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Protein lysine modification by ~-ketoaldehyde isomers derived from arachidonic acid, termed
isolevuglandins (IsoLGs), is emerging as a mechanistic link between pathogenic reactive oxygen species
and disease progression. However, the questions of whether covalent modification of proteins by
IsoLGs are subject to genetic regulation and the identity of IsoLG-modified proteins remain unclear.
Herein we show that Nrf2 and Nox2 are key regulators of IsoLG modification in pulmonary tissue and
report on the identity of proteins analyzed by LC-MS following immunoaffinity purification of IsoLG-
modified proteins. Gene ontology analysis revealed that proteins in numerous cellular pathways are
susceptible to IsoLG modification. Although cells tolerate basal levels of modification, exceeding them

. induces apoptosis. We found prominent modification in a murine model of radiation-induced pulmonary
fibrosis and in idiopathic pulmonary fibrosis, two diseases considered to be promoted by gene-
regulated oxidant stress. Based on these results we hypothesize that IsoLG modification is a hitherto
unrecognized sequelae that contributes to radiation-induced pulmonary injury and IPF.

Isolevuglandins (IsoLGs) are a family of eight ~-ketoaldehyde regioisomers formed by non-enzymatic rearrange-
ment of endoperoxide intermediates produced when arachidonic acid or its phospholipid esters undergo enzy-
matic or free radical mediated cyclooxygenation'?. The endoperoxide intermediate produced enzymatically by
cyclooxygenases (prostaglandin H,) can form two of the eight potential regioisomers, while the endoperoxide
intermediates produced by free radicals can form all of the eight potential regioisomers"?. Emerging research
indicates that modification of proteins by IsoLGs can contribute to the pathogenesis of diseases driven by oxida-
tive stress®°. IsoLG modification can be a proteotoxic event that inhibits a number of different processes such as
macrophage-mediated degradation of LDL?, sodium channel function® and proteasome function’. It can also be
immunogenic®. Currently, however, there is a lack of knowledge concerning the identity of susceptible proteins
and whether IsoLG formation and accumulation of modified proteins is genetically regulated. Although IsoLG
modification can be cytotoxic, the underlying molecular subroutine that drives cell death has not been identified.

The primary function of NADPH oxidases, a superoxide-generating family of enzymes consisting of 7 NOX
members (NOX1-NOXS5, DUOX1, and DUOX2) is the generation of reactive oxygen species (ROS)°. While
generation of ROS by NOX can directly lead to IsoLG formation via the free radical pathway, NOX activa-
tion also leads to cyclooxygenase activation'®!! and thus potentially to additional formation of IsoLGs via the
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cyclooxygenase pathway. The prototypical Nox2 enzyme is a multicomponent complex that generates superoxide
and consists of a membrane bound flavocytochrome-based oxidase, gp91, heterodimerized to p22 Ph*%, Activation
requires assembly of cytosolic-based p40 Pho%, p47 Phox, and p67 PoX, as well as the small GTPase Rac'2. Nox2 is
expressed in phagocytic cells, vascular tissue and in most pulmonary cells' and its activity is critically dependent
upon the Nox adaptor protein p47 P encoded by NCFI. While Nox2 plays a critical role in antimicrobial host
defense it also can be injurious. Herein we report that Nox2 promotes pulmonary IsoLG modification.

Nrf2-dependent gene expression represents a crucial pathway for suppressing a ROS challenge. The transcrip-
tion factor Nrf2, encoded by Nfe2I2, is a highly conserved member of the cap ‘n’ collar (CnC) family of basic leu-
cine zipper transcription factors', promotes antioxidant gene expression (eg, HO1, SOD1, SOD2, GCLC, GCLM,
and CAT'>!6) and is essential for maintaining ROS homeostasis!”. Consistent with this concept, EPR imaging has
shown that tissue ROS is increased in the Nrf2 null mouse'®. In addition, Nox2 stimulates Nrf2 activation in lung
tissue during inflammation in mice, and Nrf2 limits injury’®. We found that IsoLG-modified protein was signif-
icantly increased in the lungs of Nrf2 deficient mice, thus identifying Nrf2 gene expression as a critical nexus for
suppressing IsoLG modification of protein.

Loss of Nrf2 activity?®?! and elevated NAPDH oxidase-mediated ROS?*?? is noted in murine models of
radiation-induced pulmonary fibrosis as disease progresses. This knowledge leads to the prediction that IsoLG
modified protein should be a prominent feature in this disease. First, we show that exposure to ionizing radiation,
a stress that produces various types of ROS*, induced IsoLG modification in a cell culture model. Then using a
proteomic approach we identified and compared proteins that have the potential to be modified in irradiated and
non-irradiated cells. Viability studies demonstrated that apoptosis results when a threshold of IsoLG modification
is exceeded. Next, we assessed and found high levels of modification in irradiated murine lung compared to sham
irradiated tissue.

Abrogation of Nrf2 expression compounded by elevated NAPDH oxidase activity also characterizes human
idiopathic pulmonary fibrosis (IPF)?*-%". Therefore we assessed adduction in IPF and human donor lung tissue.
High levels of IsoLG-modified protein were observed in pulmonary tissue from IPF patients but not in control
tissue, consistent with the knowledge that oxidant stress is central to the progression of IPE. The proteomic anal-
ysis identified collagen 1 o 1 as a protein highly susceptible to modification and this was confirmed in IPF tissue
using immunofluorescence confocal microscopy. Strikingly, modified collagen 11 was found to be resistant to
MMP-1-mediated degradation, suggesting that IsoLG modification can impact tissue remodeling.

Results

IsoLG-modified proteins are present in the lungs of unstressed, healthy mice. We determined
the basal level of IsoLG-modified protein in murine lung obtained from non-diseased C57BL/6] mice maintained
under stress-free conditions and continuous access to water, food and regular 12 hr light cycles. Lung tissue sec-
tions underwent dual-immunofluorescence staining for IsoLG-modified proteins and Type 2 alveolar epithelial
cells (SPC, Fig. 1A), Type 1 alveolar epithelial cells (T1c, Fig. 1B), Club cells (CC10, Fig. 1C), or endothelial cells
(PECAM-1, Fig. 1D). IsoLG-modified proteins were identified using the well characterized single chain antibody
D11 ScFv, which recognizes peptides and proteins modified by IsoLG isomers that can arise from both the free
radical and cyclooxygenase mediated pathways*?$-3°. We observed IsoLG-modified protein in each cell type, sug-
gesting that the burden of IsoLG-modified protein is a byproduct of normal lung metabolism.

