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Abstract

The development of radiation-induced pulmonary fibrosis represents a critical clinical issue 

limiting delivery of therapeutic doses of radiation to non-small cell lung cancer. Identification of 

the cell types whose injury initiates a fibrotic response and the underlying biological factors that 

govern that response are needed for developing strategies that prevent or mitigate fibrosis. 

C57BL/6 mice (wild type, Nrf2 null, Nrf2flox/flox, and Nrf2Δ/Δ; SPC-Cre) were administered a 

thoracic dose of 12 Gy and allowed to recover for 250 days. Whole slide digital and confocal 

microscopy imaging of H&E, Masson’s trichrome and immunostaining were used to assess tissue 

remodeling, collagen deposition and cell renewal/mobilization during the regenerative process. 

Histological assessment of irradiated, fibrotic wild type lung revealed significant loss of alveolar 

type 2 cells 250 days after irradiation. Type 2 cell loss and the corresponding development of 

fibrosis were enhanced in the Nrf2 null mouse. Yet, conditional deletion of Nrf2 in alveolar type 2 

cells in irradiated lung did not impair type 2 cell survival nor yield an increased fibrotic 

phenotype. Instead, radiation-induced ΔNp63 stem/progenitor cell mobilization was inhibited in 

the Nrf2 null mouse while the propensity for radiation-induced myofibroblasts derived from 

alveolar type 2 cells was magnified. In summary, these results indicate that Nrf2 is an important 

regulator of irradiated lung’s capacity to maintain alveolar type 2 cells, whose injury can initiate a 
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fibrotic phenotype. Loss of Nrf2 inhibits ΔNp63 stem/progenitor mobilization, a key event for 

reconstitution of injured lung, while promoting a myofibroblast phenotype that is central for 

fibrosis.
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Introduction

Radiation therapy is used to treat approximately 900,000 lung cancer patients each year [1]. 

Research has shown that local tumor control and 5 year survival rates improve as the dose of 

radiation delivered to the tumor increases [1]. Normal tissue toxicity, however, limits this 

approach. The most common dose limiting adverse events are pulmonary pneumonitis and 

fibrosis [2]. Pneumonitis can develop within weeks of irradiation and in many, but not all 

cases is reversible. Fibrosis can develop months to years after treatment, is not reversible but 

progressive, and can lead to permanent impairment of lung function [2]. Currently, the 

biological factors that are critical for repair and renewal of distal epithelial tissue following 

radiation injury are incompletely understood. Identification of these factors represents an 

important step in reducing toxicity.

Nrf2, encoded by Nfe2l2, is a transcription factor [3] shown to regulate the expression of 

more than 400 genes [4], including those that encode antioxidant and drug-metabolizing 

enzymes [5]. Mont et. al. quantified NFE2L2 mRNA expression in non-diseased tissue 

obtained from human lung and found a wide variation in constitutive NFE2L2 mRNA 

expression [6]. When the data were divided into quartiles the results indicated that 

individuals in the 25th percentile expressed 11-fold less NFE2L2 mRNA than those in the 

75th percentile and this reduction correlated with loss of NRF2 target gene expression [6].

Loss of Nrf2 expression is associated with increased susceptibility to pulmonary fibrosis [7], 

including that produced by ionizing radiation [8]. Loss of Nrf2 expression can be a 

consequence of aging [9, 10], functional polymorphisms [11], and/or fibrotic TGF-β/

pSmad3 signaling [12–15]. Preclinical models of pulmonary fibrosis indicate that Nrf2 is 
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suppressed as the disease progresses [16, 17] and that haploinsufficiency is sufficient for 

enhanced susceptibility [8]. Conversely, pirfenidone-mediated inhibition of pulmonary 

fibrosis does so in part by inducing expression of Nrf2 [18]. Hence, these data support a 

hypothesis that posits that loss of Nrf2 promotes pulmonary fibrosis.

An important question is the identification of irradiated cell types negatively impacted by 

loss of Nrf2. We reasoned that a prolonged period of recovery following irradiation would 

allow identification of cell types whose reparative process was impaired by loss of Nrf2. 

