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Dysregulated alveolar type 2 epithelial cell proteostasis 
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factor–CD74 signaling
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Aberrant proteostasis in alveolar type 2 epithelial cells (AEC2s) contributes to idiopathic pulmonary fibrosis (IPF), 
but the role of the ubiquitin-proteasome system (UPS) is unclear. Here, we show that UPS disruption in AEC2s 
amplifies profibrotic signaling to macrophages through macrophage migration inhibitory factor (MIF) family pro-
teins in several models. Modeling UPS disruption with an AEC2-specific cullin 3 (Cul3) deletion produced sponta-
neous fibrosis in a physiological aging mouse model and exacerbated fibrosis in the bleomycin-induced lung 
injury model. This was accompanied by expansion of transitional epithelial states and increased MIF and MIF-2 in 
lung tissue and bronchoalveolar lavage fluid (BALF) in the model. Global or conditional AEC2-specific deletions of 
Mif or Mif-2 attenuated fibrosis in the bleomycin-treated mouse model, as did conditional deletions of Cd74, the 
cognate receptor for MIF and MIF-2, in C-X3-C motif chemokine receptor 1 (Cx3cr1)–expressing and platelet factor 
4 (Pf4)–expressing cells. Pharmacological inhibition of MIF attenuated fibrosis in bleomycin-treated and trans-
forming growth factor–β1 (TGFB1) transgenic mouse models and in ex vivo human precision-cut lung slices treat-
ed with fibrotic cocktail. In study participants with IPF, BALF MIF was elevated compared with that in study 
participants without IPF. In participants with IPF, BALF MIF greater than 4000 picograms per milliliter was associ-
ated with increased mortality compared with participants with IPF with lower MIF. Together, these findings define 
a UPS-sensitive epithelial-macrophage signaling connection and identify MIF-CD74 cross-talk as a potential ther-
apeutic target in fibrotic lung disease.

INTRODUCTION
Alveolar type 2 epithelial cells (AEC2s) are lung progenitor cells 
central to the pathobiology of idiopathic pulmonary fibrosis (IPF), a 
progressive parenchymal lung disease that commonly affects older 
adults (1, 2). Healthy AEC2s regenerate the injured lung through 

self-renewal, differentiation, and reparative paracrine signaling (3, 4). 
In IPF, aberrant AEC2s fail to reconstitute the alveolar epithelium, 
resulting in the accumulation of secreted phosphoprotein-1 (Spp1High) 
macrophages and pathogenic fibroblasts (5–9).

Mechanisms underlying reduced AEC2 reparative capacity re-
main incompletely defined, but aging hallmarks, such as impaired 
proteostasis, are implicated (10–13). Proteostasis impairment is 
characterized by protein misfolding and aggregation, endoplasmic 
reticulum stress, and activation of the integrated stress response 
(ISR). Genetic or acquired AEC2 proteostasis defects drive fibrotic 
remodeling in murine lungs and are implicated in human IPF, 
whereas ISR inhibition mitigates fibrosis in mice (14–18). Proteosta-
sis failure also promotes the accumulation of Krt8+/Cldn4+ transi-
tional epithelial states, which emerge after lung injury and are also 
referred to as damage-associated transient progenitors (DATPs) or 
pre-alveolar type 1 transitional cells (PATs), hereafter referred to as 
transitional cells (10, 19–22). These cell states, first defined in mice, 
exhibit features of AEC2s and alveolar type 1 epithelial cells (AEC1s) and 
express cyclin-dependent kinase inhibitors, integrins, keratins, and 
Tgfb1 (19, 23). Lineage tracing studies have confirmed that transi-
tional cells can differentiate into AEC1s (20, 24), yet they can accu-
mulate in nonresolving murine fibrosis and resemble KRT5−/KRT17+ 
aberrant basaloid cells (ABCs) observed in IPF (20, 25–27). De-
fining features that distinguish proteostasis-impaired, pathologic 
transitional cells from reparative transitional cells could clarify mech-
anisms of failed AEC2 repair.
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A crucial regulator of proteostasis is the ubiquitin-proteasome 
system (UPS), which is responsible for 80% of protein degradation 
(28). UPS function declines with age and cigarette smoke exposure, 
two major IPF risk factors (29–32). However, cell-specific murine 
models of UPS impairment are lacking, and the consequences of 
AEC2 UPS impairment remain unclear (33–35). The UPS operates 
through a series of enzymatic steps where E1 and E2 enzymes cata-
lyze protein ubiquitination and E3 ubiquitin ligases target specific 
proteins for degradation (36). This capacity for targeting specific 
substrates is essential for complex processes that require fine regula-
tion of key proteins, such as cell division and differentiation (37). 
Cullin-RING ligases are the largest family of E3 ubiquitin ligases, in 
which substrate specificity is provided by cullin family proteins that 
act as scaffolds to bridge E2 enzymes toward their substrates. The 
role of the UPS in AEC2 homeostasis and fibrotic lung disease is not 
well defined.

Macrophage migration inhibitory factor (MIF) is a pleiotropic 
stress-responsive cytokine that modulates innate immune activation 
and tissue remodeling after injury (38,  39). d-Dopachrome tau-
tomerase (D-DT/MIF-2) is a less characterized structural/function-
al homolog of MIF with shared receptors: Both ligands bind CD74 
and signal through complexes incorporating CXCR4 or atypical 
chemokine receptor 3 (ACKR3) (40–42). However, only MIF carries 
a pseudo-ELR motif that engages CXCR2, limiting neutrophil re-
cruitment by MIF-2 (43). MIF family cytokines are implicated in 
multiple chronic lung diseases, yet their cell-specific and context-
specific roles in IPF remain undefined.

To define how epithelial UPS dysfunction drives fibrosis, we first 
profiled UPS pathway activity in human AEC2s and quantified cul-
lin family proteins. We then modeled epithelial UPS impairment 
in  vivo using mice with an AEC2-restricted Cul3 deletion, which 
induced proteostatic stress and rendered mice susceptible to devel-
oping increased transitional epithelial states and fibrosis. Using 
single-cell RNA sequencing (scRNA-seq) and ligand-receptor in-
ference across models, we identified MIF as a candidate pathogen-
ic ligand produced by transitional epithelial states. Guided by this, 
we perturbed MIF/MIF-2–CD74 signaling across bleomycin-driven 
and transforming growth factor–β (TGF-β1)–driven models and 
evaluated clinical relevance in IPF lung tissue, IPF bronchoal-
veolar lavage fluid (BALF), and ex vivo human precision-cut lung 
slices (PCLSs).

RESULTS
The UPS is dysregulated in IPF
Although AEC2 proteostasis is dysregulated in IPF, the specific con-
tribution of the UPS is not fully understood. To determine whether 
IPF-related proteostasis defects involved the UPS, we reanalyzed 
two scRNA-seq datasets [GSE136831 (27) and GSE135893 (44)] 
and performed pathway-level enrichment in AEC2 transcriptomes. 
UPS-associated pathways were down-regulated in AEC2s from pa-
tients with IPF compared with AEC2s from patients without IPF 
across both datasets (Fig. 1A and data files S2 and S3). These find-
ings motivated in  vivo modeling of AEC2 UPS dysfunction; we 
therefore focused on cullin-RING ligases, the largest E3 ubiquitin 
ligase family. Of the eight mammalian cullins (CUL1, 2, 3, 4A, 4B, 5, 
7, and 9), CUL3 was highly expressed in AEC2s but reduced in IPF 
AEC2s compared with non-IPF AEC2s [log2 fold change = −0.78, 
false discovery rate (FDR) = 1.24 × 10−52], a finding supported by 

diminished epithelial CUL3 immunostaining in IPF compared with 
non-IPF lungs (Fig. 1B and fig. S1A).

Prompted by these observations, we modeled epithelial UPS fail-
ure in  vivo using mice bearing an AEC2-restricted Cul3 deletion 
and assessed effects on epithelial phenotype and fibrosis. We bred 
Cul3fl/fl mice with SftpcCreERT2 mice, administered tamoxifen to in-
duce AEC2 Cul3 knockout (SPC-Cul3 KO) or corn oil to littermate 
control mice (SPC-Cul3 WT), and quantified lung fibrosis 21 days 
after bleomycin administration (Fig. 1C and fig. S1, B and C). SPC-
Cul3 KO mice exhibited increased lung collagen (P < 0.01) and in-
creased fibrosis as assessed by Ashcroft scoring (P < 0.01) compared 
with SPC-Cul3 WT mice (Fig. 1, D to F). These findings were ob-
served in both sexes (fig. S1D). At day 14 post bleomycin, cell counts 
(P < 0.05), total protein (P < 0.01), and activated TGF-β1 (P < 0.01) 
were elevated in BALF from SPC-Cul3 KO mice compared with 
SPC-Cul3 WT mice (Fig. 1, G to I). Whereas bleomycin-induced fi-
brosis typically resolves in young wild-type (WT) mice, SPC-Cul3 
KO mice displayed nonresolving fibrosis 8 weeks after injury, with 
persistently increased BALF cell counts (P  <  0.01), lung collagen 
(P < 0.01), and Ashcroft scores (P < 0.01) (Fig. 1, J to N). To test 
whether Cul3 deficiency alone is sufficient to induce age-related fi-
brosis, we evaluated SPC-Cul3 KO mice 40 weeks after tamoxifen 
without bleomycin; these mice developed spontaneous fibrosis, with 
elevated BALF cell counts (P  <  0.0001), increased lung collagen 
(P  <  0.0001), and higher Ashcroft scores (P  <  0.0001) compared 
with SPC-Cul3 WT mice (Fig. 1, O to S). Together, AEC2-restricted 
Cul3 deletion exacerbated acute bleomycin-induced fibrosis, im-
paired its resolution, and precipitated age-related fibrosis.

