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Potential Function of miRNAs in Herpetic Stromal Keratitis

Sachin Mulik, Siddheshvar Bhela, and Barry T. Rouse

MicroRNAs (miRNAs), the newly discovered regulators of gene
expression, act by promoting degradation of mRNA and/or by
inhibiting protein expression. Dysregulation of miRNA expres-
sion has been noted in an expanding number of diseases; and
in some instances, manipulating miRNA expression holds
promise as a new form of therapy. Herpetic stromal keratitis
(HSK) is an important vision-impairing lesion and currently any
role that miRNA dysregulation plays during its pathogenesis is
only just beginning to be investigated. In this review, we
discuss the likely participation of specific miRNAs during HSK
and discuss the prospect of modulating their expression as a
means of therapy. (Invest Ophthalmol Vis Sci. 2013;54:563–
573) DOI:10.1167/iovs.12-11094

The discovery of a novel mechanism of gene regulation by
microRNAs (miRNAs) in nematodes by Ambros and

colleagues1 stimulated an intense search for similar regulatory
mechanisms in mammalian cells. The search has yielded
abundantly with at least 800 different miRNA species
identified, with many of them dysregulated in metabolic
pathways that result in neoplasia, autoimmunity, and an
expanding number of other human diseases. In several
instances, either restoring miRNA levels or blocking their
activity represents a valuable means of therapy. Currently, our
understanding of miRNA involvement during the pathogenesis
of stromal keratitis caused by herpes simplex virus (HSV) is
very much in its infancy. This topic is discussed along with a
speculative assessment of the prospects of manipulating
selected species of miRNAs as a therapeutic maneuver that
could reach the clinic.

WHAT ARE MIRNAS?

miRNAs are genome-encoded, small, single-stranded RNAs that
posttranscriptionally downregulate gene expression either by
degradation or translation repression of the target mRNA. All
canonical miRNA biogenesis processes begin in the nucleus
where stem loops in the pri-miRNA are recognized by the
enzyme Drosha and its cofactor DGCR8, which cause nuclear
cleavage to result in 70 nt precursors called pre-miRNA (Fig. 1).
The pre-miRNA is exported to the cytoplasm with the help of
exportin 5 and further processed with the help of another
enzyme, Dicer. The Dicer also helps in the loading of the
miRNA single strand into the miRNA-induced silencing
complex (miRISC). The miRNA guides the miRISC to the
target mRNA and the degree of complementarity between the

miRNA and the target mRNA determines the fate of the mRNA.
If the two have high complementary sequences, the target
mRNA is degraded by miRISC consisting of Argonaut proteins.
If there is partial complimentary sequences between the
miRNA and target mRNA, this would result in translational
repression by several miRISC complexes bound to different
sites on the target mRNA. Accordingly, miRNAs usually act to
fine-tune gene expression rather than to act as on/off switches.
It is important to note that not all cellular miRNAs use the
canonical pathways. There are few other mechanisms used by
cells to generate functional miRNAs which have been reviewed
in detail by others2 and these are not discussed herein.

Most miRNA genes are expressed under control of their
own promoters and regulatory sequences and act alone in gene
regulation. However, others are arranged in clusters and are
expressed and function together (e.g., the miR-19-92 cluster).
The impact of miRNA expression during human and animal
diseases has become known from a variety of experimental
approaches. These have included measuring the consequences
of gene knockout or overexpression, as can be done in
experimental rodent studies. Alternatively, miRNA expression
can be reduced in vivo by antagomir nanoparticle approaches,
or be enhanced either by administrating miRNA in nanoparti-
cles, or by causing their biosynthesis using vectors encoding
miRNAs.

HERPETIC STROMAL KERATITIS

Infection with HSV generally leads to lesions on surface
structures that include the cornea of the eye. The infection can
be acute, involving largely the epithelium, and resolve quite
quickly, especially if treated with antivirals. Some cases,
however, result in chronic lesions that involve the corneal
stroma and these impair vision and can even result in
blindness. HSK lesions in humans are commonly the conse-
quence of one or more episodes of HSV reactivation from
latency.3 The tissue damage that occurs in HSK is thought to
result in large part from the host inflammatory reaction and
residual scarring set off by the infection. The strongest case
that tissue damage in HSK represents an immunopathological
response to infection comes from animal studies, particularly
the mouse.4 Such studies have identified several essential steps
in lesion pathogenesis, some or all of which could be subject to
regulation by yet to be identified miRNA species. Several
miRNAs are expressed by healthy mouse corneas under
physiological conditions.5 Among these, miR-132, miR-182,
and miR-1 are expressed at low levels; miR-146b shows
intermediate expression; while miR-21, miR-23b, and miR-24
are expressed at high levels in corneas. However, their
contribution in modulating critical events in corneal immuno-
pathology during HSK largely remains unknown. The details of
HSK pathogenesis have received some recent reviews6,7 and
herein we mention only a few essential points. Firstly, the
inciting HSV infection in humans usually derives from a
breakdown of latent infection in the trigeminal ganglia, which
is caused by exposure to a variety of stressful stimuli.
Accordingly, understanding how to sustain latency and prevent
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reactivation is an important issue, and miRNAs could influence
these events.

