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Dichotomies are double-edged: they can simplify and enlighten as well as exagger-
ate and entangle. Seeing the eye as anterior segment vs. posterior segment simplifies
the formidable task of dissecting the function of the eye. Yet this view creates artifi-
cial divisions in a coherent whole. Clearly, vision requires the convergence of the light
refractive function of the front of the eye with the light sensing function of the back of
the eye. The National Eye Institute has long aimed to foster research across the visual
pathway. Finding the right balance is a constant work in progress. A recently held scien-
tificmeetingwhichweco-organizedwith theUnitedStatesArmyMedical Research Insti-
tute of Chemical Defense, offered an opportunity to take stock of what the anterior
segment in general, and the ocular surface in particular, bring to our understanding
of biology and disease of the eye. Multiple dichotomies surfaced: acute vs. chronic
disease; epithelial vs. endothelial damage; fibrotic vs. vascular pathology; inflammation
vs. resolution response; chemical exposure vs. countermeasure;monotherapy vs. combi-
nation therapy; mechanistic vs. exploratory research; human vs. animal model. Merging
some of these dichotomies is the goal of this paper.

Introduction

F. Scott Fitzgerald tells us that intelligence is the
ability to hold two opposed ideas at the same time.
Take the cornea. It has an extrinsic structural simplicity
that masks an intrinsic mechanistic complexity. Simple
and complex—intertwined. This duality emerges in
many areas of anterior segment research. Case in
point: ocular chemical toxicity—the theme of a recent
transagency scientific meeting convened on February
25–26, 2020, in Bethesda, Maryland, by the United
States National Institutes of Health (NIH) in partner-
ship with the U.S. Army Medical Research Institute
of Chemical Defense.1 The meeting brought together
subject matter experts from the civilian and military
research communities to discuss the current state of the
field in developing medical countermeasures (MCMs)
to treat the acute and chronic effects of ocular chemical

toxicity. This perspective highlights some themes that
arose at the meeting.

Unlike skin, where the stratum corneum can prevent
or slow the topical penetration of chemicals to protect
the underlying tissues, the corneal epithelium lacks this
particular protective property. Consequently, chemi-
cals can more easily penetrate the ocular epithelia,
thereby rendering the eyes particularly vulnerable to
chemical-induced toxicity.2 For example, compared
to the skin, ocular toxicity induced by the chemical
vesicant sulfur mustard, a strong bifunctional alkylat-
ing and blistering agent, typically manifests earlier
and at lower concentrations—as low as one tenth.3
Dissecting and counteracting the eye’s vulnerability
to chemical injury require traction in at least four
domains: (1) Responses to corneal toxicity (acute and
chronic); (2)Models of corneal toxic injury; (3)Mecha-
nisms of corneal pathologies and wound healing,
and (4) Therapies for corneal pathology. Crucially,
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these domains impact the understanding of eye and
corneal pathologies, beyond chemical injuries, includ-
ing disease processes like corneal pain, neovasculariza-
tion, inflammation and fibrosis. All these areas are at
the core of the mission of the National Eye Institute
(NEI/NIH).

Chemical injuries involving the eye account for 11%
to 22% of ocular trauma.4 Chemicals can be classi-
fied as acid, alkali, or neutral agents and pose a health
and security threat not only to the military but also
to the general public as well. The U.S. Department
of Homeland Security (DHS) has identified almost
200 compounds as highly toxic chemicals (HTCs) of
interest.5 A number of these HTCs can be described
as chemical vesicants and includes the previously
mentioned sulfur mustard in addition to Lewisite and
other arsenicals. The U.S. government is keenly inter-
ested in developing therapeutics and MCMs to treat
ocular injuries resulting from exposure to these and
other HTCs.

