scan imaging at 12 months. For studying purposes,
we completed the recruiting process in April 2021 which allowed
the collection of all the data until April 2022, for a global period of
1-year follow-up. During hospitalization, positivity to SARS-CoV-
2 was confirmed by a nasal or oropharyngeal swab RT-PCR (12).
High-resolution CT (HRCT) was used to evaluate the persistence
and characteristics of radiological changes during follow-up visits.
Based on the CT changes at 12 months, the whole population
was then categorized into two groups: the NOT-RECOVERED
group (NOT-REC) when CT still showed lung abnormalities and
the RECOVERED group (REC) when CT demonstrated normal
lung parenchyma along the follow-up. Symptoms, maximal FiO,
(FiO; max.), gas exchange values (PaO;/FiO;), days of hospital stay,
and treatment during hospitalization were collected. Comorbidities
were categorized as cardiovascular diseases (CVDs), respiratory
diseases, metabolic diseases (including diabetes mellitus, obesity,
and dyslipidemia), autoimmune diseases, and oncologic diseases
(including lung, prostate, pancreatic, breast, and colon cancer). Based
on the level of care, we distinguished those requiring low-intensity
medical care (LIMC) and high-IMC (HIMC), as previously described
(7). Pulmonary function tests were collected during follow-up visits,
indeed the study was planned for two follow-up visits at 6 and
12 months from hospital discharge. Results from 6 months follow-
up, as well as inclusion and exclusion criteria and study procedures,
are summarized in the manuscript by Cocconcelli et al. (13). The
study protocol acts by the ethical guidelines of the 1975 Declaration
of Helsinki and was reviewed and approved by the Ethics Committee
of the University Hospital of Padova (nr.: 46430/03.08.2020).

Radiological evaluation

All the CTs were performed by a 64-slice Siemens Somatom
Sensation (Siemens Healthcare, Erlangen, Germany), with a slice
<0.05. Radiological evaluation (REC vs. NOT-REC) was made by two
expert radiologists (CG, GF), who were blinded to clinical data and
with experience in the evaluation and quantitation of interstitial lung
diseases (ILDs) features. After independent evaluation, disagreement
between radiologists was resolved by consensus. All the CT
images were scored through a composite semi-quantitative scale,
as previously described (13). In particular, the extent of ground-
glass opacities (GGO), interstitial thickening (IT), and consolidations
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(CO) was assessed for each lobe using a scale from 0 to 100 and
the result was expressed as the mean value of the five lobes for
each radiologic feature. The presence or absence of bronchiectasis
and curvilinear or linear band opacities for each of the five lung
lobes were also evaluated. The level of interobserver agreement
was obtained for each patient and expressed as Cohen’s k value.
For dichotomic parameters (bronchiectasis and band opacities), the
patient was considered affected by these abnormalities whenever at
least one single lobe was involved.

Statistical analysis

Continuous variables were described as median and interquartile
range (IQR; 25-75), while categorical variables were shown as
absolute (1) and relative values (%). We used the chi-square test
and Fisher’s exact test for categorical variables, while the Mann-
Whitney U tests were used for continuous variables. Univariable and
multivariable logistic regression analyses were performed to detect
the factors associated with radiological consequences (NOT-REC) at
12 months. SPSS Software version 25.0 (IBM Corp., New York, NY,
USA) was used for all data analysis. We considered a statistically
significant p-value < 0.05.

Results

Baseline characteristics of the entire study
population

A total of 421 patients started the follow-up evaluation at
our post-COVID-19 clinic and were initially considered the study
population. At the end of the study at 12 months, 347 patients

10.3389/fmed.2023.1084002

met inclusion and exclusion criteria and were enrolled in the study
(Figure 1). Analysis of the cohort that completed the 12-month
period showed that patients were predominantly men (62%) with a
median age of 63 years old (53-72 years) and a body mass index
(BMI) of 27 (24-30 kg/m?), as reported in Table 1. Current smokers
were 5%, while non-smokers and former smokers were 63 and
33%, respectively. Patients were predominantly affected by CVDs
(50%) and by metabolic diseases (45%). Almost the entire population
manifested fever during hospitalization (n = 331; 99%), while cough
and dyspnea were present in almost half of the patients (54 and
47%; respectively). Regarding treatment during hospitalization, the
most administered therapies were heparins (81%) and corticosteroids
(69%). After discharge, corticosteroids were prescribed in 56% of
patients, as reported in the Supplementary Table 1.

Baseline characteristics and lung function
according to radiological sequelae CT
findings at 12 months

At the end of the 1-year follow-up, 24 out of 347 patients
(6.9%) presented radiological sequelae at 12 months (NOT-REC).
Clinical and demographic characteristics of patients divided into REC
(n =323) and NOT-REC groups (n = 24) are summarized in Table 1.
NOT-REC were significantly older [67 (62-76) years vs. 63 (53—
71) years; p = 0.02] and more frequently current smokers [4 (17%)
vs. 12 (4%); p = 0.02]. Regarding hospital stay and disease severity,
the NOT-REC group displayed significantly worsen parameters
compared with the REC group: the median of the maximum FiO,
reached during the hospitalization was higher [75% (32-100) vs. 36%
(24-66); p = 0.01], the median duration of hospitalization was longer
[17 (10-41) days vs. 10 (6-16) days; p = 0.001], and the median of
the PaO,/FiO; ratio at admission was lower [201 (101-314) vs. 295

Assessed for elegibility
(n=421)

v
Enrolled patients (n=347)

Recovered at CT scan within 12

months (n= 323)

CXR= chest-X-ray, CT= Computed Tomography.

FIGURE 1

NOT-Recovered at CT scan within

12 months (n= 24)

Enrollment flow-chart of patients discharged from hospital and included in the study cohort.

* Only CXRs available(n=38)
SCUCEENUSZEOMN  «  Lost at follow-up (n=29)

* Discharged by follow-up (n=7)
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TABLE 1 Baseline demographics and clinical characteristics of the overall population evaluated at post-COVID clinic, and of the two subgroups categorized
according to the presence or absence of radiological recovery at 12 months.

Available data |Overall population| REC (n = 323) NOT-REC (n = 24)
(n = 347)

Demographic data
Male-n (%) 347 217 (62) 200 (62) 17 (71) 0.51
Age at admission-years 347 63 (53-72) 63 (53-71) 67 (62-76) 0.02
BMI-kg/m? 247 27 (24-30) 27 (25-30) 26 (24-30) 0.23
Smoking history
Pack years 334 0 (0-5) 0 (0-5) 3.1(0-21) 0.06
Current-n (%) 344 16 (5) 12 (4) 4(17) 0.02
Non-smoker-n (%) 344 216 (63) 205 (64) 11 (46) 0.08
Former-n (%) 344 114 (33) 105 (33) 9(37) 0.66
Comorbidities
Cardiovascular diseases—# (%) 347 174 (50) 161 (50) 13 (54) 0.83
Respiratory diseases—n (%) 347 50 (14) 44 (14) 6 (25) 0.13
Autoimmune diseases—n (%) 347 52 (15) 45 (14) 7 (29) 0.07
Metabolic diseases—n (%) 347 158 (45) 147 (45) 11 (46) 0.99
Oncologic diseases-n (%) 347 57 (16) 52 (16) 6(21) 0.57
Hospitalization characteristics
FiO;, max during hospitalization 337 36 (27-70) 36 (24-66) 75 (32-100) 0.01
Hospitalization—days 347 10 (6-17) 10 (6-16) 17 (10-41) 0.001
High degree of care-n (%) 347 69 (20) 57 (18) 12 (50) 0.0006
Pa0,/FiO; at admission 205 295 (218-342) 295 (223-343) 201 (101-314) 0.01
Symptoms during hospitalization
Fever-n (%) 335 331 (99) 289 (92) 22 (100) 0.39
Asthenia-n (%) 335 119 (35) 112 (36) 7(32) 0.70
Dyspnea-n (%) 335 158 (47) 140 (45) 18 (75) 0.0008
Anosmia/Ageusia-n (%) 335 104 (31) 96 (31) 8 (33) 0.58
Muscular alterations-n (%) 335 61 (18) 55(18) 6 (25) 0.25
Headache-n (%) 335 36 (11) 35(11) 1(4.2) 0.33
Gastrointestinal-# (%) 335 74 (22) 69 (22) 5(21) 0.94
Cough-n (%) 335 182 (54) 168 (54) 14 (58) 0.36

Values are expressed as numbers and (%) or median and interquartile range (IQR), as appropriate. BMI: body mass index. To compare demographics between recovered (REC) and not-recovered
(NOT-REC), the chi-square test and Fisher’s t-test (n < 5) for categorical variables and Mann-Whitney ¢-test for continuous variables were used.

(223-343); p = 0.01]. Among all treatments, in the NOT-REC group,
other antibiotics (62% vs. 31%; p = 0.003) and corticosteroids (87%
vs. 67%; p = 0.04) were more frequently used during the hospital
stay, compared with the REC group (Supplementary Table 1). For all
the other drugs, including the administration of corticosteroids after
discharge, we did not find any between-group difference (p = 0.20).
Regarding radiological sequelae, in NOT-REC patients (n = 24),
the most frequent alteration was IT, which was observed in 21
patients (88%) and with a median extension of 4%. GGO was found
in 19 patients (79%) with a median extension of 3.5%, while CO
were present in only 2 patients (8%) with an extension of <1%
(Figures 2A-C). The linear and curvilinear band opacities were
reported in 16 patients (66%) and bronchiectasis in 7 patients (29%),
as reported in Table 2. Analyzing pulmonary function tests in the
whole population, we observed normal lung volume at first follow-
up [Forced Vital Capacity (FVC% pred.): 92% (81-104) and Forced
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Expiratory Volume in the first second (FEV1% pred.): 95% (84—
137)]. Moreover, patients from the NOT-REC group showed similar
parameters to patients from the REC group, as reported in Table 3.

Predictors of post-COVID-19 pulmonary
sequelae

At the univariable analysis, age > 63 years [2.8 OR; 95%
CI (1.09-7.33); p = 0.03] and being a current smoker [5.2 OR;
95% CI (1.53-17.53); p = 0.008] were identified as risk factors
for having persistent radiological sequelae at 12 months follow-up
after COVID-19 pneumonia. Among hospital stay characteristics, an
hospitalization time > 10 days [OR 2.9; 95% CI (1.14-7.61), p = 0.03],
the high degree of care [4.7 OR; 95% CI (1.99-10.92); p = 0.0001];
FiO; max. > 36% [2.6 OR; 95% CI (1.01-6.78); p = 0.047] and
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FIGURE 2

IT; 0% CO; 1 bronchiectasis; 1 of linear and curvilinear band opacities).

(A—C) An 84 years-old male patient followed in our post-COVID-19 clinic. (A) Computed tomography (CT) scan at 1 month from hospital admission:
diffuse ground-glass opacities (GGO), also with consolidations (CO) in particular in the apical subpleural region and right basal; (B) CT at 6 months from
hospital admission: ameliorated, GGO persist in the lung bases and the medium lobe; still showing interstitial thickening (IT) with bronchiectasis; (C) CT
scan at 12 months from hospital admission: sclerosis of the apical subclavian regions, atelectatic thickening in the right upper lobe, diffuse
bronchiectasis, and dystelectasis (evaluated through the semi-quantitative grading as follows: 0% of mean GGO extension of the five lobes; 21% of mean

other antibiotics [3.6 OR; 95% CI (1.54-8.61); p = 0.003], resulted
as dependent risk factors for having post-COVID-19 pulmonary
changes (Table 4). On the multivariable analysis, adjusted for the
previous risk factor, we found that smoking history, particularly being
a current smoker, was an independent predictor for lung sequelae
after 12 months from COVID-19 pneumonia and hospitalization [5.6
OR; 95% CI (1.41-22.12), p = 0.01].

TABLE 2 Chest high resolution computed tomography (HRCT) scan
characteristics of the not-recovered (NOT-REC) group (n = 24)
at 12-month.

Ground-glass opacities (GGO)

GGO [1 (%)] 19 (79%)
Extent of GGO 3.5%
Interstitial thickening (IT)

IT [n (%)] 21 (88%)
Extent of IT 4%
Consolidations (CO)

CO [n (%)] 2 (8%)
Extent of CO <1%
Bronchiectasis

Bronchiectasis (1 (%)] ‘ 7 (29%)
Curvilinear and liner band opacities

Curvilinear and liner band opacities [# (%)] ‘ 16 (66%)

Values are expressed as numbers and (%).
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Discussion

To the best of our knowledge, limited studies have explored
the predictive factors of pulmonary sequelae in consecutive patients
affected by COVID-19 and with such a long follow-up. In this
study, 347 patients were evaluated and we found that 24 (6.9%)
subjects still presented radiological changes on CT scans after a 1-
year follow-up (NOT-REC group). In line with a previous study (8),
these patients were older than those who REC (67 years vs. 63 years;
p = 0.02), moreover adults older than 63 years showed nearly three
times the risk of developing abnormalities on CT scan at 12 months,
as shown by univariable analysis. Furthermore, NOT-REC patients
had a worse clinical course, compared to patients who REC, during
the hospital stay. In fact, the median maximum FiO, required was

TABLE 3 Pulmonary function tests of patients at first follow-up visit
according to presence or absence of radiological recovery at 12 months
(n = 347).

Overall REC NOT-REC
population | (n =323) | (n=24)
(n = 347)
FVCabs-liters 33(28-40) | 33(28-40) | 3.2(2.4-46) 0.38
FVC pred-% 92 (81-104) 92(81-104) | 97 (70-103) 0.79
FEVlabs-liters | 28(2.3-33) | 28(23-33) | 26(2.0-35) 0.37
FEV1 pred-% 95 (84-137) 95(84-137) | 99 (55-121) 0.74

FVC: forced vital capacity, FEV1: flow expiratory volume at first second. Values are expressed
as median and interquartile range (IQR). To compare the pulmonary function test between
recovered (REC) and NOT-REC, the Mann-Whitney test for continuous variables was used.
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two-fold higher and the PaO,/FiO, ratio was lower in NOT-REC
patients. Even if a strong correlation resulted between the severity
of the acute illness and the persistence of lung changes, none of the
indicators received further confirmation as independent predictors in
multivariable analysis. This is in line with previous studies, indeed,
it has been reported that patients who presented a more severe
acute COVID-19 pneumonia, as indicated by ventilatory support,
gas exchange index, and duration of hospital stay, are the same who
present radiologic involvement during follow-up visits (at 4, 6, or
12 months) (8-11, 13-15). As confirmed by recent evidence, dyspnea
was more frequent at hospital admission in the NOT-REC group,
this is a further signal of worse clinical presentation during the acute
illness (14). Similar results were recently displayed by Faverio et al.
(16) who observed a cohort of 287 patients at 12-month follow-up
from hospitalization. The authors showed that fibrotic sequelae at
HRCT scans were found in a strict minority of patients (3, 1% of
the study cohort), while the so-called “mild non-fibrotic radiological

10.3389/fmed.2023.1084002

abnormalities” were observed in the majority of cases (66% of the
entire cohort) with interstitial lung involvement, particularly GGO
and reticular abnormalities, as subpleural curvilinear lines, as the
main radiologic pattern (16). Besides, as in our cohort, the anatomical
extension of these abnormalities was limited, with a mean lobar
involvement that ranges between 13 and 17% of each entire single
lobe (16). This report, together with our findings, is in contrast
with Tarraso et al. (17) who reported in a multicenter prospective
study a higher percentage of patients (23%) with fibrotic-like sequelae
after 1 year of follow-up. However, it should be mentioned that the
authors did not score the extension of lung lesions on CT, thus
limiting the comparison with our assessment (17). When analyzing
the main radiological characteristics presented in the NOT-REC
group, our findings are in line with Huang et al. (18) that found,
at 6 months, a more severe involvement in those patients who
required a higher degree of care, with the GGO as the most frequent
radiological feature, followed by the irregular lines. Overall, in our

TABLE 4 Risk factors associated with the persistence of pulmonary sequela in the overall population (n = 347).

Univariable analysis

OR (95% Cl)

Multivariable analysis
OR (95% CI)

Demographics

Age > 63 years 2.8 (1.09-7.33) 0.03 2.6 (0.96-7.18) 0.06
BMI > 27 kg/m2 0.4 (0.15-1.07) 0.07

Smoking history

Current smoker-yes 5.2 (1.53-17.53) 0.008 5.6 (1.41-22.12) 0.01
No-smoker-yes 2.0 (0.86-4.58) 0.11

Comorbidities

Cardiovascular disease-yes 1.2 (0.52-2.73) 0.68

Respiratory disease—yes 2.1(0.79-5.61) 0.13

Autoimmune disease-yes 2.5(0.99-6.48) 0.051

Metabolic disease—yes 1.0 (0.44-2.33) 0.98

Oncologic disease-yes 1.4 (0.49-3.84) 0.55

Hospitalization characteristics

Hospitalization time > 10 days 2.9(1.14-7.61) 0.03 1.0 (0.25-3.29) 0.89
High degree of care-yes 4.7 (1.99-10.92) 0.0001 2.6 (0.83-8.35) 0.10
FiO; max. > 36% 2.6 (1.01-6.78) 0.047 1.1 (0.31-3.86) 0.89
Pa0,/FiO, > 295 0.4 (0.14-1.25) 0.12

Treatment during hospitalization

Hydroxychloroquine/chloroquine-yes 1.4 (0.61-3.24) 0.42

Azithromycin-yes 0.7 (0.33-1.75) 0.52

Ceftriaxone-yes 1.1 (0.44-2.38) 0.95

Other antibiotics-yes 3.6 (1.54-8.61) 0.003 2.4 (0.84-3.28) 0.10
Lopinavir/ritonavir-yes 1.9 (0.74-4.73) 0.18

Remdesivir-yes 1.4 (0.58-3.24) 0.47

Other antiviral-yes 2.7 (0.31-24.6) 0.36

Tocilizumab-yes 2.9(0.78-10.9) 0.11

Corticosteroids-yes 3.4 (0.98-11.6) 0.052

Heparins-yes 0.88 (0.32-2.46) 0.81

Corticosteroids during follow-up-yes 1.8 (0.74-4.59) 0.19

BMI: body mass index.
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study, the lung involvement at 12 months was minimal since the
median involvement reached 4% for IT and 3.5% for GGO (with
the maximum lung involvement of 21 and 22% in one patient,
regarding IT and GGO, respectively). Indeed, it remains to be
elucidated if the fibrotic lesions are strictly caused by the infection
or if the contribution of mechanical ventilation to lung injury
should be considered. Interestingly enough, both the univariable and
multivariable analyses confirmed that being an active smoker, at
the time of infection, represents an independent predictor for long-
term pulmonary sequelae with a five times greater risk regardless of
the severity of COVID-19 pneumonia. As very recently summarized
by Benowitz et al. (19) smokers resulted in a greater risk of
developing severe disease following SARS-CoV-2 infection than non-
smokers and the main mechanisms underlying this association might
include up-regulation of angiotensin-converting enzyme-2 receptors,
immune suppression, oxidative stress, inflammation, and vascular
injury. As the pandemic has evolved, important research questions
have emerged particularly regarding the so-called post-COVID-19 or
long COVID and how these long-term sequelae might be affected by
tobacco product use. Within this topic, our finding seems to point
out, for the first time, the potential association between cigarette
exposure and the persistence of fibrotic-like changes in the lung,
following SARS-CoV-2 infection. Interestingly, as previously shown
in patients with Idiopathic Pulmonary Fibrosis, cigarette smoking
exposure has been shown to impair adaptive humoral and cellular
responses, and exaggerate proinflammatory and innate immune
responses limiting the physiological tissue damage/repair responses
after viral infection (20, 21). Moreover, recently, using a murine
model in which animals were exposed to cigarette smoking and
subsequently infected with HIN1 influenza virus, the authors have
found an exaggerated fibroblastic response with the proliferation of
lung fibroblasts providing new insights into the role of smoking in the
dysregulation of healing and fibroblastic processes after a respiratory
viral infection (22). Thus, we can speculate that active smokers,
infected with SARS-CoV-2, could have an increased likelihood of
developing a lung fibroblastic response and unsuccessful lung repair.
When considering hospital treatment strategy we found that the
category of antibiotics resulted in a risk factor for the persistence of
lung damage long term even though at univariate analysis and we can
speculate that the NOT-REC group included severe patients which
needed a wider approach to managing acute COVID-19 pneumonia.
For the same reason, during hospitalization, the NOT-REC group
received, more frequently than the REC-group, corticosteroids which
may characterize the management of critically ill patients during
the acute phase. On the other hand, the use of corticosteroids
after hospitalization, in our cohort, is not a confounder since
the percentage of administration in the two groups was similar.
Furthermore, lung function tests were normal, in particular lung
volume. Our findings seem in contrast with Jutants (8) study,
where they found significant differences in the group with fibrotic
lesions both for lung volume and diffusing capacity of the lungs
for carbon monoxide compared to those without fibrotic lesions.
However, Steinbeis demonstrated that, at 12 months, the degree
of pulmonary function impairment still correlates with severity
during the acute phase, but it improves over time (23). We cannot
ignore some limitations of our study. First, the total lung capacity
(TLC) and diffusion of lung carbon monoxide (DLCO) were not
routinely assessed. DLCO permits the early detection of interstitial
lung involvement, however, is not considered a reliable parameter
for monitoring patients with pulmonary fibrosis. Indeed DLCO
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scores were not used as the primary endpoint in clinical studies of
new medications for idiopathic pulmonary fibrosis (IPF) (24-26).
Moreover, many studies have reported a reduction in DLCO at 3 or
6 months after SARS-CoV-2 infection (14, 20). Besides, at 12 months,
Wu et al. (27) showed how it reverted to normality, so the long-term
trend is not still clear and needs further clarification. Lastly, this is
not a multicenter study, and it is based on data collected in a single
hospital, however, the study cohort we were able to prospectively
follow is a very large population and truly reflects all in-hospital
disease severity.

Conclusion

After 12 months from hospitalization for COVID-19 pneumonia,
fibrotic-like changes on CT are observed in a small percentage of the
study population. These radiological sequelae are minimal and do not
affect lung function. Finally, being a current smoker, at the time of
infection, is an independent predictor of persistent lung changes after
1 year. Further studies are needed to validate these findings.
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Background: Variable clinical courses make it challenging to predict mortality
resulting from fibrotic hypersensitivity pneumonitis (HP). This study evaluated
the usefulness of radiologic parameters for predicting mortality in patients with
fibrotic HP.

Methods: Clinical data and high-resolution computed tomography (HRCT)
images, which were scored for reticulation, honeycombing, ground glass opacity
(GGO), consolidation, and mosaic attenuation (MA) by visual assessment, were
retrospectively analyzed in a total of 101 patients with fibrotic HP (all biopsy-proven
cases). Fibrosis score was defined as the sum of reticulation and honeycombing
scores.

Results: The mean age of the 101 patients was 58.9years, and 60.4% were
females. During the follow-up (median: 55.5months; interquartile range: 37.7-
89.0months), the 1-, 3-and 5-year mortality rates were 3.9, 16.8, and 32.7%,
respectively. The non-survivors were older and had significantly lower lung
function and minimum oxygen saturation during the 6-min walk test than the
survivors. The non-survivors had higher scores of reticulation, honeycombing,
GGO, fibrosis, and MA on HRCT than survivors. In the multivariable Cox analysis,
reticulation, GGO, and fibrosis scores were independent prognostic factors for
mortality in patients with fibrotic HP, as well as age. Fibrosis score showed great
performance for predicting the 5-year mortality (AUC=0.752, p<0.001) and higher
mortality was recorded for patients with high fibrosis score (>12.0%) (the mean
survival time: 58.3 vs. 146.7months, p<0.01) than those without.

Conclusion: Our results suggest that radiologic fibrosis score may be a useful
predictor of mortality in patients with fibrotic HP.

hypersensitivity pneumonitis, mortality, prognosis, fibrosis, high-resolution computed
tomography

Introduction

Hypersensitivity pneumonitis (HP) is a diffuse interstitial lung disease (ILD) caused by an
immune response to inhaled antigens in susceptible individuals (1, 2). Historically, HP was
categorized into subtypes as acute, subacute, or chronic based on the disease duration. In
general, acute HP has favorable outcome by avoiding exposure to the suspected antigen.
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However, in the case of subacute or chronic HP, it has been challenging
for clinicians to predict the prognosis due to variable disease courses.

Previous studies have shown that several factors are associated
with prognosis in chronic HP (3-6). For example, smoking history,
unknown inciting antigens, decline in forced vital capacity (FVC) and
fibrotic nonspecific interstitial pneumonia pattern or usual interstitial
pneumonia (UIP) pattern on histologic examination, have been
identified as significant predictors of poor prognosis in patients with
chronic HP (5, 7-11). Furthermore, HP patients with radiological
fibrosis were reported to have worse survival outcomes than those
without (4, 12, 13); Chung et al. showed that of 132 patients with
chronic HP, those with reticulation or honeycombing on high-
resolution computed tomography (HRCT) had significantly worse
survival than those without (p=0.016 or 0.007 in log-rank test,
respectively) (4). Hanak et al. also reported that in 69 patients with
chronic HP, subjects with fibrosis on HRCT had a higher mortality
rate than those without (42% vs. 2%, p <0.001) (14). As such, it has
become important to determine the presence of fibrosis in predicting
prognosis for patients with HP. Given these points, recent guidelines
for diagnosing HP suggest that to better reflect clinical manifestation
and courses, HP can be classified as fibrotic or non-fibrotic depending
on the radiologic or histopathologic evidence of pulmonary fibrosis
(1, 15). However, in patients with fibrotic HP, the prognosis is difficult
to predict due to diverse courses, and the role of radiological
parameters are not well defined. Therefore, in this study, the role of
radiological parameters in predicting mortality was investigated
through the quantification of several radiological findings identified
in fibrotic HP.

Methods
Study population

From January 2002 to December 2017, 106 patients suspected of
fibrotic HP were identified at Asan Medical Center, Seoul, Republic of
Korea. Among them, patients with lack of histopathological
confirmation (n=>5) were excluded, and 101 patients diagnosed with
fibrotic HP by histopathologic findings obtained via surgical (n=99)
or transbronchial lung biopsy (n=2) were included in this study. All
diagnoses were made through multidisciplinary discussion. All
patients were included in previous studies (12, 16, 17). The diagnosis
of HP was reconfirmed by multidisciplinary discussion based on the
criteria of the American Thoracic Society (ATS), Japanese Respiratory
Society (JRS), and Latin American Thoracic Association (ALAT) (1).
This study was approved by the Institutional Review Board of Asan
Medical Center (2017-1081), and the requirement for informed
consent was waived due to the study’s retrospective nature.

Clinical data

Clinical and survival data from all patients were retrospectively
collected using medical records and/or the records from the
National Health Insurance of Korea. A detailed history of exposure
to various environmental factors known to induce HP was obtained
from all participants at the time of initial diagnosis via
questionnaires. FVC by spirometry, total lung capacity (TLC) by
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plethysmography and diffusing capacity of the lung for carbon
monoxide (DLco) were measured according to the ATS/ERS
recommendations (18-23). The results were expressed as a
percentage of predicted values. The 6-min walk test (6MWT) was
performed following the guidelines (24). The ILD-GAP index was
calculated based on the type of ILD and clinical variables (gender,
age, FVC, and DLco), as suggested previously (25). The time of
diagnosis was defined as the date on which the lung biopsy was
performed. Baseline clinical data including lung function and
6MWT were obtained at the time of diagnosis.

HRCT images

All HRCT scans were performed at the time of diagnosis. As
described in our previous study (17), HRCT images were assessed by
two dedicated thoracic radiologists (4 and 17 years of experience,
respectively), blinded to the patient’s clinical information, and semi-
quantitatively scored for reticulation, honeycombing, ground glass
opacity (GGO), consolidation, and mosaic attenuation (MA) in six
lung zones to the nearest 10™ percentile. Fibrosis score was defined as
the sum of reticulation and honeycombing scores (26). Level of inter-
reader agreement of the HRCT images was evaluated using Cohen’s
kappa. Inter-reader agreement in assessing HRCT patterns showed
moderate strength of agreement (k=0.761; 95% confidence interval
[CI], 0.634-0.888) (27). Discrepancies were resolved by a consensus.

HRCT findings were classified as a UIP-like pattern or not; a
UIP-like pattern was defined as an HRCT pattern compatible with a
UIP or probable UIP pattern according to 2018 Fleischner Society IPF
diagnostic guidelines, and some modifications were made to apply to
HP (28, 29). Briefly, a UIP-like pattern was defined as reticulation with
traction bronchiectasis with/without honeycombing in the absence of
features to suggest an alternative diagnosis such as peribronchovascular
predominance with subpleural sparing, predominant consolidation,
extensive pure GGO or diffuse nodules/cysts; however, presence of
MA and distribution of fibrosis were not included in the features of an
alternative diagnosis.

