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Breaking the cycle: should
we target inflammation,
fibrosis, or both?
Sarah K. Baxter1,2†, Ricardo A. Irizarry-Caro3†,
Jason A. Vander Heiden3† and Joseph R. Arron1,2*

1Sonoma Biotherapeutics, South San Francisco, CA, United States, 2Sonoma Biotherapeutics, Seattle,
WA, United States, 3Genentech, Inc., South San Francisco, CA, United States
Left unchecked, many chronic inflammatory and autoimmune diseases lead to

fibrosis, which can ultimately irreversibly compromise tissue and organ function.

A key question for therapeutic discovery and development is whether it is

preferable to target inflammation, fibrosis, or both; and in which tissues,

organs, diseases, or subsets of patients is a particular therapeutic strategy most

relevant? In recent years, clinical and translational studies of human interstitial

lung disease tissue and targeted molecular and cellular therapies have yielded

mechanistic insights into the interplay between unchecked inflammation and

pathological fibrogenesis. Molecular and proteomic technologies have

implicated aspects of both innate and adaptive immunity in fibrogenesis, e.g.,

the presence of a stereotypical population of fibrosis-associated macrophages,

recruitment of immune cells by inflammatory fibroblasts, and lymphoid

aggregates with B cells producing tissue-specific autoantibodies. In this

Perspective, we will consider indications that present with inflammation and/or

fibrosis in lung tissue, including systemic sclerosis (SSc), idiopathic pulmonary

fibrosis (IPF), and rheumatoid arthritis (RA), in the context of clinical and

translational data from molecular interventions targeting cytokine pathways

and B lymphocytes. The effects of these interventions on clinical, functional,

cellular, and molecular outcomes have started to untangle the mechanistic

relationships between inflammation and fibrosis in human diseases, and may

illuminate a path toward improved strategies to restore tissue homeostasis and

preserve or improve functional outcomes in the future. However, substantially

more granular clinical outcomes, biomarker data, and assay standardization

across interventions and diagnoses are needed to effectively link therapeutic

targets, disease pathophysiology, and clinical benefit.
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Introduction

Despite numerous therapies targeting inflammation, fibrosis

remains an intransigent manifestation of many inflammatory

diseases. It is unclear whether fibrosis is a distinct pathologic

process alongside dysregulated immune responses, a downstream

consequence of unchecked inflammation, or both. This distinction

is critical for guiding treatment strategies. If fibrosis is an independent

process distinct from a dysregulated immune response, then therapies

should directly target fibrotic mechanisms. Conversely, if fibrosis

arises as a sequela of chronic inflammation and tissue damage, then

targeting inflammation may inherently mitigate fibrosis. This

interplay is particularly evident in interstitial lung disease (ILD).

ILD emerges as a shared manifestation across diseases of

autoimmunity, environmental exposures, and conditions driven by

aberrant tissue repair pathways (1, 2). While various ILDs may have

different initiating factors, many pathobiological features including

inflammatory processes and tissue fibrosis are common in established

disease across diagnoses.
Clinical aspects of inflammatory and
fibrotic ILDs

Interstitial lung diseases encompass a spectrum of conditions with

diverse etiologies, clinical presentations, and histopathologic patterns.

ILDs associated with connective tissue diseases (CTD-ILD) and

idiopathic pulmonary fibrosis (IPF) share overlapping features while

presenting unique challenges in diagnosis and management. IPF is an

archetypal fibrotic ILD. It is rapidly progressive and often fatal,

primarily affecting adults over the age of 50, with a median survival

after diagnosis of 3–5 years (3). Despite the term “idiopathic,”

emerging genetic and mechanistic data strongly suggest that

insufficient alveolar epithelial regenerative capacity in the face of

chronic epithelial damage is the initiating etiological factor in IPF

(4, 5).While the proximal cause offibrosis in IPF lies within injury and

repair pathways, there is clear evidence for inflammation in

established disease. Treatment options aim to slow progression,

manage symptoms, and improve quality of life, but no interventions

to date have produced meaningful reversal of the progressive loss of

lung function. Current approved IPF treatments include pirfenidone

and nintedanib, which show modest efficacy in slowing lung function

decline and prolonging survival in some patients (6). Both are

associated with significant tolerability issues, and many patients

proceed to lung transplantation. Neither drug has a clearly defined

molecular or cellular mechanism of action. Pirfenidone is alleged to

have both anti-inflammatory and anti-fibrotic effects but neither has

been clearly documented in humans; nintedanib partially inhibits

dozens of kinases at in vivo exposures but which of those is responsible

for its therapeutic benefit remains unclear (7, 8). Broad-spectrum anti-

inflammatories, including steroids and cyclophosphamide, were

previously used but are now contraindicated due to increased

mortality (9). This lack of responsiveness to nonspecific anti-

inflammatory treatment highlights a divide between IPF and the
Frontiers in Immunology 02
Connective Tissue Disease-associated ILDs (CTD-ILD), such as

systemic sclerosis-ILD (SSc-ILD) and rheumatoid arthritis-

associated ILD (RA-ILD).