SPC-Cul3 KO mice have impaired AEC2 proteostasis and 
increased transitional cells after injury or with aging
To better understand the impact of AEC2 Cul3 deficiency, we la-
beled AEC2s by crossing Cul3fl/fl and Cul3wt/wt with Sftpc-CreERT2, 
ROSA26mTmG mice followed by tamoxifen treatment and obtained 
AEC2s by fluorescence-activated cell sorting (FACS) of green fluo-
rescent protein–positive (GFP+) cells. SPC Cul3 KO AEC2s dem-
onstrated a marked unfolded protein response with increased 
binding immunoglobulin protein (BIP) and CCAAT-enhancer-
binding protein (C/EBP) homologous protein (CHOP) compared 
with AEC2s from SPC-Cul3 WT mice (Fig. 2A and fig. S2A). Im-
munostaining similarly revealed heat shock protein 27 (HSP27) 
accumulation in SPC-Cul3 KO AEC2s compared with SPC-Cul3 
WT AEC2s, mirroring increased HSP27 we observed in IPF lungs 
compared with non-IPF lungs (Fig. 2B and fig. S2, B and C). Cul3 
knockdown in MLE-12 cells using small interfering RNA (siRNA) 
reproduced these findings and increased inositol-requiring en-
zyme 1 α (IRE1α), BIP, and CHOP compared with control siRNA 
(Fig. 2C and fig. S2D). Collectively, these data show that Cul3 defi-
ciency provoked a canonical unfolded protein response (UPR) in 
AEC2s, recapitulating the proteostatic stress characteristic of the 
IPF epithelium.

To assess the impact of Cul3 deletion on AEC2 and transitional 
cell dynamics after injury, we performed scRNA-seq of lungs from 
SPC-Cul3 KO and SPC-Cul3 WT mice 10 and 14 days after bleo-
mycin administration (fig.  S1E), a time point when transitional 
cells peak after injury (20). Epithelial populations were identified 
by canonical markers, including Pdpn for AEC1, Sftpc for AEC2, 
and Cldn4 and Krt8 for transitional cells (Fig.  2D). Transitional 
cells were increased and AEC2s reduced at days 10 and 14 in 
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Fig. 1. AEC2-specific Cul3 loss exacerbates pulmonary fibrosis. (A) AEC2s scRNA-seq comparing individuals with IPF versus individuals without IPF (control) in two 
cohorts (GSE135893: 12 control individuals/4393 cells; 19 individuals with IPF/3225 cells; GSE136831: 25 control individuals/2369 cells; 29 individuals with IPF/417 cells). 
Each dot = gene set; x, log2 fold change; y, −log10(FDR-adjusted P value); dashed line, |log2 fold change| = 1; colors: green (up in IPF), blue (down in IPF), and orange 
(ubiquitin-proteasome, FDR < 0.05). (B) Cullin gene expression is shown for integrated human AEC2s (37 control individuals/6762 cells; 47 patients with IPF/3642 cells) 
and mouse AEC2s 14 days after bleomycin (n = 2; 677 cells) versus vehicle (n = 2; 4423 cells). The color scale (yellow: high; purple: low) shows the normalized mean expres-
sion level. The circle diameter indicates expression percentage. (C to I) (C) Bleomycin mouse model. Cul3fl/fl,SftpcCreERT2 mice received tamoxifen (Tmx) (SPC-Cul3 KO) or oil 
(SPC-Cul3 WT) followed by single-dose bleomycin; harvest day 21 for Sircol assay (soluble collagen) and Masson trichrome (saline n = 4; bleomycin n = 16 to 19) and day 
14 for BALF cells, protein, and active TGF-β1 (n = 4 to 6 per group). (D) Lung collagen (Sircol). (E) Masson trichrome; scale bars, 500 μm. (F) Ashcroft score. (G) BALF cell 
count. (H) BALF protein. (I) BALF active TGF-β1. (J to N) (J) Resolution model. SPC-Cul3 KO or SPC-Cul3 WT mice received bleomycin, and lung tissue samples were har-
vested 8 weeks after bleomycin (n = 5 or 6 per group). (K) BALF cells. (L) Lung collagen (Sircol). (M) Representative Masson trichrome; scale bars, 500 μm. (N) Ashcroft score. 
(O to S) (O) Physiologic aging model. Lung tissue samples from SPC-Cul3 KO or SPC-Cul3 WT mice were collected at age 8 weeks (n = 3 per group) or 40 weeks (n = 9 or 10 
per group). (P) BALF cells. (Q) Lung collagen (Sircol). (R) Masson trichrome; scale bars, 500 μm. (S) Ashcroft score. Data are means ± SEM [(F), (H), (K), (L), (N), (Q), and (S)] or 
median [interquartile range (IQR)] [(D), (G), (P), and (I)] and were analyzed by two-way ANOVA with Tukey post hoc test [(F), (H), and (Q)], unpaired two-tailed t test [(K), (L), 
(N), and (S)], Kruskal-Wallis with Dunn’s post hoc test [(D) and (P)], or two-tailed Mann-Whitney U test [(G) and (I)]. *P < 0.05; **P < 0.01; ****P < 0.0001.
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Fig. 2. Increased ER stress Krt8+ transitional cells after AEC2 Cul3 deletion. (A) Immunoblot from Cul3wt/wt,SftpcCreERT2,ROSA26mTmG (SPC-Cul3 WT) or Cul3fl/fl,SftpcCreERT2, 
ROSA26mTmG (SPC-Cul3 KO) mice treated with Tmx (pooled samples from three mice per group). (B) Confocal images of day 7 injured lungs stained for HSP27 (green), GFP 
(red, Sftpc-Cre reporter), and 4′,6-diamidino-2-phenylindole (DAPI) (blue) with inset magnifications; scale bars, 50 μm; n = 5 mice per group. (C) Immunoblot of endoplas-
mic reticulum (ER) stress markers in MLE-12 cells transfected with control siRNA (siNC) or Cul3 siRNA (siCUL3) plus or minus 24 hours of bleomycin (mU/ml). This image is 
presented in duplicate with fig. S2D. (D) Uniform Manifold Approximation and Projection (UMAP) plot displays 13,352 epithelial cells collected at 10 and 14 days postin-
jury. These cells are grouped into six distinct cell types and categorized by their respective experimental conditions (treatment or mouse strain). Feature plots show the 
normalized expression of key marker genes (Sftpc, Krt8, Cldn4, and Pdpn). The color scale (yellow: high; purple: low) shows the normalized mean expression level. 
(E) Cluster proportions at each time point; compositional changes assessed by sccomp (Bayesian sum-constrained β-binomial). *FDR < 0.05; **FDR < 0.01; ***FDR < 0.001. 
(F) Representative images of lung tissue from bleomycin-treated mice at day 14 stained for GFP (green, Sftpc-Cre reporter), keratin, type II cytoskeletal 8 (KRT8; red), and 
DAPI (blue); scale bars, 50 μm. (G to I) GFP/KRT8 colocalization across five random fields per lung in (G) bleomycin at day 14 (n = 4 or 5 per group), (H) the resolution 
model (bleomycin with recovery; n = 5 per group), and (I) the aging model (n = 6 per group). (J and K) AEC2-derived organoids cultured ex vivo for 35 days. (J) Represen-
tative confocal images of GFP (green, Sftpc-Cre reporter) and KRT8+(red). This image is presented in duplicate with fig. S2H. (K) Organoid count per well over time (n = 3 
per group). Data are means ± SEM [(G), (H), (I), and (K)] and were analyzed by two-way ANOVA with Tukey post hoc tests [(G) and (K)] or by unpaired two-tailed t tests [(H) 
and (I)]. *P < 0.05; **P < 0.01.
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SPC-Cul3 KO mice, with fewer proliferating epithelial cells in 
SPC-Cul3 KO mice at day 14 (FDR < 0.05) (Fig. 2E). Immuno-
fluorescence confirmed increased lineage-traced Krt8+ AEC2s in 
SPC-Cul3 KO mice compared with SPC-Cul3 WT mice 14 days 
after bleomycin (P < 0.05) (Fig. 2, F and G). Increased transitional 
cells were also observed in SPC-Cul3 KO mice compared with 
SPC-Cul3 WT mice in the recovery model 8 weeks after bleomycin 
(P < 0.05) and spontaneously with aging (P < 0.01) (Fig. 2, H and 
I, and fig. S2, F and G). To test whether this phenotype reflected 
cell-autonomous dysfunction, we cultured AEC2-derived organ-
oids and found fewer organoids in organoids derived from SPC-
Cul3 KO AEC2s compared with SPC-Cul3 WT AEC2s (P < 0.01) 
(Fig. 2, J and K, and fig. S2H).