Statistical analysis

All values are expressed as mean +standard deviation for
continuous variables or numbers with percentages for categorical
variables. Continuous variables were compared using the Student
t-test, and categorical variables were compared using the Chi-square
test. Correlation analyses were performed using Pearson’s
correlation coefficients to evaluate the relationship between CT
scores and lung function or exercise capacity. We performed Cox
proportional hazards analysis to identify risk factors for mortality
in patients with HP, and variables with a p-value of <0.1 in the
unadjusted analysis were included in the multivariable analysis with
backward stepwise elimination. The follow-up time was calculated
from the date of the initial HRCT to the date of death or time of
censoring (date of vital status ascertainment: 04 February 2020).
The Kaplan-Meier survival analysis and log-rank test were used for
survival analysis. To compare the performance of each variable for
predicting mortality, receiver operating characteristic (ROC) curve
analysis for 5-year mortality was performed, and the optimal cut-off
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value was estimated by the Youden index method (30). The
predicting performance of various combined models was compared
by concordance statistics (C-statistics) proposed by Kang et al. (31).
Statistical significance was defined as a p-value <0.05. All statistical
analyses were performed using the SPSS software (version 21.0;
IBM Corporation, Somers, NY, United States), MedCalc Statistical
Software (version 12.7.5; MedCalc Software bvba, Ostend,
Belgium), or R software (version 4.1.0, The R Foundation for
Statistical Computing, Vienna, Austria; URL http://www.R-
project.org/).

Results
Baseline characteristics

The mean age of all patients was 58.9 years, 60.4% were females,
and 85.1% had a history of exposure to suspected inhalational antigens
(Table 1). During the follow-up (median: 55.5months, IQR: 37.0-
89.0 months), 20 (19.8%) patients experienced acute exacerbation and
42 patients (41.6%) died. The 1-, 3-and 5-year mortality rates were 3.9,
16.8, and 32.7%, respectively. Among them, 25 patients showed
respiratory-related death. The non-survivors were older, had lower
lung function (FVC, DLco, and TLC) and poorer exercise capacity
(distance and the lowest oxygen saturation on pulse oximetry [SpO,]
during 6MWT) than the survivors (Table 1).

HRCT parameters

The had higher
honeycombing, fibrosis and MA than the survivors (Table 2).

non-survivors scores of reticulation,

10.3389/fmed.2023.1131070

However, there was no significant difference in the frequency of a
UIP-like pattern between the non-survivors and survivors.

There were statistically significant negative correlations
between fibrosis and reticulation scores and lung function (FVC,
DLco, and TLC) and the lowest SpO, during 6MWT (online
supplementary Figure S1). In addition, honeycombing (r=—0.207,
p=0.038) and MA (r=-0.284, p=0.004) scores were also
negatively correlated with exercise capacity (the lowest SpO, or
distance during 6MWT); however, consolidation score showed no
significant correlation with the results of pulmonary function test
(PFT) and 6MWT (online Supplementary Table S1).

Prognostic factors for the mortality

In the unadjusted Cox analysis, older age, lower lung function
(FVC, DLco, and TLC) and the minimum SpO2 during 6MWT,
higher scores of HRCT parameters (reticulation, honeycombing,
fibrosis scores, and MA), and the presence of a UIP-like pattern on
HRCT were significantly associated with mortality in patients with
fibrotic HP (Table 3). In the multivariable analysis, reticulation (HR
1.038; 95% CI 1.004-1.074) and GGO (HR 0.949; 95% CI 0.915-
0.984) were independent prognostic factors for mortality in patients
with fibrotic HP, as well as age and DLco. Fibrosis score (HR 1.040;
95% CI 1.007-1.075) was also an independent predictor of reduced
survival, as well as age (Table 4).

Performance of HRCT parameters

In the ROC analysis, fibrosis scores had a higher area under the
curve (AUC) than reticulation and GGO scores for predicting the

TABLE 1 Comparison of baseline characteristics between the non-survivors and survivors among patients with fibrotic HP.

Characteristic Non-survivors Survivors
Patient numbers 101 42 59
Age, years 58.9+10.8 61.8+11.0 56.8 + 10.6 0.022
Female sex 61 (60.4) 28 (66.7) 33 (55.9) 0.277
BMI, kg/m? 25.0+4.1 243+49 255+3.4 0.133
Positive history of exposure* 86 (85.1) 34 (81.0) 52 (88.1) 0.457
Ever-smokers 38(37.6) 13 (31.0) 25 (42.4) 0.243
Pulmonary function test
FVC, % predicted 712+17.7 66.6 £21.3 792+ 143 0.047
DLco, % predicted 60.2 +16.9 55.4+17.2 63.4+16.1 0.025
TLC, % predicted 73.6+13.4 69.9 £ 14.9 76.1 +11.7 0.030
6-min walk test
Distance, meter 443.5 + 88.1 407.7 £105.3 469.5 + 62.3 0.001
SpO; nadir, % 922+43 90.8 £4.6 932+3.8 0.007
Treatment 0.043
No treatment 10 (9.9) 1(2.4) 9 (15.3)
Steroid + cytotoxic agents’ 91 (90.1) 41 (97.6) 50 (84.7)

Data are presented as mean +standard deviation, or number (%), unless otherwise indicated. HP, hypersensitivity pneumonitis. BMI, body mass index. FVC, forced vital capacity. DLco, diffusing capacity
of the lung for carbon monoxide. TLC, total lung capacity. SpO, nadir, lowest oxygen saturation during 6-min walk test; *Suspected antigens were animal protein (n =8), chemical agent (n =18), microbes
(n=50) plant’s proteins (1 =7) enzymes (n=1), metal (n=1) and pharmaceutical agents (n=1). ‘Cytotoxic agents include azathioprine, cyclosporine, or cyclophosphamide.
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TABLE 2 Comparison of HRCT scores between the non-survivors and survivors patients with fibrotic HP.

Total Non-survivors Survivors p-value

Patient numbers 101 42 59

Reticulation, % 14.8+9.8 162 +9.1 11.6 £9.1 <0.001
Honeycombing,% 0925 1.7£3.1 05+19 0.026
GGO, % 10.7 +14.9 64+103 13.7 £ 16.9 0.008
Consolidation, % 03+18 0.03+03 05+24 0.136
Fibrosis, % 15.7 + 10.6 20.9+10.1 121+95 <0.001
MA,% 127 £10.8 173499 9.4+103 <0.001
UIP like pattern 56 (55.4) 28 (66.7) 28 (47.5) 0.056

Data are presented as mean + standard deviation, or number (%), unless otherwise indicated; GGO, ground-glass opacity. HRCT, high-resolution computed tomography. MA, mosaic
attenuation. UIP, usual interstitial pneumonia. Fibrosis score was defined as the sum of reticulation and honeycombing score. *P-value was below 0.05.

TABLE 3 Risk factor for mortality in patient with fibrotic HP using unadjusted Cox proportional hazards model.

Unadjusted analysis

Parameter Hazard ratio 95% confidence interval
Age, years 1.059 1.023-1.097 0.001
Female sex 1.241 0.650-2.367 0.513
BMI, kg/m* 0.948 0.874-1.028 0.199
Positive history of exposure 0.657 0.302-1.429 0.289
Ever-smoker 0.680 0.352-1.316 0.253
Pulmonary function test
FVC, % predicted 0.973 0.955-0.991 0.003
DLco, % predicted 0.971 0.953-0.989 0.002
TLC, % predicted 0.962 0.938-0.986 0.002
6-min walk test
Distance, meter 0.994 0.991-0.997 <0.001
SpO, nadir, % 0.894 0.837-0.954 0.001
HRCT findings
Reticulation,% 1.059 1.033-1.086 <0.001
Honeycombing,% 1.159 1.067-1.259 <0.001
GGO,% 0.956 0.923-0.990 0.012
Fibrosis,% 1.065 1.039-1.091 <0.001
MA,% 1.043 1.018-1.068 0.001
Consolidation,% 0.733 0.391-1.377 0.334
UIP-like pattern 2.454 1.259-4.784 0.008

FVC, forced vital capacity. FEV,, Forced expiratory volume in 1 sec, DLco, diffusing capacity of the lung for carbon monoxide; TLC, total lung capacity; SpO, nadir, lowest oxygen saturation

during 6-min walk test; GGO, ground glass opacity. MA, mosaic attenuation. UIP, usual interstitial pneumonia.

5-year mortality; however, the difference was not statistically
significant (Figure 1A). In addition, the performance of the fibrosis
score was comparable to the ILD-GAP index in predicting the 5-year
mortality (Figure 1B). The optimal cut-off value of fibrosis score was
12.0% (sensitivity 84.9%, specificity 58.8%) for the 5-year mortality.
Patients with high fibrosis score (>12.0%) showed significantly worse
prognosis (the mean survival time: 146.7 months [95% CI 129.5-
164.1 months] vs. 58.3 months [95% CI 49.2-67.4 months], p< 0.01)
than those with low fibrosis score (< 12%) (Figure 2).

To improve the predicting performance of the fibrosis score for
the 5-year mortality, various risk prediction models, including clinical

Frontiers in Medicine

variables (age and DLco), evaluated  (online

Supplementary Table S2); however, they did not outperform the

were

model using the fibrosis score alone.

Discussion

In this study, the radiologic fibrosis score was useful in
predicting mortality in patients with fibrotic HP and showed a
predictive performance comparable to that of the ILD-GAP model.
Patients with high fibrosis scores (>12.0%) had poorer survival
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TABLE 4 Risk factor for mortality in patient with fibrotic HP using multivariable Cox proportional hazards model.

Parameters

Model 1

Model 2

HR (95% Cl)

Model 3

Model 4

Model 5

Model 6

Age, years

1.060%(1.020-1.101)

1.059*(1.019-1.100)

1.070%(1.028-1.114)

1.058%(1.019-1.099)

1.053%(1.014-1.094)

1.058%(1.018-1.099)

FVC,% predicted

0.997 (0.974-1.020)

0.987 (0.963-1.010)

0.994 (0.971-1.016)

0.996 (0.974-1.019)

0.994 (0.971-1.017)

0.988 (0.965-1.011)

DLco, % predicted

0.967*(0.936-0.999)

0.966%(0.935-0.998)

0.956%(0.926-0.987)

0.969 (0.938-1.002)

0.961%(0.931-0.992)

0.964%(0.933-0.996)

SpO, nadir, %

0.992 (0.912-1.079)

0.987 (0.908-1.074)

0.980 (0.901-1.067)

0.989 (0.909-1.077)

0.997 (0.918-1.083)

0.991 (0.913-1.076)

HRCT pattern

Reticulation,%

1.038%(1.004-1.074)

Honeycombing,%

1.092 (0.980-1.218)

GGO,%

0.949%(0.915-0.984)

Fibrosis,%

1.040%(1.007-1.075)

MA,%

1.028 (0.994-1.064)

UTP-like pattern

1.349 (0.669-2.720)

Variables with p <0.1 in unadjusted Cox analysis were included in multivariable Cox analysis. TLC was excluded from the multivariate analysis due to significant correlation with FVC
(r=0.873, p<0.001). Distance of 6-min walk test was excluded because it could be affected by other factor such as leg pain; FVC, forced vital capacity. DLco, diffusing capacity of the lung for

carbon monoxide. SpO, nadir, lowest oxygen saturation on pulse oximetry during 6-min walk test. GGO, ground glass opacity. MA, mosaic attenuation. UIP, usual interstitial pneumonia.

Fibrosis score was defined as the sum of reticulation and honeycombing score. *P-value was below 0.05.
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FIGURE 1
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Predictive performance of CT scores for the Syear mortality in patients with fibrotic HP. (A) Comparison of the predicting performance of the 5Syear
mortality among the CT scores. The area under the ROC curve was higher for the fibrosis score than for reticulation and GGO scores; however, the
difference was not statistically significant (fibrosis, AUC=0.752, 95% CI 0.656-0.833, p<0.001; reticulation, AUC=0.748, 95% CI 0.651-0.829, p<0.001;
GGO, AUC=0.731, 95% CI 0.634-0.815, p<0.001) (p=0.758 and p=0.697 between reticulation and fibrosis, GGO and fibrosis, respectively).

(B) Comparison of the predicting performance of the 5year mortality between fibrosis score and ILD-GAP index. CT, computed tomography. AUC, area
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outcome than those with low fibrosis scores. The radiologic fibrosis
score was also an independent predictor for mortality after
adjustment for age and physiologic parameters, and even without
considering the clinical variables together, fibrosis score itself
showed excellent predictive performance.

In this study, a higher fibrosis score on HRCT was associated
with an increased mortality risk in patients with fibrotic HP. This
result correlates with previous studies (4, 13, 14). Hanak et al.

Frontiers in Medicine

showed that a greater extent of fibrosis on HRCT resulted in higher
overall mortality in 26 patients with fibrotic HP (21% vs. 83% in
groups with <10% and >40% of fibrosis extent, respectively) (14).
In 132 patients of chronic HP, Chung et al. identified increasing
reticulation as an independent predictor of reduced survival (HR
1.04; 95% CI 1.02-1.07) after adjustment for the presence of GGO
and pulmonary artery/aorta ratio (4). In our study, reticulation was
also significantly associated with mortality; however, the
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FIGURE 2
Kaplan—Meier survival analysis of overall survival according to fibrosis
scores in patients with fibrotic HP. Patients with a fibrosis score
above 12% had significantly worse survival than those with a score
below 12% (p<0.01).

honeycombing score, one of the components of fibrotic features on
HRCT, was not an independent prognostic factor in the
multivariable analysis. This discrepancy might be due to the fact
that the proportion of patients with radiologic honeycombing is not
high, and most of them show low honeycombing scores. Similar to
our finding, a previous study found that honeycombing had no
statistically significant association with mortality after adjusting for
GGO and pulmonary artery/aorta ratio in patients with chronic HP,
even though subjects with honeycombing had worse survival than
those without (log-rank test, p=0.007) (4).

In our study, MA showed no significant association with mortality
in patients with fibrotic HP after adjusting the clinical variables.
However, in previous studies, MA was a predictor of better survival
outcomes (5, 32). MA is assumed to be a secondary change due to
small airway obstruction by obstructive bronchiolitis (33). Chung
et al. showed that MA was associated with better survival in 110
patients with chronic HP (HR: 0.26; 95% CI: 0.07-0.97) after adjusting
for age, smoking history, and FVC (5). Lima et al. also reported that
in 103 patients with subacute/chronic HP, MA was an independent
prognostic factor for mortality (HR: 0.05; 95% CI: 0.01-0.39) in the
multivariate analysis along with age and oxygen saturation during
6MWT (32). These discordant findings may be due to the different
characteristics of each cohort; previous studies included all kinds of
HP (non-fibrotic and fibrotic HP) (5, 32), whereas our study included
only fibrotic HP. Because MA is a common finding, particularly in
non-fibrotic HP, MA may be associated with a relatively better
prognosis (5, 14). It is unclear whether MA is associated with the
progression or improvement of the fibrotic lesion in patients with
fibrotic HP; however, Choe et al., in the study of the serial changes of
CT images in patients with chronic HP, reported that the extent of MA
remained constant over time, and were finally replaced by fibrosis
while in progress (17).

In this study, a UIP-like pattern on HRCT showed no significant
association with mortality in patients with fibrotic HP. The result of a
previous study supports our findings; Chung et al., in a study of 132
patients with chronic HP, showed that a UIP pattern was not an
independent predictor after adjusting for GGO, pulmonary artery/
aorta ratio, and GAP index (4). Little is known about the prognostic
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role of a radiological UIP pattern in patients with fibrotic HP yet.
Since UIP classification on chest CT has been predominantly used in
IPE, the ability to adequately assess the prognosis of patients with HP
may be limited (34-36). According to a previous study identifying the
difference in UIP patterns between HP and IPE, HP patients with a
UIP pattern had more frequent upper or middle lung dominance or
extensive GGO than those with IPF (35). Therefore, in some studies
that attempted to classify HRCT patterns in patients with ILD other
than IPF, some modifications were applied to account for disease
distributions or the presence of MA that was not consistent with a UIP
pattern, as in our study (11, 29, 37). However, since there is no
consensus on applying the UIP classification to HP, further studies are
needed to confirm these results.

In the adjusted model including fibrosis score, only fibrosis score
and age were independent risk factors for mortality in our study.
Although some previous studies showed that reduced lung function
was associated with poor survival in patients with chronic HP (6, 38,
39), these results were from the unadjusted analysis, and radiologic
parameters were not considered together. In addition, a previous
study, including 92 patients with chronic HP, identified that no
individual PFT variables were independent predictors of mortality
once HRCT patterns were taken into account for analysis, whereas
traction bronchiectasis and honeycombing were associated with
mortality (40). These results are comparable with our finding that
image parameter was superior to physiologic parameters for predicting
mortality in patients with fibrotic HP. These results can be explained
by the fact that because HP is a kind of airway involvement disease,
lung function abnormalities do not necessarily mean lung
parenchymal change (41). Therefore, our results suggest that
radiological parameters can be used as useful tools to overcome the
limitations of physiologic parameters for predicting mortality in
patients with HP.

This study has some limitations. First, it was a retrospective
observational study conducted in a single center. Therefore, there
might be selection bias leading to the non-generalizability of our
findings. However, the baseline characteristics of our cohort were
similar to those of other studies (9, 39). Second, the definition of a
radiological UIP-like pattern used in this study was inconsistent with
guidelines on the classification of IPF diagnostic. However, some
modifications were inevitable to consider radiologic features of HP,
such as upper or middle lung predominance or MA. Lastly, we did not
consider comorbid conditions as confounders in the survival analysis.
Because our study analyzed all-cause mortality as the primary
outcome, comorbidities commonly found with fibrotic HP, such as
pulmonary hypertension or heart failure, may have influenced the
survival outcome (42).

In conclusions, our results suggest that a radiologic fibrosis score
may be useful in predicting mortality, and high fibrosis score indicates
poor prognosis in patients with fibrotic HP. Further prospective
multicenter studies involving a larger population are needed to
validate our findings.
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Connective tissue diseases (CTDs) are a heterogenous group of systemic
inflammatory disorders. The development of connective tissue disease-associated
interstitial lung disease (CTD-ILD) is a key complication associated with significant
morbidity and mortality. The aim of this review is to explore the pathogenesis
of CTD-ILD and summarize the recent evidence from clinical trials for novel
treatment options, including the role of antifibrotics and immunomodulatory
therapies with a focus on systemic sclerosis associated ILD. Further clinical trials
are ongoing to explore combination therapies and more targeted therapeutic
options. Clinicians remain faced with the difficult challenge of appropriately
selecting patients who will benefit from the available therapies and timing the
start of therapy at the most suitable part of the disease course.

interstitial lung disease, systemic sclerosis, cyclophosphamide, rituximab,
mycophenolate mofetil, tocilizumab, nintedanib, pirfenidone

1. Introduction

Connective-tissue diseases (CTDs) are systemic conditions which are either caused by a
specific genetic abnormality causing a defect in connective tissues or by an autoimmune reaction
toward connective tissues, leading to symptoms affecting the skin, bone, cartilage, and blood
vessels. The high amount of collagen and blood vessels in the lung make it a particularly
susceptible target of autoimmune CTDs. Any component of the lung can be involved including
airways, blood vessels, lung parenchyma, pleura or respiratory muscles (1). The development of
interstitial lung disease (ILD) in autoimmune CTDs is a key complication, associated with
significant morbidity and mortality (2). The types of autoimmune CTDs that are associated with
the development of ILD are systemic sclerosis, rheumatoid arthritis, idiopathic inflammatory
myositis (polymyositis-dermatomyositis and anti-synthetase syndrome), primary Sjogren
syndrome, mixed connective tissue disease, and systemic lupus erythematosus, with various
frequency (Table 1) (2). Gaining a clearer understanding of the pathogenesis of CTD-ILD paves
the way for the development of targeted therapies and their timely application during the
pathogenetic process. This review will focus on the pathogenesis of CTD-ILD, particularly
SSc-ILD which is more commonly associated with ILD than other CTDs (3), and summarize
the recent evidence from clinical trials.
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2. Epidemiology of SSc-ILD

The prevalence of systemic sclerosis (SSc) is 50 to 300/million (4,
5) and SSc-ILD develops in more than 50% of cases. The types of SSc
are limited cutaneous and diffuse cutaneous based on the degree of
skin involvement. In limited cutaneous SSc (1cSSc) there is no skin
involvement proximal to the elbows and the knees (with the exception
of the face and neck areas that can be involved), while diffuse
cutaneous SSc (dcSSc) affects the skin in proximal areas such as the
trunk. Both 1cSSc and dcSSc can be associated with ILD. ILD develops
more frequently in dcSSc patients, but as 1cSSc is the more common
form of SSc, overall the prevalence of SSc-ILD is similar across both
cohorts. The most common pattern of ILD associated with SSc is
non-specific interstitial pneumonia (NSIP) (3). Another potential way
to stratify the risk of developing SSc-ILD is the autoantibody profile.
The risk of developing SSc-ILD is much higher with the presence of
anti-topoisomerase antibodies (anti-Scl-70 autoantibodies) as
opposed to anti-centromere antibodies which are more related with
the development of pulmonary hypertension (5).

3. Pathogenesis — The transition from
inflammation to fibrosis

The pathogenesis of CTD-ILD remains incompletely understood
but is known to be a complex interplay between environmental and
genetic factors. The first stage of the pathogenesis of CTD-ILD is
inflammation and alveolar epithelial damage, which may be triggered
by infection, by inhalation of irritating agents or by gastro-esophageal
reflux disease in genetically susceptible individuals (3).

One of the major genes that have been implicated in the
pathogenesis of idiopathic pulmonary fibrosis, MUC5B, has also been
shown to play a role in the pathogenesis of CTD-ILD, particularly
RA-ILD (6). The MUCS5B promoter variant R$35705950, which has
been found to be associated with RA-ILD (7), drives overexpression of
MUCSB protein which affects the cilia clearance mechanisms of the
lung (8). Mutations leading to telomere shortening have been found to
be related to different types of pulmonary fibrosis, including CTD-ILD
(9). Shorter leukocyte telomere length has been found to correlate with
more rapid decline in lung function and shorter duration of transplant-
free survival in patients with interstitial pneumonia with autoimmune
features (IPAF) and CTD-ILD (10-12). One study identified that a
polymorphism in the promoter of the connective-tissue growth factor
gene is significantly more common in patients with systemic sclerosis
suggesting a potential pathogenetic mechanism (13). Further genetic
studies have implicated CD226 and IRF5 (14, 15). Genetic studies in
different populations have identified several human leukocyte antigens
(HLAs) that are associated with systemic sclerosis (16-20).

In these genetically susceptible individuals certain environmental
factors trigger the pathogenetic process. These factors include gastro-
esophageal reflux disease, infections, noxious chemicals and certain
drugs (1). Gastro-esophageal reflux disease is associated with micro-
aspirations that lead to repetitive lung injury (21). The noxious
chemicals present in tobacco smoke are also known to cause
inflammation and associated lung injury (22, 23), but its role in
CTD-ILD is not clearly established. Among different types of CTD-ILD,
smoking is most strongly associated with RA-ILD (24-26), but studies
have also shown that patients with SSc who smoke heavily have
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increased prevalence of emphysema and decreased survival (27-29).
Drugs are also implicated in the development of CTD-ILD (30). This
can be challenging for the treating clinician particularly since anti-
rheumatic medication such as penicillamine (31), gold (32, 33),
sulfasalazine (34), and tacrolimus (35, 36) used to treat a particular type
of CTD may lead to the development ILD. It is important to note,
however, that particularly in the case of methotrexate, a growing body
of evidence is accumulating to exonerate methotrexate in the
pathogenesis of ILD (37). In fact methotrexate may protect from the
development of ILD, as suggested by retrospective studies (38).

An environmental factor in a genetically susceptible individual
acts to trigger the initial process of inflammation. This initial process
of potentially reversible alveolitis eventually transforms into
irreversible fibrosis. Therefore, it is key to identify markers of active
alveolar inflammation that would identify reversible stages of the
disease process (3). Surfactant Protein D (SP-D) and Krebs von den
Lungen-6 (KL-6) are glycoproteins secreted by type II pneumocytes
that can be used as markers of disease progression and also to signify
the extent of lung involvement in scleroderma (39). This inflammatory
process via the activation of various types of immune cells and the
triggering of repair mechanisms eventually leads to the increased
deposition of extra-cellular matrix, i.e., the development of fibrosis. It
is important to note that in the early stages of the disease, inflammatory
and pro-fibrotic processes may be occurring alongside each other,
which has implications for the choice of therapeutic agents.

A key cell facilitating the increased turnover and eventual
deposition of extra-cellular matrix is the resident interstitial
pulmonary fibroblast. Interstitial pulmonary fibroblasts get activated
via multiple pathways, including the transforming growth factor beta
(TGF-B) pathway and
myofibroblasts. The crucial role played by the TGF-p pathway is

recruit circulating fibroblasts and
demonstrated by a mouse model in which the TGF-p pathway is
suppressed via the deletion of the high-affinity type IT TGFp receptor
in resident fibroblasts. That mutation led to the complete absence of
fibrosis after intrathecal administration of bleomycin (40).

Both innate and adaptive immunity play a role in the pathogenesis
of CTD-ILD. A Th2-driven immune response has recently been
elucidated, with the proinflammatory cytokines interleukin-4 (IL-4) and
interleukin-13 (IL-13) playing a role in the pathogenesis (41). The active
humoral response in CTD-ILD can also be illustrated by the multiple
antibodies in the sera of patients with CTD-ILD. Different types of
autoantibodies could be a marker for the different types of severity of
lung fibrosis; anti-topoisomerase antibodies, anti-U11/U12
ribonucleoprotein (RNP) antibodies and anti-Th/To RNP antibodies are
associated with an increased likelihood of developing clinically
significant fibrosis (42, 43). It is not clear what the underlying
pathophysiological mechanism is behind this association, but it is
possible that autoantibodies can be used to risk stratify patients and may
in the future prove to be suitable therapeutic targets (3). Another
important role played by autoantibodies in the pathogenesis of systemic
sclerosis is the link between autoantibody-mediated activation of the
endothelium and vasculopathy. There are various functional
autoantibodies in patients with systemic sclerosis secreted by
dysregulated B cells that target endothelial cells, intercellular adhesion
molecule 1 (ICAM-1), endothelin type A receptor (ETAR), angiotensin
II type I receptor (AT1R) and platelet-derived growth factor receptor
(PDGFR). This results in perturbation of the endothelial cells which in
turn causes their activation and accelerated apoptosis. The activated
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endothelial cells release a host of pro-inflammatory cytokines that
stimulate the transformation of myofiobroblasts into fibroblasts leading
to increased collagen deposition and subsequent tissue fibrosis (44).

4. Treatment

While immunosuppressant therapeutic options are well-
established for the treatment of the systemic features of autoimmune
CTDs, developing therapies that address the ILD manifestation of
CTD, which is often the most severe component of the disease, is
currently an area of active research. In addition to the considerable
evidence base for the use of cyclophosphamide (45) and
mycophenolate mofetil (46) in SSc-ILD, major breakthroughs have
occurred in the last few years with new evidence accumulating from
randomized controlled trials for the benefit of nintedanib (47, 48),
rituximab (49), and tocilizumab (50) in SSc-ILD. The majority of
clinical trials in CTD-ILD focused on SSc-ILD.

We will explore the findings of recent clinical trials for
pharmacological options in CTD-ILD, summarized in Table 2.

Cyclophosphamide is a cytotoxic alkylating agent that is used in
the treatment of certain oncological and autoimmune conditions (57).
Retrospective studies indicated cyclophosphamide may be beneficial
in the treatment of scleroderma-related ILD (SSc-ILD) (58, 59), but
there was a need for prospective randomized-controlled trials to
further test this hypothesis. Hoyles et al. designed a randomized
controlled trial, the United Kingdom trial, in which 45 patients were
randomized to receive either low dose prednisolone and 6 intravenous
infusions of cyclophosphamide followed by oral azathioprine or to
receive placebo. The trial was negative both for its primary endpoint,
decline of forced vital capacity (FVC) and diffusing capacity for carbon
monoxide (DLCO) at 12months, as well as for its secondary end
points, change of appearance in HRCT or dyspnea scores. There was,
however, a trend toward statistical significance in the treatment arm of
the trial, suggesting there likely was benefit of immunosuppressant
therapy in SSc-ILD (51).

Further key evidence for the role of cyclophosphamide in the
treatment of SSc-ILD came from the Scleroderma Lung Study-I
(SLS-I) trial, the first positive trial in interstitial lung disease. The
SLS-I trial was a 13-center double-blind, randomized, placebo-
controlled trial in which 158 patients with symptomatic active
alveolitis and SSc-ILD were randomized to receive either oral
cyclophosphamide or placebo for 12months. The patients were
followed up for 12 more months after the end of the treatment period.
The trial achieved its primary end point, demonstrating a statistically
significant mean absolute difference in FVC at 12 months between the
cyclophosphamide and the placebo arm of 2.53% in favor of the
cyclophosphamide arm of the trial. In addition, the patients treated
with cyclophosphamide had improvements in patient-centered
outcomes including physiological improvements such as improved
dyspnea, functional ability, health-related quality of life and reduced
skin thickening (45). However, further subgroup analysis of the SLS-I
trial patients showed that these improvements were not maintained at
24 months, except for a sustained improvement in dyspnea (60). This
would suggest that ongoing immunosuppression is required in order
to maintain the benefits of cyclophosphamide, but this needs to
be balanced with the side effects of cyclophosphamide such as the risk
of developing malignancy, infertility or hemorrhagic cystitis.
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Interestingly, in the SLS-I trial there was a correlation between the
extent of baseline fibrosis and the response to cyclophosphamide (45),
which implies that patients with more active disease are a subgroup
that would benefit more from treatment with cyclophosphamide.
Given the significant side-effects associated with cyclophosphamide,
it is important to balance the risk and the benefit of starting
this medication.

