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Significance

Lung fibrosis is a progressive, 
lethal disease with limited 
treatment options available that 
do not provide cure. Hence, a 
better understanding of the 
inflammatory pathophysiology 
and molecular mechanisms of 
tissue remodeling is mandatory. 
In this study, we uncover that 
externalized histones from 
neutrophil extracellular traps act 
profibrotic by shifting the 
balance of critical cytokines. 
Externalized histones activate 
platelets to release TGFβ1, which 
subsequently antagonizes 
antifibrotic Interleukin-27 (IL-27) 
production from macrophages 
via multiple intracellular signaling 
pathways. The importance of 
these mechanisms is highlighted 
by the observation that blocking 
monoclonal antibodies against 
externalized histones protect 
from excessive collagen matrix 
deposition in injured lungs.
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IMMUNOLOGY AND INFLAMMATION
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Externalized histones erupt from the nucleus as extracellular traps, are associated with 
several acute and chronic lung disorders, but their implications in the molecular patho-
genesis of interstitial lung disease are incompletely defined. To investigate the role and 
molecular mechanisms of externalized histones within the immunologic networks of pul-
monary fibrosis, we studied externalized histones in human and animal bronchoalveolar 
lavage (BAL) samples of lung fibrosis. Neutralizing anti-histone antibodies were admin-
istered in bleomycin-induced fibrosis of C57BL/6 J mice, and subsequent studies used 
conditional/constitutive knockout mouse strains for TGFβ and IL-27 signaling along 
with isolated platelets and cultured macrophages. We found that externalized histones 
(citH3) were significantly (P < 0.01) increased in cell-free BAL fluids of patients with 
idiopathic pulmonary fibrosis (IPF; n = 29) as compared to healthy controls (n = 10). 
The pulmonary sources of externalized histones were Ly6G+CD11b+ neutrophils and 
nonhematopoietic cells after bleomycin in mice. Neutralizing monoclonal anti-histone 
H2A/H4 antibodies reduced the pulmonary collagen accumulation and hydroxyproline 
concentration. Histones activated platelets to release TGFβ1, which signaled through the 
TGFbRI/TGFbRII receptor complex on LysM+ cells to antagonize macrophage-derived 
IL-27 production. TGFβ1 evoked multiple downstream mechanisms in macrophages, 
including p38 MAPK, tristetraprolin, IL-10, and binding of SMAD3 to the IL-27 
promotor regions. IL-27RA-deficient mice displayed more severe collagen depositions 
suggesting that intact IL-27 signaling limits fibrosis. In conclusion, externalized his-
tones inactivate a safety switch of antifibrotic, macrophage-derived IL-27 by boosting 
platelet-derived TGFβ1. Externalized histones are accessible to neutralizing antibodies 
for improving the severity of experimental pulmonary fibrosis.

cytokines | innate immunity | macrophages | platelets | pulmonology

Pulmonary fibrosis is a devastating disease with frequent progression to respiratory failure 
and death (1). Insights into its molecular pathogenesis are imperative to devise better 
therapies in the future. The excess accumulation of extracellular matrix components (ECM) 
by myofibroblasts is shaped by a chronic inflammation encompassing complex interactions 
of multiple cell types including neutrophils, platelets, alveolar macrophages (AM), and T 
cells (2, 3). In general, these hematopoietic cells possess powerful effector functions and 
can communicate via cytokines such as TGFβ and IL-27.

Transforming growth factor β (TGFβ) plays a central role in aggravating lung fibrosis 
(2, 4). Activated TGFβ1-3 isoforms bind to the TGFβ type II receptor (TGFbRII) for 
initiating TGFβ type I receptor (TGFbRI) phosphorylation (5). Subsequently, the 
TGFbRI/TGFbRII complex phosphorylates DNA-binding SMAD2/SMAD3 transcrip-
tion factors and also activates non-SMAD pathways (e.g., p38 MAPK, JNK, PI3K-Akt) 
to promote ECM formation (5).

Interleukin-27 (IL-27), a member of the IL-12 family, is a heterodimeric cytokine 
formed by noncovalent association of the subunits p28 (IL-27p28) and EBI3 (6). EBI3 
can also assemble with p35 to form IL-35, designating IL-27p28 as the signature subunit 
of IL-27 (7). Macrophages and dendritic cells are major sources of IL-27 (6). IL-27 binds 
to its heterodimeric receptor consisting of a ligand binding-chain, IL-27RA (WSX-1), 
and a signal-transducing chain, gp130, both expressed in lymphocytes (7, 8).

Externalized histones are released either as major components of neutrophil extracellular 
traps (NETs) or by dying nonimmune cells (9). Hypercitrullination of nuclear histones 
precedes NET formation and is catalyzed by protein arginine deiminase 4 (PAD4) (10). 
Citrullinated histone H3 in plasma, biofluids, and tissues is a specific and reliable biomarker 
for the presence of NETs (11–13). Externalized histones perpetuate tissue injury by 
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mediating cytotoxicity in endothelial cells and lung epithelial cells 
(14, 15). The cytotoxic activity of histone H4 is the highest of all 
histone proteins (14, 15). In addition, externalized histones act as 
damage-associated molecular patterns by ligation with pattern 
recognition receptors (PRRs), e.g., Toll-like receptors 2 and 4 (9). 
These events initiate activation of platelets (16), immune cell 
chemotaxis (14, 15), and the release of chemokines/cytokines (15). 
NETs and externalized histones are involved in the pathophysiol-
ogy of acute lung injury (15, 17, 18), sepsis (14), infection (19, 20), 
autoimmune disease (21), thrombosis (16, 22), and pulmonary 
fibrosis (23, 24).