Whereas genetic associations with IPF generally implicate lung

epithelium, genetic associations with SSc generally implicate

immunity (10, 11). SSc is hypothesized to originate as small vessel

autoimmune vasculitis, which can progress to progressive fibrosis

affecting the skin, lungs, heart, kidneys, and/or gastrointestinal tract

(12). Lung involvement, and in particular ILD, occurs in up to 70%

of patients with diffuse SSc and is the leading cause of mortality

(13). Similar to IPF, the interplay of inflammation, tissue injury, and

tissue repair confound our understanding of the pathogenesis of

SSc-ILD. SSc patients often demonstrate chronic activation of both

the innate and adaptive immune systems (14). Autoantibodies, such

as anti-topoisomerase I and anti-RNA polymerase III, are

diagnostic markers and may contribute to immune activation and

tissue injury (15, 16). Persistent immune activation, in addition to

perpetuating a cycle of inflammation and fibrosis, also disrupts

normal tissue repair pathways, and targeting inflammation remains

a cornerstone of SSc therapy (17). However, the limited efficacy of

current treatments underscores the need for further research into

fibroblast biology and dysregulated tissue repair mechanisms.

Rheumatoid arthritis-associated ILD (RA-ILD) is an

increasingly recognized cause of morbidity and mortality in RA

patients. Occurring in approximately 10% of RA patients, RA-ILD

predominantly affects older males and those with a history of

smoking. RA-ILD significantly impacts morbidity and mortality

in RA patients, with a median survival of 3–8 years following

diagnosis (18). Similar to IPF, imaging reveals fibrosis,

honeycombing, and ground-glass opacities in affected individuals.

The pathogenesis of RA-ILD is unclear, but, like other CTD-ILDs,

likely involves a complex interplay of chronic inflammation, tissue

injury, and aberrant repair. Autoantibodies such as rheumatoid

factor (RF) and anti-citrullinated protein antibodies (ACPA) may

contribute to lung injury (19–21). Treatment strategies primarily

are aimed at inflammatory pathways, though efficacy is limited, and

many therapies that can effectively treat arthritis, such as TNF-a
inhibitors, do not appear efficacious in treating ILD (22, 23).

ILD can present in patients with other rheumatic diseases as well

as in allogeneic hematopoietic stem cell transplant recipients. Given

the wide and overlapping clinical subtypes of ILD, understanding the

histopathologic pattern is key to diagnosis, prognosis, and treatment

(24). Two patterns most associated with fibrotic potential include

usual interstitial pneumonia (UIP) and non-specific interstitial

pneumonia (NSIP). UIP, the most common pattern in IPF, carries a

poor prognosis, with a median survival from time of diagnosis of 3–5

years, and limited responsiveness to immunosuppression (24). NSIP is

more common in CTD-ILDs and has a more favorable prognosis; ILD

with a NSIP pattern can respond to immunosuppressive treatments

(25). However, there is considerable pathological heterogeneity across

ILD diagnosis, and CTD-ILD patients with a UIP pattern tend to have

similarly poor prognosis to patients with IPF (26). Taken together,

these observations suggest that understanding mechanistic

heterogeneity and prognosis may be more useful than clinical

classifications for guiding treatment strategies. Clinical trials for ILD
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face numerous challenges due to the complexity, heterogeneity, and

progressive nature of these diseases. Traditional trial endpoints such as

forced vital capacity (FVC) and mortality require long trial durations,

and may not fully capture disease burden or patient-centered

outcomes (27). Given these challenges, it will be critical for the field

to identify biomarkers and patient-centered endpoints that can

capture disease activity and assess meaningful outcomes in a shorter

trial duration.
Cellular and molecular correlates of
inflammation-associated fibrosis

Fibrotic ILDs involve a complex interplay of cellular

interactions within lung tissue, characterized by unchecked

inflammation, extracellular matrix (ECM) deposition, and

progressive tissue remodeling. This pathological transformation is

driven by a microenvironment of pro-inflammatory and pro-

fibrotic cell populations, including macrophages, lymphocytes,

and fibroblasts, which form complex cell-cell communication

networks that perpetuate disease (Figure 1).

While precipitating fibrosis-driving micro-injuries vary by

indication, common damage response signals lead to activation of

resident macrophages and fibroblasts, which then enter pro-

inflammatory and pro-fibrotic states. These activated cells secrete a

host of cytokines and chemokines, such as TNFa, IL1b, CSF1, and
IL6, that facilitate the recruitment and subsequent infiltration of

lymphocytes, monocytes, and neutrophils to sites of tissue injury

(28–32). This influx of immune cells further amplifies the

inflammatory milieu, perpetuating a cycle of chronic inflammation

and fibrosis. Macrophages and fibroblasts participate in a CSF1-PDGF

positive feedback loop, wherein CSF1 produced by fibroblasts

supports the maintenance and expansion of macrophages. In

response, macrophages secrete PDGF, a potent mitogen that drives

fibroblast proliferation and differentiation into myofibroblasts. This

interaction mirrors the in vivo aberrant wound repair processes

observed in fibrosis, where a runaway injury response leads to

nonresolving ECM deposition and tissue remodeling (33, 34).