Precisely the concern over cyclophosphamide-associated side
effects prompted the design of the Scleroderma Lung Study 2
(SLS-II) trial, which compared oral cyclophosphamide against
mycophenolate mofetil (MMF), an inosine monophosphate
dehydrogenase inhibitor, which ultimately impairs lymphocyte
proliferation and lymphocyte migration, for the treatment of
SSc-ILD. A total of 142 patients with SSc-ILD that met specific
criteria of breathlessness, lung function and HRCT findings were
MMF for
cyclophosphamide for 12months followed by placebo for

randomized to receive either 24months or
12 months. The SLS-II trial failed to meet its primary end-point of
change in forced vital capacity as a percent of the predicted normal
values at 24 months. However, importantly it was noted that there
was a higher drop-off rate from the cyclophosphamide arm of the
trial and the time to stopping treatment was significantly shorter
for the patients treated with cyclophosphamide. Side effects of
leukopenia and thrombocytopenia were observed more frequently
in the patients who received cyclophosphamide. However, a
post-hoc analysis of the primary endpoint showed that there was
substantial improvement in the adjusted FVC % from baseline to
24 months in both arms of the trial (46). Notably, SLS-II is the first
trial demonstrating the effect of MMF in the treatment of SSc-ILD
and suggested that the choice of therapy could be based on
consideration of the side-effect profile.

The next development in the treatment options for SSc-ILD came
from the SENSCIS (Safety and Efficacy of Nintedanib in Systemic
Sclerosis) trial in which 576 patients with SSc-ILD with fibrosis
affecting at least 10% of their lungs on HRCT were assigned to either
receive the tyrosine kinase inhibitor nintedanib or placebo. The trial
reached its primary end point with patients’ annual rate of FVC
decline being —52.4 mls in the nintedanib group versus —93.3 mls in
the placebo group. Given that systemic sclerosis affects younger
patients, this is a significant cumulative effect of reduced rate of FVC
decline over time. Subgroup analysis showed there was no difference
in the effect of nintedanib depending on the extent of underlying
fibrosis, suggesting that patients could benefit from nintedanib
irrespective of their degree of underlying fibrosis. While nintedanib
was shown to reduce the rate of decline of FVC, it had no effect on
extra-pulmonary manifestations of systemic sclerosis such as skin
changes measured by the Rodnan skin score. The most frequently

TABLE 1 Autoimmune CTDs and frequency of associated ILD.

Connective tissue disease Frequency of associated

ILD ()
Systemic sclerosis +++
Polymyositis/dermatomyositis +++
Rheumatoid arthritis ++
Primary Sjogren’s disease ++
Systemic lupus erythematosus ++
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TABLE 2 Summary of recent clinical trials for pharmacological therapies in CTD-ILD.

Year of Study @ Study Condition Intervention Primary Result References
completion @ size | Design Outcome
UK Trial 2006 N=45 RCT SSc-ILD Oral prednisolone, Decline in There is no statistically (51)

intravenous FVC and significant difference

cyclophosphamide DLCO at between combination

and oral azathioprine 12 months therapy with oral

versus placebo prednisolone, intravenous

cyclophosphamide and

oral azathioprine versus
placebo, but there was a
trend toward lung
function response with

active therapy in SSc-ILD

patients
SLS-1 2006 N=158 | RCT SSc-ILD Oral Decline in There was a statistically (45)
cyclophosphamide FVCat significant reduction in
versus placebo 12 months FVC decline and in

functional outcomes in
SSc-ILD patients treated
with oral
cyclophosphamide, but
the difference was not
maintained at 24 months,
apart from continuously

improved dyspnoea

SLS-1I 2016 N=142 | RCT SSc-ILD Oral Decline in There was improvement (46)
cyclophosphamide FVCat in FVC with both
versus MMF 24 months cyclophosphamide and

MMF and the drop-out
rate was higher with
cyclophosphamide. The
first trial to show a benefit
of MMF in SSc-ILD.

SENSCIS 2019 N=576 RCT SSc-ILD Nintedanib versus Decline in Nintedanib reduced the (47)
placebo FVCat rate of decline of FVC
52weeks compared to placebo in
SSc-ILD.

INBUILD 2019 N=170 = RCT progressing Nintedanib versus Decline in Nintedanib significantly (48)

fibrosing placebo FVCat slowed down the rate of

autoimmune- 12months FVC decline in

ILD progressing fibrosing

autoimmune-ILD and
this was maintained
beyond 52 weeks. The
effect was even more
pronounced in patients

with UIP-like ILD.

faSScinate 2016 N=87 RCT Progressive Tocilizumab versus Decline in Tocilizumab slowed FVC (52)
systemic placebo FVCat decline in patients with
sclerosis 48 weeks SSc-ILD, but the change

was not statistically

significant

(Continued)
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TABLE 2 (Continued)

10.3389/fmed.2023.1155771

Year of Study Condition Intervention Primary Result References
completion Design Outcome
focuSSced 2020 N=210  RCT dcSSc Tocilizumab versus Change of Failed to meet primary (50)
placebo mRRS from end point. Met secondary
baseline to end point showing
week 48 statistically significant
reduction of the rate of
decline of FVC in both
the overall population
and in the subgroup of
patients with SSc-ILD.
STRATUS 2021 N=40 RCT SSc-ILD Abituzumab versus Decline in Trial terminated early due (53)
patients placebo FVCat to small sample size
receiving 12 months
stable MMF
Sircar et al. 2018 N=60 | RCT dcSSc Rituximab versus Change in Statistically significant (54)
cyclophosphamide FVCat improvement in FVC at
6months 6 months in the rituximab
arm of the trial compared
to decline in FVC in the
cyclophosphamide arm of
the trial. Serious adverse
effects more common
with cyclophosphamide.
RECITAL 2022 N=101 RCT CTD-ILD Rituximab versus Decline in Reduced rate of decline of (49)
cyclophosphamide FVCat FVC at 24 weeks in both
24 weeks arms of the trial, but no
statistically significant
difference between
rituximab and
cyclophosphamide.
Reduced rate of decline of
FVC maintained at
48 weeks for both
cyclophosphamide and
rituximab.
SLS-IIT 2022 (expected) N=150 | RCT SSc-ILD Pirfenidone and Decline in Results awaited (55)
MMEF versus placebo FVCat
and MMF 18 months
Wang et al. 2022 N=111  RCT CTD-ILD Pirfenidone and Change in Improvement in FVC at (56)
immunosuppressants | FVC at 24 weeks in patients with
vs. placebo and 24 weeks SSc-ILD and
immunosuppressants inflammatory myopathy-
ILD

SLS-1, Scleroderma Lung Study I; SLS-II, Scleroderma Lung Study II; SLS-III, Scleroderma Lung Study IIT; SENSCIS, Safety and Efficacy of Nintedanib in Systemic Sclerosis; INBUILD, Efficacy
and Safety of Nintedanib in Patients with Progressive Fibrosing Interstitial Lung Disease; APRIL, Abatacept in RA-ILD; faSScinate, A Study of RoActemra/Actemra (Tocilizumab) Versus
Placebo in Patients With Systemic Sclerosis; focuSSced, A Study of the Efficacy and Safety of Tocilizumab in Participants with Systemic Sclerosis; STRATUS, Systemic Sclerosis Abituzumab
Study; RECITAL, Rituximab versus cyclophosphamide for the treatment of connective tissue disease-associated interstitial lung disease; FVC, forced vital capacity; DLCO, diffusing capacity

for carbon monoxide; MMF, mycophenolate mofetil; dcSSc, diffuse cutaneous scleroderma.

encountered side effects in the nintedanib group were gastrointestinal,
including diarrhea and were generally tolerable to patients (47). The
SENSCIS trial was continued as an open-label extension, the
SENSCIS-ON trial (A Trial to Evaluate the Safety of Long Term
Treatment With Nintedanib in Patients With Scleroderma Related
Lung Fibrosis, NCT03313180) in order to study the long-term effects
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of nintedanib. Data from the SENSCIS-ON trial has shown that the
effect of nintedanib on reducing the rate of FVC decline is maintained
beyond 52 weeks (61).

Nintedanib’s promise in the treatment of a broader range of
non-IPF types of lung fibrosis was explored further by the landmark
Efficacy and Safety of Nintedanib in Patients with Progressive
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Fibrosing Interstitial Lung Disease (INBUILD) trial. The design of the
trial was based on the premise that there is a common pathological
mechanism in different types of pulmonary fibrosis that can
be targeted irrespective of the underlying cause of the fibrosing lung
disease. In this phase 3, double-blind, randomized, placebo-controlled
trial, a total of 663 patients with pulmonary fibrosis that involved at
least 10% of the lungs on HRCT and was progressing despite treatment
over the past 24 months and were recruited. The patients were also
selected according to pulmonary function test criteria of FVC at least
45% predicted and diffusing capacity for carbon monoxide (DLCO)
in the range between 30 and 80 percent predicted. The trial reached
its primary end point, demonstrating a significantly lower annual rate
of decline of FVC in the patients treated with nintedanib: —80.8 ml per
year for the treatment arm compared to — 187.8 ml per year for the
placebo arm (p <0.001). Furthermore, patients with a UIP-like fibrotic
pattern were another primary population within the study and
demonstrated an even more pronounced difference of —82.9 ml per in
the treatment arm versus — 211.1 ml in the placebo arm (p <0.001) (48).
A subgroup analysis of patients with autoimmune-related ILD
from the INBUILD trial was conducted that demonstrated among 170
subjects with autoimmune disease-related ILDs, the rate of decline in
FVC over 52weeks was —75.9ml/year with nintedanib versus
—178.6 ml/year with placebo (62). The findings of the INBUILD trial
raise an important point regarding whether a splitting or a lumping
approach toward diagnosing ILD should be adopted, given that
regardless of the cause in cases of progressive fibrosing ILD, the anti-
fibrotic agent nintedanib can slow the rate of decline of FVC.
Further clinical trials were designed based on knowledge of the
pathophysiology of systemic sclerosis. Increased levels of the cytokine
interleukin-6 (IL-6) have been reported in patients with systemic
sclerosis, particularly the cohort of patients that exhibit cutaneous
involvement early (63, 64). It has also been identified as one of the
markers of progression in patients with milder versions of SSc-ILD
(FVC>70%) as the serum level of IL-6 is correlated with the
progression of SSc-ILD (65) as well as with increased decline in FVC
and increased mortality (66). The central role of IL-6 in the
pathogenesis of systemic sclerosis is hypothesized to be in driving the
initial immune-mediated inflammation toward profibrotic processes
(67, 68). Tocilizumab is an anti-IL-6 receptor antibody which has
already been approved for the treatment of several autoimmune
diseases including rheumatoid arthritis, juvenile idiopathic arthritis
and giant cell arteritis (69). Initial promising results for tocilizumab
in the treatment of systemic sclerosis were obtained from the phase 2
trial faSScinate (A Study of RoActemra/Actemra (Tocilizumab) Versus
Placebo in Patients With Systemic Sclerosis) in which patients with
progressive systemic sclerosis randomized to tocilizumab showed an
improvement in skin thickness and a reduced rate of decline of FVC;
however, both of these changes were not statistically significant,
indicating the need for a larger-scale randomized controlled trial (52).
The potential role of tocilizumab in treating patients with SSc-ILD
was explored in the focuSSced (A Study of the Efficacy and Safety of
Tocilizumab in Participants with Systemic Sclerosis) trial, a phase 3
multicenter, randomized, double-blind, placebo-controlled trial in
which 210 patients with diffuse cutaneous systemic sclerosis for
60 months or less and a modified Rodnan skin score (mRSS) of 10-35
at screening were randomized to receive either a weekly injection of
tocilizumab or to placebo for 48 weeks. Importantly the patients in the
trial were stratified according to their IL-6 levels. It is notable that the
patient group in the focuSSced trial were highly selected; these were
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patients that have early disease, given the inclusion criteria was
patients who exhibited their first non-Raynaud symptom no earlier
than 60 months prior to recruitment in the trial. Furthermore, they
had cutaneous involvement, which is known to be associated with
more rapidly progressive ILD and their disease was assessed to
be active based on at least one marker of inflammation among CRP,
platelets and ESR. An exclusion criterion was the use of other
background immunomodulatory therapies (50).

The focuSSced trial failed to meet its primary endpoint of
difference in change from baseline to week 48 in mRSS. However, a
key secondary end-point of change in FVC from baseline to week 48
was met. Patients in the tocilizumab arm of the trial maintained their
FVC at 48 weeks, while the patients receiving placebo showed a
significant decline in their FVC. Importantly, this outcome was
demonstrated both in the overall patient population and in the
approximately two thirds of patients that had SSc-ILD - patients with
SSc-ILD in the placebo arm demonstrated a reduction of FVC by 257
mls, while patients with SSc-ILD in the tocilizumab arm demonstrated
a reduction of only 20 mls. The observed adverse effects were in line
with the known side effects of tocilizumab including infections and
cardiac events (50). The focuSSced trial suggests that tocilizumab can
prevent the decline of FVC in selected patients with scleroderma
whose disease is at a high risk of progression. A continuation of the
focuSSced trial as an open-label study explored the effects of
tocilizumab at 96 weeks and demonstrated that the slowing of decline
in FVC was preserved and the long-term side effects were in line with
the known side effects of tocilizumab (70).

Another aspect of the pathogenesis of SSc-ILD was targeted in the
STRATUS (Systemic Sclerosis Abituzumab Study) trial (53). The
STRATUS trial studied the effect of abituzumab, an antibody against
aVP6 integrin (71, 72), which is involved with the activation of TGFf
(73), in patients with SSc-ILD. In this Phase II study the aim was to enroll
175 patients with SSc-ILD on stable MMF dose that would be randomized
to either receive intravenous abituzumab every 4 weeks for 104 weeks or
placebo and the primary end point was the annual rate of change in
FVC. The trial was, however, terminated early due to low enrolment - 24
patients in total were enrolled, which made it impossible to draw
meaningful conclusions from the data due to the small sample size (53).

Given the important role of humoral immunity in the
development of CTD-ILD as signified by the association of certain
antibodies with the development of ILD, it was hypothesized that
rituximab, an anti-CD20 antibody that depletes B-cells (74), would
have a beneficial effect for the treatment of CTD-ILD. A 2018 study
by Sircar et al. included 60 patients with dcSSc who were randomized
to receive either rituximab or cyclophosphamide. After 6 months
patients in the rituximab arm of the trial had a statistically significant
improvement in FVC while those in the cyclophosphamide arm of the
trial showed a decline in FVC. Furthermore, there were more adverse
events observed in the patients taking cyclophosphamide (54). In the
RECITAL (Rituximab versus cyclophosphamide for the treatment of
connective tissue disease-associated interstitial lung disease) trial 101
patients with CTD-ILD were randomized to either receive
cyclophosphamide or rituximab. The primary end-point was the rate
of change of FVC at 24 weeks, which improved in both arms of the
trial. There was a slightly greater improvement of 38 mls in FVC in the
cyclophosphamide arm of the trial by 24 weeks, but this did not reach
statistical significance (p=0.493). The observed improvement in FVC
was again maintained at 48 weeks in both arms of the trial, but without
statistically significant difference (49).
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In summary, both immunomodulatory and antifibrotic therapies
play an important role in the treatment of CTD-ILD, with
immunomodulatory therapies likely being more effective in earlier
inflammatory stages of the disease and antifibrotic therapies in later
fibrotic stages. There is significant potential for combining
immunomodulatory and antifibrotic therapies, which is explored by
ongoing trials (55).

5. Discussion

5.1. When treatment should be initiated

The management challenge in SSc-ILD stems from the highly
variable course of the condition, which ranges from subclinical to life-
threatening (75). The treatment dilemma arises from the fact that
there is a subset of patients whose disease may be relatively stable and
who could develop medication related side effects without associated
benefits. On the other hand, early initiation of treatment in the
appropriate clinical setting could halt the progression of fibrosis in
other patients. The SSc-ILD is most likely to progress during the first
4 years of systemic disease and especially in the first 2 years and in a
small subset of patients, in whom lung disease precedes the cutaneous
manifestations of SSc*. The presence of a mild to moderate ILD early
in the course of the systemic disease or the evidence of recent ILD
progression from the clinical, lung function and imaging point of
view, should lower the threshold for treatment initiation. A factor that
plays an important role in the introduction of treatment is disease
severity (76). A staging system has been devised (United Kingdom
Raynauds and Scleroderma Association Staging System, UKRSA) that
uses HRCT and FVC data to stratify the severity of disease and has
been validated for prognostication (77). When ILD extent was
obviously less than, or obviously more than, 20% of the total lung
volume on rapid assessment, ILD can be defined as “mild” or
“extensive;” respectively. In cases with an “indeterminate” disease
extent (i.e., expert HRCT scoring would be required to classify
disease), the FVC threshold of 70% can be used to define the ILD as
mild or extensive. The distinction between mild and extensive lung
disease was shown to be strongly predictive of mortality and
subsequent disease progression. Treatment decisions can only
be undertaken on a case-by-case basis, taking into account the views
of the patient especially in mild forms of ILD. In case of mild disease
in which often the introduction of treatment is not required, a strategy
of close monitoring with repeat lung function tests every 4 months for
at least 2years could be applied to assess the behavior of ILD. An
alternative approach highlighted by the focuSSced trial is early
initiation of treatment in patients with mild forms of SSc-ILD who are
deemed at high risk of disease progression based on a combination of
demographic factors, lung function tests, radiological data and serum
markers. Clinically reliable biomarkers to predict disease progression
are still being developed and this is a promising approach for the
future once these biomarkers become more reliable (78). On the other
hand, in extensive disease treatment introduction is warranted to
prevent progression of ILD. In any case, discussion in a dedicated
multidisciplinary team (MDT) meeting should take place to decide
the initial management approach (either observation or treatment),
the change of medication in case of treatment failure and the most
appropriate non-pharmacological approach.
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5.2. Future directions

More refined understanding of the pathogenesis of CTD-ILD has
aided the design of further clinical trials. Future possibilities for the
treatment of CTD-ILD arise from elucidating the role Th2-driven
immune response plays in the pathogenesis of systemic sclerosis.
Romilkimab, an anti-IL-4 and anti-IL-13 antibody (79, 80), has shown
promising results in animal models and is currently undergoing Phase
II trials (Effectiveness and Safety of SAR156597 in Treating Diffuse
NCT02921971).  Aside
immunomodulatory therapies on their own, future directions for

Systemic  Sclerosis, from  using
combined antifibrotic and immunomodulatory therapies in CTD-ILD
will hopefully come from the Scleroderma Lung Study-3 (SLS-3) trial,
which will compare the effect of the combination of pirfenidone and
mycophenolate with mycophenolate and placebo on FVC at 18 months™.
There is already promising data for pirfenidone from a recent
randomized control trial conducted by Wang et al. who demonstrated
that patients with SSc-ILD who receive both pirfenidone and
immunosuppressants have a statistically significant improvement
in FVC at 24 weeks compared to patients receiving only
immunosuppressants (56). Furthermore, the LOTUSS study in which
patients with SSc-ILD received pirfenidone for either 2 weeks or for
4weeks demonstrated that pirfenidone has an acceptable side effect and
safety profile, so pirfenidone is a promising antifibrotic therapy to
continue exploring for patients with CTD-ILD (81). Another method
of combining antifibrotic and anti-inflammatory therapies may
be derived from the use of Janus kinase inhibitors (JAKi), which have
both antifibrotic and anti-inflammatory actions and are currently being
investigated for their potential role in the treatment of SSc-ILD (82).

5.3. Conclusion

CTD-ILD is a heterogenous group of conditions with a variable
clinical course, which leads to challenges in their diagnosis and
subsequent management. The ILD component of CTD is a major
determinant of morbidity and mortality in CTDs and new
developments from clinical trials have started yielding results to fill
the urgent need for new therapies for CTD-ILD. The therapies for
CTD-ILD remain an area of active research and hopefully there will
soon be an even greater array of targeted therapies to choose from.
Clinicians are still faced with the challenge of carefully selecting the
most appropriate patients whose disease is likely to progress to start
therapy on and balancing the risks and benefits of commencing
therapy at the most appropriate time.
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The role of immunity in the pathogenesis of various pulmonary diseases,
particularly interstitial lung diseases (ILDs), is being increasingly appreciated as
mechanistic discoveries advance our knowledge in the field. Immune-mediated
lung diseases demonstrate clinical and immunological heterogeneity and can
be etiologically categorized into connective tissue disease (CTD)-associated,
exposure-related, idiopathic, and other miscellaneous lung diseases including
sarcoidosis, and post-lung transplant ILD. The immunopathogenesis of many
of these diseases remains poorly defined and possibly involves either immune
dysregulation, abnormal healing, chronic inflammation, or a combination of
these, often in a background of genetic susceptibility. The heterogeneity and
complex immunopathogenesis of ILDs complicate management, and thus a
collaborative treatment team should work toward an individualized approach to
address the unique needs of each patient. Current management of immune-
mediated lung diseases is challenging; the choice of therapy is etiology-driven
and includes corticosteroids, immunomodulatory drugs such as methotrexate,
cyclophosphamide and mycophenolate mofetil, rituximab, or other measures
such as discontinuation or avoidance of the inciting agent in exposure-related
ILDs. Antifibrotic therapy is approved for some of the ILDs (e.g., idiopathic
pulmonary fibrosis) and is being investigated for many others and has shown
promising preliminary results. A dire need for advances in the management
of immune-mediated lung disease persists in the absence of standardized
management guidelines.

KEYWORDS

immune-mediated lung diseases, interstitial lung disease, connective tissue diseases,
post-COVID-19, idiopathic pulmonary fibrosis, sarcoidosis, drug-induced lung injury,
post-lung transplant
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1. Introduction

The immune system is a heterogeneous collection of physical,
cellular, and biochemical components that defend against microbial
organisms and non-microbial foreign antigens. Based on their
antigen specificity and promptness of response, the immune
system’s components can be divided into innate and adaptive
immune arms (1). Innate immunity represents the early response
system to foreign body entry. It comprises cutaneous and mucosal
barriers, phagocytic cells (e.g., macrophages and neutrophils),
soluble factors (e.g., complement system), and receptors (e.g.,
pattern recognition receptors). The rapidity of the response of the
innate arm is a crucial feature conferred by the capacity of its
receptors to recognize pre-determined structural patterns common
to a vast array of foreign pathogens, which accounts for its lack of
specificity (2). The delayed, more antigen-specific adaptive immune
response ensues, generating cells and/or mediators specifically
tailored to the invading pathogen or substance, producing a more
efficient response. The adaptive immune system can be further
divided into humoral immunity, effectuated by B lymphocytes
and their secreted antibodies, and cellular immunity, effectuated
by various subsets of T lymphocytes. The adaptive response also
generates memory cells for a more rapid anamnestic response
against the same foreign antigen should re-exposure occur (3). As
convenient as the classification may seem, the innate and adaptive
arms are not mutually exclusive; a substantial degree of crosstalk
occurs between both systems via cells (e.g., dendritic cells) and
an intricate collection of mediators orchestrates and fine-tunes the
immune response (4).

The respiratory tract merits special consideration in the
discussion of immunity. By virtue of its gas exchange function,
the respiratory tract is a stage for constant clashes between the
immune system and foreign exposures that manage to trickle
into the airways with each breath (4). As such, the respiratory
system is equipped with a remarkable set of defense lines, from the
mucociliary apparatus and respiratory epithelium to the effector
immune cells lingering in pulmonary tissue. Small particles that
overcome the mechanical barrier are initially faced with resident
innate immune cells, namely, the alveolar macrophages, alongside
a group of secreted enzymes, immunoglobulins, and antimicrobial
factors (5). Recruitment of other cells from the innate and adaptive
systems occurs for more effective clearance of the foreign substance.
Despite affording great protection to the lungs in particular and
the body in general, the respiratory immune system may prove
detrimental in conditions where it is dysregulated or generates an
exaggerated response. In such settings, a wide range of pulmonary
pathologies can emerge and have been described quite extensively
(6). Nevertheless, the specific mechanisms that link immunity to
lung injury in many of these disease entities remain poorly defined
and are integral to devising targeted therapeutic interventions,
especially for the diffuse parenchymal lung diseases.

Diffuse parenchymal lung diseases, also referred to as
interstitial lung diseases (ILDs), are a diverse set of illnesses grouped
according to comparable clinical, radiological, physiological, or
pathologic characteristics (7-9). The word “interstitial” is used
to describe the pathologic appearance that the aberration starts
in the interstitium. Still, it is slightly misleading because most
of these disorders are also linked to significant changes in the
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alveolar and pulmonary architecture. Among the various ILDs,
sarcoidosis, connective tissue disease (CTD)-associated ILDs,
and idiopathic pulmonary fibrosis (IPF) are the most common
fibrotic ILDs, with an estimated prevalence of 30.2, 12.1, and 8.2
cases per 100,000, respectively (10). A multidisciplinary approach,
typically involving pulmonologists, radiologists, and pathologists,
is necessary for the differential diagnosis of ILDs (11). Clinical
presentation, a thorough history review (medications, infectious
and occupational exposures), smoking status, changes in lung
function, the findings of serological tests, imaging, and, if necessary,
a lung biopsy are all part of an evaluation (9, 12, 13). ILD is
first suspected when a patient experiences progressive shortness
with exertion (dyspnea), a prolonged non-productive cough,
and/or pulmonary symptoms linked to another illness, including
rheumatic disease. Regular laboratory testing is frequently non-
specific. High-resolution computed tomography (HRCT) of the
chest is the primary diagnostic tool for ILD (13). The underlying
diagnosis and the progression of the disease serve as the basis
for decisions regarding pharmacologic treatment. Antifibrotic
medications, such as pirfenidone or nintedanib, are indicated for
IPF patients (14). In most cases of fibrosing ILD other than
IPF, immunomodulation with glucocorticoids, immunosuppressive
therapy, or both are appropriate and are often utilized as first-
line therapy if there is a suspicion of inflammation-driven disease
(15-17).

The association between ILD and immunity in general and
autoimmunity in particular is evolving. This review summarizes
the current understanding of immunity and lung injury observed
in CTD-associated, exposure-related, idiopathic, and other
miscellaneous lung diseases (Figure 1). Also, we will shed light
on common clinical, radiologic, and pathologic findings in each
section. It is crucial to make an early diagnosis, identify triggers
and consider immunosuppressive therapy when indicated (6).
Other ILDs, including idiopathic interstitial pneumonia and ILDs
with cysts and/or airspace filling (18), were not discussed in this
review.

2. Connective tissue
disease-associated lung diseases

Connective tissue disease -associated lung diseases are
summarized in Table 1.

2.1. ILD in systemic sclerosis (SSc-ILD)

Systemic sclerosis (SSc) is a chronic systemic immune disease
characterized by fibrosis of the skin, lungs, and other vital organs.
SSc is characterized by persistent collagen overproduction and
connective tissue deposition in various organs. The exact etiology
is unknown but involves genetic, environmental, and autoimmune
factors. SSc is classified as a class II Human Leukocyte Antigen
(HLA) disease, and the HLA genes strongly influence SSc pre-
disposition (19, 20). Humoral and cellular immunity alterations
associated with specific autoantibodies are a feature of SSc and
occur very early in the disease process.
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Connective Tissue Disease-associated

Systemic Sclerosis
Primary Sjogren Syndrome
Rheumatoid Arthritis

Systemic Lupus Erythematosus

Idiopathic

Idiopathic Pulmonary

Fibrosis

Dermatomyositis & Polymyositis
Mixed Connective Tissue Disease
ANCA-associated Vasculitis
Ankylosing Spondylitis

Miscellaneous

Sarcoidosis

— Post-lung Transplant ILD

Exposure-related

Postinfectious ILD
Drug-induced ILD

Hypersensitivity Pneumonitis

FIGURE 1

Occupational Lung Diseases
Respiratory Bronchiolitis ILD

Radiation-induced Lung Injury

Overview of immune-mediated lung diseases discussed in this review. ANCA, anti-neutrophil cytoplasmic antibodies; ILD, interstitial lung disease.

The initial phase in the pathophysiology of SSc ILD is thought
to originate in response to a chronic insult to the alveolar
epithelial and endothelial cells caused by local inflammation
or an environmental stimulus (21). This injury stimulates the
recruitment of several inflammatory cells, which infiltrate the
alveolar spaces and activate existing immune cells in the lungs
(22, 23). Evidence of immune cell activation has been validated
in studies demonstrating that CCL2 and other chemokines are
released after the epithelial cell injury and influence inflammation
and the migration of leukocytes, particularly the activation of
M1 (pro-inflammatory) and M2 (profibrotic) macrophages (24).
SP-D and KL-6 are glycoproteins that are released from injured
epithelial cells and have been found to be elevated in the serum
of SSc patients with ILD as opposed to those without ILD
supporting the premise of chronic epithelial cell injury (22), further
emphasizing the essential role of epithelial cell injury in the SSc-
ILD (25).