The central objective of the presented study was to characterize 
the role and involvement of externalized histones in the cellular 
and molecular networks of pulmonary fibrosis. Our data demon-
strate that fibrotic tissue remodeling is intensified by externalized 
histones via a cytokine-dependent mechanism, that involves 
release of platelet-derived TGFβ1 to suppress anti-fibrotic IL-27 
production of macrophages.

Methods

Ethics. The deidentified bronchoalveolar lavage fluids (BALF) from idiopathic pul-
monary fibrosis (IPF) patients (21 males, 8 females, age: 64.3 ± 10.7 y; SI Appendix, 
Table S1) and healthy volunteers (5 males, 5 females, age: 40.3 ± 18.8 y) were 
obtained from the UGMLC/DZL Gießen Biobank. The samples had been collected 
prior to the current study with written informed consent and approval from the 
ethics committee of the Justus-Liebig University, Germany. All studies with mice 
were approved by the State Investigation Office of Rhineland-Palatinate and the 
Institutional Animal Care and Use Committee of Boston University.

Pulmonary Fibrosis. Lung injury and subsequent pulmonary fibrosis were 
induced by intratracheal bleomycin of naïve or bone marrow chimeric mouse 
strains with collection of BALF and lung tissue at indicated time points. Additional 
details on the genetically engineered mouse strains and extended methods are 
provided as SI Appendix.

Isolation and Cultures of Cells. Macrophages and MLE-12 cells were obtained 
and cultured as described before (6, 15, 25). Lentiviral transductions of shRNAs 
were performed using reagents from Sigma-Aldrich. Platelets were isolated from 
freshly drawn anticoagulated mouse blood and their reactivity studied by light 
transmission aggregometry. Further details are available in SI Appendix.

Flow Cytometry and Imaging Flow Cytometry. Flow cytometry protocols of 
immune cells were used as reported before (6, 26). Details on antibodies for 
surface markers, intracellular IL-27p28 staining and imaging of NETs are pre-
sented in SI Appendix.

Protein Detection. IL-27p28, IL-10, TGFβ1 and citrullinated histone H3 were 
detected by ELISA (20). Other mediators and phospho-p38 MAPKThr180/Tyr182 were 
quantified by bead-based assays (Luminex-200) (25). Collagen I–V in lungs was 
measured by the SIRCOL assay (Biocolor). The hydroxyproline assay kit was from 
Sigma-Aldrich. GFP reporter fluorescence in BALF was measured by Fluoroskan 
Ascent FL (Thermo Scientific), Ascent Software 2.6. Further details are available 
in SI Appendix.

Reverse Transcription PCR. RNA isolation, reverse transcription, and PCR 
were performed as described before (27). Additional details including primer 
sequences are available in SI Appendix.

Chromatin Immunoprecipitation (ChIP). The Magna ChIP kit (Millipore) was 
used on sonicated DNA of formaldehyde fixed macrophages. Additional details 
and antibodies are listed in SI Appendix.

Histology. Paraffin-embedded lung sections for light microscopy were stained 
according to the Masson–Goldner’s Trichrome protocol. Further details are avail-
able in SI Appendix.

Reagents. Information on reagents, antibodies, and recombinant proteins used 
in this study are listed as tables in SI Appendix.

Statistical Analysis. Data are shown as mean, and error bars represent SEM 
GraphPad Prism Version 9 was used for statistical analysis. Student’s t test was 
used to compare two groups, and one-way ANOVA was used for more than two 
groups. The human samples were analyzed by nonparametric Mann–Whitney 
test because normality tests indicated a nonnormal distribution. The numbers of 
patient samples or mice per group in vivo are indicated by circles in the figures. 
The numbers of independent biological replicate experiments in vitro were typ-
ically 2–4 and are specified in the figure legends. Values of P < 0.05 were con-
sidered significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Results

Release of Externalized Histones during Pulmonary Fibrosis. The 
hypothesis that externalized histones contribute to the pathogenesis 
of lung fibrosis relies on the prerequisite that these factors are 
present under such conditions. Therefore, we initially analyzed 
cryopreserved human BALF samples for the presence of citrullinated 
histone H3 as a surrogate marker for NETs. In fact, significantly 
higher amounts of citH3 (P < 0.01) were detectable in BALF from 
human patients with IPF (n = 29) as compared to healthy controls 
(n = 10) (Fig. 1A). The mean of optical densities values for citH3 
by nonquantitative ELISA was approximately fivefold higher in the 
IPF group than in the healthy subjects. The clinical characteristics 
of IPF patients are shown in SI Appendix, Table S1.

To model the appearance of externalized histones in a defined 
experimental setting of lung fibrosis, C57BL/6 J (wild type; WT) 
mice received bleomycin i.t. or sterile NaCl 0.9% i.t. as control/
sham. Externalized citrullinated histone H3 (citH3) was increased 
in cell-free BALF after bleomycin-induced lung injury with max-
imal amounts detectable at day 2 followed by a subsequent decline 
continuing up to day 10 (Fig. 1B). Histone H4 peaked at day 3 
and subsequently declined until day 10 after injury (Fig. 1C). The 
citH3 was present on Ly6G+ neutrophils indicating NET forma-
tion (Fig. 1D). These NETs were further visualized by imaging 
flow cytometry of nonpermeabilized Ly6G+ neutrophils (red), and 
the eruptive citH3 (green), which showed a variety of cone-like 
and spear-like shapes (Fig. 1E; see SI Appendix, Fig. S1 for gating 
strategy). The release of citH3 was reduced in PAD4−/− mice, 
which is consistent with the concept that PAD4 is essential for 
generation of citrullinated extracellular traps (Fig. 1F).

