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FIBROSIS

An aging bone marrow exacerbates lung fibrosis by
fueling profibrotic macrophage persistence
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Pulmonary fibrosis is an incurable disease that manifests with advanced age. Yet, how hematopoietic aging influ-
ences immune responses and fibrosis progression remains unclear. Using heterochronic bone marrow transplant
mouse models, we found that an aged bone marrow exacerbates lung fibrosis irrespective of lung tissue age.
Upon lung injury, there was an increased accumulation of monocyte-derived alveolar macrophages (Mo-AMs)
driven by cell-intrinsic hematopoietic aging. These Mo-AMs exhibited an enhanced profibrotic profile and stalled
maturation into a homeostatic, tissue-resident phenotype. This delay was shaped by cell-extrinsic environmen-
tal signals such as reduced pulmonary interleukin-10 (IL-10), perpetuating a profibrotic macrophage state. We
identified regulatory T cells (Tegs) as critical providers of IL-10 upon lung injury that promote Mo-AM maturation
and attenuate fibrosis progression. Our study highlights the impact of an aging bone marrow on lung immune
regulation and identifies T,.-mediated IL-10 signaling as a promising target to mitigate fibrosis and promote

tissue repair.

INTRODUCTION

With rising life expectancies and a growing aging population, un-
derstanding how advanced age leads to increased disease morbidity
is an imminent public health concern (1). Aging is associated
with enhanced vulnerability to chronic respiratory pathologies, in-
cluding idiopathic pulmonary fibrosis (IPF) (2, 3). IPF is character-
ized by progressive and severe scarring of the lung tissue, ultimately
leading to lung failure (4). Although genetic predisposition and
environmental triggers contribute to its etiology, advanced age is
by far the most prevalent risk factor for onset of the disease (5).
Age-related cellular senescence, aberrant epithelial activation, mito-
chondrial dysfunction, and impairments in immunity influence IPF
disease progression (6-8). Repair and regeneration are vital for
maintaining tissue integrity (9), with tissue-resident (TR) alveolar
macrophages (AMs) playing a key role in preserving lung homeo-
stasis during early life. Homeostatic TR-AMs self-renew with mini-
mal contribution from circulating monocytes (10, 11). Damage to
the alveolar epithelium during severe lung inflammation, such as
that caused by bleomycin injury, depletes TR-AM:s and leads to mono-
cyte recruitment from the bone marrow, which then differentiate into
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monocyte-derived AMs (Mo-AMs) (12-14). Although Mo-AM:s
are beneficial during acute infections (12), their chronic presence
contributes to pathologies like lung fibrosis (15-17) given that
they secrete profibrotic factors, which activate fibroblasts and sus-
tain the fibrotic process (18, 19). In the lungs, Mo-AMs undergo
marked phenotypic and functional changes, eventually acquiring a
phenotype similar to that of TR-AMs (20-22). The speed at which
activated Mo-AMs transition into a less reactive TR-AM state
contributes to disease outcome and the likelihood of restored lung
homeostasis (23).

Although previous studies have comprehensively addressed the
role of aging lung tissue (24) and shown that an increased suscepti-
bility to lung fibrosis with age is associated with elevated Mo-AMs,
these effects have been primarily attributed to impairments in epi-
thelial cell proteostasis and differentiation (20, 25). How the aging
bone marrow and derived hematopoietic immune cells (i.e., Mo-
AMs) affect disease when recruited into a distant organ remains in-
completely understood. An aging immune system is characterized
by a state of low-grade, systemic inflammation, termed inflammag-
ing (26). Although aged hematopoietic stem cells display a reduced
regenerative capacity, intrinsic changes in their differentiation po-
tential and a higher propensity for myelopoiesis lead to an expan-
sion of myeloid progenitors and mature cells at the expense of
lymphopoiesis (27-30). This skewing contributes to an increase in
myeloid-based malignancies with age, which coincides with impaired
adaptive immunity. Such changes impair the immune system’s in-
ability to mount an appropriate immune response or promote tissue
integrity and repair (31).

In this study, we asked whether immune cells derived from an
aged bone marrow could influence inflammation and fibrosis in the
lungs. We found that an aged bone marrow autonomously produced
more profibrotic Mo-AMs, which propagated fibrosis development
independent of pulmonary tissue age. In the lungs, these Mo-AMs
were slower to adopt a homeostatic tissue-resident phenotype because

10f17

Gz0z ‘2T 1udy uo AsieAlun peAkeH e 610°80us 10 Mmm//sdny WoJ) pepeojumod


mailto:sylvia.​knapp@​meduniwien.​ac.​at
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciimmunol.adk5041&domain=pdf&date_stamp=2025-03-28

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

of reduced availability of regulatory T cell (T g)-derived interleukin-10
(IL-10), resulting in exacerbated lung fibrosis.

RESULTS

An aged bone marrow exacerbates bleomycin-induced lung
fibrosis in mice

Age is a major risk factor for lung fibrosis, as seen in both humans
and mice (2, 25). Although dysregulation of the aging epithelia has
been described as a prime driver of fibrosis severity, the potential
contribution of an aged hematopoietic system remains unclear (25).
We challenged young-adult (8-week-old) and aged (70-week-old)
mice intratracheally with bleomycin to induce fibrosis (Fig. 1A).
Aged mice exhibited greater disease severity with sustained body
weight loss (Fig. 1B), enhanced collagen deposition (fig. S1A), and
increased pulmonary infiltration of myeloid cells, including Mo-
AMs (SiglecF'® CD11b™) (Fig. 1C and fig. S1B; gating strategy in
fig. S1C). Given this elevated influx of bone marrow-derived
Mo-AMs in aged mice, we asked whether this was driven by
changes in the abundance of bone marrow progenitors, consider-
ing the age-associated myeloid bias that occurs in the hemato-
poietic progenitor niche (30). At baseline, aged mice had elevated
granulocyte-monocyte progenitors (GMPs), reduced common lym-
phoid progenitors (CLPs) in the bone marrow (fig. S1, D to G), and
lower T and B cells in the blood (fig. STH). By day 7 postbleomycin,
aged mice exhibited a pronounced myeloid shift in the bone marrow
(Fig. 1D and fig. S1, I and J) and increased neutrophils and mono-
cytes in the blood (fig. S1K). We thus hypothesized that this myeloid
skewing in the bone marrow of aged mice could contribute to en-
hanced recruitment of myeloid cells to the lung and influence the
severity of lung fibrosis.

To study the impact of an aging bone marrow independently of
structural tissue age, we performed heterochronic bone marrow
transplants in which young adult (8-week-old) recipient mice re-
ceived bone marrow cells from either aged (70-week-old) mice or
young adult (8-week-old) controls (Fig. 1E). Two months posttrans-
plantation, we treated mice with bleomycin and analyzed the lungs
at 7 days (D7, inflammatory phase) and 14 or 21 days (D14/D21,
fibrotic phase) (15) postchallenge (Fig. 1E). Young recipient mice
transplanted with aged bone marrow showed increased lethality at a
dose of 1.5 U/kg (Fig. 1F) and consistently lost more body weight
when treated with a lower bleomycin dose (1 U/kg) to ensure sur-
vival (Fig. 1G) as compared with control mice that received bone
marrow from young donors. Despite both groups having similar,
young structural cells in the lungs, including collagen producing
fibroblasts (32), reconstitution with aged bone marrow increased
fibrotic burden. This was evidenced by increased lung collagen de-
position (Fig. 1H) and elevated alpha-smooth muscle actin (a-
SMA) expression, indicating enhanced myofibroblast activation
(33) after bleomycin treatment (Fig. 1I). Exacerbated fibrosis in re-
cipients of aged bone marrow was verified by histological scoring
(Ashcroft score) and increased hydroxyproline levels in the lung tis-
sue at D21 (peak fibrosis) (Fig. 1, ] and K) and was already evident
by D14 (fig. S2, A and B). Pulmonary transforming growth factor-3
(TGF-p) levels (Fig. 1L) and fibrotic genes such as Actb, Argl, Vegf,
and Collal were elevated by D21 (Fig. IM). To test whether hema-
topoietic aging promoted fibrosis by enhancing lung injury in the
early inflammatory phase after bleomycin challenge (D7), we as-
sessed the total protein concentration in the bronchoalveolar lavage
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fluid (BALF) (fig. S2C) and the number of apoptotic lung cells [ter-
minal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end labeling (TUNEL)"] but found no differences between
the two recipient groups (fig. S2, D and E). Together, our data show
that an aged bone marrow is sufficient to exacerbate the develop-
ment of lung fibrosis, without altering the degree of bleomycin-
induced lung injury.

