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Abstract: Ocular microbial infection has emerged as a major public health crisis during the past two
decades. A variety of causative agents can cause ocular microbial infections; which are characterized
by persistent and destructive inflammation of the ocular tissue; progressive visual disturbance; and
may result in loss of visual function in patients if early and effective treatments are not received.
The conventional therapeutic approaches to treat vision impairment and blindness resulting from
microbial infections involve antimicrobial therapy to eliminate the offending pathogens or in severe
cases; by surgical methods and retinal prosthesis replacing of the infected area. In cases where there
is concurrent inflammation, once infection is controlled, anti-inflammatory agents are indicated
to reduce ocular damage from inflammation which ensues. Despite advances in medical research;
progress in the control of ocular microbial infections remains slow. The varying level of ocular tissue
recovery in individuals and the incomplete visual functional restoration indicate the chief limitations
of current strategies. The development of a more extensive therapy is needed to help in healing to
regain vision in patients. Stem cells are multipotent stromal cells that can give rise to a vast variety of
cell types following proper differentiation protocol. Stem cell therapy shows promise in reducing
inflammation and repairing tissue damage on the eye caused by microbial infections by its ability to
modulate immune response and promote tissue regeneration. This article reviews a selected list of
common infectious agents affecting the eye; which include fungi; viruses; parasites and bacteria with
the aim of discussing the current antimicrobial treatments and the associated therapeutic challenges.
We also provide recent updates of the advances in stem cells studies on sepsis therapy as a suggestion
of optimum treatment regime for ocular microbial infections.
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1. Introduction

Ocular microbial infections can cause endophthalmitis (an inflammation of the interior of
the eye), an inflammatory reaction that will lead to visual disturbance and potentially produce
blinding outcome [1]. Inner eye inflammation can damage the ocular layers which are important
for visual processing, such as cornea and retina, which is irremediable by common antimicrobial
treatment [2]. Thus, a potent management regime is urgently required, which could be discovered in
stem cells treatment.

The eye is one of the major sensory organs in the human body responsible for visual functions,
which has a spherical structure. The cornea is the outmost transparent layer of the eyes that refract
light onto the retina [3,4]. The retina is the inner coat of the ocular tunics, comprised of 10 different
layers of highly organized and complex neurons interconnected by synapses, with the innermost layer
of light-sensitive rods and cones photoreceptor cells. Rods support the perception of black-and-white
image while cones are responsible for color vision. Neural signals produced are then processed by other
retinal neurons in the visual pathway [3,4]. Ocular microbial infections can lead to opacification and
intraocular tissue damages which in turn affect retinal encoding and light processing and eventually
produces irreversible vision loss [1,5]. Considering the structure and the elements of the retina,
conditions spread to the retina, particularly disintegrating the architecture of the retina represent the
most tragic clinical manifestations among the intraocular infections [1]. Although the rate of mortality
caused by microbial infections in the eyes is relative low, the resulted visual loss intensely affects the
quality of life (QOL) of the patients [5]. Hence, effective therapeutic strategies should be sought in
alternative remedies such as stem cells.

Introduction of infectious pathogens to the eyes either exogenously (post-traumatic or
post-operative), or endogenously (hematogenous microbial dissemination from a distant infected body
part) causes chronic inflammation of the eyes [6,7]. The severe and lasting inflammatory response
in the eyes is a potentially devastating condition as it may result in edema, opacity and eventually
ocular tissue damages [1,5]. Consequently, the inflammation caused by microbial infections intensely
aggravate the quality of eye vision of an affected individual. The inflammatory response could lead to
rapid loss of visual acuity within several days [8,9] and could even result in retinal detachment within
12 h [10], depending on the severity of the infection. Therefore, prompt and effective treatment should
be given to the patient after an infection.