Using this strategy the lungs of wildtype and Nrf2 null C57BL/6 mice were administered 12 

Gy. Assessing pulmonary injury 250 days after irradiation revealed that loss of Nrf2 

significantly impeded alveolar type 2 cell recovery, a cell type that is central to the 

pathogenesis of non-radiation-induced pulmonary fibrosis [19–22]. Nrf2Δ/Δ; SPC-Cre mice 

were used to determine if conditional loss of Nrf2 in alveolar type 2 cells directly impacted 

cell renewal following irradiation. Type 2 cell recovery from radiation-induced pulmonary 

injury was not impeded by disruption of the Nfe2l2 gene. Pulmonary ΔNp63 progenitor cell 

mobilization has the potential for generating type 2 cells following influenza infection or 

bleomycin-induced pulmonary injury [23–25]. Quantification of ΔNp63 expressing cells 

revealed that mobilization of this progenitor cell occurred after radiation-induced pulmonary 

injury, but was diminished by loss of Nrf2. Myofibroblasts are responsible for the synthesis 

of pathogenic extracellular matrix proteins that define fibrosis and alveolar type 2 cell 

epithelial-to-mesenchymal transition (EMT) represents one pathway for their formation [26]. 

Remarkably, radiation-injury induced chronic type 2 cell EMT events that were amplified by 

an Nrf2 deficiency. Collectively these data suggest that the failure of alveolar type 2 cell 

numbers to recovery after irradiation is amplified by loss of Nrf2, which inhibits ΔNp63 

progenitor cell mobilization while driving type 2 cell transition to a myofibroblast 

phenotype.

Materials and Methods

Mice

Mice were maintained under specific pathogen free conditions. All procedures performed on 

animals were approved by the Institutional Animal Care and Use Committee at Vanderbilt 

University. C57BL/6 Nfe2l2−/− mice (referred to as Nrf2 null) were originally generated by 

Chan et al [27] and have been backcrossed for more than 10 generations to C57BL/6j mice. 

Pleural effusion, which can be a confounding factor for survival studies [28] is not observed 

under our experimental conditions [8]. Generation of C57BL/6 Nfe2l2flox/flox mice is 

described in Supplemental Materials and Methods. Congenic C57BL/6-

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Lou/j (referred to as ROSAmT/mG mice) were 

obtained from Jackson labs. SFTPC-Cre mouse were obtained from Dr. Brigid Hogan, 

Department of Cell Biology, Duke University School of Medicine. The Nfe2l2flox/flox mice 

were crossed to the ROSAmT/mG mice to generate Nfe2l2flox/flox;ROSAmTmG mice that 

harbor undeleted Nrf2 floxed exons 4 and 5 (referred to as Nrf2flox/flox). The 

Nfe2l2flox/flox;ROSAmT/mG mice were then crossed to SFTPC-Cre mice to generate 

Nfe2l2flox/flox;ROSAmT/mG;SFTPC-Cre mice in which Nrf2 is conditionally deleted in 

alveolar type 2 cells (referred to as Nrf2Δ/Δ; SPC-Cre).

Traver et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Irradiation

Ten to 12 week old male mice were randomly assigned to treatment groups. Isoflurane 

anesthetized mice were placed on a 37°C recirculating water heating pad and the thorax was 

administered 12 Gy (300 kVp/10 mA X-rays) at 1.64 Gy per min. With the exception of the 

thorax the entire animal was shielded by a custom lead block 2.5 cm thick.

Digital Histology

Whole slide imaging was performed in the Digital Histology Shared Resource at Vanderbilt 

University Medical Center (www.mc.vanderbilt.edu/dhsr). Formalin-fixed paraffin-

embedded (FFPE) 5 μm H&E stained sections or Masson’s trichrome stained sections were 

imaged using a Leica SCN400 Slide scanner that provides high resolution wide field images 

ranging from 0.05x to 20x. Entire lung sections were first inspected at a low magnification. 