Early steps following HSV infection largely represent the
response of innate defenses and these may be sufficient to
control the virus before significant inflammatory lesions occur.
The overt HSK lesions appear to be inflammatory reactions
orchestrated mainly by T cells, particularly CD4 T cells of the
Th-1 subset.8 However, the principal tissue damage and
resultant corneal scarring is mainly attributed to inflammatory
products derived from nonlymphoid inflammatory cells such
as neutrophils and macrophages.9,10 Finally, the onset and
extent of HSK lesions is influenced by the neovascularization
that occurs in the normally transparent avascular cornea.11

Understanding how to limit and resolve corneal neovascular-
ization (CV) is an important therapeutic objective. As we
discuss, the CV process is subject to control by one or more
species of miRNAs, with a recent publication implicating the
relevance of miR-132.12

MIRNAS AND LATENCY

The hallmark of all herpes virus infections is their ability to
persist indefinitely in the body in a state called latency. In the
case of HSV, latency is maintained in neuronal tissue, which
with ocular infection means the trigeminal ganglion. During
latency, the virus produces no proteins, so the agent may be
invisible to the adaptive immune system. Unfortunately,
latency terminates in occasional neurons, which is probably

a continual process.13 Productive replication occurs in such
neurons and the virus disseminates to peripheral sites where it
can cause recurrent lesions. It is conceivable that the
regulatory effects of miRNAs could influence the initiation,
maintenance, and breakdown of latency. All of these points
here have yet to be firmly established.

With regard to the establishment of latency, HSV itself
encodes a number of miRNAs and these could influence the
extent to which either latent or productive infection of
neurons occurs.14 For example, the transcript expressed
uniquely during latency, LAT, serves as a primary miRNA
precursor that encodes four distinct miRNAs in HSV-infected
cells. One of these miRNAs, mir-H2-3p, can influence the
expression of the viral immediate early gene ICP0.14 Another
miRNA, miR-H6, which lies upstream of the LAT promoter,
modulates the expression of ICP4.14 These observations came
from in vitro transfection assays; but if—as is likely—the same
effect occurs in vivo, the miRNA regulation could be highly
relevant since both ICP4 and ICP0 proteins are involved in the
initial phases of productive replication following primary and
recurrent infections.15,16 Conceivably, virus encoded miRNAs
could influence the amount of ICP4 and ICP0 expression in a
latently infected neuron and this might determine if the
productive cycle is initiated. However, viral-encoded miRNA
regulation of HSV latency in vivo remains an unresolved and
debatable issue17 that merits more investigation.

Perhaps more amenable to therapeutic manipulation to
influence latency will be to identify any host-encoded miRNAs

FIGURE 1. miRNA biogenesis. The generation of miRNAs involves nuclear and cytoplasmic processing steps. In the nucleus, pri-miRNAs,
transcribed by RNA polymerase from DNA, are processed by Drosha into pre-miRNAs that are then transported to cytoplasm via exportin 5. Once in
the cytoplasm, these pre-miRNAs are recognized and cleaved by Dicer into 20 to 22 bp duplexes that enter RISC. In RISC, the passenger strand is
cleaved while the guide strand directs RISC machinery to target mRNAs resulting in mRNA degradation or inhibition of protein translation.
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that are responsible for maintaining latency and that may lose
this function in response to circumstances that cause
reactivation. Such circumstances include changes in hormone
levels caused by stress or other events, changes in immune
status, and exposure to UV irradiation being among the most
investigated. The herpetic recurrences that follow stressful
experiences could be mediated by changes in glucocorticoid
levels, and many studies have documented that glucocorticoids
can influence miRNA expression.18 For example, glucocorti-
coids can cause upregulation of the miRNA clusters miR-15/16
or miR-233,19 but as yet, none have been related to latency. It
would be of interest to determine if any changes of these
miRNA clusters precede the onset of viral reactivation.
Additionally, glucocorticoids may also influence gene expres-
sion changes by histone modifications, an event also implicated
in the maintenance of latency.20 The glucocorticoid binding to
cytoplasmic glucocorticoid receptors triggers events that lead
to induction of some anti-inflammatory genes. These effects
occur in part via recruitment of histone modifying transcrip-
tional coactivators and other cofactors to glucocorticoid
responsive elements in the responsive genes.21 Moreover,
glucocorticoid signaling can recruit histone deacetylases to the
NFkB complex and inhibit inflammatory gene expression.22

These epigenetic events influenced by glucocorticoids could
be caused by miRNA expression changes. For example, miR-
449 and miR-1 are involved in regulating the activity of histone
acetylation.23,24 It remains to be seen whether glucocorticoids
may promote virus reactivation via changing the levels of
histone modification associated miRNAs (Fig. 2).

