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ABSTRACT: Idiopathic pulmonary fibrosis (IPF) is marked by progressive alveolar destruction, impaired tissue regeneration, and
relentless fibrogenesis, culminating in respiratory failure and death. A diverse array of resident and non-resident cells within the
lung contribute to disease pathogenesis. Notably, immune cells, both resident and recruited, respond to cues from sites of lung
injury by undergoing phenotypic transitions and producing a wide range of mediators that influence, initiate, or dictate the function,
or dysfunction, of key effector cells in IPF pathology, such as alveolar epithelial cells, lung fibroblasts, and capillary endothelial
cells. The role of the immune system in IPF has undergone an interesting evolution, oscillating from initial enthusiasm to skepticism,
and now to a renewed focus. This shift reflects both the past failures of immune-targeting therapies for IPF and the unprecedented
insights into immune cell heterogeneity provided by emerging technologies. In this article, we review the historical evolution of
perspectives on the immune system’s role in IPF pathogenesis and examine the lessons learned from previous therapeutic failures
targeting immune responses. We discuss the major immune cell types implicated in IPF progression, highlighting their phenotypic
transitions and mechanisms of action. Finally, we identify key knowledge gaps and propose future directions for research on the
immune system in IPF.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive, fibrotic lung disease with a poor prognosis and limited
treatment options, marked by aberrant wound healing and excessive extracellular matrix deposition. Despite the initial
failure of immunosuppressive therapy in IPF patients, recent evidence highlights a significant role of immune
dysregulation in IPF pathogenesis. Immune cells exhibit altered phenotypes in IPF, influencing disease progression
through complex interactions with fibroblasts and extracellular matrix components. Immunological contributions to
fibrosis are increasingly understood as multifaceted, with immune cell recruitment, activation, and polarization varying
across disease stages. This review synthesizes current knowledge on the immune system’s role in IPF, with particular
emphasis on macrophages/monocytes, T helper cells, and B cells. By summarizing key findings and discussing future
directions, this concise review aims to elucidate the complex interplay between immune cells and fibrosis in IPF,
offering insights that could guide novel therapeutic strategies in managing this debilitating disease.

2. Evidence of Immune Dysregulation in Patients with Idiopathic Pulmonary Fibrosis (IPF)

At its foundation, IPF is thought as a disrupted or uncontrolled wound-healing process in the lung, leading to
excessive scar formation and progressive lung dysfunction. There is substantial evidence from various perspectives that
the immune system plays a role in the development and progression of IPF.

https://doi.org/10.70322/fibrosis.2025.10004
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2.1. Infiltration of Immune Cells around Fibroblast Foci

As stated in the 2022 ATS guideline, a diagnosis of UIP, which is the hallmark pathology of IPF, made by biopsy
is predicated on a combination of the following: (1) patchy dense fibrosis with architectural distortion (i.e., destructive
scarring and/or honeycombing); (2) a predilection for subpleural and paraseptal lung parenchyma; (3) fibroblast foci;
and (4) the absence of features that suggest an alternative diagnosis [1]. Spatial transcriptomics used to deconstruct the
cellular composition of IPF lungs has revealed a stepwise increase in the number of proliferating macrophages as
proximity to fibrotic sites decreased. These macrophages were primarily located in distant alveolar septae, with their
highest concentration in regions adjacent to fibroblastic foci, but were notably absent from the stiffened stroma within
the fibroblastic foci itself [2]. In end-stage lung explants taken during lung transplantation, lymphocyte aggregates,
primarily consisting of CD3+ T lymphocytes and CD20+ B lymphocytes, are found to increase significantly compared
to those in surgical lung biopsy samples representing early disease stages [3]. These immune cells exhibit minimal or
no activity of Ki-67, a marker for cell proliferation, and Caspase-3, a marker for apoptosis, suggesting that they are not
proliferating locally within the tissue but are instead likely recruited from the bloodstream.

2.2. Serology Markers in IPF Patients

Serologically, multiple markers are associated with the diagnosis and prognosis of the disease. For example, Todd
et al. utilized 300 patients with IPF from the IPF-PRO Registry, comparing them with 100 control participants to identify
differentially expressed proteins and correlate these with disease severity [4]. Several immune-related proteins were
elevated in IPF patients, including chemokines such as CCL5, CCL17, CCL18, CCL22, and CXCL13, as well as
complement proteins (C1R, C4A, and C4B). CXCL13 is significantly elevated in both the plasma and lungs of IPF
patients and correlates with disease severity and poor prognosis. Patients with the highest CXCL13 levels had a
significantly higher risk of death or requiring emergent lung transplantation within two years [5].

2.3. Genetic Polymorphisms and Differential Gene Expression of Immune Cells in IPF

Gene polymorphism involving inflammatory regulators may be associated with pulmonary fibrosis [6], which
includes IL-1RN [7], IL-4 [8], Toll-like receptor 3 [9], and TOLLIP (Toll-interacting protein) [10] among others. The
prognosis of IPF has also been linked with specific genetic expression profiles of peripheral blood mononuclear cells
(PBMC). In their first experiment, Herazo-Maya et al. performed microarray analysis of the PBMC on two IPF patient
cohorts: a discovery cohort (n =45) from the University of Chicago and a replication cohort (n = 75) from the University
of Pittsburgh. They identified 52 genes significantly associated with transplant free survival (TFS) [11]. This was
subsequently validated across six independent cohorts from academic centers in the United States, United Kingdom,
and Germany, enrolling 425 IPF patients [12]. The expression levels of the 52 genes were assessed, and two scores
were calculated: an “up score” and a “down score” based on the expression levels of genes. Patients whose up score
was above the median and down score below the median were classified as high risk. In all cohorts, high-risk patients
had a higher mortality rate or shorter TFS compared to low-risk patients. The hazard ratios (HR) for mortality and TFS
ranged from 2.03 to 4.37 across the different cohorts, indicating that high-risk patients had at least double the risk of
death or lung transplantation. Furthermore, in patients not treated with anti-fibrotic drugs, there was no significant
change in the scores over time, suggesting that untreated patients maintain their risk profile [12]. They retain their
discrimination even when treated with antifibrotics [13]. Further classification of these genes revealed that the seven
genes upregulated were primarily expressed by monocytes, while the 45 genes that were downregulated were primarily
expressed by T, B, and NK cells [14].

3. History of Immunosuppression Treatment in IPF Patients

As would be expected with this evidence, the treatment of IPF primarily used to aim at suppressing inflammation.
The 2000 ATS/ERS guidelines, while acknowledging the poor prognosis of IPF and the lack of evidence showing
improved survival with any treatment, recommended the use of corticosteroids combined with either azathioprine or
cyclophosphamide as initial therapy [15]. However, the guidelines also cautioned that the potential benefits of these
treatments could be outweighed by the risks of treatment-related complications. As oxidative stress was hypothesized
to contribute to epithelial injury in IPF, antioxidant therapies were explored as potential treatment options. N-
acetylcysteine (NAC), a precursor to the antioxidant glutathione, was proposed as an adjunct to immunosuppressive
therapy for IPF patients.
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The 2005 IFIGENIA trial, published in the New England Journal of Medicine, suggested that adding high-dose
NAC to prednisone and azathioprine helped preserve vital capacity and lung diffusion in IPF patients [16]. However,
this trial faced criticism for lacking a true placebo group, and the efficacy of the treatment regimen remained contentious,
though it became a common practice at the time. A survey conducted between December 2006 and January 2007
revealed that nearly 50% of the 800 pulmonologists who responded would prescribe a combination of prednisone and
azathioprine, with or without NAC in two hypothetical cases of IPF [17]. A more definitive understanding of the use of
broad immunosuppression in IPF came with the PANTHER-IPF trial [18], a randomized, double-blind, placebo-
controlled study that compared the effects of prednisone, azathioprine, and NAC (combination therapy) to NAC alone
and placebo in IPF patients with mild-to-moderate lung function impairment. The primary outcome was the change in
forced vital capacity (FVC) over a 60-week period. An interim analysis at 32 weeks revealed a higher rate of death and
hospitalization in the combination therapy group compared to placebo. Based on these findings, the independent data
and safety monitoring board recommended discontinuing the combination therapy group. This has led to a significant
shift away from broad immunosuppressive treatments in IPF.

Following this paradigm shift, various attempts to explore immunomodulatory therapies in IPF failed to meet their
primary endpoints, which often included changes in FVC, disease progression, or survival. These trials included studies
investigating interferon-gamma (INSPIRE study) [19], TNF-alpha inhibitors [20], NAC monotherapy [21], monoclonal
antibodies targeting inflammatory cytokine IL-13 [22,23], CCL2 [24] and dual inhibition of IL-13 and IL-4 [25].
Despite these efforts, no immunomodulatory treatment has demonstrated significant clinical benefit in IPF, further
moving the focus of IPF management away from immunosuppressive strategies. However, these drugs do not target
specific immune cell populations, and it is possible that the manipulation of specific immune cell subsets could be a
viable therapeutic approach in IPF.

4. Innate Immune System
4.1. Monocyte/Macrophage

Several studies involving IPF patients have implicated macrophages and monocytes in the pathogenesis and
prognosis of the disease. Transcriptome data from peripheral blood mononuclear cell samples of IPF patients revealed
that monocyte percentage above the mean was linked to shorter transplant-free survival [26]. This finding was further
validated in a retrospective pooled analysis of four phase III randomized trials [27], involving 2067 patients from the
ASCEND [28] and CAPACITY trial [29], which studied pirfenidone, and the INSPIRE trial [19], which evaluated
interferon-gamma. Elevated monocyte percentages were significantly associated with one-year IPF progression
(defined as a >10% absolute decline in FVC% predicted, a >50 m decline in six-minute walk distance, or death), as well
as with increased risk of one-year all-cause hospitalization and mortality. Similar findings were observed in a systematic
review and meta-analysis of patients with fibrotic ILD, as well as in a study involving patients with interstitial lung
abnormalities detected through imaging [30,31]. In accordance, several studies have shown that mice with systemic
monocytopenia are protected from the development of fibrosis. This protection has been observed in mice treated with
intravenous liposomal clodronate, as well as in genetically modified CCR2—/— and CEBPd—/— knockout mice, which
lack specific monocyte populations [32—34]. These findings suggest that circulating monocytes play a significant role
in the fibrotic process and that their depletion or functional disruption can mitigate fibrosis development.

4.1.1. Tissue Resident Macrophages vs. Recruited Macrophages in Mouse Models of Pulmonary Fibrosis

Alveolar macrophages (AMs) constitute the primary immune defense within the alveoli and airways, whereas lung
interstitial macrophages (IMs) serve as pivotal regulators of the vasculature and lung interstitium. Both AMs and IMs
are categorized as tissue-resident macrophages (TRMs), performing critical functions in maintaining homeostasis,
facilitating metabolic processes, and mediating tissue repair in their respective organ environments. Additionally, these
macrophages function as sentinel phagocytes within the immune system. During inflammatory conditions, monocytes
are recruited to the lung, where they differentiate into recruited macrophages, exhibiting distinct transcriptional profiles
and specialized functional roles [35]. Macrophage populations within tissues, derived from unique developmental
lineages, express diverse surface markers that reflect their lineage and functional specificity. Classical monocytes are
identified by the combination of MHC Il CD64", CD11b"e", and Ly6Che", Tissue resident interstitial
macrophages are characterized by high expression of MHC II, CD64, CD11b, while being negative for Siglec F [35,36].
These macrophages can be further classified into subpopulations with distinct functional roles. Some are involved in
maintaining tissue homeostasis and regulating vascular permeability, while others participate in immune surveillance
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and pro-inflammatory responses. The differentiation of these subpopulations is determined by surface markers such as
LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1), Folr2 (folate receptor beta), CD206 (mannose receptor),
Argl (arginase-1), and CX3CRI1 [37,38]. Tissue-resident alveolar macrophages are identified by CD64"g" CD11chih,
F4/80 positive, MerTK positive, and Siglec Fi¢" [36]. Monocyte-derived macrophages are identified by CD64"¢" F4/80
positive, MerTK positive, and Siglec F°¥. During differentiation from monocyte-derived interstitial macrophages to
monocyte-derived alveolar macrophages, they exhibit a decrease in CD11b and an increase in CD11c [35].Using various
fate-mapping techniques, several groups have demonstrated that in naive, unchallenged adult mice housed in clean
facilities, tissue-resident alveolar macrophages maintain their population via proliferation in situ for months without
contribution from circulating monocytes [39,40].Similarly, two clinical reports revealed that after lung transplantation,
the alveolar macrophage population remains remarkably stable, with donor-derived cells making up the majority of the
alveolar macrophage pool even five years post-transplant [41,42]. Although in the healthy, unperturbed lung at steady
state, the origin of alveolar macrophages—whether from fetal or adult sources or from differentiated alveolar
macrophages—does not influence their ability to occupy the lung niche [43,44], tissue-resident macrophages and
monocyte-derived macrophages frequently display distinct, sometimes opposite, roles in various injury models,
including cardiac injury [45], schistosomiasis (a parasite infection) [46].