An aged bone marrow autonomously promotes enhanced
Mo-AM influx upon lung injury

Given the profibrotic role of bone marrow-derived Mo-AMs in the
lungs (15), we assessed whether an aging bone marrow could affect
Mo-AM accumulation upon bleomycin injury in mice. Although
baseline levels remained similar (fig. S3A), young recipients of aged
bone marrow had increased myeloid progenitors (GMPs) and ma-
ture myeloid cells (monocytes and neutrophils) in the bone marrow
after bleomycin challenge (Fig. 2A and fig. S3, B and C). This was
accompanied by elevated numbers of Mo-AMs, monocytes (Fig.
2B), neutrophils, and dendritic cells (fig. S3D) in the BALF post-
bleomycin, mirroring naturally aged animals. Although most lung
cell populations were efficiently reconstituted in both groups after
transplantation (fig. S3, E and F), recipients of aged bone marrow
had decreased numbers of TR-AMs (Sigleth‘ CD11b") in the BALF
and lung at baseline (Fig. 2C and fig. S3F).

To determine whether the increased Mo-AM influx in recipients
of aged bone marrow resulted from enhanced availability of AM
niche space, we shielded the thoraces of young recipient mice dur-
ing irradiation and transplanted green fluorescent protein (GFP)*
bone marrow cells from young or aged mice (Fig. 2D). There was
minimal contribution of GFP* donor cells in the lungs before fibro-
sis induction (fig. $3G), and GFP* SiglecF10 Mo-AMs infiltrated the
lungs only once bleomycin was given (fig. S3H). Shielded mice that
received aged bone marrow still experienced greater body weight
loss during the course of bleomycin challenge (Fig. 2E). Despite
bearing lung-tissue resident immune cells of young host origin
(GFP™) and displaying no deficit in the number of Siglethl TR-
AMs at baseline (Fig. 2, F and G), we observed an increased influx
of GFP* Mo-AMs (Fig. 2, F and H) and neutrophils (fig. S31) upon
bleomycin challenge.

We then investigated whether young bone marrow could reduce
Mo-AM influx in aged mice by transplanting young or aged bone
marrow into irradiated aged mice (Fig. 2I). Despite the presence of
aged lung tissue, young bone marrow protected aged mice from
bleomycin-induced weight loss (Fig. 2J) and reduced Mo-AM
(Fig. 2K), monocyte, and neutrophil (fig. S3]) numbers to levels
comparable to those in young mice with young bone marrow at D7.
Together, these data demonstrate that an aged bone marrow autono-
mously drives Mo-AM influx and is a key determinant of disease
severity, irrespective of the age of the lung tissue or lung resident
immune cells.

Mo-AMs from aged bone marrow display a delayed
transition into a homeostatic phenotype

Once in the lungs, the phenotype acquired by Mo-AMs and the rate
of transition into homeostatic macrophages in the tissue governs
their functional outcome (23). We therefore analyzed macrophage
dynamics from the initial inflammatory phase (D7) to the develop-
ment of fibrosis (D14) using flow cytometry and transcriptomic
analysis. D14 served as the fibrotic end point because two distinct
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Fig. 1. An aged bone marrow exacerbates lung fibrosis. (A) Experimental setup. (B to D) Bleomycin (1 U/kg) was given to 8-week-old (8w) or 70-week-old (70w)
C57BL/6J WT mice with end points taken seven (D7) or 14 days (D14) postchallenge (n =5 to 7 per group per time point; i.t., intratracheal). (B) Body weight curve showing
percentage loss of initial body weight after bleomycin challenge. (C) Absolute numbers of Mo-AMs from the BALF on D7 after bleomycin challenge. Mo-AMs gated as
SiglecF® CD11b" from CD64* MerTK cells. (D) Hematopoietic stem cell progenitors in the bone marrow expressed as percentage of lineage-negative cells (see fig. S1D;
LSK, Sca1™ cKit* cells; CMP, common myeloid progenitor; MEP, megakaryocyte-erythroid progenitor). (E) Experimental setup. (F to M) Young (8w) C57BL/6J WT recipient
mice were lethally irradiated and transplanted with bone marrow cells from young (8w) or aged (70w) donor mice (GFP™ bone marrow cells). Two months postreconstitu-
tion, recipients were given bleomycin intratracheally (n = 5 to 10 per time point). (F) Survival curve until D21 postchallenge (1.5 U/kg, high bleomycin dose). (G) Body
weight curve until D21 (1 U/kg, low bleomycin dose). [(H) and (1)] Histological sections of left lung lobe (D21) postbleomycin/PBS. (H) Masson trichrome staining for col-
lagen deposition. (I) a-SMA staining for activated myofibroblasts. (J) Fibrosis quantified by a modified Ashcroft score of lung histology (D21). (K) Hydroxyproline quantifi-
cation from lung tissue (D21). (L) ELISA of lung activated TGF-p (D21). (M) Gene expression analyzed by real-time quantitative PCR (qPCR) from lung homogenates. CT
values relative to Gapdh (2799<T), where ddCT stands for delta delta cycle threshold, shown as z score per gene across both groups (n = 4 per group). Data are representa-
tive of two or three independent experiments. Symbols on bar graphs represent individual mice. For (B), (G), (J), and (K), two-way ANOVA with Tukey’s multiple comparison
test was used; Student’s two-tailed t test [(C) and (L)], multiple unpaired t tests with Welch correction followed by Holm-Sidak test (D), a log-rank (Mantel-Cox) test for
survival curve (F), and multiple unpaired t tests (M) were used. Error bars represent SEM or SD. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
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Fig. 2. An aged bone marrow autonomously promotes enhanced monocyte-derived alveolar macrophage influx upon lung injury. (A to C) Whole body irradiation
(8w-old recipients) and bone marrow transplant with 8w or 70w donor cells, PBS/bleomycin (intratracheally) administered 2 months postreconstitution; parameters as-
sessed at D7 (n = 4 to 9 per group). (A) GMPs from the bone marrow expressed as percentage of lineage-negative cells. (B) Absolute numbers of cells showing Mo-AMs
(SiglecF® CD11b") and inflammatory monocytes (Ly6C" CD11b*) from the BALF. (C) Absolute numbers of TR-AMs (SiglecF" CD11b') from BALF. (D) Experimental setup
for [(E) to (H)] Young (8w) C57BL/6J WT recipient mice were irradiated with a lead shield placed over the thoracic cavity and transplanted with bone marrow cells from 8w
or 70w donor mice (GFP*); 2 months postreconstitution challenged with bleomycin (n = 6 to 8 per group with bleomycin; n = 4 per group at D0/baseline). (E) Body weight
curve until D21. (F) Flow cytometry plots showing GFP* and GFP~ SiglethiTR-AMs and SiglecF'° MoAMs, respectively, in the BALF of 8w and 70w bone marrow recipients
at DO (baseline; top panel) and D7 (bottom panel). (G) Absolute numbers of TR-AMs (GFP™ cells) and (H) Mo-AMs (GFP™ cells) from the BALF on DO (baseline) and D7 (after
bleomycin challenge). (1) Experimental setup for [(J) and (K)]. Young (8-week-old) and aged (70-week-old) C57BL/6J WT recipient mice were irradiated and transplanted
with 8w or 70w GFP* bone marrow cells 2 months postreconstitution, and recipients were administered bleomycin (intratracheally) (n = 5 to 7 per group). (K) Body weight
curve until D7. (L) Absolute numbers of Mo-AMs from whole lung tissue at D7. Data are representative of three independent experiments [(A) to (C)] or two independent
experiments [(D) to (L)]. Symbols on bar graphs represent individual mice. Flow cytometry plots and histological sections are representative of each group. (A) Student’s
two-tailed t test, [(B), (C), and (G) to (H)] two-way ANOVA with post hoc Sidak’s multiple comparisons test, and [(E), (J), and (K) two-way ANOVA with Tukey’s post hoc
multiple comparisons test were used [mixed effect for (E)]. Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
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macrophage populations can still be distinguished on the basis of
SiglecF expression at this time (Fig. 3A). In both groups, there was
an initial depletion of SiglecF" TR-AMs and influx of SiglecF'
Mo-AMs on D7 after bleomycin (Fig. 3B). However, recipients of
aged bone marrow showed slower SiglecF™ TR-AM restoration and

