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ABSTRACT: Idiopathic pulmonary fibrosis (IPF) is a fatal disease with limited therapeutic options. Lung transplantation is the
only curative treatment, but it is rarely available due to a lack of suitable donors. In a recent publication in Science Immunology,
Farhat et al. demonstrated that bone marrow transplantation from young donors alleviates fibrosis by restoring immune resolution
in aged hosts in animal models. Aged hematopoietic cells exacerbate fibrosis through the persistence of inflammatory macrophages
and impaired Treg-derived IL-10, highlighting bone marrow rejuvenation as a potential treatment strategy for IPF.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) remains one of the most challenging chronic lung diseases, with limited
treatment options and a poor prognosis [1,2]. The incidence of IPF increases markedly with age, and its prevalence is
rising globally [3,4], largely driven by the rapidly expanding elderly population [5]. Although the antifibrotic agents
pirfenidone and nintedanib have been approved by the FDA and shown to slow the rate of lung function decline
modestly, neither therapy reverses fibrosis or improves overall survival [2]. Despite advances in understanding its
pathophysiology, lung transplantation remains the only definitive treatment for end-stage IPF. However, this option is
severely limited by a shortage of suitable donors, along with considerable surgical risks and long-term complications
following transplantation [6,7].

IPF is widely believed to result from repetitive alveolar epithelial injury coupled with inadequate repair [8]. While
the precise role of the immune system, particularly macrophages, in IPF pathogenesis remains incompletely understood,
macrophages are among the earliest responders to tissue damage and play pivotal roles in repair processes [9,10]. Over
the past decade, macrophages have emerged as central players in pulmonary fibrosis, exhibiting dual functions that
either promote resolution or drive fibrotic progression [11]. Although early immunomodulatory therapies were
unsuccessful [12,13], recent studies have shown that different macrophage subtypes can either drive or resolve fibrosis
through specific mechanisms, including the expression of surface receptors, changes in cellular metabolism, and
activation of immune signaling pathways. Their functional heterogeneity positions them as promising therapeutic
targets in IPF [14]. Within the alveolar macrophage subtypes, tissue-resident alveolar macrophages (TR-AMs) support
lung homeostasis through self-renewal and are protective during early life; however, they are depleted following severe
injury [15,16]. In contrast, monocyte-derived alveolar macrophages (Mo-AMs) are recruited in response to injury,
initially contributing to acute defense, but can perpetuate chronic fibrosis by producing profibrotic factors [17,18]—
especially in aged individuals, where myeloid-biased hematopoiesis and systemic age related-chronic inflammation
(inflammaging) enhance their pathological impact.
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Bone marrow transplantation (BMT) offers a promising and accessible approach to treating end-stage diseases,
especially with the increased availability of living donors compared to organ transplantation [19]. While traditionally
used for hematologic malignancies, BMT is now being explored for its potential to modulate immune function and
promote tissue regeneration in non-malignant diseases. Recent research highlights the crucial roles of bone marrow—
derived monocytes in tissue repair and immune reprogramming, particularly through the replenishment of macrophage
populations, including TR-AMs and Mo-AMs, which influence the inflammatory environment of injured organs [20—
22]. Aging disrupts hematopoietic function by promoting myeloid bias and systemic inflammaging, impairing repair
mechanisms, and driving maladaptive immune responses. Replacing aged hematopoietic stem cells with healthy donor
cells can rejuvenate immune function, enhance regenerative capacity, and potentially restore the balance of macrophage
populations [23,24]. Although BMT shows promise, its therapeutic potential in non-hematologic, degenerative
conditions such as IPF, where TR-AMs and Mo-AMs are key players in fibrosis progression, remains underexplored
and warrants further investigation.