NADPH oxidase promotes, while Nrf2 suppresses, the generation of IsoLG-modified protein.
p47 PhoX is an activating subunit of Nox2, a major source of cellular superoxide. Quantification of D11 immuno-
fluorescent/DAPI staining in pulmonary tissue obtained from C57BL/6] wild type (Fig. 2A) and age-matched
p47 P"x null mice (Fig. 2B) demonstrate that loss of NADPH oxidase activity suppressed adduction by 55%
(P=0.006, Fig. 2). These data demonstrate that NADPH oxidase activity is a major source for the generation of
IsoLG-modified protein.

The Nrf2-null mouse represents a well characterized model for investigating ROS interactions. Pulmonary
tissue was obtained from Nrf2-null and age-matched wild type C57BL/6] mice. Quantification of D11 immuno-
fluorescent/DAPI staining in pulmonary tissue obtained from wild type (Fig. 2C) and Nrf2-null mice (Fig. 2D)
revealed that loss of Nrf2 resulted in a 2-fold increase in IsoLG-modified protein (P = 0.003, Fig. 2). Taken
together, these data show that genes regulating oxidative stress can substantially alter adduction in pulmonary
tissue.

IsoLG-modified proteins are present in human lung. Having shown that IsoLG-modified proteins
are present in mouse lung we asked whether human lung also exhibited a basal level of IsoLG modification.
Formalin-fixed paraffin-embedded (FFPE) pulmonary tissue obtained from 2 control organ donors (Subjects
5 and 6, Supplementary Table 1) underwent IHC staining with the D11 antibody, counterstained with methyl
green and imaged by wide field microscopy (Supplementary Fig. 1). Very little D11 immunoreactivity was noted.
Next, confocal microscopy was used to image FFPE tissue immunostained with D11 and counter stained using
DAPI. The confocal images illustrate the presence of a low level of IsoLG-modified protein in human lung tissue
(Supplementary Fig. 1), confirming the observations of others®.

Low expression of NRF2 in human lung. Given that loss of Nrf2 can potentiate formation of
IsoLG-modified protein in murine lung we investigated NRF2 expression in human lung. De-identified
fine-needle bronchial biopsies, obtained from 40 subjects, were used to quantify the expression of NFE2L2 mRNA
by qRT-PCR (Supplementary Fig. 2A). Subject characteristics are shown in Supplementary Table 2. The small
amount of tissue present in the biopsy samples precluded analysis by immunoblotting. The median value was
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Figure 1. IsoLG-modified proteins are present within several lung cell populations in unstressed mice.
Mouse lung tissue sections were immunostained with the following: (A) anti-SPC for Type 2 alveolar cells
(Alexa 647 secondary, green false color), D11 ScFv (Rhodamine Red secondary); (B) anti T1a for Type 1
alveolar cells (Alexa 647 secondary, green false color), D11 ScFv (Rhodamine Red, secondary); (C) anti-CC10
for Club cells (Rhodamine Red secondary), D11 ScFv (Alexa 647 secondary, green false color); (D) anti-
PECAM-1 for endothelial cells (Alexa 647 secondary, green false color), D11 ScFv (Rhodamine Red secondary).
Images were acquired using confocal microscopy (60x magnification). The white bar represents 30 pm.

0.0068 ng NFE2L2 mRNA per 12 ng of total RNA. Strikingly, we found a 50-fold difference in the normalized
expression of NFE2L2 mRNA (P < 0.05).

NQOL is a validated NRF2 target gene®. We assessed the expression of NQOI mRNA in a subset of individ-
uals and found a statistically significant correlation between expression of NFE2L2 mRNA and expression of
NQO1 mRNA (Pearson’s correlation coefficient = 0.80, P= 0.01, Supplementary Fig. 3). With the caveat of the
small sample size, these results suggest the possibility that subsets of individuals may be deficient in NRF2 expres-
sion, increasing their potential susceptibility to oxidative stress and resulting protein modification by IsoLGs.

LC-MS analysis of immuno-affinity purified IsoLG-modified proteins. Currently, there is little
knowledge concerning the identity of proteins that are susceptible to IsoLG modification. We chose to investigate
the identity of proteins adducted endogenously using endothelial cells due to their well characterized and robust
NADPH oxidase activity®. IsoLG-modified proteins from 3B11 endothelial cells were immuno-affinity purified
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Figure 2. IsoLG-modified protein in formalin fixed paraffin embedded pulmonary tissue from age
matched wild type (A and C, N =6), p47P"* null (B, N = 3), or Nrf2 null (D, N = 3) mice. Images were
acquired using confocal microscopy (60x magnification). Quantification of D11 ScFv immunofluorescence,
corrected for DAPI staining is shown on the right for p47 P** null vs wild type (N = 80 random fields) and for
Nrf2 null vs wild type (N = 60 random fields). White bars represents 30 pm.

using the D11 antibody. Proteins were subjected to LC/MS/MS analysis. Analysis of 3 independent experiments
identified 162 proteins. A PANTHER network and pathway analysis** of Molecular Function was performed
(Fig. 3 and Supplementary Table 3, tab immunoprecipitated protein) revealing that proteins susceptible to adduc-
tion are not restricted to an organelle or class of proteins, but can be classified into several distinct cellular path-
ways (Fig. 3).