Another event that often causes the onset of recurrent
herpes lesions is exposure to excessive sunlight, such as
sunburn. Exposure to UV light can also trigger reactivation of
HSV in a keratitis model in mice.25 How UV irradiation or
sunburn induces herpes virus reactivation remains unclear, but
recent reports indicate a potential role for miRNAs in this
process. For instance, the knockdown of Ago2 and Dicer,
essential components of the miRNA processing pathway,
reduces survival of HELA cells exposed to UV radiation.26 This

could mean that miRNAs play a critical role in UV-induced cell
cycle events and apoptosis. Perhaps of more relevance,
dysregulation in miR-21, miR-203, miR-205, miR-24, let-7a,
and miR-376b is observed in murine epidermal tissue and
human keratinocytes upon UV exposure.27 At least two of
these, miR-21 and miR-24,28,29 can influence CD8 T cell
functionality which, as mentioned subsequently, may partici-
pate in the maintenance of latency30,31 (Fig. 2).

Another well-studied situation that may influence the
stability and breakdown of latency is immune status. For
example, immunosuppressed patients are more likely to suffer
herpes recrudescence, with severe lesions occurring in those
with AIDS.32 As discussed subsequently, miRNAs are known to
influence the functional capacity of both innate and adaptive
immune components. The role of innate immune events in the
control of latency has received minimal attention, but there is
strong evidence that the functional competence of viral
specific CD8 T cell responses in the trigeminal ganglion
influences the stability of latency.30,31 Currently, we do not
know if miRNA dysregulation impacts on the immune control
of latency, but this topic is under active investigation by many
groups that include our own.

MIRNAS AND ANGIOGENESIS

The cornea’s function depends on its transparency since it
must minimally interfere with the passage of light to the retina.
This may be one reason the normal cornea lacks a blood
vasculature since vessels diffract light. However, a significant
consequence of HSV ocular infection is that pathological
angiogenesis occurs, a process driven and facilitated by many
factors.6 A major angiogenic factor involved in CV is VEGF; and
counteracting VEGF and events set off when it binds to its
specific receptors represents a valuable means of therapy.33

Pathological angiogenesis is also a major problem in neoplastic
diseases and several species of miRNAs show changes that may
account for the neovascularization. The miRNA that showed

FIGURE 2. Speculative role of miRNAs in HSV-1 reactivation from latency. After primary infection, HSV-1 becomes latent in trigeminal ganglia.
Certain conditions such as sunburn, stress, impaired T cell responses, and immunosuppression, can reactivate the virus to come to the peripheral
sites (eyes, oral mucosa) to induce lesions. miRNAs may regulate all of these above-mentioned stimuli. Sunburn can trigger HSV reactivation and it
involves changes in expression levels of miRNAs (miR-21, miR-203). Likewise, stress induced glucocorticoids induce changes in miRNAs (miR-15/16
and miR-223) and also lead to epigenetic modifications, a process which involves miRNA change (miR-44 and miR-1) and is implicated in
maintenance of latency. CD8 T cells patrol trigeminal ganglia and inhibit HSV reactivation, but functionality of CD8 T cells can also be modulated by
miRNA activity (miR-21 and miR-24). The role of HSV encoded miRNAs in HSV reactivation remains unknown so far.
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the largest change of expression during angiogenesis was miR-
132.34 We have also shown that miR-132 is also upregulated in
animals with CV following HSV infection.12