Altogether, these data indicated that recruited lung neutrophils 
released NETs as a source of externalized histones early in the 
course of experimental pulmonary fibrosis. However, stromal lung 
cells may also contribute to externalized histones because of 
bleomycin-mediated and/or perpetuating histone-mediated cyto-
toxicity (SI Appendix, Fig. S2A).

To test whether nonhematopoietic cells generate externalized 
histones, we employed transgenic reporter mice with human histone 
H2B fused to eGFP. The cell-free BALF of H2B-eGFP+/− mice 
showed increased green fluorescence after intratracheal bleomycin 
as compared to baseline signals in WT mice (Fig. 1G). Next, chi-
meric mice were generated by transplantation of donor H2B-eGFP+/− 
bone marrow into lethally irradiated WT mice (H2B-eGFP+/−WT; 
SI Appendix, Fig. S2B), with WT and H2B-eGFP+/−H2B-eGFP+/− 
transplantations as controls. The engraftment efficacy was confirmed 
in Ly6G+CD11b+ neutrophils from bone marrow (SI Appendix, 
Fig. S2C). Bleomycin-induced lung injury resulted in green fluo-
rescence of cell-free BALF from chimeric WT mice (Fig. 1H). 
However, these signals from H2B-eGFP+/−WT mice were substan-
tially lower as compared to H2B-eGFP+/−H2B-eGFP+/− positive 
controls, suggesting that externalized histones can also be released 
by nonhematopoietic cells. The presence of H2B-eGFP fusion pro-
teins did not significantly change the severity of lung injury as 
assessed by alveolar albumin leakage (SI Appendix, Fig. S2D).
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In summary, the finding that externalized histones were released 
from different cellular sources suggested that their direct blockade 
(using neutralizing anti-histone antibodies) could be more prom-
ising than specific inhibition of NET formation (using PAD4 
inhibitors).

Neutralization of Externalized Histones Improves Pulmonary 
Fibrosis by Limiting TGFβ1 Release. To study the functional 
relevance of externalized histones in pulmonary fibrosis, we 
sought to neutralize the most cytotoxic histone H4 by monoclonal 
blocking antibodies (clone BWA3; specificity for H2A and 

H4) (14, 15). Treatment with anti-H2A/H4 antibodies versus 
isotype IgG1k antibodies markedly reduced the severity of ECM 
deposition in WT mouse lungs during fibrosis as documented by 
representative histology (Fig.  2A), and their quantitative whole 
slide image analysis (Fig. 2B). The mRNA levels for collagen I were 
substantially lower in lung tissue of anti-H2A/H4 antibody-treated 
mice (Fig. 2C). The amounts of collagen I–V protein decreased 
significantly on the anti-histone regimen (Fig. 2D). Hydroxyproline 
concentrations in the BALF and lung tissues were also lowered after 
H2A/H4 neutralization compared to IgG1k controls at 4 wk after 
bleomycin-induced injury (Fig. 2 E and F), indicating reduced lung 
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Fig. 1. Cellular sources of externalized histones during pulmonary fibrosis. (A) Presence of externalized citrullinated histone H3 in BALF samples of healthy 
human controls (n = 10) and patients with IPF (n = 29), ELISA with optical density (OD) measurements at 405 nm. (B and C) Time course of citrullinated histone 
H3 (B) and Histone H4 (C) in cell-free BALF of C57BL/6 J mice (n ≥ 4/group for each time point) after treatment with bleomycin i.t. or NaCl 0.9% i.t. (sham; negative 
control), ELISA. (D) NET formation detected as externalized citrullinated histone H3 on nonpermeabilized Ly6G+CD11b+ neutrophils in BALF of C57BL/6 J wild-type 
(WT) mice 2 d after bleomycin i.t. (n = 6 mice/group), flow cytometry with pregating on CD11b. Absolute cell numbers in the quadrants of interest are shown 
in blue font. (E) Visualization of NETs from BALF cells, which were obtained 2 d after bleomycin i.t. and stained for citrullinated externalized histone H3 (green) 
together with Ly6G (red) for neutrophils, ImageStreamX Mark II imaging flow cytometry. (F) PAD4−/− mice and WT mice were subjected to bleomycin-induced 
lung injury and citrullinated H3 was detected in cell-free BALF after 2 d. (G) Detection of green fluorescence in cell-free BALF of histone H2B-eGFP fusion protein 
reporter mice (H2B-eGFP+/−) 2 d after bleomycin administration as compared to WT control mice. Fluorescence of a FITC-labeled control antibody was used for 
normalization (=100% value). (H) Chimeric mice were generated by transplantation of H2B-eGFP+/− donor bone marrow into irradiated WT recipients. In the 
control groups, syngeneic bone marrow was transplanted. After 5 wk, all mice received bleomycin i.t. and H2B-eGFP fluorescence was detected in cell-free BALF 
another 2 d later. Numbers of mice in frames F–H are indicated by circles; A: Mann–Whitney test, B and C: one-way ANOVA, F–H: Student’s t test, *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001.
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fibrosis. The hydroxyproline assays confirmed histology findings 
(Fig. 2 A and B) and other collagen detection methods using RT-
PCR and SIRCOL assay (Fig. 2 C and D).

In addition, anti-H2A/H4 antibodies reduced the expression of 
fibroblast-specific protein-1 (fsp-1), α-smooth muscle actin (α-sma), 
vimentin, slug, snail, and zeb2 as markers of epithelial-to-mesenchymal 
transition (SI Appendix, Fig. S3 A and B).