Beyond this minimal cell communication model, the in vivo cross-

talk between macrophages and fibroblasts encompasses several

other pro-fibrotic mediators. Macrophage-derived OSM and

fibroblast derived TGFb and IL6 play pivotal roles in promoting

fibroblast activation and lymphocyte differentiation, while

macrophage expression of MMPs and TIMPs regulates ECM

turnover and remodeling. Additionally, chemokines such as CCL2

and CCL11 recruit various immune cells, further contributing to

the fibrotic cascade (35–37). Fibrosis-associated macrophages

(FAMs) and myofibroblasts with unique phenotypic hallmarks are

commonly observed across a spectrum of fibrotic disorders, including

IPF, SSc-ILD, COVID-19, non-alcoholic fatty liver disease, pancreatic

ductal adenocarcinoma, and heart disease (38–40). Despite tissue-

specific differences in gene expression profiles, these cells exhibit a

core set of features. FAMs are characterized by the expression of genes

involved in lipid metabolism and ECM remodeling, such as APOC1,

APOE, CHIT1, LPL, LIPA, LGMN, PLA2G7, MMP9, and MMP7.
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Additionally, genes associated with wound repair and injury response,

including TREM2, SPP1, CCL18, and GPNMB, are enriched in these

macrophages (38, 39, 41, 42). Disease-associated fibroblasts can be

broadly categorized into inflammatory fibroblasts and myofibroblasts,

demonstrating significant subtype heterogeneity. At a high level,

inflammatory fibroblasts can be defined by a tissue-context-

dependent cytokine and chemokine secretion gene expression

program, which may include IL6, IL33, CCL1, CXCL2, CXCL3,

CXCL6, CXCL8, CXCL12, CXCL13, and CXCL14. In contrast,

myofibroblasts are distinguished by canonical ECM deposition and

contractile programs, including ELN, POSTN, COMP, TNC, COL1A1,

COL3A1, and secrete pro-fibrotic factors such as TGFb3, which further
perpetuate the fibrotic cycle (36, 43–48).

A notable feature of many ILDs is the infiltration of adaptive

immune cells and the formation of tertiary lymphoid structures

(TLS), characterized by increased expression of the activation

marker CD40 within aggregates of B cells surrounded by CD8+

and CD4+ T cells. This adaptive immune response is closely linked

to disease progression and severity (49), although it remains unclear

whether it is a driver or a consequence of advanced tissue

destruction. CXCL13, a major B cell chemoattractant, is produced

by follicular dendritic cells, reticular fibroblasts, and T cells and its

induction by activated fibroblast-derived TGFb has been observed

in lung cancer (50), suggesting a similar mechanism may drive TLS

formation in fibrotic lungs.

Understanding these intricate networks of cellular communication

in fibrotic lung tissue is crucial for developing therapeutic strategies that

target these interactions. By intervening in these pathways, we may be

able to modulate the inflammatory and fibrotic responses, potentially

halting or reversing the progression of these debilitating diseases.
Therapeutic targeting of cytokines
and leukocytes in fibrotic diseases

The interplay between inflammation and fibrosis is central to the

pathogenesis of chronic fibrotic diseases. Understanding the

mechanisms underlying this relationship offers opportunities for

developing therapeutic interventions that target both processes. We

have explored cytokines such as IL6 and TGFb as therapeutic targets.

Additionally, interventions aimed at eliminating B cells, such as anti-

CD20 therapy (e.g., rituximab) or cellular therapies like CD19-

directed CAR-T cells, have been investigated in fibrotic disorders.

IL6 is a multifunctional cytokine that bridges innate and adaptive

immunity. In SSc and IPF, elevated IL6 levels correlate with disease

severity and progression (51–53). Mechanistically, IL6 promotes

fibroblast activation and ECM deposition through the JAK/STAT3

pathway. Additionally, it drives T-helper 17 (Th17) responses (54) and

fibrotic macrophage polarization (35), exacerbating and perpetuating

a maladaptive cycle of inflammation and fibrosis. IL6 blockade using

monoclonal antibodies, such as tocilizumab (anti-IL6Ra), has shown
promise in attenuating fibrosis and inflammation in both preclinical

and clinical studies. By inhibiting IL6, inflammation is reduced,

fibrotic programs are impaired, fibroblast activation is suppressed,

and ECM deposition is limited. In two placebo-controlled trials,
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tocilizumab demonstrated benefits in SSc-ILD by preserving lung

function; however, it did not meaningfully affect skin fibrosis (55, 56).

Transforming Growth Factor-b (TGFb) is considered the

archetypal pro-fibrotic factor, with well-established roles in

fibrosis across multiple organs (32). TGFb drives fibroblast-to-

myofibroblast differentiation and collagen production, inhibits

ECM degradation, and modulates immune cell functions to

sustain a fibrotic microenvironment. However, the pleiotropic

nature of TGFb demands careful therapeutic balancing to avoid

disrupting tissue integrity and immune homeostasis. TGFb
comprises three highly homologous cytokines (TGFb1, TGFb2,
and TGFb3) that, in their active forms, activate similar cellular

signals through TGFb receptors (57–60). These isoforms are

differentially expressed across cell and tissue types in a latent state

and are activated via distinct mechanisms, which together tightly

regulate their diverse effects in vivo. In SSc, TGFb blockade with

fresolimumab, a pan-TGFb inhibitor, yielded mixed results,

showing modest anti-fibrotic benefits in some studies but failing

to meet primary endpoints in others, along with raising safety

concerns (61). In IPF, TGFb inhibitors, including fresolimumab

and the peptide-based HTPEP-001 demonstrated preclinical

promise, but clinical trials have produced inconsistent outcomes

(62). We have recently shown that isoform-selective inhibition of
Frontiers in Immunology 04
TGFb3 may attenuate fibrosis without inducing excessive

inflammation (63), and that isoform-selective TGFb3 targeting is

safe and well-tolerated in preclinical toxicology studies

[PMID:40317127], representing a refined therapeutic approach

that is currently under clinical investigation in SSc.