MIF and MIF-2 are increased in SPC-Cul3 KO lungs 
after injury
The marked expansion of transitional cells in SPC-Cul3 KO mice 
coincided with increased fibrosis, suggesting a predominantly 
pathogenic role in this context. We therefore focused on defining 
the molecular features of these cells to better understand how 
they might drive aberrant signaling and fibrotic remodeling. We 
assessed differentially expressed genes filtered to known ligands, 
hereafter referred to as differentially expressed ligands (DEGLs). 
We identified DEGLs between transitional cells and AEC2s; 54 
DEGLs were up-regulated in SPC-Cul3 WT transitional cells and 55 
in SPC-Cul3 KO transitional cells (Fig. 3A and data files S4 and S5). 
Comparison between genotypes revealed 16 DEGLs increased in 
SPC-Cul3 KO transitional cells. Across all analyses, seven DEGLs 
were shared, including Mif, which showed the largest increase be-
tween SPC-Cul3 KO and SPC-Cul3 WT transitional cells. These 
findings implicated MIF as a candidate pathogenic ligand driving 
maladaptive signaling.

To probe this further, we quantified Mif expression after bleomy-
cin injury. AEC2 Mif expression rose by day 10 and remained ele-
vated through day 14, with further increases in transitional cells, 
particularly those from SPC-Cul3 KO mice (Fig. 3, B and C). Whole-
lung profiling using scRNA-seq confirmed transitional cells as the 
highest-expressing cell type of Mif after bleomycin (Fig. 3D and data 
file S6). Immunostaining showed increased AEC2 MIF after bleo-
mycin (Fig. 3E) and progressive accumulation in fibrotic regions at 
7, 14, and 21 days (fig. S3A). BALF MIF was increased in WT mice 
at days 7 and 14 (Fig. 3F) and was further elevated in SPC-Cul3 KO 
mice compared with SPC-Cul3 WT mice (day 7: P < 0.01; day 14: 
P  <  0.05) (Fig.  3G). Cul3 knockdown in MLE-12 cells by siRNA 
similarly increased cellular MIF by Western blot compared with 
control siRNA (Fig. 3H and fig. S3B).

MIF signals through CD74, CXCR2, CXCR4, and ACKR3. Its 
structural homolog, MIF-2, shares CD74-dependent signaling 
but lacks the pseudo-ELR motif required for CXCR2 engage-
ment and neutrophil recruitment. Studying both MIF and MIF-
2 ligands allowed us to separate CXCR2-dependent from non- 
CXCR2–mediated effects. We found that Mif-2 was predominantly 
expressed in AEC2s (Fig.  3D and data file S6). Immunostaining 
showed increased AEC2 MIF-2 after bleomycin and progressive ac-
cumulation in fibrotic regions at 7, 14, and 21 days (Fig.  3I and 
fig. S3A). BALF MIF-2 was also elevated at days 7 and 14 (Fig. 3J), 
with further increases in SPC-Cul3 KO mice compared with SPC-
Cul3 WT mice (day 7: P < 0.05; day 14: P < 0.01) (Fig. 3K). Like 
MIF, MIF-2 was increased in MLE-12 cells after Cul3 knockdown 

compared with control siRNA (Fig.  3H and fig.  S3B). In contrast 
with Mif, Mif-2 expression decreased in transitional cells (fig. S3C).

Global or conditional AEC2 deletion of Mif or Mif-2 reduces 
pulmonary fibrosis
To directly test the roles of MIF and MIF-2 in lung fibrosis, we used 
mice with global deletion of Mif (Mif KO) or Mif-2 (Mif-2 KO) in the 
bleomycin model. (Fig. 4A and fig. S4A). Both KOs were resistant to 
bleomycin-induced fibrosis 21 days after injury, with reduced lung 
collagen (Mif KO: P < 0.05; Mif-2 KO: P < 0.01) and Ashcroft scores 
(both: P < 0.05) compared with WT mice (Fig. 4, B to E). Further 
analysis of Mif-2 KO mice showed reduced BALF cells (P < 0.01), 
total protein (P < 0.05), and activated TGF-β1 (P < 0.001) com-
pared with WT mice (fig. S4, B to D). Fibrotic gene expression, in-
cluding Acta2, Col1a1, Fn1, and Ctgf, and protein concentrations of 
α–smooth muscle actin (α-SMA) and collagen I were also reduced 
at day 14 (fig. S4, E to J). At day 7, there were no differences in BALF 
cell counts, TGF-β1, total protein, or cytokine profiles (fig. S4, K to 
N) between SPC-Mif-2 KO versus WT mice, indicating that reduced 
fibrosis was not due to altered inflammation.

We next asked whether selective loss of AEC2-derived MIF or 
MIF-2 was sufficient to blunt fibrosis. Miffl/fl and Mif-2fl/fl mice 
were bred with SftpcCreER2 mice and were administered tamoxifen 
to induce AEC2-specific deletion (SPC-Mif KO or SPC-Mif-2 KO) 
or corn oil for controls (SPC-Mif WT or SPC-Mif-2 WT) (Fig. 4F 
and fig.  S4, O and P). After bleomycin challenge, both AEC2-
specific KOs exhibited attenuated fibrosis at day 21, with reduced 
lung collagen (SPC-Mif KO: P < 0.001; SPC-Mif-2 KO: P < 0.05) 
and lower Ashcroft scores (both: P < 0.05) (Fig. 4, I to N). BALF 
MIF and MIF-2 were decreased in SPC-Mif KO and SPC-Mif-2 KO 
mice compared with WT mice, confirming AEC2s as a key source 
of both cytokines (Fig.  4, G and H). The proportion of transi-
tional cells was not significantly altered between KO and WT mice 
(fig. S4Q).

Inhibiting MIF/MIF-2 with 4-IPP reduces fibrosis
We next tested whether pharmacologic MIF inhibition reduces fi-
brosis using 4-iodo-6-phenylpyrimidine (4-IPP), a small-molecule 
suicide-substrate inhibitor of MIF and MIF-2 (43, 45). Mice treated 
with intraperitoneal 4-IPP starting 7 days after bleomycin demon-
strated reduced fibrosis, lower lung collagen (P < 0.01), and lower 
Ashcroft scores (P < 0.01) compared with vehicle control–treated 
mice (Fig. 4, O to R). Measurements of lung mechanics corrobo-
rated these effects. Bleomycin reduced lung compliance, and 4-IPP 
attenuated this reduction, producing an upward shift in the pressure-
volume curve and increased compliance (figs. S4R and S5S).

To evaluate efficacy in an independent model, we used 
doxycycline-inducible, lung-specific TGFB1 transgenic mice (46) in 
which the CC10 (Scgb1a1) promoter restricts transgene expression 
to airway club (secretory) epithelial cells and doxycycline induces 
TGFB1 expression. Littermate transgene-negative mice served as 
controls. After 14 days of administering doxycycline to TGFB1 
transgene-positive (Tg+) or transgene-negative (WT) littermates, 
scRNA-seq confirmed that Tg+ mice demonstrated an expansion 
of transitional cells and elevated transitional cell expression of 
Mif (fig. S4, T to V). Treatment with 4-IPP attenuated fibrosis in 
Tg+ mice compared with Tg+ mice treated with vehicle control as 
demonstrated by reduced lung collagen (P  <  0.05) and Ashcroft 
scores (P < 0.05) (Fig. 4, S to V).