Histones have been shown to be susceptible to modification by reactive lipid electrophiles, including IsoLGs
(specifically levuglandin E,) and 4-oxononenal, resulting in stable lysine adducts®***. Our analysis demonstrated
the presence of histone H4, H1.3, H1.4, H2A, H2B, and H3.3 peptide profiles detected by mass spectrometry
following D11-mediated purification (Supplementary Table 3, tab Binding). We measured IsoLG-histone modi-
fication by isolating chromatin from mouse whole lung homogenates® (Fig. 4A). Immunoblotting of chromatin
with D11 confirmed the modification of histones H3 and H4 in mouse lung tissue (Fig. 4B).

lonizing radiation promotes the formation of IsoLG-modified proteins. Seventy percent of X-
and gamma-ray photons traversing a tissue interact with water molecules that rapidly decompose into hydroxyl
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Figure 3. PANTHER analysis of endogenous IsoLG-modified proteins. Protein lysates from mouse 3B11
endothelial cells were immunoprecipitated with D11 ScFv, subjected to LC/MS/MS and then analyzed using the
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Figure 4. Identification of IsoLG-modified histone-H3 and -H4 in mouse lung. (A) Coomassie staining of
histones isolated from mouse lung; (B) Immunoblot of isolated histones using D11 ScFv (lane 1), Histone H3
(lane 2) or H4 (lane 3) antibody.

radicals (-OH), hydrogen radicals (-H), hydrogen peroxide, superoxide, and solvated electrons®. We determined
if irradiation could generate IsoLG-modified protein in a cell culture model. Although alveolar epithelial cells
and fibroblasts are key to the pathogenesis of radiation-induced pulmonary fibrosis®’, their response may be a
consequence to radiation-induced pulmonary microvascular injury, a prominent sequelae that manifests hours
after irradiation of human, dog, rat, and mouse lung38’43. Thus, we again chose an approach that utilized endothe-
lial cells. Human Microvascular Endothelial Cells (HMVECs) were exposed to 5 Gy of Cesium-137 ~-rays.
Quantification of immunofluorescence D11 staining for IsoLG-modified proteins show a 2-fold increase 24 hours
after irradiation (P = 0.001, Supplementary Fig. 4A,B). Because hydrogen peroxide (H,0,) is formed following
photon irradiation, we determined if H,O, would induce IsoLG-modification. HMVECs were exposed to 150 uM
H,0, for 1 hr at 37°C and then allowed to recover for 24 hrs prior to immunostaining with D11. As shown in
Supplementary Fig. 4A,B, H,O, treatment caused a 4.4 fold increase in IsoLG-modified protein (P=8.4 1077).

MS-MS analysis ofimmuno-affinity IsoLG-modified proteins fromirradiated 3B11 endothelial cells.
IsoLG-modified proteins were immuno-affinity purified from 3B11 cells 24 hrs after administering 5 Gy. Isolated
proteins were again subjected to LC/MS/MS (Supplementary Table 4). Ninety four percent of the proteins identi-
fied in the irradiated samples were also found in sham treated samples. Proteins specific to the irradiated samples
are noted in red font, Supplementary Table 4. Based on the observations that there was a 2 fold increase in D11
immunoreactivity in irradiated cells compared to sham (Supplementary Fig. 4A) we hypothesize that cells con-
tain a ‘pool” of IsoLG-modification susceptible proteins, with the fraction of proteins modified within the pool
increasing as oxidant stress increases.
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Figure 5. Ionizing radiation can induce the formation of IsoLG-modified proteins in vivo. Mouse
pulmonary tissue was obtained 16 weeks after exposure to sham irradiation (A,C) or 16 Gy (B,D). (A,B) IHC
D11 ScFv immunostaining, counterstained with methyl green. (C,D) D11 ScFv immunofluorescence (IF)
counterstained with DAPIL. Random fields are shown. (E) Mean (£SD) immunofluorescence staining was
measured at 60 X magnification by wide-field microscopy (40 fields per time point obtained from 12 mice).
White bar represents 30 pm.

IsoLGs are cytotoxic and promote apoptosis. We assessed the consequence of increasing the cellular
burden of modified protein by exposing 3B11 and HMVECs to a bolus of a synthetic IsoLG isomer (15-E,-IsoLG)
in PBS (1 pM/1hr). 15-E,-IsoLG is one of the IsoLG regioisomers that can be produced by both the free radical
pathway and the cyclooxygenase pathway (i.e. levuglandin E,) and its synthesis was described in*!. Apoptosis
induced by 15-E,-IsoLG was then assessed 16 hrs later by quantifying Annexin V positive/propidium iodine neg-
ative staining (Supplementary Fig. 5). Exposure to 15-E,-IsoLG (ECs,= 1 M) produced statistically significant
increases in apoptosis, as measured by Annexin V positive/propidium iodine negative staining in both cell types.

As stated above alveolar type II cells are a key component to development of pulmonary fibrosis. Therefore
it was of interest to determine if type II cells were susceptible to IsoLG-mediated cytotoxicity. SV40 trans-
formed mouse MLE12 alveolar type II cells were exposed to various concentrations of 15-E,-IsoLG for 1 hr in
PBS. Cytotoxicity, as measured by a MTT assay, was quantified 16 hrs later. As shown in Supplementary Fig. 5B,
15-E,-IsoLG was cytotoxic.

Accumulation of IsoLG-modified protein in radiation-induced lung injury and in IPF.  Suppression
of Nrf2 and elevation of NADPH oxidase-mediated oxidant stress as disease progresses®*>% are two prominent
features of radiation-induced lung injury and human IPF?*>?3262745 Therefore, we asked if IsoLG modification
also accompanies radiation injury. Wildtype C57BL/6] mice were administered a thoracic dose of 16 Gy, a dose
that induces fibrotic lesions within 16 weeks?. Strikingly, we found that 16 Gy significantly increased the degree
of D11-mediated immunofluorescence 6 and 16 weeks after irradiation (Fig. 5, panels C-E). Six weeks after 16 Gy
there was a nearly 3-fold increase, which increased a further 2.3 fold 16 weeks after treatment as compared to
sham control (Fig. 5E). Our findings correlate the onset and persistence of pulmonary fibrosis*® with the forma-
tion and accumulation of IsoLG-modified proteins.

Human lung tissue was obtained from 3 organ donor individuals and 3 IPF patients who underwent lung
transplant. Fibrotic tissue present in IPF samples is apparent by H&E staining (Fig. 6). Comparison of D11 immu-
nofluorescence staining among the samples revealed a 4-fold increase in IsoLG-modified proteins in IPF tissue
compared to organ donor controls (P= 5.8 x 10~*!, N =100 fields, Fig. 6). Inspection of IHC staining using the
D11 antibody and counterstained with methyl green indicated the presence of IsoLG-modified protein in single
cells (Supplementary Fig. 6A-C) and in multi-cellular lesions (eg Supplementary Fig. 6G).

IPF dense fibrotic tissue was co-immunostained for collagen 11 and IsoLG-modified protein. As illustrated
in Supplementary Fig. 7 IsoLG-modified protein co-localized with collagen 1«1 in IPF tissue, consistent with the
results obtained from the MS analysis (Supplementary Table 3, tab structural (GO: 0005198)).