B cells contribute to inflammation and fibrosis through

antibody production, antigen presentation, and cytokine

secretion. In diseases such as SSc and IPF, B cells are enriched in

fibrotic lesions, where they may promote fibroblast activation and

ECM remodeling. Rituximab, a monoclonal antibody targeting

CD20, has shown promise in improving skin thickening and

stabilizing lung function in diffuse cutaneous SSc (64), as well as

potential benefits in treating SSc-associated pulmonary arterial

hypertension (65). In IPF, however, CD20-targeting therapies

have demonstrated limited efficacy, with emerging evidence

suggesting a potential role of CD20-negative B lineage cells such

as plasma cells in driving fibrosis. Deeper B cell depletion strategies,

such as CD19-targeted CAR-T cell therapy, are currently under

investigation, with limited anecdotal data indicating potential

efficacy in SSc (66). It remains unclear whether the therapeutic

effects of B cell targeting in fibrotic disorders are linked to the

presence of tertiary lymphoid structures (TLS). In a subset of

patients with rheumatoid arthritis (RA), the presence of TLS in
FIGURE 1

Inflammatory and fibrotic cycle of cells, structures, molecular mediators, therapeutic targets, and biomarkers implicated in fibrotic interstitial lung
diseases (ILD). Injury or damage to alveolar epithelial cells (AT1, type 1 alveolar epithelial cell; AT2, type 2 alveolar epithelial cell) initiates activation of
fibroblasts and macrophages. Fibroblasts can differentiate into extracellular matrix (ECM)-producing myofibroblasts or cytokine-producing
inflammatory fibroblasts. Macrophages differentiate into ECM-remodeling fibrosis-associated macrophages (FAM). Adaptive immune cells including B
and T lymphocytes constitute tertiary lymphoid structures (TLS). A variety of factors mediate cross-talk between these inflammatory and fibrosis-
perpetuating cells. Selected targets of therapeutic interest discussed in the text are indicated in red (TGF-b, IL-6, and B cells) and biomarkers related
to their activity are indicated in green. Figure created with Biorender.
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the synovium has been associated with greater clinical benefits from

both rituximab and tocilizumab (67). Whether similar associations

exist in fibrotic ILDs represents an intriguing question for future

research. While the presence of TLS correlates with ILD severity

and prognosis, it remains unclear whether they are a therapeutically

actionable driver of ILD progression or a secondary consequence of

extensive damage to a barrier tissue.
Biomarkers and translational insights
from clinical studies

Biomarkers in clinical studies of patients with fibrotic disorders

have yielded important mechanistic insights into the roles of

inflammatory and fibrotic molecular and cellular processes and

their relationships to clinical manifestations and response to

treatment. Peripheral blood is readily accessible and amenable to

repeat sampling over time. As fibrotic ILDs are generally patchy and

diffuse throughout the lung parenchyma, an ideal blood biomarker

would reflect molecular or cellular processes relevant to disease

pathogenesis and “spill over” into circulation sufficiently such that

its levels can integrate the aggregate burden of those processes

across total lung tissue (68). In the context of a therapeutic

intervention, a given biomarker may be predictive, prognostic,

and/or pharmacodynamic; i.e., it may identify patients more or

less likely to exhibit clinical response to therapy, it may identify

patients at greater or lesser risk of significant disease progression,

and/or it may change in response to the administration of a

therapeutic agent (69).

Many transcripts that characterize fibrosis-associated

macrophages encode secreted soluble proteins that can be readily

detected in peripheral blood, e.g., SPP1, GPNMB, and CCL18 (70–74).

In the case of SPP1 and CCL18, elevated blood levels are associated

with ILD severity. ILD patients with higher levels of blood CCL18 at a

given time have an increased risk of disease progression, hence CCL18

is prognostic (69, 75). In SSc-ILD patients treated with tocilizumab

(anti-IL6Rɑ), CCL18 levels rapidly declined, exhibiting a

pharmacodynamic response to IL6 inhibition, and lung function

decline was significantly attenuated in tocilizumab-treated as

compared to placebo-treated patients despite a lack of significant

benefit on skin fibrosis outcomes (76, 77). These observations, taken

together, suggest that IL6 can promote a FAM phenotype, which is

associated with ILD severity, and that a mechanism of clinical efficacy

of IL6 inhibition in ILD may be by altering macrophage biology.