D
ow

nloaded from
 https://w

w
w

.science.org at D
uke U

niversity on July 02, 2026



Kim et al., Sci. Transl. Med. 17, eadr2277 (2025)     3 December 2025

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

6 of 17

Fig. 3. AEC2-restricted Cul3 de-
letion amplifies BALF MIF/MIF-2 
after bleomycin. (A) Venn dia-
gram of up-regulated differential-
ly expressed ligands per indicated 
comparison (FDR < 0.05). Seven 
ligands common to all conditions 
identified in transitional cells ver-
sus AEC2 in SPC-Cul3 WT mice 
(yellow), transitional versus AEC2 
in SPC-Cul3 KO mice (blue), and 
transitional cells from SPC-Cul3 
KO versus SPC-Cul3 WT mice 
(green). (B) Violin plot of AEC2s 
and transitional cell Mif expres-
sion from SPC-Cul3 WT and SPC-
Cul3 KO mice at indicated times 
post bleomycin (n =  2 mice per 
group). An asterisk without a 
bar indicates a difference ver-
sus SPC-Cul3 WT at day 0; an 
asterisk above a bar indicates 
the specified pairwise compari-
son. Kruskal-Wallis with two-
sided pairwise Wilcoxon tests. 
*FDR  <  0.05; **FDR  <  0.01; 
***FDR < 0.001. (C) Potential of 
Heat-diffusion for Affinity-based 
Trajectory Embedding (PHATE) 
embedding of 13,352 epithelial 
cells (AEC2, transitional, and AEC1) 
collected on days 10 and 14, col-
ored by cell type and genotype. 
(D) Heatmap of unit-normalized 
pseudobulk Mif and Mif-2 across 
epithelial, stromal, and immune 
populations from 5 vehicle-
treated and 10 bleomycin-treated 
wild-type lungs; red “X” indicates 
populations with <300 cells per 
condition. (E) Representative 
confocal images of SPC-mTmG 
lungs 7 days after bleomycin, 
immunostained for GFP (green, 
Sftpc-Cre reporter) and MIF (red); 
boxed insets show magnified re-
gions; scale bars, 50 μm. (F and 
G) BALF MIF (ELISA) from (F) WT 
at day 0 (vehicle, n  =  8), day 7 
(n = 13), and day 14 (n = 8) after 
bleomycin and (G) SPC-Cul3 WT 
versus SPC-Cul3 KO mice at base-
line (n = 4) and day 14 (n = 7). (H) 
Immunoblots of MIF and MIF-2 
in MLE-12 cells transfected with 
control siRNA (siNC) or Cul3 siR-
NA (siCUL3) plus or minus 24 hours of bleomycin (mU/ml). (I) Representative confocal images of SPC-mTmG lungs 7 days after bleomycin, immunostained for GFP (green, 
Sftpc-Cre reporter) and MIF-2 (red); boxed insets show magnified regions; scale bars, 50 μm. (J and K) BALF MIF-2 (ELISA) in the same mice and time and time points as (F) 
and (G). Data are means ± SEM [(F), (G), and (J)] or median (IQR) (K) and were assessed using two-way ANOVA with Šidák post hoc (G), unpaired two-tailed t test [(F) and 
(J)], or Wilcoxon signed-rank test with FDR correction (K). *P < 0.05; **P < 0.01; ***P < 0.001. Fibro Cthrc1, Cthrc1+ fibroblasts; M Spp1, Spp1High macrophages; T, T cells; 
Meso, mesothelial; Fibro, fibroblast; Myofibro, myofibroblast; SP, smooth muscle/pericytes; AM, alveolar macrophages; BP, B and plasma cells; DC, dendritic cells; Neu, 
neutrophils; Mono, monocytes; Endo, endothelial cells.

D
ow

nloaded from
 https://w

w
w

.science.org at D
uke U

niversity on July 02, 2026



Kim et al., Sci. Transl. Med. 17, eadr2277 (2025)     3 December 2025

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

7 of 17

MIF–CD74 signaling increases Spp1High macrophages
Because fibrosis was attenuated in global and AEC2-specific Mif/
Mif-2 KO mice, we hypothesized that MIF family signaling pro-
motes fibrosis by acting on specific cell populations. To identify 
those populations, we profiled day 14 post bleomycin lungs by 
scRNA-seq (Mif-2 KO, SPC-Mif KO, SPC-Cul3 KO, and relative con-
trols) and performed differential abundance testing (FDR < 0.1) to 

find populations whose abundance was associated with MIF signal-
ing strength (Fig. 5A; fig. S5, A to C; and data file S7). We prioritized 
populations that increased in SPC-Cul3 KO versus SPC-Cul3 WT 
lungs (amplified MIF) and decreased in Mif/Mif-2-KO versus WT 
lungs or showed the reciprocal effect. Four populations followed the 
first pattern: Spp1High macrophages (Spp1 and Arg1), recruited mac-
rophages (Il1β and Vcan), Cthrc1+ fibroblasts (Cthrc1 and Col1a1), 

Fig. 4. Genetic or pharmacologic inhibi-
tion of Mif or Mif-2 attenuates pulmonary 
fibrosis. (A to E) (A) Experimental timeline. 
WT Mif-KO and Mif-2 KO mice received intra-
tracheal bleomycin, and lung tissue samples 
were harvested 21 days later (n = 4 per saline 
group; n = 5 to 8 per bleomycin group). (B) Lung 
collagen (Sircol). [(C) and (D)] Representative 
Masson trichrome for WT versus (C) Mif-KO 
and (D) Mif-2-KO; scale bars, 500 μm. (E) Ash-
croft fibrosis scores. (F to N) (F) Experimental 
design schematic of mice with a conditional 
Mif or Mif-2 deletion treated with intratra-
cheal bleomycin; lung tissue samples were 
harvested 7 and 21 days later (SPC-Mif WT; oil-
treated Mif fl/fl,SftpcCreERT2 mice, SPC-Mif KO; Tmx-
treated Mif fl/fl,SftpcCreERT2 mice; SPC-Mif-2 WT; 
oil-treated Mif-2fl/fl,SftpcCreERT2 mice, SPC-Mif-2 
KO; Tmx-treated Mif-2fl/fl,SftpcCreERT2 mice). BALF 
collected on day 7 for (G) MIF and (H) MIF-2 
ELISAs (n = 7 to 12 per group) and lungs col-
lected on day 21 to assess collagen and histolo-
gy (SPC-Mif cohort: n = 3/saline control, n = 6 or 
7/bleomycin; SPC-Mif-2 cohort: n = 3/saline 
control, n = 11/bleomycin). [(I) and (L)] Lung 
collagen (Sircol). [(J) and M)] Representative 
Masson trichrome; scale bars, 500 μm. [(K) and 
(N)] Ashcroft scores. (O to R) (O) Experimental 
timeline. 4-IPP [5 mg/kg, intraperitoneally (ip)] 
was injected intraperitoneally 7 days after in-
tratracheal bleomycin, and lung tissue samples 
were harvested 21 days later (n = 4 per saline 
group; n = 5 to 7 per bleomycin group). (P) Lung 
collagen (Sircol). (Q) Representative Masson tri-
chrome; scale bars, 500 μm. (R) Ashcroft scores. 
(S to V) (S) Experimental timeline. WT or dox-
ycycline (Dox)–inducible TGF-β transgenic (Tg) 
mice were administered 4-IPP (5 mg/kg, ip), and 
tissue samples were harvested 14 days later 
(WT n = 3 per group; Tg n = 5 or 6 per group). 
(T) Lung collagen (Sircol). (U) Representative 
Masson trichrome; scale bars, 500 μm. (V) Ash-
croft scores. Data are means ± SEM [(G), (H), (I), 
(K), (L), (N), (P), (R), (T), and (V)] or median (IQR) 
[(B) and (E)] and were assessed using two-way 
ANOVA with Tukey post hoc [(I), (K), (L), (N), (P), 
(R), (T), and (V)], unpaired two-tailed t tests 
[(G) and (H)], or Kruskal-Wallis with FDR cor-
rection [(B) and (E)]. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.
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Fig. 5. Cd74 expression and compositional changes in cell populations affected by MIF/MIF-2 signaling. (A) Cell type composition on day 14 post bleomycin across 
three genetic models: WT versus Mif-2 KO, SPC-Mif WT versus SPC-Mif KO, and SPC-Cul3 WT versus SPC-Cul3 KO (n = 2 or 3 per group). Only cell populations with significant 
compositional shifts by sccomp (Bayesian sum-constrained β-binomial; FDR < 0.10) and that exhibited reciprocal directionality between SPC-Cul3 KO and Mif/Mif-2 KO 
models are shown. (B) Dot plot of selected marker genes for indicated cell populations. The color scale (red: high; blue: low) shows the gene expression level. The circle 
diameter indicates expression percentage. (C and D) Myeloid compartment profiled by scRNA-seq in WT mice treated with vehicle or bleomycin, visualized by (C) UMAP of 
145,320 cells grouped into 14 cell types. (D) Feature plots of normalized Cd74, Spp1, Cx3cr1, and Pf4 expression. The color scale (yellow: high; purple: low) shows the gene 
expression level. (E to H) Confocal imaging and quantification of CD11b+ (green) cells costained with (E) CD74 (red) and (F) SPP1 (purple); boxed insets show magnified 
regions; scale bars, 50 μm; n = 4 vehicle, n = 5 bleomycin. (E) CD11b+/CD74+ and (F) CD11b+/SPP1+ in bleomycin-injured lungs; scale bars (boxed insets), 50 μm; n = 4 ve-
hicle, n = 5 bleomycin. (G) CD11b+/CD74+ cells per high-power field (HPF) and (H) CD11b/SPP1 colocalization coefficient, both from five random HPFs per lung. Data are 
means ± SEM [(G) and (H)] and were analyzed by unpaired two-tailed t tests. *P < 0.05; **P < 0.01. ncMono, nonclassical monocytes; RecMacs, recruited macrophages; 
IFN-Mono, interferon-responsive monocytes; cMono, classical monocytes; CC-M, cycling macrophages; AM, alveolar macrophages; cDC1/2, conventional dendritic cells 
type 1/2; mDC, migratory dendritic cells; CC-DC, cycling dendritic cells; pDC, plasmacytoid dendritic cells; AF1/2, alveolar fibroblasts 1/2; M Spp1High, Spp1High macrophages.
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and contractile myofibroblasts (Aspn). Conversely, AEC2s and non-
classical monocytes (Spn, Treml4, and Nr4a1) decreased in SPC-
Cul3 KO lungs and increased in Mif-2 KO and SPC-Mif KO lungs 
after bleomycin (Fig. 5, A and B).