We next addressed whether IsoLG-modified collagen 1al is resistant to MMP1-mediated degradation.
15-E,-IsoLG modification of collagen 11 impaired its degradation by MMP1 in a concentration-dependent
manner (Supplementary Fig. 8). This finding is consistent with the results reported by Davies et al. who have
shown that IsoLG modification of protein impedes its proteolysis*’.
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Figure 6. Human lung tissue sections obtained from non-IPF organ donors (N = 3) and IPF patients
(N'=3). FFPE sections underwent H&E staining or subjected to IHC staining with D11 ScFv and
counterstained with methyl green. Sections were imaged using wide field microscopy. Other sections were
imaged by confocal microscopy following immunofluorescent staining with D11 ScFv and counter staining with
DAPI. White bars in IF sections represent 30 pm.

Discussion

Although it is well established that oxidative stress promotes progression of many diseases, the underlying mech-
anisms are not well understood. As shown by emerging research, IsoLGs are a proteotoxic and immunogenic
stress that links ROS to progression of disease®*?. Our novel results indicate that IsoLG-modified protein has
a significant presence in radiation-induced pulmonary injury and IPF. We demonstrate for the first time that
genetic regulators of oxidative stress play a critical role in adduction. Furthermore, our findings that IsoLG is
proapoptotic and modifies collagen in IPF tissue and that modified collagen is resistant to proteolysis by MMP1
point to IsoLG as one plausible mechanism driving chronic pulmonary injury and fibrosis.

The presence of IsoLG-modified protein in alveolar epithelium and endothelium, as well as in bronchiolar
epithelium of heathy mice indicates that cells can tolerate a basal level of protein adduction. We have shown
that a cell’s IsoLG load is directly related to its oxidant burden. Nox2 catalyzes electron transfer from NADPH to
molecular oxygen, generating superoxide, which can dismutate into H,048 and is expressed in most pulmonary
cells, including alveolar macrophages, and dendritic cells'®. The importance of Nox2 as a major cellular source of
oxidant stress driving IsoLG modification in the lung is underscored by the reduction in D11 immunostaining
in p47 Phox deficient mice. Although the free radical pathway is a likely route of IsoLG formation under these
conditions, the cyclooxygenase pathway of IsoLG formation may also contribute as formation of ROS by Nox can
upregulate COX2 activity'®!. Nrf2, which is ubiquitously expressed, promotes antioxidant gene expression (eg,
SOD1, SOD2, and CAT*) and is critical for maintaining ROS homeostasis!”. We found that pulmonary tissue
from Nrf2-null mice exhibited significantly increased levels of IsoLG-modified protein, thus identifying Nrf2
gene expression as important for the suppression of modification. The variance in pulmonary NRF2 expression
among a subset of individuals sampled in our study suggests that the risk for an oxidative burden and formation
of IsoLG-modified protein could be exacerbated by the onset of disease in those with endogenously low levels of
NRE2.

Immuno-isolation of IsoLG-modified protein followed by MS/MS analysis allowed us to identify over 160
protein targets. Although irradiation produced significantly more modification, the majority of the proteins were
the same for irradiated and unirradiated cells. One interpretation for these results is that cells contain a pool of
susceptible protein, so that increasing the oxidant stress primarily increases the fraction of each susceptible pro-
tein within the pool that is modified. PANTHER network analysis revealed that proteins from multiple organelles
and pathways are susceptible to be modified.

IsoLG protein-adduction can be a proteotoxic event, a consequence of protein misfolding, aggregation, and/or
crosslinking®**°->*, IsoLG-adducted proteins can be immunogenic® and activate T cells* or apoptotic. Emerging
research has identified a role for regulatory T-cells in the development of radiation-induced pulmonary fibrosis®.
However, it remains to be determined if IsoLG-activated T-cells impact this disease.
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Eukaryotes use two major pathways to clear proteotoxic proteins: ubiquitination/proteasome-mediated
degradation® and autophagy®’. Davies et al. have shown that IsoLG-modified proteins are poor substrates
for proteasome-dependent degradation and that the proteasome itself can also be significantly impaired by
IsoLG-modification?. Currently, it is not known if autophagy is impacted by IsoLG modification. We interpret
our results to indicate that IsoLG-mediated cytotoxicity is not a consequence of targeting a specific prosurvival
pathway, but is most likely due to the accumulation of toxic modified proteins that exceed a critical threshold.

Ionizing radiation is a well characterized prooxidant and was shown to induce IsoLG modification in cell
culture and in a murine model of radiation-induced pulmonary fibrosis. It is well established that most chronic
fibrotic diseases have in common a state of persistent injury®®. Thus it was of particular interest to observe that
ionizing radiation produces a state of chronic IsoLG protein-modification that correlates with chronic apoptosis
and fibrosis*. IsoLG-modified proteins were also found to be a prominent feature of IPE. Our findings showing
that collagen 1l is modified by IsoLGs in IPF patients and that adducted collagen impairs MMP1 degradation
demonstrates the potential to induce a state of chronic injury and to impair resolution of established fibrosis. In
summary, these results suggest that the excess oxidant burden associated with radiation-induced pulmonary
fibrosis and with IPF drives the hitherto unrecognized pathogenic adduction of protein by IsoLG. Since IsoLG
can be proteotoxic and injurious to cells, we expect that IsoLG is not only a marker of oxidant-stressed cells, but
also augments lung injury and fibrosis.

Materials and Methods

Cell culture. Human microvascular endothelial cells (HMVECs), murine 3B11 endothelial cells, and murine
alveolar type II MLE12 cells were obtained from ATCC and grown according to ATCC recommendations.
Exponentially growing 3B11 cells were administered 5 Gy at room temperature using a Cesium-137 irradiator
(2 Gy/min; JL Shepherd, Mark 1) and then incubated at 37 °C for 24 hours before harvesting. HMVECs were
treated with 150 pM H,0, in PBS for 1 hr at 37 °C, washed extensively, and incubated at 37 °C for 24 hours before
harvesting.

Mice. Congenic C57BL/6] mice with a targeted disruption of the Nfe2I2 gene have been described previously*.
Mice were X-irradiated between 7 and 10 months of age*®. 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 and at the University of Texas MD Anderson Cancer Center, and complied
with all state, federal, and NITH regulations.