To further investigate the mechanisms of how externalized his-
tones promote fibrosis, we broadly screened the mouse BAL fluids 
for differences in the production of cytokines. Notably, neutrali-
zation of externalized histones resulted in approximately twofold 
lower concentrations of TGFβ1 in BALF at 2 wk and 4 wk after 
bleomycin (Fig. 2G), suggesting that externalized histones 
increased TGFβ1 during lung fibrosis. Secondly, anti-H2A/H4 
antibodies resulted in a reciprocal upregulation of IL-27p28 in 

BALF after 2 wk, while IL-27p28 was not detectable after 4 wk 
(Fig. 2H). The appearance of IL-27p28 and TGFβ1 preceded the 
ECM accumulation in lungs, further suggesting that these medi-
ators play a causative role in pathogenesis of fibrosis (SI Appendix, 
Fig. S4 A–C). Lung fibrosis was observed after bleomycin injury 
through Masson–Goldner’s trichrome and Hematoxylin and Eosin 
staining (SI Appendix, Fig. S4 D and E).

Externalized Histones Activate Platelets to Release TGFβ1 for 
Aggravating Fibrosis. Platelets are a prominent source of TGFβ and 
platelets interact with NETs (17, 28). We found CD41+CD49b+ 
platelets to moderately increase in lungs after bleomycin administration 
as studied by flow cytometry (SI Appendix, Fig. S5A). In addition, 
accumulation of CD42b+ platelets in lungs after bleomycin injury 
was corroborated by histology and quantitative image analysis after 
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*P < 0.05, **P < 0.01, ns: not significant.
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brightfield immunohistochemistry (SI Appendix, Fig. S5 B and C). 
Externalized/purified histones mediated the aggregation of isolated 
platelets through interaction with TLR2 and TLR4 receptors 
(SI Appendix, Fig. S5D) (29). Incubation of washed platelets with 
endotoxin-free, purified histones for 10 min at 37 °C resulted in 
a fourfold increase of TGFβ1 release in supernatants as compared 
to unstimulated controls, although histones were found to be less 
potent than thrombin (Fig. 3A). There was a significant increase in 

TGFβ1 release from platelets after incubation with recombinant 
human histones (H2A, H2B, H3, H4), citrullinated histone H3, 
and human thrombin (positive control) compared to unstimulated 
negative controls (Fig. 3B). Next, we generated mice with platelet-
specific genetic deletion of TGFβ1. In contrast to constitutive 
TGFβ1−/− mice, which develop an early lethal inflammatory 
syndrome, the ΔPltTGFβ1 mice were healthy and fertile. As expected, 
the isolated platelets from these mice showed defective release of 
TGFβ1 as compared to littermate controls after thrombin activation 
(Fig. 3C). In addition, untreated platelet-specific TGFβ1-deficient 
mice displayed ~80% reduction of TGFβ1 in plasma (Fig. 3D), while 
platelet aggregation was not altered (SI Appendix, Fig. S5E). When 
purified histones were administered intratracheally to platelet-specific 
TGFβ1-deficient mice, lower concentrations of TGFβ1 were noted 
in BALF after 8Â h compared to TGFβ1fl/fl controls, while levels 
were significantly higher compared to sham (Fig. 3E). BALF from 
platelet-specific TGFβ1-deficient mice showed no detectable TGFβ1 
levels before and after bleomycin injury while elevated amounts were 
observed in TGFβ1fl/fl and WT mice compared to their respective 
controls (Fig. 3F). These experiments suggested that platelets are 
a major source of TGFβ1 in response to bleomycin injury and 
externalized histones in vivo, although high doses of purified histones 
may trigger a release also from other cell types.

In bleomycin-induced fibrosis, platelet-specific TGFβ1-deficient 
mice showed markedly reduced interstitial collagen depositions 
in their lungs together with a lower degree of alveolar simplifica-
tions in Masson-Goldner’s trichrome histology (Fig. 4A). These 
changes were corroborated in quantitative image analysis com-
pared to TGFβ1fl/fl control group mice (Fig. 4B). The accumula-
tions of collagen I mRNA and collagen I–V protein were 
diminished in lung tissue of mice with deletion of TGFβ1 in 
platelets (Fig. 4 C and D). On the other hand, TGFβ1 deficiency 
resulted in higher concentrations of IL-27p28 in BALF (Fig. 4E).

To further study the interference of TGFβ1 with IL-27p28 
release, we transferred supernatants from platelets with TGFβ1 
deletion and controls to cultures of TLR4/LPS-activated mac-
rophages (Fig. 4F). Platelet supernatants from TGFβ1 competent 
control mice strongly antagonized IL-27p28 release, while this 
effect was mitigated with platelet supernatants from platelet-specific 
TGFβ1-deficient mice (Fig. 4F).

TGFβ1 Attenuates Macrophage-Derived IL-27p28 Release via 
TGFβ Receptor Type I/II Signaling. To better characterize the 
relationship between TGFβ1 and IL-27p28, we used cultured 
macrophages from C57BL/6 J mice. Macrophages of several 
origins such as AM, peritoneal macrophages (PEM), and BMDM 
displayed strong inhibition of TLR4-induced release of IL-27p28 
by recombinant TGFβ1 (Fig. 5A). Similar effects were observed 
in the AM cell line, MH-S, and in RAW264.7 macrophages 
(Fig.  5A). TGFβ1 antagonized IL-27p28 production in both 
M1 and M2 polarized macrophages (SI  Appendix, Fig.  S6A). 
Collectively, this suggested that suppression of IL-27p28 by 
TGFβ1 is a fundamental phenomenon regardless of macrophage 
origin or polarization.