Fig. 3. Mo-AMs from aged bone marrow
display a delayed transition into a homeo-
static phenotype. (A) Experimental setup.
(B to G) Lung TR-AMs and Mo-AMs from re-
cipients of 8w or 70w bone marrow analyzed
by flow cytometry and bulk RNA-seq (sorted
cells) at D7 (inflammatory phase) and D14
(fibrosis development) postbleomycin. (B) Ab-
solute cell numbers of lung TR-AMs and Mo-
AMs. (C) Representative flow cytometry plots 8
at DO, D7, and D14. (D) SiglecF expression on
Mo-AMs at D7 and D14. Right: Quantification
of mean fluorescence intensity [MFI; arbitrary
units (a.u.)]. (E and F) PCA of sorted lung (E)
TR-AMs and (F) Mo-AMs from recipients of 8w
and 70w bone marrow [D7 and D14 (n = 4/D7
and n = 3/D14)]. (G) Heatmap of selected differ-
entially expressed genes (DEGs) expressed by
Mo-AMs (D14, n =3 per group) (15, 16,37, 38).
Heatmap color: z score of normalized log(CPM)
across both groups per gene; columns: indi-
vidual samples; circle sizes: adjusted P value;
circle colors: log; fold change (FC) of 70w versus
8w bone marrow recipient Mo-AMs. Extended
gene list in data file S4. (H) Experimental set-
up for (I to N). 8w recipient mice irradiated
and transplanted with bone marrow cells from
young (8w, GFP* bone marrow) and aged
(70w, CD45.1 bone marrow) donor mice in a
1:1 ratio. PBS or D7 and D14 postbleomycin (1)
percentage of lung Mo-AMs within the total
Mo-AM population and (J) absolute cell num-
bers of lung Mo-AMs from 8w (GFP™) or 70w
(CD45.1%) cells. (K) Percentage of lung Siglethi
TR-AMs within the total TR-AM population
and (L) absolute cell counts of lung SiglecF™
TR-AMs from 8w (GFP™) or 70w (CD45.1%) cells.
(M) Hydroxyproline quantification (lung tis-
sue) of recipients reconstituted with 8w (gray
bar), 70w bone marrow cells (purple bar) and
(8w): 70w bone marrow chimera (1:1; gray
and purple-striped bar) at D14 postbleomycin.
(N) Gene expression (real-time gPCR) from
lung Mo-AMs sorted from recipients of 8w or
70w whole bone marrow transplant (left panel)
and 8w (GFP™) and 70w (CD45.17) 1:1 chimeric
recipient (right panel) at D14 postbleomycin.
Data are representative of three independent
experiments (flow cytometry), n = 5 to 8 per
group per time point [(B) to (D)land n =5 or
6 per time point of one independent experi-
ment [(H) to (N)]. [(B), (D), and (I) to (L)] Two-
way ANOVA with Tukey’s post hoc multiple
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D7, aged Mo-AMs failed to up-regulate SiglecF at D14 (Fig. 3D),
indicating delayed maturation. Using the thorax-shielded bone
marrow chimera model (from Fig. 2D) to trace the transition of do-
nor bone marrow-derived GFP™ SiglecF® Mo-AMs into SiglecF™
TR-AMs over time, we found that no GFP* macrophages expressed
high SiglecF levels at D7 in both groups and that most GFP™ Mo-
AMs transitioned to a Sigleth1 TR-AM state by D21 and D42 (fig.
S4A). However, the percentage of GFP* Mo-AM:s that coexpressed
SiglecF from an aged bone marrow remained lower when compared
with young bone marrow-derived cells, further highlighting de-
layed acquisition of a TR-AM phenotype (fig. S4, A and B).

We next analyzed the transcriptome of Mo-AMs and TR-AMs at
D7 and D14 after bleomycin challenge (Fig. 3A). Principal compo-
nents analysis (PCA) revealed that the TR-AM population became
increasingly similar over time between the two groups (Fig. 3E) and
showed signs of reconstitution by monocyte-derived cells by D14
[increased expression of Ccr2, Ccr5, colony stimulating factor 1 receptor
(CsfIr), and histocompatibility 2, class II antigen A, beta 1 (H2-Ab1)]
(fig. S4C and data file S1). However, considerable differences per-
sisted between young and aged bone marrow-derived Mo-AMs at
D14 (Fig. 3F), with distinctive gene expression patterns across this
transitional phase between the two groups (fig. S4D and data file S2).
At D7 postbleomycin, Mo-AMs from aged bone marrow exhibited an
early profibrotic profile [elevated expression of secreted phosphoprotein
1 (Spp1), collagen type I alpha 2 (Colla2), Col3al, and tissue inhibitor
of metalloproteinase 3 (Timp3)], although inflammatory gene ex-
pression (Il1b, Nfkbl, and Cxcl2) was lower compared with Mo-
AMs from young bone marrow (fig. S4E and data file S3). Whereas
aged Mo-AMs up-regulated lymphocyte antigen 6 family member C1
(Ly-6¢1), Ly-6a, and Cd34, a signature of their early monocytic lega-
cy, expression of monocyte-to-macrophage differentiation markers
(Lgals3, Foxpl, and Csf2rb) was reduced (fig. S4E) (35, 36). In con-
trast, at D14, aged Mo-AMs displayed delayed but heightened
expression of key pro-inflammatory mediators (NfkbI, Maltl,
and Jak2), chemokines (Ccl17 and Ccl8), and activation markers
(Cd80 and Cd86), whereas young Mo-AMs already down-regulated
most inflammatory genes (Fig. 3G and data file S4). Aged Mo-AMs
maintained a more pronounced profibrotic signature of collage-
nases (Collal and Colla2), matrix metalloproteases (Mmp12 and
Mmp13), folliculin interacting protein 2 (Fnip2), fibroblast growth
factor 13 (Fgf13), and transforming growth factor beta 1 (Tgfbl),
with young Mo-AMs expressing only a specific subset of profibrotic
genes (Mmp14, Spp1, and Fabp5). By D14, young Mo-AM:s had up-
regulated homeostatic TR-AM genes, including Car4, Fthl, Lyz2,
and CD68 (37) along with metabolic regulators such as Acodl
and Mfge8, known to mitigate the fibrotic response (38, 39). In con-
trast, Mo-AMs from recipients of aged bone marrow failed to do so
(Fig. 3G). Together, these data show that Mo-AM:s derived from an
aged bone marrow experience a delayed transition toward a tissue-
resident phenotype, coinciding with the slower return to homeostasis
after lung injury.

Cell-intrinsic factors determine Mo-AM influx, whereas
environmental signals delay their transition with age

To investigate the extent of cell-intrinsic and cell-extrinsic factors
influencing Mo-AM phenotype, we exposed young and aged Mo-
AMs/TR-AMs to identical lung microenvironments. Irradiated
young recipient mice (CD45.2 background) were reconstituted with
a 1:1 mix of young (GFP™) and aged (CD45.1) donor bone marrow
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cells (Fig. 3H). Posttransplant, young and aged bone marrow cells
repopulated the bone marrow and lungs with a similar efficiency
overall (fig. S5A). However, repopulation by aged CD45.1" bone
marrow-derived cells was characterized by a strong skewing toward
increased myeloid cells and decreased lymphoid cells in the bone
marrow and lung at baseline [phosphate-buffered saline (PBS)-
treated mice] (fig. S5, B to E). This skewed distribution persisted
after bleomycin challenge (fig. S5, F to I). The ratio of aged Mo-AMs
[and interstitial macrophages (IMs) in the PBS control mice/base-
line] was higher at D7 and D14 postbleomycin (Fig. 3, I and ], and
fig. S5]), indicating that the increased recruitment of aged Mo-AM:s
is due to an intrinsic myeloid bias in aged bone marrow or an in-
creased cell-intrinsic proliferative capacity of aged monocytes/Mo-
AMs. Conversely, PBS-treated mice had a similar reconstitution of
young and aged bone marrow-derived TR-AMs in the lungs (Fig. 3,
K and L, and fig. S5K), unlike the baseline TR-AM deficit observed
after transplantation of aged bone marrow alone (Fig. 2C), with no
difference in the absolute cell counts of TR-AM:s at D7 and D14 post-
bleomycin (Fig. 3L). Together, these findings suggest that, whereas cell-
intrinsic factors determine absolute Mo-AM numbers, the presence
of young hematopoietic cells may be sufficient to maintain TR-AM
numbers or drive efficient Mo-AM-to-TR-AM transition.

Lung hydroxyproline content (Fig. 3M) and collagen deposition
in the lungs at D14 postbleomycin was reduced in 1:1 mixed chime-
ric mice when compared with mice transplanted with aged cells
alone (fig. S5, L and M), suggesting that young hematopoietic cells
mitigate exacerbated fibrosis in spite of increased influx of aged Mo-
AMs. We thus speculated that fibrosis severity was not solely driven
by initial Mo-AM numbers but further determined by the immune
microenvironment that shapes Mo-AM transcriptional states and
transition. Although Mo-AMs sorted from mice that received only
aged bone marrow had up-regulated key fibrotic and inflammatory
genes (Collal, Ccl17, and Tgfb) in comparison with young Mo-
AMs, young and aged Mo-AMs isolated from 1:1 chimeric mice did
not display these differences (Fig. 3N). These findings indicate that
the increased number of Mo-AM:s is autonomously driven by an
aged bone marrow and cell-intrinsic differences in aged monocytes/
Mo-AMs. In contrast, the transcriptional phenotype acquired by
Mo-AMs in the lungs, as well as their profibrotic features, seems to
be regulated by extrinsic environmental factors derived from other
hematopoietic cells.