In the HSV system, the upregulation of miR-132 may be
in part the consequence of stimulation by an as-yet-
unidentified mechanism by IL-17, a cytokine produced early
in HSK pathogenesis by gamma delta cells of the innate
immune system.35 The upregulated miR-132 appears to act
to augment VEGF signaling via an inhibitory effect on a
negative regulator of VEGF function, Ras-GAP.34 Of interest,
inhibiting the expression of miR-132 using antagomirs in the
form of nanoparticles was an effective means of diminishing
CV, as well as reducing the severity of HSK (Fig. 3; Table).
Additionally, miR-132 blockade results in potent reduction in
pathological angiogenesis in retinal models (Westenskow PD,
et al. IOVS 2012;53:ARVO E-Abstract 4120). Of note, this
modality seems to work better than VEGF trap approaches
and resulted in fewer off-target effects and lower compen-
satory increases in angiogenic molecules, which is often the
case with VEGF inhibition approaches.36 It is also to be
noted that miR-132 function depends on context. Thus, miR-
132 promotes IFN production in Kaposi sarcoma herpes
virus–infected lymphatic endothelial cells37 and regulates
dendritic maturation in newborn neurons.38 However, it
exerts an anti-inflammatory effect at the neural immune
interface.39 Although we realize that miR-132 has an
angiogenic function during HSK, it is also possible that it
interacts with other miRNAs in its modulation of tissue
damage.

In addition to VEGF, matrix metalloproteinase-9 (MMP-9)
and other metalloproteinases play pivotal roles in promoting
pathological blood vessel development during HSK.40 Recent

reports indicate that the regulation of MMP-9 expression
involves modulating effect by miRNAs. Accordingly, miR-885-
5p, miR-491-5p, miR-212, and miR-132 negatively regulate the
levels of MMP-9 expression in mammary glands and in cancer
models41,42 (Table). How miR-132 promotes angiogenesis
during HSK simultaneously by degrading angiogenic MMP-9
needs further investigation.12,43 However, miR-132 blockade–
induced reduction in CV and expression of miR-132 in blood
vessel endothelial cells while MMP-9 in neutrophils make MMP-
9 an unlikely target of miR-132 during HSK.

Almost certainly there are additional miRNAs that influence
the many stages of CV. For example, it is known that the
activity of VEGF in the cornea is limited by being bound to a
soluble form of one of its receptors.44 HSV infection disrupts
the balance between VEGF and its soluble receptor,43 a process
that likely involves expression changes in miRNAs. Additional
events that could be regulated by miRNAs include disruption of
blood vessel endothelial junctions, pericyte detachment,
invasion of endothelial cells toward the center of the cornea,
as well as their proliferative effects. It is also likely that miRNAs
fine-tune the activity of apoptotic/antiapoptotic molecules in
pathological blood vessel endothelial cells. Accordingly, the
provision of appropriate miRNAs may induce apoptosis of
endothelial cells and this may result in regression of established
blood vasculature during HSK. Furthermore, pathological
blood vessels—which occur in corneas during HSK—are leaky,
and whether miRNAs influence leakiness of such vessels by
modulating the activity of Src kinases or by regulating the
functionality of proteins involved in maintenance of endothe-
lial junction integrity requires exploration.

FIGURE 3. Illustration of antagomir-132–mediated inhibition of CV. Left panel describes outcome (CV) in HSV-infected untreated mice: HSV
infection leads to upregulation of IL-17 in corneas. IL-17 (along with IL-6 and virus infected epithelial cells) increases VEGF (probably via increasing
IL-1b, IL-6, and Cxcl1) levels in the eyes. VEGF thus acting through VEGFR2 receptors on the blood vessel endothelial cells upregulates miR-132
expression via CREB transcription factor. MiR-132 removes RasGAP (intrinsic inhibitor of Ras) leading to activation of Ras and CV. Right panel

describes modulation of CV by miR-132 silencing: Administration of antagomir-132 nanoparticles leads to deposition of antagomir-132 cargo in
blood vessel endothelial cells resulting in silencing of miR-132. This leads to higher levels of RasGAP, which thereby inhibits angiogenic Ras activity
resulting in inhibition of CV. Reprinted with permission from Mulik S, Xu J, Reddy PB, et al. Role of miR-132 in angiogenesis after ocular infection
with herpes simplex virus. Am J Pathol. 2012;181:525–534. Copyright 2012 The American Society for Investigative Pathology.
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MIRNAS AND INFLAMMATION

Several types of innate immune sensors are triggered when
HSV infects the cornea and many molecules with diverse
function are rapidly produced. These include proinflammatory
cytokines, chemokines, interferons and angiogenic factors
such as VEGF. Among the best-studied innate sensors are the
toll-like receptors with TLR2, TLR3, and TLR9: all involved as
HSV sensors.45,46 Additional intracellular sensors may also
recognize HSV and these include the recently described sensor
STING that recognizes HSV-induced membrane fusion and
inflammasomes that lead to production of the proinflammatory
cytokine IL-1b.47–49 The innate recognition phase sets the
scene for both infection control, mediated by interferons and
innate effectors such as granulocytes, macrophages, and NK
cells, as well as establishing conditions that result in tissue
damage orchestrated by adaptive components of immunity.
Most persons with HSV keratitis resolve infection with little or
no stromal disease. Those less fortunate develop HSK with this
outcome most likely to occur after one or more recurrences
from latency. Why individuals differ in their response pattern
to HSV infection remains poorly understood, but differential
regulation of innate and adaptive immunity by one or more
species of miRNA is a likely possibility that merits investigation.