Figure S1A illustrates a 0.58x H&E image of an entire H&E stained lung section obtained 

250 days after sham treatment of a wild type mouse. Following the initial inspection each 

entire lung section was then inspected at 20x. Figure S1B illustrates a 0.58x, 10x and 20x 

image of a lung section 250 days after irradiation of the lungs of a wild type mouse. Leica-

associated software packages provide complex algorithms for unbiased, automated image 

quantitation of areas of interest. Tissue remodeling can be defined by changes in quantity, 

composition, and organization of structure [29]. For H&E stained sections remodeling was 

quantified as described by Ashcroft et al [30] and Hubner et al [31]. Image analysis was 

performed at 20x. The area occupied by tissue remodeling was quantified in μm2 and 

expressed relative to the area of the entire field. A scale of 1–8 was employed [31]. 

Supplemental Table S1 summarizes the scale. The image analysis algorithms deconvolute 

Masson’s trichome stains, converting each stain into fluorescence pixels that can then be 

quantified in ImageJ.

Immunofluorescence staining and imaging

The following antibodies were used to immunostain FFPE sections: goat Spc (1:100; 

sc7706; Santa Cruz Biotechnology); rabbit Spc (1:500; ab3786; Millipore); rabbit Pdpn 

(1:100; sc134483; Santa Cruz Biotechnology); rabbit 53BP1 (1:3500; NB100-304; Novus 

Biologicals); goat CD34 (1:100; Santa Cruz Biotechnology); rabbit eGFP (1:1000; 

TA150032; Origene); mouse αSMA (1:3000; A2547; Sigma Aldrich); rabbit ΔNp63 (1:100; 

619001; Biolegend); donkey anti-goat Alexa 568 (1:2000; A11057; Thermo Fisher 

Scientific); goat anti-rabbit Alexa 647 (1:2000, A21244; Thermo Fisher Scientific); donkey 

anti-mouse (1:2000; A31571; Thermo Fisher Scientific). All sections were counterstained 

with DAPI. Whole slide immunofluorescence imaging was performed in the Digital 

Histology Shared Resource at Vanderbilt University Medical Center using a Leica Apiro 

Versa whole slide scanner that provides high resolution wide field images of ranging from 

0.05x to 40x. Entire lung sections were first inspected at a low magnification. Following the 

initial inspection each entire lung section was then inspected at 20 to 40x. Images were 

captured as jpeg files. Confocal images of immunofluorescence staining were acquired using 

an Olympus FV-1000 inverted confocal microscope using a 60x/1.45 Plan-Apochromat oil 

immersion objective lens. Images were captured as jpeg files.
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Immunofluorescence intensity quantification

ImageJ software was used to quantify fluorescence intensity. Antibody-specific 

immunofluorescence intensity per field was calculated using ImageJ (NIH) and corrected for 

DAPI staining per field in order to account for tissue cellularity. Background staining was 

quantified and mean background staining was subtracted from antibody-specific 

immunofluorescence intensity. We report mean relative intensity ± SD, which is defined as 

(antibody-specific immunofluorescence intensity corrected for DAPI staining per field) 

minus mean background staining. Mean relative intensity of sham control is reported as 1.0.

Statistical Analysis

An unpaired t test or an analysis of variance was used for comparison between various 

groups. A P value less than 0.05 was considered statistically significant.

Results

Loss of Nrf2 potentiates tissue remodeling and increases formation of fibrotic foci

Previously, we reported that an Nrf2 deficiency increased radiation-induced lung injury to a 

greater extent in male C57BL/6 mice compared female mice [8]. Based on this knowledge 

we chose to use male mice in this investigation and administer a thoracic dose of 12 Gy, a 

dose that produces a mortality rate of less than 10% [32]. A 250 day recovery period was 

used in order to provide sufficient time for repair and regeneration of irradiated cells.

The degree of radiation-induced tissue remodeling was quantified from H&E stained 

sections while Masson’s trichrome staining was used to assess collagen deposition (Figure 

1). Irradiation produced tissue remodeling and collagen deposition in wild type and Nrf2 

deficient lung compared to sham-treated mice (Figure 1A vs C; E vs G, B vs D, and F vs H). 

Nrf2 null mice were 1.6 fold more susceptible to radiation-induced lung injury compared to 

wild type mice, as measured by tissue remodeling (P = 0.0002; N = 10 mice, 112 fields; 

Figure 1, C vs D) or collagen deposition (P =0.036; N = 10 mice, 71 fields; Figure 1, G vs 

H).

