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Abstract: Sulfur mustard (SM) is a highly reactive organic chemical has been used as a 

chemical warfare agent and terrorist threat since WWI. The cornea is highly sensitive to SM 

toxicity and exposure to low vapor doses can cause incapacitating acute injuries. Exposure to 

higher doses can elicit persistent secondary keratopathies that cause reduced quality of life and 

impaired or lost vision. Despite a century of research, there are no specific treatments for acute 

or persistent ocular SM injuries. SM cytotoxicity emerges, in part, through DNA alkylation and 

double-strand breaks (DSBs). Because DSBs can naturally be repaired by DNA damage response 

pathways with low efficiency, we hypothesized that enhancing the HR pathway could pose a 

novel approach to mitigate SM injury. Here we demonstrate that a dilithium salt of adenosine 

diphosphoribose (INV-102) increases protein levels of p53 and Sirtuin 6, upregulates 

transcription of BRCA1/2, enhances H2AX focus formation and promotes assembly of repair 

complexes at DSBs. Based on in vitro evidence showing INV-102 enhancement of DDR through 

both p53-dependent and p53-independent pathways, we next tested INV-102 in a rabbit 

preclinical model of corneal injury. In vivo studies demonstrate a marked reduction in the 

incidence and severity of secondary keratopathies in INV-102-treated eyes compared to vehicle-

treated eyes when treatment was started 24 hours after SM vapor exposure. These results suggest 

DNA repair mechanisms are a viable therapeutic target for SM injury and suggest topical 

treatment with INV-102 is a promising approach for SM as well as other conditions associated 

with DSBs. 

 

Significance Statement: Sulfur Mustard Gas corneal injury currently has no therapeutic 

treatment. This study aims to show the therapeutic potential of activating the body's natural DNA 

Damage Response to activate tissue repair. 
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Introduction  

Sulfur mustard (SM) is a highly effective vesicant that was first used as a chemical weapon by 

German forces in Ypres, Belgium on July 12, 1917. SM is typically deployed as a liquid aerosol 

that volatilizes to a heavier-than-air vapor in a temperature-dependent manner. Liquid or vapor 

SM readily penetrates the skin, lungs and eye, where it cyclizes to form two highly reactive 

episulfonium intermediates that alkylate and crosslink DNA and other biological 

macromolecules Error! Bookmark not defined.(Tilley 1993). The resulting activation of tissue-specific 

repair processes and generalized inflammation produces a complex injury that progresses at 

different time scales in different tissue compartments. The eyes are the most sensitive organ to 

SM toxicity and, consequently, 90% of SM casualties present with ocular comorbidities ranging 

in severity from mild conjunctivitis to incapacitating corneal lesions (Sidell, Takafuji and Franz 

1997, Balali-Mood and Hefazi 2006). Although corneas will heal within 2-6 weeks after low-

dose exposure to SM vapor, corneas exposed to high doses can develop debilitating chronic 

pathologies, such as recurring corneal epithelial lesions, corneal neovascularization, opacity, and 

progressive corneal degeneration (Mann and Pullinger 1942, Solberg, Alcalay and Belkin 1997, 

McNutt, Tuznik et al. 2013). Because there are no specific treatments for SM injury, treatment 

strategies have focused on mitigating the acute injury and managing MGK symptoms, with little 

effect. Given the lack of treatments, the risk of permanent visual impairment and the potential for 

mass casualty exposures, there remains an urgent need for medical countermeasures against 

ocular SM injury. 
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The high toxicity of SM derives from its physicochemical properties. SM is lipophilic and 

readily absorbed into biological tissues, where it rapidly alkylates nucleophilic moieties. Within 

minutes of exposure to physiological conditions, SM rearranges to form a pair of highly reactive 

episulfonium ions (Tilley, 1993). Each episulfonium ion then reacts with water and/or cellular 

nucleophiles within seconds. Although SM has been reported to alkylate RNA, proteins, and 

phospholipids (Black, 1997; Noor, 1999; Gunhan, 2004; Hess, 2007; Mol, 2008; Batal, 2015; 

Liling, 2021), DNA alkylation is the primary mechanism of SM toxicity (Kircher, 1983; Ludlum, 

1986; Fidder, 1994; Shakarjian, 2010). In particular, DNA interstrand crosslinks (ICLs) are 

highly cytotoxic, leading to replication stress and double-strand breaks (DSBs) through stalled 

replication forks, abasic hydrolysis or aberrant repair processes (Andreassen, 2009, Deans and 

West, 2011, Yue, 2015; Richterova, 2019). Because a small number of ICLs are sufficient to 

elicit p53- and FAS ligand-dependent apoptosis, ICLs are considered the principle toxic event 

after SM exposure 0(Dronkert and Kanaar 2001, Matijasevic, Precopio et al. 2001).  