Adaptive immune system activation leads to the infiltration of
T- and B-cells, inducing profibrotic factors and the stimulation
of transforming growth factor beta (TGF-f) from its latent state
(21), the latter being the principal controller of the immune
response (26).

In the absence of effective tissue repair, the resident
lung fibroblasts differentiate into myofibroblasts culminating in
parenchymal fibrosis. Other potential sources of the myofibroblast
include circulating fibrocytes derived from the bone marrow and
a biochemical process called the epithelial-mesenchymal transition
(EMT) (27, 28). In EMT, alveolar epithelial cells’ polarity is lost,
and they lay down an increased extracellular matrix and acquire
mesenchymal characteristics (28). However, this theory is not yet
proven and has been challenged by more recent research (29).
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2.1.1. Clinical manifestations

Patients often present with Raynaud’s phenomenon and
may also present with swollen fingers, sclerodactyly (tightening
and thickening of the skin), arthralgia or arthritis, malaise,
gastrointestinal, renal, cardiac, or pulmonary symptoms (30). The
disease can be limited, formerly known as CREST syndrome, or
diffuse. Antinuclear antibodies (ANA) are detected in most SSc
patients (19, 31). Patients who lack detectable ANA tend to be
males and have a reduced frequency of vasculopathy manifestations
(32). Several specific antinuclear antibodies are present in systemic
sclerosis, including the anti-topoisomerase I (ATA; anti-Scl70), the
anti-centromere (ACA), and the anti-RNA polymerase antibodies.
These antibodies act as major disease markers, are mutually
exclusive and define clinical presentation (31).

Interstitial lung disease is a serious organ involvement in
SSc patients and is the principal cause of death (33). Pulmonary
involvement occurs in 80% of SSc (34). Traditionally, ILD
is linked with diffuse SSc compared to the limited form.
However, it is thought that the presence of ATA carries the
highest risk of ILD regardless of the cutaneous form (35).
Inflammation and fibrosis findings on radiological imaging by
HRCT and histopathology characterize SSc-ILD. Non-specific
interstitial pneumonia (NSIP) is the major histopathologic type
of SSc ILD, while the usual interstitial pneumonia (UIP) form
occurs in fewer patients. Moreover, NSIP is characterized by mostly
inflammatory cellular/lymphocytic infiltrates and minimal damage
or fibrosis (36).

2.1.2. Treatment
Effective SSc-ILD treatment remains a challenge despite the
development of new therapeutics.
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TABLE1 Summary of CTD-associated lung diseases.

Systemic sclerosis  |Primary Sjégren |Rheumatoid Systemic lupus Dermatomyositis Systemic (ANCA- |Ankylosing
syndrome arthritis erythematosus (DM) and associated) pondylitis
(SLE) polymyositis (PM) vasculitis
Clinical Raynaud’s phenomenon, MSS | Dry eyes, mouth, and MSS (most common),  |MSS, renal system (lupus MSS (proximal muscle Raynaud’s Vascular system (wall MSS (enthesitis, pain in
manifestations (arthralgia or arthritis), skin | mucous membrane, rarely RS (ILD) and nephritis), skin, mucous weakness), skin in DM phenoumenon; MSS thickening), skin the sacroiliac joints and
(tightening, thickening), GIS, |parotitis, MSS (arthritis), |vascular system membranes, RS (ILD), CVS | (Symmetric erythematous | (arthralgia, myalgia), RS |(purpura), RS (ILD), CNS |spine), eyes (uveitis),
RS (ILD, PAH), renal system | parotitis; RS (ILD), skin, |(vasculitis), skin (pericardial disease, MI), rash), RS (ILD), CVS (ILD, PAH), CVS (headache, seizures, CVS (aortitis), RS (ILD,
(renal crisis), CVS renal system, CNS, lymph |(pyoderma, rheumatoid |CNS (seizures, psychosis), (myocarditis, HF). (pericarditis), Renal ischemia), MSS restrictive lung disease)
(arrhythmia, pericardial nodes may rarely be nodules), eyes (scleritis, |hematological abnormalities |Increased risk of system, and CNS may be |(arthralgia), renal system
disease, HF). affected keratitis) (cytopenia) malignancy affected (glomerulonephritis)
Laboratory data | ANA, anti-topoisomerase I, | ANA, anti-Ro/SSA, Rheumatoid factorand |ANA, anti-dsDNA, Serum muscle enzymes ANA and anti-U1 ANCA. HLA-B27, acute
and pathological |anti-centromere and others). |anti-La/SSB, rheumatoid |anti-CCP. anti-Smith, anti-Ro/SSA, (such as creatine kinase ribonucleoprotein ANCA staining pattern on |inflammatory markers
findings Excess matrix deposition, factor. Swollen synovium, anti-La/SSB, anti-histone and aldolase), an ANA test, | (RNP). neutrophils and (CRP and ESR)
fibrosis, epithelial and B-cell and T-cell presence of (most commonly in drug anti-Mi-2 antibodies, Activation of B-and monocytes; patchy Bone mineralization,
endothelial cells dysfunction |infiltration fibroblast-like and induced SLE), MDA-5 antibodies and T-cell, autoantigen infiltrates, vessel wall capsular fibrosis
and death macrophage-like antiphospholipid antibodies, |anti-Jo-1 antibody. modifications granulomas, fibrous tissue
synoviocytes, hypocomplementemia, Capillary abnormalities
macrophages and B-cells |anemia, lymphocytopenia and loss, perimysial
immune complex formation |abnormalities, and peri
and deposition, producing | fascicular atrophy
inflammation and vasculitis
Pulmonary NSIP is the most common NSIP and LIP are the most | UIP is the most common |NSIP, DAD/AIP, and DAH  NSIP and OP are the most | NSIP is the most UIP is the most common | Bilateral apical fibrosis
involvement followed by OP, DAD/AIP, common followed by OP, |followed by NSIP, OP, are the most common common followed by common followed by OP, |followed by NSIP and OP
UIP, and DAH DAD/AIP and UIP DAD/AIP, LIP and DAH |followed by OP, LIP and UIP \DAD/AIP, UIP and DAH | DAD/AIP, UIP, and DAH
Treatment of CYC and MMF. Rituximab, antifibrotic CS High-dose CS in alongside | CS (mainstay). CS monotherapy or a CS and CYC or rituximab | Treat secondary
pulmonary Autologous stem cell drug nintedanib (for DMARD: (e.g., CYC and rituximab in severe | MMEF, AZA and IVIG may |combination of CS and infections.
involvement transplantation gradual fibrosing methotrexate) cases be used conjugation. CcYC Anti-TNF therapy may
phenotype) impact respiratory
symptoms

‘e 33 sIems
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AIP, acute interstitial pneumonia; ANA, antinuclear antibody; ANCA, anti-neutrophil cytoplasmic antibodies; AZA, azathioprine; CNS, central nervous system; CS, corticosteroid; CVS, cardiovascular system; CYC, cyclophosphamide; DAD, diffuse alveolar damage;
DAH, diffuse alveolar hemorrhage; DMARDs, disease-modifying antirheumatic drugs; GIS, gastrointestinal system; HE heart failure; HLA, human leukocyte antigen ILD, interstitial lung disease; IVIG, intravenous immunoglobulin; LIP, lymphoid interstitial pneumonia;
MCTD, mixed connective tissue disease; MDA-5, melanoma differentiation-associated gene 5; MME mycophenolate mofetil; MSS, musculoskeletal system; NSIP, non-specific interstitial pneumonia; OP, organizing pneumonia; PAH, pulmonary arterial hypertension;
RS, respiratory system; TNFE tumor necrosis factor; UIP, usual interstitial pneumonia.
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SSc-ILD  is
immunosuppressive medications like cyclophosphamide (CYC),
an alkylating agent that cross-links strands of DNA and RNA and
inhibits protein synthesis, or mycophenolate mofetil (MMF) an

Currently, being treated mostly with

inhibitor of inosine monophosphate dehydrogenase (IMPDH).
Furthermore, autologous stem cell transplantation has also been
used as a treatment modality (36). Toxicity remains a major issue
in these treatment modalities, although MMF was more tolerable
and linked to reduced toxicity (37, 38).

Patients with SSc manifest a variety of B-cell abnormalities,
among which is persistent memory B-cell hyperreactivity that
may be attributed to overexpression of CDI19. This theory
is supported by the observation that SSc patients express
20%
by flow cytometry examination (39). Goswami et al. (40)

more CD19 than the normal controls as measured

published a systematic review and meta-analysis in 2021
on using rituximab, an anti-CD20 monoclonal antibody,
in treating SSc-ILD that comprised a total of 20 trials.
Researchers demonstrated that Rituximab improved pulmonary
function results after 6 and 12 months and may be an
alternative to MMF and CYC.

The IL-6 receptor monoclonal antibody tocilizumab was
licensed by the food and drug administration (FDA) in 2021 to treat
SSc-ILD. It was shown to have a persistent favorable effect in the
extension phase of the focuSSced trial (41).

Janus kinases (JAK) are a family of cytoplasmic tyrosine
kinases occurring in diverse tissues and cells that interact
with the Signal Transducers and Activators of Transcription
(STATs) transcription factor family (42). When activated by
cytokines or growth factors, these transcription factors lead to
the differentiation of immune cells and regulate macrophage
polarization and the production of a variety of cytokines. JAK
inhibitors interfere with the JAK/STAT pathway and halt genetic
transcription (43). JAK inhibitors simultaneously exert anti-
inflammatory and antifibrotic effects (24) and are promising
therapeutic options for SSc-ILD with a favorable outcome,
as reported in a recent non-systematic review by Fiorentini
etal. (23).

Nintedanib is a triple kinase inhibitor that substantially
inhibits the receptors for the fibroblast, vascular endothelial,
and platelet-derived growth factors (25). After initial approval
and wide-scale use in treating idiopathic pulmonary fibrosis,
nintedanib was approved by the FDA in 2019 in SSc-ILD
based on the positive results of the SENSCIS study (44).
Based on the Phase III trials, the level of evidence supporting
nintedanib was high (44, 45) or moderate (46), indicating high
confidence in the conclusion that nintedanib significantly slows
the annual decline in forced vital capacity (FVC) in SSc-ILD
or progressive fibrosing ILD including SSc-ILD. In addition, it
has been demonstrated that nintedanib, both by itself and in
conjunction with MME, can slow the deterioration of pulmonary
function (47).

Several clinical trials are looking into potential future SSc-ILD
therapies. Phase II research examining MMF in combination with
pirfenidone is being conducted in the SLS III trial (NCT03221257).
MMEF with or without the proteasome inhibitor bortezomib is being
investigated in another phase II placebo-controlled trial of MMF
combination therapy (NCT02370693) (47).
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2.2. ILD in Sjégren syndrome

SS is an autoimmune disease with sicca symptoms as a
hallmark feature due to exocrine gland B-and T-cell infiltration
along with focal lymphocytic sialadenitis leading to tissue fibrosis
and glandular dysfunction. Similar to other CTD-ILDs, the
pathogenesis of SS-ILD involves injury to the alveolar epithelium
with impaired healing, which causes fibroblasts to be activated
and produce an increased extracellular matrix, resulting in an
imbalance between collagen formation and degradation and
alveolar fibrosis due to collagen accumulation (48).

Autoreactive effector T-cells originate and reinforce pathogenic
B-cell responses. Interleukin 2 (IL-2) is the key stimulator of
CD4+ T-cells and controls regulatory T-cells (Tregs) (49). The
function of Treg cells was observed to be disrupted in patients with
primary SS (50).

Low-dose IL-2 therapy significantly improved disease activity
scores and immunological effects in 60 primary SS patients (49).
However, the potential role of this therapy on ILD in SS is not well-
defined.

In the presence of cytokines, notably IL-21, B-cells get activated
through B-cell receptor (BCR) activation and CD40 ligation. IL-
21 is a key cytokine that influences B-cell function and is found in
higher levels in Sjogren patients than in healthy subjects (51).

Type I IFN system is hyperactivated in primary SS, leading
to overproduction of the B-cell-activating factor of the TNF
family (BAFF), also known as B Lymphocyte Stimulator (BLyS).
BAFF is a potent B-cell activator and plays a crucial function in
B-cell proliferation, and differentiation and augments the B-cell
migration mediated by CXCL13 (52). It has been suggested that
BAFF may be a more useful marker for discovering individuals with
high disease activity in the early stages of SS (53).

2.2.1. Clinical manifestations

SS presents with sicca symptoms as a hallmark feature due
to exocrine glandular dysfunction (54). Patients can present
with dry, itchy eyes, dry mouth with accelerated teeth decay,
parotid gland swelling, nasal dryness, chronic dry cough, and
dry skin (55). Some patients can have systemic extra-glandular
manifestations such as joints, kidneys, nervous system, skin
vasculitis, and pulmonary manifestations (56). SS may develop
as a primary condition or a result of another connective
tissue disorder. Lung involvement in SS manifests mostly as
interstitial pneumonitis and dryness of airway mucosal surfaces,
but the disease can also result in pleurisy, pulmonary arterial
hypertension, pulmonary lymphoma, and amyloidosis (57). SS
is distinguished by a range of autoantibodies, specifically anti-
Ro/SSA, which is part of the most recent 2016 ACR/EULAR
criteria for the classification of Sjogren syndrome (58). ANA,
rheumatoid factor (RF), and anti-La/SSB can also be found in SS,
but up to 18% of the patients are seronegative (59). Autoantibodies
can predate the disease’s clinical manifestation by up to 18-
20 years (60).

Interstitial lung diseases can be seen in 20% of SS patients
(61). However, the prevalence rises when patients are systematically
screened for it regardless of respiratory symptoms. In one
report, up to 50% of SS patients had high-resolution computed
tomography abnormalities (62). SS patients with ILD were shown
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to have a lower quality of life and worse prognosis than those
without ILD (63).

The most prevalent ILD pattern in individuals with primary
SS is NSIP. Less frequent patterns include usual interstitial
pneumonia, lymphocytic interstitial pneumonia, and organizing
pneumonia, and some patients exhibit a combination of these
patterns (64). Patients with advanced age, male gender, or smoking
and those with anti-Ro52 antibodies were found to be more likely
to be affected by ILD (65, 66).

2.2.2. Treatment

Unfortunately, the only treatments currently available for SS are
symptomatic and primarily experimental. Rituximab is a promising
treatment for SS-ILD, with small studies showing improvement
in clinical symptoms and stabilization of radiological changes for
patients treated with rituximab (67, 68).

Belimumab is a BLyS (BAFF) antibody and is an approved
treatment for systemic lupus erythematosus. A systematic review
on the use of belimumab in autoimmune diseases (69) suggested
that the drug has a potential role in SS in general. Still, the study
did not address ILD in particular, and no randomized trials were
available to include in the review.

Patients with SS can manifest significant BAL lymphocytosis,
but this was not proven to be an early sign of severe lung
fibrosis (70). Type II pneumocytes in patients with ILD produce a
mucin-like glycoprotein called KL-6 (71). The serum level of KL-6
correlates significantly with ILD prognosis and disease severity as
defined by HRCT and is considered a potentially useful diagnostic
marker for detecting asymptomatic SS-ILD patients (71-73).

Some patients with SS-ILD develop a gradual fibrosing
phenotype associated with increased mortality and reduced quality
of life. Such patients are eligible for the targeted antifibrotic drug
nintedanib (74).

2.3. ILD in rheumatoid arthritis (RA)

Rheumatoid arthritis is an autoimmune disease that is
characterized by inflammatory arthritis. The arthritis is often
symmetrical, and if left untreated, usually results in joint
damage from the erosion of bone and cartilage, which results
in abnormalities of the joints (75). Numerous cell types are
involved, including T-cells, B-cells, macrophages, and fibrocyte-like
and macrophage-like synoviocytes. Extra-articular involvement,
including lung pathology in the form of ILD, is a well-established
complication of the disease (76). There are many identified risk
factors for ILD and RA; smoking is one common overlapping
risk factor (76). One hypothesis is that rheumatoid arthritis
autoimmunity can be generated at non-articular sites, including the
lung. Rheumatoid factor (RF) and anti-cyclic citrullinated peptide
(anti-CCP) antibody are found in smokers without evidence of
rheumatoid arthritis joint involvement. This is important because
smoking is the only known modifiable risk factor for RA-ILD.
Other studies looking at non-articular sites include gut dysbiosis
as a possible mechanism for the development of RA (77). The
commonality between these two hypotheses is that these mucosal
sites decrease self-tolerance to citrullinated autoantigens.

Numerous noxious substances, including smoke particles, silica
particles, textile dust, and bacteria, can harm the lungs and
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produce immunological reactions linked to RA when combined
with susceptibility genes. Dendritic cells (DCs), macrophages, and
B-cells are stimulated by toll-like receptor (TLR) stimuli from
tobacco smoke, silica dust, textile dust, or from elements of
an aberrant microbial flora inside the lungs (78-80). Peptidyl-
arginine deiminase (PAD) activation and local extracellular
citrullination may result from this mechanism, which could cause
the emergence of neo-antigens linked to RA. Furthermore, another
effect could be the differentiation of B-cells, which can result in
the initial somatic mutation of the immunoglobulin genes and
allow B-cells to bind and deliver post-translationally changed
autoantigens to T-cells (81). Early in the development of RA-
related immune responses and disease, the lungs produce structures
resembling germinal centers called induced bronchus-associated
lymphoid tissue (iBALT). A local generation of antibodies to
citrullinated protein antigens (ACPAs) is encouraged in the
lungs by T-cell-dependent B-cell activation. T-cell receptor; APC,
antigen-presenting cell (82-84).

2.3.1. Clinical manifestations

Rheumatoid arthritis commonly presents with stiffness and
swelling in the hands and feet. While joint involvement is the
pre-dominant feature used in the ACR/EULAR criteria for RA,
RA also affects other body parts, including the lungs and blood
vessels (vasculitis), skin (pyoderma, rheumatoid nodules), eyes
(scleritis, keratitis). The most common form of lung involvement
in rheumatoid arthritis is ILD (85).

Approximately 10% of patients with rheumatoid arthritis will
develop clinically significant ILD (85). However, some studies
suggest that this number may be higher, and there is radiographic
evidence on CT before patients become symptomatic (86). For
some patients, ILD precedes the diagnosis of rheumatoid arthritis
(87). One study by Hyldgaard et al. (88, 89) found that 14% of
patients with RA-ILD had been diagnosed with ILD 1-5 years
before their rheumatoid arthritis diagnosis. It is important to
identify and treat RA-ILD as early as possible because it is the
second most common cause of death in patients with RA after
cardiovascular disease (86).

2.3.2. Treatment

According to case series and clinical evidence, systemic
glucocorticoids and/or disease-modifying antirheumatic drugs
(DMARDs) may be beneficial in some patients with RA-ILD
(7). Data to guide the choice of conventional DMARDs such as
methotrexate or mycophenolate, or biologic DMARDs such as
abatacept, in RA-ILD is still evolving (90). Known for producing
a favorable articular response in resistant RA, biologic treatment
with rituximab has also been shown to stabilize RA-ILD in the
majority of patients in several reports, and even improve lung
status in a small patient subset (91). Among those, a report of
700 RA patients treated with rituximab demonstrated stabilization
or improvement of lung disease in 30 out of 44 patients with
concurrent RA-ILD, with the remaining 14 patients experiencing
ILD progression (92). In that study, a radiologic pattern of UIP and
more severe ILD prior to rituximab initiation conferred a poorer
response to rituximab and an increased risk of ILD deterioration.
Concerns have been raised over rituximab-induced ILD and the
general side effect profile of rituximab although the data remains
limited in RA patients.
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The treatment of RA-ILD has proved to be challenging for
many clinicians. Adding to this challenge is the concern that
the mainstay treatment for RA with DMARDs increases the risk
of pulmonary toxicity. Additionally, little evidence suggests that
DMARDs are an effective treatment for ILD (91). Thus, the
treatment for joint and lung involvement may need to be evaluated
separately. There is evidence for using antifibrotic medications such
as nintedanib from the INBUILD trial. This trial demonstrated that
in patients who received nintedanib, the annual rate of decline in
the FVC was significantly lower than in those who received the
placebo (46). Additional research and clinical trials are still needed
to determine the optimal treatment for RA-ILD.

2.4.1LD in systemic lupus erythematosus
(SLE)

Systemic lupus erythematosus (SLE)
autoimmune disorder of unknown etiology that involves a

is a multisystem

complex interplay of environmental and genetic factors. Much
of the pathology in SLE is believed to stem from failure of self-
tolerance, dysregulated apoptosis, formation of autoantibodies,
and immune complex formation and deposition, producing
inflammation and vasculitis that culminate in the multisystemic
manifestations of SLE. Among the systems involved, pulmonary
involvement is common in the form of pleuritis and pleural
effusions and, to a lesser extent, ILD (93).

The underlying mechanisms of lung involvement in SLE,
particularly ILD, also remain poorly defined, and whether it
arises from progression of lung inflammation and consequent
parenchymal damage and fibrosis or not is also unclear. Lung
inflammation has been associated with circulating immune
complexes, increased levels of certain cytokines, and neutrophils
(94). The initial inflammatory insult damages and activates
epithelial and endothelial cells in the lung, with production of
mediators that attract various cells including neutrophils. The
role of neutrophils in perpetuating the inflammatory response
in SLE has been highlighted through the process of NETosis in
which released DNA and nuclear antigens, which are primary
autoantigens in SLE, further drive inflammation (94). Additionally,
the role of certain cytokines in the development of pulmonary
pathology has been proposed on the basis of observations
demonstrating augmented systemic levels of IFN-gamma, IL-6, and
IL-8 in comparison to SLE patients without lung involvement (95,
96). The exact mechanisms that govern progression to fibrosis,
however, are poorly understood.

2.4.1. Clinical manifestations

Like other autoimmune disorders, SLE primarily affects
women. It has a variety of clinical presentations and is sometimes
referred to as the “great mimicker” because of this heterogeneity.
Common clinical manifestations include a malar rash, mouth
ulcers, hematologic abnormalities, cardiovascular abnormalities,
neuropsychiatric abnormalities, synovitis, joint tenderness or
stiffness, and renal involvement.

Pulmonary involvement is a common finding in SLE. Although
only 5% of patients have pulmonary involvement as their
presenting symptom, nearly half of all patients with SLE will
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develop it in the future (97). There are two major categories of lung
conditions in lupus: acute lupus pneumonitis and ILD. Interstitial
pneumonitis is a less frequent occurrence in SLE than other CTDs
and has received less attention than other CTD-ILDs, particularly
SSc-ILD, but it shares similar pathogenic mechanisms (98). The
most frequent histopathology types are acute interstitial pneumonia
and NSIP, and high-resolution CT of the lung shows ground glass
opacities (99, 100).

Patients with ILD secondary to SLE are more likely to present at
an earlier age than those with ILD who do not have an autoimmune
condition. One study by Hussain et al. (101) found that the average
age at ILD diagnosis in a patient with SLE was 59.28 compared
to 72.32 years in those without autoimmune disease. The same
study also looked at the racial distribution and found that African
American populations with ILD, compared to other races, were
more likely to have an underlying autoimmune disease, including
SLE, mixed connective tissue disease, myositis, or scleroderma.
A multicenter study of 513 patients with SLE found that ILD was
present in 1% at the time of onset, 4% of patients within the
following year, and 8% by 12 years. ILD seemed to increase with
the duration of disease and also with age (102, 103).

Immunologic criteria for SLE include antinuclear antibody
(ANA) and SLE-specific antibodies: anti-dsDNA and anti-Smith
antibody (104, 105). None has shown a good correlation with
development of ILD (106). Other antibodies in SLE include anti-
histone antibodies (which are associated with drug-induced lupus),
anti-Ro/SSA, anti-La/SSB, as well as antiphospholipid antibodies.
Additional laboratory testing may show anemia, lymphocytopenia,
and hypocomplementemia (107).

Similar to other diffuse CTD-ILDs, the most typical symptoms
include non-productive coughing, pleuritic chest discomfort, and
persistent exertional dyspnea. Physical examination may reveal
bibasilar crackles, cyanosis, and fever. As opposed to idiopathic
ILD, clubbing is less frequent in SLE.

Biopsies collected from people with ILD related to SLE have
been shown in histological examinations to have lymphocytic,
mononuclear interstitial, and peribronchiolar infiltrates (108).
A study done by Chen et al. (109) found that among Chinese
patients with SLE, there were several statistical differences
compared to those without ILD: including older age, increased
illness duration, lower levels of anti-dsDNA, high C3 levels,
increased ratios of Raynaud’s phenomenon, moist rales and
tachypnea. This poses the question of whether there should be
increased screening for ILD in patients with these biomarkers
or with Raynauds.

2.4.2. Treatment

Treatment of SLE-ILD is primarily based on case reports, case
series, or expert opinion and there are varying degrees of consensus
on treatment since there are few randomized controlled studies
to support the current treatments. Current therapies frequently
involve high-dose corticosteroids in conjunction with medications
like cyclophosphamide and rituximab in severe instances (100,
110). In milder cases or to preserve long-term disease control,
steroid-sparing medications like MMF and azathioprine may be
utilized (111, 112). Belimumab is an approved treatment for SLE
(69), but data on its utility for SLE-ILD is limited, with few case
reports of its favorable effect (113). In addition, as with other
autoimmune-related ILD, those patients who develop fibrosing
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phenotype are eligible for treatment with the targeted antifibrotic
drug nintedanib (74).

2.5. ILD in dermatomyositis and
polymyositis

Dermatomyositis (DM) and polymyositis (PM), which are
categorized under idiopathic inflammatory myopathies, are
immune-mediated myopathies characterized by the involvement of
the muscles as well as extramuscular symptoms (114). The exact
pathogenic mechanisms responsible for DM are still unknown.
Application of genomic technologies to DM skin and muscle
samples has led to the hypothesis that DM pathology is caused by
exposure to a type 1 interferon (IFN) that damages keratinocytes,
myofibers, and capillaries (115-117). The microscopic pathology of
DM, which includes perifascicular atrophy, capillary abnormalities
and loss, and perimysial abnormalities, is distinct from all other
muscle illnesses. Perifascicular myofibers, which are situated at
the borders between fascicles and perimysial connective tissue, are
preferentially harmed. These myofibers are atrophic and exhibit
neonatal myosin (MHY8), vimentin, and natural cell adhesion
molecule (NCAM), which are often linked to regeneration (118,
119). However, it seems improbable that these myofibers are
regenerating. Moreover, PM is thought of as a condition in which
myofibers are invaded by lymphocytes, particularly CD8+ cytotoxic
T-cells. A protein called melanoma differentiation-associated gene
5 (MDA-5) serves as an intracellular pattern-recognition receptor
that can identify danger signals in double-stranded RNA. Type I
interferons are produced in considerable quantities after MDA-5
is activated the reason behind this remains unknown (120). It is
hypothesized that this leads to the activation of non-inflammatory
macrophages which produce IL-10 and TGF-f and are involved in
the progression of lung fibrosis (121, 122).

2.5.1. Clinical manifestations

Both DM and PM have a wide range of clinical symptoms
and are multisystem diseases. The majority of individuals show
symptoms of muscular inflammation and proximal skeletal muscle
weakening (118, 123). DM is characterized by a number of
distinctive skin eruptions, such as Gottron papules and the
heliotrope eruption (124). Patients suffering from myositis-ILD
commonly experience shortness of breath and non-productive
cough. However, some patients may not show any symptoms and
ILD is only discovered through an abnormal lung examination
or chest X-ray (125). ILD occurs in 20-80% of cases with DM
and PM patients and is a common cause of death among them
(126, 127). DM and PM have been linked to a number of ILD
histologic patterns with NSIP and OP being the most common
pattern (128). A complete blood count and differential, hepatic
and renal function assessments, and a brain natriuretic peptide
(BNP) or N-terminal-proBNP test are frequently included in initial
laboratory evaluations. Additionally, serum muscle enzymes (such
as creatine kinase and aldolase), an antinuclear antibody test, anti-
Mi-2, and an anti-Jo-1 antibody are done if the diagnosis of DM
or PM has not yet been established (129). The clinical examination
and outcomes of the preliminary tests serve as the basis for further
testing (e.g., further antisynthetase antibodies, MDA-5 antibodies
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which are associated with rapidly progressive ILD, and testing for
an overlap syndrome) (128, 130, 131). The diagnosis of ILD in
patients with a history of DM and PM can typically be confirmed
through a combination of their symptoms, chest imaging (e.g.,
HRCT), and pulmonary function tests (132). It is recommended
that all individuals diagnosed with myositis, regardless of their
respiratory condition, undergo complete pulmonary function tests
(PFTs) at the time of diagnosis and then annually afterward
(127). Furthermore, a lung biopsy is not typically needed. In cases
where the symptoms or imaging appear atypical (for example,
accompanied by a fever, rapidly worsening, or occurring during
immunosuppressive treatment), bronchoscopy with BAL may be
performed to rule out an infection or drug-related cause (133). If
the diagnosis is still uncertain, a lung biopsy may be necessary.