Assessing endothelial versus epithelial recovery following irradiation

We examined alveoli 250 days after irradiation, assessing recovery of cell types thought to 

be critical for the reparative process. Pulmonary capillary endothelial cells can be crucial for 

regrowth/regeneration of injured alveoli [33, 34]. Endothelial cell injury is observed within 

hours following administration of radiation doses that produce rodent mortality rates that 

approach 100%. Under such conditions it is hypothesized that endothelial injury may 

contribute to radiation-mediated pulmonary dysfunction [35–37]. However, it is not known 

if alveolar endothelial cell injury is a key factor for the development of pulmonary fibrosis 

following doses of radiation that produce mortality rates of less than 10%. To address this 

question we quantified alveolar endothelial cells following administration of 12 Gy 

(LD50/180 < 10%) to the thorax of wild type and Nrf2 null mice. Podoplanin (Pdpn) 

immunofluorescence was used to identify alveolar type I cells (Figure S2). CD31 

immunofluorescence was used to identify endothelial cells in alveoli. Representative images 

are shown in Figure S2A. The analysis revealed that 250 days after irradiation there was a 
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small but statistically significant 25% decrease in CD31 immunostaining compared to sham 

(P = 0.008, N = 20 mice, 148 fields) but that CD31 immunostaining in irradiated lung was 

independent of Nrf2 (P > 0.05, N = 10 mice, 99 fields, Figure S2B).

Alveolar type 2 cells are surfactant producing, self-renewing stem cells that can differentiate 

into type 1 cells [38]. There is compelling evidence that failure of type 2 cells to recover 

from injury is sufficient to induce pulmonary fibrosis in non-radiation models [19–22]. The 

question of whether alveolar type 2 cells recover and regenerate following radiation injury 

has not been resolved. Almedia et al [39] administered 12 Gy to the lungs of female FVB/N 

mice and assessed Spc expression 98 days later. They found approximately twice as many 

alveolar type 2 cells in irradiated lung compared to sham. Citrin et al [40] irradiated 

C57BL/6 mice with 1 7.5 Gy or 5 fractions of 5 Gy or 6 Gy. Sixteen weeks after irradiation 

there was a 2-fold decrease in type 2 cells [40]. To address this question Pdpn 

immunofluorescence was again used to identify alveoli type 1 cells. Spc 

immunofluorescence was used to quantify the presence of alveolar type 2 cells (Figure 2). 

Two hundred fifty days after irradiation of wild type mice there was a 2 fold loss of alveolar 

type 2 cells compared to sham-treated lung (P = 0.0037, N = 10 mice, 96 fields). In 

irradiated Nrf2 null mice there was a 4 fold loss of alveolar type 2 cells compared to sham 

treated lung (P = 0.0002, N = 10 mice, 77 fields). The analysis revealed a significant 

radiation-induced loss of alveolar type 2 cells that was compounded by loss of Nrf2 (P = 

0.0023, N = 10 mice, 98 fields, Figure 2).

Expression of the DNA repair protein 53BP1 is not affected by loss of Nrf2

McDonald et al [41] have shown that proliferating Nrf2 null MEFs are radiosensitive. 

Tp53bp1 encodes the DNA repair protein 53BP1 and contains an Antioxidant Response 

Element (ARE) in its proximal promoter [42]. Therefore, we asked whether loss of Nrf2 

would diminish constitutive 53BP1 expression. Lung sections from sham and irradiated wild 

type and Nrf2 null mice were immunostained for 53BP1 and Spc (Figure S3A & S3B). 

53BP1 immunofluorescence per cell in sham (P > 0.05) and irradiated lung (P = 0.66) was 

found to be independent of genotype. Lung sections were also stained for the catalytic 

subunit of glutamate-cysteine ligase encoded by the gene Gclc as a positive control (Figure 

S3C). Constitutive and inducible Gclc expression are governed by AREs [43]. Gclc 

expression was not observed in Nrf2 null lung.