With regard to the extent of innate immune sensing,
evidence accumulates showing that TLR function is subject to
control by numerous miRNA species. As lucidly reviewed by
O’Neil and colleagues,50 miRNAs may regulate the strength,
location, and timing of TLR responses and also appear to
control the switch from an early innate immune-induced–
proinflammatory response to conditions that represent the
resolution phase of the inflammatory process. In fact, at least

10 miRNAs are upregulated when one or more TLRs engage
their ligands and others are downregulated. Apparently, the
TLRs themselves are not targeted by miRNAs and regulation
mainly affects the activity of signaling molecules.50 In this
context, TLR signal transducers such as MyD88, IRAK, TAB,
TRAF6, and IKK are all targets of one or more species of
miRNAs. In addition, transcriptional factors induced by TLR
ligation are subject to miRNA regulation and some miRNAs also
degrade the products of TLR signaling.50 One such miRNA is
let-7, which binds to the mRNA of IL-6 and decreases
expression of this cytokine, which is a major participant in
HSK pathogenesis and also a stimulant of the angiogenic factor
VEGF.51 Additionally, other cytokines such as TNF-a, IL-10, IL-
12, and IFN-c are directly repressed by miRNA action.50

However, what role if any these aforementioned miRNAs play
during the innate phase of HSK pathogenesis remains to be
seen.

Additional components of innate responses to HSV include
granulocytes, macrophages, and NK cells. The function of all of
these cell types is influenced by miRNA expression.52–54 For
example, miR-223 regulates the proliferation and activation
status of neutrophils.55 Furthermore, it’s also conceivable that
miRNAs are involved in regulating tissue-damaging molecules
such as the production of reactive oxygen and nitrogen radicals
by neutrophils and the generation of neutrophil extracellular
traps. Macrophage function during infection is influenced my
several miRNAs that include miR-155, miR-146, miR-132, miR-
147, miR-9, let-7e, miR-27b, and miR-125b.56,57 Similarly, NK
cell killer function, such as granzyme activity, is influenced by
miR-155 and miR-27a*.58,59

Although it is still in its early days, it has become evident
that miRNAs derived from innate immune cells—and perhaps

TABLE. Speculation of the Role of miRNAs, Phase They Should Be Administered, Their Blockade/Overexpression And Reduction in HSK Lesion
Severity (Mildþ, Moderateþþ, Severeþþþ)

Steps miRNAs Action

Preclinical

(0–6 d p.i.)/Clinical

Phase (7–12 d p.i.)

Administration

Reduction in HSK

Lesions/CV

(overexpression

or blockade)

Corneal neovascularization

VEGF signaling miR-132 Promotes VEGF signaling Clinical phase Blockade (þþ)

MMP-9 miR-885-5p, miR-491-5p,

miR-212

Negatively regulates MMP-9

activity

Preclinical phase Overexpression (þ)

Inflammation

IL-17–induced inflammation miR-23b Negatively regulates NFkB and

IL-17 activity

Preclinical phase Overexpression (þþ)

T cell–mediated damage miR-155 Generation of Th1 and Th17

cells

Clinical phase Blockade (þþ)

miR-29 IFN-c production by Th1 cells Preclinical phase Blockade (þ)

miR-326 and miR-309 Generation of Th17 cells Preclinical phase Blockade (þ)

miR-17 and miR-20a Inhibits T cell activation Preclinical phase Blockade (þ)

miR-182 T cell proliferation Preclinical phase Blockade (þ)

Resolution

T cell responses miR-146a Resolution of T cell–mediated

damage

Clinical phase Overexpression (þþþ)

Necessary for Tregs to control

Th1 responses

Regulates NFkB and

proinflammatory cytokines

IL-10 production miR-21 and miR-208a Induces IL-10 production Clinical phase Overexpression (þþ)

Neutrophil recruitment miR-146b Lowers IL-8 and RANTES Clinical phase Overexpression (þ)

Lipid mediator switch miR-292-2 Lowers leukotrienes and turns

on SPM

Clinical phase Overexpression (þþ)

Tregs miR-10a Stabilizes tregs Clinical phase Overexpression (þ)
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exported from such cells in the form of exosomes60—are
important regulators of inflammation, and the miRNAs also
influence the balance of adaptive immune responses that
determine whether immunity or tissue damage ensues. Indeed,
the enforced expression of TLR-induced miRNAs might well
turn out to be useful negative regulators of the inflammatory
process, as well as tools to shape the desired pattern of
adaptive immunity to one that has minimal tissue damage.