Evidence suggested that tissue-resident alveolar macrophages (TR-AMs) are not actively involved in the fibrotic
response, whereas monocyte-derived alveolar macrophages (Mo-AM) play a more significant role. In a study conducted
by Gibbons et al., the depletion of circulating monocytes during the fibrotic phase of bleomycin-induced lung fibrosis
resulted in reduced fibrosis [32]. Specifically, the depletion of the “inflammatory” Ly6C"#" monocyte subset
significantly decreased the number of Yml-positive alternatively activated macrophages in the lungs. The adoptive
transfer of Ly6C"e" monocytes into bleomycin-treated mice during the fibrotic phase exacerbated lung fibrosis, as
evidenced by increased collagen deposition and a higher number of Ym1-positive macrophages. Using bone marrow
chimera mice, Misharin et al. demonstrated that in bleomycin-induced lung fibrosis, circulating monocytes are recruited
to the lung and differentiate into Mo-AMs [47]. By utilizing CD11cCre Casp8flox/flox and LysMCre Casp8flox/flox
mice to selectively deplete caspase-8, a suppressor of necroptosis, to markedly reduce the Mo-AM population, fibrosis
was attenuated. In contrast, the depletion of TR-AMs using intratracheal liposomal clodronate did not affect fibrosis
severity. Using similar CD11cCreCasp8flox/flox mice in an asbestos induced lung fibrosis model, Joshi et al. further
demonstrated monocyte-derived alveolar macrophages were specifically located in these fibrotic areas, around
bronchoalveolar duct junctions where asbestos fibers lodged, where they co-localized with fibroblasts, forming a
fibrotic niche [48]. These macrophages expressed high levels of markers associated with fibrosis, such as Csfl, Pdgfa,
and Mrcl, supporting their role in driving fibrosis through their interactions with fibroblasts. A different strategy to
study the contribution of Mo-AMs in pulmonary fibrosis was used by McCubbrey et al. [49]. Their approach used
hCD68rtTAcre (reverse tetracycline-controlled transactivator) floxed c-FILP (cellular FADD-like IL-1B—converting
enzyme-inhibitory protein) which allowed for the inducible deletion of c-FLIP specifically in CD11b"¢" macrophages,
making them susceptible to apoptosis upon administration of doxycycline. The study found that conditional deletion of
c-FLIP in CD11b"&" macrophages resulted in their significant depletion from the lung protecting the mice from
developing lung fibrosis as reflected in the histology and lung compliance.

In summary, these studies collectively demonstrate the pivotal role that monocyte derived macrophage populations
play in the development and progression of lung fibrosis. A summary of monocyte and macrophage dynamics in steady-
state and fibrosis in the mouse pulmonary fibrosis model is illustrated in Figure 1.
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Figure 1. Monocytes and macrophages in steady state and fibrosis in mouse pulmonary fibrosis model. Monocytes and
macrophages exhibit a diverse range of surface markers that reflect their lineage and functional specialization. In steady state, tissue-
resident macrophages (alveolar and interstitial) maintain homeostasis via self-renewal. They can be identified by surface markers,
including CD64"e" CD11c"g", F4/80 positive, MerTK positive, Siglec F'i¢" for alveolar macrophages and MHC II"gh, CD64high,
CD11b"e", Siglec Free2tive for interstitial macrophages, respectively. In response to chemical and mechanical cues, monocyte-derived
macrophages, recruited under fibrotic conditions, exhibit distinct marker profiles CD64"eh, F4/80Positve, MerTKP!e, and Siglec
F°¥. As monocyte-derived interstitial macrophages differentiate into monocyte-derived alveolar macrophages, they exhibit a
decrease in CD11b expression and an increase in CD11c expression. These macrophages can further transition into scar-associated
macrophages, characterized by variable expression of markers such as SPP1, TREM2, CD9, FABPS, and GPNMB. Scar-associated
macrophages contribute to fibrosis through a range of direct mechanisms, such as extracellular matrix modulation, and indirect
mechanisms, such as immune response orchestration.

4.1.2. Macrophage Heterogeneity in IPF
The Classic M1/M2 Polarization Concept

Given the significant overlap in surface marker expression between different macrophage subsets, an effective
approach to their characterization has been the analysis of specific gene expression profiles following cytokine or
microbial stimulation. Classically activated macrophages (M1) are primarily involved in host defense mechanisms
against bacteria, protozoa, and viruses, and they also play a key role in antitumor immunity. In contrast, alternatively
activated macrophages (M2) are known for their anti-inflammatory properties and their contributions to tissue repair
and wound healing [50]. Notably, using surgical lung biopsies, studies have demonstrated that usual interstitial
pneumonia is associated with significantly higher levels of IL-13 and its receptor subunits, IL-13Ra2 and IL-13Ral,
particularly in fibroblastic foci [51,52]. Given their role in tissue remodeling, fibrosis has traditionally been considered
an M2-dominated disease.

In experimental models of lung fibrosis, various therapeutic interventions have focused on reducing the presence
or activity of M2 macrophages. These interventions include targeting TNF-alpha [53], inhibiting Gabl and Gab2
adaptor proteins, which are key players in the IL-4 signaling pathway [7], and neutralizing IL-33 [54]. Additionally, the
use of microcystin-leucine arginine (microcystin-LR), an environmental cyanobacterial toxin, in bleomycin-induced
pulmonary fibrosis models, and serum amyloid P (SAP) in TGF-beta overexpression models have also shown efficacy
in reducing lung fibrosis [55].

Despite the encouraging results from these preclinical studies that aimed to interfere with M2 macrophages, clinical
phase III trials in humans have largely yielded disappointing outcomes. One possible explanation for these results is
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that macrophage polarization and immune cell differentiation in the disease state are not mutually exclusive or as well-
defined as in healthy conditions. Indeed, research has shown that monocytes isolated from the peripheral blood of IPF
patients exhibit a significantly upregulated Type I interferon (IFN) response, marked by the overexpression of
interferon-stimulated genes such as MXI1, ISG15, and OASL [56]. Additionally, resident memory T cells from
explanted lungs of IPF patients have been found to exhibit IFN-y—mediated responses, further complicating the immune
landscape in IPF [57]. It is important to note that the decreased production of certain cytokines or the presence of skewed
immune cell populations in fibrotic lungs may represent an altered lung microenvironment rather than an inherent defect
in cytokine production. Consequently, the administration of exogenous cytokines alone has proven insufficient to fully
re-differentiate immune cells in the fibrotic milieu [58]. This suggests that fibrosis involves a complex interplay of
immune cells and signaling pathways that cannot be corrected by targeting a single cytokine or cell type, highlighting
the need for more comprehensive therapeutic strategies.

The Pathological Macrophage Subsets in IPF Revealed by High-Dimensional Transcriptomics

Single-cell RNA sequencing has revealed multiple distinct macrophage populations in the lung tissue of IPF
patients, including a recruited macrophage subpopulation characterized by high expression of SPP1 (osteopontin) and
CHIT1 (chitinase 1) [59]. In healthy lungs, FABP4"" macrophages constitute the predominant alveolar macrophage
subpopulation, while SPP1"e" macrophages are present at low levels. However, in fibrotic regions of IPF lungs, the
expansion of SPP1"&" macrophages, accompanied by a reduction in FABP4"¢" macrophages, particularly in the lower
lung lobes, correlates with poor lung function, as evidenced by lower forced vital capacity percentage predicted (FVC%
pred) [60]. Trajectory analysis indicates that these SPP1"#" macrophages originate from circulating CD14+ monocytes,
not tissue-resident macrophages, underscoring their role as recruited monocyte-derived macrophages central to the
fibrotic process in IPF [59].

In fact, studies across disease models and species identify pathological macrophage subsets localized near ECM-
producing fibroblasts, commonly referred to as scar-associated macrophages (SAMs), fibrosis-associated macrophages,
or matrisome-associated macrophages. These subsets, which commonly express SPP1, TREM2, CD9, FABP5 (Fatty
Acid Binding Protein 5), and GPNMB (Glycoprotein Non-Metastatic B), are implicated in various fibrotic diseases
other than pulmonary fibrosis, including mouse models of skeletal muscle fibrosis [61], metabolic-associated fatty liver
disease/nonalcoholic steatohepatitis [62—64], myocardial infarction [65], ureteric obstruction models [66], and human
conditions such as acne keloidalis [67], liver cirrhosis [68,69], nonalcoholic fatty liver disease/steatohepatitis [70,71],
post-COVID fibrosis [72], dilated cardiomyopathy [73], and myocardial infarction [74]. These findings underscore the
conserved role of these macrophages in fibrotic diseases across tissues and species, highlighting them as potential
therapeutic targets in fibrosis modulation.

4.1.3. Macrophage Recruitment

Macrophage recruitment to sites of tissue injury and fibrosis is a complex process influenced by various chemical
and mechanical signals.

Chemical Signals

One important chemoattractant identified in macrophage recruitment is FIZZ1 (Found in Inflammatory Zone 1).
According to migration assays, FIZZ1 has been shown to possess chemoattractant activity for bone marrow-derived
cells, including macrophages. Studies have demonstrated that bone marrow cells from both PBS- and bleomycin-treated
mice migrated toward FIZZ1, although the response was stronger in control mice. /n vivo experiments further reinforced
the importance of FIZZ1 in fibrosis. FIZZ1 knockout mice exhibited significantly reduced recruitment of bone marrow
cells to the lungs following bleomycin treatment. This reduction in bone marrow cell recruitment also correlated with
lower numbers of inflammatory cells, including macrophages, in the bronchoalveolar lavage fluid, compared to wild-
type mice [75].

Another important signaling pathway involved in macrophage recruitment is the CCL2/CCR2 axis. CCL2 is a
potent chemoattractant responsible for the recruitment of fibrocytes and profibrotic macrophages to sites of tissue injury.
Elevated levels of CCL2 have been identified in patients with idiopathic pulmonary fibrosis, highlighting its role in
fibrosis progression [56]. In mouse models, the disruption of this signaling pathway has provided protection against
lung fibrosis. For instance, CCR2 knockout mice were shown to be protected from lung fibrosis induced by bleomycin
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treatment [33,76] and intrathecal instillation of FITC (Fluorescein Isothiocyanate) [77,78]. These findings suggest that
inhibiting the CCL2/CCR2 axis could be a potential therapeutic target in preventing fibrosis.

However, the translation of these findings into human therapies has proven to be more complex. For instance, a
phase 2 randomized, double-blind placebo-controlled trial using carlumab, a human immunoglobulin G1x monoclonal
antibody designed to specifically neutralize the profibrotic activities of CCL2, demonstrated an unexpected outcome.
Patients treated with carlumab showed a decline in forced vital capacity (FVC), a key indicator of lung function.
Moreover, contrary to expectations, both total and free CCL2 levels were found to be elevated in the treated patients
[24]. This paradoxical increase suggests that compensatory mechanisms may come into play upon blockade of the
CCL2/CCR2 pathway. In line with this observation, a CCL12 knockout mouse model—where CCL12 is a murine
homolog of CCL2—showed a compensatory increase in the expression of other CCR2 ligands, including CCL2 and
CCL7, and did not exhibit protection from fibrosis following bleomycin treatment [79]. These findings underscore the
complexity of chemokine signaling in fibrosis and highlight the potential limitations of targeting individual pathways
without addressing compensatory mechanisms.

Mechanical Signals

In addition to chemical signals, mechanical cues in the extracellular matrix (ECM) have emerged as critical
regulators of macrophage morphology, migration, activation, and function. Surface topographic features and stiffness
significantly influence macrophage behavior and have been extensively studied in the context of foreign body reactions
[80-82].

The mechanical properties of the fibrotic lung undergo significant changes during fibrosis progression. These
include increased tissue stiffness (with healthy lung tissue having a Young’s modulus of approximately 1.96 kPa
compared to up to 16.5 kPa in fibrotic lungs), altered viscoelastic properties, elevated surface tension, and regional
heterogeneity [83]. In addition, the fibrotic ECM is characterized by excessive fibrillar collagen aligned in dense
bundles, a result of active ECM remodeling by contractile myofibroblasts. These structural changes provide
macrophages with additional topographic and mechanical cues that modulate their behavior [84].