We also prioritized cell populations expressing MIF/MIF-2 re-
ceptors, focusing on Cd74 because its expression was higher than 
Cxcr4 or Ackr3 (fig. S5D and data file S6). Cd74 was particularly el-
evated in myeloid subsets including dendritic cells, Spp1High macro-
phages, recruited macrophages, and two interstitial macrophage 
(IM) states: one MHCIIHigh (Cx3cr1 and major histocompatibility 
complex class II complex including Cd74) and one MHCIILow (Pf4, 
Lyve1, and Folr2) (Fig. 5, B to D, and fig. S5E). By contrast, fibroblast 
clusters expressed little Cd74. A similar myeloid-enriched CD74 ex-
pression pattern was observed in published human scRNA-seq da-
tasets from control and IPF lungs (fig. S5F) (27). Given these results, 
we focused on myeloid populations, and consistent with scRNA-seq 
findings, immunofluorescence demonstrated increased CD74+ 
CD11b+ cells (Fig. 5E) and increased SPP1+ Cd11b+ cells in SPC-
Cul3 KO mice compared with SPC-Cul3 WT mice (Fig. 5, F to H).

Deletion of IM Cd74 attenuates pulmonary fibrosis and 
reduces Spp1High macrophages
Growing evidence indicates that IMs, especially those derived from 
circulating monocytes, are precursors of Spp1High macrophages and 
that their elevated Cd74 expression provides a potential mechanism 
whereby MIF engagement drives profibrotic trajectories (47–51). To 
assess the role of IM CD74, we bred Cd74fl/fl with Cx3cr1CreERT2 and 
Pf4iCre lines and subjected them to bleomycin (Fig. 6A and fig. S6, 
A to D) (50, 51). Tamoxifen-treated Cx3cr1-Cd74 KO mice had re-
duced fibrosis, with decreased BALF cellularity (P < 0.05), collagen 
(P  <  0.001), and Ashcroft scores (P  <  0.0001) compared with 
Cx3cr1-Cd74 WT mice (Fig. 6, B to E). Similarly, Pf4-Cd74 KO mice 
showed reduced BALF cellularity (P < 0.05), collagen (P < 0.01), 
and Ashcroft scores (P < 0.01) compared with Pf4-Cd74 WT mice 
(Fig. 6, F to I).

ScRNA-seq results from both Cx3cr1-Cd74 KO and Pf4-Cd74 KO 
mice 14 days after bleomycin demonstrated a marked decrease in 
Spp1High macrophages compared with their respective WT controls 
(Fig. 6J; fig. S6, E and F; and data file S7). Only Spp1High macrophages 
were significantly increased in SPC-Cul3 KO versus SPC-Cul3 WT 
mice and reduced in Cx3cr1-Cd74 KO and Pf4-Cd74 KO mice ex-
posed to bleomycin compared with their respective WT controls 
(FDR < 0.1) (data file S8). Immunostaining validated these findings, 
showing fewer SPP1+ CD11b+ macrophages in both KO strains 
(P < 0.05) (Fig. 6, K to N). Total CD11b+ cells were significantly re-
duced in Cx3cr1-Cd74 KO mice (P < 0.05) but not in Pf4-Cd74 KO 
mice (fig. S6, G and H). Pathway enrichment analysis in IMs from 
SPC-Cul3 KO, Cx3cr1-Cd74 KO, and Pf4-Cd74 KO lungs revealed 
overlapping alterations (|log2 fold change > 0.5|, FDR < 0.05), in-
cluding “myeloid activation,” “differentiation,” and canonical MIF/
MIF-2 pathways such as “inflammatory signaling” and “ERK1/2 sig-
naling” (Fig. 6O and data file S9). IMs also showed consistent re-
ductions in profibrotic genes (Spp1, Arg1, Chil3, and Il4ra) across 
experimental conditions in which fibrosis was reduced (Fig. 6P).

To corroborate the transcriptomic observations, we stimulated 
bone marrow–derived macrophages (BMDMs) from Cd74−/− (Cd74 
KO) and WT mice. A previous study has shown that MIF/MIF-2 
mediates sustained extracellular signal–regulated kinase 1/2 
(ERK1/2) signaling (52), and we found that recombinant MIF-2 

triggered increased ERK1/2 phosphorylation within 1 hour in WT 
but not in Cd74 KO BMDMs (Fig. 6Q and fig. S6I). Costimulation 
with MIF-2 and TGF-β for 24 hours increased Spp1 expression in 
WT cells, an effect abolished in Cd74 KO BMDMs (Fig. 6R). Pharma-
cologic mitogen-activated protein kinase kinase (MEK) inhibi-
tion (U0126) similarly blocked MIF-2/TGF-β–driven Spp1 induction 
in WT cells (Fig. 6S). Similar results were observed in resident peri-
toneal macrophages (fig. S6, J and K), underscoring the generaliz-
ability of CD74-ERK1/2 signaling for macrophage polarization.

Given high AEC2 Cd74 expression, we also tested for autocrine 
profibrotic signaling. We bred Cd74fl/fl with SftpcCreER2 mice and ad-
ministered tamoxifen to induce Cd74 deletion specifically in AEC2 
cells (SPC-Cd74 KO) or corn oil to littermate control (SPC-Cd74 
WT) mice (fig. S6, L to O). Deletion of Cd74 in AEC2s increased 
susceptibility to fibrosis compared with SPC-Cd74 WT mice, with 
greater collagen and Ashcroft scores, but no effect on Krt8+ transi-
tional cell numbers (fig. S6, L to T). Thus, MIF did not promote 
fibrosis or transitional cell expansion through AEC2-autocrine 
CD74 signaling.

Inhibition of MIF-CD74 interactions attenuates fibrosis
We next tested whether pharmacologic blockade of MIF–CD74 sig-
naling could mitigate fibrosis. MIF098, a small-molecule antagonist 
of MIF-CD74 interactions (53–55), administered 7 days after 
bleomycin, significantly reduced collagen (P < 0.001) and Ashcroft 
scores (P < 0.001) (Fig. 7, A to D) compared with vehicle control–
treated mice. In the TGFB1 transgenic fibrosis model, MIF098 simi-
larly reduced collagen (P < 0.0001) and Ashcroft scores (P < 0.05) 
compared with vehicle control–treated mice (Fig. 7, E to H). Last, in 
SPC-Cul3 KO mice, MIF098 decreased collagen and Ashcroft scores 
when given 7 days after bleomycin (P < 0.05) compared with vehicle 
control–treated mice, with further reductions when given immedi-
ately after bleomycin, collectively demonstrating that MIF098 re-
duced the profibrotic phenotype of SPC-Cul3 KO mice (Fig. 7, I to L, 
and fig. S7, A to D).

MIF is increased in IPF, and MIF inhibition reduces 
fibrosis in PCLSs
To assess clinical relevance, we quantified MIF in BALF from 78 
study participants with IPF and 17 healthy volunteers (Fig.  8A 
and data file S10). BALF MIF was higher in participants with 
IPF (8459  ±  6066 pg/ml) compared with healthy controls 
(4985  ±  1016 pg/ml; P =  0.0093). Among participants with IPF, 
BALF MIF > 4000 pg/ml was associated with increased mortality 
risk by Cox survival analysis compared with participants with IPF 
with BALF < 4000 pg/ml (P = 0.038; Fig. 8B). Immunostaining of 
lung sections from five patients with IPF and from four individuals 
without IPF confirmed elevated MIF and MIF-2, colocalized to 
AEC2s, consistent with murine findings (Fig. 8C and fig. S8A).