Congenic C57BL/6] mice harboring a targeted disruption of the NcfI gene have been described previously.
Mice were bred and maintained under specific pathogen free conditions at the animal care facility at Roswell Park
Cancer Institute, Buffalo, NY. Mice were 8-15 weeks of age. All procedures performed on animals were approved
by the Institutional Animal Care and Use Committee at Roswell Park Cancer Institute and complied with all state,
federal, and NIH regulations.

Immunohistochemistry (IHC). Paraffin-embedded lung tissue (5m) were prepared at the Mouse
Pathology Core Facility at Vanderbilt University. H&E stains were performed using standard protocols. Lung
tissue sections were incubated with primary antibody overnight at 4 °C. Sections without primary antibody
served as negative controls. Nitro-blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3’-indolyphosphate
p-toluidine salt (BCIP, catalog no. 34070, Thermo Fisher Scientific) were used to produce localized visible stain-
ing. Slides were counterstained with methyl green. IHC stained IPF tissues were independently and blindly
assessed for positive staining by Vanderbilt Idiopathic Pulmonary Fibrosis Center personnel.

Immunofluorescence staining of mouse and human lung tissue. Mouse lungs were perfused with
phosphate buffered saline, pH 7.2 (PBS) through the pulmonary artery and fixed with 10% phosphate-buffered
formalin. After fixation lungs were processed and paraffin-embedded. Paraffin-embedded lung tissue was sec-
tioned into 5pm slices and mounted on glass slides.

The following primary antibodies were used: single chain ScFv anti-IsoLG antibody, (D11, 1:100 dilution, see
(Davies et al.8 for details of preparation), Goat polyclonal anti-SPC antibody (catalog no. sc-7706, 1:100 dilu-
tion; Santa Cruz), Goat polyclonal anti-T1a Podoplanin antibody (catalog no. sc-23564, 1:100 dilution; Santa
Cruz), Rabbit polyclonal anti-CC10 antibody (catalog no. sc-25555, 1: 100 dilution; Santa Cruz), Goat polyclonal
anti-PECAM-1 antibody (catalog no. sc-1506, 1:100 dilution; Santa Cruz), Goat polyclonal anti-COL1A1 anti-
body (catalog no. sc-8784, 1:100 dilution; Santa Cruz). Of note, D11 ScFv recognizes peptides and proteins mod-
ified on the lysine residues by IsoLG isomers that arise from both the free radical and cyclooxygenase pathway
and recognition is not dependent on amino acids adjacent to the modified lysine?®. The D11 ScFv encodes the
E-tag sequence used for detection. After primary antibody incubation, lung sections were washed in PBS. A sec-
ondary antibody raised against the E-tag epitope was then used to detect D11 binding. Anti-E-tag antibody was
diluted in 10% BSA and sections were incubated 1 hr at RT. Rabbit polyclonal anti-E-tag antibody (catalog no.
ab3397, 1:1,000 dilution; Abcam), was used for dual-stained with goat-raised primary antibodies; Goat polyclonal
anti-E-tag antibody (catalog no. ab95868, 1:1,000 dilution; Abcam) was used for dual-stained with rabbit raised
primary antibodies. After anti-E-tag antibody incubation sections were washed in PBS. Sections were then incu-
bated with fluorescently tagged antibodies diluted in 10% BSA for 1 hr at RT. The following fluorescently tagged
antibodies were used sequentially: Donkey Anti-Goat Alexa 647 (catalog no. A-21447, 1:1,000 dilution; Life
Technologies) and Goat Anti-Rabbit Alexa 568 (catalog no. A-11011, 1:1,000 dilution; Life Technologies). After
incubation with fluorescently tagged antibodies sections were then washed in PBS and mounted with ProLong
Gold Antifade Mountant with DAPI (catalog no. P36931, Life Technologies) and sealed with glass coverslips. For
specificity controls, primary antibody was not added.
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Immunofluorescence image acquisition. Confocal images were acquired using an Olympus FV-1000
inverted confocal microscope provided by the VUMC Cell Imaging Shared Resource. Z-stack images were
taken at 0.45 um slice thickness using a 60x/1.45 Plan-Apochromat oil immersion objective lens. Wide-field
immunofluorescence images were acquired using a Leica DM IRB inverted microscope equipped with a Nikon
DXM1200C camera provided by the IMSD program at Vanderbilt.

Immunofluorescence intensity quantification.  Antibody-specific immunofluorescence intensity rep-
resents antibody-specific integrated density per field, as defined in and calculated by Image] (NIH), divided by
percent DAPI staining per field in order to account for tissue cellularity. Background staining was quantified in
the same manner and mean background staining was subtracted from antibody-specific immunofluorescence
intensity using the threshold function on Image]. Relative intensity represents the quotient obtained by dividing
experimental by control. We report mean relative intensity 4= SD.

Immuno-affinity isolation of IsoLG-modified proteins. Cells were lysed in 0.1% NP40-PBS, pH 7.2
and the lysate centrifuged at 12,000 x g for 10 min. The supernatant was adjusted to 0.1%, NP40, 0.1% SDS, in
PBS, pH 7.2. Proteins were extracted from the pellet using 500 mM NaCl-PBS, pH 7.2, brought to isotonic con-
ditions (100 mM NaCl with 0.1%, NP40, 0.1% SDS, in PBS, pH 7.2), sonicated on ice, and then centrifuged at
12,000 x g for 10 min. The resulting supernatant was recovered.

Soluble protein was precleared using protein A/G beads. Ten ug D11 ScFv was used to isolate isoLG-modified
proteins (16 hrs/4 °C). Anti-E-tag antibody conjugated agarose beads (catalog no. ab19368; Abcam) were used
to capture D11 ScFv antibody. Beads were subsequently washed with 0.1% NP40, 0.1% SDS, in PBS pH7.2.
Purified proteins were solubilized in 5x loading buffer and boiled for 7 mins, resolved approximately 3 cm on an
SDS-PAGE gel, stained with coomassie blue and the entire lane excised for LC-MS/MS analysis.

As a control for D11 ScFv specificity the following reactions were performed: 500 uM 4-hydroxynonenal
(HNE) was reacted with 5mM lysine for 24 hrs at RT. Unreacted HNE was quenched using 50 mM Tris-HCI. Ten
ug D11 ScFv was added to HNE-Lysine complex and incubated overnight at 4 °C prior to being used for immu-
noprecipitation of IsoLG-modified proteins.