Although it was long thought that ICLs were unrepairable, hypersensitivity to ICLs in patients 

with Fanconi anaemia revealed a novel process to repair ICLs. Detection of ICL by FANCM and 

associated proteins recruits several DDR systems to the site of the ICL, including components of 

homologous recombination (HR) pathway, nucleotide excision repair (NER) pathway and 

translesion synthesis (TLS) pathway. These pathways converge to recruit BRCA1 and BRCA2 

complexes to initiate and regulate ICL repair processes (Deans and West, 2011; McNutt, 2023 

McNutt, 2020). Under normal conditions this process is inefficient. However, we hypothesized 

that exogenously enhancing DDR pathways could increase the efficiency of ICL repair and thus 

reduce SM-induced genotoxic damage. 
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Previous work indicates that exogenous adenosine diphosphoribose (ADPR) helps to protect 

against DNA lesions. In preclinical studies, ADPR treatment reduced injury after UV exposure 

in the skin and accelerated recovery after X-ray exposure in the oral mucosa (Jowsey, 2010) 0; 

injury modalities mechanistically similar to SM genotoxicity. ADPR was recently shown to play 

a critical role in the HR pathway as a metabolic target of NUDT5 (Das, 2010). Separately, 

ADPR increases levels of p53 by stimulating phosphorylation of serine-15 and serine-20 by p53-

related protein kinase (PRPK) (Halie, 2011). This is potentially useful in treatment of SM 

genotoxic lesions because p53 is the master regulator of most forms of DDR following DNA 

damage, including detection of DSBs (Speidel, 2015; Ruff and Dillman, 2010; Miciak and Bunz, 

2016). Moreover, p53-deficient epithelial cells are more susceptible to SM injury (Ruff and 

Dillman, 2010), suggesting that p53 plays an intrinsic protective role after SM exposure. 

Collectively, these data suggest that exogenous ADPR may enhance DDR pathways and protect 

against SM injury through multiple mechanisms.  

Here we test the hypothesis that exogenous ADPR treatment promotes DDR pathways in vitro 

and enhances recovery from SM injury in a preclinical model of ocular SM exposure. Through 

protein expression analysis, fluorescence microscopy, and transcriptional profiling, we 

demonstrate that a dilithium salt of ADPR activates p53-dependent and p53-independent DDR 

pathways and elicits functional and molecular changes consistent with enhanced DSB repair. 

Furthermore, we show topical administration of ADPR significantly improves recovery in a 

well-described rabbit corneal SM vapor exposure model (McNutt, Hamilton et al., 2012; 

McNutt, Lyman et al., 2012; McNutt, 2016). Our studies suggest that exogenous treatment with 

ADPR can promote recovery from SM and potentially other radiomimetic injuries through 

widespread activation of DDR pathways.  
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Materials and Methods:  

Ethics statement and disclaimers. Animal studies were approved by the Animal Care and Use 

Committee (USDA certificate number 51-F-0006) at the United States Army Medical Research 

Institute of Chemical Defense (USAMRICD). All procedures were conducted in accordance with 

the principles stated in the Guide for the Care and Use of Laboratory Animals and the Animal 

Welfare Act of 1966 (P.L. 89-544), as amended, and reported consistent with the ARRIVE 2.0 

guidelines. USAMRICD has an approved Animal Welfare Assurance Agreement (number 

A4528-01) on file with the NIH Office of Laboratory Animal Welfare. The views expressed in 

this manuscript are those of the author(s) and do not reflect the official policy of the Department 

of Army, Department of Defense, or the U.S. Government.  

Animals. Female New Zealand white rabbits (Charles River Laboratories, Germantown, MD) 

weighing 1.8-2.5 kilograms were housed individually. Rabbits were provided a standard diet 

with regular enrichment and water ad libitum on a 12 h day:night cycle. At described times after 

SM exposure, rabbits were anesthetized with an intramuscular administration of 15 mg/kg of 

ketamine and 7 mg/kg of xylazine and euthanized by cardiac injection of sodium pentobarbital. 

Female rabbits were used in this study because they exhibit a lower incidence of spontaneous 

epithelial lesions than males (Ruff and Dillman, 2010), reducing the risk of confounding data at 

later stages of corneal SM injury. The total sample size of 30 rabbits (15 per group) was 

determined using a two independent sample study design assuming a 33% reduction in corneal 

thickness during the recurrent edematous lesion, with a maximum corneal thickness of 1500 ± 

500 µm in the control population (α = 0.05, β= 0.2, power = 0.8) (McNutt, Nguyen et al. 2020, 

McNutt, Kelly et al. 2021). Rabbits were randomly assigned to INV-102 or vehicle treatment 

groups using the RAND() function in Microsoft Excel and treatments were given concurrently to 
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avoid sequence bias. Rabbits were exposed in two cohorts, with equal numbers of INV-102 and 

treated in each cohort. Eyes were clinically scored at 1 d prior to exposure for baseline values 

and to identify pre-existing corneal lesions, which would have been criteria for exclusion. No 

rabbits were excluded from the study. 

 

Rabbit ocular vapor exposure procedures. Rabbits were exposed as previously described 

(McNutt, Lyman et al. 2012). Briefly, sustained-release buprenorphine (0.15 mg/kg, s.c.) was 

administered 1 d prior to exposure. On the day of exposure, rabbits were anesthetized with an 

intramuscular administration of 15 mg/kg of ketamine and 7 mg/kg of xylazine. A saturating 

volume of neat SM (10 µL, 99.95% pure) was applied to Whatman #1 filter paper mounted in the 

bottom of a 14-mm vapor cap (Caplugs Evergreen #300-1006-020) fit with a rubber O-ring 

(MSC Industrial Supply Company, Melville, NY) using gel-based glue (Loctite,  Düsseldorf, 

Germany) to prevent mechanical damage to the corneal surface and restrict lateral diffusion of 

SM. The cap was inverted onto rabbit eyes for 30–150 s. Two minutes after removal of the vapor 

cap, eyes were flushed with 10 mL of sterile saline to remove residual SM. Rabbits were 

returned to their cages, observed until sternal, and provided food and water ad libitum. Animals 

were monitored daily for signs of pain and distress and given sustained-release buprenorphine as 

needed.   