TGFβ1 (in dosages from 10 ng/mL to 100 pg/mL) was a potent 
and consistent suppressor of IL-27p28 (Fig. 5 B and C). The 
expression of mRNA for both IL-27 subunits, il-27p28 and ebi3, 
was antagonized by TGFβ1 (Fig. 5 D and E). TGFβ1 decreased 
intracellular IL-27p28 protein in F4/80+CD11b+ macrophages 
(41% vs. 15.3%; Fig. 5F). TGFβ1 interfered with both the 
MyD88/TRIF pathways to suppress TLR4-induced IL-27p28 
(Fig. 5G). IL-27p28 release was activated by agonists for TLR2, 
TLR3, TLR4, RIG-I, and by IFNγ, all of which were antagonized 
by TGFβ1 (Fig. 5H).
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Fig. 3. TGFβ1 is released by platelets in response to externalized histones. 
(A) Platelets were isolated from C57BL/6 J mice and activated with purified 
histones (50 µg/mL) or thrombin (100 ng/mL) for 10 min before quantification 
of TGFβ1 in supernatants. (B) TGFβ1 release from platelets after incubation 
with recombinant human histones (H2A, H2B, H2, H4), citrullinated histone H3, 
human thrombin, and untreated (Ctrl), 10 min. (C) Isolated platelets from mice 
with platelet-specific gene deletion of TGFβ1 (ΔPltTGFβ1) mice and littermate 
controls (TGFβ1fl/fl) were activated with thrombin (100 ng/mL) for 10 min before 
quantification of TGFβ1 in supernatants. (D) Plasma concentrations of TGFβ1 
in mice with platelet-specific deletion compared to littermate controls, 4 wk 
after bleomycin. (E) ΔPltTGFβ1 mice and TGFβ1fl/fl control mice received purified 
histones i.t. (100 µg/mouse) or PBS i.t. (sham) and TGFβ1 was detected in BALF 
after 8 h. (F) TGFβ1 in BALF of mice with platelet-specific deletion compared 
to TGFβ1fl/fl littermate controls and C57BL/6 J (WT) mice, 24 h after bleomycin. 
TGFβ1 was measured by ELISA in all frames. Frames A–C are representative 
of three independent experiments and frames D–F were done with numbers 
of mice as indicated by circles; Student’s t test or one-way ANOVA; **P < 0.01, 
***P < 0.001, ****P < 0.0001, ns: not significant.
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TGFβ1 ligates with the heteromeric TGFβRI/TGFβRII receptor 
complex. SB431542, a small molecule inhibitor for TGFβRI signa-
ling via ALK5 (and ALK4/ALK7), nullified the inhibition by TGFβ1 
in a dose-dependent manner (Fig. 5I). F4/80+CD11b+ macrophages 
from mice with myeloid cell-specific TGFβRII-deficiency were resist-
ant to TGFβ1-mediated suppression of IL-27p28 (Fig. 5 J and K). 
In pulmonary fibrosis, the genetic ablation of TGFβRII resulted in 
protection from histologic ECM deposition and in lower amounts 
of collagen in lungs (Fig. 5 L–N). The concentrations of IL-27p28 
in BALF were higher in myeloid cell–specific TGFβRII-deficient 
mice, which provided additional evidence that TGFβ1 suppressed 
the release of IL-27p28 by macrophages during pulmonary fibrosis 
(Fig. 5O).

TGFβ1 Antagonizes Macrophage-Derived IL-27p28 Production 
by Orchestration of Multiple Mechanisms. To further investigate 
the intracellular mechanisms how TGFβ1 inhibits IL-27p28, we 

turned our attention to SMAD3. We confirmed that TGFβ1 
mediated rapid phosphorylation of SMAD3/2 at Ser465/Ser467 and 
Ser423/Ser425 in F4/80+CD11b+ macrophages (SI Appendix, Fig. S6 
B and C). Next, we performed lentiviral stable transductions of 
shRNAs for silencing of SMAD3 in RAW264.7 macrophages. Two 
independent shRNA sequences decreased smad3 mRNA expression 
to 39% and 34% of basal levels, along with reduced frequencies of 
F4/80+CD11b+SMAD3+ RAW264.7 macrophages as compared 
to nontarget shRNA or nontransduced controls (SI  Appendix, 
Fig. S6 D and E). The SMAD3 silencing significantly diminished 
the efficacy of TGFβ1 to suppress IL-27p28 release by TLR4-
activated macrophages (Fig.  6A). Similar findings for il-27p28 
mRNA suggested the involvement of SMAD3 as a regulator of 
gene expression (Fig. 6B). We identified putative SMAD3 binding 
sites (i.e., CAGA boxes) in the promoter regions of il-27p28 and 
ebi3 by computational analysis (SI Appendix, Fig. S6 F and G). 
Chromatin immunoprecipitation (ChIP) assays demonstrated that 
TGFβ1 reversed the TLR4/LPS-induced loss of SMAD3 binding 
to the corresponding promoter regions of il-27p28 and ebi3 (Fig. 6 
C and D). In summary, these findings suggested a requirement of 
SMAD3 for suppression of IL-27 by TGFβ1.

A noncanonical signaling pathway (SMAD-independent) of 
TGFβ1 is phosphorylation of p38 MAPK, which we confirmed 
to occur at Thr180/Tyr182 in macrophages (SI Appendix, Fig. S6H). 
Selective small molecule inhibitors (SB 203580, PH-797804, 
BIRB796) for p38 MAPK increased IL-27p28 release and reversed 
its TGFβ1-mediated inhibition (Fig. 6E). Hence, these data sug-
gested that TGFβ1 recruited p38 MAPK as an inhibitory signaling 
pathway for limiting IL-27p28 production.