Conditional disruption of Nfe2l2 in alveolar type 2 cells

Type 2 cell repopulation following cytotoxic injury is dependent on the severity of injury 

[23] and is a consequence of alveolar type 2 self-renewal capacity [38], as well as 

regeneration by progenitor Club cells [44] and transdifferentiation of Hopx+ alveolar type 1 

cells [45]. In addition to these cell types it has been reported that distal airway stem cells/

lineage negative ΔNp63 progenitor cells are essential for lung regeneration following injury 

[23, 24]. Under oxygenated conditions ΔNp63 cells have the potential for proliferative 

expansion and differentiation into type 1 and 2 cells [24]. Under hypoxic conditions HIFα 
expression promotes Krt5 basal cell-like metaplasia [25].
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We first investigated type 2 cell self-renewal. Mice with conditional deletion of Nrf2 in 

alveolar type 2 cells (Nrf2Δ/Δ; SPC-Cre) and control Nrf2flox/flox mice (Supplemental Figure 

4), as well as control ROSAmTmG; SFTPC-Cre mice were used to determine if alveolar type 

2 cell hypersensitivity observed in irradiated Nrf2 null mice was a direct consequence of loss 

of Nrf2 in the type 2 cells. We quantified tissue remodeling by H&E staining in sham-treated 

and irradiated (12 Gy) mice 250 days after irradiation. Conditional loss of Nrf2 in alveolar 

type 2 cells did not enhance radiation-mediated tissue remodeling (P = 0.78, Figures 3A & 

3B). The degree of radiation tissue remodeling was essentially the same for ROSAmTmG; 
SFTPC-Cre, Nrf2flox/flox and Nrf2Δ/Δ; SPC-Cre mice.

Next, we asked whether conditional loss of Nrf2 in type 2 cells affected recovery of these 

cells after radiation injury. Pdpn immunofluorescence was used to identify alveoli type I 

cells. Spc immunofluorescence was used to quantify the presence of alveolar type 2 cells 

250 days after administration of 12 Gy. Loss of Nrf2 in type 2 cells did not affect cell 

recovery (P = 0.73, Figures 3C & 3D).

ΔNp63 lineage-negative progenitor cell mobilization is suppressed by loss of Nrf2 in 
irradiated lung

As stated above, ΔNp63 lineage-negative progenitor cell mobilization is critical for cell 

recover following certain types of pulmonary injury [23, 24]. However, it was not known 

whether ΔNp63 mobilization occurred following lung irradiation. Therefore, we quantified 

ΔNp63 expression in sham and irradiated lung 250 days after treatment (Figure 4). ΔNp63 

mobilization was observed in irradiated wild type lung relative to sham treatment (P < 

0.0001, N = 90 fields, 9 mice), consistent with the concept that mobilization occurs in 

injured lung [24]. What is surprising is that mobilization continues so long after injury, 

supporting the concept that radiation injury produces a progressive pathophysiology. While 

we cannot exclude mobilization in Nrf2 null lung prior to sacrifice, ΔNp63 mobilization was 

not observed in irradiated Nrf2 null lung relative to sham (P > 0.05, N = 88 fields, 9 mice) or 

to irradiated wild type lung 250 days after irradiation (P < 0.006, 89 fields, N = 9 mice). 

This observation leads us to hypothesize that loss of ΔNp63 mobilization in the Nrf2 null 

lung may account, in part, for the loss of alveolar type 2 cells observed in irradiated null 

lung.

Radiation-induced epithelial-to-mesenchymal transition (EMT)

Myofibroblasts represent a primary source for collagen deposition [46] and can be derived 

from resident fibroblasts, alveolar type 2 cells that undergo an epithelial-to-mesenchymal 

transition (EMT), and fibrocytes [47]. Epithelial cells express both epithelial and 

mesenchymal markers as they transition into a mesenchymal phenotype. While Rock et al 

[47] found no evidence for EMT events following bleomycin-induced pulmonary fibrosis, 