2. Hematopoietic Age Exacerbates Fibrosis Independent of Initial Lung Injury

The practical and biological rationale for exploring BMT in IPF therapy lies in both logistics and mechanistic
insights. Lung transplantation, while curative, suffers from a severe shortage of suitable donor lungs and requires
lifelong immunosuppression. In contrast, bone marrow donors are far more accessible and primarily come from living
individuals, making the procedure logistically more feasible. Furthermore, BMT has a long-established safety record
and is routinely used in hematologic disorders. This contrast highlights the clinical potential of BMT as a more scalable
intervention for IPF, particularly when informed by mechanistic studies that link hematopoietic age to fibrotic outcomes.

A compelling mechanistic basis for BMT in IPF emerges from recent work by Farhat et al. [25], who used a
heterochronic BMT model in which young adult recipient mice received bone marrow from either aged or young donors.
This design allowed the researchers to isolate the influence of hematopoietic aging independent of lung tissue age.
Following bleomycin-induced injury, young mice reconstituted with aged bone marrow exhibited significantly
worsened fibrotic outcomes—including increased collagen deposition, a-SMA expression, and Ashcroft scores—
despite equivalent levels of early lung injury. This dissociation between injury and fibrosis highlights that immune
aging, rather than epithelial vulnerability, plays a pivotal role in fibrotic progression. Using heterochronic BMT models,
researchers successfully decoupled the effects of tissue aging from hematopoietic aging, demonstrating that bone
marrow-derived signals dominate the fibrotic response, irrespective of the age of the lung parenchyma.

This paradigm-shifting observation underscores the need to reevaluate fibrosis not merely as a consequence of
failed epithelial repair but also as a dysfunction of the immune system’s resolution capacity—one that worsens with
age. The ability of aged bone marrow to potentiate fibrosis in an otherwise youthful lung environment reveals novel
therapeutic targets in hematopoietic regulation.

3. Delayed Mo-AM Transition Drives Persistent Fibrosis

Monocyte-derived alveolar macrophages (Mo-AMs) have emerged as central drivers of lung fibrosis [17,18].
These cells are recruited to the lung following injury, where they are expected to transition into TR-AMs, helping to
restore homeostasis. In this study, a longitudinal analysis of the Mo-AM compartment from the shielded BMT chimeras
model using flow cytometry, bone marrow chimera tracking, and transcriptomics revealed that aged bone marrow—
derived Mo-AMs exhibit a delayed transition into TR-AMs. Instead of resolving inflammation, they persist in a pro-
inflammatory and profibrotic state, contributing to sustained fibroblast activation and the deposition of extracellular
matrix. This stalled differentiation correlates with impaired fibrosis resolution and delayed recovery of lung homeostasis.
Notably, this effect is intrinsic to the age of the hematopoietic progenitors, as evidenced by competitive bone marrow
chimera experiments. Aged Mo-AMs outcompete their younger counterparts, indicating that aged hematopoietic
progenitors may exhibit enhanced proliferative capacity or increased migratory efficiency rather than being favored by
expanded niche availability.

These findings significantly advance our understanding of macrophage dynamics in fibrosis, positioning Mo-AM
differentiation as a key checkpoint in disease progression. Therapeutic strategies that enhance the transition of Mo-AMs
into a TR-AM phenotype may offer a new avenue for halting or even reversing fibrosis.
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4. Treg-Derived IL-10 as a Master Regulator of Macrophage Resolution

The study further identifies a critical immunoregulatory axis involving regulatory T cells (Tregs) and their secretion
of interleukin-10 (IL-10). In young bone marrow recipients, IL-10 production facilitates the differentiation of Mo-AMs
into homeostatic cells, tempering the inflammatory response and promoting epithelial repair. In contrast, aged bone
marrow recipients exhibit reduced Treg-derived IL-10, leading to the persistence of inflammatory macrophage
phenotypes and enhanced fibrogenesis.