Karampitsakos et al. (128) reported that ILD is a common
feature of inflammatory myopathies, including those without
muscle involvement, and may occur before the onset of muscle
symptoms. Consequently, physicians should be aware that cases of
organizing pneumonia without obvious muscle involvement may
be related to myopathy. When patients with bilateral organizing
pneumonia do not respond to antibiotics, physicians should
thoroughly evaluate them for myositis-associated ILD, especially if
they have certain autoimmune markers like anti-MDAS5, which can
have a negative impact on prognosis (128).

2.5.2. Treatment

Diagnosing and treating myositis-ILD presents challenges
that are best addressed through a collaborative effort between
experienced rheumatologists and pulmonologists (134). There
are currently no standard guidelines for managing patients with
myositis-ILD. Treatment plans are based on the expertise of
medical professionals and can vary between medical centers.
Corticosteroids (CS) are used as a baseline therapy for all patients
with myositis-ILD due to their rapid onset of action and availability.
The starting dose is determined based on the severity of the
patient’s disease and any underlying health conditions, such as
diabetes or osteoporosis (127, 135). Because of the potential long-
term consequences of taking prednisone and the risk of disease
flare-ups, a steroid-sparing agent, such as MMF or AZA, is
usually prescribed concurrently with prednisone to allow for a
gradual reduction in prednisone use (127, 136). Although there
is no clear evidence supporting the use of one steroid-sparing
agent over the other, MMF is preferred due to a lower risk of
gastrointestinal symptoms and lab abnormalities. IVIG is used
as adjunctive therapy for patients with refractory disease, severe
skin involvement, or severe myositis (127). Regarding tacrolimus,
it is used only for patients who do not show improvement or
continue to have declining pulmonary function after 3 months of
treatment with steroids and an anti-metabolite (MMF or AZA).
In cases of severe combined ILD and myositis, tacrolimus may
be chosen as a first-line steroid-sparing agent. However, when
possible, MMF or AZA is favored due to the potential for long-
term side effects and the need for monitoring druglevels in patients
taking tacrolimus. Rituximab is also used as an additional therapy
for patients with persistent or progressive disease despite treatment
with prednisone and an anti-metabolite or calcineurin inhibitor.
CYC is rarely used due to concerns about side effects and lack of
evidence that it is more effective than other immunosuppressants
for ILD. Despite treatment with immunomodulatory therapy, some
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patients with myositis-ILD may develop a progressive fibrotic form
of ILD. In cases where there is radiographic evidence of worsening
bronchiectasis or the development of honeycomb changes, anti-
fibrotic therapy with nintedanib or pirfenidone is added (127).

2.6. ILD in mixed connective tissue
disease (MCTD)

Mixed connective tissue disease is a rare autoimmune disorder
affecting multiple body systems, including the joints, skin, lungs,
blood vessels, and muscles. It is characterized by the presence
of antibodies to a protein called ribonucleoprotein (RNP) and
symptoms of overlap between SLE, scleroderma, and polymyositis
(137, 138). The exact cause of MCTD is unknown, but it is believed
to be a combination of genetic and environmental factors. It
is widely known that autoimmunity plays a part in ILD linked
to CTD. Increased levels of proinflammatory and profibrotic
mediators have been linked to the development of ILD and might
play an important role in MCTD-ILD. These mediators include
lipids, prostanoids, growth factors, chemokines, and cytokines
(99). In MCTD-ILD, the immune complex complements C3
factor, anti-U1-RNP, and CH50 are all substantially expressed.
Gunnarsson et al. (139) reported that anti-Ro52 antibodies are
associated with MCTD-ILD.

2.6.1. Clinical manifestations

Mixed connective tissue disease might present with non-
specific early clinical symptoms including general malaise,
arthralgias, myalgias, and low-grade fever (140). Raynaud
phenomenon and the absence of severe renal and central nervous
system disease help differentiate MCTD from SSc and SLE (141-
143). Dyspnea, dry cough, and pleuritic chest pain are early signs of
pulmonary involvement in MCTD that should be taken seriously
(144). One of the most serious complications of MCTD is ILD.
ILD is thought to be caused by the immune system attacking the
lung tissue. ILD can occur in about up to 50% of patients with
MCTD. Furthermore, a sensitive diagnostic test to identify ILD
is HRCT. Septal thickening, ground-glass opacities, non-septal
linear opacities, and peripheral or lower lobe pre-dominance are
the most prevalent HRCT results and are most comparable to the
SSc findings (145, 146).

2.6.2. Treatment

As there have been no randomized clinical trials to help direct
treatment, it is believed that MCTD is an incurable condition.
The treatment is mostly determined by the proven effectiveness
of certain medications for conditions that are similar to SLE,
scleroderma, or polymyositis. In the early inflammatory stage of
ILD associated with MCTD, CS monotherapy or a combination of
CS and CYP may be beneficial in stopping the progression of ILD
and the development of fibrosis (147).

2.7. ILD in antineutrophil cytoplasmic
antibody (ANCA)-associated vasculitis

Antineutrophil cytoplasmic antibody-associated vasculitis
(AAV) is a systemic vasculitis that mainly affects small
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blood vessels. It consists of three different clinical syndromes:
microscopic polyangiitis (MPA), granulomatosis with polyangiitis
(GPA), and eosinophilic granulomatosis with polyangiitis (EGPA)
(148). Association between ANCA-associated vasculitis (AAV)
and interstitial lung disease has been increasingly reported over
the past 3 decades (148). The significant pre-dominance of
myeloperoxidase (MPO) or (P-ANCA) related AAV-ILD was
reported compared to other AAV subtypes (149). The prevalence
rate of ILD was reported in up to 45% of MPA patients and 23% of
GPA patients (148). Mucin 5B (MUC5B) promotor has a role in
airway clearance and host defense against bacteria, with one of its
variants rs35705950T identified (148) and was found to increase
the risk of IPF in AAV-ILD patients in a case-control study from
Japan (148, 150). The impact of ANCA is based on the activation
status of neutrophils. Once primed, neutrophils can be bound
by ANCA to relevant antigens on the cell membrane. This leads
to abnormal activation through crosslinking of MPO or PR3 or
by binding to Fc receptors. ANCAs binding to neutrophils can
increase the interaction between neutrophils and endothelial cells,
causing microvascular damage, which supports ANCA’s potential
role in causing systemic vasculitis (151, 152).

The exact cause of ILD in AAV is not well understood.
However, Kagiyama et al. (153) postulated that repeated episodes
of alveolar hemorrhage due to pulmonary capillaritis may lead
to the development of pulmonary fibrosis. Also, Guilpain et al.
(154) suggested that oxidative stress, particularly the production of
hypochlorous acid (HOCI) through the interaction of MPO with
anti-MPO antibodies, could drive the fibrotic process observed in
MPA. Pathology of ILD associated with ANCA-positive vasculitis
was evaluated in a few studies. In a case series study of 9 patients
with MPO-ANCA idiopathic interstitial pneumonia (IIP), small
airway disease was found in all the patients, lymphoid follicles in
seven patients, UIP with areas of NSIP in eight patients, UIP and
diffuse alveolar damage (DAD in two patients and no vasculitis in
any patients (155).

In another study of 18 patients evaluated with surgical lung
biopsy, 65% were noted to have UIP patterns and 48% with UIP
and other atypical findings of UIP related to IPF (148, 156).

2.7.1. Clinical manifestations

Individuals who have both AVV usually exhibit general
symptoms such as fever, feeling unwell, loss of appetite, weight
loss, muscle aches, and joint pain. These early warning signs
can persist for several weeks to months without showing specific
signs of organ damage. Later, specific organ problems may
become evident such as the Vascular system (wall thickening),
skin (purpura), nervous system (mononeuritis), and renal system
(glomerulonephritis) (157).

Pulmonary involvement in AVV can manifest as pulmonary
nodules/consolidation, more common with GPA, diffuse alveolar
hemorrhage that is often associated with renal vasculitis,
tracheobronchial stenosis, fibrosing interstitial disease, and
IPF (158). Although the median age at onset of MPA vasculitis is
55 years, MPA-associated ILD usually presents in patients 65 years
and older, with a higher incidence in males (148).

In a retrospective study on 745 north American patients with
IPE, 4.0% of the patients were positive for ANCAs at the time
of diagnosis and 25-33% of them were diagnosed with vasculitis
during a median duration of follow-up 18 months (148, 159).

frontiersin.org


https://doi.org/10.3389/fmed.2023.1160755
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Sweis et al.

However, isolated IPF cases with positive ANCA in the absence of
any AAV manifestations (148, 160).

Interstitial lung disease in AAV, especially anti-MPO ILD with
or without systemic manifestations, is becoming more recognized,
ANCA is not typically included in ILD workup and standardized
criteria for diagnosis and classification of autoimmune-ILD are
not available. More studies are needed to evaluate the association
between ANCA positivity and ILD, its impact on disease course and
prognosis, and potentially beneficial treatment options.

In a multicenter study in Japan that included 150 patients with
MPA, 66% had interstitial lung abnormality (148, 161). The most
common radiologic pattern with ANCA/AAV-related ILD is UIP
(78%), NSIP (13-64%), less common patterns include organizing
pneumonia and desquamative interstitial pneumonia (148, 161,
162). Other described radiologic patterns include ground glass
opacities (GGO), honeycombing, nodular pattern, consolidation,
reticulation, and interlobular septal thickening (148, 156, 163, 164).

2.7.2. Treatment

There are numerous studies about ANCA-associated systemic
vasculitis, but few studies address ANCA-associated ILD, with less
defined treatment for ANCA-associated ILD in the absence of
systemic vasculitis (148). Retrospective case reports and limited
data, especially with non-UIP patterns revealed an improvement
in PFT in patients treated with immunosuppressive agents (148,
165). However, a study on 62 patients showed no improvement in
the prognosis with immunosuppressive treatment (166). A study
on 49 patients who were treated with glucocorticoids and
cyclophosphamide or rituximab as induction therapy showed
higher 1- and 5-year survival rates compared to those who were
treated with glucocorticoids alone (148, 164).

As with all other CTD-ILD, the INBUILD study suggested
a benefit of nintedanib in the progressive fibrosis-ILD (PF-ILD)
subtypes (148, 167). Moreover, antifibrotic rather than anti-
inflammatory therapy should be prioritized in patients with a high
risk for infection, a UIP phenotype and no systemic vasculitis
features (167).

2.8. Ankylosing spondylitis
(AS)-associated lung disease

Ankylosing spondylitis (AS) is a chronic inflammatory
disease that is part of the broader entity termed axial
spondyloarthropathies. It is pre-dominantly a disease of the
axial skeleton, including the sacroiliac joints and spine, and less
commonly, peripheral joints (168). Extra-articular involvement
may occur and includes ocular (e.g., uveitis), cardiovascular (e.g.,
aortitis), and pulmonary manifestations (e.g., ILD) (169-171).
In 85-90% of AS cases, there is an association with HLA-B27,
an MHC variant presumed to contribute to disease pathogenesis
via aberrant presentation of unidentified antigens that trigger
inflammation in the axial joints (172). Cytokines such as TNF-
alpha, IL-17, and IL-23 are important mediators of the disease and
serve as therapeutic targets for AS (173, 174).

Pulmonary disease in AS primarily follows a restrictive pattern
of changes that is largely attributed to musculoskeletal disease,
and to a lesser extent, parenchymal lung involvement (171, 175).
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Spinal and costovertebral joint fusion and rigidity, enthesitis in the
anterior chest wall and the ensuing decline in chest wall mobility
restrict chest wall expansion (171). Other pulmonary changes,
including apical fibrosis, have no clear pathophysiology but are
possibly related to altered mechanical stresses and diminished
ventilation in the apices of the lung, chronic inflammation,
and recurrent aspiration pneumonitis secondary to esophageal
dysfunction (171).

2.8.1. Clinical manifestations

The characteristic presenting symptom of AS is insidious-onset
inflammatory back pain in an adult below the age of 40 that may or
may not be associated with peripheral articular and extra-articular
symptoms at presentation. Testing for suspected AS will include
conventional radiography of the sacroiliac joints, revealing sclerotic
to erosive changes as well as joint space narrowing indicative of
sacroiliitis, in addition to a spine X-ray, revealing loss of lumbar
lordosis, bony growths (i.e., syndesmophytes) and a bamboo spine
in more advanced stages of the disease. More advanced imaging
with CT and MRI proves useful in cases of equivocal sacroiliac
X-ray findings with clinical suspicion of AS. Laboratory testing
will likely reveal HLA-B27 positivity, along with elevation of non-
specific inflammatory markers such as CRP and ESR (169, 176).

Pulmonary disease in ankylosing spondylitis is a rare and late
occurrence, although onset has been reported to vary but occurs at
an average of 15 years following the onset of articular symptoms
(171, 177, 178). Pulmonary disease in AS follows an insidious
course. Among the most common pulmonary changes observed
in AS is a restrictive pattern demonstrated on pulmonary function
tests, including mildly to moderately diminished vital capacity.
This can be due to isolated musculoskeletal disease or concurrent
parenchymal lung pathology which can occur in the form of ILD,
apical fibrosis, emphysema and bronchiectasis (179).

In 1.3-15% of patients, plain radiography may demonstrate
apical fibrosis but is often an asymptomatic finding (175, 180,
181). Nevertheless, colonization and superinfection of apical
cysts or cavities may occur, in which Aspergillus fumigatus is
the most common culprit, followed by mycobacteria, and may
produce symptoms of fever, hemoptysis and dysnpea. Additionally,
apical fibrobullous disease may pre-dispose to spontaneous
pneumothorax (171). HRCT better reveals parenchymal lung
changes as well as pleural thickening, cavitation and bronchiectasis
(175). Histopathologic lung specimens of AS patients with
pulmonary involvement may reveal patchy pneumonia, scarring,
bullae formation, bronchial dilatation, bronchiolitis obliterans or
organizing pneumonia (177, 178, 182-184).

2.8.2. Treatment

The main way to manage respiratory issues related to
ankylosing spondylitis is by treating any secondary infections with
either systemic or locally administered antibacterial or antifungal
agents (171). Anti-TNF-a therapy has been proven effective both
clinically and in imaging studies for treating ankylosing spondylitis
and is an option for patients who are unresponsive to non-
steroidal anti-inflammatory drugs (185). Although drugs with
anti-inflammatory properties, such as infliximab, etanercept, and
adalimumab, are utilized to treat ankylosing spondylitis, it remains
uncertain how they impact respiratory symptoms (171, 185, 186).
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Also, there is no evidence that any form of therapy can change the
progression of apical fibrobullous disease.

3. Exposure-related lung diseases

Most of the diseases listed in this section are discussed briefly.

3.1. Post-infectious lung diseases

Post-infectious immune-mediated ILD is a condition that
arises when infectious agents stimulate an immune response
that attacks the lungs or when the healing process becomes
abnormal following an infection (187). Post-infectious ILD has
been described following various infectious agents, and interest
has grown dramatically with the advent of coronavirus disease
2019 (COVID-19).

Infections may contribute to the development of ILD (187). Itis
postulated that the pathogenesis of infection-induced ILD involves
either direct epithelial injury followed by an aberrant healing
process or activation of the immune system and the subsequent
generation of pro-fibrotic and pro-inflammatory cytokines, both of
which may cause pulmonary fibrosis (188).

Viral infections and their association with ILDs have received
significant attention in recent years, particularly during the
Coronavirus disease 2019 (COVID-19) pandemic, despite the fact
that the mechanisms behind virus-induced ILDs remain unknown.
Alterations of fibrosis-related pathways and mechanisms, such
as decreased expression of angiotensin-converting enzyme
2 (ACE2), TGF-B/Smad pathway,
increased production of pro-fibrotic and pro-inflammatory

overexpression of the

cytokines, as well as increased stress in the endoplasmic
reticulum, have been shown to contribute to epithelial-
mesenchymal transformation, a major mechanism of pulmonary
fibrosis (188).

Infection with influenza may cause lung fibrosis by activating
the TGF-p/Smad pathway, which can trigger the overexpression
of pro-fibrotic gene. Jolly et al. (189) reported in a murine
study that influenza A infection induced avB6 integrin-mediated
TGF-B activity in epithelial cells through activation of toll-like
receptor 3 (TLR3), leading to the death of epithelial cells and an
increase in collagen deposition. Shatskaya et al. (190) discovered,
in influenza A-infected mouse models, that an increase in TGF-§
expression may affect the balance of activation and inhibition of
SMAD proteins, leading to epithelial-mesenchymal transition and
progression to fibrosis.

Herpesviruses have been shown to cause pulmonary fibrosis.
Malizia et al. (191) found that Epstein-Barr virus (EBV)-infected
human alveolar epithelial cells had increased TGF-B1 expression,
which was decreased by Ganciclovir treatment. Mora et al.
(192) discovered that infection of IFN-y receptor-deficient
mice with Murine Gammaherpesvirus 68 (MHV-68) led to
epithelial injury, myofibroblast transformation, enhanced TGF-f
expression, and ultimately deposition of interstitial collagen.
Cook et al. (193) observed aberrant TNF-alpha expression by
polymerase chain reaction (PCR) and a substantial increase in
lung fibrosis in murine Cytomegalovirus (CMV) reactivation
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models 2 weeks after infection, compared to uninfected
controls. In a meta-analysis including 1,287 patients, Sheng
et al. (194) found that the presence of EBV, CMV, Human
betaherpesvirus 7 (HHV-7), and Human Herpesvirus-8 (HHV-8)
significantly increased the risk of developing idiopathic pulmonary
fibrosis.

Limited information is available about the role of bacteria
and fungi in developing ILDs. Molyneaux et al. (195) found
that a higher bacterial load in bronchoalveolar lavage was
predictive of a decline in lung function and increased mortality
in idiopathic pulmonary fibrosis (IPF) patients and that
Haemophilus, Streptococcus, Neisseria, and Veillonella spp.
were more prevalent in IPF patients than in control subjects.
In addition, a significant prevalence of Pneumocystis jirovecii,
a fungus, was seen among immunocompetent ILD patients
(196). However, more clinical and translational research is
needed to understand the pathogenesis of ILD caused by these
infectious agents.

It can be challenging to establish the connection between
infection and interstitial lung disease (ILD) in human clinical
studies because the infection may exacerbate existing ILD or
cause new-onset ILD through other mechanisms. Therefore,
many animal studies are needed to help clarify how different
infections contribute to developing ILD. As mentioned earlier,
there are numerous subtypes of ILD with varying degrees of
inflammation and fibrosis. Still, current animal studies have
primarily focused on elucidating the pathogenesis of lung fibrotic
changes. Further research is needed to examine the immune
system pathways involved in the various subtypes of ILD.
In the future, when uncontrolled infection is suspected as a
possible cause of ILD, infection-induced ILD should be considered
as a differential diagnosis to allow for early treatment and
improved prognosis.

3.1.1. Clinical manifestations

The clinical presentation of post-infectious immune-mediated
ILD can be diverse. It may be either acute or chronic, with
the clinical course differing between different pathogens and
being unpredictable in some cases (187). Many patients with
certain infectious diseases have also had long-term residual
radiological abnormalities, such as evidence of inflammatory
and persistent fibrotic-like changes visible on chest CT scans
(188). The most common pathological finding in post-infectious
ILD is the infiltration of immune cells and the development of
fibrotic changes, which can manifest as various forms of interstitial
pneumonia, including diffuse alveolar damage, pleuroparenchymal
fibroelastosis, inflammation,

granulomatous or eosinophilic

pneumonia upon histopathological examination (187).

3.2. Post-COVID-19 ILD

Coronavirus disease 2019 (COVID-19) has been the leading
cause of morbidity and mortality since the identification of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019
(197, 198).

Coronaviruses are currently being extensively studied for
their role in the underlying pathogenesis of ILDs. Kim et al.
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(199) infected human dipeptidyl peptidase 4 (hDPP4)-transgenic
mice with Middle East Respiratory Syndrome-Coronavirus
(MERS-CoV) and identified histological indicators of progressive
pulmonary fibrosis, increased production of pro-fibrotic cytokines,
and inflammatory response in the lungs.

Characterized by acute respiratory distress syndrome (ARDS)
like hyperinflammation and endothelial dysfunction, these post-
COVID changes can be summarized as a fibroproliferative response
that can persist for a long period. Lung injury in severe COVID-19
disease is associated with an increased risk of progression to ILD.
ILD has a broad spectrum combining inflammatory and fibrotic
features. It is crucial to understand the primary contributors of
ILD in COVID-19, how to mitigate the risk factors involved, and
management strategies to approach the long-term consequences.

Fibrotic ILD/pulmonary fibrosis is the most common long-
term pulmonary sequela of COVID-19 as suggested by fibrotic
features seen on the histopathology of COVID-19 patients (200).
Pathogenesis of ILD secondary to COVID-19 is thought to
be caused by multiple etiologies, including the development
of cytokine storm and abnormal repair mechanisms (201).
According to Ravaglia et al. (202), the immune component
of underlying pathology is determined by transbronchial lung
cryo-biopsy along with CT imaging (203) suggestive of residual
lung disease. Different morphological patterns can be observed
in three different groups: (1) chronic fibrosis, (2) organizing
pneumonia and fibrosing interstitial pneumonia, and (3) diffuse
vascular injury within normal parenchyma. Immunophenotypical
changes are also seen due to abnormal expression of STAT3
in hyperplastic pneumocytes and PD-L1, IDO, and STAT3 in
endothelial cells.

3.2.1. Clinical manifestations

Lungs are the primary target organ of SARS-CoV-2, which
manifests as critical pneumonia, often with long-term pulmonary
complications ranging from impaired respiratory physiology, and
residual shortness of breath to vascular compromise (204).

3.2.2. Treatment

Being a relatively new condition, pharmacological therapies
for COVID-19-associated ILD are still being studied. Currently,
high-dose corticosteroid (dexamethasone) has been proven to
be the first line of management (200, 203). Prior to COVID-
19, antifibrotic drugs like pirfenidone were used for IPF (205).
Since fibrosis is a key feature of post-COVID disease, such
classes of drugs can be explored for the management of
COVID-associated ILD. Ntatsoulis et al. (206) suggest therapeutic
targeting of Autotaxin (ATX), a lysophospholipase D responsible
for extracellular production of lysophosphatidic acid (LPA), a
signaling lysophospholipid that effects pulmonary and immune
cells. It is shown that COVID-19 increases the production of
IL-6 as well as ATX, hence anti-ATX therapy could be an
effective treatment for COVID-19. Treatment for prolonged
COVID-19 symptoms continues to evolve, and more research
should be promoted to further understand underlying etiologies
and pathogenesis, which lead toward targeted therapies (207).
The role of immunomodulatory or anti-fibrotic therapies in
COVID-associated ILD is still questionable. Immunomodulators
may potentially promote the reversal of “inflammatory” changes
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whereas anti-fibrotic (e.g., nintedanib used in progressive-fibrosing
ILD) may reduce “fibrotic-like” changes (208).

In a recent retrospective report evaluating post-COVID-19 ILD
using machine learning radiographic models, 13 out of 232 patients
followed after severe COVID-19 infection developed fibrotic-
like changes on HRCT with persistent functional impairment at
6 months of follow-up. After antifibrotic therapy with pirfenidone
or nintedniib, improvement was observed on imaging and PFTs
in these patients. Interestingly, given the unvaccinated status of
the majority of the cohort in their study and in all of the 13
patients with fibrotic-like changes receiving antifibrotic therapy,
this raises the possibility that vaccination against COVID-19 might
also prevent the sequelae of COVID-19 infection including post-
COVID-19 ILD, and further research is needed to substantiate these
observations (209).

3.3. Drug-induced ILD

When exposure to a drug causes inflammation and eventually
fibrosis of the lung interstitium, it is known as drug-induced
interstitial lung disease (DIILD) (210). Over 350 drugs may
cause DIILD, and patient presentation and imaging vary vastly
between drugs and between patients on the same drug. Risk
factors for DIILD include age, smoking, sex and any underlying
lung condition (210). All available tests for DIILD lack specificity,
thus it is a diagnosis of exclusion and is made based on
establishing a temporal relationship between symptoms and
drug exposure. This poses a significant challenge for treating
physicians. A recent systematic review of observational studies
was conducted and found that cancer drugs were the leading
cause of DIILD, followed by DMARDs, antibiotics, non-steroidal
anti-inflammatory agents, psychiatric medications, and anti-
arrthythmic agents. In rheumatology, it is especially difficult to
analyze DIILD given the background prevalence of ILD and the
immunosuppressive nature of DMARDs, and associated risk of
infections that often present as respiratory symptoms. The lack
of diagnostic biomarkers for DIILD has limited treatment options
and drug development. Though there have been several attempts
to find an association between treatment with methotrexate,
leflunomide, and biologic DMARDs, definitive causation and
the underlying mechanism that rheumatic drugs may induce
alveolar inflammation, interstitial inflammation, and/or interstitial
fibrosis remains unknown (211). DIILD and other ILDs are
difficult to distinguish clinically from one another. Also, the
same drug may produce varying imaging patterns and vice
versa (210).

3.3.1. Treatment

Treatment of DIILD requires empiric drug discontinuation
(210). The reported efficacy of glucocorticoid (GC) therapy to treat
DIILD varies widely, and its use is generally reserved for patients
with rapidly progressive or more severe pulmonary toxicity.
Although there is currently no consistent evidence on which to
base recommendations for either drug withdrawal or GC use in
DIILD, clinical experience and available literature demonstrating
improvement or resolution with this treatment modality suggests a
link between immunity and ILD.
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3.4. Hypersensitivity pneumonitis (HP)

Hypersensitivity pneumonitis (HP), also known as extrinsic
allergic alveolitis, is a complex syndrome with variable severity,
clinical presentation, and natural history. Agricultural dusts,
bioaerosols, microbes (fungal, bacterial, or protozoal), and certain
reactive chemical species are just a few of the many inciting agents
that have been identified. HP can be classified as acute, subacute,
or chronic (212, 213). However, guidelines from the American
Thoracic Society, Japanese Respiratory Society, and Asociacién
Latinoamericana de Térax (ATS/JRS/ALAT) now classify HP into
two subtypes: non-fibrotic and fibrotic (214). These subtypes are
easier to differentiate and have a stronger correlation with clinical
outcomes. Regardless of whether HP is non-fibrotic or fibrotic,
common symptoms include difficulty breathing and coughing.
During a physical examination, crackles, mid-inspiratory squeaks,
and occasionally wheezes may be detected, and clubbing of the
fingers may be observed (215). The clinical, radiologic, and
histopathologic characteristics of HP overlap with those of other
ILDs, making a diagnosis difficult. Additionally, it may not be
feasible to pinpoint the exposure that caused the disease. The
prognosis and treatment are significantly impacted by the presence
of lung fibrosis on HRCT (214, 216). Individuals with HP should
undergo routine monitoring to determine whether their condition
is progressing. The inciting antigen must be avoided. Although
frequently used to treat HP, immunosuppression has not been
proven to delay the development of fibrotic disease. For fibrotic
HP with a progressive phenotype, the tyrosine kinase inhibitor
nintedanib is an approved treatment option (216).

3.5. Occupational lung diseases

Occupational lung diseases include pneumoconioses
(interstitial lung diseases). Pneumoconioses, accumulation of
mineral dust and inorganic dust, followed by lung response,
can be classified as fibrogenic (caused by silica, coal, talc, or
asbestos), innocuous or inert (caused by iron, tin, or barium),
granulomatous (caused by beryllium), or giant cell pneumonia
linked to inhalation of hard metals (e.g., cobalt) (217, 218). Previous
exposure history and suggestive radiographic findings help in the
diagnosis. Tissue biopsy is typically not necessary to confirm the
diagnosis when the exposure history and radiographic pattern
are characteristic due to the typical radiographic appearance of
the most prevalent pneumoconioses. Specific imaging patterns
in pneumoconiosis include focal nodules and masses, diffuse
lung disease and pleural plaques (219). Occupational asthma
is the most frequently diagnosed occupational lung disease. In
the past, research on occupational lung diseases has primarily
focused on diseases resulting from exposure to hazards relevant
to high-income countries and obvious hazardous occupations
such as coal mining-induced silicosis. But, in 2019, peer-reviewed
publications have expanded the scope to include low- and middle-
income countries and previously neglected occupations such as
dry cleaning and animal husbandry. Thanks to technological
advancements and a better understanding of the causes of the
disease, researchers and clinicians can now implement improved
risk analysis, screening, and mitigation strategies not only to treat
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occupational diseases but also to identify at-risk populations and
establish measures to prevent or reduce the negative effects of
workplace hazards. As occupational lung diseases are increasingly
recognized as a global threat in various occupations, research
is progressing, leading to the development of better treatments
and preventative measures, which promote workers’ rights and
ensure their continued good health (220). There is currently no
specific cure for most occupational lung diseases. Therefore, a
multidisciplinary approach is required for the prevention and
control of occupational lung disease progression.