LC-MS/MS analysis of affinity purified proteins. D11 immunoaffinity purified proteins from sham and
irradiated 3B11 cells were subjected to in-gel trypsin digestion and the resulting peptides analyzed by a 70 min-
ute data dependent LC-MS/MS run. Briefly, peptides were auto--sampled onto a 200 mm by 0.1 mm (Jupiter 3
micron, 300A), self-packed analytical column coupled directly to an LTQ (ThermoFisher) linear ion trap mass
spectrometer via a nanoelectrospray source and resolved using an aqueous to organic gradient. A series in which
a full scan mass spectrum (MS) followed by 5 data-dependent tandem mass spectra (MS/MS) was collected
throughout the run with dynamic exclusion enabled to minimize acquisition of redundant spectra. MS/MS spec-
tra were searched via SEQUEST a mouse protein database (UniprotKB) that also contained reversed version for
each of the entries. Spectral identifications were filtered and collated into spectral count numbers at the protein
level using Scaffold (Proteome Software).

Histone isolation from mouse lung tissue. Histone isolation was performed as described™.

Human idiopathic pulmonary fibrosis and organ donor lung tissue.  Collection, storage of samples
and experimental protocols were carried out in accordance with relevant guidelines and regulations approved by
the Vanderbilt University Institutional Review Boards (Vanderbilt IRB Protocol 9401). Written informed con-
sent was obtained from all subjects. Human tissue sections were obtained from explanted IPF lungs at the time
of transplant. Control tissue was obtained from lungs rejected for organ donation at Vanderbilt University. IPF
diagnosis was confirmed by multidisciplinary review according to the 2011 ATS/ERS Consensus Guidelines®.

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 as statistically significant.

References

1. Brame, C. J., Salomon, R. G., Morrow, J. D. & Roberts, L. J., 2nd. Identification of extremely reactive gamma-ketoaldehydes
(isolevuglandins) as products of the isoprostane pathway and characterization of their lysyl protein adducts. ] Biol Chem 274,
13139-13146 (1999).

2. Salomon, R. G. & Bi, W. Isolevuglandin adducts in disease. Antioxid Redox Signal 22, 1703-1718, doi: 10.1089/ars.2014.6154 (2015).

3. Davies, S. S. et al. Treatment with a gamma-Kketoaldehyde scavenger prevents working memory deficits in hApoE4 mice. ] Alzheimers
Dis 27, 49-59, doi: 10.3233/JAD-2011-102118 (2011).

4. Kirabo, A. et al. DC isoketal-modified proteins activate T cells and promote hypertension. J Clin Invest 124, 4642-4656,
doi: 10.1172/JC174084 (2014).

5. Roychowdhury, S. et al. Formation of gamma-ketoaldehyde-protein adducts during ethanol-induced liver injury in mice. Free Radic
Biol Med 47, 1526-1538, doi: 10.1016/j.freeradbiomed.2009.07.015 (2009).

6. Bernoud-Hubac, N. et al. Low concentrations of reactive gamma-ketoaldehydes prime thromboxane-dependent human platelet
aggregation via p38-MAPK activation. Biochim Biophys Acta 1791, 307-313, doi: 10.1016/j.bbalip.2009.02.003 (2009).

7. Nakajima, T. et al. Selective gamma-ketoaldehyde scavengers protect Nav1.5 from oxidant-induced inactivation. ] Mol Cell Cardiol
48, 352-359, doi: 10.1016/j.yjmcc.2009.11.016 (2010).

8. Miyashita, H. et al. Lysine pyrrolation is a naturally-occurring covalent modification involved in the production of DNA mimic
proteins. Sci Rep 4, 5343, doi: 10.1038/srep05343 (2014).

9. Leto, T. L., Morand, S., Hurt, D. & Ueyama, T. Targeting and regulation of reactive oxygen species generation by Nox family NADPH
oxidases. Antioxid Redox Signal 11, 2607-2619, doi: 10.1089/ARS.2009.2637 (2009).

10. Kim, H. G. et al. Endosulfan induces COX-2 expression via NADPH oxidase and the ROS, MAPK, and Akt pathways. Arch Toxicol

89, 2039-2050, doi: 10.1007/500204-014-1359-7 (2015).

SCIENTIFICREPORTS | 6:24919 | DOI: 10.1038/srep24919 9



www.nature.com/scientificreports/

11.
12.
13.
14.

15.

16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.

34.

35.
36.
37.
38.
39.
40.
41.

42.
. Fuks, Z. et al. Basic fibroblast growth factor protects endothelial cells against radiation-induced programmed cell death in vitro and

44,
45.

46.
47.

48.
. Itoh, K. et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant

50.
51.

52.

Sancho, P, Martin-Sanz, P. & Fabregat, I. Reciprocal regulation of NADPH oxidases and the cyclooxygenase-2 pathway. Free Radic
Biol Med 51, 1789-1798, doi: 10.1016/j.freeradbiomed.2011.08.011 (2011).

Cachat, J., Deffert, C., Hugues, S. & Krause, K. H. Phagocyte NADPH oxidase and specific immunity. Clin Sci (Lond) 128, 635-648,
doi: 10.1042/CS20140635 (2015).

Parent, R. A. Comparative Biology of the Normal Lung 2nd Edition. 491-492 (2015).

Moi, P, Chan, K., Asunis, I., Cao, A. & Kan, Y. W. Isolation of NF-E2-related factor 2 (Nrf2), a NF-E2-like basic leucine zipper
transcriptional activator that binds to the tandem NF-E2/AP1 repeat of the beta-globin locus control region. Proc Natl Acad Sci USA
91, 9926-9930 (1994).

McMahon, M. et al. The Capn’Collar basic leucine zipper transcription factor Nrf2 (NF-E2 p45-related factor 2) controls both
constitutive and inducible expression of intestinal detoxification and glutathione biosynthetic enzymes. Cancer research 61,
3299-3307 (2001).

Taylor, R. C., Acquaah-Mensah, G., Singhal, M., Malhotra, D. & Biswal, S. Network inference algorithms elucidate Nrf2 regulation
of mouse lung oxidative stress. Plos Comput Biol 4, e1000166, doi: 10.1371/journal.pcbi.1000166 (2008).

Kovacg, S. et al. Nrf2 regulates ROS production by mitochondria and NADPH oxidase. Biochim Biophys Acta 1850, 794-801,
doi: 10.1016/j.bbagen.2014.11.021 (2015).