As mentioned in a previous section, the tissue-damaging
events in HSK are orchestrated predominantly by effector CD4
T cells, with the actual damage mainly mediated by neutrophils
and macrophages.9,61,62 Multiple miRNAs are known to
influence the induction and effector function of T cells, the
recruitment and activation of inflammatory cells, as well as the
participation of additional cell types such as regulatory T cells
involved in lesion resolution. The topic is complex and fast
moving. In consequence, we mention only what may be the
most pertinent miRNA expression events that impact on the
pathogenesis of HSK and that represent promising candidates
for therapeutic manipulation to change the outcome of disease.

The miRNA miR-23b, generally implicated in liver regener-
ation,63,64 is a likely candidate since it also acts as a critical
regulator in several autoimmune syndromes in humans and
mice whose pathogenesis is similar to HSK.65 Accordingly, miR-
23b normally plays an anti-inflammatory role by inhibiting the
transcription factor NFkB that in turn regulates the production
of numerous proteins involved in tissue damage, as well as the
recruitment of proinflammatory cells. The expression of miR-
23b is downregulated by a still poorly understood mechanism
when the proinflammatory cytokine IL-17 binds to its receptor.
As a consequence, NFkB becomes hyperactivated and inflam-
mation progresses. Although HSK is mainly orchestrated by
inflammatory Th1 cells, the cytokine IL-17A produced by
innate cells does play a prominent role during the onset of HSK
and may also participate in neovascularization.35,66 Thus, it is
conceivable that miR-23b dysregulation occurs during HSK and
this may influence the severity of lesions that ensue. This
aspect merits investigation, as does the prospect that
administration of additional miR-23b may represent a useful
adjunct to therapy (Table).

miR-155 is another miRNA frequently implicated in
inflammatory lesions and serves to positively regulate inflam-
mation.67–69 It is also required for normal immune func-
tion,70,71 as well as for generation of pathogenic T cells,72 and
acts as an oncomir in various cancers.73,74 Animals deficient in
miR-155 because of gene knockout (KO) are resistant to the
induction of some autoimmune diseases.67,72 We have also
observed that miR-155 KO animals develop significantly
reduced HSK lesions, although they become highly susceptible
to virus-induced encephalitis (S. Mulik, S. Bhela, and B.T.
Rouse, unpublished observations, [2012]). The miR-155 may
influence tissue damage in several ways that include regulating
the production of critical chemokines such as those for
neutrophils, which play a prominent role in HSK pathogene-
sis.68 Our preliminary results in the HSK system indicate that
chemokines such as the neutrophil attracting CXCL1, are
reduced in miR-155–deficient animals. In addition, as is shown
in some autoimmune models, miR-155 deficiency may also
result in the increased production of the critical anti-
inflammatory mediator IL-10, as well as reduced generation
of Th1 and Th17 effectors that orchestrate HSK lesions.72 In
some inflammatory and autoimmune settings, loss of miR-155
also results in profound reduction in the inflammatory milieu
as well as tissue damage.69 Since counteracting T cell function
and inflammation would be useful to limit tissue damage,
administering antagomirs to diminish miR-155 expression may
be a valuable approach to achieve this objective during HSK, as
we are currently evaluating (Table).

There are other miRNAs that we speculate may significantly
influence the pathogenesis of HSK. In this regard, miR-29 was
recently shown to target Tbet and Eomes transcription factors,
both of which promote IFN-c production by Th1 cells,75

central orchestrators of HSK pathogenesis. Similarly, miR-326
and miR-301a are involved in the generation of Th-17 cells, a
subset recently shown to influence the later stages of HSK.35

Inhibition of miR-326/301a resulted in attenuated EAE lesions
in mice via effects on Th-17 cells.76,77 miRNAs are also known
to be involved in sequential steps of T cell proliferation. For
example, miR-142-3p/5p, miR-17, and miR-20a inhibit T cell
activation.78,79 On the other hand, IL-2 induced miR-182
degrades Foxo 1 and promotes clonal expansion of activated
helper T lymphocytes.80

It is now realized that fully differentiated T cells, once
considered a stable population, may take on other activities
depending on environmental cues. For example, Tregs can lose
their regulatory function and adopt effector phenotypes.81 It
appears that changes in miRNA expression may be involved in
this cellular functional plasticity.82 For example, in response to
retinoic acid and TGFb, Tregs increase miR-10a expression that
limits their conversion into follicular helper T cells and Th-17
cell subsets. Whether and how miRNAs influence various
stages of T cell activation or T cell flexibility during HSK is
largely unknown (Table).