 

Clinical scoring. Corneas were clinically evaluated prior to SM vapor exposure, 1 d after 

exposure and on a weekly basis thereafter. Clinical evaluations involved topical fluorescein 

exclusion assays, optical coherence tomography (OCT) and slit lamp evaluations. Corneas were 

scored for extent of corneal thickness, corneal opacity, neovascularization and epithelial lesions 
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by at least two blinded observers using a previously described rubric (Holve, 2011). The presence 

of corneal epithelial lesions was assessed using blue light photography of eyes 1 min after topical 

administration of 25 µL fluorescein eye drops (Patterson Veterinary, Greeley, CO). Stromal 

retention of fluorescein indicates disrupted epithelial integrity. For optical coherence tomography 

(OCT), two-dimensional scans of the cornea were collected from awake rabbits using a Telesto 

Spectral Domain Imaging System (Thorlabs; Newton, NJ, USA). Horizontal scans (14.5 mm 

wide x 2.5 mm deep, lateral resolution 20 µm) of the central cornea were collected at 76 kHz. 

One A-scan by 16 B-scans were averaged to produce a single image with a fixed pixel size of 

4.91 µm x 4.91 µm. Images were processed using Image Field Correction to reduce false 

curvature and an under-sampling filter to reduce background noise. Central corneal thickness 

was measured using ImageJ and multiplied by a scaling factor of 0.727 to compensate for 

corneal refraction. No data points were excluded from the study. 

 

Histopathology. Ten weeks after SM vapor exposure, rabbits were euthanized by intramuscular 

injection of 15 mg/kg ketamine and 7.5 mg/kg xylazine (Patterson Vet Supply, Loveland, CO) 

followed by intracardiac injection of 100-150 mg/kg pentobarbital (Patterson Vet Supply). 

Exposed eyes were enucleated and fixed via infusion of 0.01% glutaraldehyde/10% formalin into 

the anterior chamber followed by immersion fixation in the same fixative for 5 days. The fixed 

globe was hemisected by cutting through the center of the cornea and optic nerve. The lens was 

removed from the hemisected eye and the remaining globe was embedded in paraffin. Sections 

(8 µm) were rehydrated, stained using hematoxylin and eosin (H&E) and corneas were 

photographed for histological analysis. No data points were excluded from the study. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 17, 2023 as DOI: 10.1124/jpet.123.001686

 at A
SPET Journals on January 9, 2024

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


10 
 

INV-102. INV-102 (dilithium salt of ADPR) was synthesized using an alkaline method to 

remove nicotinamide from nicotinamide adenine dinucleotide (NAD+). INV-102 was then 

isolated and purified to 73.4% (w/w).  Area percent (a/a) purity by high pressure liquid 

chromatography was 92%.  Principle impurities (in order of amount) were ethanol, water, 

nicotinamide, NAD+, adenosine monophosphate and ribose phosphate. 

 

Immunoblot. Human corneal epithelial cells (ATCC® PCS-700-010™) were grown to 80-90% 

confluency in ATCC Corneal Epithelial Cell Basal Medium (ATCC® PCS-700-030™) at 37°C 

in 5% CO2, washed twice with sterile phosphate buffered saline (PBS), and cultured for 2 h at 

37°C in serum-free medium. The medium was aspirated and cells were treated with 60 μM INV-

102 in serum-free media for 15, 30, 60 or 120 minutes. At each time point, the medium was 

aspirated, cells were washed twice with ice cold PBS, lysed in ice-cold cell lysis buffer and 

rotated end-over-end at 4°C for 30 min. Lysates were clarified by centrifugation at 14,000g for 

30 min at 4°C and the total protein concentration was measured using spectrophotometric 

methods. Cell lysates were prepared in 2x Laemmli sample buffer and boiled at 95 °C for 5 

minutes. Total protein (40 μg) was loaded per well, separated on an 8% tris-glycine gel and 

transferred to nitrocellulose. After blocking the blot for 1 hour at room temperature in 3% BSA 

in a standard mixture of tris-buffered saline and Polysorbate 20 (TBST), primary antibody (anti-

Pax6 antibody [PAX6496] from Abcam, Inc.; or anti-cytokeratin 12) was added in blocking 

buffer and incubated overnight at 4°C. The blot was washed 3 times with TBST and HRP-linked 

secondary antibody added at 1:2000 for 40 minutes at room temperature. The blot was again 

washed 3 times with TBST and developed with ECL reagents for 1 minute. Images were 
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obtained with ChemiDocIt Imager (UVP, Upland CA) and analyzed with VisionWorks Software 

(UVP, Upland CA). 

 

Live cell imaging. hTERT RPE-1 retinal pigmented epithelial cells (ATCC CRL-4000) were 

maintained at 37⁰C and 5% CO2 in RPMI media containing 10% fetal bovine serum (FBS), 1% 

antibiotic-antimycotic solution (Corning 30-004-CI). hTERT RPE-1 cells expressing p53-Venus 

and histone H2B-mRuby were maintained under comparable conditions in medium 

supplemented with 400 μg/mL neomycin (G418), and 10 μg/mL hygromycin. For live-cell 

imaging, cells were plated into glass-bottom dishes (Mattek) and were imaged 24 h after plating. 