Hirayama, A. et al. EPR imaging of reducing activity in Nrf2 transcriptional factor-deficient mice. Free Radic Biol Med 34,
1236-1242 (2003).

Segal, B. H. et al. NADPH oxidase limits innate immune responses in the lungs in mice. Plos One 5, 9631, doi: 10.1371/journal.
pone.0009631 (2010).

Kalash, R. et al. Differences in irradiated lung gene transcription between fibrosis-prone C57BL/6NHsd and fibrosis-resistant C3H/
HeNHsd mice. In Vivo 28, 147-171 (2014).

Kalash, R. et al. Amelioration of radiation-induced pulmonary fibrosis by a water-soluble bifunctional sulfoxide radiation mitigator
(MMS350). Radiat Res 180, 474-490, doi: 10.1667/RR3233.1 (2013).

Citrin, D. E. et al. Role of type II pneumocyte senescence in radiation-induced lung fibrosis. J Natl Cancer Inst 105, 1474-1484,
doi: 10.1093/jnci/djt212 (2013).

Zhao, W. & Robbins, M. E. Inflammation and chronic oxidative stress in radiation-induced late normal tissue injury: therapeutic
implications. Curr Med Chem 16, 130-143 (2009).

Sophie, L. C. Water Radiolysis: Influence of Oxide Surfaces on H, Production under Ionizing Radiation. Water 3, 235-253 (2011).
Artaud-Macari, E. et al. Nuclear factor erythroid 2-related factor 2 nuclear translocation induces myofibroblastic dedifferentiation
in idiopathic pulmonary fibrosis. Antioxid Redox Signal 18, 66-79, doi: 10.1089/ars.2011.4240 (2013).

Hecker, L. et al. Reversal of persistent fibrosis in aging by targeting Nox4-Nrf2 redox imbalance. Sci Transl Med 6, 231ra247,
doi: 10.1126/scitranslmed.3008182 (2014).

Laleu, B. et al. First in class, potent, and orally bioavailable NADPH oxidase isoform 4 (Nox4) inhibitors for the treatment of
idiopathic pulmonary fibrosis. ] Med Chem 53, 7715-7730, doi: 10.1021/jm100773e (2010).

Davies, S. S. et al. Localization of isoketal adducts in vivo using a single-chain antibody. Free Radic Biol Med 36, 1163-1174,
doi: 10.1016/j.freeradbiomed.2004.02.014 (2004).

Wu, J. et al. Immune activation caused by vascular oxidation promotes fibrosis and hypertension. J Clin Invest, doi: 10.1172/
JCI80761 (2015).

Lane, K. L. et al. Oxidative injury is a common consequence of BMPR2 mutations. Pulm Circ 1, 72-83, doi: 10.4103/2045-
8932.78107 (2011).

Venugopal, R. & Jaiswal, A. K. Nrfl and Nrf2 positively and c-Fos and Fral negatively regulate the human antioxidant response
element-mediated expression of NAD(P)H:quinone oxidoreductasel gene. Proc Natl Acad Sci USA 93, 14960-14965 (1996).

Jones, S. A. et al. Expression of phagocyte NADPH oxidase components in human endothelial cells. Am J Physiol 271, H1626-1634
(1996).

Mi, H., Muruganujan, A. & Thomas, P. D. PANTHER in 2013: modeling the evolution of gene function, and other gene attributes,
in the context of phylogenetic trees. Nucleic Acids Res 41, D377-386, doi: 10.1093/nar/gks1118 (2013).

Carrier, E. J., Zagol-Ikapitte, I., Amarnath, V., Boutaud, O. & Oates, J. A. Levuglandin forms adducts with histone h4 in a
cyclooxygenase-2-dependent manner, altering its interaction with DNA. Biochemistry 53, 2436-2441, doi: 10.1021/bi401673b
(2014).

Galligan, J. J. et al. Stable histone adduction by 4-oxo-2-nonenal: a potential link between oxidative stress and epigenetics. ] Am
Chem Soc 136, 11864-11866, doi: 10.1021/ja503604t (2014).

Collinson, E., Dainton, E S. & Kroh, J. Effects of linear energy transfer on the radiolysis of water and heavy water. Nature 187,
475-477 (1960).

Balli, D. et al. Foxml transcription factor is required for lung fibrosis and epithelial-to-mesenchymal transition. EMBO ] 32,
231-244, doi: 10.1038/emboj.2012.336 (2013).

Phillips, T. L. An ultrastructural study of the development of radiation injury in the lung. Radiology 87, 49-54, doi: 10.1148/87.1.49
(1966).

Adamson, L. Y., Bowden, D. H. & Wyatt, J. P. A pathway to pulmonary fibrosis: an ultrastructural study of mouse and rat following
radiation to the whole body and hemithorax. Am J Pathol 58, 481-498 (1970).

White, D. C. The histopathologic basis for functional decrements in late radiation injury in diverse organs. Cancer 37, 1126-1143
(1976).

Penney, D. P. & Rubin, P. Specific early fine structural changes in the lung irradiation. Int ] Radiat Oncol Biol Phys 2, 1123-1132
(1977).

Moosavi, H. et al. Early radiation dose-response in lung: an ultrastructural study. Int ] Radiat Oncol Biol Phys 2, 921-931 (1977).

in vivo. Cancer Res 54, 2582-2590 (1994).

Davies, S. S. Modulation of protein function by Isoketals and levuglandins Vol. 49 49-70 (Springer, 2008).

Sener, G. et al. Ginkgo biloba extract protects against ionizing radiation-induced oxidative organ damage in rats. Pharmacol Res 53,
241-252, doi: 10.1016/j.phrs.2005.11.006 (2006).

Travis, E. L. et al. NRF2 deficiency reduces life span of mice administered thoracic irradiation. Free Radic Biol Med 51, 1175-1183,
doi: 10.1016/j.freeradbiomed.2011.05.038 (2011).

Davies, S. S. et al. Effects of reactive gamma-ketoaldehydes formed by the isoprostane pathway (isoketals) and cyclooxygenase
pathway (levuglandins) on proteasome function. FASEB ] 16, 715-717, doi: 10.1096/).01-0696fje (2002).

Lambeth, J. D. NOX enzymes and the biology of reactive oxygen. Nat Rev Immunol 4, 181-189, doi: 10.1038/nri1312 (2004).

response elements. Biochemical and biophysical research communications 236, 313-322 (1997).