Activated fibroblasts and myofibroblasts secrete large quantities of

proteins to constitute the ECM, but many of these proteins are highly

matrix-associated, and their circulating levels may not always reflect

tissue activity. However, periostin and COMP, TGFb-inducible
matricellular proteins highly expressed in myofibroblasts, “spill over”

sufficiently that they are readily detectable in peripheral blood and are

significantly elevated in patients with fibrotic disorders (69). In SSc,

whereas peripheral CCL18 is primarily associated with ILD, blood

periostin levels are highly correlated with the extent of skin fibrosis but

are not related to the presence nor severity of ILD (78). While

tocilizumab treatment exerted significant pharmacological effects on
Frontiers in Immunology 05
blood CCL18 and clinical benefit on lung function, it did not affect

blood periostin levels nor the extent of clinical skin fibrosis (76). Taken

together, these observations suggest that fibrotic disease progression in

SSc may be driven by distinct mechanisms in lung and skin, where IL6

and fibrosis-associated macrophages are more closely associated with

lung function while other targets such as TGFb and myofibroblasts may

be more closely associated with skin fibrosis. Conversely, in SSc patients

treated with the TGFb inhibitor fresolimumab, reductions in skin gene

expression of COMP but not the macrophage marker CD163 suggest

that TGFb inhibition affected fibroblast but not macrophage biology in

the skin (79). Future studies comprehensively assessing a full array of

these biomarkers locally and systemically in the context of specific

molecular interventions have the potential to yield deeper insights into

cross-talk between pathways and cells across diseases and tissues.

TLS in lung tissue are associated with disease activity in fibrotic

ILDs. In IPF, lymphoid aggregates are observed in regions of more

advanced disease with significant breakdown of alveolar

architecture and dense extracellular matrix deposition (49, 68).

CXCL13 recruits lymphocytes via CXCR5 to TLS. Elevated blood

CXCL13 levels are associated with increased lymphoid aggregates in

multiple inflammatory diseases associated with antigen-dependent

autoimmunity including RA, SLE, multiple sclerosis, myasthenia

gravis, and Sjögren’s Syndrome (80). In IPF, CXCL13 was

prognostic for loss of lung function and mortality (68, 81),

suggesting that increased aggregate burden of lymphoid

aggregates across lung tissue was associated with disease severity.

B cell depletion with rituximab (anti-CD20) has not consistently

demonstrated benefit in patients with fibrotic ILD in controlled

studies (82–84), however substantial clinical activity in SSc was

anecdotally reported with CD19-directed CAR-T or anti-CD3/

CD19 T cell engager treatment, albeit in open-label investigations

of small numbers of patients with limited follow-up and potentially

concerning toxicity (85–87). If greater benefit for CD19-directed

CAR-T treatment than anti-CD20 antibodies can be substantiated

in larger, well-controlled trials, it is possible that the greater degree

of tissue B cell depletion and/or targeting a broader range of B cells

including plasmablasts may explain these differences. Interestingly,

we found that a tissue gene expression signature corresponding to

plasma cells in skin and lung was associated with prognosis in SSc

and demonstrated a pharmacodynamic response to tocilizumab

treatment (88), suggesting that IL6 modulation of adaptive

immunity may also contribute to SSc pathogenesis.
Perspective

Inflammation and fibrosis require more precise definitions in

molecular, cellular, and tissue terms. In the case of ILDs, while there

are diverse underlying initiators of disease, it may be more clinically

useful to redefine them in terms of targetable biology and prognosis

using biomarkers. While many interventions have been explored

clinically, a more comprehensive understanding of the interplay

between their mechanisms of action is needed; biomarkers may

provide some insight but have not been systematically investigated

across diagnoses and interventions. Ideally, biomarkers related to
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specific disease processes including but not limited to FAMs,

inflammatory fibroblasts, and TLS could be assessed for

prognostic, predictive, and pharmacodynamic effects in basket-

style studies across multiple clinical diagnoses and therapeutic

mechanisms of action. These results could deconvolve which

processes are affected by a given therapy and which processes

may underlie limited efficacy on various outcome measures.

Although significant challenges exist in standardizing assay

platforms and reconciling data across a broad range of clinical

studies, such efforts may significantly help to advance our

understanding. New therapies should aim to restore homeostasis

by disrupting the maladaptive cycle of inflammation and fibrosis

and create a permissive environment for functional tissue

regeneration. Specific targeting of a single molecular mediator

may be insufficient; emerging therapies that target multiple

pathways or cellular therapies with pleiotropic effects and the

ability to respond to evolving tissue milieus may offer the

potential to tame pathogenic processes and promote homeostasis.

In that regard, the lack of a single identifiable molecular target may

explain the therapeutic efficacy, albeit limited, of pirfenidone and

nintedanib. However, future therapies will need to have greater

potency and be sufficiently safe, well tolerated, and convenient to

sustain long term disease modification.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

SB: Writing – original draft, Writing – review & editing. RI-C:

Writing – original draft, Writing – review & editing. JVH:Writing –

original draft, Writing – review & editing. JA: Conceptualization,
Frontiers in Immunology 06
Supervision, Visualization, Writing – original draft, Writing –

review & editing.
Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.
Conflict of interest

Authors SB & JA were employed by company Sonoma

Biotherapeutics and authors RI-C & JVH were employed by

company Genentech, Inc.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Spagnolo P, Distler O, Ryerson CJ, Tzouvelekis A, Lee JS, Bonella F, et al.
Mechanisms of progressive fibrosis in connective tissue disease (CTD)-associated
interstitial lung diseases (ILDs). Ann Rheum Dis. (2021) 80:143–50. doi: 10.1136/
annrheumdis-2020-217230