Xu et al. explored how macrophages prepolarized with I1L-4/13 respond to such cues in pulmonary fibrosis. Using
a collagen hydrogel system with varying stiffness and fiber alignment, the authors demonstrated that macrophages in
regions of high ECM stiffness or strong collagen alignment exhibited elongated morphologies and aligned along
collagen fibers, displaying enhanced migratory behavior. These macrophages polarized into a pro-fibrotic phenotype,
characterized by increased secretion of transforming growth factor-beta (TGF-B) and interleukin-6 (IL-6).
Mechanistically, this response was mediated through integrin aMB2 and cytoskeletal remodeling driven by Rho-
associated kinase 2 (ROCK2). The process was shown to be inhibited by pirfenidone, an FDA-approved anti-fibrotic
drug, which disrupts integrin signaling and cytoskeletal reorganization [84].

Beyond static mechanical cues, the dynamic interplay between macrophages and fibroblasts plays an important
role in regulating macrophage motility and phenotype. In dense collagen networks (DCNs), macrophages relied on
tunnel-like conduits created by fibroblasts to migrate through the ECM. In loosely connected networks (LCNs),
macrophages utilized fibroblast-aligned collagen fibers as directional tracks for movement [85].The mechanical
remodeling of the ECM by fibroblasts not only facilitated macrophage migration but also guided their positioning in
fibrotic regions.

Dynamic mechanical cues, such as deformation fields generated by fibroblast contractions, further amplify
macrophage recruitment. A study by Pakshir et al. demonstrated that macrophages detect the velocity of local substrate
displacements and migrate toward regions of force generation, even in the absence of chemotactic gradients. This
mechanosensing process, facilitated by integrin a2f31 and stretch-activated ion channels, highlights the sophisticated
mechanical communication between contractile fibroblasts and macrophages. Importantly, dynamic forces were
essential for macrophage migration, as static ECM cues alone, such as collagen alignment, were insufficient to drive
their movement [86].

However, not all studies reach the same conclusions regarding macrophage mechanosensing in fibrotic
environments. Using 3D collagen and polyacrylamide (PA) hydrogels to decouple ECM stiffness from collagen
concentration, another study revealed that macrophages exhibit differential gene expression based on ECM stiffness.
For example, the expression of Fizz1, a gene associated with tissue repair, was suppressed in stiffer ECM environments,
while Argl expression remained unaffected. Unlike the integrin-dependent mechanisms described in previous studies,
this process relied on cytoskeletal remodeling, which regulated chromatin accessibility to control mechanosensitive
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gene expression. Similar results are replicated in vivo using a bleomycin-induced pulmonary fibrosis model. The authors
conclude that these findings suggest that macrophage sensing of ECM mechanics could provide a negative feedback
mechanism to prevent excessive ECM deposition and maintain homeostasis [87].

Although these conclusions may initially appear contradictory, the differences likely stem from variations in
experimental conditions, such as the biomechanical properties of substrates (e.g., differing thresholds of stiffness),
architectural features (e.g., two-dimensional versus three-dimensional structures, or specific topographic
characteristics), and the involvement of fibroblasts. Furthermore, these discrepancies underscore the complex and
multifaceted role of macrophages in fibrosis and highlight the inherently resolving nature of the mouse bleomycin-
induced pulmonary fibrosis model. Together, these findings emphasize the nuanced interplay of macrophages with
mechanical and dynamic cues in the fibrotic microenvironment, offering insights into potential therapeutic strategies
for modulating macrophage activity in fibrosis.

4.1.4. Macrophage Effects

Once recruited, macrophages are able to influence fibrosis by multiple mechanisms: secretion of pro-fibrotic
mediators, including TGF-beta [58], directly modulating extracellular matrix through matrix metalloproteinases (MMPs)
[88,89] and indirectly orchestrating inflammatory responses [90].

4.1.5. Fate of Macrophages

Survival of macrophages is contingent on specific microenvironmental cues and cellular interactions. Tissue-
resident alveolar macrophages depend on granulocyte-macrophage colony-stimulating factor (GM-CSF), which is
primarily produced by alveolar type II (ATII) cells, while monocyte derived macrophages rely on macrophage colony-
stimulating factor (M-CSF) for their maintenance [91-93]. The fate of monocyte-derived macrophages in the context
of pulmonary fibrosis has been the subject of considerable research, with varying results across different models. Studies
have reported divergent lifespans for these macrophages, ranging from less than 24 h [32] to up to a year [47].

The maintenance of macrophage populations may occur through either autocrine or paracrine signaling
mechanisms, wherein cells either self-sustain by secreting their own survival factors or rely on signals from neighboring
cells within the microenvironment. Recent studies have provided further insights. These analyses utilizing single-cell
RNA sequencing and in situ RNA hybridization revealed that M-CSF receptor (M-CSFR) and its ligand, M-CSF, are
upregulated in fibrotic macrophages. The detection of CSF1/CSFIR expression in alveolar macrophages suggests that
these cells may be capable of maintaining their population in the fibrotic niche via autocrine production of M-CSF, thus
becoming independent of external signals from other lung cells [48]. This autocrine loop likely contributes to the
persistence of macrophages in the fibrotic lung, which in turn sustains fibrosis by continually promoting ECM
production and remodeling. In a computational model exploring the interaction between macrophages and fibroblasts,
researchers further elucidated the importance of M-CSF in sustaining the fibrotic process. The model demonstrated that
reducing CSF1 levels led to a decrease in macrophage numbers, which, in turn, resulted in a reduction in fibroblast
activity. This allowed the tissue to transition toward a more normal, less fibrotic state [94].

Interruption of this M-CSF/M-CSFR signaling pathway has shown therapeutic promise in preclinical models.
Blockade of this signaling using an anti-M-CSF antibody or the small molecule PLX3397 led to a significant reduction
in monocyte-derived macrophages and subsequently ameliorated fibrosis [48]. This finding highlights the potential of
targeting macrophage survival, by targeting key signaling pathways, such as the M-CSF/M-CSFR axis, as a therapeutic
strategy for fibrosis.

4.1.6. Therapeutics Targeting Macrophages

Due to the pivotal role macrophages play in the progression of pulmonary fibrosis, targeted therapies focusing on
these cells are highly desired. Of these approaches, nanoparticles and liposomes are among the most widely explored
platforms for delivering therapeutic agents directly to macrophages. Their versatility lies in their ability to encapsulate
diverse payloads, including small molecules, siRNA, mRNA, and proteins, which can modulate macrophage behavior
effectively. To increase specificity, these carriers can be further engineered by modifying their surfaces with ligands or
antibodies targeting macrophage-specific markers, such as CD206, a receptor highly expressed on M2 macrophages in
fibrotic tissues.

In a notable study, Singh et al. engineered mannosylated albumin nanoparticles (MANPs) to exploit the high
expression of the mannose receptor (CD206) on profibrotic monocyte-derived macrophages. Using a bleomycin-
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induced pulmonary fibrosis mouse model, the researchers demonstrated that approximately 75% of the injected MANPs
were taken up by monocyte-derived alveolar macrophages. This was confirmed using Cx3cr1CreERT2+, Tdtomato fI/fl
genetic lineage tracing mice. To further explore therapeutic potential, MANPs were loaded with small-interfering RNA
(siRNA) targeting TGFB1. Treatment with MANPs significantly reduced collagen deposition and other fibrotic markers,
including TGFB1 and IL-1B, while improving lung function. These findings highlight the efficacy of macrophage-
targeting nanoparticles in mitigating fibrosis and restoring lung architecture [95]. Similar results were reported by Hou
et al., who utilized M2pep-modified Mn-curcumin metal-organic framework nanoparticles (M2NP-BLZ@Mn-Cur).
These nanoparticles feature a Mn-curcumin metal-organic framework coupled with M2pep ligands to enhance targeting
specificity toward M2 macrophages, and BLZ945, a CSF-1R inhibitor, to facilitate the selective depletion of profibrotic
M2 macrophages [96].

Although studies specifically focusing on nanoparticle-mediated macrophage targeting for pulmonary fibrosis are
limited, lessons can be drawn from their application in other diseases, such as atherosclerosis. Nanoparticles have been
extensively explored in the treatment and diagnosis of atherosclerosis, with multiple clinical trials underway. As
summarized in a review, macrophage-targeting nanoparticles in atherosclerosis have been employed to inhibit monocyte
recruitment, suppress macrophage proliferation, restore efferocytosis, inhibit inflammation, and induce macrophage
apoptosis [97]. These therapeutic mechanisms are highly relevant to pulmonary fibrosis.

Folate receptor-beta (FR-B), a glycosylphosphatidylinositol-anchored glycoprotein, represents another promising
macrophage-specific target. FR-f mediates the unidirectional transport of folate into cells and is overexpressed on
activated macrophages, while its expression is undetectable on resting macrophages [98]. Researchers have utilized this
receptor to deliver therapeutic agents selectively to macrophages in fibrotic tissues. In one example, a folate-linked
TLR7 agonist (FA-TLR7-54) was developed to reprogram profibrotic macrophages. When administered intravenously
to bleomycin-treated mice, FA-TLR7-54 predominantly accumulated in the lungs. Flow cytometry confirmed that the
nanoparticles were selectively taken up by FR-B-positive macrophages, primarily monocyte-derived alveolar
macrophages. FA-TLR7-54 effectively shifted macrophages from an M2-like profibrotic phenotype to an M1-like
antifibrotic state. This polarization shift resulted in the suppression of profibrotic cytokines such as CCL18, IL-1p, and
Argl, while promoting antifibrotic markers like CXCL10, IL-6, and IFNy. Notably, the treatment reduced fibrosis
without inducing significant systemic toxicity, as evidenced by stable body weight, normal plasma cytokine levels, and
unaffected histology in major organs [99].

Elevated miR-33 levels in bronchoalveolar lavage (BAL) cells and lung macrophages of idiopathic pulmonary
fibrosis (IPF) patients suggest its involvement in disease progression. Ahangari et al. developed a peptide nucleic acid
(PNA)-based miR-33 inhibitor (PNA-33) that can be delivered both intranasally and intravenously. While intranasal
delivery was more efficient, systemic administration also showed therapeutic benefits. Pharmacological inhibition of
miR-33 with PNA-33 improved mitochondrial homeostasis and enhanced autophagy in macrophages. These effects
translated into significant attenuation of fibrosis in bleomycin-induced pulmonary fibrosis mouse models. The study
underscores the importance of targeting macrophage metabolic pathways and mitochondrial function to mitigate fibrotic
progression [100].

While each of these strategies focuses on distinct molecular pathways, they collectively highlight the promise
of macrophage-targeted therapies in addressing pulmonary fibrosis by offering high precision and efficacy while
minimizing systemic toxicity. The ability to reprogram macrophages from a profibrotic to an antifibrotic state
provides a multifaceted approach to tackling this complex disease. Future studies should build on these findings to
optimize delivery systems, explore combination therapies, and translate these promising preclinical results into
clinical applications.

4.2. Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are a recently identified group of immune cells that, unlike T and B lymphocytes, do
not express recombination-activating genes, which are responsible for the somatic recombination of antigen receptors.
ILCs are classified into three major subsets: ILC1, ILC2, and ILC3, based on their cytokine production profiles and
transcription factor dependencies, paralleling the functional characteristics of CD4+ T helper cell subsets [101]. While
the role of ILCs in immune responses is relatively underexplored compared to other lymphocytes, growing evidence
points to the significant involvement of group 2 innate lymphoid cells (ILC2s) in the pathogenesis of pulmonary fibrosis.

ILC2s are primarily activated by a group of epithelial-derived cytokines known as “alarmins”, which include IL-
25, IL-33, and thymic stromal lymphopoietin (TSLP) [101]. Once activated, ILC2s secrete large amounts of type 2
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cytokines, including IL-5, IL-9, and IL-13 [102]. These cytokines are crucial mediators of fibrotic responses, as
mentioned above in the M1/M2 polarization and Th1/Th2 cell section.

Experimental models using bleomycin-induced pulmonary fibrosis have provided evidence for the involvement of
ILC2s in fibrotic processes. Mice genetically deficient in ILC2s, such as staggerer mice (Rorasg/sg) that lack the
transcription factor RORa essential for ILC2 development [103], as well as mice deficient in the IL.-33 receptor ST2
[104], exhibit significantly reduced fibrosis compared to wild-type controls. However, despite these promising findings,
the precise mechanisms by which ILC2s contribute to fibrosis remain incompletely understood, necessitating further
studies to elucidate the complex signaling pathways involved and to explore potential therapeutic strategies targeting
ILC2s or their upstream activators in fibrotic lung diseases.