This reduction in IL-10 is not simply due to lower Treg numbers but rather reflects intrinsic dysfunction in aged
Tregs, including TH1 skewing and transcriptional alterations that impair their reparative capacity. This Treg defect
represents a crucial bottleneck in the resolution of lung inflammation, suggesting that rejuvenating Treg function or
boosting IL-10 production could represent targeted interventions to accelerate fibrosis resolution. Importantly, the
fibrogenic influence of Treg dysfunction is phase-specific. Loss of IL-10 or Tregs during the fibrotic development phase
(day 7-21 post-injury) drives aberrant Mo-AM differentiation, whereas early depletion during the injury phase (day 0—
7) affects inflammation but not long-term fibrosis. This temporal distinction opens a therapeutic window where immune
modulation can be optimally timed for maximal antifibrotic benefit.

5. Microenvironmental Cues and Crosstalk with Other Immune Cells

Beyond Tregs, the inflammatory microenvironment shaped by aged hematopoietic cells exhibits elevated IFN-y
and IL-6, and reduced IL-10, setting the stage for the persistence of profibrotic Mo-AM. While this study focused on
Treg-derived IL-10, other cell types—including group 2 innate lymphoid cells (ILC2s) [25] and basophils—may also
modulate macrophage differentiation and fibrotic outcomes.

Moreover, the lung’s ability to repair itself through alveolar epithelial cell differentiation (AT2 to AT1) is heavily
influenced by early immune signals [26]. Prior research shows that excessive or prolonged activation of monocyte-
derived macrophages disrupts epithelial integrity, promoting the formation of aberrant intermediate cell states that resist
resolution [27,28]. In this context, the persistent activation state of aged Mo-AMs likely impairs alveolar repair and
promotes chronic fibrosis.

6. Toward a Novel Therapeutic Framework

This work illuminates the far-reaching influence of hematopoietic aging on pulmonary fibrosis and builds a
compelling case for bone marrow transplantation as a novel therapeutic strategy in IPF. By restoring youthful
hematopoietic output, particularly in the context of end-stage disease with preserved lung niche capacity, BMT may
offer a means to reprogram the immune landscape of the fibrotic lung. Importantly, this approach circumvents some of
the limitations of current therapies by addressing a root cause of fibrosis persistence—dysregulated immune resolution
driven by aged hematopoietic progenitors [29]. Moreover, the identification of key immune checkpoints, such as the
Treg—IL-10-Mo-AM-TR-AM axis (Figure 1), provides actionable targets for adjunct therapies that could enhance the
efficacy of bone marrow replacement.
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Figure 1. Experimental overview of bone marrow transplantation in a mouse model of pulmonary fibrosis created with BioRender.
C57BL/6J WT recipient mice were irradiated and transplanted with bone marrow from young (A) or aged (B) donor mice followed
by intratracheal bleomycin administration two months after transplantation. (A) Mice receiving young bone marrow exhibited
reduced differentiation of Mo-Ams and, increased CD25" Ty as well as elevated IL-10 production. This immunoregulatory
environment supported the transition of Mo-AMs toward a homeostatic phenotype, leading to the attenuation of fibrosis. (B) In
contrast, recipients of aged bone marrow showed enhanced Mo-AM differentiation, diminished CD25" Tegs development, and lower
IL-10 levels, creating a profibrotic environment that exacerbated lung fibrosis. HSC, Hematopoietic stem cell; Mo-AM, Monocyte-
derived alveolar macrophage; TR-AM, Tissue-resident alveolar macrophages marrow.

7. Limitations and Future Directions

This study significantly extends prior studies on macrophage heterogeneity in IPF by mechanistically linking
hematopoietic aging to aberrant Mo-AM fate decisions. While previous research has recognized the dual roles of TR-
AMs and Mo-AMs in lung fibrosis, this study identifies a critical age-dependent regulatory axis—Treg-derived IL-10—
as a central modulator of Mo-AM resolution. This discovery not only clarifies why Mo-AMs remain pathologically
activated in aged hosts but also reframes the fibrotic process as a failure of immune reprogramming. By integrating
aging biology with immune regulation, the study opens new avenues for age-tailored immunotherapies targeting
macrophage plasticity in fibrotic lung disease.