2. Shenderov K, Collins SL, Powell JD, Horton MR. Immune dysregulation as a driver of
idiopathic pulmonary fibrosis. J Clin Investig. (2021) 131:e143226. doi: 10.1172/jci143226

3. Lederer DJ, Martinez FJ. Idiopathic pulmonary fibrosis. N Engl J Med. (2018)
378:1811–23. doi: 10.1056/nejmra1705751

4. Ptasinski VA, Stegmayr J, Belvisi MG, Wagner DE, Murray LA. Targeting alveolar
repair in idiopathic pulmonary fibrosis. Am J Respir Cell Mol Biol. (2021) 65:347–65.
doi: 10.1165/rcmb.2020-0476tr

5. Luo L, Zhang W, You S, Cui X, Tu H, Yi Q, et al. The role of epithelial cells in
fibrosis: Mechanisms and treatment. Pharmacol Res. (2024) 202:107144. doi: 10.1016/
j.phrs.2024.107144

6. KouM, Jiao Y, Li Z, Wei B, Li Y, Cai Y, et al. Real-world safety and effectiveness of
pirfenidone and nintedanib in the treatment of idiopathic pulmonary fibrosis: a
systematic review and meta-analysis. Eur J Clin Pharmacol. (2024) 80:1445–60.
doi: 10.1007/s00228-024-03720-7

7. Aimo A, Spitaleri G, Nieri D, Tavanti LM, Meschi C, Panichella G, et al.
Pirfenidone for idiopathic pulmonary fibrosis and beyond. Card Fail Rev. (2022) 8:
e12. doi: 10.15420/cfr.2021.30

8. Wollin L, Wex E, Pautsch A, Schnapp G, Hostettler KE, Stowasser S, et al. Mode of
action of nintedanib in the treatment of idiopathic pulmonary fibrosis. Eur Respir J.
(2015) 45:1434–45. doi: 10.1183/09031936.00174914

9. Network IPFCR, Raghu G, Anstrom KJ, King TE, Lasky JA, Martinez FJ.
Prednisone, azathioprine, and N-acetylcysteine for pulmonary fibrosis. N Engl J Med.
(2012) 366:1968–77. doi: 10.1056/nejmoa1113354

10. Salazar G, Mayes MD. Genetics, epigenetics, and genomics of systemic sclerosis.
Rheum Dis Clin North Am. (2015) 41:345–66. doi: 10.1016/j.rdc.2015.04.001

11. Alonso-Gonzalez A, Tosco-Herrera E, Molina-Molina M, Flores C. Idiopathic
pulmonary fibrosis and the role of genetics in the era of precision medicine. Front Med.
(2023) 10:1152211. doi: 10.3389/fmed.2023.1152211
frontiersin.org

https://doi.org/10.1136/annrheumdis-2020-217230
https://doi.org/10.1136/annrheumdis-2020-217230
https://doi.org/10.1172/jci143226
https://doi.org/10.1056/nejmra1705751
https://doi.org/10.1165/rcmb.2020-0476tr
https://doi.org/10.1016/j.phrs.2024.107144
https://doi.org/10.1016/j.phrs.2024.107144
https://doi.org/10.1007/s00228-024-03720-7
https://doi.org/10.15420/cfr.2021.30
https://doi.org/10.1183/09031936.00174914
https://doi.org/10.1056/nejmoa1113354
https://doi.org/10.1016/j.rdc.2015.04.001
https://doi.org/10.3389/fmed.2023.1152211
https://doi.org/10.3389/fimmu.2025.1569501
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Baxter et al. 10.3389/fimmu.2025.1569501
12. Cutolo M, Soldano S, Smith V. Pathophysiology of systemic sclerosis: current
understanding and new insights. Expert Rev Clin Immunol. (2019) 15:753–64.
doi: 10.1080/1744666x.2019.1614915

13. Khanna D, Tashkin DP, Denton CP, Renzoni EA, Desai SR, Varga J. Etiology,
risk factors, and biomarkers in systemic sclerosis with interstitial lung disease. Am J
Respir Crit Care Med. (2019) 201:650–60. doi: 10.1164/rccm.201903-0563ci

14. Goldman N, Ong VH, Denton CP. Pathogenesis of interstitial lung disease in
systemic sclerosis. Rheumatol Immunol Res. (2024) 5:141–51. doi: 10.2478/rir-2024-
0020

15. Beesley CF, Goldman NR, Taher TE, Denton CP, Abraham DJ, Mageed RA, et al.
Dysregulated B cell function and disease pathogenesis in systemic sclerosis. Front
Immunol. (2023) 13:999008. doi: 10.3389/fimmu.2022.999008

16. Cavazzana I, Vojinovic T, Airo’ P, Fredi M, Ceribelli A, Pedretti E, et al. Systemic
sclerosis-specific antibodies: novel and classical biomarkers. Clin Rev Allergy Immunol.
(2023) 64:412–30. doi: 10.1007/s12016-022-08946-w

17. Johnson SR, Bernstein EJ, Bolster MB, Chung JH, Danoff SK, George MD, et al.
2023 American college of rheumatology (ACR)/American college of chest physicians
(CHEST) guideline for the treatment of interstitial lung disease in people with systemic
autoimmune rheumatic diseases. Arthritis Rheumatol. (2024) 76:1182–200.
doi: 10.1002/art.42861