The infectious microorganisms cause intensive tissue inflammation, structural disturbance and
ocular tissue remodeling by the stimulation of tissue fibrosis [11]. Upon invasion into the host
eyes, secretion of fungal endotoxins and proteinases can trigger the release of interleukin (IL)-1α,
IL-1β and IL-17 in the eye [12,13], resulting in intense inflammation (Figure 1). Whereas, viral
capsid proteins can attach and penetrate host cells to integrate viral DNA into the host nucleus, after
which the host cells will undergo lysis to release the produced progeny [14]. In addition, certain
parasites also induce expression of IL-12 and tumor necrosis factor-α (TNF-α) during infection, causing
tissue necrosis [15]. On the other hand, bacteria can excrete toxins and antigenic proteins capable of
stimulating inflammatory reactions and suffice to induce damage in the ocular tissue [16].

When human eyes are infected by microorganisms, the injured tissue undergo healing by the
release of cytokines, chemokines and growth factors [17]. Infectious microorganisms and infected
cells are removed by neutrophils and monocytes via macrophage differentiation [18]. Macrophage
differentiation activates fibrogenesis and angiogenesis, induces re-epithelialization and the secretion
of connective tissue proteins such as vimentin and collagens I and III [19]. Fibrotic response and tissue
scarring due to excessive extracellular matrix deposition results in opacity in the patient eyes [11].
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Hence, extrinsic medication is required to promptly overcome the infections, halt progression of tissue
damage by microbes and reduce scarring.

Infectious pathogens could be killed by antimicrobials in which local therapy can be administered
via ocular injections, oral or intravenous medications. Treatment for endogenous intraocular infections,
meanwhile, can be provided at the primary site of infection [7,20,21]. Despite successful elimination
of most microbes, damages to the ocular layers can never be reverted [22,23]. In adult mammals, the
neuroretina and retinal pigment epithelium (RPE) do not support neurogenesis as observed in the
lower vertebrates [24]. Microbial infections affecting the retina can cause permanent visual impairment
when the photoreceptor cells do not spontaneously regenerate after experiencing the unalterable
damage [24]. Furthermore, in some serious cases of microbial infections such as Histoplasmosis,
laser treatment is required. Even with the repeated laser therapy, the procedure is inadequate to heal
the ocular tissue damage [2]. In other cases, retinal prosthesis is needed to replace the infected area
following the removal of the damaged region surgically [25]. However, this invasive strategy has the
possible drawback of imposing heat damage to the retinal tissue due to close proximity of the implant
to retina layers within the compact ocular space [25].

Owing to the limitations possessed by the conventional antimicrobial and surgical approaches,
the battle against ocular infections due to contaminating microorganisms is ought to be participated
by stem cell therapy, helpful in the successful management of microbial diseases in many recent
studies [26–29]. The idea of potent therapeutic arsenal by stem cells is also supported by their
self-renewal and regenerative potential [30–32]. Thus, the concept to suppress inflammation and
replace the infection damaged photoreceptor cells and RPE by stem cells transplantation represents a
highly appealing therapeutic intervention. This review emphasizes the urgent need of an alternative
strategy in stem cells treatment to supplement the conventional antimicrobial management, in treating
ocular microbial infections.
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Figure 1. Molecular pathogenesis of ocular microbial infections. The infectious microorganisms can
cause inflammation, retinal detachment and tissue fibrosis in affected eyes. Fungus attacks host cells
by the formation of germ tube to penetrate and release endotoxins and proteinases to the cells [12,13].
Whereas, virus attachment to host cells membrane facilitates viral DNA integration to the host nucleus,
virus reproduction in host and subsequently host cells lysis to release the produced progeny [14]. On
the other hand, the eggs of certain parasites can hatch in human host and trigger severe inflammatory
reaction and tissue necrosis in the host [15]. Finally, the presence of antigen on bacterial membrane and
the production of toxins can cause inflammation and induce damage in the ocular tissue [16].
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2. Challenges of Conventional Antimicrobial Treatments for Ocular Microbial Infections