2 h prior to imaging, medium was replaced with transparent medium lacking riboflavin and 

phenol red (Thermo Fisher) and supplemented with 2% fetal bovine serum (FBS), 100 U/mL 

penicillin G, 100 mg/mL streptomycin sulfate, and 250 ng/mL amphotericin B (Corning). Images 

were acquired on a Nikon TiE inverted fluorescence microscope equipped with an automatic 

focus correction system and the iXon Ultra 888 EMCCD Camera (ANDOR Technology Ltd). 

The Nikon TiE fluorescent microscope was adapted for long-term time-lapse microscopy 

through the addition of an environmental chamber that maintains a constant environment of 

37⁰C, 5% CO2, and 40% humidity. Images were acquired with a 20x plan apo objective (NA 

0.75) every 20 min over a 24-hour period. At the start of the image acquisition, 50 µM INV-102 

was added to the cell medium of the active cell dish. After 4 h of imaging, active medium was 

aspirated and replaced with fresh imaging medium without INV-102. Cell medium was not 

changed for untreated control cells. The mRuby filter set contained filters of 540-580 nm for the 

excitation light, 585 nm for the dichroic beam splitter, and 593-668 nm for the emission light 

(Chroma). The Venus filter set contained filters of 488-512 nm for the excitation light, 520 nm 
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for the dichroic beam splitter, and 532-554 nm for the emission light (Chroma). Images were 

analyzed using NIS-Elements software (Nikon) and custom written ImageJ (NIH) and MATLAB 

software (Mathworks), which is available upon request (E. Batchelor). 

 

qPCR. hTERT RPE-1 cells were seeded on 35-mm dishes and grown to 50% confluence 

(approximately 24 h) in RPMI media containing 10% fetal bovine serum (FBS), 1% antibiotic-

antimycotic solution (Corning 30-004-CI). Cells were treated with 50 µM INV-102 in growth 

medium for 4 h, washed with fresh medium, and cultured for up to 24 h. Cells were harvested by 

scraping at 0, 4, 8 and 24 h after INV-102 addition, pelleted and flash frozen in a dry ice-ethanol 

bath. mRNA was isolated from cell pellets using the QIAGEN RNeasy plus kit (QIAGEN, 

74134) according to manufacture specifications. RNA concentration was determined by 

Nanodrop (Thermo Fisher) and cDNA was prepared using the High-Capacity cDNA Reverse 

Transcription kit in 20 μl reactions (Thermo Fisher, 4374966) according to manufacturer 

specifications. After cDNA generation, the final volume was brought to 100 μl. RT-PCR was 

performed in 10 μl reactions containing 5 μl Maxima SYBR green master mix (Thermo Fisher, 

K0222), 2 μL H2O, 2 μl cDNA, and 1 μl of 10 μM specific primers (Table 1). For each 

individual biological replicate, we ran three plates of qRT-PCR reactions for each gene of 

interest, and we measured on-plate GAPDH levels as a normalization control. Log 2-fold change 

was quantified by ΔΔCt, comparing each time point to the expression at time zero. Data 

presented as mean log 2-fold change ±SEM. All experiments were performed using three 

biological replicates. 
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Quantitation of homologous recombination. U2OS cells containing the DR-GFP assay 

targeted to the AAVS1 locus (CRL-3455, ATCC) were cultured in DMEM (Gibco) 

supplemented with 10% FBS and 50 U/mL penicillin and 50 ng/mL streptomycin (Gibco). Cells 

were treated at the indicated doses of Olaparib (Selleck Chem, S1060) and Bleomycin (Alfa 

Aesar, AAJ60727MA). Cells were treated with the indicated dose of INV-102 and 16 hours later 

were infected with Adenovirus (Ad) I-SceI at 2 x 10 9 PFU/mL (generous gift from R. Hromas, 

University of Florida). At 48 h post-infection, cells were analyzed using an Attune NxT flow 

cytometer. As a control for adenoviral infection, cells were infected with Ad-β-galactosidase. At 

the indicated times following bleomycin treatment, cells were pre-extracted with 25 mM HEPES, 

pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl 2 , 300 mM sucrose, and 0.5% Triton X-100 

for 5 minutes on ice. Cells were fixed with 4% paraformaldehyde for 12 minutes at room 

temperature, washed twice with PBS with 1% FBS for blocking and co-stained for 16 hrs at 4C 

with gamma H2AX S139 (20E3, Cell Signaling) at a dilution of 1:500. Cells were washed with 

PBS containing 1% FBS and stained for 2 hrs in the dark at room temperature with Alexa Fluor 

488 goat anti-mouse (eBioscience) at a dilution of 1:1000. Slides were prepared with mounting 

media with DAPI (Vectashield). Images were acquired using a Zeiss AxioObserver microscope 

with a 40X objective. Acquisition software and image processing used the Zeiss AxioVision 

software package (Zeiss Imaging). Images were analyzed with the US National Institutes of 

Health Image J FIJI program. All images were acquired in Northeastern University’s Institute for 

Chemical Imaging of Living Systems. 
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Statistical analyses. Prism version 9 (GraphPad Software) was used for statistical analyses. 

Details of statistical tests and sample sizes are described within the text or figure legend. Unless 

otherwise stated, data are presented as mean ± standard error. Markers of statistical significance 

are described in corresponding legends. 