5. Adaptive Immune System
5.1. T Helper (Th) Cells
5.1.1. Th1/Th2 Balance

CD4+ T cells are traditionally classified into two main subtypes, Th1 and Th2, based on their cytokine expression
profiles and their distinct functional roles in immune responses. Thl cytokines primarily include IL-2, IFN-y, tumor
necrosis factor, IL-12, and IL-18, while Th2 cytokines predominantly comprise 1L-4, IL-5, 1L-6, 1L-10, IL-13, and
monocyte chemotactic protein-1 [105]. Generally, Thl cells are regarded as anti-fibrotic, whereas Th2 cells are
associated with pro-fibrotic activities. This dichotomy has been demonstrated in patients with IPF and various in vivo
and in vitro models. Early studies have shown a reduction in IFN-y and an increase in IL-4 levels in the bronchoalveolar
lavage and serum of patients with fibrosis, previously referred to as cryptogenic fibrosing alveolitis [106—108].
Additionally, polymorphisms in the IL-4 promoter region have been linked to IPF [109]. Genetic knockout of T-bet, a
key Thl transcription factor, results in an increase in fibrosis after bleomycin treatment, with a corresponding rise in
Th2 cytokines and TGF- [110]. Conversely, overexpression of GATA-3, a Th2 transcription factor, leads to similar
outcomes [111]. Despite these findings, efforts to restore the Th1/Th2 balance in therapeutic settings have not translated
into meaningful clinical benefits.

5.1.2. Th17 Cells

Type 17 immunity has also been implicated in the pathogenesis of IPF [112]. IL-17, a key cytokine produced by
Th17 cells, has several functions, including the stimulation of extracellular matrix production, promotion of collagen
deposition, and mediation of TGF-f signaling [102]. Studies have shown that CD4+ T cells from IPF patients exhibit
significantly higher levels of PD-1 expression, particularly within the Th17 subset. This upregulation is associated with
increased production of IL-17A and TGF-B1, leading to enhanced collagen production by human lung fibroblasts in co-
culture experiments. In murine models of bleomycin-induced fibrosis, targeting PD-1, either through genetic knockout
or with an anti-PD-1 antibody, resulted in reduced lung fibrosis [113]. Additionally, direct targeting of Th17 cells by
IL-17A knockout or the use of an anti-IL-17A antibody has been shown to decrease fibrosis [114,115]. Similarly,
administration of IL-27, which suppresses Th17 differentiation, also reduced fibrosis in these models [116].

5.1.3. Treg Cells

Regulatory T cells (Tregs) play a dual role in fibrosis due to their ability to produce both IL-10 and TGF-B1, giving
them the capacity to either promote or suppress fibrosis depending on the context [102]. However, the precise role of
Tregs in IPF remains controversial, as studies have yielded inconsistent results. Early research demonstrated a decrease
in CD4 + CD25 + FOXP3+ Tregs in both the peripheral blood and BAL of IPF patients, coupled with a reduced ability
to suppress effector T cell proliferation [117]. In contrast, a study by Reilkoff et al. found that a distinct subset of Tregs
expressing Semaphorin-7a was significantly increased in the lungs and blood of IPF patients when compared to controls
[118]. Further investigation by Unterman et al. using single-cell RNA sequencing to analyze peripheral blood
mononuclear cells from IPF patients provided additional insight into the variability of Tregs across different stages of
the disease [14]. In a cohort of 25 patients categorized as either stable or progressive based on 36-month all-cause
mortality, Tregs were found to be reduced in stable IPF patients compared to those with progressive disease and healthy
individuals. Notably, when considering only T cells, Treg numbers were elevated in patients with progressive disease,
suggesting a dynamic role for Tregs that may depend on disease progression and phenotype. In animal models, adoptive
transfer experiments have demonstrated that Tregs expressing Semaphorin-7a can actively induce fibrosis when
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transferred into TGF-B1-expressing mice, further supporting the hypothesis that certain Treg subsets may contribute to
the fibrotic process [118]. A study by Boveda-Ruiz explored the timing of Treg depletion in a bleomycin-induced lung
fibrosis model using an anti-CD25 antibody [119]. The results showed that early depletion of Tregs, prior to bleomycin
infusion, led to a significant reduction in lung inflammation, collagen deposition, and overall fibrosis. In contrast,
depletion of Tregs during the late phase of fibrosis exacerbated the disease. The study also indicated that Treg depletion
at different stages of fibrosis influenced the composition of other T cell subsets [119]. Early Treg depletion resulted in
an increased number of Th17 cells (pro-inflammatory), whereas late depletion led to an increase in Th2 cells, which are
associated with promoting fibrosis. These findings suggest that the role of Tregs in IPF may be closely related to both
the disease course and disease phenotype. The timing of Treg involvement, as well as the specific subpopulations of
Tregs present, appears to influence whether they act to promote or suppress fibrosis. This dual potential of Tregs
underscores the need for further investigation to better understand their precise role in IPF and to identify potential
therapeutic targets.

5.2. B Cells and Autoantibodies

The presence of autoimmunity in idiopathic interstitial pneumonia (IIP), including IPF, has long been recognized.
In an effort to create consensus and foster interdisciplinary collaboration, the American Thoracic Society/European
Respiratory Society (ATS/ERS) task force published a research statement in 2015 that introduced the concept of
“interstitial pneumonia with autoimmune features” (IPAF) [120]. This nomenclature, along with a set of classification
criteria, was developed to encompass patients with I[P who exhibit features of autoimmunity but do not meet the
diagnostic criteria for a recognized connective tissue disease (CTD). To be classified as IPAF, patients must have one
feature from at least two of the three domains: clinical, serologic, and morphologic. The serologic domain includes
autoantibodies that are strongly associated with CTDs, such as high-titer ANA (anti-nuclear antibodies), RF
(theumatoid factor), anti-CCP (anti-citrullinated protein antibody), anti-dsDNA (double strand DNA), anti-SSA/SSB
(Ro/La), anti-RNP (ribonucleoprotein), anti-Smith, and anti-topoisomerase. Since the introduction of IPAF, several
retrospective studies have explored its clinical implications. Small cohort studies found that patients with UIP-IPAF
had a similar survival rate to those with IPF [121-123]. A larger prospective study enrolled 376 patients diagnosed with
IIP from 28 hospitals in Japan and followed them over a median period of 35 months [124]. Of these patients, 70 (18.6%)
met the criteria for IPAF, though only 6 were diagnosed with IPF. This study found that IPAF did not significantly
influence the prognosis of IPF patients. Additionally, a post-hoc analysis of the phase III ASCEND trial demonstrated
that IPF patients with ANA, RF, and/or anti-CCP antibodies did not exhibit differences in their disease course compared
to IPF patients without these autoantibodies [125]. However, due to the relatively small number of IPF patients with
IPAF, it remains unclear whether IPF patients who meet the IPAF criteria have a distinct prognosis compared to other
IPF patients.

Some small retrospective cohort studies have linked certain autoantibodies with prognostic implications. For
example, anti-HSP70 has been associated with near-term lung function deterioration and increased mortality [126],
while anti-periplakin, an intermediate filament protein and desmosome component, has been associated with more
severe disease but not mortality [127]. In a proteome-wide discovery study, Leuschner et al. identified a high prevalence
of autoantibodies in IPF patients through immunoprecipitation of human lung proteome extracts [128]. Despite this,
there was broad heterogeneity, with most autoreactivities found in only 1-2 patients, and less than 10% of antigens
enriched in five or more patients. Notably, autoantibodies against thrombospondin-1 (THBS1), although identified in
only 6 patients (8% of the cohort), were predictive of worse transplant-free survival. However, association does not
prove causation, and clinical approaches targeting B cells or autoantibodies in IPF have yet to be validated.

Numerous B-cell markers and soluble factors that promote B-cell proliferation, differentiation, and survival, such
as B-cell activating factor (BAFF), have been found to be significantly upregulated in the blood and Iungs of patients
with IPF [129]. In vitro studies have demonstrated that B cells from IPF patients, when stimulated with microbial
antigens, can induce fibroblast activation and migration, processes that are also influenced by antifibrotic treatments
[130]. However, in vivo models have produced conflicting evidence regarding the role of B cells in pulmonary fibrosis.
Mice genetically deficient in CD19, a marker that enhances B-cell activation, as well as those with genetic deletion or
antibody-mediated depletion of BAFF, have demonstrated protection against bleomycin-induced fibrosis [131,132]. In
contrast, uMT knockout mice, which lack mature B cells, did not show protection from fibrosis induced by bleomycin
or transforming growth factor-p (TGF-B) [133]. Further, a study by Prele et al. showed that depleting mature B cells
using an anti-CD20 antibody (modeled after rituximab) failed to inhibit bleomycin-induced pulmonary fibrosis, despite
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significantly reducing circulating and lung-resident CD19+ B cells. Instead, the administration of bortezomib
significantly reduced fibrosis, which was associated with a notable depletion of CD19 + CD138+ plasma cells in fibrotic
areas [134]. These findings suggest that different therapeutic approaches may target varying B cell subsets, which could
yield different results depending on the immune cell composition within the fibrotic niche.

In a different clinical setting, triple methods aimed at removing autoantibodies—through the use of therapeutic
plasmapheresis, intravenous immunoglobulins (IVIG), and rituximab—have been studied in patients with acute
exacerbations of IPF (AE-IPF). These approaches have shown potential clinical benefits, including improved survival
and respiratory function in AE-IPF patients [135]. Interestingly, high titers of HEp-2 autoantibodies were associated
with better outcomes in these patients. In response to these findings, a randomized trial known as STRIVE-IPF has been
designed to further investigate the efficacy of this treatment strategy in AE-IPF [136].

Figure 2 provides a summary of the adaptive and innate immune cells other than monocytes/macrophages involved
in the progression of pulmonary fibrosis in murine models.
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Figure 2. Other adaptive and innate immune cell contributions to pulmonary fibrosis in murine models. This figure depicts the
intricate and distinct roles of adaptive and innate immune cell populations in the progression of fibrosis. T helper cells exhibit dual
functionality, either promoting or mitigating fibrosis, through differentiation into various subsets and the secretion of distinct
cytokines and mediators. B cells contribute to fibrotic processes by differentiating into plasma cells, which produce autoantibodies.
Additionally, group 2 innate lymphoid cells (ILC-2) enhance fibrotic progression by secreting profibrotic cytokines.
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6. Differences between Human IPF and Animal Models

One of the persistent challenges in pulmonary fibrosis research is the lack of clinical efficacy observed in various
treatments that showed promising results in preclinical studies. A potential explanation for this discrepancy lies in
the fundamental differences between human idiopathic pulmonary fibrosis and the animal models commonly used to
study it.

The discovery that bleomycin, a chemotherapeutic agent, could induce pulmonary fibrosis in humans led to its
adoption in experimental models of lung fibrosis, where it has been the most widely used model for over four decades
[137]. A single tracheal instillation of bleomycin initiates a well-defined sequence of events and the timeline of these
events is clearly established, with epithelial cell death in the early days, inflammation peaking between days 3 and 9,
and the fibrotic response reaching its peak around day 14, stabilizing by day 21, and resolving over time [138]. By day
21, signs of tissue repair and regeneration are evident, with Krt8+ alveolar differentiation intermediate (ADI) cells
contributing to epithelial regeneration. In contrast, human IPF lungs show arrested alveolar regeneration, with abnormal
basaloid (AbBa) cells accumulating in fibrotic regions, failing to differentiate into fully functional alveolar epithelial
cells [139]. Thus, due to their acute nature and the pronounced early inflammatory response, animal models fail to
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faithfully replicate the hallmark features of histologic usual interstitial pneumonia, which is characterized by patchy,
dense fibrosis and temporal heterogeneity. In addition, IPF is a disease predominantly affecting the elderly, yet most
animal studies are conducted on mice that are 6—8 weeks old, which is approximately equivalent to a 20-year-old human
[140,141]. The age-related changes in immune response, tissue repair mechanisms, and susceptibility to fibrosis are not
accurately modeled in young animals, which may contribute to the discrepancy between preclinical and clinical results.

Although the bleomycin-induced model has significantly advanced our understanding of the underlying
mechanisms of lung fibrosis, key limitations impede its direct translation to human IPF research. It underscores the
need for improved animal models that more accurately reflect the chronic, progressive nature of IPF, as well as for more
nuanced interpretation of preclinical results.

7. Post COVID Pulmonary Fibrosis and IPF

Over the past several years, the world has faced a global pandemic, and only recently have we begun to fully
understand the post-acute sequelae associated with COVID-19. While post-COVID pulmonary fibrosis (PCPF) and
idiopathic pulmonary fibrosis are distinct diseases with differing etiologies and clinical courses, they share important
immunological features that provide insights into overlapping fibrotic mechanisms. For example, histological
examination of lungs from patients undergoing transplantation for PCPF revealed extensive immune cell infiltration,
predominantly involving CD8+ T cells and macrophages. This was accompanied by significant collagen deposition, a
marked reduction in alveolar epithelial cells (AT1 and AT2), and an accumulation of dysplastic epithelial progenitors,
suggesting impaired epithelial repair processes [142]. Similarly, analysis of BAL fluid from patients with post-acute
sequelae of COVID-19 who exhibited persistent respiratory symptoms and radiographic abnormalities revealed an
expansion of monocyte-derived alveolar macrophages. These macrophages displayed a characteristic profibrotic
transcriptional program, with upregulated genes such as SPP1 and SPHKI1. These findings underscore shared
molecular signatures between PCPF and IPF, reinforcing the idea of converging pathogenic pathways across these
conditions [143].