Ocular microbial infections are caused by a variety of pathogenic microorganisms such as
fungi [6,7,33], viruses [20,34,35], parasites [36–38] and bacteria [39–41]. These microbes reach the inner
eyes following intraocular surgery [41–48], trauma [49,50], or access by the metastatic spread from
other affected anatomical regions [39,51–56] and give rise to different effects in patients according to
the virulence of microorganisms and the patient immune status [22,23,57–60]. The primary symptoms
of these infections damaging the inner eyes is blurred vision and rapidly deteriorating visual acuity
within a few days of infections [8,9]. During the onset of the infections, immune cells and other
immunologically active substances infiltrate into the intraocular layers [61] and result in inflammatory
reactions. Inflammation-mediated ocular opacification hinders the clear image formation on the retina
for a meaningful visual perception [61]. Moreover, retinal tissue damage involving the photoreceptor
cells and RPE induced by inflammatory response impedes the basic light-processing photochemical
pathway of vision [61]. The outcomes of these complications are the irreversible loss of vision in the
affected individuals.

Intraocular infections caused by microorganisms are usually treated by antimicrobials, which
produce variable yet poor results in patients due to several challenges encountered during the course
of treatment [21,62]. The challenges of conventional antimicrobial therapy lie on the fact that even
with aggressive therapy, damaged tissue could not be recovered and frequently results in vision
impairment [2,22,23,63,64]. Depending on the severity of the infections, antimicrobials treatment could
take a long period of time to effectively eradicate the pathogenic agents in the eyes [7,21,62,65–67].
For some infections, visual disturbance will recur despite laser procedures or surgery treatment [2,64].
There are many hypothetical questions about ocular infections in the scientific community, one of
the major questions has to be “is conventional antimicrobials therapy enough for the treatment of
ocular tissue damage?” The outcomes of treatment vary due to the age of the patient, species of
pathogens, duration between injury and treatment and the extent of the ocular tissue damage [68].
Delay in delivery of efficient therapeutic management could lead to poor and potentially blinding
outcome [6,43,54,69–71].

The offending pathogens affecting the eyes are conventionally combated with antimicrobial
agents, which demonstrated low efficiency due to problems in drug administration and diffusion to
infected site [72–74]. At the onset of microbial infections in the eyes where the causative microbes have
not been identified, the antimicrobial drug administered is decided empirically. However, difficulty
in correlating infection clinical manifestations and culture results provides minimal assistance on
antimicrobial decision [75]. In most of the cases, visual impairment remains as the common outcome
even when broad-spectrum antimicrobials were used [45,76]. Furthermore, severe inflammatory
reaction occurs in the inner eyes leads to edema and exacerbates the ocular condition [5]. Therefore,
anti-inflammatory drugs are often administered concurrently with a high dose of antimicrobials
to suppress the intraocular inflammation while killing the offending agents. Nevertheless, clinical
evidences have proven that these drugs do not pose any consequences on the inflammation-derived
enzymes and toxins that adversely influence the retinal architecture and function [16,77]. Destructed
retinal structure and neuroretinal function inevitably lead to the result of blindness.

Despite enormous effort in the science and medicine to heal ocular microbial infections, the
severity of ocular diseases continues to pose various risks and complications to the infected
individuals. This is due to the delicate ocular cells such as photoreceptor cells and RPE, which
possess extreme sensitivity towards the insulting microorganisms, the inflammatory response elicited
there upon and the high doses of antimicrobials administered onsite [45,78–80]. The traditional
treatments of endophthalmitis includes intravitreal administration of antimicrobial agents [45,81–83]
and simultaneous systemic drug injection [6,44]. However, the isolation of the retina by an
avascular vitreous and anterior chamber hamper the effective penetration of the potentially effective
antimicrobials to the infected site [72–74] following drug injection systemically. Such unique feature as
blood-ocular fluid barrier represents a major obstruction for the antimicrobial agents to be delivered
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by the systemic circulation to the blood-rich retinal layers. The inflammation in the inner eye enhances
blood-ocular fluid barrier permeability, thereby promoting the antimicrobial diffusion into the vitreous
cavity [74]. However, the intravitreal levels of antimicrobial following direct injection of drugs into the
systemic circulation are highly variable and often failed to achieve the minimal inhibitory concentration
for various infectious microbes [46]. The physiological challenges of and complications resulted from
antimicrobial drugs administrated locally and intravenously exert significant effects on the extension
of treatment duration. This, in turn, gives rise to adverse drug reactions, including drug toxicity and
drug susceptibility. The most blatant examples of drug toxicity are demonstrated by amphotericin
B usage in Cryptococcus neoformans infections [84,85] and the utilization of foscarnet and cidofovir
against cytomegalovirus (CMV) [57,86]. All the challenges possess by the anatomical structure of the
human eye and drug delivery serve as immense hurdles on the traditional antimicrobials therapy to
heal endophthalmitis. The invention of a new modality to fight against ocular microbial infection in
stem cell therapy is, thus, in pressing need.