Through the Chemical Countermeasures Research
Program (CCRP), implemented by the National Insti-
tute of Allergy and Infectious Diseases (NIAID/NIH)
in 2006, the NIH has developed an expansive extra-
mural research infrastructure dedicated to the discov-
ery and early development of MCMs against those
HTCs thatDHS has identified as public health threats.6
The CCRP infrastructure is comprised of intera-
gency agreements with the Department of Defense
and the Department of Health and Human Services,
contract support resources, and a vast trans-NIH grant
and cooperative agreement program called Counter-
measures Against Chemical Threats (CounterACT).
Under the longtime leadership of the NEI, the
CCRP’s ocular portfolio has included many projects
that have contributed to the development of novel
approaches to study ocular chemical injury. Excitedly,
NEI-administered CounterACT projects dedicated
to understanding and counteracting ocular chemical
injury have also identified several promising therapeu-
tic approaches and candidate MCMs, some of which
are described here.

Responses to Corneal Toxicity

The breadth of the chemicals that can injure the
eye represents a first level of complexity insofar the
responses to such injuries, while overlapping, can be
diverse. Even within the vesicant group, complexity
of the corneal response to injury becomes apparent.
For example, after sulfur mustard exposure, a common
early response is photophobia followed by corneal

erosions (as determined by fluorescein staining) and
inflammation. These early/acute effects tend to resolve
but then rebound as late/chronic effects, including
corneal neovascularization, epithelial defects, chronic
inflammation (especially conjunctivitis), and corneal
opacity.7

Indeed, the so-called delayed-onset mustard gas
keratopathy (MGK), which can occur any time
between eight and 25 years after exposure, was
observed in Iranian veterans from the Iraq-Iran war.
In a retrospective study of 48 Iranian survivors, epithe-
lial defects were seen in 31% of the patients, conjuncti-
val vascular abnormalities in 50%, neovascularization
in 71%, corneal scar or opacity in 87%, and chronic
blepharitis and decreased tear meniscus in all subjects.8

These diverse corneal responses to chemical toxic-
ity in turn impact the choice of appropriate model
systems to experimentally model chemical exposure,
injury progression, and evaluate potential countermea-
sures.

Models of Corneal Toxic Injury

The mammalian cornea is structurally conserved
and consists of a basic three-layer plan: the stratified
epithelium, stroma, and the single-layered endothe-
lium. Bowman’s membrane separates the epithelium
from the stroma, whereas Descemet’s membrane
separates the stroma from the endothelium. Simple yet
profound. Chemical toxicants, particularly vesicants,
are known to affect each of the three main layers of
the cornea. As such, there is a clear need for models
with defined pathophysiology to further dissect the
responses and underlying molecular mechanisms. Of
course, the hope is that the simplicity of the model
of choice does not obscure the true intricacy of the
process being modeled; namely, chemical injury to the
human eye.

Among the NEI-led CounterACT projects is the
work of Eveleth and colleagues.9 The research group
recently reported on a corneal organ culture model in
which vesicant-exposed (and control) rabbit corneas
were cultured ex vivo in the appropriate media and
placed on a rocker platform to allow the testing of
various candidate interventions. This model subse-
quently enabled the group to demonstrate that a
human fibroblast growth factor (FGF)–1 derivative,
specifically TTHX1114, is protective against nitrogen
mustard-induced damage of the corneal epithelium.9
Similarly, Tewari-Singh and colleagues10 used cultured
human corneal epithelial cells to show that chloropicrin
exposure (a chemical warfare agent nowmainly used as
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a soil pesticide) induces oxidative stress, DNA damage
and lipid peroxidation.

Although such ex vivo models serve an impor-
tant niche in advancing the fundamental knowledge
of corneal chemical injury, in vivo animal models
remain crucial in developing MCMs. Several animal
model systems have been used to study ocular chemi-
cal exposure. Primary among these are the rat and
rabbit model systems with the latter having been used
more extensively to study the acute and chronic corneal
toxicity after vesicant exposure. Using the rabbit
acute corneal injury model, Agarwal and collabora-
tors11 successfully demonstrated that nitrogen mustard
exposure induces conjunctival and eyelid swelling,
as well as corneal opacity and ulceration in vivo.
Additionally, both corneal thickness and epithelial
degradation also acutely increased post-exposure and
did not resolve until 28 days later.11 Along with estab-
lishing aNM rabbit model, the group also published on
a similar Lewisite rabbit model.12

Certainly, no model perfectly recapitulates the
human cornea whether in biology or disease progres-
sion. Long gone are the days of attempting to trans-
plant the rabbit cornea into the human eye.13 Yet
despite limitations, in vitro, ex vivo, and in vivo models
have been and continue to be crucial to uncovering the
underlying mechanisms of ocular chemical injury and
evaluation of potential therapies.