3.6. Respiratory bronchiolitis-ILD

Respiratory bronchiolitis (RB) is a medical condition found in
cigarette smokers that does not have any noticeable symptoms. It is
characterized by the buildup of macrophages that are tan or yellow
in color in the lumens of bronchioles (9). This accumulation is
accompanied by chronic inflammation and fibrosis that extends
from the respiratory bronchioles to the alveolar walls. When RB
is accompanied by clinical evidence of ILD, it is referred to as
respiratory bronchiolitis-interstitial lung disease (RB-ILD), which
is a distinct form of ILD. The difference between RB and RB-
ILD is mainly based on the presence of clinical evidence of ILD,
such as symptoms, chest imaging abnormalities, and pulmonary
function test results, rather than the extent of fibrosis in the
alveolar walls as observed through histopathology (221). A person
is usually suspected of having RB-ILD if they have non-specific
respiratory symptoms like dyspnea or cough and an abnormal
chest radiograph (222). Findings on HRCT are non-specific and
include air entrapment, centrilobular nodules, and diffuse or patchy
ground-glass opacities. The diagnosis of RB-ILD may be made
based on a firm clinical suspicion, compatible pulmonary function
test and HRCT results, and mild respiratory impairment (223,
224). Invasive tests may not be necessary if a patient’s condition
stabilizes or improves after quitting smoking. Lung biopsy is
frequently performed to corroborate the diagnosis and rule out
other treatable interstitial lung diseases in cases of more serious or
progressive respiratory impairment despite smoking cessation. The
most crucial diagnostic and therapeutic stage is giving up smoking
and avoiding exposure to cigarette smoke (222, 225).

3.7. Radiation-induced lung injury

Radiation Pneumonitis (RP), the initial stage of radiotherapy-
induced lung injury (RILI), is defined by lung tissue inflammation
brought on by radiation exposure. Radiation Fibrosis (RF), the
second stage of RILI, is a clinical condition brought on by persistent
pulmonary tissue damage. Currently, a diagnosis is usually made
by excluding other potential causes using clinical examination
and radiological imaging. Pulmonary function tests are helpful
in determining the state of the patient’s lung function and in
identifying any possible side effects or toxicity during radiotherapy.
Although systemic corticosteroids are frequently used to treat
pneumonitis complications, their use needs to be standardized
and taken into consideration for prophylactic reasons due to the
potentially fatal consequences of this adverse event (226).
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4. Idiopathic lung diseases

While the etiology of immune-mediated lung disorders is not
clearly defined, most of these disorders could be classified under
idiopathic lung disease. This review will focus on IPFE, the prototype
of idiopathic lung diseases where lung injury leads to fibrosis.

4.1. Idiopathic pulmonary fibrosis (IPF)

Idiopathic pulmonary fibrosis, the most common type of
spontaneously occurring diffuse parenchymal lung disease, is a
chronic progressive and eventually lethal disease with a poor
prognosis characterized by irreversible diffuse lung fibrosis and
impaired lung function likely caused by a multitude of cycles
of epithelial cell injury and uncontrolled repair (12, 227).
IPF’s histopathological features include aberrant mesenchymal
cell proliferation, various degrees of fibrosis, overproduction,
and disordered collagen and extracellular matrix deposition
(228). Furthermore, the pathogenesis of IPF is complex and
not fully known; however, several likely contributors have been
recognized in the literature; injured alveolar epithelial cells
secrete growth factors, especially TGF-p, which help in the
recruitment of fibroblasts and subsequent differentiation into
myofibroblasts expressing features of both fibroblasts and smooth
muscle cells. The myofibroblasts cause excessive collagen and
extracellular matrix (ECM) deposition leading to scar formation
and distortion of the alveolar structure. It is possible that
multiple micro-injuries to alveolar epithelial cells induce a fibrotic
environment (229). Alpha-smooth muscle actin (SMA), which
is expressed by myofibroblasts, helps to distinguish them from
smooth muscle cells and fibroblasts (230). Myofibroblasts secrete
collagen after being recruited to the lungs or differentiating
from local fibroblasts. Collagen accumulates as a result of
an imbalance between interstitial collagenases and their tissue
inhibitors (231).

Over the past decade, research efforts regarding immunity and
IPF have reached important milestones. IPF involves both innate
and adaptive inflammatory processes (205). Since neutrophils are
important in the acute phase of inflammation, their aggregation
in response to lung injury may intensify tissue remodeling and
fibrosis, presumably via neutrophil elastase. B-cells build up
in the lungs of people with IPE, and humoral autoimmunity
against epithelial auto-antigens can fuel and sustain persistent
inflammation there (205). In addition, T-cells have been shown to
be involved in IPF. The Th2 cytokines IL-4 and IL-13 are extremely
pro-fibrotic, whereas the Thl cytokines IFN- and IL-12 prevent
the development of tissue fibrosis. Thl and Th2 cytokines play
conflicting roles in fibrosis (232).

The risk of IPF is significantly increased by a single nucleotide
polymorphism (rs35705950) in the promoter region of MUC5B
(233). MUCSB s a gene that codes for mucin 5B, a glycoprotein
important for innate immune responses against bacterial and
airway clearance. Some researchers have proposed that abnormal
mucociliary clearance may cause changes in the lung microbiota
and innate immune responses that support IPF. However, the exact
mechanism relating to mucin 5B overexpression and IPF risk is yet
to be known (195, 234).
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4.1.1. Clinical manifestations

Patients usually present with worsening cough, dyspnea,
and impaired quality of life. The diagnostic approach initially
involves the exclusion of other interstitial lung diseases or
overlapping conditions such as hypersensitivity pneumonitis,
pulmonary sarcoidosis, or an underlying autoimmune disease.
IPF demonstrates “honeycombing” on high-resolution CT scan
(subpleural cystic airspaces with well-defined walls). In addition,
lung biopsy may be considered in some patients (13, 235).
IPF is frequently misdiagnosed, and is improperly treated with
immunosuppressive medicine. Recent treatments can halt the
progression of the disease (235).

4.1.2. Treatment

Results from previous negative landmark studies imply that
the inflammatory changes found in IPF happen independently of
the main fibrotic remodeling mechanism. Nevertheless, current
medications (such as pirfenidone and nintedanib) or new
medications that have shown promise in Phase-II trials for IPF
(like PMR151 and GLPG1690) also control inflammatory processes
(205). It is crucial to understand that treating lung injury frequently
requires treating the inflammation (e.g., infections, physical
trauma). Given that immune cells constitute a typical component
of the human lungs’ normal structure and operation, this problem
may be particularly relevant to inflammatory illnesses of the
respiratory system (236). Consequently, there is a critical need
for stratified medicine based on genomes, biomarkers, and also
inflammatory profiles to identify IPF patients who may benefit from
combining standard-of-care “anti-fibrotic” medication with co-
treatment with anti-inflammatory/immunomodulatory therapy.
For IPF patients, this precision medicine should result in accurate
health advice, a precise diagnosis, and a unique treatment
strategy (205).

Recent studies have shown that most Interleukin 17 (IL-17)
isoforms are involved in acute and chronic inflammation via innate
and adaptive immunity (237). Cipolla et al. (238) reported that
Interleukin 17A (IL-17A) and complement (C’) activation play
an important role in the pathogenesis of IPF. IL-17A activates
profibrotic signaling pathways and C’ by regulating mRNA and
protein expression of the C’ components (238). Consequently, C3a,
C5a, and TGF-p mediate alveolar epithelial injury via p38MAPK
activation (239). Although there is currently no direct evidence that
IL-17F contributes to the development of IPF, these findings on IL-
17A and inflammatory responses imply that IL-17F may be a useful
therapeutic target (237).

Pentraxin 2, also known as serum amyloid P, can prevent the
development of fibrocytes that promote fibrosis and inflammatory
macrophages. Patients with IPF have lower levels of Pentraxin 2 in
their plasma compared to healthy individuals (240). In a phase 2
trial, 111 patients with IPF received either intravenous recombinant
human Pentraxin 2 (at a dose of 10 mg/kg) or placebo every
4 weeks for 24 weeks. Most of the patients were already being
treated with an anti-fibrotic agent. The Pentraxin 2 group had a
slower decline in FVC compared to the placebo group (241). The
most common side effects were cough and fatigue. In a follow-up
study lasting 76 weeks, patients who were switched from placebo to
Pentraxin 2 showed a slower decline in lung function and distance
walked in 6 min, which was similar to the initial study (242). These
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findings were consistent even after 128 weeks (243). Pentraxin 2
was generally well-tolerated by patients.

Phosphodiesterase 4 (PDE4) inhibitor (BI 1015550), which
prevents the degradation of cyclic adenosine monophosphate, has
antifibrotic and immunomodulatory effects (244). In a placebo-
controlled trial to test the efficacy of BI 1015550 in preventing
a decline in lung function in patients with idiopathic pulmonary
fibrosis. The use of BI 1015550, either alone or in combination with
an antifibrotic agent, was successful in preventing a decrease in lung
function (245).

In a phase IIb randomized clinical study to assess the safety and
efficacy of anti-avB6 monoclonal antibody (BG00011). The results
did not support the ongoing clinical advancement of BG00011
(246). Additional investigation is necessary to pinpoint better
therapeutic methods that can alter the inflammatory and fibrotic
pathways in IPF.

5. Miscellaneous lung diseases

5.1. Sarcoidosis

Sarcoidosis is a multisystem inflammatory disorder of
unknown etiology that can affect virtually any organ system but
classically involves the lungs and hilar lymph nodes. At the center
of sarcoidosis pathogenesis is the non-caseating granuloma, a
cellular aggregation orchestrated by a complex ensemble of innate
and adaptive immune cells and inflammatory mediators. The
perplexing interplay of these immune components is yet to be
fully delineated and is of prodigious value in revealing therapeutic
avenues for sarcoidosis management (247, 248).

The inciting event in sarcoidosis pathogenesis is thought to
be exposure to a yet unidentified antigen detected by antigen-
presenting cells (APCs). Putative antigens may be broadly
classified as microbial (e.g., mycobacteria and propionibacteria)
or non-microbial (e.g., autoantigens such as vimentin, or
exogenous antigens such as occupational exposures) (249). The
antigen is delivered via dendritic cells and presented via major
histocompatibility complex class IT molecules to T cells, promoting
their differentiation into various T-cell subsets, including T helper
(Th) 1 cells. Early phases of sarcoidosis are characterized by a Th1-
promoting milieu of chemokines such as IL-2 and IFN-gamma,
which led to sarcoidosis being classically viewed as a Th1-polarized
disease (250). Th1 cells elaborate cytokines, including IFN-gamma,
which primarily serve to activate macrophages to ingest or destroy
the target antigen and amplify the granulomatous response. More
recently, however, a shift in the understanding of sarcoidosis
pathogenesis occurred with recognition of Th17 cells as new
players in the disease. Recent studies have suggested that Th17.1
cells to the pre-dominant source of IFN-gamma in sarcoidosis
bronchoalveolar lavage fluid, putting into question the classical
Thl paradigm (251). Another contributing factor to sarcoidosis
immunopathogenesis is believed to be an imbalance between the
immunosuppressive effects of regulatory T (Treg) cells and the
proinflammatory effects of other T-cell subsets (252) interest in
the Treg population of cells is growing, and whether disease
activity may correlate with the balance between Treg cell activity
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and other T-cell subset activity would be of great value to the
sarcoidosis community.

Although much of sarcoidosis pathogenesis focuses on
T-cell-mediated immunity, humoral mechanisms have been
suggested to play a role on the basis of several observations,
including hypergammaglobulinemia, autoantibodies, circulating
immune complexes (253-255). Nevertheless, anti-B-cell therapy
with rituximab has shown conflicting results in refractory
disease, and further studies are certainly needed to elucidate
the true significance of humoral immunity in sarcoidosis
immunopathogenesis (256-258). Additionally, the innate arm is
being increasingly recognized as an important contributor to
sarcoidosis pathogenesis, with derangements in toll-like receptor
(TLR) and nucleotide oligomerization domain receptor (NLR)
signaling being implicated (249).

Progression to fibrotic pulmonary sarcoidosis is challenging
to understand given the pre-dominance of the antifibrotic Thl
cytokine, IFN-gamma, in the milieu of sarcoidosis granulomas. It
has therefore been postulated that persistent inflammation may
induce a switch from an antifibrotic Thl-predominant state to
a profibrotic Th2-predominant state, transitioning into fibrotic
pulmonary sarcoidosis (259). Additionally, Treg cells may acquire
the capacity to inhibit the Th2 cells and reduce fibrosis (260).
Decreased Treg cell numbers in bronchoalveolar lavage fluid, and
Treg cell dysfunction have been observed in sarcoidosis and may
promote fibrosis (261, 262). Roles for other cells, including Th17
cells and macrophages may also contribute (263). Finally, genetic
polymorphisms in various genes, such as TGF-p and GREMI, have
also been linked to fibrotic pulmonary sarcoidosis (263).

5.1.1. Clinical manifestations

Sarcoidosis can affect virtually any organ system of the
body, but pulmonary involvement is characteristic and occurs
in up to 90% of cases (264). Bilateral hilar lymphadenopathy
detected incidentally on chest radiography is a typical scenario
in an asymptomatic patient and confers an excellent prognosis,
with the majority of patients achieving remission within 3 years
following the diagnosis (265). In the presence of concurrent
parenchymal lung disease which commonly appears in the form of
reticulonodular pulmonary infiltrates, respiratory symptoms of dry
cough, dyspnea, and chest pain are possible presentations (265).
Long-standing pulmonary disease may progress into pulmonary
fibrosis, in which case chronic cough and dyspnea are prominent
complaints, alongside potential physical exam findings of clubbing,
wheezing and end-inspiratory crackles (266). Regardless of
organ involvement, constitutional symptoms including fatigue,
fever, and night sweats are relatively common (267, 268).
Alternatively, classical sarcoidosis syndromes have been described
including Lofgren syndrome (bilateral hilar lymphadenopathy,
migratory polyarthritis, and erythema nodosum) as well as
Heerfrodt syndrome (uveitis, parotitis, and facial nerve palsy),
and the presence of either of these syndromes has substantial
diagnostic relevance (265). Pulmonary hypertension is a potential
complication of sarcoidosis and incidence rates vary from 5 to
70% of sarcoidosis patients depending on the study population.
Sarcoidosis-associated pulmonary hypertension (SAPH) patients
are almost invariably dyspneic and have a reduced 6-min
walk distance when screened for SAPH. SAPH is a significant
cause of morbidity and mortality in sarcoidosis patients and
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confers a poorer prognosis (266). Other pulmonary pathologies
in sarcoidosis include pleural disease in the form of pleural
effusion or pneumothorax but are relatively uncommon findings
in sarcoidosis (264, 266). Extrapulmonary sarcoidosis may coexist
with pulmonary disease or occur in isolation, and can involve the
skin (e.g., erythema nodosum, lupus pernio), eyes (e.g., uveitis),
musculoskeletal system (e.g., arthritis), and nervous systems (e.g.,
facial nerve palsy, meningitis), heart (e.g., arrhythmias, heart
failure) among others (269).

The diagnosis of sarcoidosis is often challenging and emerges
in the context of clinical, radiographic, and histopathological
evidence of the disease, all in the absence of an alternative
explanation for the clinical findings (270). This often necessitates
comprehensive evaluation in order to eliminate other sarcoidosis
mimics. Chest X-rays are the initial imaging modality of choice
and aid in thoracic sarcoidosis staging. Typical findings include
bilateral hilar lymphadenopathy and/or pulmonary infiltrates.
Computed tomography scans are usually sought for further
evaluation of the disease as they demonstrate superior sensitivity
in detecting lymphadenopathy and parenchymal lung changes,
in addition to better characterizing the presence of pulmonary
fibrosis as compared to chest radiographs (265, 271). An absolute
diagnosis in many cases, however, calls for a tissue biopsy
from the most accessible site. This would ideally be from a
cutaneous lesion, but in the absence of peripheral involvement,
endobronchial or transbronchial biopsy are the gold standard.
Demonstration of non-caseating granulomatous inflammation is
the hallmark pathology of sarcoidosis. Laboratory evaluation is
complementary and may assist in monitoring disease activity.
Classic laboratory findings include hypercalcemia, elevated ACE
levels, serum soluble interleukin-2 receptor, rheumatoid factor and
elevated inflammatory markers (270, 272).

5.1.2. Treatment

The mainstay of management of pulmonary sarcoidosis
remains to be oral glucocorticoid therapy. Immunosuppressive
therapy with methotrexate, azathioprine, and leflunomide are
second-line options used in glucocorticoid-resistant disease, or
as steroid-sparing therapy in those who cannot tolerate steroids
or need long-term management. Those who are also refractory
to the aforementioned agents may benefit from anti-TNF-alpha
therapy with infliximab or adalimumab which are considered third-
line options for sarcoidosis (273-276). Numerous other therapies
remain investigational, including rituximab, cyclophosphamide,
and tocilizumab (256-258, 277). End-stage fibrotic disease is not
responsive to immunosuppressive therapy and in such cases, lung
transplantation may be the sole option (278, 279). Antifibrotic
therapy for progressive pulmonary fibrosis in sarcoidosis remains
investigational. Nintedanib was shown to slow disease progression
in a recent report, and other antifibrotic agents such as pirfenidone
are also under investigation (266).

5.2. Post-lung transplant ILD

Post-lung transplant immune-mediated ILD is a condition
that can present as either a recurrent episode of the primary
disease or as a de novo disease after lung transplantation. Due
to the rarity of cases, the pathogenesis of recurring or de novo
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ILDs after lung transplantation remains incompletely understood.
However, it is crucial for clinicians to be aware that various subtypes
of ILD might reoccur after a transplant and to consider this
diagnosis in situations with deteriorating respiratory symptoms.
Further research is required to gain comprehensive knowledge of
the factors that may contribute to the development of ILD after
transplantation.

The most common clinical presentation of this condition is
the deterioration of respiratory function that requires clinical
management or intervention, which can frequently be mistaken
for rejection episodes and should be considered by physicians
following up on patients despite being relatively rare compared
to rejection. To confirm the cause of the sudden deterioration
in clinical manifestations, lung biopsies may be necessary.
Histopathological examination of lung specimens from patients
with post-transplant immune-mediated ILD often reveals one of
the patterns of a subtype of ILDs, as well as infiltration of immune
cells and fibrotic changes (280).

Lung transplantation can improve quality of life and survival
for patients with terminal lung diseases that are resistant to
other treatment options. However, in rare cases, primary diseases,
including various subtypes of interstitial lung disease (ILD), have
been reported to recur after transplantation (280). Collins et al.
(281) reported 15 occurrences of primary disease recurrence among
1,394 lung transplant recipients at six medical centers.

Following lung transplantation, sarcoidosis was the most
commonly reported cause of recurrence of the primary disease
(280-282). Schultz et al. (283) found that about 30% of lung
transplant recipients with sarcoidosis experienced recurrence of
sarcoid granulomas. Ionescu et al. (284) employed DNA analysis
methods and suggested that the origin of recurrent granulomas
in the graft is associated with the recipient. Banga et al. (285)
found that 7 out of 30 cases experienced recurrence of sarcoidosis
over an 18-year period in a single center and determined that the
presence of granulomas on explanted lungs was the sole predictor of
recurrence Additionally, they observed that sarcoidosis recurrence
did not appear to affect 1-5-year survival rates. Although the
recurrence of granulomas in transplanted lungs is generally not
associated with significant deterioration in allograft function
or patient survival, it is important for clinicians to consider
arranging appropriate surveillance strategies such as biopsy and
high-resolution computed tomography during the post-transplant
follow-up period to monitor for the recurrence of sarcoidosis (282).

Idiopathic interstitial pneumonia, including desquamative
interstitial pneumonia (DIP), NSIP, has been shown to recur after
lung transplantation, with varying time frames reported in the
literature (280). King et al. (286) reported a case of DIP recurrence
1 month after transplantation in a 50-year-old female patient,
leading to Cytomegalovirus and Nocardia infections, respiratory
failure, and ultimately, mortality 8 months after transplantation
despite aggressive treatment with high-dose steroids, antibiotics,
and mechanical ventilation Verleden et al. (287) reported a case
of DIP recurrence in a 51-year-old male patient more than 1 year
after his lung transplantation. The patient fully recovered after
a course of corticosteroid therapy and a gradual decrease in
dosage. No symptoms of dyspnea or coughing were reported for
at least 2 years following treatment until the patient was lost to
follow-up (287). Bhatt et al. (288) reported a case of a 42-year-
old woman who experienced a decline in respiratory function
8 weeks after receiving a bilateral lung transplant for NSIP. Biopsy
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findings at 6 months post-transplant revealed acute rejection with
mixed desquamative and NSIP findings, similar to the patient’s
pre-transplant pathology. The study also observed that recipient
macrophages began accumulating in the lungs as early as 2 months
after transplantation and continued to build up, contributing to the
development of interstitial fibrosis.

Connective tissue disease-associated interstitial lung diseases
(CTD-ILDs) have been reported to recur or occur de novo
following lung transplantation. Arboleda et al. (289) described a
case of a 15-year-old female patient who received a bilateral lung
transplant for polymyositis-related UIP and developed recurrent
UIP 8 months post-transplant, ultimately leading to respiratory
failure and death 16 days after receiving mechanical ventilation and
extracorporeal membrane oxygenation (ECMO) treatment. A post-
mortem investigation of the graft revealed advanced pulmonary
fibrosis with UIP, indicating a recurrence of the primary disease.
Scallan et al. (290) described a case of a 51-year-old female
patient who developed recurrent idiopathic fibrotic non-specific
interstitial pneumonia (iNSIP-F) and new onset antisynthetase
syndrome (anti-SS) 30 months after undergoing bilateral lung
transplantation. As of the time this case was reported in 2020, the
patient had been 10 years post-transplant and continued to have
clinical and serologic features of anti-SS with slowly progressive
fibrotic changes, and had also developed pulmonary hypertension
that responded to treatment with sildenafil. A meta-analysis of
outcomes after lung transplantation found that non-myositis CTD-
ILDs had a similar survival rate to IPE while myositis CTD-ILDs
were associated with a poorer survival outcome (291).

6. Conclusion

Immune-mediated lung diseases are a heterogeneous group
of disorders that pose a diagnostic and therapeutic challenge.
Timely diagnosis of immune-mediated lung diseases is important.
Moreover, frequent follow-up to assess disease progression is
necessary. A personalized approach to treatment is required given
the heterogeneity of the presentation and overlap among multiple
disorders. CS remains the mainstay as initial treatment. However,
the dose and duration vary depending on the primary disease,
systemic involvement, inflammatory lung changes and the presence
or absence of lung fibrosis. In patients who experience CS toxicity
or where CS lacks efficacy, alternatives may be helpful. In cases
where there may be concomitant fibrosis, anti-fibrotic agents may
be considered. There are no standardized management guidelines,
thus a collaborative treatment team should consider a personalized
approach according to the underlying lung disease, rate of disease
progression, and disease severity. Special attention should be paid
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Sarcoidosis is an inflammatory granulomatous disease of unknown etiology
involving any organ or tissue along with any combination of active sites, even
the most silent ones clinically. The unpredictable nature of the sites involved
in sarcoidosis dictates the highly variable natural history of the disease and
the necessity to cluster cases at diagnosis based on clinical and/or imaging
common characteristics in an attempt to classify patients based on their more
homogeneous phenotypes, possibly with similar clinical behavior, prognosis,
outcome, and therefore with therapeutic requirements. In the course of the
disease’s history, this attempt relates to the availability of a means of detection
of the sites involved, from the Karl Wurm and Guy Scadding’s chest x-ray staging
through the ACCESS, the WASOG Sarcoidosis Organ Assessment Instruments,
and the GenPhenReSa study to the 18F_FDG PET/CT scan phenotyping and far
beyond to new technologies and/or the current "omics.” The hybrid molecular
imaging of the 18F-FDG PET/CT scan, by unveiling the glucose metabolism of
inflammatory cells, can identify high sensitivity inflammatory active granulomas,
the hallmark of sarcoidosis—even in clinically and physiologically silent sites—and,
as recently shown, is successful in identifying an unexpected ordered stratification
into four phenotypes: (I) hilar-mediastinal nodal, (Il) lungs and hilar-mediastinal
nodal, (Ill) an extended nodal supraclavicular, thoracic, abdominal, inguinal,
and (IV) all the above in addition to systemic organs and tissues, which is
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therefore the ideal phenotyping instrument. During the “omics era,” studies could
provide significant, distinct, and exclusive insights into sarcoidosis phenotypes
linking clinical, laboratory, imaging, and histologic characteristics with molecular
signatures. In this context, the personalization of treatment for sarcoidosis patients
might have reached its goal.

KEYWORDS

sarcoidosis, chest roentgenogram staging, 18F_.FDG PET/CT scan phenotyping, omics,

personalized treatment

Introduction

Sarcoidosis is a systemic inflammatory disease of unknown
etiology, which occurs in populations worldwide and involves the
lungs and the intrathoracic lymph nodes (1-3). The etiologically
implicated antigen “still eludes us,” and the disease is considered
a dysregulated, immune-mediated response due to its presence,
persistence, and failure to clear, leading to tissue granulomas
formation (4, 5). The histological hallmark of the disease indeed
constitutes well-formed, non-caseating granulomas that may
localize in any organ or tissue without boundaries and with any
combination patterns of active sites of involvement in most of the
cases, notably, even in the clinically silent (6, 7) cases. The detection
of granulomas with the abovementioned characteristics is never
pathognomonic for the disease (8). Therefore, it is necessary to
ensure diagnosis in most cases is associated with the combination of
compatible clinical, laboratory, and imaging characteristic patterns
with histologic findings, as well as the exclusion of any other
etiology of granulomatous inflammation (1, 9).

However, clinical compatibility for sarcoidosis in most
cases—beyond the well-known and quite pathognomonic clinical
syndromes (phenotypes), such as Lofgren’s syndrome and
Heerfordt’s syndrome—constitutes primarily the unpredictable
and “anarchic” tissue distribution of the disease in combination
with some characteristic imaging features from the lungs, in
addition to the asymptomatic or oligosymptomatic disease’s first
appearance (1, 10-12). Due to the unpredictability of the sites
involved in sarcoidosis, the disease has a highly variable natural
history, and since every sarcoidosis patient represents a distinctive
case of theirown, individual management strategies may be
imperative (13-20).

Clustering or better phenotyping patients with the disease
at diagnosis on the basis of clinical and/or imaging common
characteristics is an old attempt to assign patients with an
unpredictable disease to more or less homogeneous groups
possibly with similar clinical behavior, prognosis, and outcome
and therefore with similar therapeutics requirements (21-30).
In the course of the history of the disease, this attempt relates
to the availability of the current means of detection of any
site of involvement in a systemic disease, from the chest x-
ray of Karl Wurm and Guy Scadding’s staging and through
the ACCESS study, the WASOG Sarcoidosis Organ Assessment
Instrument, and the GenPhenReSa study to the '®F-fluoro-2-
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deoxyglucose ('®F-FDG) positron emission tomography (PET)
computed tomography (CT) scan phenotyping and far beyond
to new technologies and/or the current “omics” availability (31-
41). Stratification of sarcoidosis patients based on T-cell count in
Bronchoalveolar Lavage (BAL) and gallium scan, the presence of
impaired physiology, fibrosis, and pulmonary hypertension, as well
as clinical activity, as reflected by acute or non-acute disease in
onset, treatment, and long-term treatment requirements, and the
clinical outcome status of the disease have also been described
(24, 42-48). Successful phenotyping, to be clinically useful by the
physicians in everyday clinical practice, should be easy, simple,
reliable in unraveling most, if not all, sites of disease involvement,
less expensive, reproducible worldwide in different populations
with the disease, and able to offer information concerning the
clinical behavior of the individual phenotypes, thus providing
valuable information for the decision-making process (49). The
corpus of this research article has been focused on the initial
evaluation of the sarcoidosis patient.

Ordering the unpredictable

Sometimes sarcoidosis creates order within itself. Sven Lofgren
was the first to associate erythema nodosum and bilateral
hilar lymphadenopathy with sarcoidosis—an early or acute
manifestation of the disease (fever and polyarthritis commonly
coexist) that is fairly distinct from tuberculosis, with good
prognosis—an assumption that maintains its value till present
(50-52). Cristian Heerfordt was the first to describe that, in
sarcoidosis, the “febris uveoparotidea subchronica” (fever, parotid
enlargement, and uveitis) was occasionally associated with the
seventh nerve palsy and other rare manifestations of the disease
(53). Both the above two phenotypes though fairly uncommon
maintain a significant diagnostic value not necessitating histologic
confirmation in most if not in all patients. Prognosis is excellent
in Lofgren’s, and indeterminate in the Heerfordt’s syndrome (1, 8).
However, despite the fact that the abovementioned phenotypes
are narrow in terms of clinical manifestations and are relatively
homogeneous, nothing is known about other silent systemic sites
of active disease; better detection and definitive identification of
these silent systemic sites are possible with the application of
new technologies (7). As disease evolved, technology and research
followed its lead.
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In the beginning it was Wilhelm
Conrad Réntgen

In the beginning, it was Wilhelm Conrad Rontgen (recipient
of Nobel Prize in Physics in 1901) who was unaware of
sarcoidosis, and by discovering the electromagnetic radiation
known as Rontgen rays (X-rays), he offered the availability
of chest roentgenogram to the pioneers of the disease (Ernest
Besnier, Caesar Boeck, and Jorgen Schaumann, who were the
men behind the sarcoidosis disease and the disease was named
after them in early days) rendering them aware that the skin,
eyes and joints disease in front of them was part of an internal
organ, systemic disease involving almost always the lungs and
the intrathoracic lymph nodes: the indispensable first encounter
of every physician with any sarcoidosis patient to this day
(54-56).