While this study highlights the promising potential of BMT to reverse immune dysfunction and promote fibrosis
resolution in IPF, several limitations must be acknowledged when considering clinical translation. BMT, although
logistically more feasible than lung transplantation, is not without significant risks. One of the most critical concerns is
graft-versus-host disease (GVHD), a life-threatening complication that can arise from immune incompatibility between
donor and recipient [30]. Even with autologous or matched sibling transplants, the risks of infection,
immunosuppression-related complications, and prolonged recovery remain substantial. These factors necessitate a
thorough risk-benefit analysis before considering BMT as a therapeutic strategy for patients with chronic lung disease,
particularly those with already compromised respiratory function. Moreover, the use of preclinical mouse models, while
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instrumental in dissecting the role of hematopoietic aging and macrophage dysfunction, does not fully replicate the
complexity of human IPF pathogenesis. Differences in immune responses, lung architecture, and comorbidities in aged
human populations may influence the effectiveness and safety of BMT-based interventions.

Future research should focus on refining BMT approaches to reduce associated risks. This may include the use of
non-myeloablative conditioning regimens, selective immune cell replacement strategies, or ex vivo gene editing of
hematopoietic stem cells to enhance reparative functions without full transplantation. Additionally, adjunctive therapies
such as IL-10 agonists, Treg-enhancing biologics, or agents targeting monocyte-to-macrophage differentiation
pathways could synergize with BMT to improve outcomes and minimize adverse effects. Importantly, the precise
mechanisms by which the aged bone marrow microenvironment impairs Treg function remain incompletely understood.
Whether this dysfunction arises from myeloid-biased hematopoiesis, altered Treg progenitor niches or epigenetic
reprogramming within aged hematopoietic systems is an open question that warrants further investigation. Addressing
these gaps will be essential for developing more targeted and effective interventions. Furthermore, pharmacologic
targeting of immune pathways provides alternative strategies for patients ineligible for transplantation [10]. Inhibitors
of GM-CSF, CCR2, galectin-3, and JAK/STAT pathways, as well as modulation of PD-1 and IL-33/ILC2 signaling,
have demonstrated antifibrotic potential. Notably, Src family kinase inhibition, implicated in pulmonary inflammation
[31], has shown efficacy in preclinical IPF models [32], suggesting possible combinatorial benefits with BMT.
Ultimately, while BMT represents a novel and promising avenue to address the immune component of IPF, clinical
application will require careful consideration of safety, feasibility, and regulatory challenges. Expanding preclinical
models to better reflect human disease and developing combinatorial therapeutic strategies are critical next steps for
translating these findings into clinical benefit.

Young patients with IPF are relatively uncommon and tend to have lower mortality rates and reduced need for lung
transplantation [33,34]. Since hematopoietic aging contributes to maladaptive immune responses—such as impaired
Mo-AM differentiation and diminished Treg-derived IL-10—BMT is most likely to confer therapeutic benefits in older
patients, where these age-associated defects are more pronounced. In contrast, younger individuals, who may exhibit
fewer hematopoietic abnormalities, could derive limited benefit from this approach. However, key fibrotic mechanisms,
including persistent Mo-AM activation and impaired immune resolution, may still be present, albeit to a lesser extent.
Future studies comparing outcomes across age groups will be essential to identify the most responsive patient
populations and refine clinical strategies.

In summary, the transplantation of young bone marrow into aged hosts demonstrates striking antifibrotic effects
by modulating monocyte-to-macrophage differentiation and restoring immune resolution through IL-10—producing
Tregs. These findings mark a major advance in our understanding of how hematopoietic aging influences pulmonary
fibrosis and opens the door to innovative therapies based on bone marrow rejuvenation. As IPF continues to impose a
high burden with limited treatment options [2], this line of research brings hope for more accessible and effective
interventions. Bone marrow transplantation, either alone or in combination with targeted immune modulators [30],
may soon complement or even replace lung transplantation as a viable strategy for reversing the course of fibrotic
lung disease.
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