Mechanisms of Corneal Pathologies
andWound Healing

The NIH has also funded a number of projects
designed towards understanding the basic biology of
ocular chemical responses. Such supported work
includes metabolomics analysis by Vasiliou and
colleagues14 that showed that alterations in the
sphingomyelin-ceramide pathway may contribute
to the damaging effects of nitrogen mustard exposure.
Although information on this pathway in the eye is
quite limited, there is evidence of increased levels
of apoptosis-related proteins in keratoconus. The
similarity between keratoconus and nitrogen mustard
exposure, especially epithelial thinning and corneal
haze, is intriguing and raises possibilities of one area
informing the other.

Similarly, results from the laboratory of Gordon
et al. 15 showed that mustard activates matrix metal-
loproteinases (MMPs), which in turn degrade the
extracellular matrix of the basement membrane and
thereby induce separation of the epithelial layer from
the stroma. Consequently, ongoing work is directed at

analyzing the role of the MMP-inducer EMMPRIN
in vesicant-induced epithelial-stromal separation of the
cornea, as well as examining whether delayed wound
healing in corneal wound beds after mustard injury is
due to delayed deposition of fibronectin.

In addition to chemical-disease specific studies, the
NIH has also supported screening efforts to identify
potentially common mechanism(s) of corneal epithe-
lial cell injury progression regardless of the partic-
ular chemical insult.16 One such effort entails the
use of high throughput screening using commercially
available small interfering RNA (siRNA) libraries
commonly used in the pharmaceutical industry to
identify targets for drug discovery. Results from the
siRNA screens enable ingenuity pathway analysis (IPA)
to further understand the canonical pathways of the
injury progression and the possibility of uncovering
common signaling pathways among different toxicants.

Responses, models, and mechanisms of ocular
injury lay the groundwork for the central goal of the
NEI-led chemical toxicity effort; namely, developing
effective medical countermeasures and therapies that
buttress the natural defense mechanisms and blunt the
pathologic outcomes. More complexity ensues.

Therapies for Corneal Pathology

Counteracting ocular chemical injuries is a central
goal of the CCRP. Among the currently active
NEI/CounterACT projects is that of Baker et al.17
at Synedgen Inc. with the aim of evaluating the
efficacy of new molecular entities from a polyglu-
cosamine derivatives library following ocular sulfur
mustard exposure in a rabbit model system. This class
of polycationic glycopolymers targets the negatively
charged glycosaminoglycans (GAGs) and mucins at
epithelial surfaces, including the cornea’s, and poten-
tially reduces the activation of downstream inflamma-
tion and secondary damage.

In parallel, another recently awarded NEI project
to Wollman utilizes high throughput, organ culture,
image-based screening to identify compounds already
approved by the Food and Drug Administration
(FDA) that can mitigate corneal damage in response
to vesicating agents.18 More specifically, up to 770 such
compounds will be screened for their ability to improve
healing following nitrogen mustard exposure. Along
with the advantage of the high throughput design—
a distinct strength of the project is the possibility of
repurposing an already approved drug thereby signifi-
cantly accelerating potential development and regula-
tory approval.
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Similarly, Mohan et al.,19 from the University
of Missouri at Columbia recently demonstrated that
topical application of a novel multimodal non-steroidal
topical ophthalmic formulation of four FDA-approved
drugs, with differingmechanisms of action, was prelim-
inarily efficacious in counteracting MGK in vivo.
This is an innovative approach that uses combination
therapy to simultaneously modulate COX-mediated
inflammatory response; transforming growth factor β–
induced corneal fibrosis; vascular endothelial growth
factor (VEGF)-mediated corneal neovascularization;
and corneal ulceration.