Karl Wurm and Guy Scadding’s staging
first step through chest radiology

The first chest rdentgenogram (x-rays) classification of
sarcoidosis, which was designed by Karl Wrum, was divided into
three stages (stage I bilateral hilar-mediastinal lymphadenopathy,
stage II lungs reversible involvement and stage III lungs fibrosis)
and was the first attempt to draw prognostic considerations of
the disease, and accordingly arriving at therapeutic decisions for
sarcoidosis patients (31, 32). It belongs to Guy Scadding the
current chest radiological staging of sarcoidosis in “four groups”
as firstly reported, [group 1) enlarged hilar lymph-nodes, group
2) hilar nodes and lung shadowing, group 3) lung shadowing and
group 4) fibrosis, though not always “sharply demarcated”] and
belong to him the seminal conclusions regarding the prognostic
significance of the above radiologic grouping as well as the
fundamental clinical advice that corticosteroids are necessary
only in a minority of patients (33) (Figure 1A), all of which
were determined by Guy Scadding. Moreover, Guy Scadding also
confirmed previous observations reporting the benign clinical
course and spontaneous resolution of the Lofgren’s syndrome
phenotype. Several years later, Johan Grunewald and Anders
Eklund provided additional significant information regarding the
influence of the genetic background, human leukocytes antigen
(HLA) polymorphisms, particularly the HLA-DRBI*03 allele on
the outcome of this phenotype—a new step in the effort to
draw information about phenotypes from the science advancement
adding to the clinical information the results of the “bench” (11,
23, 57-61). During the early Scadding’s times, the awareness of
extrathoracic manifestations of sarcoidosis was mostly limited to
the skin, eyes, parotids, superficial lymph nodes, joints, and few
others, and there were no reliable conclusions that could be added
regarding the clinicians’ influence on disease’s clinical behavior,
prognosis, and outcome. In modern times, the necessity to evolve
from Karl Wurm and Guy Scadding’s staging was unavoidable and
possible because of the advancement of technology and scientific
thinking (49).
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The ACCESS study for the definition of
organ involvement in sarcoidosis

To solve the problem of the elusive identification of the
etiologically implicated antigen in sarcoidosis, the National Heart,
Lung, and Blood Institute (NHLBI) set up the A Case Control
Etiologic Study of Sarcoidosis (ACCESS) multicenter study (34-
36). In present times, the ACCESS study proposed an instrument
to assess and define organ involvement in sarcoidosis, a clear
step that has been taken ahead to evolve from Karl Wurm and
Guy Scadding’s staging. It was successful in identifying differences
in HLA gene associations with sarcoidosis among European and
African Americans; however, for several reasons, the instrument
failed to address all possible sites of the disease’s activity, which
is indispensable to identifying phenotypes (62). Furthermore, the
development of new technologies made the ACCESS instrument
outdated, and the necessity for organ assessment in sarcoidosis
resulted in developing new instruments.

The WASOG Sarcoidosis Organ
Assessment Instrument

The WASOG Sarcoidosis Organ Assessment Instrument was
developed as an update of the previous ACCESS tool to establish
reliable criteria for the probability of any organ being involved in
the disease in a sarcoidosis patient, in the new technology era. The
probability of organ involvement from sarcoidosis was based on
two criteria: granulomatous inflammation and compatible clinical
manifestation, excluding in both cases alternative etiologies. Based
on the above findings, clinical manifestations were graded as (1)
highly probable, 90% likelihood, (2) probable, 50-90% likelihood,
and (3) possible, <50% likelihood. For each manifestation,
an agreement of 70% was needed for consensus (Delphi
study methodology). Indeterminate probability was defined when
consensus was not reached (37).

GenPhenReSa consortium

The GenPhenReSa consortium is the first attempt, entirely
utilizing the WASOG Sarcoidosis Organ Assessment Instrument
to identify almost all sites of involvement by the disease, in
order firstly to identify reliable and homogeneous phenotypes
of sarcoidosis appearance, useful cohorts for further biomedical
studies and secondly to attempt possible genotype-phenotype
associations were detected. The results of the phenotype module
of the GenPhenReSa as evidenced by the cluster analysis of
2,163 Caucasian patients phenotyped in 31 different sarcoidosis
expert study centers regard the identification of five “distinct”
subgroups identified from organ involvement: (1) abdominal organ
involvement, (2) ocular-cardiac-cutaneous-central nervous system
disease involvement, (3) musculoskeletal-cutaneous involvement,
(4) pulmonary and intrathoracic lymph node involvement, and
(5) extrapulmonary involvement, defined by the authors as
“homogeneous cohorts useful for further biomedical studies” (38).
However, some concerns arise at first glance regarding distinctness
and homogeneity since the same authors acknowledge that “new
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FIGURE 1

whole body.

(A) The Scadding's vision of sarcoidosis through the chest roentgenogram: group 1—enlarged hilar lymph-nodes; group 2—hilar nodes and lung
shadowing; and group 3—lung shadowing. (B) The current vision of sarcoidosis through the 8F-FDG PET/CT scan: (a) and (b) the lungs; (c) the

technologies will enable better detection of organ involvement”;
therefore, frequencies and clusters of organ involvement are
likely to change over time. Indeed, using the abovementioned
system to define organ involvement appears laborious in terms
of the necessity for several tests and examinations as well as
somewhat controversial in terms of the homogeneity of clusters
since phenotyping appears to overlap and is somewhat ambiguous.

18F_FDG PET/CT scan phenotyping

The hybrid molecular imaging of the '¥F-FDG PET/CT scan
by unveiling glucose metabolism of inflammatory cells is able to
identify, with high sensitivity, inflammatory active granulomas,
the hallmark of sarcoidosis, even in clinically and physiologically
silent sites, providing simultaneously whole-body PET and CT
images (63, 64). Therefore, the 'F-FDG PET/CT scan appears
to be the ideal instrument for the assessment of organs involved
in sarcoidosis in detecting their intrinsic inflammatory activity
(65-67) (Figure 1B) in the most beneficial fashion. Through the
BE_EDG PET/CT scan, investigators may attain a far better
understanding of sarcoidosis physical history, behavior, unveiling
patterns of disease expression, subdividing patients by clusters, and
identifying phenotypes. Recently, Papiris et al. by implementing
an BF-FDG PET/CT scan in newly diagnosed, especially in the
treatment-naive patients with sarcoidosis, identified, despite the
random distribution of the disease, by a statistical method called
hierarchical cluster analysis, an unexpected ordered stratification
into four phenotypes: (I) hilar-mediastinal nodal, (II) lungs and
hilar-mediastinal nodal, (III) an extended nodal supraclavicular,
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thoracic, abdominal, inguinal, and (IV) all the above in addition
to systemic organs and tissues such as muscles—bones-spleen and
skin (39) (Figure 2). Although this approach represents a simplified
assessment of sarcoidosis where the use of only one investigative
tool and in “one shot” depicts the universal expression of the disease
by its active presence, the approach indisputably offered a much
logical picture of the disease much closer to the perception of caring
clinicians. Furthermore, this “one-shop-stop” in the acquisition of
data offers “an open book” approach to the clinicians in getting
themselves exposed to every single “page written by the disease” by
scientists and experts who have in-depth knowledge and to decide
on therapeutic requirements. The organ clusters (phenotypes)
identified in this analysis remain far better than anyone else’s
analysis carried out before and are in accordance with the existing
knowledge of sarcoidosis. The phenotypes I and II appeared to
coincide with the familial Scadding’s first two stages; however,
by applying 8F-FDG PET/CT scan, all other sites of disease
involvement were surely excluded, a sort of “pure organs Scadding’s
stages I and II,” while in Scadding’s staging the other coexisting
sites of disease involvement slowly got away from the disease
scenario and went unidentified. The phenotype III disclosed was
rather suspected in sarcoidosis patients and occasionally observed
clinically and by other means such as computerized tomography
(CT) scans and echocardiogram (ECHO). However, for the first
time, the disease involvement was clearly identified in all possible
extensions of the actual site, and a lot of work must be done to
identify its prognostic significance and therapeutic requirements
(apparently necessitating none). Finally, the phenotype IV appears
familial to the clinician-caring sarcoidosis patients since it appears
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FIGURE 2

systemic organs and tissues such as muscles—bones—spleen and skin.

BFDG-PET-CT SCANING CLUSTERS (PHENOTYPES)
IN SARCOIDOSIS

Identification of sarcoidosis *®F-FDG PET/CT scan phenotypes according to organ involvement using two-step cluster analysis: (1) hilar—mediastinal
nodal, (2) lungs and hilar—mediastinal nodal, (3) an extended nodal supraclavicular, thoracic, abdominal, inguinal, and (4) all the above in addition to

CLUSTER 3 CLUSTER4

to be satisfying to the current knowledge of the systemic nature
of the disease, probably relating to the systemic spreading, from
the lungs and hilar-mediastinal lymph nodes to the whole body,
of the etiologically implicated antigen. Therefore, by clustering
investigations of sarcoidosis through the ¥F-FDG PET/CT scan,
clinically logical phenotypes were identified. However, like all
other clustering investigations, some patients may not respect
the boundaries but also Scadding’s staging by the simplest of
the means of investigation, the chest roentgenogram, which
clarifies that stages may not be “sharply demarcated,” and we
feel right to confirm his elaboration concerning clustering. Based
on hierarchical cluster analysis of the study population and
implementing adequate preparation with low carbohydrate diet
for 24 h followed by 18-h fasting to suppress radiotracer’s uptake
by normal myocardial cell, no significant difference was detected
between the clusters regarding myocardial involvement, suggesting
that heart disease could be detected and should be evaluated in any
cluster. Given the important prognostic and treatment implications
of cardiac involvement, the role of 18F-FDG PET/CT scan has
been examined extensively. Although this modality requires a
specific protocol including diet restriction and being more prone
than cardiac magnetic resonance (CMR) to provide false positive
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results, it is a technique much more sensitive than transthoracic
echocardiogram (70 vs. 25%) that should be used as complementary
to CMR for the detection of myocardial inflammation and fibrosis,
respectively (16, 39, 68, 69). Certainly, the low specificity of
I8F FDG PET/CT scan poses several concerns regarding the
differentiation with any neoplasm or other inflammatory etiology,
but in the patient diagnosed with sarcoidosis, further approach in
unusual or suspected sites investigated by additional investigative
tools including biopsy should be warranted (70). The '8F-FDG
PET/CT scan molecular imaging by its high sensibility in detecting
organs intrinsic inflammatory activity, its worldwide availability,
the “relatively low” radiation impact, the reasonable cost, and
its reliability to evaluate treatment response appears the ideal
instrument for phenotyping in sarcoidosis. However, the !SE-
FDG PET/CT is unable to “see” the eye; therefore, to obtain a
complete phenotype, an ophthalmologic examination is mandatory
(71-77). Neurological and endocrinology evaluations are also
indispensable for thoroughness to detect neurosarcoidosis, small-
fiber neuropathy, and abnormal calcium metabolism (78-81).
Until further well-designed multicenter studies are performed to
confirm the abovementioned findings as universal patterns of
disease behavior, we do not consider this study an ideal destination
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for sarcoidosis and its assessment but rather treat it as just
another journey ahead. '8F-FDG PET/CT should be used rationally
and wisely, its radiation exposure that is comparable to whole-
body diagnostic CT should also be taken into consideration and
should be balanced by its higher sensitivity for both thoracic
and extrathoracic disease. The unveiling of the abovementioned
phenotypes, especially in treatment naive patients at the first
glance on diagnosis, appears useful in designing future studies with
more homogeneous cohorts, toward the acquisition in sarcoidosis
patients of a more personalized medicine approach (39). Currently,
relevant studies are lacking; whether IBE_FDG PET/CT should
be recommended to all patients and whether ¥F-FDG PET/CT
phenotyping could provide additional information on outcome,
treatment indications, silent lung disease, such as asymptomatic
radiographic stage I included, should be further validated.

The "omics era”

“Omics” is a high-throughput technology that allows for the
comprehensive profiling of various biochemical molecules in a
context-dependent manner in multiple organisms. “Omics” studies
include genetics, epigenetics, transcriptomics, proteomics,
that

sarcoidosis is a complex, polygenic disease of unknown cause with

lipidomics, metabolomics, and microbiomics. Given
diverse clinical phenotypes, the “omics” approach adds another
layer of information by delving into the molecular signatures
that could provide important insights on the pathogenesis
of this disease (4, 5, 41, 82-88). Genetic predisposition and
immune dysregulation, inherent to sarcoidosis, are investigated
by characterizing both previously known and newly discovered
immune-cell-specific pathways, gene expression, and epigenetic
modifications that may differ between specific tissues and
compartments as well as between progressive and non-progressive
disease manifestations (41, 89-94). Through “omics,” we have
currently gained access to a very advanced group of techniques that
can provide conceptual, mechanistic, and molecular interpretations
of phenotypes irrespective of treatment. For instance, genome-wide
association studies (GWAS) examined the genetic composition of
many genomes to identify variants associated with specific traits or
diseases. GWASs provide insight into phenotypic biology, predict
clinical outcomes, and reveal causal relationships between risk
factors and health outcomes. Recent GWAS in European, African
American, and Asian populations identified a non-synonymous
single-nucleotide polymorphism (SNP), rs1049550, within the
annexin A11 (ANXA11) gene as being associated with susceptibility
to sarcoidosis (95). The RNA-sequencing (RNA-seq) technologies,
such as bulk and single-cell RNA-sequencing (scRNA-seq), permit
unbiased interrogation of the whole transcriptome and deep
immunophenotyping of heterogeneous single cells suspensions,
respectively. The RNA-seq data analysis for differential gene
expression has become a standard method for comparing gene
expression among healthy and diseased individuals, tissues, and
cell types and can provide valuable information about dysregulated
pathways and inciting disease mechanisms. SCRNA-seq can then
be combined with spatial transcriptomics and cellular proteomics
to provide a “transcriptometabolomic” map of the cell’s active
status in healthy and diseased conditions. Using this approach,
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a recent study examined the immunostructural stoichiometry of
sarcoidosis patients’ granulomas, revealing that granulomas hijack
the transcriptional programs that regulate normal lymphoid organ
development and alter cytokine and chemokine pathways (96).
These findings may explain the increased inflammatory activity and
18F-FDG uptake observed in those tissues and aid in identifying
potentially targetable molecules for therapeutic development.
Another method that combines single-cell transcriptomics with
proteomics, which is called cellular indexing of transcriptomes
and epitopes (CITE-Seq), is a sequencing-based method that
allows simultaneous quantification of cell surface protein and
single-cell sequencing data, enabling both surface marker and
transcriptomic phenotyping of immune cells that are dysregulated
in various diseases (97). Since cell surface proteins are indicators
of cell phenotype and functional status, CITE-seq may provide a
superior method for profiling immune cells in sarcoidosis when
compared with scRNA-seq or proteomic analysis alone (98). While
“omics” cannot be directly applied to everyday clinical practice,
they could provide significant, distinct, and exclusive insights into
the described phenotypes of sarcoidosis by combining clinical,
laboratory, imaging, and histologic characteristics with molecular
signatures in a sort of “reverse phenotyping” approach. Eventually,
the future may see an algorithm combining all the aforementioned
methods to efficiently diagnose, phenotype, and eventually lead to
efficient sarcoidosis treatment. However, larger studies need to be
conducted to arrive to robust conclusions that can be developed
further into clinical applications.

Perspective in the evading history of
phenotyping in sarcoidosis

Discussion

As we critically reviewed the history of phenotyping in
sarcoidosis, we realized that we have constantly been making
progress from what could initially be observed by the inquiring
minds of scientists only through the naked eye to what we
are currently able to observe using the recent great advances
in technology, and the progress seems enormous (99-101). For
example, the contribution of IBE_FDG PET/CT scan in enriching
our ability to screen patients with sarcoidosis for all organs and sites
involved, even the most silent ones, in “one shot” is indisputable
as well as the ability of -omics studies to provide unbiased
insights about pathophysiological and molecular signatures that
could be representative of specific sarcoidosis phenotypes, is still
unperceivable to clinical observation (39, 41). However, to this
day, clinical observation and judgment are the first means of
capturing and validating the existence of the phenotypes associated
with sarcoidosis. Defining and evolving disease phenotypes is
perpetually motivated by the desire to better understand the disease
and its many obscure aspects (4). The utility of phenotypes becomes
increasingly relevant as studies that intend to elucidate disease
mechanisms underlying sarcoidosis pathogenesis and to identify
biomarkers that can be used for diagnosis, prediction of outcomes,
and optimization of disease management can only be carried
out in well-phenotyped populations of multiple ethnic origins;
therefore, an initiative requiring international collaboration efforts,
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such as the Multi-Ethnic Sarcoidosis Genomics Consortium
(MESARGEN), may bring together many scientists and clinicians
from around the world toward this goal.!

Due to its high sensitivity in detecting intrinsic inflammatory
activity, 'F-FDG PET/CT scanning appears to be the most
appropriate tool for guiding and orchestrating our efforts in
phenotyping in sarcoidosis in the future. In the era of “omics”, the
research could provide unique insights into sarcoidosis phenotypes
through the association of clinical, laboratory, imaging, and
histologic characteristics with molecular signatures. In this context,
the personalization of treatment for sarcoidosis patients might have
reached its goal.
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Introduction: Idiopathic Pulmonary Fibrosis (IPF) is a chronic, progressive
interstitial lung disease with dismal prognosis. The underlying pathogenic
mechanisms are poorly understood, resulting in a lack of effective treatments.
However, recurrent epithelial damage is considered critical for disease initiation
and perpetuation, via the secretion of soluble factors that amplify inflammation
and lead to fibroblast activation and exuberant deposition of ECM components.
Lipocalin-2 (LCN2) is a neutrophil gelatinase-associated lipocalin (NGAL) that
has been suggested as a biomarker of kidney damage. LCN2 has been reported
to modulate innate immunity, including the recruitment of neutrophils, and to
protect against bacterial infections by sequestering iron.

Methods: In silico analysis of publicly available transcriptomic datasets; ELISAs
on human IPF patients’ bronchoalveolar lavage fluids (BALFs); bleomycin (BLM)-
induced pulmonary inflammation and fibrosis and LPS-induced acute lung injury
(ALI) in mice: pulmonary function tests, histology, Q-RT-PCR, western blot, and
FACS analysis.

Results and discussion: Increased LCN2 mRNA expression was detected in the
lung tissue of IPF patients negatively correlating with respiratory functions, as also
shown for BALF LCN2 protein levels in a cohort of IPF patients. Increased Lcn2
expression was also detected upon BLM-induced pulmonary inflammation and
fibrosis, especially at the acute phase correlating with neutrophilic infiltration, as
well as upon LPS-induced ALI, an animal model characterized by neutrophilic
infiltration. Surprisingly, and non withstanding the limitations of the study and the
observed trends, Lcn2~/~ mice were found to still develop BLM- or LPS-induced
pulmonary inflammation and fibrosis, thus questioning a major pathogenic role
for Lcn2 in mice. However, LCN2 qualifies as a surrogate biomarker of pulmonary
infammation and a possible indicator of compromised pulmonary functions,
urging for larger studies.

KEYWORDS

idiopathic pulmonary fibrosis (IPF), bleomycin (BLM), acute lung injury, transcriptomics,
lipocalin-2 (LCN2)

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease
characterized by the exuberant deposition of collagens and other ECM components by lung
fibroblasts, leading to the distortion of lung architecture and the impairment of respiratory
functions. The underlying mechanisms of the disease are poorly understood, resulting in a
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lack of effective treatments. However, epithelial damage is
considered a key event initiating the pathogenesis of IPF, where
repeated injury and/or abnormal repair of the epithelium trigger
a cascade of signaling events that result in the recruitment
and activation of immune cells, as well as the activation and
accumulation of lung fibroblasts (1, 2).

Expression profiling of human IPF samples has been
instrumental in the discovery of novel pathogenic genes and
cellular pathways (3), that some were validated in animal models
and some were translated into the clinic (4). In this context,
we have recently developed Fibromine, a database and data
mining tool, hosting all publicly available IPF transcriptomic (and
proteomic) datasets (5), thus allowing the further exploitation
of legacy data. Comparative analysis selected several hundred
genes as differentially expressed in IPE while an explainable
machine learning phenotype classification algorithm prioritized
76 genes that include previously identified IPF expression
hallmarks (e.g., Collal), IPF biomarkers (e.g., MMP7), as
well as many genes previously shown to be involved in the
pathophysiology of IPF (e.g., SPP1) (6). Among the novel,
commonly identified deregulated genes in IPF was Lipocalin-2
(LCN2), also known as neutrophil gelatinase B-associated lipocalin
(NGAL), as it was initially identified in neutrophilic granules in
association with matrix metalloproteinase 9 (MMP9; gelatinase
B) (7, 8). However, LCN2 secretion from other immune cells,
as well as epithelial cells, has been reported (9, 10). LCN2
is considered an acute-phase protein, and increased LCN2
expression has been reported in different pathophysiological
situations, including heart failure, kidney disease, and gut
inflammation (10).

In the lung, increased LCN2 expression has been reported
in subclinical pulmonary emphysema (11), chronic obstructive
pulmonary disease (COPD) (12, 13), acute respiratory distress
syndrome (ARDS) (14), as well as in patients with influenza A
and SARS-CoV-2 virus infections (15). Not surprisingly, given
their commonalities (16), higher LCN2 expression in bronchial
epithelial cells of IPF patients has been also reported (17).
Moreover, and more intriguingly, LCN2 has been suggested
to mediate innate immune responses to bacterial infection by
sequestrating iron (18), whereas both iron homeostasis (19),
as well as microbiome regulation (20), have been linked with
IPF pathogenesis. Therefore, in this report, we investigated a
possible role for LCN2 in pulmonary inflammation and fibrosis,
by using in silico analysis of publicly available transcriptomic
datasets, examination of LCN2 protein levels in IPF patients,
as well as in vivo mouse models of pulmonary inflammation
and fibrosis.

Materials and methods

Datasets

All analyzed datasets

(Supplementary Table S1) were sourced from Fibromine (5).

bulk-sequencing

scRNA sequencing (scRNAseq) datasets used in the study are
detailed in Supplementary Table S2.
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TABLE 1 Demographics and clinical characteristics of IPF patients.

Age (yr) (Mean + SD) ‘ 728 +£7.3
Gender, n (%)

Male 25(96.1%)
Female 1(3.9%)
Pulmonary function tests (mean + SD)

DLCO% 56.24+19.4
FEV1/FVC% 854447
KCO 94.1 £21.5
Hematological analysis (%) (mean =+ SD)

Macrophages 83.1+9.8
Lymphocytes 7.6 £7.6"
Polymorphonuclear 7.5+6.4
Eosinophils 1.3+ 1.61
BALF LCN2 (ng/mL) eosinophils 58.9 £52.3

*FVC%, Forced vital capacity percent predicted; DLCO%, Carbon monoxide diffusing
capacity percent predicted; FEV1%, Forced expiratory volume in 1-s percent predicted.

Human patients

All studies were performed in accordance with the Declaration
of Helsinki principles at the Department of Thoracic Medicine,
University Hospital of Heraklion, and the demographics and
clinical characteristics of the IPF patients can be found in
Table 1. The diagnosis of IPF was based on ATS/ERS criteria or
multidisciplinary discussion according to the Fleischer criteria (2,
21). Patients were anti-fibrotic naive. All patients were evaluated
with complete pulmonary function tests (PFTs) within 1 month
of bronchoscopy. Lung volumes were measured using body
plethysmography and the diffusion capacity (DLco, corrected for
hemoglobin) using the single breath technique, and a computerized
system (Jaeger 2.12; MasterLab, Wiirzburg, Germany). Patients
were classified as non-smokers, current smokers, or former
smokers (defined as having smoked a minimum of one cigarette a
day for a minimum of 1 year, and stopping at least 6 months before
presentation). All patients provided written informed consent. The
study was approved by the Ethics Committees of the University
Hospital of Heraklion (IRB numbers: 1045 and 17030).

Mice

All mice were bred at the animal facilities of the Alexander
Fleming Biomedical Sciences Research Center under specific
pathogen-free conditions. Mice were housed at 20-22°C, 55 +
5% humidity, and a 12-h light-dark cycle; water and food were
given ad libitum. Mice were bred and maintained in their respective
genetic backgrounds for more than 10 generations. All experiments
performed on mice for this project were in line with the ARRIVE
guidelines and were approved by the Institutional Animal Ethical
Committee (IAEC) of the Biomedical Sciences Research Center
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“Alexander Fleming” (#373/375), as well as the Veterinary service
and Fishery Department of the local governmental prefecture
(#5508). Lipocalin-2 deficient mice (Len2=/7) were procured from
the Jackson Laboratory (#024630) and were maintained in a
C57Bl6 genetic background for over 10 generations; genotyping
was performed as previously published (18). Mice were humanely
euthanized in a gradually filled CO, chamber.

BLM-induced pulmonary fibrosis

Pulmonary fibrosis was induced through the administration
of bleomycin (BLM, 0.8 U/Kg of body weight; Nippon Kayaku)
to anesthetized mice (intraperitoneal; ketamine/xylazine/atropine,
100/10/0.05 mg/Kg, respectively) via the oropharyngeal (OA) track,
as previously described (22). In brief, mice were carefully placed
on a plastic wall upon anesthesia. Their tongue was pulled out
with forceps to get a better view of the trachea. The nares
were blocked to force inhalation, and the bleomycin, diluted in
normal saline (~50 pl for each mouse), was directly delivered
to the oropharyngeal cavity using a conventional pipette tip.
Normal saline was administered in the same way to littermate
mice used as controls 3, 7, and 14 days after bleomycin (or
saline) administration, at the peak of BLM-induced disease (which
spontaneously resolves at d21).

Lipopolysaccharide (LPS)-induced acute
lung injury (ALI)

The acute lung injury (ALI) model was performed using LPS
delivered by inhalation, as previously described (23). In brief,
bacterial lipopolysaccharides (LPS) from Pseudomonas aeruginosa
(serotype 10, Sigma, St. Louis, MO, USA) were dissolved in normal
saline at a concentration of 2 mg/ml. A total of 5ml of this
solution was administered into a chamber containing 5-7 mice
via a custom-made nebulizer at an oxygen flow rate of 4 lt/min
for 25 min. Normal saline was administered to the control mice.
All measures were taken to minimize animal suffering; however,
during the protocol, no anesthetics were used as no invasive or
painful techniques were performed. After the induction of ALIL the
condition of the animals was checked every 2h during the light
period. Mice were euthanized 24 h after the induction of ALL

Respiratory functions

The respiratory functions were examined with FlexiVent
(Scireq), following the manufacturer’s instructions and as
previously published (22).
Analyses of samples

Blood was collected through the portal vein and placed into

tubes containing 0.5 M EDTA at a concentration of 10%"/y. Then,
it was centrifuged for 20 min at 2.000 g at 4°C, and the plasma
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was transferred in new siliconized tubes. BALF was obtained by
lavaging the airways with 3 ml of normal saline using a cannula
through the trachea (three times; 1 mL each). Then, BALF was
centrifuged for 15 min at 1.200 g at 4°C. The first 1 ml of the BALF
was transferred without the cells into a new siliconized tube. The
other 2 ml were discarded; the cells were pooled and treated with
GEYS solution for 10 min in ice. Then, they were centrifuged for
10min at 1.200 g at 4°C, the suspension was discarded, the cell
pellet was re-suspended in fresh PBS, and the cells were counted
under an inverted microscope using a Neubauer chamber. The left
lung lobe was cut and instantly transferred into liquid nitrogen
for RNA and protein extraction. The remaining lobes were filled
with formalin (143091.1214, AppliChem), to be later mounted into
paraffin. Additionally, total protein concentration was estimated
in the BALF using Bradford reagent (Cat.no.: 39222.03, SERVA)
following the manufacturer’s instructions.

Flow cytometry

Mice were euthanized under deep anesthesia followed by
exsanguination. Then, BALF was collected via tracheotomy by
injecting and slowly withdrawing 3 ml (3 times; 1 mL each) of
phosphate-buffered saline (PBS). The cells were collected via
10 min centrifugation at 1,200 rpm at 4°C, and they were treated
with 1 mL of Gey’s Solution for 2-3 min. The Gey’s Solution was
removed after a 10 min centrifugation at 1,200 rpm at 4°C, and the
cells were resuspended in 1XPBS/1 %FBS and counted manually
under a reversed light microscope using an improved Neubauer
hemacytometer according to common procedures. Next, the cells
were centrifuged at 1,200 rpm for 10 min at 4°C. The cell pellets
were resuspended in 50 w1 blocking buffer (1XPBS with 1% FBS
and 1:400 CD16/32) for 10 min. Then, 100 L of PBS was added to
each sample, and the cells were collected via 5 min centrifugation
at 1200 rpm at 4°C. The cells were resuspended and stained in
the desired concentrations of antibodies in 1XPBS + 1%FBS for
30 min. Then, 100 pL of PBS was added to each sample, and the
cells were collected via 5min centrifugation at 1200 rpm at 4°C.
Finally, the cells were resuspended in 250 .l filtered PBS, and
data were acquired on a BD FACSCanto TM II flow cytometer
using BD FACSDiva software (BD Biosciences). The analyses of
the RAW data were performed with the FlowJo software (TreeStar,
Ashland, OR).