Results 

INV-102 treatment increases p53 protein levels 

To assess the potential for INV-102 to treat SM-induced genotoxicity, we first sought to evaluate 

the effects of INV-102 on p53 levels in human corneal epithelial cells (HCEC). P53 levels were 

measured via immunoblot following treatment of HCEC with INV-102 for 15, 30, 60 or 120 

min. INV-102 treatment increased normalized p53 levels to 313% of no treatment controls 

within 15 min and 510% by 120 min (Figure 1A), confirming the effects of INV-102 on p53 

expression. We also measured the effects of INV-102 on the DSB sensor sirtuin 6 (Sirt6), which 

recruits ataxia-telangiectasia mutated protein to phosphorylate H2AX at DSBs, thus activating 

HR and non-homologous end joining repair pathways (Li, 2008; Hu, 2018; Korotkov, 2021). 

INV-102 increased Sirt6 levels by 155% at 30 minutes before declining to baseline at 120 min 

(Figure 1B). Finally, we evaluated the transcriptional regulator Pax6, which plays a critical role 

in maintaining corneal epithelial cells in a properly differentiated state (Hongyun, 2022). INV-

102 increased Pax6 levels by 584% (isoform 5A) and 302% (isoform 6) by 60 min after 

treatment (Figure 1C). Since Pax6 is known to increase cytokeratin 12 expression in corneal 

epithelial cells, cytokeratin 12 was also evaluated (Batchelor, 2011). Both the monomer and 

dimer forms of cytokeratin 12 were significantly increased by INV-102 treatment (Figure 1C). 

Collectively, these data confirmed that INV-102 treatment increased the levels of master 

regulators of DDR and corneal epithelial cell differentiation in HCEC.  
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INV-102 treatment leads to stabilization of p53 in individual cells  

Immunoblot data confirmed that INV-102 treatment transiently increased p53 levels. Because 

p53 expression is known to be both highly dynamic and heterogenous (Batchelor 2011; Geva-

Zatorsky, 2006), we took advantage of a recombinant RPE-1 epithelial cell line expressing p53-

mVenus and histone H2B-mRuby to evaluate the effects of INV-102 treatment on nuclear p53 

levels in single cells over 24 h. Cells were treated with INV-102 or vehicle and imaged at 20 min 

intervals for 24 hours. INV-102 was washed out after 4 h to avoid induction of p53-mediated 

apoptosis and to evaluate the longitudinal effects of short-term treatment with INV-102 on p53 

levels. Addition of INV-102 led to an immediate increase in nuclear p53 levels that remained 

stable through the 4 h treatment period (Figure 2). p53 levels then increased an additional 200% 

from 4-12 h before stabilizing and declining. The acute increase in p53 levels within 20 min after 

INV-102 treatment is consistent with Figure 1A. These data suggest 4 h treatment with INV-102 

increases p53 levels for approximately 12 h, similar to other p53 stimuli (Batchelor, 2011; 

Lahav, 2004).  

INV-102 leads to the upregulation of several p53 target genes 

To confirm that INV-102 functionally activates the full range of DNA damage responses, we 

investigated p53-dependent transcriptional programs in response to INV-102 treatment in p53-

mVenus-expresing RPE-1 cells. Cells were treated with INV-102 for 4 h, washed with fresh 

medium and incubated for up to an additional 20 h. RNA was isolated at 0, 4, 8 and 24 h after 

INV-102 treatment and well-characterized targets of p53 activation were analyzed by qPCR 

(Figure 2A). Several different patterns were apparent: for example, CDKN1A (p21), PPM1D 

(WIP1), and BAX showed initial peaks after INV-102 treatment that subsequently declined after 

INV-102 removal (Figure 3). Others, such as MDM2, BBC3, RRM2B, FANCC, PCNA, MLH1 
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and MSH2, showed little change at 4 h, but significant declined at later time points. BAX, DD82, 

RPA and RAD51 were not affected by INV-102 treatment. GADD45A was significantly 

depressed at 4 and 8 h after treatment. Collectively, these patterns were consistent with p53 

induced transcriptional responses that were induced by short term (pulsatile) activation of p53 by 

ADPR, as shown in Figure 2. While previous studies have shown an inverse relationship 

between p53 expression and the levels of the DNA DSB repair-associated proteins BRCA1 and 

BRCA2 (Arizti, 2000), we found INV-102 treatment led to sustained upregulation of both. While 

the mechanism of BRCA up-regulation requires further investigation, these results suggest INV-

102 treatment activates both p53-dependent and p53-independent mechanisms of DNA repair.  

 INV-102 leads to elevated rates of homologous recombination 

The observation that INV-102 treatment increases BRCA1 expression prompted us to test 

whether INV-102 also enhanced BRCA1 recruitment to sites of DNA DSBs. We examined 

recruitment of BRCA1 to a CRISPR/Cas9-targeted DSB in the CD4 locus by chromatin 

immunoprecipitation (ChIP). We selected the CD4 locus because we previously characterized 

recruitment of DNA repair factors to this locus (Day, 2017). INV-102 significantly increased 

BRCA1 recruitment to a site 11 bp from the DSB at the CD4 locus (Figure 4A). INV-102 also 

increased recruitment of BRCA1 at sites more distant from the lesion (197 and 2000 bp). These 

data suggest that INV-102 enhances recruitment of BRCA1 in the vicinity of DNA DSBs. 