We then sought to determine whether MIF inhibition attenuated 
fibrosis in human lungs, using PCLSs from donors without IPF cul-
tured with a fibrotic cocktail [FC; TGF-β, platelet-derived growth 
factor α (PDGFα), tumor necrosis factor–α (TNFα), and lysophos-
phatidic acid] (56). We observed an expansion of KRT5− KRT17+ 
ABCs after FC treatment, as assessed using single-nucleus RNA 
sequencing (snRNA-seq) and immunostaining (27, 44) (Fig. 8, D 
and E, and fig. S8B). Although MIF expression was not robustly 
detected using a nuclear sequencing approach, enzyme-linked 
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Fig. 6. Cx3cr1-specific and Pf4-
specific deletion of Cd74 attenuates 
bleomycin-induced pulmonary fi-
brosis and reduces the accumulation 
of Spp1High macrophages. (A) Experi-
mental timeline. Lung tissue samples 
were harvested 14 days after intratra-
cheal bleomycin (CX3CR1-Cd74 WT: 
oil-treated Cd74fl/fl,Cx3cr1CreERT2 mice; 
CX3CR1-Cd74 KO: Tmx-treated Cd74fl/fl, 
Cx3cr1CreERT2 mice; PF4-Cd74 WT: Tmx-
treated Cd74wt/wt,Pf4iCre mice; PF4-Cd74 
KO: Tmx-treated Cd74fl/fl,Pf4iCre mice). 
(B to E) CX3CR1-Cd74 WT versus 
CX3CR1-Cd74 KO mice (n = 4 per saline 
group; n = 10 per bleomycin group). (B) 
BALF total cell count. (C) Lung collagen 
(Sircol). (D) Representative Masson tri-
chrome; scale bars, 500 μm. (E) Ash-
croft scores. (F to I) PF4-Cd74 WT versus 
PF4-Cd74 KO (n = 8 per group). (F) BALF 
total cell count. (G) Lung collagen 
(Sircol). (H) Representative Masson tri-
chrome; scale bars, 500 μm. (I) Ashcroft 
scores. (J) Proportion of the indicated 
cell type: IMs (MHCIIHigh and MHCIILow), 
recruited (RecMacs), and Spp1High mac-
rophages in CX3CR1-Cd74 WT versus 
CX3CR1-Cd74 KO and PF4-Cd74 WT 
versus PF4-Cd74 KO mice day 14 after 
bleomycin (n =  3 or 4 per CX3CR1-cre 
group, n = 2 or 3 per PF4-cre group). 
(K  to N) Confocal imaging and 
quantification of CD11b+ (green) cells 
costained with SPP1+ (purple). [(K) 
and (M)] CD11b+/SPP1+ in bleomycin-
injured lungs from CX3CR1-Cd74 WT 
versus CX3CR1-Cd74 KO mice, respec-
tively; boxed insets show magnified 
regions; scale bars, 50 μm; five random 
fields per lung; n  =  5 per group. [(L) 
and (N)] CD11b+/SPP1+ cells per HPF 
colocalization coefficient from five 
random HPFs per lung from CX3CR1-
Cd74 WT versus CX3CR1-Cd74 KO, re-
spectively. (O) Pathways enriched (|fold 
change|  >  0.5, FDR  <  0.05) across 
SPC-Cul3, CX3CR1-Cd74, and PF4-Cd74 
models. NF-κB, nuclear factor κB. (P) Heat-
map of scaled pseudobulk transcripts 
from MHCIIHigh and MHCIILow IMs grouped 
by genotype (P < 0.05). (Q) Immunoblot 
of CD74, phosphorylated ERK1/2 (p-ERK), 
and SPP1 in WT versus Cd74 KO BMDMs 
after recombinant MIF-2 [rMIF-2; 100 ng/
ml, 1 hour (h)]. (R) Spp1 expression in 
WT and Cd74 KO BMDMs treated with 
rMIF-2 (100 ng/ml) plus TGF-β (10 ng/ml) for 24 hours. (S) Spp1 expression in WT BMDMs treated with rMIF-2 (100 ng/ml) and TGF-β (10 ng/ml) for 24 hours with or without 
the MEK1/2 inhibitor U0126 (5 μM). Data are means ± SEM [(C), (E), (F), (G), (I), (J), (L), (N), and (S)] or median (IQR) [(B) and (R)] and were assessed using two-way ANOVA 
with Tukey post hoc [(C), (E), and (S)], unpaired two-tailed t tests [(F), (G), (I), (L), and (N)], two-tailed Mann-Whitney U tests [(B) and (R)], or sccomp for compositions (Bayesian 
sum-constrained β-binomial) with Benjamini–Hochberg correction (J). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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immunosorbent assay (ELISA) of PCLS culture supernatants re-
vealed increased MIF after FC treatment (Fig. 8F). In parallel, im-
munofluorescence confirmed MIF colocalization with SFTPA1+ 
AEC2s (Fig. 8G).

Pharmacologic inhibition with 4-IPP reduced fibrosis in FC-
treated PCLSs compared with FC-treated PCLSs treated with vehi-
cle control, as shown by decreased collagen on Masson’s trichrome 
and reduced COL1A1 expression (Fig.  8, H and I). SnRNA-seq 
demonstrated that CD74 expression was highest in myeloid cells 
(Fig.  8J), and 4-IPP treatment suppressed profibrotic macro-
phage genes (SPP1, CHI3L1, LGALS1, MMP9, and IL4R) without 
altering canonical macrophage markers compared to FC-treated 
PCLSs with vehicle control (FDR  <  0.05;  Fig.  8K). Collectively, 
these findings implicate AEC2-derived MIF in IPF and demonstrate 
that MIF blockade reduced profibrotic macrophage activation in 
human lung tissue.

DISCUSSION
A critical challenge in the treatment of pulmonary fibrosis is iden-
tifying intervenable targets that contribute to disease progression. 
Here, we demonstrate that communication between AEC2s and 
macrophages mediated by MIF family proteins promotes pathologi-
cal fibrosis. First, we found that cell-specific disruption of the UPS 
through deletion of Cul3 increased susceptibility to fibrosis and in-
creased transitional cells and BAL MIF/MIF-2. Both global and 
AEC2-specific deletions of Mif or Mif-2 reduced pulmonary fibrosis 
in a bleomycin mouse model. This protective effect, at least in part, 
was mediated by CD74, resulting in a reduction in Spp1High macro-
phages. We also observed increased MIF in BALF samples and 
found that elevated MIF was associated with increased mortality. 
Last, we also found that pharmacologic inhibition of MIF/MIF-2 
reduced fibrosis and reduced macrophage expression of profibrotic 
genes within human PCLSs. Collectively, these findings suggest that 

Fig. 7. MIF098, an inhibitor of MIF-CD74 interactions, attenuates pulmonary fibrosis. (A to D) (A) Experimental timeline. MIF098 (40 mg/kg, ip, once daily for 14 days) 
or vehicle control was injected intraperitoneally 7 days after intratracheal bleomycin, and lungs were assessed 21 days after intratracheal bleomycin (n = 3/saline control; 
n = 5 or 6/bleomycin). (B) Lung collagen (Sircol). (C) Representative Masson trichrome; scale bars, 500 μm. (D) Ashcroft score. (E to H) (E) Experimental timeline. WT or 
Dox-inducible TGFB1 Tg mice received MIF098 (40 mg/kg, ip, every other day) or vehicle control beginning 24 hours after Dox initiation. The lungs were assessed 14 days 
after Dox administration (WT n = 5 per group; Tg n = 9 per group). (F) Lung collagen (Sircol). (G) Representative Masson trichrome; scale bars, 500 μm. (H) Ashcroft score. 
(I to L) MIF-098 treatment postinjury in SPC-Cul3 KO mice. Experimental timeline mirroring (A) in SPC-Cul3 KO mice (SPC-Cul3 KO; TMX-treated Cul3fl/fl,SftpcCreERT2 mice). (J) 
Lung collagen (Sircol). (K) Representative Masson trichrome; scale bars, 500 μm. (L) Ashcroft score (n = 5 per group). Data are means ± SEM [(B), (D), (F), (J), and (L)] or 
median (IQR) (H) and were assessed using two-way ANOVA with Tukey post hoc [(B), (D), and (F)], unpaired two-tailed t test [(J) and (L)], or two-tailed Mann-Whitney U 
tests (H). *P < 0.05; ***P < 0.001; ****P < 0.0001.
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inhibiting the MIF–CD74 signaling axis to treat IPF may have 
therapeutic benefit.