Further insights have been gained from experimental models. In an aged mouse model of post-viral pulmonary
fibrosis, Narasimhan et al. identified an aberrant immune-epithelial progenitor niche characterized by pathological
interactions between immune and epithelial cells. Within this niche, CD8+ T cells secreted IFNy and TNF, which
subsequently activated macrophages to produce IL-1B. This cascade of inflammatory signaling inhibited the
differentiation of AT2 cells into AT1 cells, thereby maintaining KRT8"#" transitional epithelial cells in a dysplastic
state. Therapeutically, blocking IFNy and TNF or neutralizing IL-1p significantly promoted alveolar regeneration and
reduced fibrosis, highlighting potential targets for therapeutic intervention [142].

Understanding the transition from acute lung injury to chronic fibrosis in post-COVID cases, particularly the
factors distinguishing individuals who develop fibrosis from those who do not, as well as those whose fibrosis resolves
versus persists, offers a critical opportunity for IPF research. These insights may reveal novel mechanisms and
therapeutic targets, ultimately advancing our understanding of fibrotic diseases and improving patient outcomes.

8. Ongoing Trials Targeting Immune Systems in IPF

As understanding of the immune system’s role in idiopathic pulmonary fibrosis (IPF) advances, several clinical
trials are investigating immune-targeted therapies to address the disease’s complex pathophysiology. The following is
a list of ongoing Phase II and III trials of interventional drugs currently recruiting IPF patients (Table 1). This list
excludes information on pre-clinical drugs and drugs studied exclusively outside the United States.

Table 1. Ongoing Phase II and III Clinical Trials of Interventional Drugs Actively Recruiting Patients with Idiopathic
Pulmonary Fibrosis.

Phase of the Presumed Mechanism of

Study Medication Clinical Trial Action Primary Outcome Trial Identifier
selective .

BI 1015550 Phase I1T phosphodiesterase 4B ?:ri‘zgtf,ftgf“ée i‘l’m :taif,l;gﬁ 15“2 NCT05321069
(PDE4B) inhibitor pacity

Time to one of the following composite
NAC Phase III Anti-inflammatory endpoint criteria: 10% relative decline NCT04300920
in forced vital capacity, first respiratory
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hospitalization, lung transplant or death
from any cause.

Multiple acting targets
Phase I1I including innate and
adaptive immune system

Methyl Prednisone
Prednisone

30-day all-cause mortality in patients

with AE-IPF NCT05674994

STAT3 (Signal Transducer. - .
TTI 101 Phase 11 and Activator of Number of Participants with an Adverse

NCT05671835
Transcription 3) inhibitor Event (AE)

Monoclonal antibody
Axatilimab Phase 11 against colony-stimulating
factor-1 receptor (CSF1R)

Annualized rate of declme Inmoming  ~106132256
pre-dose trough forced vital capacity

Selective thromboxane Change from baseline in Forced Vital

Ifetroban Phase II A2/prostagland1q H2 (TP) Capacity in 12 months NCTO05571059
receptor antagonist
Dual agonist for the
retinoic acid receptors betaSafety and Tolerability of oral GRI-

GRI-0621 Phase II (RAR-) and gamma 0621 NCT06331624
(RAR-y)
Mitochondrial complex I . . .

Leramistat Phase 11 (NADH dehydrogenase) 12-week change in Forced vital capacity NCT05951296
S (FVO)
inhibitor
Signal Transducer and 26-week change from baseline to end of

LTPOO1 Phase 11 Activator of Transcription treatment epoch in Forced Vital NCT05497284
3 (STAT3) inhibitor Capacity expressed in percent predicted

9. Perspectives

The immune system’s role in IPF is complex and multidimensional and can shift depending on the stage of the
disease. Future research in IPF should focus on understanding the mechanisms that drive immune cell differentiation
into either profibrotic or reparative phenotypes within the lung microenvironment by identifying the molecular cues,
such as cytokines, chemokines, and cell-surface receptors. Advanced single-cell and spatial transcriptomics and
proteomics could elucidate how various signaling pathways influence immune cell differentiation in IPF. Understanding
these mechanisms may reveal new ways to reprogram harmful immune cells or promote the expansion of beneficial
cell subsets. Key questions remain regarding how immune cells interact with resident lung cells, such as fibroblasts,
endothelial cells and epithelial cells, as well as how the inter-regulations among different types of immune cells drive
fibrotic remodeling. Additionally, investigating the roles of newly discovered immune subsets, such as ILC2s, could
provide insights into how immune cells contribute to fibrosis across various stages and anatomical regions of the lung.
The failure of broad immunosuppressive treatments in IPF highlights the need for more precise targeting strategies. A
future direction is to design therapies that selectively modulate specific immune cell subsets or signaling pathways
without targeting the entire immune response.

Another key area for future research is the timing of immune interventions, as immune cells can play both
detrimental and reparative roles depending on the disease stage. Early intervention may help prevent or mitigate fibrosis
by targeting inflammatory immune subsets before extensive tissue remodeling begins, while late-stage interventions
could focus on modulating rather than suppressing immune activity to preserve reparative functions. Stage-specific
biomarkers could help guide the timing of treatments, ensuring interventions are applied when they are most beneficial.
Notably, the precise timing of immune intervention is further complicated by the spatial heterogeneity of IPF
progression, as the immune system appears to play distinct roles in regions at different stages of the disease.
Consequently, an optimal immune-targeting therapeutic strategy for IPF is likely not a one-size-fits-all approach but
rather a precise modulation of the immune network, tailored to spatial, temporal, and individual factors.

In conclusion, the intricate interplay between the immune system and idiopathic pulmonary fibrosis underscores
the multifaceted nature of this debilitating disease. The immune system’s dual roles—as both a potential contributor to
fibrosis and a target for innovative therapies—highlight the complexity of therapeutic interventions. While significant
strides have been made in understanding the immunological underpinnings of IPF, many questions remain regarding
the specific pathways and cellular interactions driving disease progression. Future research should prioritize a
comprehensive approach that integrates advanced molecular techniques, innovative therapeutic strategies, and stage-
specific interventions to better address the heterogeneity of IPF. Such efforts could pave the way for precision medicine
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tailored to individual patient profiles, ultimately improving outcomes and quality of life for those affected by this
challenging condition.

Author Contributions

Conceptualization and Methodology: G.L., H.L., H.C.; Data Curation and Writing: H.L.; Review and Editing of

this manuscript: G.L., H.L., H.C.

Ethics Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

Not applicable.

Funding

This work was supported by NIH grants R35HL 135830 and RO1AI170913 to G.L. and United States Department

of Defense grant W81XWH-20-1-0226 to G.L.

Declaration of Competing Interest

The authors declare no competing interests.

References

1.

10.

11.

Raghu G, Remy-Jardin M, Richeldi L, Thomson CC, Inoue Y, Johkoh T, et al. Idiopathic Pulmonary Fibrosis (an Update) and
Progressive Pulmonary Fibrosis in Adults: An Official ATS/ERS/JRS/ALAT Clinical Practice Guideline. Am. J. Respir. Crit.
Care Med. 2022, 205, e18—e47. doi:10.1164/rccm.202202-0399ST.

Eyres M, Bell JA, Davies ER, Fabre A, Alzetani A, Jogai S, et al. Spatially resolved deconvolution of the fibrotic niche in lung
fibrosis. Cell. Rep. 2022, 40, 111230. doi:10.1016/j.celrep.2022.111230.

Todd NW, Scheraga RG, Galvin JR, Iacono AT, Britt EJ, Luzina IG, et al. Lymphocyte aggregates persist and accumulate in
the lungs of patients with idiopathic pulmonary fibrosis. J. Inflamm. Res. 2013, 6, 63—70. doi:10.2147/JIR.S40673.

Todd JL, Neely ML, Overton R, Durham K, Gulati M, Huang H, et al. Peripheral blood proteomic profiling of idiopathic
pulmonary fibrosis biomarkers in the multicentre IPF-PRO Registry. Respir. Res. 2019, 20, 227. doi:10.1186/s12931-019-
1190-z.

Vuga LJ, Tedrow JR, Pandit KV, Tan J, Kass DJ, Xue J, et al. C-X-C motif chemokine 13 (CXCL13) is a prognostic biomarker
of idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2014, 189, 966—-974. doi:10.1164/rccm.201309-15920C.
Ma H, Wu X, Li Y, Xia Y. Research Progress in the Molecular Mechanisms, Therapeutic Targets, and Drug Development of
Idiopathic Pulmonary Fibrosis. Front. Pharmacol. 2022, 13, 963054. doi:10.3389/fphar.2022.963054.

Whyte M, Hubbard R, Meliconi R, Whidborne M, Eaton V, Bingle C, et al. Increased risk of fibrosing alveolitis associated
with interleukin-1 receptor antagonist and tumor necrosis factor-alpha gene polymorphisms. Am. J. Respir. Crit. Care Med.
2000, /62, 755-758. doi:10.1164/ajrccm.162.2.9909053.

Riha RL, Yang IA, Rabnott GC, Tunnicliffe AM, Fong KM, Zimmerman PV. Cytokine gene polymorphisms in idiopathic
pulmonary fibrosis. Intern. Med. J. 2004, 34, 126—129. doi:10.1111/j.1444-0903.2004.00503 .x.

Evans CM, Fingerlin TE, Schwarz MI, Lynch D, Kurche J, Warg L, et al. Idiopathic Pulmonary Fibrosis: A Genetic Disease
That Involves Mucociliary Dysfunction of the Peripheral Airways. Physiol. Rev. 2016, 96, 1567-1591.
doi:10.1152/physrev.00004.2016.

Oldham JM, Ma SF, Martinez FJ, Anstrom KJ, Raghu G, Schwartz DA, et al. TOLLIP, MUCS5B, and the Response to N-
Acetylcysteine among Individuals with Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2015, 192, 1475-1482.
doi:10.1164/rccm.201505-10100C.

Herazo-Maya JD, Noth I, Duncan SR, Kim S, Ma SF, Tseng GC, et al. Peripheral blood mononuclear cell gene expression
profiles predict poor outcome in idiopathic pulmonary fibrosis. Sci. Transl. Med. 2013, 5, 205ral36.
doi:10.1126/scitranslmed.3005964.



Fibrosis 2025, 3, 10004 16 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Herazo-Maya JD, Sun J, Molyneaux PL, Li Q, Villalba JA, Tzouvelekis A, et al. Validation of a 52-gene risk profile for
outcome prediction in patients with idiopathic pulmonary fibrosis: an international, multicentre, cohort study. Lancet. Respir.
Med. 2017, 5, 857-868. d0i:10.1016/S2213-2600(17)30349-1.

Sollner JF, Bentink S, Hesslinger C, Leonard TB, Neely ML, Patel NM, et al. Utility of the 52-Gene Risk Score to Identify
Patients with Idiopathic Pulmonary Fibrosis at Greater Risk of Mortality in the Era of Antifibrotic Therapy. Lung 2024, 202,
595-599. doi:10.1007/s00408-024-00742-x.

Unterman A, Zhao AY, Neumark N, Schupp JC, Ahangari F, Cosme C, Jr,, et al. Single-Cell Profiling Reveals Immune
Aberrations in Progressive Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2024, 210, 484-496.
doi:10.1164/rccm.202306-09790C.

American Thoracic Society. Idiopathic pulmonary fibrosis: diagnosis and treatment. International consensus statement.
American Thoracic Society (ATS), and the European Respiratory Society (ERS). Am. J. Respir. Crit. Care Med. 2000, 161,
646—664. doi:10.1164/ajrccm.161.2.ats3-00.

Demedts M, Behr J, Buhl R, Costabel U, Dekhuijzen R, Jansen HM, et al. High-dose acetylcysteine in idiopathic pulmonary
fibrosis. N. Engl. J. Med. 2005, 353, 2229-2242. doi:10.1056/NEJM0a042976.

Peikert T, Daniels CE, Beebe TJ, Meyer KC, Ryu JH, Interstitial Lung Diseases Network of the American College of Chest
Physicians. Assessment of current practice in the diagnosis and therapy of idiopathic pulmonary fibrosis. Respir. Med. 2008,
102, 1342-1348. doi:10.1016/j.rmed.2008.03.018.

Idiopathic Pulmonary Fibrosis Clinical Research Network, Raghu G, Anstrom KJ, King TE, Jr., Lasky JA, Martinez FJ.
Prednisone, azathioprine, and N-acetylcysteine for pulmonary fibrosis. N. Engl. J. Med. 2012, 366, 1968-1977.
doi:10.1056/NEJMoal113354.