In addition to the previously described NIH-funded
projects to repurpose FDA-approved compounds for
MCM-focused indications, similar efforts are also in
progress at the Israel Institute for Biological Research
(IIBR). A particularly promising approach is the use
of aflibercept (Eylea; an FDA-approved anti-VEGF
medication for the treatment of the wet form of age-
related macular degeneration and diabetic retinopa-
thy) to mitigate sulfur mustard ocular injuries. IIBR
researchers recently reported tantalizing data that a
single injection of aflibercept after recovery of the
acute phase of sulfur mustard exposure to the eye,
resulted in significant reduction in ocular surface
inflammation and corneal neovascularization. This
work builds on the group’s earlier findings that the anti-
VEGF therapy bevacizumab (Avastin) was efficacious
in reducing corneal neovascularization after sulfur
mustard exposure.20

Conclusion

Pain, photophobia, corneal epithelial defects,
keratitis, endothelial cell loss, edema, inflammatory
response, conjunctivitis, tear disruption, neovascu-
larization, corneal scarring, opacity, and blindness.
A progression of acute corneal and ocular surface
responses that frequently transition into chronic seque-
lae in response to ocular chemical toxicity. Clearly, the
earlier the therapeutic intervention, the more likely
that deleterious cascades can be aborted. It is tempting
to think of these responses and mechanisms as linear
cause-effect processes. This, in turn, makes it attractive
to use the traditional reductionist approach to study
these processes in relative isolation. One laboratory,
one toxicant, one favorite response, one attractive
pathway, one popular biomarker, one available model,
one hopeful therapy. In a word, “silos.” Of course, we
know that neither biology nor pathobiology of the
eye is linear. In the words of Ralph Waldo Emerson,
“Cause and effect, means and ends, seed and fruit

cannot be severed; for the effect already blooms in the
cause, the end preexists in the means, the fruit in the
seed.”The deceptive simplicity of the anterior segment
camouflages a microcosm of intricacy and complexity.
And, hence, the opportunity. The future of anterior
segment research, in general, and chemical toxicity, is
propitious. The accessibility of the ocular surface, the
breadth of the questions encountered, the availability
of tools and resources for the detailed investigation of
physiology and pathophysiology, position the anterior
segment to capitalize on these opportunities through
more collaborative work. Barriers among the different
silos need to be minimized and bridges maximized.
The apparent simplicity of the cornea and rest of the
anterior segment invites it. The underlying complexity
demands it.

Good progress has been made. A lot more remains
to be done. Fitzgerald would sympathize.

Acknowledgments

The authors thank Patrick McNutt for co-
organizing the “Developing Medical Countermea-
sures to Treat the Acute and Chronic Effects of Ocular
Chemical Toxicity”meeting. Thanks also go toMarion
(Emmy) Gordon and Rajiv Mohan for moderating the
sessions. Special thanks are due to all the speakers,
poster presenters, and participants at the meeting.
Finally, the participation and input of the FDA
(Wiley Chambers, Andrea Powell, Susan McDer-
mott); BARDA (Judith Laney, Tom Hu, Kristen
Herring, Robert Raulli); and CDC (Luke Yip) is truly
appreciated.

We invite scientists interested in further explor-
ing NIH funding opportunities available to support
discovery and early development of MCMs for ocular
toxicity and research on the anterior segment of the eye
to contact us.

Disclosure: H. Araj, None; S.J. Tumminia, None;
D.T. Yeung, None

References

1. Yeung DT, Araj H,McMutt PM. (2020) Abstracts
of Presentations from the 2020 Trans-Agency Sci-
entific Meeting on Developing Medical Counter-
measures to Treat the Acute and Chronic Effects
of Ocular Chemical Toxicity, 25-26 February,
Bethesda, Maryland. Toxicol Lett. 2020;S0378-
4274:30214–30219.



Anterior Segment – Challenges/Opportunities TVST | November 2020 | Vol. 9 | No. 12 | Article 3 | 5

2. Kehe K, Balszuweit F, Emmler J, et al. Sulfur mus-
tard research—strategies for the development of
improved medical therapy. Eplasty. 2008;8:e32.

3. Papirmeister B, Feister AJ, Robinson SI, et al.
Medical defense against mustard gas, toxic mech-
anisms and pharmacological implications. Boca
Raton, FL: CRC press; 1991.

4. Clare G, Suleman H, Bunce C, et al. Amni-
otic membrane transplantation for acute ocular
burns. Cochrane database of systematic reviews,
2012;9:CD009379.