18. AkiyamaM, Kaneko Y. Pathogenesis, clinical features, and treatment strategy for
rheumatoid arthritis-associated interstitial lung disease. Autoimmun Rev. (2022)
21:103056. doi: 10.1016/j.autrev.2022.103056

19. Lee H, Lee S-I, Kim H-O. Recent advances in basic and clinical aspects of
rheumatoid arthritis-associated interstitial lung diseases. J Rheum Dis. (2022) 29:61–70.
doi: 10.4078/jrd.2022.29.2.61

20. Khan T, Jose RJ, Renzoni EA, Mouyis M. A closer look at the role of anti-CCP
antibodies in the pathogenesis of rheumatoid arthritis-associated interstitial lung
disease and bronchiectasis. Rheumatol Ther. (2021) 8:1463–75. doi: 10.1007/s40744-
021-00362-4

21. Xue J, Nian M, Liang Y, Zhu Z, Hu Z, Jia Y, et al. Neutrophil extracellular traps
(NETs) are increased in rheumatoid arthritis-associated interstitial lung disease. Respir
Res. (2025) 26:33. doi: 10.1186/s12931-025-03111-1

22. Cassone G, Manfredi A, Vacchi C, Luppi F, Coppi F, Salvarani C, et al.
Treatment of rheumatoid arthritis-associated interstitial lung disease: lights and
shadows. J Clin Med. (2020) 9:1082. doi: 10.3390/jcm9041082

23. Saavedra AA, Mueller KT, Kowalski EN, Qian G, Bade KJ, Vanni KMM, et al.
Treatment of rheumatoid arthritis-associated interstitial lung disease: An appraisal of
the 2023 ACR/CHEST guideline. Curr Treat Options Rheumatol. (2024) 10:43–60.
doi: 10.1007/s40674-024-00217-3

24. Wijsenbeek M, Cottin V. Spectrum offibrotic lung diseases. N Engl J Med. (2020)
383:958–68. doi: 10.1056/nejmra2005230

25. Zheng B, Marinescu D-C, Hague CJ, Muller NL, Murphy D, Churg A, et al. Lung
imaging patterns in connective tissue disease–associated interstitial lung disease impact
prognosis and immunosuppression response. Rheumatology. (2024) 63:2734–40.
doi: 10.1093/rheumatology/keae076

26. Luppi F, Manfredi A, Faverio P, Andersen MB, Bono F, Pagni F, et al. The usual
Interstitial pneumonia pattern in autoimmune rheumatic diseases. BMC Pulm Med.
(2023) 23:501. doi: 10.1186/s12890-023-02783-z

27. White ES, Thomas M, Stowasser S, Tetzlaff K. Challenges for clinical drug
development in pulmonary fibrosis. Front Pharmacol. (2022) 13:823085. doi: 10.3389/
fphar.2022.823085

28. 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

29. Gasse P, Mary C, Guenon I, Noulin N, Charron S, Schnyder-Candrian S, et al.
IL-1R1/MyD88 signaling and the inflammasome are essential in pulmonary
inflammation and fibrosis in mice. J Clin Investig. (2007) 117:3786–99. doi: 10.1172/
jci32285

30. Wilson MS, Madala SK, Ramalingam TR, Gochuico BR, Rosas IO, Cheever AW,
et al. Bleomycin and IL-1b–mediated pulmonary fibrosis is IL-17A dependent. J Exp
Med. (2010) 207:535–52. doi: 10.1084/jem.20092121

31. Joshi N, Watanabe S, Verma R, Jablonski RP, Chen C-I, 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) 55:1900646.
doi: 10.1183/13993003.00646-2019

32. Shochet GE, Brook E, Bardenstein-Wald B, Shitrit D. TGF-b pathway activation
by idiopathic pulmonary fibrosis (IPF) fibroblast derived soluble factors is mediated by
IL-6 trans-signaling. Respir Res. (2020) 21:56. doi: 10.1186/s12931-020-1319-0

33. Zhou X, Franklin RA, Adler M, Jacox JB, Bailis W, Shyer JA, et al. Circuit design
features of a stable two-cell system. Cell. (2018) 172:744–757.e17. doi: 10.1016/
j.cell.2018.01.015

34. 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.isci.2020.100841

35. Ayaub EA, Dubey A, Imani J, Botelho F, Kolb MRJ, Richards CD, et al.
Overexpression of OSM and IL-6 impacts the polarization of pro-fibrotic
Frontiers in Immunology 07
macrophages and the development of bleomycin-induced lung fibrosis. Sci Rep.
(2017) 7:13281. doi: 10.1038/s41598-017-13511-z

36. Tsukui T, Sun K-H,Wetter JB, Wilson-Kanamori JR, Hazelwood LA, Henderson
NC, et al. Collagen-producing lung cell atlas identifies multiple subsets with distinct
localization and relevance to fibrosis. Nat Commun. (2020) 11:1920. doi: 10.1038/
s41467-020-15647-5

37. 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) 46:1740–50. doi: 10.1183/13993003.01558-2014

38. Heimberg G, Kuo T, DePianto DJ, Salem O, Heigl T, Diamant N, et al. A cell
atlas foundation model for scalable search of similar human cells. Nature. (2025),
638:1085–94. doi: 10.1038/s41586-024-08411-y