MIRNAS IN ANTI-INFLAMMATION AND RESOLUTION

The aim of all research on inflammatory diseases is to discover
optimal ways to resolve lesions and understand how they
function at a mechanistic level. Under natural circumstances,
inflammatory responses are usually resolved either because the
inciting stimuli are removed and/or because the balance of
host events changes. Such changes could be influenced, at
least in part, by dysregulation of one or more species of
miRNAs. Several host events can push inflammation toward
resolution. These include the expansion of regulatory T cells,
the increased activity of several cytokines particularly IL-10 and
TGFb, the production of one or more species of host galectins,
as well as multiple specialized pro-resolving mediators derived
from polyunsaturated fatty acids. How miRNA changes relate to
the increased activity of these anti-inflammatory and inflam-
mation resolving events is beginning to be unraveled, at least
for some of them. Two such candidates are miR-146a and miR-
21, which play prominent roles in protecting tissues from
inflammatory damage.57

miR-146a exerts this regulatory effect by policing NF-jB
dysregulation. In the context of innate immunity, miR-146a
inhibits TLR signaling and NF-jB activation and dampens the
production of proinflammatory mediators such as IL-6 and
TNF-a.83 A diminished miR-146a response also results in
malfunction of the adaptive immune responses. Of note,
regulatory T cells express high levels of miR-146a and Treg-
specific deletion of miR-146a expression leads to severe
autoimmune disease due to uncontrolled Th-1 responses.84

This further corroborates a regulatory role of miR-146a in
restraining inflammation and maintaining peripheral tolerance.
In addition, miR-146a was implicated in resolving both CD4
and CD8 T cell–mediated immunopathological responses.85 In
mice, TCR stimulation–induced expression of miR-146a and T
cell–specific miR-146a deficiency resulted in hyperactive acute
antigenic responses, chronic inflammatory autoimmune re-
sponses as well as T cell–mediated autoimmune disease.85 It
will be of interest to see what effects miR-146a overexpression
will have on the balance between protective Tregs and eye
damaging Th-1 cells during HSK. We speculate that the potent
regulatory environment induced by miR-146a may hamper
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lesion development (Table). Moreover, dampening of proin-
flammatory milieu by administering additional miR-146a could
represent a useful form of therapy.

Another miRNA likely involved in resolution is miR-21. This
miRNA halts inflammation in various models partly via its
ability to induce IL-10,86,87 a molecule previously shown to
suppress HSK lesions.88 However, miR-21 may enhance
vascular inflammation in atherosclerosis.89 miR-21 may also
shift the Th1/Th2 balance toward the Th2 type90 with miR-21–
deficient mice demonstrating enhanced Th1 associated re-
sponses.91 Conceivably, overexpression of miR-21 could help
to modulate Th1–mediated tissue damage during HSK, an issue
that merits further investigation (Table).

An additional approach to modulate the severity of
inflammatory diseases is to expand or activate regulatory T
cells whose activity is also influenced by expression levels of
several miRNAs.92,93 These include miR-10a, miR-146a and
miR-155,84,94–96 but their contribution in modulating ocular
damage is yet to be analyzed. Conceivably, the above-
mentioned miRNAs will help shift the balance toward
resolution events in tissue-damaging settings.

In the resolving phase of inflammation, changes in
expression of several mediators occur. One prominent change
is in the lipid mediators derived from polyunsaturated fatty
acids. Thus, whereas during the proinflammatory phase
leukotrienes and prostaglandins predominate, during resolu-
tion, there is a switch to lipid mediators referred to as
specialized pro-resolving mediators (SPM).97 This switch may
be regulated, at least in part, by changes in miRNA expression.
For example, miR-292-2 levels increase for reasons that include
neutrophil death with miR-292-2 targeting the mRNA of the
lipoxygenase enzyme responsible for generating the proin-
flammatory leukotrienes.98 Additionally miR-292-2 increases,
by an unknown mechanism, the synthesis of SPM such as
resolvins and protectins. In HSK, where in some instances
resolution can be delayed, it is conceivable that miR-292-2
levels are suppressed perhaps in situations when viral
replication levels are elevated.