Hematopoietic aging decreases IL-10 availability and drives
a pro-inflammatory milieu in the lung

Given the delayed transition of aged Mo-AMs to a homeostatic TR-
AM phenotype, we examined lung microenvironmental signals that
might influence this process. By D7 postbleomycin, mice reconstituted
with aged bone marrow displayed an altered lung cytokine profile,
with increased pro-inflammatory mediators such as interferon-y
(IFN-y), IL-6, CXCL1, and CCL17 but reduced IL-10 and IL-13 levels
(Fig. 4A and fig. S6A) with a corresponding transcriptional state
in lung tissue (fig. S6B). The most notable difference between the
groups after bleomycin-induced injury was the substantially lower
IL-10 levels, which persisted through the inflammatory and fibrotic
phases (Fig. 4B). Because IL-10 is a key anti-inflammatory cytokine
(40), we hypothesized that reduced IL-10 availability could impair
timely resolution of bleomycin-induced lung injury. To test this,
we treated young adult mice with a neutralizing IL-10 antibody
intranasally between DO and D7 (Fig. 4C). IL-10 neutralization
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Fig. 4. Hematopoietic aging decreases IL-10 availability and drives a pro-inflammatory milieu in the lung. (A) Cytokine analysis of lung homogenates from recipi-
ents of 8w and 70w bone marrow at D7 postbleomycin. (B) ELISA of IL-10 from lung homogenate at DO, D7, D14, and D21 postbleomycin. (C) Experimental setup for (D to
1) 8-week-old C57BL/6J mice given bleomycin (intratracheally) and intranasally (i.n.) treated with anti-IL-10 antibody or PBS at the indicated time points (DO to D7) or (D7
to D14) until an end point of D7 or D14. (D) Weight curve until D7. (E) Absolute numbers of lung myeloid cells [Mo-AMs, TR-AMs (Siglethi CD11b* CD1 1chi), and (TR)-
AM-like cells (SiglecF" CD11b'° CD11c")]. (F) Weight curve until D14. (G) Absolute numbers of lung Mo-AMs at D14. (H) Representative flow cytometry plots and bar
graphs showing percentage of TR-AMs and Mo-AMs expressed as percentage of MerTK™ CD64" cells. (1) Seurat clustering of three macrophage populations identified from
scRNA-seq from the BALF of 8-week-old mice at D7 postbleomycin (cluster gene list in data file S5). (J) Expression of //70rb on clusters 0 (TR-AMs), 1 (early Mo-AMs), and 2
(profibrotic Mo-AMs). (K) Heatmaps of transcriptomic analysis of selected IL-10-related genes on sorted lung Mo-AMs from recipients of 8w and 70w bone marrow at D7
and D14 postbleomycin (n = 3 or 4 per group). Heatmap color represents z score of log(CPM) normalized expression across all four groups (8w/D7; 70w/D7; 8w/D14; 70w/
D14) per gene. Columns represent individual samples (gene expression data in data files S3 and S4 for D7 and D14, respectively). (L) Experimental setup. (M) Mo-AMs were
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together in three technical replicates per group). (M) Cytokine secretion analysis 24 hours postculture/stimulation (absolute values in pg/ml). For (F) and (G), BALF cells
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with Bonferroni and Tukey’s post hoc multiple comparisons test [overall column factor for (K); individual comparisons in data file S10], and (J) a Wilcoxon rank sum test
with Bonferroni correction (Seurat) were used. Error bars represent SEM or SD. *P < 0.05; **P < 0.01; ***P < 0.001; **#*P < 0.0001; n.s., not significant.
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strongly increased weight loss (Fig. 4D) and reduced predicted sur-
vival post-D7 (fig. S6C). By D7, anti-IL-10-treated mice showed
increased Mo-AM numbers, reduced TR-AMs, and the emergence
of a CD11c®™ CD11b" SiglecF+ (TR)-AM population (Fig. 4E and
fig. S6D), suggesting that IL-10 maintains homeostatic TR-AMs. To
assess whether IL-10 had an impact on Mo-AM maturation, we
neutralized IL-10 in the lungs from D7 to D14 after bleomycin chal-
lenge (Fig. 4C). Although body weight loss was unaffected (Fig. 4F),
IL-10 neutralization increased Mo-AM accumulation by D14 (Fig.
4, G and H), with a decreased resolutory (CD206") (41) and in-
creased activated (CD86") (42) Mo-AM phenotype (fig. S6E), indi-
cating that IL-10 is necessary for efficient Mo-AM transition into a
homeostatic state.

We next asked whether Mo-AM differentiation or activation
was influenced by IL-10 in the lung microenvironment. Single-
cell RNA sequencing (scRNA-seq) of immune cells from the
BALF of young adult mice identified three populations of macro-
phages in the alveolar space during the inflammatory phase (D7)
after bleomycin challenge: TR-AMs [cluster 0, lysozyme 2 (Lyz2),
Ccl6, and ferritin light polypeptide 1 (Ftl1) expression], cells of re-
cent monocyte origin or early Mo-AMs (cluster 1, high Ccr2,
CD74, and H2-A expression), and profibrotic Mo-AM:s [cluster 2
with high expression of MAF basic leucine zipper transcription factor
B (Mafb), matrix metallopeptidase 14 (Mmp14), integrin alpha M
(Itgam), and Cd36] (Fig. 41 and fig. S6, F and G). Only cluster 2
profibrotic Mo-AMs expressed elevated levels of I110rb, encoding
the IL-10 receptor (Fig. 4] and data file S5). Further transcrip-
tomic analysis of Mo-AMs revealed that IL-10 signaling down-
stream targets, including Tnip3, Etv3, Cd80, Cd86, and Stat3
(43, 44), were induced in young Mo-AMs at D7 and promptly
down-regulated by D14, whereas aged Mo-AMs showed a deferred
expression of these genes by D14 (Fig. 4K).

To assess the direct effects of IL-10 on the Mo-AM phenotype,
we sorted Mo-AMs from young or aged mice on D7 postbleomycin
and stimulated them ex vivo with IL-10 (Fig. 4L). At baseline (with-
out stimulation), aged Mo-AMs showed increased IL-6, CXCL1,
and CCL17 cytokine secretion and gene expression levels compared
with young Mo-AMs (Fig. 4M and fig. S6, H and I). IL-10 stimula-
tion efficiently suppressed this inflammatory signature in both
groups (Fig. 4M and fig. S6, H and I), demonstrating comparable
responsiveness to IL-10. Conversely, granulocyte-macrophage
colony-stimulating factor (GM-CSF), essential for TR-AM mainte-
nance (39), had no impact on the inflammatory profile (fig. S6J).
These data highlight the importance of environmental IL-10 in de-
termining the Mo-AM response at this early juncture and that sup-
pressed IL-10 levels, such as during hematopoietic aging, sustains
their inflammatory phenotype.

Hematopoietic aging restricts lung IL-10-producing Tyegs
upon lung injury

To identify cellular sources of IL-10 in the lung environment affect-
ed by hematopoietic aging, we analyzed intracellular IL-10 in major
lung immune cells postbleomycin. Bone marrow age did not affect
IL-10 levels in IL-10-producing innate immune cells, including
neutrophils, TR-AMs, Mo-AMs, IMs, innate lymphoid cells (ILCs),
and natural killer (NK) cells (fig. S7A) (45). However, CD4™ T cells
in young mice engrafted with aged bone marrow produced less IL-
10 upon bleomycin challenge (Fig. 5A). Specifically, CD25" cells
and CD4" CD25" Foxp3™ Tyegs had lower IL-10 levels (Fig. 5B and
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fig. S7B). Although the total number of CD4" T cells after bleomy-
cin challenge was similar (fig. S7C), IL-10* CD4* T cell abundance
was lower in recipients of aged bone marrow (Fig. 5C; gating strat-
egy in fig. S7D) with a reduced frequency of Foxp3* Tiegs among
IL-10" immune cells (fig. S7E). Although T expanded upon bleo-
mycin injury in both groups, an aged bone marrow curtailed Ty
expansion (Fig. 5, D and E) at both the inflammatory (D7) and fi-
brotic (D14) phases, with pronounced reductions of the IL-10" sub-
set (Fig. 5F). In contrast, CD49b* Lag3* type 1 regulatory T (Trl)
cells, other known IL-10 producers (46), were unaffected by bone
marrow age (fig. S7F). The diminished T.g expansion was associat-
ed with increased T helper 1 (Tx1) (T-bet™) and reduced Ty17 [ret-
inoic acid receptor-related orphan receptor gamma t (RORyt)*]
numbers (fig. S7G).

Although Ty can be radioresistant (47), young host-derived
Tregs in the lungs were minimal (fig. S7H), and all IL-10" Foxp3Jr
were donor derived (fig. S7I). A reduction in IL-10% Tregs Was also
recapitulated in naturally aged mice postbleomycin (fig. S7, J and
K). Using the thoracic shielding model to distinguish between
tissue-resident (GFP™) and peripheral (GFP™) Tregs» we found a
specific reduction in lung GFP* Foxp3" and GFP* IL-10" Tregs
(Fig. 5G) and IL-10 levels (fig. S7L) in mice engrafted with aged
bone marrow. Collectively, our results show that reduced IL-10 in
the lungs of naturally aged mice and recipients of aged bone
marrow display impaired recruitment of IL-10% Thegs after bleomy-
cin challenge.