We next measured homologous recombination (HR) pathway activity using a chromosomally 

integrated HR reporter (DR-GFP; Figure 4B) (Pierce, 1999) to test whether the increases in 

BRCA1 recruitment by INV-102 functionally enhances repair efficiency. INV-102 treatment 

increased the frequency of HR repair of DSBs caused by the I-SceI endonuclease (Figure 4C). 

Importantly, INV-102 did not alter cleavage levels of the intact locus by I-SceI as detected by 
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qPCR (Figure 4D), indicating that HR changes did not result from increased cutting by I-SceI in 

the reporter cassette. Interestingly, inhibition of PARP1 and PARP2 by Olaparib blocked the 

INV-102-dependent increase in HR, suggesting poly(ADP)ribosylation mediates this effect.  

We examined kinetics of H2AX focus formation as an orthogonal assay for HR activity. 

Bleomycin induces significantly higher focus formation at 2 h and significantly less at 4 h in 

INV-102 treated cells vs control (Figure 5A). This suggests INV-102 accelerates repair of DNA 

DSBs. Because the relative contributions of DSB repair pathways are governed by the cell cycle, 

we evaluated INV-102 influences on cell cycle dynamics. We observed that cell cycle profiles of 

vehicle-treated and INV-102-treated cells are indistinguishable (Figure 5B). Taken together, the 

results suggest that INV-102 promotes HR-mediated repair of DSBs in a manner that is 

independent of the cell cycle.  

INV-102 mitigates Sulfur Mustard Gas Injury 

In light of in vitro data showing INV-102 transiently augments p53 expression and activates both 

p53-dependent and p53-independent elements of the DSB repair pathway, we tested INV-102 in 

a preclinical model of ocular SM vapor exposure (McNutt, 2023). Female rabbits were exposed 

to SM for 90 s using a vapor cap placed directly on the cornea of one eye, producing an 

estimated vapor dose of 900 mg•min/m3. This vapor dose results in a severe acute lesion within 

24 h, involving epithelial sloughing, extensive keratocytosis and partial loss of the corneal 

endothelial cells under the exposed area. Although the acute lesion appears to heal from 1-2 wk 

after exposure, over 95% of rabbits subsequently undergo a recurrent edematous lesion 

characterized by a transient but profound increase in corneal thickness that triggers the 

emergence of irreversible secondary keratopathies such as fibrosis, neovascularization and 

opacity (McNutt, Kelly et al., 2021).  
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To replicate a post-symptomatic treatment model, vehicle or 1% INV-102 was administered 

topically twice daily for 2 wk, starting 24 h after exposure (total n=15 rabbits per treatment 

group). Exposed eyes uniformly developed acute corneal lesions within the exposed area by 1 d, 

as illustrated by fluorescein uptake assays (Figure 6A) and increased corneal thicknesses (Figure 

6B). All vehicle-treated animals subsequently developed recurrent corneal lesions after 21 d 

(defined as an increase in thickness (edema) to ≥ 200% of baseline thickness). Recurrent 

edematous lesions developed in all vehicle between 21 d and 42 d, leading to increased mean 

corneal thickness, corneal opacity and corneal fluorescein staining. Although INV-102 treatment 

had no apparent effect on corneal appearance or clinical metrics during the treatment period, 

INV-102 treatment significantly reduced mean cornea thickness (Figure 6B) and clinical severity 

scores starting at 28 d (Figure 6C). In comparison to vehicle rabbits, only 47% (7/15; p=0.002 vs 

vehicle) of rabbits developed a recurrent edematous lesion through 10 wk. The corresponding 

improvements in clinical severity scores in INV-102-treated eyes were driven primarily by 

reduced corneal opacity (Figure 6D) and recurrent epithelial lesions (Figure 6E) in the absence of 

the recurrent edematous lesion.  

The longitudinal effect of INV-102 on corneal thickness and morphology is further illustrated via 

optical coherence tomography (OCT) imaging in representative eyes (Figure 7A). The 

emergence of the recurrent edematous lesion involves a frank increase in corneal thickness and 

the transient development of stromal voids. Although INV-102 eyes show cartographic 

differences at 42 d and beyond that are indicative of neovascularization and a small degree of 

fibrosis, the lack of a recurrent edematous lesion through 10 wk is quite stark in comparison to 

vehicle-treated eyes. Accordingly, although INV-102 eyes exhibit modest morphological 

abnormalities in optical coherence tomography (OCT) images, their structure is qualitatively 
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improved compared to vehicle-treated eyes. Post-mortem histological analysis at 10 wk revealed 

significant improvements in overall corneal structure (Figure 7B) with marked reduction of 

inflammation, fibrosis and red blood cells in the stroma of INV-102-treated corneas compared to 

vehicle-treated corneas (Figure 7C). Consistent with reduced neovascularization scores, vessels 

in INV-102 eyes were diminished in size, length and prevalence than vehicle-treated corneas. 

Reduced hypercellularization and fibrosis in INV-102-treated corneas is the basis for improved 

opacity scores compared to vehicle-treated corneas at 10 wk.  

Discussion 

We evaluated the mechanistic and therapeutic effects of a clinically formulated dilithium salt of 

adenosine diphosphoribose (INV-102) on DDR pathways in an effort to augment the intrinsic 

ability of cells to repair ICLs. In mechanistic studies, INV-102 enhanced multiple components of 

diverse cellular repair and stabilization pathways, including: a) increasing protein levels of p53, 

Sirtuin 6 and Pax6; b) upregulating transcription of BRCA1 and BRCA2; and c) enhancing 

H2AX focus formation and promoting assembly of repair complexes at DSBs. In a preclinical 

model of ocular SM exposure, INV-102 treatment markedly reduced the incidence and severity 

of secondary keratopathies compared to vehicle-treated eyes. These results suggest DNA repair 

mechanisms are a viable therapeutic target for SM injury and suggest topical treatment with 

INV-102 is a promising approach for SM as well as other conditions associated with DSBs.  