King TE, Jr., Albera C, Bradford WZ, Costabel U, Hormel P, Lancaster L, et al. Effect of interferon gamma-1b on survival in
patients with idiopathic pulmonary fibrosis (INSPIRE): a multicentre, randomised, placebo-controlled trial. Lancet 2009, 374,
222-228. doi:10.1016/S0140-6736(09)60551-1.

Raghu G, Brown KK, Costabel U, Cottin V, du Bois RM, Lasky JA, et al. Treatment of idiopathic pulmonary fibrosis with
etanercept: an exploratory, placebo-controlled trial. Am. J. Respir Crit. Care Med. 2008, 178, 948-955.
doi:10.1164/rccm.200709-14460C.

Idiopathic Pulmonary Fibrosis Clinical Research Network, Martinez FJ, de Andrade JA, Anstrom KJ, King TE, Jr., Raghu G.
Randomized trial of acetylcysteine in idiopathic pulmonary fibrosis. N. Engl. J. Med. 2014, 370, 2093-2101.
doi:10.1056/NEJMoal401739.

Maher TM, Costabel U, Glassberg MK, Kondoh Y, Ogura T, Scholand MB, et al. Phase 2 trial to assess lebrikizumab in
patients with idiopathic pulmonary fibrosis. Eur. Respir. J. 2021, 57, 2. doi:10.1183/13993003.02442-2019.

Parker JM, Glaspole IN, Lancaster LH, Haddad TJ, She D, Roseti SL, et al. A Phase 2 Randomized Controlled Study of
Tralokinumab in Subjects with Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2018, 197, 94-103.
doi:10.1164/rccm.201704-07840C.

Raghu G, Martinez FJ, Brown KK, Costabel U, Cottin V, Wells AU, et al. CC-chemokine ligand 2 inhibition in idiopathic
pulmonary fibrosis: a phase 2 trial of carlumab. Eur. Respir. J. 2015, 46, 1740-1750. doi:10.1183/13993003.01558-2014.
Raghu G, Richeldi L, Crestani B, Wung P, Bejuit R, Esperet C, et al. SAR156597 in idiopathic pulmonary fibrosis: a phase 2
placebo-controlled study (DRI11772). Eur. Respir. J. 2018, 52, 6. doi:10.1183/13993003.01130-2018.

Scott MKD, Quinn K, Li Q, Carroll R, Warsinske H, Vallania F, et al. Increased monocyte count as a cellular biomarker for
poor outcomes in fibrotic diseases: a retrospective, multicentre cohort study. Lancet. Respir. Med. 2019, 7, 497-508.
doi:10.1016/S2213-2600(18)30508-3.

Kreuter M, Lee JS, Tzouvelekis A, Oldham JM, Molyneaux PL, Weycker D, et al. Monocyte Count as a Prognostic Biomarker
in Patients with Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2021, 204, 74-81. doi:10.1164/rccm.202003-
06690C.

King TE, Jr., Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole I, Glassberg MK, et al. A phase 3 trial of pirfenidone in
patients with idiopathic pulmonary fibrosis. N. Engl. J. Med. 2014, 370, 2083-2092. doi:10.1056/NEJMoa1402582.

Noble PW, Albera C, Bradford WZ, Costabel U, Glassberg MK, Kardatzke D, et al. Pirfenidone in patients with idiopathic
pulmonary fibrosis (CAPACITY): two randomised trials. Lancet 2011, 377, 1760-1769. doi:10.1016/S0140-6736(11)60405-
4.

Min B, Grant-Orser A, Johannson KA. Peripheral blood monocyte count and outcomes in patients with interstitial lung disease:
a systematic review and meta-analysis. Eur. Respir. Rev. 2023, 32, 169. doi:10.1183/16000617.0072-2023.

Kim JS, Axelsson GT, Moll M, Anderson MR, Bernstein EJ, Putman RK, et al. Associations of Monocyte Count and Other
Immune Cell Types with Interstitial Lung Abnormalities. Am. J. Respir. Crit. Care Med. 2022, 205, 795-805.
doi:10.1164/rccm.202108-19670C.

Gibbons MA, MacKinnon AC, Ramachandran P, Dhaliwal K, Duffin R, Phythian-Adams AT, et al. Ly6Chi monocytes direct
alternatively activated profibrotic macrophage regulation of lung fibrosis. Am. J. Respir. Crit. Care Med. 2011, 184, 569-581.
doi:10.1164/rccm.201010-17190C.



Fibrosis 2025, 3, 10004 17 of 21

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Osterholzer JJ, Olszewski MA, Murdock BJ, Chen GH, Erb-Downward JR, Subbotina N, et al. Implicating exudate
macrophages and Ly-6C(high) monocytes in CCR2-dependent lung fibrosis following gene-targeted alveolar injury. J.
Immunol. 2013, 190, 3447-3457. doi:10.4049/jimmunol.1200604.

Satoh T, Nakagawa K, Sugihara F, Kuwahara R, Ashihara M, Yamane F, et al. Identification of an atypical monocyte and
committed progenitor involved in fibrosis. Nature 2017, 541, 96-101. doi:10.1038/nature20611.

Aegerter H, Lambrecht BN, Jakubzick CV. Biology of lung macrophages in health and disease. Immunity 2022, 55, 1564—
1580. doi:10.1016/j.immuni.2022.08.010.

McQuattie-Pimentel AC, Budinger GRS, Ballinger MN. Monocyte-derived Alveolar Macrophages: The Dark Side of Lung
Repair? Am. J. Respir. Cell. Mol. Biol. 2018, 58, 5-6. d0i:10.1165/rcmb.2017-0328ED.

Schyns J, Bai Q, Ruscitti C, Radermecker C, De Schepper S, Chakarov S, et al. Non-classical tissue monocytes and two
functionally distinct populations of interstitial macrophages populate the mouse lung. Nat. Commun. 2019, 10, 3964.
doi:10.1038/s41467-019-11843-0.

Chakarov S, Lim HY, Tan L, Lim SY, See P, Lum J, et al. Two distinct interstitial macrophage populations coexist across
tissues in specific subtissular niches. Science 2019, 363, eaau0964. doi:10.1126/science.aau0964.

Gibbings SL, Thomas SM, Atif SM, McCubbrey AL, Desch AN, Danhorn T, et al. Three Unique Interstitial Macrophages in
the Murine Lung at Steady State. Am. J. Respir. Cell. Mol. Biol. 2017, 57, 66—76. doi:10.1165/rcmb.2016-03610C.
Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-resident macrophages self-maintain locally
throughout adult life with minimal contribution from circulating monocytes. Immunity 2013, 38, 792-804.
doi:10.1016/j.immuni.2013.04.004.

Nayak DK, Zhou F, Xu M, Huang J, Tsuji M, Hachem R, et al. Long-Term Persistence of Donor Alveolar Macrophages in
Human Lung Transplant Recipients That Influences Donor-Specific Immune Responses. Am. J. Transplant. 2016, 16, 2300—
2311. doi:10.1111/ajt.13819.

Eguiluz-Gracia I, Schultz HH, Sikkeland LI, Danilova E, Holm AM, Pronk CJ, et al. Long-term persistence of human donor
alveolar macrophages in lung transplant recipients. Thorax 2016, 71, 1006—-1011. doi:10.1136/thoraxjnl-2016-208292.

Joshi N, Walter JM, Misharin AV. Alveolar Macrophages. Cell. Immunol. 2018, 330, 86-90.
doi:10.1016/j.cellimm.2018.01.005.

van de Laar L, Saelens W, De Prijck S, Martens L, Scott CL, Van Isterdael G, et al. Yolk Sac Macrophages, Fetal Liver, and
Adult Monocytes Can Colonize an Empty Niche and Develop into Functional Tissue-Resident Macrophages. Immunity 2016,
44, 755-768. doi:10.1016/j.immuni.2016.02.017.

Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG, Schilling JD, et al. Distinct macrophage lineages contribute to
disparate patterns of cardiac recovery and remodeling in the neonatal and adult heart. Proc. Natl. Acad. Sci. USA 2014, 111,
16029-16034. doi:10.1073/pnas.1406508111.

Vannella KM, Barron L, Borthwick LA, Kindrachuk KN, Narasimhan PB, Hart KM, et al. Incomplete deletion of IL-4Ralpha
by LysM(Cre) reveals distinct subsets of M2 macrophages controlling inflammation and fibrosis in chronic schistosomiasis.
PLoS Pathog. 2014, 10, €1004372. doi:10.1371/journal.ppat.1004372.

Misharin AV, Morales-Nebreda L, Reyfman PA, Cuda CM, Walter JM, McQuattie-Pimentel AC, et al. Monocyte-derived
alveolar macrophages drive lung fibrosis and persist in the lung over the life span. J. Exp. Med. 2017, 214, 2387-2404.
doi:10.1084/jem.20162152.

Joshi N, Watanabe S, Verma R, Jablonski RP, Chen CI, Cheresh P, et al. A spatially restricted fibrotic niche in pulmonary
fibrosis is sustained by M-CSF/M-CSFR signalling in monocyte-derived alveolar macrophages. Eur. Respir. J. 2020, 55, 1.
doi:10.1183/13993003.00646-2019.

McCubbrey AL, Barthel L, Mohning MP, Redente EF, Mould KJ, Thomas SM, et al. Deletion of c-FLIP from CD11b(hi)
Macrophages Prevents Development of Bleomycin-induced Lung Fibrosis. Am. J. Respir. Cell. Mol. Biol. 2018, 58, 66-78.
doi:10.1165/rcmb.2017-01540C.

Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 2011, 11, 723-737.
doi:10.1038/nri3073.

Jakubzick C, Choi ES, Kunkel SL, Evanoff H, Martinez FJ, Puri RK, et al. Augmented pulmonary IL-4 and IL-13 receptor
subunit expression in idiopathic interstitial pneumonia. J. Clin. Pathol. 2004, 57, 477-486. doi:10.1136/jcp.2003.012799.
Park SW, Ahn MH, Jang HK, Jang AS, Kim DJ, Koh ES, et al. Interleukin-13 and its receptors in idiopathic interstitial
pneumonia: clinical implications for lung function. J. Korean Med. Sci. 2009, 24, 614—620. doi:10.3346/jkms.2009.24.4.614.
Redente EF, Keith RC, Janssen W, Henson PM, Ortiz LA, Downey GP, et al. Tumor necrosis factor-alpha accelerates the
resolution of established pulmonary fibrosis in mice by targeting profibrotic lung macrophages. Am. J. Respir. Cell. Mol. Biol.
2014, 50, 825-837. doi:10.1165/rcmb.2013-03860C.

Li D, Guabiraba R, Besnard AG, Komai-Koma M, Jabir MS, Zhang L, et al. IL-33 promotes ST2-dependent lung fibrosis by
the induction of alternatively activated macrophages and innate lymphoid cells in mice. J. Allergy Clin. Immunol. 2014, 134,
1422-1432.e1411. doi:10.1016/j.jaci.2014.05.011.



Fibrosis 2025, 3, 10004 18 of 21

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Murray LA, Chen Q, Kramer MS, Hesson DP, Argentieri RL, Peng X, et al. TGF-beta driven lung fibrosis is macrophage
dependent and blocked by Serum amyloid P. Int. J. Biochem. Cell Biol. 2011, 43, 154-162. d0i:10.1016/j.biocel.2010.10.013.
Fraser E, Denney L, Antanaviciute A, Blirando K, Vuppusetty C, Zheng Y, et al. Multi-Modal Characterization of Monocytes
in Idiopathic Pulmonary Fibrosis Reveals a Primed Type I Interferon Immune Phenotype. Front. Immunol. 2021, 12, 623430.
doi:10.3389/fimmu.2021.623430.

Serezani APM, Pascoalino BD, Bazzano JMR, Vowell KN, Tanjore H, Taylor CJ, et al. Multiplatform Single-Cell Analysis
Identifies Immune Cell Types Enhanced in Pulmonary Fibrosis. Am. J. Respir. Cell. Mol. Biol. 2022, 67, 50-60.
doi:10.1165/rcmb.2021-04180C.

Shenderov K, Collins SL, Powell JD, Horton MR. Immune dysregulation as a driver of idiopathic pulmonary fibrosis. J. Clin.
Investig. 2021, 131,2. doi:10.1172/JCI1143226.

Zhang M, Zhang J, Hu H, Zhou Y, Lin Z, Jing H, et al. Multiomic analysis of monocyte-derived alveolar macrophages in
idiopathic pulmonary fibrosis. J. Transl. Med. 2024, 22, 598. doi:10.1186/s12967-024-05398-y.