Bali et al [26] reported that alveolar type 2 cells can undergo EMTs following radiation 

injury and Zhou et al [48] found that Nrf2 suppressed TGFβ-mediated EMT events in a rat 

alveolar type 2 cell culture model. Thus, it was of interest to determine if loss of Nrf2 would 

promote type 2 cell EMT events following radiation injury. Lung sections from wild type 

and Nrf2 null mice were immunostained with antibody to Spc in order to identify alveolar 

type 2 cells and antibody to αSMA [47] for identification of a mesenchymal transition [47]. 
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Inspection of immunofluorescence in irradiated lung sections revealed that the majority of 

alveolar type 2 cells (characterized by Spc immunostaining surrounding a DAPI stained 

nucleus) did not express αSMA (compare Figures 5B & 5C). Remarkably, 250 days after 

irradiation a small percentage of cells exhibited DAPI stained nuclei that were surrounded 

by both Spc and αSMA (Figure 5D). The frequency of such events 250 days after irradiation 

is shown in Figure 5E for wild type and Nrf2 null mice. Loss of Nrf2 resulted in a 10 fold 

increase in EMT events (P= 0.045, N = 8 mice).

Examination of immunofluorescence by confocal imaging of multiple optical sections was 

used to validate alveolar type 2 co-expression of the epithelial Spc marker and the αSMA 

mesenchymal marker [47]. The images obtained from Nrf2 null sham treated lung shown in 

Figure 6A illustrate four of nine Z stack slices, 0.58 μm each. None of the cells (denoted by 

DAPI nuclei) in Panel A co-express Spc and αSMA. The images shown in Panel B were 

obtained from Nrf2 null irradiated lung and represent a single 0.58 μm slice, labelled 

5357.96 μm. Two of the nuclei shown in Panel B express both Spc and αSMA (denoted by 

white arrows). Slice Z 5359.12 μm (Panel C) illustrates the same two nuclei imaged 1.16 μm 

from section Z5357.96 μm. In this slice these two nuclei denoted by white arrows again 

express both Spc and αSMA. These results indicate that there are ongoing, persistent EMT 

events that occur long after irradiation of lung.

Discussion

The object of radiation therapy is to deliver a definitive dose to tumor while minimizing the 

dose delivered to the surrounding normal tissue [49]. Although normal tissue toxicity defines 

the therapeutic dose, the biological factors that impact toxicity are not well characterized 

[49]. Identification of these factors on an individualized patient basis would allow 

personalized dose delivery, thereby increasing the potential for controlling tumor growth. 

The problem of normal tissue toxicity is particularly acute for locally advanced non-small 

cell lung cancer [50], with pulmonary fibrosis representing one of several normal tissue 

complications that can develop after irradiation of the lung. It is thought to be initiated by 

cell injury that is followed by reprograming that subsequently drives myofibroblast 

deposition of extracellular matrix [51].

A goal of this investigation was to identify cell types whose recovery was impaired by loss 

of Nrf2. Therefore a dose of 12 Gy was administered to the lung. A recovery period of 250 

days was employed in order to allow sufficient time for repair of the radiation damage and 

for subsequent stem/progenitor cell regeneration of injured tissue. The observation that 12 

Gy produced epithelium remodeling and collagen deposition indicates an inability to fully 

repair and regenerate, an outcome that was significantly enhanced in the Nrf2 null mouse.

An Nrf2 deficiency would be expected to produce pleotropic pathophysiological effects in 

irradiated lung due to the fact that Nrf2 regulates expression of over 400 genes [4]. Loss of 

Nrf2 has been shown to increase the radiation sensitivity of proliferating cells [41] [52]. Yet, 

the alveolar capillary network was able to recover and the degree of recovery was not 

impaired by loss of Nrf2. These results are in contrast to the reports by others who found 

that radiation doses that caused significant animal mortality limited recovery of pulmonary 
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endothelial cells [35–37]. On the other hand, alveolar type 2 cells were not able to 

implement full recovery following absorption of 12 Gy and this failure to recover was 

coincident with increased tissue remodeling and collagen deposition. Given that injury to 

alveolar type 2 cells, which are considered stem/progenitor cells [47], is sufficient for 

inducing a fibrosis phenotype in several model systems [19–22], our data suggest that 

radiation-induced loss of these cells, along with type 2 cell senescence [40], represent 

underlying initiating mechanisms responsible for radiation pulmonary injury. Further 

support for this hypothesis is provided by Balli et al [26] who expressed constitutively active 