RNA extraction and real-time PCR

The upper half of the left lobe isolated from the animals
was homogenized in 1 mL of Trizol (TR118, Molecular Research
Center) followed by total RNA extraction according to the
manufacturer’s instructions. A total of 2 g of total RNA were used
for cDNA construction using M-MLV reverse transcriptase (28025-
013, Invitrogen) according to the manufacturer’s instructions.
Real-time polymerase chain reaction (RT-PCR) was performed
using SoFAst EvaGreen Supermix on a Bio-Rad CFX96 Touch™
real-time PCR detection system (Bio-Rad Laboratories Ltd, CA,
USA). Values were normalized to f2-microglobulin (B2M) and the
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primers used are: Len2 (F: 5-GGG AAA TAT GCA CAG GTA TCC
TC-3;R: 5'- CAT GGC GAA CTG GTT GTA GTC-3) and B2M (F:
5-TTC TGG TGC TTG TCT CAC TGA-3; R: 5'-CAG TAT GTT
CGG CTT CCC ATT C-3).

Protein extraction and Western blot
analysis

The lower half of the left lobe was homogenized in 100 pL
of homemade RIPA cell lysis buffer (20mM Tris-HCl pH =
7.5, 150 mM 5M NaCl, 2mM 0.5M EDTA, 1mM 0.5M EGTA,
0.5% Sodium Deoxycholate, 0.1% SDS, 1% N-P40) containing
protease inhibitor mixture (Cat. No: 11836170001, Roche) using a
manual tissue grinder, and lysates were spun n at 10.000 rpm for
10min at 4°C. Protein concentration was estimated by Bradford
reagent (Cat. no.: 39222.03, SERVA), and 10 pg of total protein
was prepared for immunoblotting in the final volume of 15 pl.
In detail, protein mixtures were incubated at 100°C for 5 min,
and they were immediately spun and electrophoresed in SDS-
PAGE gel. Proteins were then transferred onto nitrocellulose
blotting membrane (GE10600002, Amersham, Germany), and the
membranes were incubated in 1% BSA-1%o Tween20 PBS in
1:1200 rabbit anti-mouse lipocalin-2 antibody (ab63929, Abcam)
and 1:1,200 goat anti-mouse actin antibody (sc-1615, Santa Cruz
Biotechnology) O/N at 4°C. The next day, the membranes were
washed in 1%o Tween20 PBS followed by incubation with 1:20.000
secondary antibodies (anti-rabbit: 925-68073, LI-COR; anti-goat:
925-32214, LI-COR) in 1% BSA-1%0 Tween20 PBS. The blot was
visualized in an Odyssey DLx Imaging System (LI-COR).

Immunohistochemistry

Fixed lung tissues were mounted into paraffin; 4 um slices were
cut and placed on slides. Then, hematoxylin/eosin (H&E) staining
was performed as previously described (22). In brief, the slices
were deparaffinized at 60°C for 2 h followed by xylene washes and
hydrated in gradual ethanol concentrations. The slices were stained
against Lcen2 (ab63929, Abcam) in 1:200 concentration. Peroxidase
conjugated secondary antibody (4010-05, Southern Biotech) and
DAB kit (SK-4100, Vector Laboratories, Inc.) were used to visualize
Lcn2 in the lung tissue slices.

ELISA

LCN2 levels were estimated in human and murine BALF
using a commercially available ELISA kit (EA100541, OriGene
Technologies Inc.), according to the manufacturer’s instructions.

In silico analyses
Differential gene expression analysis results produced during

Fibromine creation (5) were used for volcano plot creation.
Respective boxplots summarize LCN2 expression in terms of
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log2 fold change, while depicted datasets had a statistically
significant difference between the compared groups (IPF_vs_Ctrl;
Bleomycin_vs_Ctrl). Absolute fold change (FC) of at least 1.2
and FDR-corrected p < 0.05 were selected as thresholds for
differential expression. The correlation of LCN2 expression values
with those of spirometry measurements was examined using
Spearman’s correlation test. An absolute rho value of at least 0.5
was considered the threshold of a strong relationship, while a p
< 0.05 was required for a relationship to be deemed significant.
Visualizations were performed using packages ggplot2 (v.3.3.5) and
ggrepel (v.0.9.1).

Single-cell RNA-seq data were found at GSE136831 (24),
(GSE135893_ILD_annotated_fullsize.rds.gz) (25), as well as in
the GitHub repositories (26, 27). All downstream described
processes were completed with the R package Seurat (4.0.5) (28,
29).

For GSE136831, already filtered data were log normalized using
a scaling factor of ten thousand (NormalizeData), and highly
variable features (HVG) were retrieved (FindVariableFeatures)
and scaled (ScaleData). Linear dimensionality reduction (PCA)
(RunPCA) was followed by the creation of the closest neighborhood
graph (FindNeighbors) using the first 7 principal components, as
proposed by the median of all findPC methods output (30). Clusters
were identified using Louvain clustering with a resolution of 1.3
(FindClusters). Cell typing information provided along with the
count data was adopted. Non-linear dimensionality reduction was
performed using Uniform Manifold Approximation and Projection
(UMAP) (RunUMAP). As its name implies, UMAP is a non-
linear method for reducing the dimensions of a dataset based on
manifold calculation (31). Although not developed for scRNA-seq
data per se, it is a method of choice for the analysis of such data
yielding reproducible results in fast running times (32). Taking
into consideration the same number of principal components as
above results in a visualization very similar to that of the initial
publication. Batch correction of any kind was not performed as
proven unnecessary during the original data analysis.

From the GSE135893 object, IPF and control originating cells
were maintained, while read counts were log normalized with a
scaling factor of ten thousands before any downstream analysis
(NormalizeData function). Mayr et al. lung dataset object was
analyzed for IPF and control cells only, while barcodes that were
assigned an “empty” cell type were removed. Log normalization
with a 10,000 scaling was applied (NormalizeData function).
Similarly, barcodes assigned a “NA” or “Low-Quality Cells” cell
type were removed from the Strunz et al. whole lung dataset object
before downstream analysis.

For all single-cell data differential expression analyses, the
Wilcoxon rank-sum test was applied (FindMarkers), while an
absolute FC of at least 1.2 and a Bonferroni-corrected p < 0.05 were
set as significant thresholds.

Statistics
Statistical analysis was performed using the GraphPad Prism

software (v8.0, GraphPad, San Diego, California, USA), as explicitly
indicated in each figure legend.
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Results

Increased LCN2 expression in IPF patients
negatively correlates with respiratory
functions

To explore a possible involvement of LCN2 in IPE
LCN2 expression was interrogated in IPF transcriptomic

datasets (Supplementary Table S1), sourced from Fibromine
(www.fibromine.com), a database and data mining tool for target
discovery in IPF (5). Using absolute fold change of at least 1.2
and FDR-corrected p < 0.05, widely accepted thresholds for
the selection of differentially expressed genes, the expression of
LCN2 was found to be significantly increased in most datasets
interrogating gene expression in the lungs of IPF patients in
comparison with control individuals (Supplementary Table S1;
Figure 1A). Indicatively, LNC2 presented with a natural scale
fold change of 2.3, 4.5, and 3.9 in three of the largest ones
(Figure 1B; LCN2
expression negatively correlated with the respiratory functions
(DLCO, FVC, and FEV1) of IPF patients in the same datasets

(Figure 1C; Supplementary Figures S1A, B).

Supplementary Table S1).  Importantly,

To examine the cell specificity of LCN2 expression in
fibrotic lungs, we re-analyzed data from three publicly available
single-cell RNA seq (scRNAseq) datasets of human origin
(24-26). LCN2 was found
three data collections (Figure 1D; Supplementary Figures S1C,

(Supplementary Table S2) in all
D), primarily expressed in epithelial cells, including goblet,
ciliated, basal, club, and aberrant basaloid cells (Figures 1D, E;
Supplementary Figures SIE, F). Comparing cell types between
phenotypes (IPF and control), LCN2 was found over-expressed
mostly in alveolar type 1 and 2 cells (AT1 and AT2) (Figure 1F;
Supplementary Figures S1G, H). However, LCN2 expression from
neutrophils, as shown in other pathological contexts summarized
by the CellMarker2.0 database (33) (Supplementary Table S3),
cannot be excluded, given the low representation of neutrophils in
human IPF scRNAseq datasets.

To validate the in silico findings, we estimated LCN2 levels in
the bronchoalveolar lavage fluid of 26 IPF patients (Table 1), with
a commercially available ELISA kit. As shown in silico for mRNA
levels in the lung tissue of IPF patients (Figure 1), LCN2 BALF
levels of IPF patients negatively correlated with their respiratory
functions (FEV1/FVC, TLCO, and KCO) (Table 1; Figures 2B, C).

Therefore, IPF is associated with increased LCN2 expression,
predominantly in pulmonary epithelial cells, negatively correlating
with impaired lung functions.

Increased Lcn2 expression upon pulmonary
inflammation and fibrosis in mice

To examine Lcn2 expression in the lungs of mice post-
bleomycin (BLM)-induced pulmonary inflammation and fibrosis,
a widely used animal model of pulmonary fibrosis (4, 22, 34),
we mined the relative transcriptomic datasets from Fibromine
(Supplementary Table S1), as in IPF patients. Lcn2 was found over-
expressed in most datasets when comparing the fibrotic phase of
the model to control samples (Supplementary Table S1; Figure 3A),
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with indicative natural scale fold change scores of 5.4, 3, and 4.2
(Figure 3B). Moreover, re-analysis of a publicly available murine
scRNAseq dataset (Supplementary Table S2) (27) indicated that, as
in the human lung, Lcn2 is highly expressed mainly by epithelial
cells, as well as neutrophils (Figures 3C, D). More specifically,
classical and activated AT2 cells, neutrophils, goblet, and activated
mesothelial cells, as well as lymphatic endothelial cells (LECs),
were marked by Lcn2 expression (Figures 3C, D). Similar results
were revealed from the CellMarker2.0 database query (33), where
Lcn2 was defined as a marker of murine lung neutrophils and
AT2 cells (Supplementary Table S3). Importantly, the highest Lcn2
expression was detected during the earlier inflammatory phase
of the model (Figures 3E-G), which is characterized by epithelial
damage and neutrophilic inflammation.

To validate the in silico mouse results, we examined Lcn2
expression during the development of BLM-induced pulmonary
inflammation and fibrosis. To this end, BLM (0.8 U/Kg) was
administered by oropharyngeal aspiration to 8-10-wk-old C57BI6
mice, which were then euthanized 3, 7, and 14 days post-BLM
administration, timepoints corresponding to the inflammatory
(3, 7) and fibrotic (14) phases of the disease (which resolves
at 21 d; not shown). As expected, BLM administration resulted
in the vascular leak and pulmonary edema, as indicated by
the total protein concentration of the bronchoalveolar lavage
fluid (BALF), determined with the Bradford assay (Figure 4A),
as well as in inflammation, as indicated by the inflammatory
cells in the (BALF) (Figure 4B). Soluble collagen levels in the
BALF, as determined with the Direct Red assay, were also found
gradually increasing in fibrotic lungs (Figure 1C). The H&E
staining performed in lung sections of murine lungs post-BLM
administration revealed the increasing presence of peribronchiolar
and parenchymal fibrotic regions (Figure 4D). Moreover, the
development of pulmonary fibrosis was reflected in the impairment
of respiratory functions, as quantified with FlexiVent (Figures 4E-
J). The development of BLM-induced pulmonary fibrosis and
the impairment of respiratory functions were associated with
increased lung tissue Lcn2 mRNA expression, as detected with Q-
RT-PCR, in all phases of the disease, but especially in the acute
inflammatory phase (Figure 4K). A similar profile was detected
in the Lecn2 protein concentrations in the BALF (Figure 4L),
while the increased concentration in the serum of the same
mice was only detected in the acute phase. To possibly correlate
Len2 levels with immune cell populations in the BALF post-
BLM administration, a multicolor FACS analysis was performed,
quantifying 10 distinct immune cell types; the employed gating
strategy is described in detail in Supplementary Figure S2. FACS
indicated an abundance of neutrophils in the acute inflammatory
phase post-BLM (Figure 40), at the peak of Lcn2 expression.
However, increased Lcn2 protein levels could still be detected
in the fibrotic lung tissue 14 d post-BLM (Figures 4P, Q), while
Len2 immunostaining was localized in epithelial cells and fibrotic
regions, constitutive expression was detected from the bronchial
epithelium (Figure 4R).

To confirm Len2 as a marker of pulmonary inflammation, we
then examined Lcn2 levels upon LPS-induced acute lung injury
(ALI). LPS was administered (5mL; 2 mg/mL) via a nebulizer
(flowrate 4 It/min) to WT C57BI6 mice, that were euthanized 24 h
later. The development of ALI, as indicated by the vascular leak
(Figure 5A) and the infiltration of inflammatory cells (Figure 5B;
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FIGURE 1

Increased LCN2 mRNA expression in lung epithelial cells of IPF patients, negatively correlating with their respiratory functions. (A) Mean differential
LCN2 mRNA expression in IPF patients’ cohorts/datasets, detailed in Supplementary Table S1. (B) Volcano plots of differentially expressed genes (FC
> 1.2; FDR adjusted p < 0.05) in the three largest transcriptomics datasets of (A) interrogating the expression of 115/44, 28/15, 84/75 IPF patients and
controls, respectively (Supplementary Table S1). (C) Spearman’s correlation plots of LCN2 expression with spirometry measurements from the
GSE47460_GPL14550 cohort (***p < 0.01). (D) Dimensionality reduction plot localizing LCN2 expression in pulmonary epithelial cells originating
from 4 IPF patients and 6 controls (26). (E) Dot plot of the same dataset depicting cell type-specific LCN2 expression. The Wilcoxon rank-sum test
comparing each cell type with the rest validated LCN2 as a marker gene of the cell types marked in red font (FC > 1.2; Bonferroni adjusted p < 0.05).
(F) Per cell type differential expression analysis between cells of different phenotype (IPF vs. control origin) using the Wilcoxon rank-sum test (*FC >
1.2; Bonferroni-corrected p < 0.05; *upregulated in IPF; *downregulated in IPF).

Base
Aberrant basaloid cells
. o iliated cells
Differentiating Ciliated cells
Goblet cells

mostly neutrophils; data not shown) (35), was associated with
increased Lcn2 mRNA (Figure 5C) and protein levels (Figures 5D,
E) in the lung tissue. The increased Lcn2 expression upon
ALI was also reflected in the BALF and sera of the same
mice (Figures 5F, G).

Therefore, Lcn2 is a marker of pulmonary inflammation
in with  epithelial damage and

mice,  correlating

neutrophilic infiltration.

Frontiersin Medicine

154

Genetic dissection of the role of Lcn2 in
pulmonary inflammation and fibrosis in
mice

To dissect a possible role for Lcn2 in pulmonary inflammation
and fibrosis, we then investigated the effects of BLM-induced
pulmonary inflammation and fibrosis on Lcn2 ubiquitous knockout
mice (KO); the lack of Len2 expression in KO mice was verified
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LCN2 BALF levels of IPF patients negatively correlate with their respiratory functions. (A—C) Spearman’s correlation plots of LCN2 levels, as measured

using a commercially available ELISA, with the ratio of forced expiratory volume (FEV)/forced vital capacity (FVC) (A), with a transfer capacity of the

lung for the uptake of carbon monoxide (TLCO) (B) and with carbon monoxide transfer coefficient (KCO) (C). Statistical significance was assessed

with Spearman’s r = —0.47, —0.42 as indicated; * denotes p < 0.05.

using Q-RT-PCR and Western blot analysis (Figures 6A, B). The
BLM-induced weight loss, an indicator of overall systemic health,
did not reach statistical significance in Lcn2™/~ mice (Figure 6C);
however, no statistically significant changes were detected in
vascular leak (Figure 6D), inflammation (Figure 6E), or soluble
BALF collagen (Figure 6F). Accordingly, no major statistically
significant differences were detected in the associated distortion
of lung architecture (Figures 6G, H). However, BLM-induced
impairment of respiratory functions did not reach statistical
significance in Len2~/~ mice (Figures 61, ), suggesting again, as
the human data, a possible negative correlation of Lcn2 expression
with respiratory functions.

Given the suggested role of Lcn2 in metabolic disorders and
obesity (36) and the correlation between IPF and obesity in patients
(37), the effect of obesity-driven microbiome changes in the lungs
(38), as well as the suggested role of Len2 in iron sequestration
and microbiome regulation, we next investigated the role of Lcn2
in the pathogenesis of pulmonary fibrosis in obese mice, following
the high-fat diet (HFD) feeding for 13 weeks, in comparison with
mice fed a matched control diet. No statistically significant changes
in disease severity were observed either, although a clear trend of
disease attenuation was observed (Supplementary Figures S3A-D),
as opposed to lean mice.

Moreover, given the increased Lcn2 expression in the acute
phase post-BLM administration (Figure 4), as well as following
LPS-induced ALI (Figure 5), we then examined a possible role
of Len2 in acute inflammation by administering LPS in Len2™/~
and control wt mice. Lcn2™/~ mice presented with increased
pulmonary edema (Figure 7A), but no significant changes in
inflammation (Figures 7B, C).

Therefore, despite observed trends in Len2~/~ mice, no solid
conclusions on the role of Len2 in pulmonary inflammation
and fibrosis could be drawn upon disease modeling in mice, in
these settings.

Discussion

In this report, increased LCN2 mRNA expression has been
detected in silico in most available transcriptomics datasets at
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Fibromine.com (Figure 1; Supplementary Table S1). The in silico
approach, given the availability of datasets in Fibromine, emerges
as a valuable surrogate tool for the identification of the expression
levels of genes under investigation. Moreover, given the multiple
available datasets/human samples, the method is more practical
and valuable than the usual practice, i.e., individual RT-PCRs in a
limited number of IPF samples.

LCN2 mRNA expression levels in IPF patients negatively
correlated with respiratory functions (Figure 1); accordingly,
LCN2 BALF levels negatively correlated with patients’ respiratory
functions (FEV1/FVC, TLCO, and KCO) of a cohort (n=26)
of IPF patients (Figure 2), in agreement with a previous study
(17). However, much larger clinical studies will be needed to
possibly associate LCN2 expression levels, in both sera and BALF,
with respiratory functions and other specific pathophysiological
disease attributes. A meta-analysis of publicly available scRNAseq
datasets indicated the lung epithelium as the major source
of LCN2 in the fibrotic lung (Figure 1), as previously shown
with immunocytochemistry (17). Recurrent epithelial damage is
considered the initiating insult of IPF pathogenesis, and acute
exacerbation of IPF is characterized by increased alveolar epithelial
cell injury, suggesting that future studies on LCN2 and IPF
should include the evaluation of LCN2 levels in patients with
acute IPF exacerbation and the correlation with other epithelial
injury markers.

Similar results were obtained in BLM-induced pulmonary
fibrosis in mice (Figures3, 4), further indicating higher Lcn2
expression in the acute phase of the disease, following BLM-
induced epithelial damage and correlating with neutrophilic
inflammation. Len2 levels declined at the fibrotic phase, although
remained higher than controls, as is the case for various
inflammatory markers, e.g., TNF (39). Moreover, and in agreement
with an acute role for Lcn2, neutrophilic infiltration upon LPS-
induced ALI was also correlated with higher Lcn2 expression
(Figure 5).

However, despite the increased Len2 expression upon BLM-
or LPS-induced lung damage, no statistically significant changes
were observed upon BLM or LPS administration to Lcn2™/~
mice (Figures 6, 7; Supplementary Figure S3), suggesting that either
Len2 does not have a major pathogenic role or Lcn-2 can
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FIGURE 3

Increased Lcn2 expression in mouse lungs post-BLM-induced pulmonary fibrosis. (A) Mean differential Lcn2 mRNA expression in different
transcriptomics BLM datasets (Supplementary Table S1). (B) Volcano plots of the three major datasets of (A). (C) Feature plot showing Lcn2
expression in the mouse lung (27). (D) Dot plot revealing the cell type expression pattern of Lcn2 (in decreasing order of importance). The Wilcoxon
rank-sum test comparing each cell type with the rest validated Lcn2 as a marker gene of the cells types marked in red font (FC > 1.2; Bonferroni
adjusted p < 0.05). (E) Separate examination of the control (PBS) and fibrotic (BLM) cells further supports the epithelial origin of Lcn2. (F) Per
timepoint examination of cell population markers. (G) Bar plot depicting the changes in the mouse lung major cell populations, as defined by
scRNAseq analysis clustering and cell typing, across timepoints of BLM administration.

have different roles in different cell populations, masked in the
ubiquitous knockout mice, and that a cell-specific Len2 deletion
could be more informative. Moreover, it is also possible that a
pathogenic role for Len2 cannot be efficiently dissected in animal
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models, as has been shown for many other genes (4). In this context,
a very possible role of Lcn2 in iron sequestration and microbiome
regulation (18) cannot be likely examined in modeled mice, given
their sterile and controlled living conditions, as well as due to the
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Increased Lcn2 expression in mouse lungs during the development of BLM-induced pulmonary inflammation and fibrosis. (A) Total protein
concentration in BALFs, as determined using the Bradford assay. (B) Inflammatory cell numbers in BALFs, as counted with a hemacytometer. (C)
Soluble collagen levels in the BALFs as detected with the Direct Red assay. Statistical significance was assessed with one-way ANOVA; */** denote p
< 0.05/0.01 respectively. (D) Representative images from H&E-stained lung sections of murine lungs at 3, 7, and 14 d post-BLM administration (x 10).
(E-J) Respiratory functions were measured with FlexiVent, 14 days post-BLM; mean respiratory system compliance (Crs); mean respiratory system
elastance (Ers); mean tissue elastance (H); mean static lung compliance (Cst); mean total lung capacity (A). Cumulative results from three
(Continued)
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FIGURE 4 (Continued)

independent experiments; statistical significance was assessed using the Mann-Whitney test; */** denote p < 0.05/0.01, respectively. (K) Lcn2 mRNA
expression was interrogated using Q-RT-PCR; Values were normalized over the expression of the housekeeping gene B2m and presented as fold
change over control. (L, M) Lcn2 concentration in BALF (L) and serum (M) of mice at 3, 7, and 14 d post-BLM administration. Lcn2 levels were
measured using a commercially available ELISA kit; Statistical significance was assessed with one-way ANOVA, */**/*** denote p < 0.05/0.01/0.001
respectively. (N) Bar plot showing the percentage of immune cell populations in the murine lung post-BLM; the employed gating strategy is
described in Supplementary Figure S2. (O) Representative Western blot of Lcn2 expression (red) in fibrotic lungs, 14 d post-BLM. (P) Densitometry
analysis of Lcn2 expression, normalized to the expression of Actin (green); cumulative result from two independent experiments; statistical
significance was assessed with unpaired t-test; ** denotes p < 0.01. (Q) Representative images of two independent experiments, from
immunohistochemistry for Lcn2 in control (SAL) and fibrotic (BLM) murine lung tissue (x 10).
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Lcn2 expression is upregulated during LPS-induced Acute Lung Injury (ALI). (A) Total protein concentration in BALF, as determined using the Bradford
assay. (B) Inflammatory cell numbers in BALF, from saline and LPS-treated mice, as counted with a hemacytometer. (C) Lcn2 mRNA expression was
interrogated with Q-RT-PCR; Values were normalized over the expression of the housekeeping gene B2m and presented as fold change over
control; representative results from three independent experiments. (D) Western blot of Lcn2 expression (red) in lungs from mice with LPS-induced
AL, followed by densitometry analysis of Lcn2 expression, normalized to the expression of Actin (green). (E) Representative images from
immunohistochemistry for Lcn2 in lungs from control (SAL) and LPS-treated mice (x 10). (F, G) Lcn2 levels in BALF (F) and serum (G) of mice were
estimated using ELISA; statistical significance was assessed using the Mann—-Whitney test; */**** denote p < 0.05/0.0001.
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species populating the lung that are not amenable to the suggested
bacteriostatic functions of Lcn2 (38, 40). However, a role for LCN2
in microbiome regulation in humans remains likely and should
be pursued in future clinical studies, especially since increased
airway microbiota has been associated with a more rapid disease
progression and a higher risk of mortality across different patient
cohorts and quantification platforms (20, 41, 42).

Moreover, microbiome differences in different animal houses
could explain the contradictory results on the role of Lcn2 in
inflammation in mice. For example, Lcn2 has been suggested
to mediate the recruitment of neutrophils and thus to stimulate
pro-inflammatory signaling; however, anti-inflammatory effects
have also been suggested, including M2 polarization and Tgegs
expansion (10). We reported here no major role for Len2 in
LPS-induced ALI, while it was recently reported that Len2=/~
mice had relatively increased survival than control mice following
intratracheal administration of LPS (43); the contradiction could
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be due to experimental design, dose, and species of administered
LPS, as well as the local microbiome of the animal houses. In
the same context, systemic administration of LPS in Len2™/~
mice was reported to result in exacerbated neuroinflammatory
responses (44), although an opposite role in neuroinflammation
has been also suggested promoting macrophage M1 polarization
(45). However, in the lungs, LCN2 was reported to deactivate
macrophages resulting in impaired immune responses following
pneumococcal pneumonia (46).

As an acute phase response protein, secreted by epithelial
cells upon damage, and/or infiltrating neutrophils, it is
conceivable that LCN2 may contribute to chronic damage
responses via the lung epithelium in IPF patients through the
amplification of neutrophil recruitment. Increased neutrophils
were detected in the IPF cohort examined here (Table I; p
= 0.038), while BAL neutrophilia has been proposed as an
independent predictor of early mortality in IPF patients (47).
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FIGURE 6

Lcn2 genetic deficiency has minor effects in bleomycin (BLM)-induced pulmonary inflammation and fibrosis. (A) Lcn2 mRNA expression was
interrogated with Q-RT-PCR; Values were normalized over the expression of the housekeeping gene B2m and presented as fold change over
control; (B) Representative Western blot of Lcn2 expression (red) in lungs from WT and KO mice treated with BLM confirming the global depletion of
Len2 in KO mice. (C) Weight loss post-BLM administration. (D) Total protein concentration in BALFs, as determined with the Bradford assay. (E)
Inflammatory cell numbers in BALFs, as counted with a hemacytometer. (F) Soluble collagen levels in the BALFs as detected with the Direct Red
assay. (G) Representative H&E-stained lung sections (x 10). (H) Ashcroft scoring of disease severity. (I, J) Indicated respiratory functions were
measured with FlexiVent; statistical significance was assessed with one-way ANOVA; */** /**** denotes p < 0.05/0.01/0.0001.

Frontiersin Medicine 159 frontiersin.org


https://doi.org/10.3389/fmed.2023.1195501
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Galaris et al.

10.3389/fmed.2023.1195501

A
0.8 ———
§o.e- oo @
:
G 04 Q
g
§ 02 oe %
-
I ] | I
SAL LPS SAL LPS
KO
B
P
L 204
=
-
& 15 .
E 104
E 1o
H]
3 5-
o
SAL LPS SAL LPS
KO
FIGURE 7

Lcn2 genetic deficiency has minor effects on LPS-induced pulmonary inflammation. (A) Total protein concentration in BALFs, as determined with the
Bradford assay. (B) Inflammatory cell numbers in BALFs, as counted with a hemacytometer; (C) Representative H&E-stained sections of murine lungs
of WT and Lcn2 KO mice (x 10); statistical significance was assessed with one-way ANOVA; */** /*x* /**** denotes p < 0.05/0.01/0.001/0.0001.

Additionally, a high neutrophil to lymphocyte ratio (NLR) as
measured from complete blood counts has also been associated
with increased mortality in IPF (48). LCN2 has been shown
to promote the formation of neutrophil extracellular traps
(NETs) (49), which have been implicated in the pathogenesis
of several diseases including IPF (50). In skin psoriasis, the
amplification loop of LCN2 parallel to neutrophil-produced
extracellular NETs was shown to participate in the enhancement
and persistence of the local inflammatory response (51). The
proinflammatory activity of NETs and LCN2 induction in
psoriasis was suggested to be dependent on TLR4/IL-36R
crosstalk and MyD88/nuclear factor-kappa B (NF-kB) downstream
signaling (51).

Overall, although the possible role for LCN2 in IPF
pathogenesis remains obscure, the acute increase in Lcn2
expression following both LPS-induced ALI and BLM-induced
pulmonary inflammation and fibrosis suggests that Lcn2 is
an acute phase protein of lung damage in mice, as previously
suggested for acute kidney injury (9) and acute exacerbation
of cystic fibrosis (52), correlating with epithelial damage and
neutrophilic infiltration. Moreover, the increased LCN2 mRNA
levels detected in IPF patients suggest that LCN2 levels can be
used as surrogate biomarkers of pulmonary inflammation and a
possible indicator of compromised pulmonary functions, urging
for larger studies.
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