Morse C, Tabib T, Sembrat J, Buschur KL, Bittar HT, Valenzi E, et al. Proliferating SPP1/MERTK-expressing macrophages
in idiopathic pulmonary fibrosis. Eur. Respir. J. 2019, 54, 2. doi:10.1183/13993003.02441-2018.

Coulis G, Jaime D, Guerrero-Juarez C, Kastenschmidt JM, Farahat PK, Nguyen Q, et al. Single-cell and spatial transcriptomics
identify a macrophage population associated with skeletal muscle fibrosis. Sci. Adv. 2023, 9, eadd9984.
doi:10.1126/sciadv.add9984.

Remmerie A, Martens L, Thone T, Castoldi A, Seurinck R, Pavie B, et al. Osteopontin Expression Identifies a Subset of
Recruited Macrophages Distinct from Kupffer Cells in the Fatty Liver. Immunity 2020, 53, 641-657.e614.
doi:10.1016/j.immuni.2020.08.004.

Daemen S, Gainullina A, Kalugotla G, He L, Chan MM, Beals JW, et al. Dynamic Shifts in the Composition of Resident and
Recruited Macrophages Influence Tissue Remodeling in NASH. Cell. Rep. 2021, 34, 108626.
doi:10.1016/j.celrep.2020.108626.

Xiong X, Kuang H, Ansari S, Liu T, Gong J, Wang S, et al. Landscape of Intercellular Crosstalk in Healthy and NASH Liver
Revealed by Single-Cell Secretome Gene Analysis. Mol. Cell. 2019, 75, 644-660.e645. doi:10.1016/j.molcel.2019.07.028.
Hoeft K, Schaefer GJL, Kim H, Schumacher D, Bleckwehl T, Long Q, et al. Platelet-instructed SPP1(+) macrophages drive
myofibroblast activation in fibrosis in a CXCL4-dependent manner. Cell. Rep. 2023, 42, 112131.
doi:10.1016/j.celrep.2023.112131.

Conway BR, O’Sullivan ED, Cairns C, O’Sullivan J, Simpson DJ, Salzano A, et al. Kidney Single-Cell Atlas Reveals Myeloid
Heterogeneity in Progression and Regression of Kidney Disease. J. Am. Soc. Nephrol. 2020, 31, 2833-2854.
doi:10.1681/ASN.2020060806.

Hong YK, Hwang DY, Yang CC, Cheng SM, Chen PC, Aala W], et al. Profibrotic Subsets of SPP1(+) Macrophages and
POSTN(+) Fibroblasts Contribute to Fibrotic Scarring in Acne Keloidalis. J. Investig. Dermatol. 2024, 144,1491-1504.e1410.
doi:10.1016/}.jid.2023.12.014.

Ramachandran P, Dobie R, Wilson-Kanamori JR, Dora EF, Henderson BEP, Luu NT, et al. Resolving the fibrotic niche of
human liver cirrhosis at single-cell level. Nature 2019, 575, 512-518. d0i:10.1038/s41586-019-1631-3.

Buonomo EL, Mei S, Guinn SR, Leo IR, Peluso MJ, Nolan MA, et al. Liver stromal cells restrict macrophage maturation and
stromal IL-6 limits the differentiation of cirrhosis-linked macrophages. J. Hepatol. 2022, 76, 1127-1137.
doi:10.1016/j.jhep.2021.12.036.

Hendrikx T, Porsch F, Kiss MG, Rajcic D, Papac-Milicevic N, Hoebinger C, et al. Soluble TREM2 levels reflect the
recruitment and expansion of TREM2(+) macrophages that localize to fibrotic areas and limit NASH. J. Hepatol. 2022, 77,
1373-1385. d0i:10.1016/j.jhep.2022.06.004.

Govaere O, Cockell S, Tiniakos D, Queen R, Younes R, Vacca M, et al. Transcriptomic profiling across the nonalcoholic fatty
liver disease spectrum reveals gene signatures for steatohepatitis and fibrosis. Sci. Transl. Med. 2020, 12, eaba4448.
doi:10.1126/scitranslmed.aba4448.

Wendisch D, Dietrich O, Mari T, von Stillfried S, Ibarra IL, Mittermaier M, et al. SARS-CoV-2 infection triggers profibrotic
macrophage responses and lung fibrosis. Cell 2021, 184, 6243-6261.€6227. doi:10.1016/j.cell.2021.11.033.

Koenig AL, Shchukina I, Amrute J, Andhey PS, Zaitsev K, Lai L, et al. Single-cell transcriptomics reveals cell-type-specific
diversification in human heart failure. Nat. Cardiovasc. Res. 2022, 1,263-280. doi:10.1038/s44161-022-00028-6.

Kuppe C, Ramirez Flores RO, Li Z, Hayat S, Levinson RT, Liao X, et al. Spatial multi-omic map of human myocardial
infarction. Nature 2022, 608, 766—777. doi:10.1038/s41586-022-05060-x.

Liu T, Yu H, Ullenbruch M, Jin H, Tto T, Wu Z, et al. The in vivo fibrotic role of FIZZ1 in pulmonary fibrosis. PLoS ONE
2014, 9, €88362. doi:10.1371/journal.pone.0088362.

Okuma T, Terasaki Y, Kaikita K, Kobayashi H, Kuziel WA, Kawasuji M, et al. C-C chemokine receptor 2 (CCR2) deficiency
improves bleomycin-induced pulmonary fibrosis by attenuation of both macrophage infiltration and production of
macrophage-derived matrix metalloproteinases. J. Pathol. 2004, 204, 594—604. doi:10.1002/path.1667.



Fibrosis 2025, 3, 10004 19 of 21

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Moore BB, Paine R, 3rd, Christensen PJ, Moore TA, Sitterding S, Ngan R, et al. Protection from pulmonary fibrosis in the
absence of CCR2 signaling. J. Immunol. 2001, 167, 4368-4377. doi:10.4049/jimmunol.167.8.4368.

Baran CP, Opalek JM, McMaken S, Newland CA, O’Brien JM, Jr., Hunter MG, et al. Important roles for macrophage colony-
stimulating factor, CC chemokine ligand 2, and mononuclear phagocytes in the pathogenesis of pulmonary fibrosis. Am. J.
Respir. Crit. Care Med. 2007, 176, 78-89. doi:10.1164/rccm.200609-12790C.

Yang J, Agarwal M, Ling S, Teitz-Tennenbaum S, Zemans RL, Osterholzer JJ, et al. Diverse Injury Pathways Induce Alveolar
Epithelial Cell CCL2/12, Which Promotes Lung Fibrosis. Am. J. Respir. Cell. Mol. Biol. 2020, 62, 622-632.
doi:10.1165/rcmb.2019-02970C.

Luu TU, Gott SC, Woo BW, Rao MP, Liu WF. Micro- and Nanopatterned Topographical Cues for Regulating Macrophage
Cell Shape and Phenotype. ACS Appl. Mater. Interfaces 2015, 7, 28665-28672. doi:10.1021/acsami.5b10589.

Wang T, Luu TU, Chen A, Khine M, Liu WF. Topographical modulation of macrophage phenotype by shrink-film multi-scale
wrinkles. Biomater. Sci. 2016, 4, 948-952. doi:10.1039/c6bm00224b.

Zhang Y, Cheng X, Jansen JA, Yang F, van den Beucken J. Titanium surfaces characteristics modulate macrophage polarization.
Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 95, 143—151. doi:10.1016/j.msec.2018.10.065.

He A, He L, Chen T, Li X, Cao C. Biomechanical Properties and Cellular Responses in Pulmonary Fibrosis. Bioengineering
2024, 11, 747. doi:10.3390/bioengineering11080747.

XuY, Ying L, Lang JK, Hinz B, Zhao R. Modeling mechanical activation of macrophages during pulmonary fibrogenesis for
targeted anti-fibrosis therapy. Sci. Adv. 2024, 10, eadj9559. doi:10.1126/sciadv.adj9559.

Ford AJ, Orbach SM, Rajagopalan P. Fibroblasts stimulate macrophage migration in interconnected extracellular matrices
through tunnel formation and fiber alignment. Biomaterials 2019, 209, 88—102. doi:10.1016/j.biomaterials.2019.03.044.
Pakshir P, Alizadehgiashi M, Wong B, Coelho NM, Chen X, Gong Z, et al. Dynamic fibroblast contractions attract remote
macrophages in fibrillar collagen matrix. Nat. Commun. 2019, 10, 1850. doi:10.1038/s41467-019-09709-6.

Meizlish ML, Kimura Y, Pope SD, Matta R, Kim C, Philip NH, et al. Mechanosensing regulates tissue repair program in
macrophages. Sci. Adv. 2024, 10, eadk6906. doi:10.1126/sciadv.adk6906.

Yamashita CM, Dolgonos L, Zemans RL, Young SK, Robertson J, Briones N, et al. Matrix metalloproteinase 3 is a mediator
of pulmonary fibrosis. Am. J. Pathol. 2011, 179, 1733—1745. doi:10.1016/j.ajpath.2011.06.041.

Garcia-Prieto E, Gonzalez-Lopez A, Cabrera S, Astudillo A, Gutierrez-Fernandez A, Fanjul-Fernandez M, et al. Resistance to
bleomycin-induced lung fibrosis in MMP-8 deficient mice is mediated by interleukin-10. PLoS ONE 2010, 5, e13242.
doi:10.1371/journal.pone.0013242.

Wynn TA, Vannella KM. Macrophages in Tissue Repair, Regeneration, and Fibrosis. /mmunity 2016, 44, 450-462.
doi:10.1016/j.immuni.2016.02.015.

Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, et al. Alveolar macrophages develop from fetal monocytes
that differentiate into long-lived cells in the first week of life via GM-CSF. J. Exp. Med. 2013, 210, 1977-1992.
doi:10.1084/jem.20131199.

Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary innate immunity. Nat. Immunol. 2015, 16, 27-35.
doi:10.1038/ni.3045.

Sauter KA, Pridans C, Sehgal A, Tsai YT, Bradford BM, Raza S, et al. Pleiotropic effects of extended blockade of CSFIR
signaling in adult mice. J. Leukoc. Biol. 2014, 96, 265-274. doi:10.1189/j1b.2A0114-006R.

Adler M, Mayo A, Zhou X, Franklin RA, Meizlish ML, Medzhitov R, et al. Principles of Cell Circuits for Tissue Repair and
Fibrosis. iScience 2020, 23, 100841. doi:10.1016/j.is¢i.2020.100841.

Singh A, Chakraborty S, Wong SW, Hefner NA, Stuart A, Qadir AS, et al. Nanoparticle targeting of de novo profibrotic
macrophages mitigates lung fibrosis. Proc. Natl. Acad. Sci. USA 2022, 119, €2121098119. doi:10.1073/pnas.2121098119.
HouJ, Cong Y, JiJ, LiuY, Hong H, Han X. Spatial targeting of fibrosis-promoting macrophages with nanoscale metal-organic
frameworks for idiopathic pulmonary fibrosis therapy. Acta Biomater. 2024, 174, 372-385. doi:10.1016/j.actbio.2023.12.006.
Chen W, Schilperoort M, Cao Y, Shi J, Tabas I, Tao W. Macrophage-targeted nanomedicine for the diagnosis and treatment of
atherosclerosis. Nat. Rev. Cardiol. 2022, 19, 228-249. doi:10.1038/s41569-021-00629-x.

Nakashima-Matsushita N, Homma T, Yu S, Matsuda T, Sunahara N, Nakamura T, et al. Selective expression of folate receptor
beta and its possible role in methotrexate transport in synovial macrophages from patients with rheumatoid arthritis. Arthritis
Rheum. 1999, 42, 1609-1616. doi:10.1002/1529-0131(199908)42:8<1609::AID-ANR7>3.0.CO;2-L.

Zhang F, Ayaub EA, Wang B, Puchulu-Campanella E, Li YH, Hettiarachchi SU, et al. Reprogramming of profibrotic
macrophages for treatment of bleomycin-induced pulmonary fibrosis. EMBO Mol. Med. 2020, 12, e12034.
doi:10.15252/emmm.202012034.

Ahangari F, Price NL, Malik S, Chioccioli M, Barnthaler T, Adams TS, et al. microRNA-33 deficiency in macrophages
enhances autophagy, improves mitochondrial homeostasis, and protects against lung fibrosis. JCI Insight 2023, 8, 4.
doi:10.1172/jci.insight.158100.

Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate lymphoid cells--a proposal for uniform
nomenclature. Nat. Rev. Immunol. 2013, 13, 145-149. doi:10.1038/nri3365.



Fibrosis 2025, 3, 10004 20 of 21

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Desai O, Winkler J, Minasyan M, Herzog EL. The Role of Immune and Inflammatory Cells in Idiopathic Pulmonary Fibrosis.
Front. Med. 2018, 5, 43. doi:10.3389/fmed.2018.00043.