2.1. Ocular Fungal Infections and the Challenges of Conventional Antifungal Treatment

Human eyes are vulnerable to microbial attack and fungus represents one of the most frequent
causative agents among the microorganisms infecting the delicate ocular tissues [33]. Fungal infections
in the eyes are commonly treated with antifungal, however, the effective treatments are not successfully
delivered due to various challenges. The common pathogenic fungus causing severe infections are
Candida sp. [7], Aspergillus sp. [33], Cryptococcus sp. [84] and Histoplasma sp. [2] (Table 1). Among all,
the most widely seen fungus species causing endophthalmitis is Candida sp. such as Candida albicans,
which appear as dermal commensal microbes in healthy individuals and opportunistic pathogens in
immune-deficient patients [60]. Fungal infections in the eyes may be caused by hematogenous spread
from a distant body area harboring infection caused by Candida sp. or Aspergillus sp. and produce
ocular manifestations such as white infiltrates in the inner ocular cavity and hemorrhages [6,7,33].

Table 1. The causative agents of ocular microbial infections, antimicrobial treatments, route and
duration of administration.

Microbial
Infections Species Infections Antimicrobial Treatments Route of

Administration
Duration of
Administration Reference

Fungal
Infections

Candida
albicans chorioretinitis caspofungin, micafungin,

or anidulafungin
Intravenous

or oral
Approximate

1 month [7]

Aspergillus
fumigatus

retinitis,
invasive

aspergillosis

voriconazole, or
posaconazole

Intravenous
or oral - [7,33,87,88]

Cryptococcus
neoformans

multifocal
chorioretinitis

flucytosine and
amphotericin B

Intravenous
or oral - [84,85]

Histoplasma
capsulatum

histoplasmosis,
retinitis Laser cauterization - Repeated [2,64]

Viral
Infections CMV retinitis ganciclovir Intravenous,

intravitreous >3 weeks [21]

foscarnet Intravenous - [57]

cidofovir Intravenous - [62]

fomivirsen Intravenous - [89]

VZV, HZV,
HSV types 1

and 2
ARN, PORN acyclovir Intravenous 7–12 weeks [62,67]

foscarnet Intravitreal - [20]
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Table 1. Cont.

Microbial
Infections Species Infections Antimicrobial Treatments Route of

Administration
Duration of
Administration Reference

valaciclovir Oral - [62,90]

famciclovir Oral - [62,91]

Parasitic
Infections

Toxocara
canis,

Toxocara cati

ocular
toxocariasis

albendazole or
thiabendazole - - [37,38,92]

Toxoplasma
gondii

ocular
toxoplasmosis

pyrimethamine-sulfadiazine,
trimethoprim-

sulfamethoxazole or
pyrimethamine-azithromycin

- - [93–95]

Bacterial
Infections

Enterococci,
Streptococci,

Bacilli,
gram-negative

bacteria

retinitis vancomycin-amikacin or
vancomycin-ceftazidime - - [45,96]

Treponema
pallidum ocular syphilis penicillin Intravenous 14 days [58,97,98]

ceftriaxone or doxycycline Parenteral 3 weeks [66,98]

Mycobacterium
tuberculosis

tubercular
retinal

vasculitis

isoniazid, rifampin and
pyrazinamide, with or

without ethambutol
- Up to 9

months [65]

streptomycin, capreomycin,
or quinolones - - [99]