39. Fabre T, Barron AMS, Christensen SM, Asano S, Bound K, Lech MP, et al.
Identification of a broadly fibrogenic macrophage subset induced by type 3
inflammation. Sci Immunol. (2023) 8:eadd8945. doi: 10.1126/sciimmunol.add8945

40. Amrute JM, Luo X, Penna V, Yang S, Yamawaki T, Hayat S, et al. Targeting
immune–fibroblast cell communication in heart failure. Nature. (2024) 635:423–33.
doi: 10.1038/s41586-024-08008-5

41. 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) 54:1802441. doi: 10.1183/13993003.02441-2018

42. Ayaub E, Poli S, Ng J, Adams T, Schupp J, Quesada-Arias L, et al. Single cell
RNA-seq and mass cytometry reveals a novel and a targetable population of
macrophages in idiopathic pulmonary fibrosis. bioRxiv. (2021), 2021.01.04.425268.
doi: 10.1101/2021.01.04.425268

43. Reyfman PA, Walter JM, Joshi N, Anekalla KR, McQuattie-Pimentel AC, Chiu S,
et al. Single-cell transcriptomic analysis of human lung provides insights into the
pathobiology of pulmonary fibrosis. Am J Respir Crit Care Med. (2018) 199:1517–36.
doi: 10.1164/rccm.201712-2410oc

44. Habermann AC, Gutierrez AJ, Bui LT, Yahn SL, Winters NI, Calvi CL, et al.
Single-cell RNA sequencing reveals profibrotic roles of distinct epithelial and
mesenchymal lineages in pulmonary fibrosis. Sci Adv. (2020) 6:eaba1972.
doi: 10.1126/sciadv.aba1972

45. Adams TS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, et al. Single-
cell RNA-seq reveals ectopic and aberrant lung-resident cell populations in idiopathic
pulmonary fibrosis. Sci Adv. (2020) 6:eaba1983. doi: 10.1126/sciadv.aba1983

46. Gu X, Kang H, Cao S, Tong Z, Song N. Blockade of TREM2 ameliorates
pulmonary inflammation and fibrosis by modulating sphingolipid metabolism. Transl
Res. (2025) 275:1–17. doi: 10.1016/j.trsl.2024.10.002

47. Sun T, Huang Z, Liang W-C, Yin J, Lin WY, Wu J, et al. TGFb2 and TGFb3
isoforms drive fibrotic disease pathogenesis. Sci Transl Med. (2021) 13(605):eabe0407.
doi: 10.1126/scitranslmed.abe0407

48. Buechler MB, Pradhan RN, Krishnamurty AT, Cox C, Calviello AK, Wang AW,
et al. Cross-tissue organization of the fibroblast lineage. Nature. (2021) 593:575–9.
doi: 10.1038/s41586-021-03549-5

49. Cocconcelli E, Balestro E, Turato G, Fiorentù G, Bazzan E, Biondini D, et al.
Tertiary lymphoid structures and B-cell infiltration are IPF features with functional
consequences. Front Immunol. (2024) 15:1437767. doi: 10.3389/fimmu.2024.1437767

50. O’Connor RA, Martinez BR, Koppensteiner L, Mathieson L, Akram AR. Cancer-
associated fibroblasts drive CXCL13 production in activated T cells via TGF-beta. Front
Immunol. (2023) 14:1221532. doi: 10.3389/fimmu.2023.1221532

51. Sato S, Hasegawa M, Takehara K. Serum levels of interleukin-6 and interleukin-
10 correlate with total skin thickness score in patients with systemic sclerosis. J
Dermatol Sci. (2001) 27:140–6. doi: 10.1016/s0923-1811(01)00128-1

52. Milara J, Hernandez G, Ballester B, Morell A, Roger I, Montero P, et al. The JAK2
pathway is activated in idiopathic pulmonary fibrosis. Respir Res. (2018) 19:24.
doi: 10.1186/s12931-018-0728-9

53. Pedroza M, Schneider DJ, Karmouty-Quintana H, Coote J, Shaw S, Corrigan R,
et al. Interleukin-6 contributes to inflammation and remodeling in a model of
adenosine mediated lung injury. PLoS One. (2011) 6:e22667. doi: 10.1371/
journal.pone.0022667

54. Lei L, Zhao C, Qin F, He Z-Y, Wang X, Zhong X-N. Th17 cells and IL-17
promote the skin and lung inflammation and fibrosis process in a bleomycin-induced
murine model of systemic sclerosis. Clin Exp Rheumatol. (2016) 34:14–22.

55. Denton CP, Ong VH, Xu S, Chen-Harris H, Modrusan Z, Lafyatis R, et al.
Therapeutic interleukin-6 blockade reverses transforming growth factor-beta pathway
activation in dermal fibroblasts: insights from the faSScinate clinical trial in systemic
sclerosis. Ann Rheum Dis. (2018) 77:1362–71. doi: 10.1136/annrheumdis-2018-213031

56. Shima Y. The benefits and prospects of interleukin-6 inhibitor on systemic
sclerosis. Mod Rheumatol. (2018) 29:1–24. doi: 10.1080/14397595.2018.1559909

57. Wrana JL, Attisano L, Wieser R, Ventura F, Massagué J. Mechanism of activation
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