Transcriptomic analysis of CD25* CD4" T cells on D7 postbleo-
mycin revealed substantial differences in the expression of key Treg
markers (48), including Ctla-4, Icos, and Tnfrsf181 (Fig. 5H and
data file S6). In mice that received aged bone marrow, there was a
notable reduction in the absolute numbers of inducible costimulator
(ICOS)* and glucocorticoid-induced tumor necrosis factor receptor
family related protein (GITR)* Tregs (fig. S8A) and a shift toward
Trl-like Tregs (T-bet™), whereas no differences were detected in
Ty17-like (Roryt*) or Ty2-like Tregs (Gata3™) (fig. S8, B and C), in-
dicating that hematopoietic aging leads to both numerical and tran-
scriptional alterations in lung Tregs.

To contextualize these findings, we integrated data from the Hu-
man Lung Cell Atlas (HLCA) (49), comparing transcriptional pro-
files from young and aged healthy individuals, patients with IPF, and
young and aged patients with COVID-19. We used COVID-19
samples to compare young and aged individuals after acute lung in-
jury, given that IPF data are predominantly derived from aged pa-
tients with end-stage disease (fig. S8D and data file S7). Treg (fig.
S8E) from healthy aged individuals showed increased expression of
IFNG, indicating a Tyl-like shift similar to our observations in
mice, whereas the levels of cytotoxic T-lymphocyte-associated protein
4 (CTLA4), forkhead box P3 (FOXP3), and interleukin 2 receptor
alpha chain (IL2RA) tended to be lower (Fig. 5I and data fileS8).
Aged Tegs were also enriched for inflammation- and fibrosis-associated
genes at baseline (Fig. 5] and data file S8). Mo-AMs from patients
with IPF expressed canonical profibrotic genes (SPP1, COL6A, and
FNT1) (fig. S8F and data file S9) (32, 49, 50). Similarly, aged COVID-19
Mo-AMs exhibited an activated, profibrotic phenotype with elevated
ficolin 1 (FCNI), CXCL8, CCL4, and platelet derived growth factor
subunit A (PDGFA) expression (fig. S8F) (51). Together, these data
show that hematopoietic aging hampers the T\, response, reducing
Treg-derived IL-10 in mice, with age-related T alterations also ob-
served in aged human lung samples.
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Fig. 5. Hematopoietic aging restricts lung IL-10* T,egs upon lung injury. (A) Histograms of intracellular IL-10 staining and MFI quantification of IL-10 by flow cytometry
of lung CD4* T cells from recipients of (8w) or (70w) bone marrow at D7 (PBS/bleomycin treatment). (B) Histograms of intracellular IL-10 staining of lung CD4* CD25*
Foxp3* cells and MFI quantification of IL-10. (C) Absolute cell numbers of lung CD4* IL-10* T cells, representative flow cytometry plots of percentage of lung IL-10" CD4*
T cells from recipients of (8w) and (70w) bone marrow at D7 postbleomycin. (D) Representative flow cytometry plots of (top panel) lung CD4* CD25" Foxp3™ cells and
(bottom panel) Foxp3* IL-10* cells D7 postbleomycin. (E) Absolute cell numbers of lung CD4* CD25" Foxp3™* cells and (F) percentage of Foxp3™ cells expressing intracel-
lular IL-10 of PBS-treated, D7 and D14 postbleomycin (n = 4 to 10). (G) Absolute numbers of lung CD4* Foxp3* GFP~ or GFP* and Foxp3* GFP* IL-10" cells from recipients
of irradiation with thoracic shielding at D7 postbleomycin (n = 5 or 6). (H) Transcriptomic analysis of CD4" CD25™" lung cells sorted at D7 postbleomycin from the lungs of
recipients of 8w or 70w bone marrow. Heatmap depicting selection of DEGs (n = 3 per group). (I) Transcriptomic analysis of Tregs from the Human Lung Cell Atlas. Heatmap
showing selection of gene expression with a z score per gene across all groups: young healthy, aged healthy, young COVID, aged COVID, and aged IPF (see Materials and
Methods). (J) Gene set enrichment analysis showing selected significantly enriched pathways in Tregs from aged healthy samples. Data are representative of three inde-
pendent experiments [(A) to (F)] or two independent experiments (G). Symbols on bar graphs represent individual mice. [(A), (B), (C), (E) (D7), and (F) (D7)] Two-way
ANOVA with Tukey’s post hoc multiple comparison and [(E) (D14), (F) (D14), and (G)] Student’s two-tailed unpaired t test were used. For (H), (1), and (J), differential expres-
sion analysis (DEA) by Limma was used (data file S8). Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
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IL-10-producing T,egs promote Mo-AM maturation and
attenuate fibrosis

To examine whether T cell-derived IL-10 affects Mo-AM responses
and fibrosis development, we generated 1:1 mixed bone marrow chi-
meras using T cell receptor o knockouts (TCR-o'~ ) and IL-107/~
bone marrow (fig. S9A), which lack IL-10-producing T cells but
retain functional B and myeloid compartments. Controls included
wild-type (WT) (8-week-old:8-week-old or 70-week-old:70-week-old)
TCR-o'~ :WT (8-week-old), or IL-107~ :WT (8-week-old) chime-
ras (fig. S9A). TCR-o”":IL-107"~ chimeras exhibited increased dis-
ease severity postbleomycin compared with controls (fig. S9, B and
C) and reduced IL-10 levels, confirming T cells as a major IL-10
source in the lungs (fig. S9D). Although Mo-AM numbers were com-
parable to WT controls at D7 (fig. SOE), they remained elevated by
D14 (fig. S9F), indicating persistent Mo-AM accumulation in the
absence of T cell-derived IL-10.

Transcriptomic and cellular interaction analysis among IL-10-
expressing cell types (TR-AMs, Mo-AMs, monocytes, CD4"CD257,
and CD4"CD25" cells) suggested that CD25" T cells were the pri-
mary IL-10 source interacting with IL-10R-expressing monocytes
and Mo-AMs in young bone marrow recipients (Fig. 6A). This in-
teraction was reduced in recipients of aged bone marrow (Fig. 6B
and fig. S9G). Moreover, intravenous labeling of CD45% cells at D7
after bleomycin challenge revealed that Treg, like Mo-AMs, local-
ized to the lung parenchyma (fig. S9, H and I), and immunohistology
demonstrated that Foxp3™ cells were in close proximity to F4/80"
macrophages in bleomycin-challenged lungs (fig. S9J).

We therefore asked how the reduction of these CD25" T cells
observed upon hematopoietic aging affected the disease course and
Mo-AM response. Partial depletion of CD25" cells including Tregs,
with an anti-CD25 antibody, during the inflammatory phase post-
bleomycin [D(-2) to D7] (fig. S10, A and B) caused weight loss (fig.
$10C) and decreased lung IL-10 levels (fig. S10D) but had no impact
on Mo-AM numbers at D7 (fig. S10E). In contrast, depletion during
the fibrotic phase (D7 to D14) (fig. S10F) did not affect body weight
(fig. S10G) but increased Mo-AM accumulation by D14 (fig. S10, H
to J). To model the age-related reduction in Tiegs observed through-
out the disease course (Fig. 5E), we used depletion of regulatory T
cells (DEREG) Foxp3-enhanced green fluorescent protein reporter
mice and partially depleted Treg via intratracheal diphtheria toxin
(DT) administration between D(—2) and D14 (Fig. 6C and fig.
S10K). Both IL-10* and IL-10~ Treg numbers were reduced, and this
was further associated with an expansion of T-bet™ T helper cells
during fibrosis (fig. S10L), thus resembling key features we had ob-
served upon hematopoietic aging. Ty reduction led to a pro-
nounced decrease in body weight (Fig. 6D), increased collagen
deposition, higher Ashcroft score (Fig. 6, E and F), lower lung IL-10
levels, and elevated inflammatory cytokines (Fig. 6G and fig. S1I0M)
as compared with control mice. DEREG mice had elevated numbers
of Mo-AMs at D14 with lower SiglecF expression levels (Fig. 6, H to
]), indicating delayed Mo-AM maturation.

To verify whether T,.g depletion specifically during the fibrotic
development phase affected Mo-AM transition, we treated Foxp3-
DTR mice (52), a model that allowed us to efficiently ablate Tregs
over a shorter period of time, with DT administered only from D7
to D14 postbleomycin (Fig. 6K and fig. S10, N and O). This resulted
in increased weight loss (fig. S10P), elevated lung hydroxyproline
levels (fig. S10Q), Mo-AM accumulation with lower SiglecF ex-
pression (Fig. 6, L to N), a reduction in resolutory-like (CD206™")
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Mo-AMs, and an increase in activated Mo-AMs (CD86%) (fig. SIOR)
compared with control mice. This was confirmed in a bone marrow
transplant model using Foxp3-DT receptor (DTR) or Rosa26iDTR
donors to compare DT treatment during the full course (DO to D14)
versus the fibrotic phase (D7 to D14) after bleomycin challenge (fig.
S10, S and T). Mice lacking Tiegs exhibited weight loss and increased
Mo-AM accumulation, whereas DT treatment alone caused no ad-
verse effects in PBS-treated controls (DO to D14) (fig. S10, U and V).