Upon Candida sp. adhesion to host epithelial cell walls, germ tubes are formed, candidalysin,
endotoxins and proteinases are secreted [12,13,100]. During infection, up-regulation of IL-1α, IL-1β,
IL-17 and TNF can cause ocular tissue destruction [12,13]. Ocular candidiasis can be overcome by
antifungal caspofungin, micafungin or anidulafungin [7]. On the other hand, antifungal voriconazole
or posaconazole is used against Aspergillus sp. [7,33,87,88], administered either intravenously or orally.
These antifungal treatments require prescription over a long period of time that spans across few
months [7], therefore, a more effective intervention should be sought in stem cells for more rapidly
healing mechanisms in the affected patients.

Cryptococcus neoformans infecting the eyes can be eliminated by intravenous amphotericin B.
However, it demonstrates poor diffusion into the vitreous cavity, toxic to human and can cause
complications such as renal failure and anaphylaxis in patients receiving high dosage or exposed
to long-term therapy [101–103]. On the other hand, the use of flucytosine as alternative treatment
for Cryptococcal infections has been reported to be associated with rapid development of antifungal
resistance [84,85]. Even with the drawbacks of these antifungal therapy, many clinicians are still using
them to treat infections. Stem cell therapy should be looked into for its effectiveness in the elimination
of pathogens.

Histoplasma capsulatum infections, commonly occurring in patients with compromised immune
system, represent the most critical ocular fungal infection. Patients commonly show symptoms
of chronic inflammation, hemorrhage and rapid visual impairment [2]. An acquired immune
deficiency syndrome (AIDS) patient was reported to have developed retinitis from the disseminated
pulmonary Histoplasma capsulatum and CMV infection and demonstrated characteristic of creamy
white infiltrates with histoplasma yeast cells, lymphocytes and histiocytes in retinal layers. The patient
died within a month from the opportunistic infection [64]. In cases of ocular histoplasmosis, the
adopted management is usually repetitive laser cauterization of the affected area to slow the macula
destruction process [2]. Despite the laser procedures, the repair of the induced damage is still unfeasible.
The severity of ocular fungal infections and the limitations of traditional therapeutic intervention call
for the discovery of a more potent treatment approach in stem cell therapy for the substantial recovery
of ocular tissue damaged by insulting microorganisms.
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2.2. Ocular Viral Infections and the Challenges of Conventional Antiviral Treatment

CMV retinitis caused by CMV is usually seen in hosts with compromised immune systems [62].
Frequent ocular manifestations include diffusion of white granular lesion over 8 months, vessel
sheating and hemorrhages. A case report stated that within an average of 10 weeks, retinal scar
was produced in two patients with a reduction in visual acuity in 50% of the eyes [9]. CMV retinitis
progressively results in full-thickness retinal necrosis followed by retinal vascular endothelial cells
loss and ultimately retinal detachment in the late stage [9,59,104]. CMV first targets on retinal vascular
endothelial cells and spread through retinal vasculature to the RPE in the development of retinal
vasculopathy and CMV retinitis [104]. Initially, FasL-mediated apoptosis of RPE could protects host
against immune invasion stimulated by CMV. However, this mechanism fails to completely clear CMV
in RPE and elicit further immune responses which leads to retinitis [105]. High secretion of TNF-α and
interferon-γ (IFN-γ) in immunocompromised patients could aggravate the condition by increasing the
sensitivity of RPE to FasL pathway, causing retinal necrosis [14].

Ganciclovir [21], foscarnet [57], cidofovir [62] and fomivirsen [89] serve as the common
management options to combat CMV endophthalmitis. Intravenous or intravitreous administration
of ganciclovir takes more than 3 weeks to completely eliminate the pathogenic agents [21]. Whereas,
intravenous delivery of foscarnet causes nephrotoxicity and electrolyte disturbance [57]. The side
effects of nephrotoxicity and the outcome of sight-threatening uveitis and hypotony are also observed
with cidofovir treatment [62]. Furthermore, drug resistance can develop specifically in patients
with impaired immune function. When AIDS patient is infected with CMV endophthalmitis, highly
active antiretroviral therapy (HAART) should be initiated immediately. Nevertheless, HAART is
highly associated to the development of immune recovery uveitis [22,23,63] and eventually results in
blindness. Currently, patients infected with virus are still treated with these antiviral drugs although
there are reports of complications. Stem cell therapy should be sought as a more effective therapeutic
regime for ocular infections.