Foxm1 in alveolar type 2 cells using a SPC-inducible promoter. Expression of the Foxm1 

transgene in irradiated lung (12 Gy) induced an EMT phenotype in type 2 cells, shortened 

the time for the development of radiation-induced fibrosis and increased the severity of 

fibrosis compared to irradiated lung that did not express the transgene. To complement these 

studies the authors conditionally deleted Foxm1 from type 2 cells and observed diminished 

radiation-induced fibrosis. These data demonstrate that reprograming of alveolar type 2 cells 

significantly affects radiation-induced pulmonary fibrosis.

Conditional deletion of Nfe2l2 in alveolar type 2 cells was not sufficient for enhancement of 

radiation-induced pulmonary injury, indicating that the Nrf2 deficiency did not significantly 

radiosensitize type 2 cells nor impair type 2 cell self-renewal. Type 2 cell renewal is also a 

function of Club progenitor cell differentiation [40] and/or transdifferentiation of Hopx+ 

alveolar type 1 cells [41]. In addition, under conditions of mild pulmonary injury that do not 

induce hypoxia ΔNp63 progenitor cells may contribute [24, 25].

We observed ΔNp63 lineage-negative progenitor cell mobilization 250 days after radiation 

injury, implying that mobilization is also a response to pulmonary injury induced by ionizing 

radiation. While we cannot exclude mobilization prior to 250 days, ΔNp63 mobilization was 

not observed in Nrf2 null mice at this recovery interval. Vaughan et al reported that after 

bleomycin injury there is an expansion of Krf5+/ΔNp63 cells, 30% of which resolve into 

alveolar type 2 cells [23]. ΔNp63 progenitor cell differentiation into type 2 cells requires 

Wnt signaling [25] that can be suppressed by oxidative stress [53], a key feature of an Nrf2 

deficiency. Thus, one interpretation for these data is that failure to mobilize ΔNp63 

progenitor cells in the Nrf2 null mouse may be a consequence of increased oxidant stress 

and may account, in part, for the loss of type 2 cells in irradiated Nrf2 null mice.

The myofibroblast phenotype is considered a consequence of alveolar injury [51]. 

Myofibroblasts can originate from resident fibroblasts, alveolar type 2 cells that undergo an 

EMT, and fibrocytes [47]. Based on the work of Bali et al [26] and Zhou et al [48] we 

focused on type 2 cell EMT events. The data clearly indicate the presence of EMTs 

occurring 250 days after irradiation, with greater frequency in the Nrf2 null mouse. These 

data are consistent with the knowledge that radiation-induced epithelial injury results in 

chronic overexpression of TGF-β [54] and connective tissue growth factor (CTFG) [55], two 

cytokines that have major roles in myofibroblast formation. Furthermore it is known that the 

expression of these cytokines is enhanced in the Nrf2 null mouse following injury [16, 56] 

and thus may account for the increase in EMT events and the concomitant loss of type 2 

cells observed in this genotype.
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In summary, our data support the concept that injury to alveolar type 2 cells is a critical 

event in the pathogenesis of pulmonary fibrosis. We provide evidence that Nrf2 is crucial for 

recovery from radiation-induced pulmonary injury and specifically for alveolar type 2 cells. 

Diminished expression of Nrf2 in irradiated lung may impair mobilization of critical ΔNp63 

progenitor cells, thereby diminishing alveolar type 2 cell recovery while promoting EMTs in 

alveolar type 2 cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Loss of Nrf2 inhibits the alveolar type 2 cell reparative process in irradiated 

lung

• Radiation-induced ΔNp63 stem cell mobilization is inhibited in the Nrf2 null 

mouse

• Loss of Nrf2 promotes alveolar type 2 cell EMT.
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Figure 1. 
Loss of Nrf2 potentiates radiation-induced tissue remodeling and collagen deposition. Male 

wild type (A, C, E, G) and Nrf2 null (B, D, F, H) mice were administered 0 (A, B, E, F) or 

12 Gy (C, D, G, H) to the thorax and allowed to recover for 250 days. The degree of tissue 

remodeling was quantified from H&E sections (I, N = 112 fields, 10 mice) while collagen 

deposition was quantified from Masson’s trichrome staining (J, N = 71 fields, 10 mice). 