Last, to determine whether Foxp3-T\cg-derived IL-10 specifically
reduces Mo-AM accumulation, independent of other Tr.; mecha-
nisms, we generated 1:1 mixed bone marrow chimeras using Foxp3-
DTR and IL-10~"~ donors. This setup allowed assessment of Treg-
derived IL-10’s role in Mo-AM transition without fully depleting
Tregs (Fig. 60). Control groups were transplanted with a 1:1 ratio of
Foxp3-DTR: Foxp3-DTR; Foxp3-DTR: 8-week-old WT; or Foxp3-
DTR: 70-week-old WT bone marrow. Postreconstitution, all groups
received DT treatment (DO to D14). Mixed chimeras of Foxp3-DTR
with either aged bone marrow or IL-10~'~ bone marrow exhibited
pronounced weight loss, similar to mice completely lacking Treg
(reconstituted only with Foxp3-DTR) (Fig. 6P) and had elevated
lung hydroxyproline levels (fig. S11A) when compared with mice
that received young bone marrow. Mice deficient in IL-10-producing
Thregs had increased numbers of lung Mo-AMs at D14 (Fig. 6Q) that
had low SiglecF expression (Fig. 6R), akin to those devoid of Treg.
This indicates that the absence of IL-10 from Treg, even without a
notable reduction in Ty numbers (fig. S11B), is sufficient to cause
Mo-AM accumulation, supporting the critical role of Ty.g-derived
IL-10 as a mediator that facilitates the efficient maturation of Mo-AMs.
This parity between the depletion of IL-10-producing Treg and
their reduction due to hematopoietic aging underscores their essen-
tial regulatory role in shaping Mo-AM transition and lung fibrosis
outcome after bleomycin challenge.

DISCUSSION

Tissue injury triggers a cascade of inflammatory events, recruiting
and activating immune and nonimmune cells to coordinate repair
(4). With age, there is increasing aberration in these processes lead-
ing to chronicity of injury and tissue fibrosis. Despite substantial
research advances (53, 54), lung transplantation remains the only
treatment for advanced disease (53, 54). Critical gaps persist in un-
derstanding the fine interplay between aging structural and immune
cells that determines the fate of an injured lung. Here, we investi-
gated the impact of hematopoietic age on lung fibrosis by decou-
pling it from the aging lung tissue. We found that, irrespective of the
lung tissue or tissue-resident cell age, bone marrow age determines
Mo-AM influx and fibrosis severity. Exacerbated fibrosis in recipi-
ents of aged bone marrow was not only associated with increased
Mo-AM numbers but also fueled by a delayed transition of inflam-
matory, profibrotic Mo-AMs into a tissue-resident homeostatic
state. We found that Trg-derived IL-10 was a key factor that damp-
ens pro-inflammatory Mo-AMs upon lung injury and that this axis
was hampered with age.

Bone marrow-derived Mo-AMs are key drivers of lung fibrosis
(15, 16, 20, 55), with Mo-AM-like, scar-associated macrophages of
monocytic origin observed to cluster around fibrotic foci in the lungs
of patients with IPF (56). In models of bleomycin- and asbestos-
induced fibrosis (25), the increased presence of Mo-AMs in fibrosis-
susceptible, aged mice has been explained by age-related dysregulation
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Fig. 6. IL-10-producing T,egs promote Mo-AM maturation and attenuate fibrosis. (A and B) CellChat analysis from transcriptomic data of sorted lung cell populations:
TR-AMs, Mo-AMs, monocytes, CD4" CD25%, and CD4* CD25™ T cells from recipients of 8w or 70w bone marrow (D7/postbleomycin). (A) Receptor-ligand interactions of IL-10
signaling pathway from recipients of 8w bone marrow. (B) Differential interaction strength between the given cell types. Enriched interactions: gray (8w) and purple (70w).
Arrow direction: interaction flow. Arrow weight: interaction strength. (C) Experimental setup for (D to J). DEREG mice or Rosa26iDTR (RosaZ6’s"DTR/’S"DTR) controls were given
DT intraperitoneally (i.p) and bleomycin (intratracheally) at specified time points (n = 6 or 7 per group). (D) Body weight curve until D14. (E) Histological lung sections: Mas-
son trichrome stain. (F) Modified Ashcroft fibrosis score of lung histology at D14 postbleomycin. (G) IL-10 levels from lung homogenates (ELISA). (H) Absolute numbers of
lung Mo-AM:ss. (I) Representative flow cytometry plots and TR-AMs and Mo-AMs expressed as a percentage of MerTK* CD64™ cells. (J) Mean fluorescence intensity of SiglecF
expression on Mo-AMs. (K) Experimental setup for (L to N). Foxp3-DTR (Foxp3°™") or Rosa26iDTR (Rosa26" PP’ mice were given bleomycin (intratracheally; DO) and
DT (intraperitoneally) from D7 until D14 (end point) every 2 days. (L) Absolute cell numbers of lung Mo-AMs. (M) Representative flow cytometry plots and TR-AMs and Mo-
AMs expressed as a percentage of MerTK* CD64* cells. (N) Mean fluorescence intensity of SiglecF expression on Mo-AMs. (0) Experimental setup for (P to R). Eight-week-old
mice were irradiated and transplanted a 1:1 ratio of bone marrow cells: [Foxp3-DTR: WT (8w)]; [Foxp3-DTR: WT (70w)]; (Foxp3-DTR:Foxp3-DTR); (Foxp3-DTR: IL-10~7), chal-
lenged with bleomycin (intratracheally; DO) 2 months posttransplant, and administered DT every 2 days from DO until D14 (end point). (P) Body weight curve. (Q) Absolute
cell counts of lung Mo-AMs (D14). (R) Mean fluorescence intensity of SiglecF expression on Mo-AMs. Data are representative of one or two independent experiments. [(D)
and (P)] Two-way ANOVA Tukey’s post hoc multiple comparison test and [(F) to (N)] Student’s two-tailed t test were used. For (Q) and (R), one-way ANOVA with post hoc
Dunnett’s multiple comparisons with the Foxp3-DTR:WT (8w) group as the control was used. Error bars represent SEM. *P < 0.05; **P < 0.01; n.s., not significant.
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of epithelial cell differentiation and increased epithelial barrier per-
meability (25). However, this is based on studies conducted in naturally
aged mice, where age-related aberrations in all cell compartments
simultaneously manifest. Here, using heterochronic transplanta-
tion, we disentangled age-related effects of lung structural cells from
those of bone marrow-derived immune cells. We observed that
young mice receiving aged bone marrow exhibited an influx of Mo-
AM:s comparable to naturally aged mice upon bleomycin injury, and
this was reversed when aged mice received young bone marrow.

Similar to naturally aged mice (20), young recipients of aged
bone marrow had fewer TR-AMs at baseline. Inadequate self-
maintenance by aged resident macrophages could lead to their in-
creased substitution by bone marrow-derived macrophages over
time. This is supported by recent findings showing progressive re-
placement of fetal macrophages with bone marrow-derived macro-
phages during aging in naive mice (13). The macrophage-niche
model underscores niche availability as a core prerequisite for mono-
cyte engraftment and differentiation to macrophages (57). Our find-
ings using the thoracic shielding model indicate that, although niche
space may influence monocyte/Mo-AM turnover under homeo-
stasis, its sole availability does not explain the heightened monocyte/
Mo-AM infiltration observed in recipients of aged bone marrow
after bleomycin injury given similar numbers of host-derived tissue
resident macrophages. In 1:1 bone marrow chimeras, aged Mo-AMs
outcompeted young cells, suggesting that the influx is driven by the
output, differentiation, or homing potential of aged bone marrow
progenitors, independent of the lung resident cell niche. Although
our study focuses on the transition phase of Mo-AMs as they start
adopting a TR-AM-like fate, the aged bone marrow could already
have an impact on monocyte function and transition, which war-
rants further work.

Restoring barrier integrity postinjury is a critical step and in-
volves the differentiation of alveolar type 2 (AT2) cells into alveolar
type 1 (AT1) cells, which are crucial for gas exchange (58). We found
that repopulation of the lung with aged immune cells, while induc-
ing heightened inflammation and cell infiltration to bleomycin-
induced lung injury, did not alter the degree of initial injury to the
lung tissue in the readouts we tested. A previous study mecha-
nistically showed that early inflammatory signals from monocyte-
derived macrophages in the lung were needed to prime AT2 cells for
differentiation (59). However, prolonged activation led to the for-
mation of a dysregulated intermediate cell state, hampering barrier
repair (59, 60). In line with this, we observed that young Mo-AMs
exhibited an early inflammatory signature, which they promptly
down-regulated and began differentiating into homeostatic TR-AMs.
Conversely, aged Mo-AMs retained and exacerbated an inflamma-
tory and profibrotic profile over time. We speculate that the failure
of aged Mo-AM:s to efficiently transition out of this early activated
state contributes to impaired epithelial restoration and increased
fibrosis with age.