 

One potential method to enhance the DDR system is by modulating p53 activity. However, 

activation of p53 to achieve a therapeutic effect is challenging. P53 levels accumulate in a series 

of oscillatory pulses in response to DNA damage (Lahav, 2004; Batchelor, 2008). These pulses 

are important for p53 regulation of downstream genes (Harton, 2019; Porter, 2016) and 
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ultimately affect cell fate (Gupta, 2019; Kim, 1993). Excessive or sustained p53 activation leads 

to cellular senescence and/or apoptosis (Gupta, 2019; Purvis, 2012). Thus, the challenge was to 

find a short-acting compound that increases p53 activation without inducing cell cycle or 

apoptotic effects. While ADPR as a component of poly-ADP-ribose chains built by PARP 

enzymes has been studied extensively, the free monomer ADPR has not been well examined. 

Two studies demonstrated the mechanisms for ADPR’s rapid metabolism to adenosine 

monophosphate (AMP) after transport into the cell (Gupta, 2019; Kim, 1993). Multiple PARP 

inhibitors are now FDA-approved in the oncology clinic and others are in development for a 

variety of diseases, yet almost none of the PARP literature considers the production or function 

of ADPR monomers. Our study indicates that monomers of ADPR can be actively transported 

into cells and have a powerful physiological function in regulating the DDR. Not only does 

ADPR, in the form of INV-102 activate p53, but our data highlights unique aspects of ADPR’s 

response not described for other p53 activators. Aziri et al reports P53 downregulates BRCA1/2 

(Arizti, 2000), yet we have shown that ADPR both activates p53 and concurrently upregulates 

BRCA1 and BRCA2. BRCA1 and BRCA2 are critical regulators of the DSB response and 

homologous recombination, and we show that ADPR increases homologous recombination and 

the overall efficiency of DSB repair.  

Our observation that ADPR upregulates BRCA1/2 suggests existence of an additional p53-

independent and ADPR-responsive HR mechanism. Previous studies suggest that ATP and ADP 

inhibit MDM2 by allosteric hinderance to the zinc (ring) finger domain of the protein 

(Poyurovsky, 2003; Priest, 2010). It is likely that ADPR binds in a similar manner to MDM2 and 

to additional zinc finger proteins (ZNF) involved in DSB repair and ADP-ribosylation. Two such 

proteins are BARD1 and CTCF. BRCA1 and BARD1 have zinc-chelating RING domains, and 
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the two proteins assemble into a stable heterodimer through the association of their RING 

domains. Recruitment of BRCA1/BARD1 to stalled replication forks is known to be dependent 

on poly-ADPR binding to this heterodimer (Billing, 2018). It is possible that monomers of 

ADPR are sufficient to stimulate the recruitment of the heterodimer. In addition, the 

BRCA1/BARD1 heterodimer has been shown to decrease BRCA1 related transactivation of 

GADD45a which may account for the downregulation of GADD45a seen in this study (Fabbro, 

2008). An additional approach may be the binding of ADPR to CTCF zinc fingers which inhibits 

BRCA1/2 and links to BRCA1/2 inactivation in human breast tumors (Butcher, 2006). Further 

experiments are required to determine whether these effects might facilitate induction of 

BRCA1/2 by INV-102.  

Although our findings are consistent with the interpretation that INV-102 mitigates SM tissue 

injury by enhancing multiple DDR pathways, it remains possible that INV-102 improves 

recovery from SM injury via other means, such as enhancing corneal regeneration during the 

acute and subacute injury phase. Elucidation of the cellular mechanisms involved in INV-102 

activation of DDR pathways will require additional investigation. For example, characterization 

of the INV-102 interactome may identify a network of cellular factors involved in its unique pro-

regenerative effects. A more complete understanding of the transport of INV-102 into cells and 

between cells is also important for development of this small molecule as a therapeutic strategy. 

Finally, detailed assessment of INV-102 effects on DDR activity in corneas following genotoxic 

injury would significantly improve understanding of the therapeutic benefits observed in our in 

vivo studies. 

In conclusion, our data suggests a model whereby activation of p53 and other DNA response 

pathways by ADPR significantly enhances cellular and tissue repair of damage by SM. We 
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suggest that ADPR acts in part by enhancing the DNA damage response to DSBs. Furthermore, 

ADPR’s short half-life may be important to avoid cell cycle and apoptotic effects associated with 

prolonged p53 activation. Modulation of DNA repair pathways is an area of intense interest for 

experimental and therapeutic development of genome editing (Yeh, 2019). Our data suggest that 

INV-102 may be useful in genome editing applications where homology-directed repair is the 

desired outcome. Collectively, these data establish the therapeutic potential for ADPR for 

conditions associated with DNA damage. 
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Figure Captions: 

Figure 1: Effects of INV-102 on levels of key regulators of DNA damage response pathways 

and corneal epithelial cell differentiation. HCEC were treated with INV-102 at 60 µM for 15, 30, 

60, or 120 minutes and levels of p53 (A), Sirt6 (B), and Pax6 and cytokeratin-12 (C) were 

compared to untreated controls via immunoblot. Percent increase is expressed relative to the no 

treatment band. Each lane was loaded with equal amounts of total protein.  