Tristetraprolin (TTP; zfp36) is a zinc finger protein homolog 
and downstream target of p38 MAPK, which can mediate some 
actions of TGFβ (30). To test whether TTP plays a role in produc-
tion of IL-27p28, we obtained macrophages from TTP-deficient 
mice. In fact, TGFβ1 was less potent to antagonize IL-27p28 
release in TTP-deficient macrophages (Fig. 6F). The data are pre-
sented as relative values for better comparison, because the 
TTP-deficient macrophages produced approximately twofold 
higher amounts of IL-27p28 upon activation. In flow cytometry, 
activated F4/80+CD11b+ macrophages deficient of TTP showed 
more intracellular IL-27p28 protein, but lower responsiveness to 
TGFβ1 as compared to WT macrophages (Fig. 6G).

We have reported that IL-10 antagonizes IL-27 production (6). 
In fact, TGFβ1 promoted the release of IL-10 in low concentra-
tions from TLR4/LPS-activated macrophages at later time points 
(>6 h) (SI Appendix, Fig. S6I). Blockade of IL-10R signaling by 
monoclonal antibodies attenuated the TGFβ1-mediated inhibi-
tion of IL-27p28 (Fig. 6H). In addition, TGFβ1 was less potent 
to suppress IL-27p28 in IL-10-deficient macrophages (Fig. 6I). 
This suggested that an autocrine/paracrine IL-10 loop contributed 
to a sustained downmodulation of IL-27p28 by TGFβ1.

Susceptibility of IL-27RA-Deficient Mice During Pulmonary 
Fibrosis. To further shed light into the role of IL-27, we studied 
IL-27RA−/− mice in bleomycin-induced pulmonary fibrosis. 
Histological analysis and quantification using whole slide scanning 
of trichrome stained lung sections of IL-27RA−/− mice showed 
more severe accumulation of ECM with alveolar simplification 
as compared to WT mice and a significant increase in collagen 
deposition (Fig. 7 A and B). The expression of collagen I mRNA was 
substantially increased in IL-27RA−/− mice (Fig. 7C). Accordingly, 
collagen I–V proteins were also elevated in IL-27RA−/− mice as 
compared to WT mice during pulmonary fibrosis (Fig. 7D). A 
reduction in the numbers of protective CD4+IFNγ+ Th1 cells was 
contrasted by increased profibrotic CD4+IL-17A+ Th17 cells in 
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Fig.  4. Platelet-derived TGFβ1 drives pulmonary fibrosis. (A) Histology of 
lung sections 4 wk after bleomycin-induced fibrosis. ΔPltTGFβ1 lungs were 
compared to TGFβ1fl/fl control lungs, Masson–Goldner’s trichrome staining 
(Scale bar, 50 µm), n = 6/group. (B) Quantification of lung collagen deposition 
from scanned whole slides from mice in frame A. (C) RT-PCR for collagen I 
gene expression in lung homogenates of ΔPltTGFβ1 mice and TGFβ1fl/fl control 
mice during bleomycin-induced fibrosis. (D) Collagen I–V protein content 
in lungs of ΔPltTGFβ1 mice and TGFβ1fl/fl mice, SIRCOL assay. (E) IL-27p28 in 
BALF of ΔPltTGFβ1 and TGFβ1fl/fl mice during bleomycin-induced lung fibrosis, 
ELISA. (F) Supernatants of activated washed platelets from ΔPltTGFβ1 mice or 
TGFβ1fl/fl control mice were transferred to cell cultures of C57BL/6 J bone 
marrow-derived macrophages (BMDM) before stimulation with LPS for 24 h 
and quantification of IL-27p28 release by ELISA. Frames B–E (4 wk of bleomycin 
i.t.) were done with numbers of mice as indicated by circles and frame F is 
representative of three independent experiments; Student’s t test or one-way 
ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001.
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lungs of IL-27RA−/− mice (Fig. 7E). Finally, we used mice with 
dual deletion of IL-17 isoforms A and F. These IL-17A−/−/IL-
17F−/− mice displayed lower accumulation of collagen I–V during 

pulmonary fibrosis (Fig. 7F). Hence, this finding supported the 
concept of profibrotic effects of T cell derived IL-17 family 
members and their suppression by IL-27 (7, 31).
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Fig. 5. TGFβ receptor type I/II signaling mediates suppression of IL-27p28 in macrophages. (A) Mononuclear phagocytic cells were incubated with LPS (100 ng/
mL) ± TGFβ1 (10 ng/mL) followed by detection of IL-27p28 in supernatants; C57BL/6 J-derived AM and PEM, mouse AM cell line (MH-S), C57BL/6 J BMDM and 
RAW264.7 macrophage cell line, 24 h. LPS was set as 100% for each cell type. (B) TLR4/LPS-activated BMDM were incubated with different concentrations of 
TGFβ1 before quantification of IL-27p28, 24 h. (C) Time course of IL-27p28 release by LPS-activated BMDM ± TGFβ1. (D) RT-PCR for ebi3 mRNA after LPS ± TGFβ1 
in BMDM. (E) RT-PCR for il-27p28 mRNA after LPS ± TGFβ1 in BMDM. (F) Flow cytometry for intracellular IL-27p28 in BMDM, 12 h, pregated on CD11b+ cells. (G) 
Inhibition of IL-27p28 release by TGFβ1 in BMDM from C57BL/6 J (WT), MyD88−/− or TRIF−/− mice, 24 h. (H) Suppression of IL-27p28 release by TGFβ1 in BMDM 
activated with several agonists; Zymosan (TLR2), LTA (TLR2), Poly(I:C) (TLR3), LPS (TLR4), 5′ppp-dsRNA (RIG-I) and IFNγ, 24 h. (I) Reversal of TGFβ1-mediated 
IL-27p28 suppression by increasing concentrations of the TGFβ receptor I signaling inhibitor, SB431542, in TLR4/LPS-activated BMDM, 24 h. LPS alone was 
used for normalization (=100% value). (J) IL-27p28 from BMDM of TGFβ receptor II floxed (TbRIIfl/fl) mice and ΔMyeTbRII mice after LPS ± TGFβ1, 24 h. (K) Flow 
cytometry of intracellular IL-27p28 in BMDM from TbRIIfl/fl or ΔMyeTbRII mice, 12 h. (L) Lung histology of bleomycin-induced fibrosis in TbRIIfl/fl or ΔMyeTbRII mice, 
4 wk, Masson–Goldner’s trichrome staining (Scale bar, 50 µm). (M) Quantification of lung collagen deposition from scanned whole slides from mice in frame L. 
(N) Collagen I–V in lungs of TbRIIfl/fl mice and ΔMyeTbRII mice after bleomycin i.t, 4 wk, SIRCOL assay. (O) IL-27p28 in BALF of bleomycin-treated TbRIIfl/fl mice and 
ΔMyeTbRII mice, 4 wk. Frames A-CG-JO: ELISA. Representatives of three independent experiments (frames A–K) or n ≥ 6 mice/group (frames L–O); Student’s t test 
or one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Discussion