There is growing recognition that diverse forms of lung injury 
elicit conserved cellular responses and that maladaptive engage-
ment of these common pathways underlies the development of 
fibrosis across experimental models and human disease. Subtle 
modifications to preclinical models, such as incorporating con-
sequences of clinically relevant risk factors like cigarette smoke 
exposure, aging, or genetic susceptibility, have made it possible 
to more accurately model the complexity seen in patients and to 
identify universal mechanisms that drive tissue dysfunction. In 
this context, we leveraged a model of AEC2-specific Cul3 dele-
tion to disrupt the UPS, a pathway known to be affected by both 
aging and environmental exposures (29–32). Our findings of in-
creased susceptibility to fibrosis in multiple murine models 
align with previous research demonstrating that cell-specific 
Cul3 inhibition induces partial epithelial-mesenchymal transi-
tion, disrupts cytoskeletal and cell-cycle regulatory proteins, and 
increases susceptibility to kidney fibrosis and hepatic dysfunc-
tion (57, 58). Although reduced CUL3 expression in IPF lungs 
supports the clinical relevance of our UPS-deficient model, 
dissecting the relative contributions of CUL3 transcriptional 
down-regulation versus its posttranslational control (for exam-
ple, through neddylation) will be essential to fully understand its 
role in fibrogenesis (59). Because modeling impaired UPS was 
our goal, we did not address these multiple levels of regulation. 
Furthermore, whereas systemic proteasome inhibition with bort-
ezomib or global neddylation blockade with MLN4924 has demon-
strated antifibrotic effects, our findings emphasize the need to define 
how UPS disruption within the epithelial compartment uniquely 
primes the lung for maladaptive repair (60, 61).

Transitional epithelial cells represent epithelial progenitors 
whose fate can dictate whether alveolar injury resolves through 
reepithelialization or advances to fibrotic remodeling. In mice, two 

major subtypes have been described: a resolving transitional cell 
that can differentiate into AEC1s and a nonresolving transitional 
cell whose transcriptome closely matches the ABCs found in IPF 
lungs (25, 27, 44). Whether AEC2s generate these ABCs in human 
disease and how murine transitional states map onto their human 
counterparts remain open questions (62). Here, we show that 
UPR disruption through AEC2-specific Cul3 deletion skews the 

Fig. 8. MIF is increased in IPF and is associated with mortality. (A) MIF in 
patients with IPF (n = 78) and healthy controls (n = 17) (ELISA). (B) Kaplan-
Meier survival curves for patients with IPF stratified by a BALF MIF cutoff of 
4000 pg/ml. (C) Representative confocal images of human lung sections im-
munostained for SFTPC (green), MIF (red), MIF-2 (red), and DAPI (blue); boxed 
regions shown at a higher magnification. Scale bars, 50 μm. (D) UMAP of 
snRNA-seq from human PCLSs (two pooled batches) treated with vehicle (con-
trol) or FC. (E) Representative confocal immunofluorescence of PCLSs for car-
boxypeptidase A6 (CPA6; green), KRT17 (red), and DAPI (blue); boxed regions 
magnified. Scale bars, 50 μm. (F) Human MIF (ELISA) in PCLS culture superna-
tants after 120 hours under control or FC conditions, with vehicle or 4-IPP 
(triplicate wells per condition for each of three independent donors). (G) Rep-
resentative confocal images stained for SFTPA1 (green), MIF (red), and DAPI 
(blue); boxed regions magnified. Scale bars, 50 μm. (H) Representative Masson 
trichrome of PCLSs from healthy donors cultured for 120 hours with C or FC 
and treated with vehicle or 4-IPP (samples #1, #2, and #3 are individual human 
samples). Scale bars, 500 μm. (I) Relative COL1A1 expression from individual 
human samples #1 to #3. (J) Feature plots of CD74 expression from the human 
PCLS (D) dataset. The color scale (red: high; gray: low) shows the gene expres-
sion level. (K) Violin plots showing the macrophage expression of indicated 
genes in PCLSs (FDR < 0.05). Group sizes for snRNA-seq: vehicle (V) + control 
cocktail (C), n = 1206 cells; 4-IPP + C, n = 1051 cells; V + FC, n = 458 cells; 4-IPP + 
FC, n = 1696 cells. Data are median (IQR) (F) or means ± SEM (I) and were as-
sessed by Kruskal-Wallis with Dunn’s post hoc test (F) or two-way ANOVA with 
Tukey post hoc test (I). *P < 0.05; ***P < 0.001; ****P < 0.0001.
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transitional program toward the nonresolving subtype, like other 
cellular perturbations, including mitochondrial dysfunction, sur-
factant protein mutation, and Nkx2-1 loss (22, 63). This shift fosters 
an IPF-like accumulation of maladaptive transitional cells, reshap-
ing the alveolar niche into a self-sustaining, profibrotic microenvi-
ronment that blocks normal postinjury resolution.

We identified augmented epithelial-derived MIF signaling as a 
consequence of an impaired AEC2 UPR and a mediator of fibro-
genic cell-cell communication. Initially described as a T cell cyto-
kine inhibiting macrophage migration (64), MIF has far broader 
functions. MIF activates pro-inflammatory and pro-survival path-
ways and serves as a rheostat of diverse cellular processes. MIF has 
also been identified as a senescence-associated secretory protein 
(SASP) and is secreted in response to cellular stress (65), relevant 
here because transitional cells, the highest-expressing cell of MIF 
after bleomycin treatment, also express Cdkn1a and Cdkn2b. Elevat-
ed epithelial expression translated to higher MIF in BALF. We ex-
amined MIF-2 (D-DT) because of its strong enrichment in 
AEC2s, structural and functional homology to MIF, and CXCR2-
independent signaling, which offered a tractable tool to help priori-
tize downstream pathways. Deletion of either Mif or Mif-2 yielded 
comparable antifibrotic effects, and given that MIF-2 cannot bind 
the neutrophil receptor CXCR2, this convergent effect suggested 
that MIF family–driven fibrogenesis operates independently of 
CXCR2-mediated neutrophil recruitment. We did not observe the 
same consistent and progressive changes in Mif-2 expression across 
cell states and mice, despite increased BAL MIF-2 after treatment 
with bleomycin. Future studies will be necessary to determine 
whether the divergent responses in Mif-2 expression reflect MIF-2’s 
role as a homeostatic protein released after injury.

Across our multiple injury models, we found that Spp1High 
macrophages were consistently expanded and demonstrated that 
Cd74 deletion in Cx3cr1-expressing or Pf4-expressing cells reduces 
Spp1High macrophages. CD74 (invariant chain) is essential for 
chaperoning and trafficking MHCII to endosomal compartments 
during antigen processing. ScRNA-seq showed that Cd74 expres-
sion was particularly high in IMs, including both MHCIIHigh and 
MHCIILow IMs. Previous studies have shown that an influx of 
monocyte-derived macrophages drives an increase in Spp1High 
macrophages after bleomycin (66) and that IMs may act as inter-
mediaries in the differentiation trajectory from recruited mono-
cytes to profibrotic macrophages (8). Our results align with this 
understanding given that conditional Cd74 deletion reduced the 
Spp1High macrophage subset after bleomycin. Transcriptomic pro-
filing of IMs from both KOs converged on the same suppression of 
profibrotic genes and down-modulation of signatures linked to 
myeloid differentiation and ERK1/2 activation. Inhibition of MIF 
in PCLSs identified reduced expression of overlapping genes, in-
cluding SPP1, CHIL3, and Il4RA, and complementary in vitro stud-
ies demonstrated a CD74-dependent ERK response in BMDMs 
eliciting the same profibrotic program observed in vivo. Together, 
these data place myeloid CD74 signaling as a critical mediator of 
MIF-driven fibrogenesis.

However, there are certain limitations that deserve mention. One 
limitation of this study is the inability to fully exclude off-target ef-
fects given that neither Cre line used to target IMs is IM specific: 
Cx3cr1 is also expressed by monocytes and dendritic cells, whereas 
Pf4 is expressed by megakaryocytes. Consequently, the antifibrot-
ic phenotype observed in both CX3CR1-Cd74 KO and PF4-Cd74 

KO mice could reflect distinct, lineage-restricted CD74-dependent 
pathways in the two different strains. In addition, we used a parsi-
monious two-population framework, acknowledging that IM het-
erogeneity is still being defined, with recent studies identifying three 
IM subtypes and distinguishing recruited from resident IMs (47–
51). This uncertainty makes it difficult to ascribe effects to a specific 
subset. For example, whereas Cd74 expression is most abundant on 
MHCIIHigh monocyte-derived IMs, Cd74 deletion induced over-
lapping suppression of profibrotic genes in both MHCIIHigh and 
MHCIILow subsets, with the latter expressing higher Pf4 and Cx3cr1. 
Future studies will be necessary to define how MIF–CD74 signaling 
directs macrophage trajectories in a cell state–specific manner, in-
cluding the expansion of monocyte-derived IMs, their potential 
transition into SPP1High macrophages, and effects on recruitment, 
adhesion, and proliferation. Despite these limitations, our find-
ings, together with prior works, support a model in which MIF–
CD74 signaling drives a profibrotic program in CD74-expressing 
monocyte-derived macrophages. Last, we cannot exclude the pos-
sibility that MIF or MIF-2 acts through CXCR4 or ACKR3 despite 
the low expression of these receptors or that they exert important 
effects on fibroblasts despite low fibroblast Cd74 expression. In ad-
dition, we were not able to detect MIF-2 in the BAL of patients; 
therefore, the role of MIF-2 in patients with IPF remains uncertain.