Iyer, R. S., Ghosh, S. & Salomon, R. G. Levuglandin E2 crosslinks proteins. Prostaglandins 37, 471-480 (1989).

Murthi, K. K., Friedman, L. R., Oleinick, N. L. & Salomon, R. G. Formation of DNA-protein cross-links in mammalian cells by
levuglandin E2. Biochemistry 32, 4090-4097 (1993).

Sidorova, T. N. et al. Reactive gamma-ketoaldehydes promote protein misfolding and preamyloid oligomer formation in rapidly-
activated atrial cells. ] Mol Cell Cardiol 79, 295-302, doi: 10.1016/j.yjmcc.2014.11.013 (2015).

SCIENTIFICREPORTS | 6:24919 | DOI: 10.1038/srep24919 10



www.nature.com/scientificreports/

53. Boutaud, O. et al. Prostaglandin H2 (PGH2) accelerates formation of amyloid betal-42 oligomers. ] Neurochem 82, 1003-1006
(2002).

54. Stavrovskaya, L. G. et al. Reactive gamma-ketoaldehydes formed via the isoprostane pathway disrupt mitochondrial respiration and
calcium homeostasis. Free Radic Biol Med 49, 567-579, doi: 10.1016/j.freeradbiomed.2010.04.037 (2010).

55. Xiong, S. et al. Regulatory T Cells Promote beta-Catenin-Mediated Epithelium-to-Mesenchyme Transition During Radiation-
Induced Pulmonary Fibrosis. Int ] Radiat Oncol Biol Phys 93, 425-435, doi: 10.1016/j.ijrobp.2015.05.043 (2015).

56. Shiber, A. & Ravid, T. Chaperoning proteins for destruction: diverse roles of Hsp70 chaperones and their co-chaperones in targeting
misfolded proteins to the proteasome. Biomolecules 4, 704-724, doi: 10.3390/biom4030704 (2014).

57. Marshall, R. S. & Vierstra, R. D. Eat or be eaten: the autophagic plight of inactive 26S proteasomes. Autophagy, 0, doi: 10.1080/
15548627.2015.1078961 (2015).

58. Wynn, T. A. Cellular and molecular mechanisms of fibrosis. J Pathol 214, 199-210, doi: 10.1002/path.2277 (2008).

59. Jackson, S. H., Gallin, J. I. & Holland, S. M. The p47phox mouse knock-out model of chronic granulomatous disease. ] Exp Med 182,
751-758 (1995).

60. Raghu, G. et al. An official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis
and management. Am ] Respir Crit Care Med 183, 788-824, doi: 10.1164/rccm.2009-040GL (2011).

Acknowledgements

This research was supported in part by RO1 HL112286 (MLF), Pilot Project award from U19AI067798,
Vanderbilt-Ingram Cancer CTR Grant P30 CA68485, Additional support for experiments performed using
the VUMC Cell Imaging Shared Resource was provided in part by CA68485, DK20593, DK58404, HD15052,
DK59637 and EY08126.

Author Contributions

All authors interpreted data, read and reviewed the manuscript. .M., WH.M., W.Z,, K.R.S., ].J.G., B.H.S. and
E.L.T. conducted experiments. S.M., S.5.D. and L.J.R.2"4, BH.S., ].A.K., T.S.B., KR.S., PPM. and M.L.E. designed
the experiments. M.L.E. supervised the project.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Mont, S. et al. Accumulation of isolevuglandin-modified protein in normal and fibrotic
lung. Sci. Rep. 6, 24919; doi: 10.1038/srep24919 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:24919 | DOI: 10.1038/srep24919 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Accumulation of isolevuglandin-modified protein in normal and fibrotic lung

	Results

	IsoLG-modified proteins are present in the lungs of unstressed, healthy mice. 
	NADPH oxidase promotes, while Nrf2 suppresses, the generation of IsoLG-modified protein. 
	IsoLG-modified proteins are present in human lung. 
	Low expression of NRF2 in human lung. 
	LC-MS analysis of immuno-affinity purified IsoLG-modified proteins. 
	Ionizing radiation promotes the formation of IsoLG-modified proteins. 
	MS-MS analysis of immuno-affinity IsoLG-modified proteins from irradiated 3B11 endothelial cells. 
	IsoLGs are cytotoxic and promote apoptosis. 
	Accumulation of IsoLG-modified protein in radiation-induced lung injury and in IPF. 

	Discussion

	Materials and Methods

	Cell culture. 
	Mice. 
	Immunohistochemistry (IHC). 
	Immunofluorescence staining of mouse and human lung tissue. 
	Immunofluorescence image acquisition. 
	Immunofluorescence intensity quantification. 
	Immuno-affinity isolation of IsoLG-modified proteins. 
	LC-MS/MS analysis of affinity purified proteins. 
	Histone isolation from mouse lung tissue. 
	Human idiopathic pulmonary fibrosis and organ donor lung tissue. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ IsoLG-modified proteins are present within several lung cell populations in unstressed mice.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ IsoLG-modified protein in formalin fixed paraffin embedded pulmonary tissue from age matched wild type (A and C, N = 6), p47phox null (B, N = 3), or Nrf2 null (D, N = 3) mice.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ PANTHER analysis of endogenous IsoLG-modified proteins.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Identification of IsoLG-modified histone-H3 and -H4 in mouse lung.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Ionizing radiation can induce the formation of IsoLG-modified proteins in vivo.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Human lung tissue sections obtained from non-IPF organ donors (N = 3) and IPF patients (N = 3).



 
    
       
          application/pdf
          
             
                Accumulation of isolevuglandin-modified protein in normal and fibrotic lung
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24919
            
         
          
             
                Stacey Mont
                Sean S. Davies
                L. Jackson Roberts 2nd
                Raymond L. Mernaugh
                W. Hayes McDonald
                Brahm H. Segal
                William Zackert
                Jonathan A. Kropski
                Timothy S. Blackwell
                Konjeti R. Sekhar
                James J. Galligan
                Pierre P. Massion
                Lawrence J. Marnett
                Elizabeth L. Travis
                Michael L. Freeman
            
         
          doi:10.1038/srep24919
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24919
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24919
            
         
      
       
          
          
          
             
                doi:10.1038/srep24919
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24919
            
         
          
          
      
       
       
          True
      
   