In the present report, we advance the concept of externalized 
histones as drivers of tissue remodeling and fibrosis in lungs. 
Externalized histones hijack a cellular circuit linking platelets with 
macrophages for steering toward an imbalance between profibrotic 
TGFβ1 and antifibrotic IL-27 activities (SI Appendix, Fig. S7) 
(32). Externalized histones were elevated in IPF patients (Fig. 1A), 
and their neutralization was protective in experimental pulmonary 
fibrosis (Fig. 2).

Extracellular traps contain histones as part of three-dimensional 
web-like scaffolds formed by neutrophils (NETs), macrophages 
(METs), eosinophils, mast cells, and nonhematopoietic resident 
cells (9, 33). Our data with chimeric H2B-eGFP mice suggest 
that resident lung cells may contribute to the total histone burden 
in the early phase of injury leading to pulmonary fibrosis, although 
we cannot exclude incomplete chimerism in this model.

We used a blocking antibody specific for an epitope correspond-
ing to a region of high sequence similarity between H2A and H4 

(34) to mitigate the severity of pulmonary fibrosis. Histone H4 
displays a ~10-fold higher cytotoxic activity for endothelial and lung 
epithelial cells than other histones H1, H2A, H2B, and H3 (14, 15). 
Therapeutic strategies that would universally block all core histones 
might be even more effective to confine TGFβ (Fig. 3B). Negatively 
charged nonanticoagulant heparin was recently used to neutralize 
the positively charged externalized histones. This treatment reduced 
collagen I expression and CCl4-mediated liver fibrosis in mice (35).

The finding that externalized histones liberate platelet TGFβ1 
in the lung is in accordance with the concept of NETs as inducers 
of platelet activation, plasmatic coagulation, and thrombosis (16, 
22). The interactions of NETs and platelets are bidirectional. 
Platelets activate NET formation through TLR4 on neutrophils 
during bacterial sepsis and lung injury (17, 28). Platelet trapping 
in bleomycin-treated lungs correlates with ECM depositions (36). 
Platelet depletion or platelet inhibition reduces bleomycin-induced 
lung fibrosis (37–39). Platelets and mononuclear phagocytes are 
important sources of TGFβ (40, 41). Platelet contaminations may 
mislead to overestimation of monocyte/macrophage-derived TGFβ 
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Fig. 6. TGFβ1-mediated antagonism of IL-27p28 release via SMAD3, p38, TTP, and IL-10. (A) IL-27p28 release with reduced activity of TGFβ1 in lentiviral transduced 
RAW264.7 macrophages with shRNA knockdown of SMAD3 (two independent shRNAs) as compared to nontarget shRNA (Ctrl), 24 h, ELISA. (B) TGFβ1 partially fails 
to suppress il-27p28 mRNA expression in transduced RAW264.7 macrophages after treatments with LPS ± TGFβ1, 6 h, RT-PCR. (C) TGFβ1 restores SMAD3 binding 
to the il-27p28 promoter region, BMDM, 3 h, ChIP assay. (D) TGFβ1 restores SMAD3 binding to the ebi3 promoter region, BMDM, 3 h, ChIP assay. (E) Effects of 
several p38 MAPK inhibitors (SB 203580 [10 µM], PH-797804 [10 nM], BIRB796 [50 nM]) on IL-27p28 release in BMDM after LPS ± TGFβ1, 24 h, ELISA. (F) Reduced 
capacity of TGFβ1 to suppress IL-27p28 release in BMDM from tristetraprolin-deficient (TTP−/−) mice as compared to WT mice, ELISA, 24 h. (G) Flow cytometry 
of F4/80+CD11b+IL-27p28+ BMDM from TTP−/− mice and WT mice after LPS ± TGFβ1, 12 h, pregated on CD11b. (H) IL-27p28 release from BMDM incubated with 
LPS ± TGFβ1 in the copresence of blocking IL-10 receptor antibodies (α-IL10R; 10 µg/mL) or rat IgG1 isotype control antibodies (10 µg/mL), ELISA. (I) Defective 
suppression of IL-27p28 by TGFβ1 in BMDM from IL-10−/− mice as compared to WT mice. BMDM were from C57BL/6 J (WT) mice in all frames unless specified 
otherwise; LPS (100 ng/mL), TGFβ1 (10 ng/mL). Data in each frame are representative of three independent experiments; Student’s t test or one-way ANOVA; *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns: not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215421120#supplementary-materials


PNAS  2023  Vol. 120  No. 40  e2215421120� https://doi.org/10.1073/pnas.2215421120   9 of 11

(42). In fact, our studies underscore the relevance of platelet-derived 
TGFβ1 in the development of pulmonary fibrosis (43).