The observation that SPMs appear to account for resolution
under natural circumstances has led to the development of
synthetic formulations that are proving valuable to control
inflammatory lesions that include HSK.99,100 It has also become
evident in recent studies from the Serhan group that levels of
multiple miRNAs change in response to synthetic SPM
therapy.101 For example, resolvin administration fine-tunes
levels of miRNAs such as miR-21, miR-146b, miR-208a, and miR-
292-2 in various tissue-damaging settings.101,102 These miRNAs
act by changing the expression of several inflammatory
mediators. For example, miR-21 and miR-208a induce IL-10

production during the resolution phase, thus exerting a strong
anti-inflammatory effect. miR-146b also regulates levels of IL-8
and RANTES, both powerful chemoattractants that recruit
leukocytes into inflamed areas, while miR-292-2 induces the
production of more SPM. We speculate that the provision of
SPM during HSK may act by inducing the expression of pro-
resolution miRNAs that include miR-21, miR-146b, and miR-
292-2, while levels of inflammatory and angiogenic miRNAs
(miR-155 and miR-132) might diminish (Fig. 4; Table). Our
unpublished observations support this claim. Whether any
group of miRNAs are sufficient to activate a resolution program
is currently not known. If it can be accomplished, the inclusion
of pro-resolution miRNAs would be valuable when designing
therapeutics to counteract HSK lesions.

POTENTIAL OF MIRNA TARGETING

Manipulation of disease-associated microRNAs offers unique
opportunities, but poses challenges with regard to delivery,
target site accessibility, and off-target effects. Progress on this
topic has occurred with several reports showing amelioration
of diseases via blockade of miRNAs using modified antagomirs,
as is the case with locked nucleic acid (LNA) or antagomirs
given in nanoparticles.103,104 Our own study evaluated the
potential of miR-132 inhibition using antagomir-132 histidine
lysine nanoparticle approaches that led to potent reduction of
CV. This was also recently confirmed in retinal models by the
Martin Friedlander and David Cheresh groups who showed
that nanoparticle mediated miR-132 blockade is more effica-
cious (Westenskow PD, et al. IOVS 2012;53:ARVO E-Abstract
4120) than conventional VEGF inhibition therapies and results
in lower off target effects and fewer compensatory increases in
angiogenic genes compared with VEGF targeting. Several other
recent reports support miRNA inhibition approaches to
modulate disease pathologies. For example, miR-122 shows
effects against hepatitis C virus infection105; miR-155 is
effective in the inflammatory disease models, EAE,106,107 as
well as against B cell lymphoma.74,108 Additionally, miR-21 is
effective against the inhibition of lupus.28 We are investigating
the potential of slow antagomir–released eyedrop-formulated
nanoparticles to intercept HSK pathogenesis and believe that
the cocktail of miRNAs given in nanoparticles locally may
confer therapeutic benefit against HSK.

CONCLUDING REMARKS

Although published information about the regulatory role of
miRNAs during HSK is minimal, we can surmise that multiple

FIGURE 4. Specialized pro-resolution mediators (SPM) and miRNA-mediated resolution of HSV-induced ocular inflammation: speculations. The
provision of SPM during HSK may result in changes in levels of various miRNAs associated with resolution. SPM could increase expression of miR-21
and miR-208a both of which induce anti-inflammatory cytokine, IL-10. SPM can also increase miR-146b expression and miR-146 lowers levels of IL-8,
a chemokine crucial for neutrophil recruitment to eyes. miR-292-2 induced by SPM gives positive feedback for more SPM production. The
administration of SPM may also lower levels of miR-132 and miR-155 involved in CV and inflammation, respectively.
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miRNAs are likely to influence all of the many events that occur
during HSK pathogenesis. We can also surmise that changing
miRNA responses could represent a useful approach to therapy
especially because several phases of HSK could be targeted
simultaneously using cocktails of multiple miRNAs mimics and
antagomirs. The major practical problem would be how to
administer the cocktail and how frequently this must be done
to achieve therapeutic efficacy. There have been some reports
that show the ease of delivery of siRNA to localized areas, such
as the eye, lung, and skin, and these siRNAs were shown to be
effective in in vivo silencing.109,110 In fact, most of these
siRNAs are under clinical trials—although only one such
miRNA targeting drug is in clinical trial (miravirsen). It is
conceivable many more miRNA intervention therapies could
enter clinic in the near future.

It is also likely that the composition of the therapeutic
cocktail would need to differ at different phases of HSK lesions.
Most likely, treatment close to the onset of lesions would stand
the best chance of success. We would speculate that using
miRNAs or antagomirs to increase IL-10 expression, to block
the recruitment of inflammatory cells to the corneas, and to
limit the extent of CV would be successful strategies. At later
stages, switching the inflammation to the resolution phase
would be desirable as might be achieved by changing the
expression of miRNAs involved in SPM production. Although
therapy with miRNA has therapeutical advantages, it remains
to be seen if the approach would be practical or economical
compared to traditional therapies in current use. Answering
these questions will require further research. Optimistically,
nanoparticles containing multiple miRNAs and antagomirs
would be administered once or twice daily and be therapeu-
tically effective.
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