The infiltration and subsequent differentiation of Mo-AMs are
governed by signals present in the microenvironment, influencing
their function and phenotype. We observed a heightened inflamma-
tory milieu with increased levels of IFN-y and IL-6 but reduced IL-
10 in the lungs of young mice engrafted with aged bone marrow,
suggesting the lack of a key resolutory mediator. IL-10 has been
shown to play a regulatory role in fibrosis by limiting IL-17A-driven
fibrotic pathology and reducing profibrotic TGF-p activity (61).
However, its effects can be context dependent (37). In our model,
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IL-10 functioned as an early anti-inflammatory mediator, mitigat-
ing the initial inflammatory signature of Mo-AM:s in young bone
marrow recipients. IL-10R signaling on macrophages has previously
been shown to be crucial for maintaining mucosal homeostasis in
the gut and preventing colitis by promoting the maintenance of
anti-inflammatory macrophages (62, 63), with IL-10R loss leading
to the accumulation of immature inflammatory macrophages (64).
Conversely, in the absence of immediate inflammation, the presence
of IL-10 may push Mo-AMs into a state of repair overdrive and per-
petuate the fibrotic response as previously reported (65). However,
in line with our findings, IL-10RA was specifically expressed on pro-
fibrotic macrophages in the lungs of patients with IPF (65), under-
scoring a role for IL-10-dependent modulation of macrophage
function during lung fibrosis.

Our work showed that reduced IL-10 in recipients of aged bone
marrow was due to its decreased production by Treg. The absence of
Treg-derived IL-10 or depletion of Ty replicated the worsened fi-
brosis observed in young mice transplanted with aged bone marrow.
Tregs modulate the immune environment by dampening inflamma-
tion and promoting tissue repair (66) and, similar to the impact of
IL-10, can have a dual role in fibrogenesis. Although Teg can pro-
mote fibroblast stimulation under noninflammatory conditions (67),
they can be antifibrotic, restraining inflammation and subsequent
fibrosis perpetuated by effector CD4™ T cells as seen in Aspergillus
fumigatus infection—induced fibrosis (68) or upon sterile silicon dioxide—
induced lung injury (67). We found that Tregs and T cell-produced IL-10
shaped the myeloid cell response during bleomycin-induced fibro-
sis. Although IL-10 did not directly affect the early recruitment of
Mo-AMs in the lungs, it did critically influence the maturation of
profibrotic Mo-AM:s into homeostatic tissue resident-like cells. Fur-
thermore, depletion of Ty specifically during the fibrotic develop-
ment phase (D7 to D14) was sufficient to hamper appropriate
Mo-AM maturation into a TR-AM phenotype. Our findings distin-
guish the early lung injury phase (D0 to D7) from the fibrotic devel-
opment phase (D7 to D21) in the bleomycin model. Although the
loss of IL-10 or Treg during the early injury phase heightens inflam-
mation and affects readouts such as body weight loss, reducing IL-10
or Treg during the fibrotic development phase drives the delayed
transition of Mo-AMs without obvious effects on early inflammation.

Thregs from aged bone marrow recipients exhibited transcriptional
alterations and showed a Ty1 skewing. In line with this, prior work
found that aging leads to cell-intrinsic dysfunction in Tyeg, impair-
ing their ability to facilitate tissue repair in the lungs after influenza
infection (69). We found that loss of IL-10 from T, alone, without
significant reduction in their numbers, was sufficient to exacerbate
disease severity and Mo-AM accumulation, highlighting that the
loss of efficient IL-10 production by Treg during aging leads to a
dysfunctional resolutory circuit in the lungs. Although we focused
on the role of Treg-derived IL-10, Mo-AM maturation at different
stages can be influenced by signals from other cell types, namely,
group 2 ILCs (70, 71) and basophils (72).

Together, our study highlights the overarching influence that the
age of the hematopoietic system has on exacerbating lung fibrosis by
promoting influx of Mo-AMs upon injury. By showing that the com-
bination of increased numbers and stalled transition of Mo-AM:s into
a homeostatic state contributes to a worsened fibrotic outcome, we
emphasize their crucial role in governing the tissue response to injury.
Moreover, the identified Treg-driven IL-10 axis, which we show
hastens Mo-AM maturation and is suppressed by an aging bone
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marrow, provides a promising therapeutic avenue to accelerate tissue
repair and prevent the development of fibrosis.

MATERIALS AND METHODS

Study design

The aim of this study was to investigate the impact of an aging bone
marrow on the development of lung fibrosis. In this study, we used
bone marrow transplant models to generate chimeric mice in
which young (8-week-old) mice were transplanted with cells from
young (8-week-old) or aged (70-week-old) bone marrow, allowed
to reconstitute for 2 months before intratracheal challenge with
bleomycin to induce fibrosis. We explored the impact of the aging
immune system on the course of lung fibrosis via bone marrow trans-
plant, bone marrow chimeras, flow cytometry, lung histology, micros-
copy, enzyme-linked immunosorbent assay (ELISA)/LEGENDplex
analysis, and readouts of weight loss and survival of the mice. We
further studied the impact of IL-10 and interaction between cell
types involved in an IL-10-mediated resolution axis via transcrip-
tomic analysis and the use of transgenic mice. For most experi-
ments, two to four independent replicate experiments, unless stated
in the figure legends, were conducted, all of which yielded compa-
rable results. Data shown in this study are representative of inde-
pendent experiments as described in the individual figure legends.
Sample sizes were in accordance with that specified in the study
protocol for animal ethics; in most mouse experiments, a sample
size of 4 to 12 (per group/time point/treatment) were determined
to be needed to see a difference with a significance level of 5% and
a statistical power of 0.8. The robust regression and outlier removal
test (ROUT) (Q = 1%) test was used to identify any outliers from
the dataset. In addition, any data points excluded because of obvi-
ous technical errors are documented in data file S10. For most
mouse experiments, a minimum of 5 to 10 mice per group per ex-
periment were used in bleomycin groups and 4 to 6 mice in base-
line (DO) or PBS control. Three mice per genotype were used as
bone marrow donors per experiment, and cells from all donors per
genotype were pooled before transplant into recipients. Histopath-
ological scoring of lung sections was conducted by an independent
blinded pathologist or automated quantification. Allocation of ani-
mals into experimental groups was random at the start of the ex-
periment. Recipient mice of different bone marrow genotypes were
housed within the same cage. The number of mice, replicate ex-
periments, and statistical tests are provided in the respective fig-
ure legends.

Mice

All animal experiments performed in this study were carried out in
accordance with current guidelines stipulated by the ethical review
committee of the Medical University of Vienna and the Austrian
Ministry of Sciences (protocol ID BMBWE-66.009/0338-V/Jb/2019;
2022-0.726.852; VL: 2023-0.684.562;). Healthy age-matched 8- to
10-week-old male mice (classified as young adult mice) and 70- to
80-week-old male mice (aged mice) were used throughout the
study. C57BL/6] mice were originally purchased from Janvier Labs
and bred in house at the Core Facility Laboratory Animal Breeding
and Husbandry, Medical University of Vienna in a specific patho-
gen—free environment according to the Federation of European
Laboratory Animal Science Associations (FELASA) guidelines. Only
male mice were used throughout the study, both as recipients
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and bone marrow donors. All mice were matched for age and
genetic background in individual experiments and fed a stan-
dard chow diet. Aged mice were housed in the same room as
young mice. Within each bone marrow transplant experiment,
each cage contained recipients from all groups/conditions of bone
marrow donor cells to control for microbiome-derived effects.
For further details on mouse strains, see Supplementary Materials
and Methods.

Bleomycin administration

Mice were administered with bleomycin sulfate (Sigma-Aldrich) re-
suspended in 30 pl of endotoxin-free PBS (Sigma-Aldrich) at a dose
of 1.5 U/kg (high dose, only used in Fig. 1F) or 1 U/kg (low dose, all
other experiments) or with 30 pl of PBS only (controls) at DO and
harvested at days 7, 14, 21, or 42 postchallenge. Doses were calcu-
lated on the basis of the average weight of the mice before the start
of the experiment. Mice were anesthetized via intraperitoneal injec-
tion of Ketasol (100 mg/kg; OGRIS Pharma) and Rompun (10 mg/
kg; Bayer) and placed on a rodent intubation stand (BrainTree). The
tongue was set aside with blunt ended forceps, and 30 pl of PBS or
bleomycin sulfate was administered intratracheally using a 200-pl
pipette. Animals were then placed on a heating pad and monitored
until awake and ambulatory.

Bone marrow transplants

Whole-body irradiation was performed at 6 Gy twice (2 X 6 Gy)
with a 3-hour gap between irradiation rounds. For thoracic shield-
ing, lead shields were placed over the chest during irradiation at
a single dose of 9 Gy. Bone marrow cells (4 x 10° cells) were
harvested from young (8- to 10-week-old) and aged (70- to
75-week-old) ubiquitin C (UBC)-GFP, CD45.1 donors or 8- to
12-week-old TCR-a™'~, Foxp3-DTR, Rosa26DTR, and IL-107'~
mice and injected retro-orbitally in 100 pl of PBS, 4 hours postir-
radiation. For 1:1 bone marrow chimera, 2 x 10° cells from each
genotype were mixed before administration. Mice were housed
for 2 months posttransplantation for reconstitution before ex-
periments. For a detailed protocol, see Supplementary Materials
and Methods.