TGFβ1 released by platelets controlled the production of IL-27 
by macrophages. Disruption of TGFβ signaling in macrophages 
resulted in higher IL-27 and less pulmonary fibrosis (Fig. 5 L–O), 
suggesting that TGFβ curbs a protective IL-27-dependent mac-
rophage phenotype. In lung fibrosis, macrophages can powerfully 
antagonize fibrogenesis by mediators, induction of myofibroblast 
apoptosis, and degradation of ECM components (2, 44).

TGFβ1 reversed SMAD3 promotor binding to p28/ebi3 genes 
(Fig. 6 C and D). The observed effect of TLR4 agonist may be 
explained by a TLR4-IRAK1-ERK1/2 pathway activating c-Jun 
as a corepressor of SMAD3 and phosphorylation of alternative 
sites (Thr179/Ser208) in the SMAD3 linker region (45). The 

inhibitory pathway of p38 MAPK is recruited by TLR4 and further 
augmented by TGFβ1 to counterbalance the activating pathways 
(NFκB, IRF-1/-3/-9) for IL-27 production (7, 25). The MAPK 
inhibitor, SB203580, can also attenuate TGFβ1-induced expres-
sion and activation of SMAD3 (46), providing additional rationale 
for its IL-27 enhancing efficacy (Fig. 6E). TGFβ1 enforced IL-10 
to suppress IL-27 (Fig. 6 H and I). The IL-10 promoter contains 
SMAD3-binding elements (47), and p38 MAPK can increase 
IL-10 production (48). TTP is a regulator of mRNA stability and 
TGFβ signaling (30). TTP is phosphorylated by p38 MAPK (49), 
and blocks the nuclear translocation of NFκB (50). Altogether, 
these observations suggest that TGFβ1 (liberated from platelets in 
response to externalized histones) orchestrates multiple intracellu-
lar signaling mechanisms to limit an antifibrotic IL-27-dependent 
macrophage response.

Injections of recombinant mouse IL-27 resulted in alleviated 
pulmonary fibrosis after bleomycin (51, 52), which is consistent 
with our findings that IL-27RA−/− mice showed increased ECM 
deposition with deranged T cell subsets suggesting that IL-27 acts 
antifibrotic (Fig. 7). The increased Th17 cells in IL-27RA−/− mice 
with fibrosis were in accordance with IL-27 suppressing Th17 cells, 
as shown in neuroinflammation (7). In fact, IL-27 inhibits Th17 
cell responses in mice and humans (7, 53, 54). Bleomycin-induced 
lung fibrosis is improved in IL-17A−/− mice or using neutralizing 
anti-IL-17A antibodies (55, 56). This is in accordance with our 
observation that IL-17AF−/− double-knockout mice showed lower 
collagen depositions in lungs after bleomycin. In contradiction to 
the above concept of antifibrotic IL-27, one study described that 
antibody-mediated neutralization of IL-27 increased ECM depo-
sition during bleomycin-induced lung fibroses (57).

NETs are released in lung injury, COPD, GvHD after lung trans-
plantation, ANCA-associated vasculitis, and cystic fibrosis (58, 59). 
An involvement of PAD4 was reported in age-related organ fibrosis 
(60), although the interpretation is complicated because of 
NET-independent functions of PAD4 in the regulation of pluripo-
tency and proliferation (61, 62). In line with our findings in Fig. 1F, 
another group reported reduced NET formation and lung fibrosis 
in PAD4−/− mice (23). NETs directly promote differentiation, pro-
liferation, migration, and collagen production in cultured human 
lung fibroblasts (63). NETs can induce epithelial-to-mesenchymal 
transition, although the contribution of EMT for replenishing 
myofibroblast populations is debatable (64–67).

The prevalence of IPF (~0.5 to 2 per 10,000 persons) corre-
sponds to ~30,000 patients in the United States with a life expec-
tancy of 2–6 y after diagnosis (68). To alleviate this large-scale 
clinical problem, the targeting of externalized histones may help 
to restore a protective cytokine balance and promises therapeutic 
potential for the future.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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Fig. 7. Protective role of IL-27RA during pulmonary fibrosis. (A) Lung sections 
of IL-27RA−/− mice and WT mice during bleomycin-induced pulmonary fibrosis, 
Masson–Goldner’s trichrome staining, n ≥ 6/group (Scale bar, 50 µm). (B) 
Quantification of collagen deposition using scanned whole slides from mice 
in frame A. (C) Expression of collagen I mRNA in lung tissue of IL-27RA−/− and 
WT mice after bleomycin, RT-PCR. (D) SIRCOL protein assay for collagen I–V in 
lung tissue of the experiment described under C. (E) Flow cytometry of CD4+ 
T cells in BALF of bleomycin i.t.-treated IL-27RA−/− mice as compared to WT 
mice. (F) Collagen accumulation after bleomycin-induced pulmonary fibrosis 
in IL-17A−/−IL-17F−/− double-knockout mice as compared to WT mice, SIRCOL 
assay. All frames were analyzed at 4 wk after bleomycin and frames B–F were 
done with numbers of mice as indicated by circles; Student’s t test or one-way 
ANOVA; *P < 0.05, **P < 0.01.
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