Hams E, Armstrong ME, Barlow JL, Saunders SP, Schwartz C, Cooke G, et al. IL-25 and type 2 innate lymphoid cells induce
pulmonary fibrosis. Proc. Natl. Acad. Sci. USA 2014, 111, 367-372. doi:10.1073/pnas.1315854111.

Zhao Y, De Los Santos FG, Wu Z, Liu T, Phan SH. An ST2-dependent role of bone marrow-derived group 2 innate lymphoid
cells in pulmonary fibrosis. J. Pathol. 2018, 245, 399-409. doi:10.1002/path.5092.

Xu 'Y, Lan P, Wang T. The Role of Immune Cells in the Pathogenesis of Idiopathic Pulmonary Fibrosis. Medicina 2023, 59,
1984. do0i:10.3390/medicina59111984.

Emura M, Nagai S, Takeuchi M, Kitaichi M, [zumi T. In vitro production of B cell growth factor and B cell differentiation
factor by peripheral blood mononuclear cells and bronchoalveolar lavage T lymphocytes from patients with idiopathic
pulmonary fibrosis. Clin. Exp. Immunol. 1990, 82, 133-139. doi:10.1111/j.1365-2249.1990.tb05416.x.

Prior C, Haslam PL. /n vivo levels and in vitro production of interferon-gamma in fibrosing interstitial lung diseases. Clin.
Exp. Immunol. 1992, 88, 280-287. doi:10.1111/j.1365-2249.1992.tb03074 .x.

Wallace WA, Ramage EA, Lamb D, Howie SE. A type 2 (Th2-like) pattern of immune response predominates in the pulmonary
interstitum of patients with cryptogenic fibrosing alveolitis (CFA). Clin. Exp. Immunol. 1995, 101, 436-441.
doi:10.1111/j.1365-2249.1995.tb03131 x.

Vasakova M, Striz I, Slavcev A, Jandova S, Kolesar L, Sulc J. Th1/Th2 cytokine gene polymorphisms in patients with
idiopathic pulmonary fibrosis. Tissue Antigens 2006, 67, 229-232. doi:10.1111/j.1399-0039.2006.00560.x.

XuJ,Mora AL, LaVoy J, Brigham KL, Rojas M. Increased bleomycin-induced lung injury in mice deficient in the transcription
factor T-bet. Am. J. Physiol. Lung Cell. Mol. Physiol. 2006, 291, 1L658-L667. doi:10.1152/ajplung.00006.2006.

Kimura T, Ishii Y, Yoh K, Morishima Y, lizuka T, Kiwamoto T, et al. Overexpression of the transcription factor GATA-3
enhances the development of pulmonary fibrosis. Am. J. Pathol. 2006, 169, 96—104. doi:10.2353/ajpath.2006.051160.

Senoo S, Higo H, Taniguchi A, Kiura K, Maeda Y, Miyahara N. Pulmonary fibrosis and type-17 immunity. Respir. Investig.
2023, 61, 553-562. doi:10.1016/j.resinv.2023.05.005.

Celada LJ, Kropski JA, Herazo-Maya JD, Luo W, Creecy A, Abad AT, et al. PD-1 up-regulation on CD4(+) T cells promotes
pulmonary fibrosis through STAT3-mediated IL-17A and TGF-betal production. Sci. Transl. Med. 2018, 10, eaar8356.
doi:10.1126/scitranslmed.aar8356.

Mi S, Li Z, Yang HZ, Liu H, Wang JP, Ma YG, et al. Blocking IL-17A promotes the resolution of pulmonary inflammation
and fibrosis via TGF-betal-dependent and -independent mechanisms. J. Immunol. 2011, 187, 3003-3014.
doi:10.4049/jimmunol.1004081.

Wilson MS, Madala SK, Ramalingam TR, Gochuico BR, Rosas IO, Cheever AW, et al. Bleomycin and IL-1beta-mediated
pulmonary fibrosis is IL-17A dependent. J. Exp. Med. 2010, 207, 535-552. doi:10.1084/jem.20092121.

Dong Z, Lu X, Yang Y, Zhang T, Li Y, Chai Y, et al. IL-27 alleviates the bleomycin-induced pulmonary fibrosis by regulating
the Th17 cell differentiation. BMC Pulm. Med. 2015, 15, 13. doi:10.1186/s12890-015-0012-4.

Kotsianidis I, Nakou E, Bouchliou I, Tzouvelekis A, Spanoudakis E, Steiropoulos P, et al. Global impairment of
CD4+CD25+FOXP3+ regulatory T cells in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2009, 179, 1121—
1130. doi:10.1164/rccm.200812-19360C.

Reilkoff RA, Peng H, Murray LA, Peng X, Russell T, Montgomery R, et al. Semaphorin 7a+ regulatory T cells are associated
with progressive idiopathic pulmonary fibrosis and are implicated in transforming growth factor-betal-induced pulmonary
fibrosis. Am. J. Respir. Crit. Care Med. 2013, 187, 180—188. doi:10.1164/rccm.201206-11090C.

Boveda-Ruiz D, D’ Alessandro-Gabazza CN, Toda M, Takagi T, Naito M, Matsushima Y, et al. Differential role of regulatory
T cells in early and late stages of pulmonary fibrosis. Immunobiology 2013, 218, 245-254. doi:10.1016/j.imbi0.2012.05.020.
Fischer A, Antoniou KM, Brown KK, Cadranel J, Corte TJ, du Bois RM, et al. An official European Respiratory
Society/American Thoracic Society research statement: interstitial pneumonia with autoimmune features. Eur. Respir. J. 2015,
46,976-987. doi:10.1183/13993003.00150-2015.

Wang H, Chen H, Liu Y, Yan X, Gao Y, Cai H, et al. Idiopathic pulmonary fibrosis associated with circulating autoantibodies:
a Chinese cohort of a long-term follow-up study. Chin. Med. J. 2021, 135, 216-218. doi:10.1097/CM9.0000000000001834.
Oldham JM, Adegunsoye A, Valenzi E, Lee C, Witt L, Chen L, et al. Characterisation of patients with interstitial pneumonia
with autoimmune features. Eur. Respir. J. 2016, 47, 1767-1775. doi:10.1183/13993003.01565-2015.

Ahmad K, Barba T, Gamondes D, Ginoux M, Khouatra C, Spagnolo P, et al. Interstitial pneumonia with autoimmune features:
Clinical, radiologic, and histological characteristics and outcome in a series of 57 patients. Respir. Med. 2017, 123, 56-62.
doi:10.1016/.rmed.2016.10.017.

Boustani K, Ghai P, Invernizzi R, Hewitt RJ, Maher TM, Li QZ, et al. Autoantibodies are present in the bronchoalveolar lavage
but not circulation in patients with fibrotic interstitial lung disease. ERJ Open Res. 2022, 8, 1. doi:10.1183/23120541.00481-
2021.



Fibrosis 2025, 3, 10004 21 of 21

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Kulkarni T, Newton CA, Gupta S, Samara K, Bernstein EJ. The Impact of Autoantibodies on Outcomes in Patients with
Idiopathic Pulmonary Fibrosis: Post-Hoc Analyses of the Phase III ASCEND Trial. Pulm. Ther. 2024, 10, 331-346.
doi:10.1007/s41030-024-00267-x.

Kahloon RA, Xue J, Bhargava A, Csizmadia E, Otterbein L, Kass DJ, et al. Patients with idiopathic pulmonary fibrosis with
antibodies to heat shock protein 70 have poor prognoses. Am. J. Respir. Crit. Care Med. 2013, 187, 768-775.
doi:10.1164/rccm.201203-05060C.

Taille C, Grootenboer-Mignot S, Boursier C, Michel L, Debray MP, Fagart J, et al. Identification of periplakin as a new target
for autoreactivity in idiopathic pulmonary fibrosis. 4m. J. Respir. Crit. Care Med. 2011, 183, 759-766.
doi:10.1164/rccm.201001-00760C.

Leuschner G, Semenova A, Mayr CH, Kapellos TS, Ansari M, Seeliger B, et al. Mass spectrometry-based autoimmune
profiling reveals predictive autoantigens in idiopathic pulmonary fibrosis. iScience 2023, 26, 108345.
doi:10.1016/j.1s¢1.2023.108345.

Goodwin AT, Noble PW, Tatler AL. Plasma cells: a feasible therapeutic target in pulmonary fibrosis? Eur. Respir. J. 2022, 60,
5.doi:10.1183/13993003.01748-2022.

Ali MF, Egan AM, Shaughnessy GF, Anderson DK, Kottom TJ, Dasari H, et al. Antifibrotics Modify B-Cell-induced Fibroblast
Migration and Activation in Patients with Idiopathic Pulmonary Fibrosis. Am. J. Respir. Cell. Mol. Biol. 2021, 64, 722—733.
doi:10.1165/rcmb.2020-03870C.

Komura K, Yanaba K, Horikawa M, Ogawa F, Fujimoto M, Tedder TF, et al. CD19 regulates the development of bleomycin-
induced pulmonary fibrosis in a mouse model. Arthritis Rheum. 2008, 58, 3574-3584. doi:10.1002/art.23995.

Francois A, Gombault A, Villeret B, Alsaleh G, Fanny M, Gasse P, et al. B cell activating factor is central to bleomycin- and
IL-17-mediated experimental pulmonary fibrosis. J. Autoimmun. 2015, 56, 1-11. doi:10.1016/j.jaut.2014.08.003.

Moog MT, Hinze C, Bormann T, Aschenbrenner F, Knudsen L, De Luca DS, et al. B Cells Are Not Involved in the Regulation
of Adenoviral TGF-betal- or Bleomycin-Induced Lung Fibrosis in Mice. J. Immunol. 2022, 208, 1259-1271.
doi:10.4049/jimmunol.2100767.

Prele CM, Miles T, Pearce DR, O’Donoghue RJ, Grainge C, Barrett L, et al. Plasma cell but not CD20-mediated B-cell
depletion protects from bleomycin-induced lung fibrosis. Eur: Respir. J. 2022, 60, 5. doi:10.1183/13993003.01469-2021.
Kulkarni T, Valentine VG, Fei F, Tran-Nguyen TK, Quesada-Arias LD, Mkorombindo T, et al. Correlates of survival after
autoantibody  reduction therapy for acute IPF exacerbations. PLoS ONE 2021, 16, ¢0260345.
doi:10.1371/journal.pone.0260345.

Kulkarni T, Criner GJ, Kass DJ, Rosas 10, Scholand MB, Dilling DF, et al. Design of the STRIVE-IPF trial- study of
therapeutic plasma exchange, rituximab, and intravenous immunoglobulin for acute exacerbations of idiopathic pulmonary
fibrosis. BMC Pulm. Med. 2024, 24, 143. doi:10.1186/s12890-024-02957-3.

Moore B, Lawson WE, Oury TD, Sisson TH, Raghavendran K, Hogaboam CM. Animal models of fibrotic lung disease. Am.
J. Respir. Cell. Mol. Biol. 2013, 49, 167-179. d0i:10.1165/rcmb.2013-0094TR.

Tashiro J, Rubio GA, Limper AH, Williams K, Elliot SJ, Ninou I, et al. Exploring Animal Models That Resemble Idiopathic
Pulmonary Fibrosis. Front. Med. 2017, 4, 118. doi:10.3389/fmed.2017.00118.

Franzen L, Olsson Lindvall M, Huhn M, Ptasinski V, Setyo L, Keith BP, et al. Mapping spatially resolved transcriptomes in
human and mouse pulmonary fibrosis. Nat. Genet. 2024, 56, 1725-1736. doi:10.1038/s41588-024-01819-2.

Jenkins RG, Moore BB, Chambers RC, Eickelberg O, Konigshoff M, Kolb M, et al. An Official American Thoracic Society
Workshop Report: Use of Animal Models for the Preclinical Assessment of Potential Therapies for Pulmonary Fibrosis. Am.
J. Respir. Cell. Mol. Biol. 2017, 56, 667—679. doi:10.1165/rcmb.2017-0096ST.

Geifman N, Rubin E. The mouse age phenome knowledgebase and disease-specific inter-species age mapping. PLoS ONE
2013, 8, e81114. doi:10.1371/journal.pone.0081114.

Narasimhan H, Cheon IS, Qian W, Hu SS, Parimon T, Li C, et al. An aberrant immune-epithelial progenitor niche drives viral
lung sequelae. Nature 2024, 634, 961-969. doi:10.1038/s41586-024-07926-8.

Bailey JI, Puritz CH, Senkow KJ, Markov NS, Diaz E, Jonasson E, et al. Profibrotic monocyte-derived alveolar macrophages
are expanded in patients with persistent respiratory symptoms and radiographic abnormalities after COVID-19. Nat. Immunol.
2024, 25,2097-2109. doi:10.1038/s41590-024-01975-x.