Figure 2: Mean + Standard error expression profile of p53-Venus expression (MSE) in hTERT-

RPE-1 cells (n=50) in response to INV-102 (Red) compared to levels in untreated hTERT-RPE-1 

cells (n=11) (Blue). Measurements were first taken 20 minutes after the addition of INV-102 

which may account for the difference in initial values.  

Figure 3: qPCR results following treatment with INV-102 of mean gene expression ± standard 

error for multiple proteins involved in DNA repair. *  p < 0.05, ** p < 0.01, *** is p < 0.001.  A) 

qPCR for proteins known to be modulated by p53. B) qPCR for proteins known to be important 

for homologous recombination. qPCR levels were  collected over at 0, 4, 8, and 24 hours 

following INV-102 treatment. Results were measured from start of treatment with INV-102. The 

treatment was removed at the 4-hour timepoint. Data is presented as mean log 2-fold change 

±SEM. 

Figure 4: Use of reporters to show the recruitment of BRCA following DSB A) Measurement of 

BRCA recruitment following DSB by Attune NxT flow cytometer. The distance of BRCA1 from 

the DSB site was measured in bp and shown to be significantly increased by INV-102 compared 

to vehicle at 100 µM. B) DR-GFP reporter pathway. C) The frequency of the DR-GFP reporter 

was measured at 50 and 100 µM of INV-102 as well as control. INV-102 treated cells show a 
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significant increase in frequency of GFP positive cells following Iscel treatment compared to 

vehicle. D) Measurement of Cleavage levels by I-Scel indicating INV-102 shows no alteration of 

cleavage levels by Iscel.  

Figure 5: A) Kinetics of H2AX focus formation following bleomycin examined by 

immunofluorescence. At 2 hours, INV-102 cells had significantly increased H2AX foci, but by 

4 hours they were significantly decreased. This indicates that INV-102 shortens the entire time 

course of H2AX focus recruitment and resolution. B) Cell cycle distribution profiles of vehicle 

and INV-102 treated cells. The cell cycle distribution profiles of vehicle-treated and INV-102-

treated cells were nearly identical.  

Figure 6: Clinical observations of vehicle-treated (n=15) and INV-102-treated (n=15) rabbit 

eyes from 0-70 d post-exposure. A) Bright field images (top) and fluorescein uptake (bottom, a 

measure of epithelial integrity) for representative vehicle-treated and INV-102-treated eyes from 

0-70 d post-exposure. B) Mean corneal thickness as measured by ocular coherence tomography 

(OCT). C) Clinical severity scores. D) Opacity scores. E) Fluorescein uptake scores. For B-E, 

the short bar from 1-14 d represents treatment with INV-102 or vehicle. Time points at which 

significant differences exist between the two treatment conditions are annotated with a line and 

the corresponding maximum p-value.  

Figure 7: Effects of treatment on corneal morphology. (A) Longitudinal changes in 

representative corneas imaged by optical coherence tomography (OCT). Note the emergence of 

edematous voids during the recurrent edematous lesion in vehicle treated eyes. (B) Vehicle-

treated and INV-102-treated corneas were enucleated at 10 wk after SM exposure and corneal 

morphology was visualized with hematoxylin and eosin. A naïve cornea is shown for 
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comparison. Note areas of fibrosis (f) in vehicle-treated cornea, indicated by increased eosin 

intensity and matrix disorganization. (C) A higher magnification view of the regions annotated 

by boxes in panel B. v = blood vessel; d = disorganized tissue structure in stroma or epithelium; 

c = inflammatory cell infiltrates.  
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Table 1: Primers used for rt-PCR 

Gene Forward Primer Reverse Primer 
RAD51 CGAGCGTTCAACACAGACCA GTGGCACTGTCTACAATAAGCA 
BRCA1 GGCTATCCTCTCAGAGTGACATTT GCTTTATCAGGTTATGTTGCATGG 
BRCA2 GAAAATCAAGAAAAATCCTTAAA

GGCT 
GTAATCGGCTCTAAAGAAACATG
ATG 

CDKN1A TACCCTTGTGCCTCGCTCAG ATCAGCCGGCGTTTGGAGTG 
MDM2 TAGGAGATTTGTTTGGCGTGC CTGAGTCCGATGATTCCTGCT 
GADD45A TGCTGGTGACGAATCCACATT TGATCCATGTAGCGACTTTCCC 
MSH2 GTCACAGCACTCACCACTGA AGCTCTGCAACATGAATCCCA 
MLH1 GAGCAGGGACATGAGGTTCT ACTTGGTTTGATGCTGTGCC 
BAX CTGACGGCAACTTCAACTGG GATCAGTTCCGGCACCTTGG 
FANCC AAGGTCTTGGGTATGCACCT GGAGCCATTCGCCTTTGAGT 
XPC  TCTTCGGAGGGCGATGAAAC  TCTTCGGAGGGCGATGAAAC  
RRM2B TTGGGCCTTGCGATGGATAG GTGAGTCCTGGCATAAGACCT 
DDB2 TCATTGTTGTGGGCCGATAC TGGCTCCAGATGAGAATGTG 
PCNA TGAAGCACCAAACCAGGAGA GTGCAAATTCACCAGAAGGCA 
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