Black bar = 100 μm. Red arrow in panel C identifies tissue remodeling.
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Figure 2. 
Loss of Nrf2 potentiates radiation-induced injury to alveolar type 2 cells. The thorax of male 

wild type and Nrf2 null mice was administered 0 (A, B) or 12 Gy (C, D) and the mice 

allowed to recover for 250 days. Wide field whole slide scanning microscopy was used to 

image Pdpn immunofluorescence (green) in order to identify alveolar type 1 cells. Spc 

immunofluorescence (red) in alveoli was used to identify and quantify alveolar type 2 cells. 

DAPI staining identifies nuclei. E) Quantification of Spc immunofluorescent cells per field, 

corrected for DAPI staining. White bar 100 μm.
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Figure 3. 
Tissue remodeling and Spc immunofluorescence in sham (0 Gy) and irradiated (12 Gy) lung 

of Nrf2flox/flox and Nrf2Δ/Δ; SPC-Cre mice 250 days after irradiation. A) Representative 

H&E stained sections. B) Quantification of tissue remodeling in irradiated ROSAmT/mG 

SFTPC-Cre, Nrf2flox/flox and Nrf2Δ/Δ; SPC-Cre mice. C) Representative sections 

immunostained for Spc (red) and Pdpn (green), and counter stained with DAPI, imaged 

using wide field whole slide scanner. microscopy. D) Quantification of relative Spc 

immunofluorescent cells per field corrected for DAPI staining. Black and white bars = 100 

μm.
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Figure 4. 
Loss of Nrf2 suppresses ΔNp63 progenitor cell mobilization in irradiated lung. The thorax 

of male wild type and Nrf2 null mice was administered 0 (A, B) or 12 Gy (C, D) and the 

mice allowed to recover for 250 days. Wide field whole slide scanning microscopy was used 

to image ΔNp63 immunofluoresence with DAPI counter staining. E) Quantification of 

ΔNp63 immunofluorescent cells per field corrected for DAPI staining. White bar = 10 μM 

40x.
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Figure 5. 
Loss of Nrf2 increases EMT events in irradiated lung. The thorax of male wild type and 

Nrf2 null mice was administered 0 or 12 Gy and the mice were allowed to recover for 250 

days. Wide field whole slide scanning microscopy was used to image Spc and αSMA 

immunofluorescence surrounding DAPI stained nuclei. A) A representative section from a 

sham treated wild type lung. B) A representative section from an irradiated wild type lung 

illustrating cells with only Spc immunofluorescence (white arrow). C) A representative 

section from an irradiated wild type lung illustrating cells with only αSMA 

immunofluorescence (white arrow). D) A representative section from an irradiated wild type 

lung illustrating a cell with both Spc and αSMA immunofluorescence (white arrow). E) The 

frequency of EMT events in wild type and Nrf2 null lung sections obtained from 8 mice. 

EMT events are defined as DAPI stained nuclei surround by both Spc and αSMA 

immunofluorescence. 40x, White bar = 10 μm.
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Figure 6. 
Alveolar type 2 cell EMT. Thoraxes of Nrf2 null mice were administered 12 Gy and the 

mice were allowed to recover for 250 days. Confocal microscopy with Z stack imaging was 

used to capture Spc immunofluorescent (green) and αSMA immunofluorescent (red) cells. 

40x with an additional 3x optical zoom. Panel A illustrates 4 of 9 - Z stack slices (0.58 μm 

each) covering a total of 4.06 μm. Six nuclei (blue, DAPI) are shown. None of the nuclei in 

Panel A co-express Spc and αSMA. Panel B illustrates two nuclei (blue, DAPI, white 

arrows) surrounded by both Spc (green) and αSMA (red), optical section Z5357.96 μm, 40x 

with an additional 3x optical zoom. Panel C illustrates the same two nuclei as Panel B but at 

optical section Z5359.12 μm, 40x with an additional 3x optical zoom.
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