5. U.S. Department of Health and Human Ser-
vices, National Institutes of Health. (2018). The
NIHMedical Research Program Directed Against
Chemical Threats: 2017 Report on Research
Progress and Future Directions. National Institute
of Allergy and Infectious Diseases. Bethesda, MD,
United States.

6. Yeung DT, Harper JR, Platoff GE, Jr. Sup-
porting fundamental chemical toxicology research
to inform medical countermeasure developments:
The National Institutes of Health Chemical Coun-
termeasures Research Program. Chem. Res. Toxi-
col. 2020;33:855–859.

7. Kadar T, Turetz J, Fishbine E, et al. Charac-
terization of acute and delayed ocular lesions
induced by sulfur mustard in rabbits.Curr Eye Res.
2001;22:42–53.

8. Javadi MA, Yazdani S, Sajjadi H, et al. Chronic
and delayed-onset mustard gas keratitis: report of
48 patients and review of literature. Ophthalmol-
ogy. 2005;112:617–625.

9. Eveleth DD, Eveleth JJ, Subramaniam A, et al.
An EngineeredHuman Fibroblast Growth Factor-
1 Derivative, TTHX1114, Ameliorates Short-term
Corneal NitrogenMustard Injury in Rabbit Organ
Cultures. Invest Ophthalmol Vis Sci. 2018;59:4720–
4730.

10. Goswami DG, Kant R, Ammar DA, et al. Toxic
consequences and oxidative protein carbonyla-
tion from chloropicrin exposure in human corneal
epithelial cells. Toxicol Lett. 2020;322:1–11.

11. Goswami DG, Kant R, Ammar DA, Kumar D,
Enzenauer RW, Petrash JM, Tewari-Singh N,
Agarwal R. Acute corneal injury in rabbits follow-
ing nitrogen mustard ocular exposure. Exp Mol
Pathol. 2019;110:104275.

12. Tewari-Singh N, Goswami DG, Kant R, et al.
Histopathological and molecular changes in the
rabbit cornea from arsenical vesicant lewisite expo-
sure. Toxicol Sci. 2017;160:420–428.

13. Hotz FC. The transplanting of a rabbit’s cornea
into the human eye. JAMA. 1888;XI:70–71.

14. Charkoftaki G, Jester JV, Thompson DC, Vasil-
iou V. Nitrogen mustard-induced corneal injury
involves the sphingomyelin-ceramide pathway.
Ocul Surf. 2018;16:154–162.

15. Gordon MK, Desantis A, Deshmukh M, et al.
Doxycycline hydrogels as a potential therapy for
ocular vesicant injury. J Ocul Pharmacol Ther.
2010;26:407–419.

16. Lehman JG, CauseyRD, LaGrasta CV, et al. High
Throughput SiRNA Screening for Chloropicrin
and Hydrogen Fluoride-Induced Cornea Epithe-
lial Cell Injury. J Vis Exp. 2018;136:57372.

17. NIH Research Portfolio Online Reporting Tools
(RePORT). U01EY030406: PI - Baker S. https:
//projectreporter.nih.gov/project_info_details.cfm?
aid=9783146&icde=49736901. Accessed July 1,
2020.

18. NIH Research Portfolio Online Reporting Tools
(RePORT). R21EY031283: PI - Wollman R. https:
//projectreporter.nih.gov/project_info_details.cfm?
aid=9934566&icde=49896253. Accessed July 1,
2020.

19. NIH Research Portfolio Online Reporting Tools
(RePORT). R21EY030234: PI - Mohan R. https:
//projectreporter.nih.gov/project_info_details.cfm?
aid=9783844&icde=0. Accessed July 1, 2020.

20. Kadar T, Amir A, Cohen L, et al. Anti-VEGF
therapy (bevacizumab) for sulfur mustard-induced
corneal neovascularization associated with delayed
limbal stem cell deficiency in rabbits.Curr Eye Res.
2014;39:439–450.

https://projectreporter.nih.gov/project_info_details.cfm?aid=9783146&icde=49736901
https://projectreporter.nih.gov/project_info_details.cfm?aid=9934566&icde=49896253
https://projectreporter.nih.gov/project_info_details.cfm?aid=9783844&icde=0