The identification of pathologic epithelial cell states remains a 
key area of investigation in efforts to treat IPF and other age-related 
diseases. Although restoring epithelial proteostasis combined with 
reversal or clearance of pathologic epithelial cell states is one route 
to slow progression, an orthogonal and potentially more immedi-
ately actionable strategy is to interrupt maladaptive signaling be-
tween epithelial and myeloid compartments. Collectively, our data 
identify the MIF family as fibrogenic effectors, with UPS impair-
ment elevating MIF and reshaping the tissue microenvironment 
to activate macrophages and drive fibrosis. These findings suggest 
that the MIF/MIF-2–CD74 axis is a therapeutic target for blunting 
pathologic remodeling.

MATERIALS AND METHODS
Study design
We sought to define aberrant intercellular signaling caused by a 
defective AEC2 UPS. UPS disruption was modeled by tamoxifen-
inducible, AEC2-specific Cul3 deletion, and fibrogenic consequenc-
es were tested in three complementary settings: acute bleomycin 
injury (days 0 to 21), postinjury repair (days 21 to 56), and physio-
logic aging (40 weeks). Cell-autonomous effects were evaluated 
ex vivo in AEC2 organoids derived from Cul3-deficient or con-
trol mice and in MLE-12 epithelial monolayers transfected with 
Cul3-targeting siRNA. We profiled whole-lung transcriptomics with 
scRNA-seq to quantify transitional cell states and assessed MIF fam-
ily proteins in BALF and lung tissue. To interrogate pathway causal-
ity, we assessed the consequences of global and AEC2-specific 
deletion of Mif or Mif-2 after bleomycin, along with a small-molecule 
MIF/MIF-2 inhibitor in bleomycin and TGFB1 transgenic mouse 
models. Downstream receptor dependence was tested by deleting 
Cd74 in Cx3cr1-expressing or Pf4-expressing cells and by pharma-
cologic blockade of MIF-CD74 interactions, again in bleomycin and 
TGFB1 transgenic mice. Human relevance was assessed by BALF 
measurements and histopathology and by testing inhibitors in hu-
man PCLSs exposed to an FC.
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All animal procedures were approved by the Yale Institutional 
Animal Care and Use Committee (protocol no. 07867) and com-
plied with the Guide for the Care and Use of Laboratory Animals. 
Human studies were approved by the Klinische Ethikkommission 
der Medizinischen Hochschule Hannover (BALF: #8948_BO_K_2020, 
#10-4397), the Yale School of Medicine Human Investigation Com-
mittee (HIC) (lung tissue immunofluorescence: HIC #1409014689, 
#2000020056; PCLS: HIC #2000032694), and the National Jewish 
Health IRB (PCLS: #11-1664).

Unless otherwise noted, n denotes biological replicates. For all 
mouse experiments, n equals the number of individual mice per 
group. Human BALF experiments represent individual patients, and 
human PCLS experiments were replicated across three independent 
donors except snRNA-seq analyses of PCLSs, which were performed 
across two independent donors. AEC2 organoid assays used cells 
from three independent mouse lungs. MLE-12 siRNA experiments 
comprised three independent transfections per condition. For im-
munoblots of murine-derived cells, lanes reflect pooled lysates from 
three mice per lane, where indicated.

All data were included except scRNA-seq libraries that failed 
quality filters; no statistical outliers were removed. Consistent with 
ARRIVE guidelines, primary end points were prespecified, sample 
sizes were set a priori on the basis of prior data and availability, mice 
were allocated to groups by simple randomization, groups were 
identified with numeric codes, and investigators were blinded to 
allocation during analysis. Mice were 8 to 12 weeks old and age 
matched (plus or minus 2 weeks); males were used for days 10 to 14 
and pharmacologic studies, and females were used for day 21 unless 
stated otherwise. One PCLS replicate was excluded because the FC 
did not increase fibrosis over control.

Patient selection
Human BALF samples were obtained from patients with a confident 
diagnosis of IPF according to the American Thoracic Society (ATS)/
European Respiratory Society (ERS) guidelines or from healthy vol-
unteers as previously described (67). Patient information for BALF 
collection is detailed in data file S10. Human lung tissue samples 
for immunofluorescence staining were obtained from the NIH-
sponsored Lung Tissue Research Consortium. PCLSs were procured 
from patients undergoing surgery at the National Jewish Health and 
Yale School of Medicine. Patient information is shown in data file S11.

Animals
The experimental unit was an individual mouse, except for scRNA-
seq studies (cell or mouse as specified in figure legends). Cul3fl/fl 
(stock no. 028349) and C57BL/6 WT (stock no. 000664) mice 
were purchased from the Jackson Laboratory, and Mif−/−, Mif-2−/−, 
Cd74−/−, Miffl/fl, Mif-2fl/fl, and TGFB1 transgenic mice were previ-
ously described (40,  46,  68). Cd74fl/fl mice for the present studies 
were generated using CRISPR-Cas9 methodologies (fig. S6A). Mice 
were bred with SftpcCreERT2 (stock no. 028054), Cx3cr1CreERT2 (stock 
no. 020940), Pf4iCre (stock no. 008535), and Cre reporter ROSA26mTmG 
(stock no. 007676), purchased from the Jackson Laboratory. Tamox-
ifen (T5648; Sigma-Aldrich) [stock solution (20 mg/ml) in corn oil] 
was injected intraperitoneally (100 mg/kg) for 4 consecutive days 
to trigger Cre recombinase activity in SftpcCreERT2 mice and was in-
jected into Cx3cr1CreERT2 mice every other day until the end of the 
experiment. Mice were maintained on a 12-hour:12-hour light:dark 
cycle with ad libitum chow/water.

In vivo mouse models of fibrosis
For bleomycin models, mice were anesthetized intraperitoneally 
with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). 
After anesthesia, bleomycin sulfate (McKesson Medical Surgical, 
no. 1129996) was diluted in sterile saline and administered intratra-
cheally at a dose of 0.4 U/kg in a total volume of 50 μl per mouse. 
TGFB1 transgenic mice (CC10-rtTA-tTS-TGFB1) and littermate con-
trols received normal water or water containing doxycycline (0.5 g/liter; 
Sigma-Aldrich) as previously described (46). Methods for pulmo-
nary function testing, acquisition and analysis of BALF, lung tissue 
for quantitative polymerase chain reaction (qPCR), histopathologic 
assessments, and measurements of soluble collagen are detailed in 
Supplementary Materials and Methods. Antibody information is 
listed in data file S12. Primer sequences listed in data file S13.

Statistical analysis
Analyses were conducted in GraphPad Prism 8 and R 4.3.3. Two-
group comparisons: Student’s t test (two-tailed) for normally 
distributed data and Mann-Whitney U test for non-normal data. 
Multiple-group comparisons: one-way or two-way analysis of 
variance (ANOVA) for normally distributed data and Kruskal-
Wallis for non-normally distributed data. Normality was assessed 
by the Shapiro-Wilk test. Unless otherwise specified, P values 
were adjusted using the Benjamini-Hochberg method (FDR). Val-
ues reported as means ± SEM (normal) or median ± interquartile 
range (non-normal). Compositional testing was performed with 
sccomp v1.99.18 (69) as described in Supplementary Materials 
and Methods.

Supplementary Materials
The PDF file includes:
Materials and Methods
Figs. S1 to S8
Legends for data files S1 to S13
References (70–76)

Other Supplementary Material for this manuscript includes the following:
Data files S1 to S13
MDAR Reproducibility Checklist
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Editor’s summary
Idiopathic pulmonary fibrosis (IPF) involves alveolar type 2 epithelial cells (AEC2s), but how these cells contribute
to disease or recovery is not fully mechanistically understood. Kim et al. used aging and genetic mouse models to
better understand the ubiquitin-proteasome system (UPS) in this context. Deletion of the cullin 3 gene in AEC2s to
model UPS impairment caused fibrosis on its own and exacerbated experimental fibrosis in mice. This also increased
macrophage migration inhibitory factor (MIF) proteins, which when inhibited in AEC2s attenuated fibrosis in the mouse
model. Pharmacological inhibition of MIFs attenuated fibrosis in two different mouse models of IPF, as well as in
precision-cut human lung slices treated with a fibrotic cocktail. In patients with IPF, the MIF amount in bronchoalveolar
lavage fluid was elevated compared with that in healthy individuals and was associated with increased mortality.
Together, these data demonstrate epithelial-macrophage signaling that may be a potential therapeutic target for IPF.
—Brandon Berry
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