In vivo treatments

Eight- to 10-week-old WT (C57BL/6]) mice were administered
50 pl at a dose of 150 pg of anti-IL-10 (clone JES5.2A5) intrana-
sally under light isoflurane anesthesia [2% isoflurane, O, (2 liters/
min)] (DO to D7 or D7 to D14, every alternate day) or anti-CD25
(clone PC6) at a dose of 500 pg per mouse per time point in 200 pl
of PBS [D(-2) to D7 or D7 to D14, every alternate day]. DEREG
mice received DT (50 pg/kg) intraperitoneally on D(-2), followed
by 10 pg/kg every 2 days (DO to D14); Foxp3-DTR mice re-
ceived DT (10 pg/kg) intraperitoneally every 2 days from DO to
D14 or D7 to D14. Rosa26-DTR mice were used as controls for
all experiments. Further details are in Supplementary Materials
and Methods.

Cell isolation and organ processing
BALE, lungs, bone marrow, and blood were processed into single-
cell suspensions for flow cytometry analysis, cell sorting, RNA-seq,
or ex vivo culture. For the detailed protocol on organ processing, see
Supplementary Materials and Methods.
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Stimulation with PMA/ionomycin for intracellular

IL-10 detection

Cell suspensions were resuspended in 100 pl of PBS and 1% bovine
serum albumin (BSA) containing phorbol 12-myristate 13-acetate
(PMA) (Sigma-Aldrich; 250 ng/ml) and ionomycin (Sigma-Aldrich;
1 pg/ml) and incubated at 37°C for 4 hours. Brefeldin-A (BioLeg-
end; 1:1000 dilution) was added in the last hour. Cells were washed
in cold PBS and 1% BSA, and extracellular and intracellular staining
and fixing were conducted as described above.

Ex vivo IL-10 stimulation

Mo-AMs (defined as viable/CD45%/CD64" MerTK*/SiglecF'*/
CD11b" subset) were sorted from the lungs of young (8-week-old)
and aged (70-week-old) mice 7 days after bleomycin treatment.
Cells from four animals per groups per age were sorted and pooled
together. From this pool, three wells, i.e., technical replicates of each
age group, were seeded ex vivo on a 96-well plate at 50,000 cells per
well in RPMI 1640 containing 3% fetal calf serum and 1% penicillin-
streptomycin (Sigma-Aldrich) and stimulated with either murine
IL-10 (eBioscience; 10 ng/ml) or GM-CSF (30 ng/ml, PeproTech) or
control medium for 24 hours. The supernatant was collected for cy-
tokine measurement by ELISA/LEGENDplex, and cells were lysed
in TRIzol reagent (Invitrogen) for subsequent RNA isolation.

Histology

Lung tissue samples (the left lobe was taken from experiments without
BAL collection) were fixed in 7.5% formalin overnight, embedded in
paraffin, and sectioned (5 pm in thickness). Sections were stained with
hematoxylin and eosin (H&E), Masson’s trichrome (Sigma-Aldrich),
a-SMA (Abcam), FoxP3 (D608R) rabbit monoclonal antibody (mAb)
(Cell Signaling) followed by staining with 3,3'-diaminobenzidine tet-
rahydrochloride (DAB) substrate (SignalStain DAB substrate kit, Cell
Signaling); F4/80 (D2S9R) XP rabbit mAb (Cell Signaling) followed
by staining with Vector Red substrate kit, alkaline phosphatase (Vec-
tor Labs); and TUNEL (in situ cell death detection kit, TMR red,
Roche) according to the manufacturer’s guidelines.

Microscopy

Whole-section image scans were obtained using a Vectra Polaris mi-
croscope (PerkinElmer) or a TissueFAXS (TissueGnostics) at the Im-
aging Core Facility of the Medical University of Vienna. Images were
assessed using QuPath software (version 3.0), TissueQuest (version
7.1),and HALO (version 3.6.4), and assessment parameters applied to
whole-image scans and to all images within each experiment. For im-
age quantification details, see Supplementary Materials and Methods.

Ashcroft score

Evaluation of the severity of fibrosis was performed by a blinded
pathologist and done using the Ashcroft scoring system (73). Both
H&E staining and Masson’s trichrome staining were used for evalu-
ation purposes. Each lung section was examined microscopically
using a 10x objective. Fibrosis was assessed using a score ranging
from 0 to 8 for each microscopic field based on the Ashcroft criteria,
and the mean score was calculated.

Hydroxyproline measurement

Lung tissue samples were weighed and snap frozen before the hy-
droxyproline assay. The assay was conducted according to the man-
ufacturer’s instructions (Sigma-Aldrich, MAK463).
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Cytokine and chemokine analysis

Tissue and serum cytokines/chemokines were measured using the
LEGENDplex mouse macrophage/microglia panel (BioLegend),
mouse TH panel (BioLegend), and mouse inflammation panel (Bio-
Legend). Samples were prepared according to the manufacturer’s
protocols and analyzed by flow cytometry. Data analysis was per-
formed using the LEGENDplex data analysis software. IL-10 (OPTeia
mouse IL-10 ELISA, BD Biosciences) and TGF-p (Mouse TGF-beta
1 DuoSet ELISA, R&D Systems) were measured using ELISA follow-
ing the manufacturer’s instructions.

RNA isolation and quantitative PCR

mRNA was isolated with TRIzol reagent (Invitrogen) or RNeasy
Mini and Micro kits (Qiagen). For real-time polymerase chain reac-
tion (PCR) assays, cDNA synthesis was performed using the iScript
cDNA Synthesis Kit (Bio-Rad), according to the manufacturer’s
protocol. Real-time PCR was performed with SYBR Green Master
Mix reagents (Applied Biosystems) on a StepOnePlus real-time PCR
system (Applied Biosystems). Transcript levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (Gapdh).

Bulk RNA-seq (Quant-seq)

Lung immune cells from recipients of young and aged bone marrow
(7 and 14 days postbleomycin) were sequenced using the QuantSeq
3" mRNA-seq library prep kit FWD for Illumina (Lexogen). Se-
quencing was performed on an Illumina NovaSeq 6000. RNA-seq
data were mapped to the GRCm39 (mm10) mouse genome using
STAR v2.7.9a and analyzed for differential expression with limma-
voom (limma v3.50.3). Normalized counts [log,(CPM), where CPM
is counts per million] were used for downstream analysis, including
PCA, cell-cell interaction (CellChat), and quality control. Further
details on library preparation/bioinformatics analysis are in Supple-
mentary Materials and Methods.

Single-cell RNA-seq

Single-cell RNA-seq was performed on BAL cells collected on day
7 after bleomycin challenge from four male, 8-week-old mice. Cells
were processed and sequenced using the Chromium Next GEM
single cell 3’ reagent kits v3.1 on an Illumina HiSeq 4000. Data were
aligned and processed with the CellRanger pipeline and analyzed
using Seurat v4.1.1 in R v4.2.0. For further details, see Supplemen-
tary Materials and Methods.

Analysis of data from the HCLA

The HLCA v1.0 dataset was analyzed (49), using studies by Banovich
and Kropski (2020), Kaminski (2020), Lafyatis Rojas (2019), Lambrechts
(2021), Meyer (2019 and 2021), Misharin Budinger (2018), Wunderlink
(2021), and Zhang (2021). Comparisons were made across lung
conditions (healthy, COVID-19, and IPF) and age groups (young
<40 vyears, aged >40 years) for cell types: classical monocytes
(cMos), nonclassical monocytes (nMos), AMs, IMs, AM proliferat-
ing, CD4 T cells (Ty), and Treg. Further details are provided in
Supplementary Materials and Methods.

Statistical analysis

Data were analyzed using Prism (GraphPad Prism 8.0-10.2.3; Graph-
Pad Software Inc., San Diego, CA) and are presented as means + SD
or means + SEM (information for individual figures is in the cor-
responding figure legend). For comparisons between two groups,
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Student’s two-tailed ¢ test, Mann-Whitney test, or multiple ¢ tests
followed by Holm-Sidék test was used. For comparison between
multiple groups, a one-way (one treatment condition) or two-way
analysis of variance (ANOVA) (two treatment conditions/different
time points), followed by a Tukey’s multiple comparison test, Dunnett’s
multiple comparison test, Siddk’s multiple comparisons test, or a
Bonferroni’s multiple comparisons test (see figure legends) with a
single pooled variance was used. A log-rank (Mantel-Cox) test was
used for survival curves. Statistical significance: n.s., not significant;
*P < 0.05, #*P < 0.01, ¥**P < 0.001, and ****P < 0.0001. Statistical
analysis for the RNA-seq analysis is presented in the Supplementary
Materials and Methods.

Supplementary Materials
The PDF file includes:

Supplementary Materials and Methods
Figs.S1to S11

Table S1
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