A 41-year old man from Sabah, Malaysia, with history of disseminated Cryptococcal meningitis and
Klebsiella septicaemia, was infected with CMV retinitis and treated in Universiti Kebangsaan Malaysia
Medical Center (UKMMC). The patient presented floaters in his right eye for 1 month, with vision
of 6/18 and pin hole of 6/9 N6 for right eye. Whereas, his left eye had vision of 6/24 and pinhole
6/18 N6. Examination of the HIV positive patient’s eyes revealed fine white keratic precipitate and
anterior chamber cells bilaterally. On fundus examination, there was vitritis grade 1, retinitis, vasculitis,
retinal hemorrhages and optic disc swelling (Figure 2A). Intravitreal tap also showed positive result
for CMV analysis. The patient was treated with intravitreal ganciclovir (0.1 mL/20 mg) and oral
valganciclovir (900 mg BD) for 6 weeks. Simultaneously, HAART was administered to increase cluster
of differentiation (CD)4 and CD8 counts. On day 18 of the treatment, the right eye of the patient
developed superotemporal retinal detachment from atrophic hole and underwent scleral buckle
procedure for repairing. However, the right eye retina developed redetachment and the patient was
then subjected to laser photocoagulation and gas tamponade. Upon completion of 6 weeks oral
valganciclovir treatment, the retina demonstrated scarring (Figure 2B), with vision 6/12 pinhole 6/9
for right eye and vision 6/9 pinhole 6/9 for left eye. This case study has proven that the traditional
antiviral therapy is not very effective and failed to completely repair damages even after a long
duration of treatment. Therefore, stem cell therapy may be adopted in treating ocular infections to
complement the current therapeutic management.
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Figure 2. Fundus of patient with CMV retinitis. (A) Before antimicrobial treatment, the patient had
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In addition to CMV infection, herpetic and varicella viral infections are likewise dreadful and
can result from systemic infection regardless of the immune status of the host. Herpes simplex virus
(HSV), herpes zoster virus (HZV) and varicella zoster virus (VZV) can lead to acute retinal necrosis
(ARN) in immune-competent individuals and progressive outer retinal necrosis (PORN) in patients
with compromised cell-mediated immunity [20,34,35,55,62,106,107]. The rapidly progressive retinitis
was featured by retina tissue sparing, retinal vasculature, hemorrhage, massive necrosis and the
complication of rhegmatogenous retinal detachment [107].

Patients are commonly given oral valaciclovir [62,90], famciclovir [62,91], or intravenous acyclovir
therapy [62,107], which requires 7 to 12 weeks of treatment period [67]. These strategies have been
shown to produce poor outcomes [107–109], mainly due to drug resistance [110]. Alternatively,
intravitreal foscarnet [20] is employed to combat the infections. Laser treatment and surgery may
also be required to repair rhegmatogenous retinal detachments. Prophylactic argon laser could be
used to minimize the risk of retinal detachment but its use is controversial [8,111–114]. Meanwhile,
cryosurgery procedure will simultaneously destroy the functioning retina [115]. The prolonged period
of antiviral therapy and ineffective operative strategy validate the need of stem cells intervention as a
useful regime in treating microbial infections.

2.3. Ocular Parasitic Infections and the Challenges of Conventional Antiparasitic Treatment

Microbial infections in the inner eyes could be caused by various parasites, which produce very
serious ocular manifestations within a short period of time. The most common species of parasite
causing endophthalmitis are Toxocara canis [37,38], Toxocara cati [92,116] and Toxoplasma gondii [62,117].
Toxocariasis caused by Toxocara canis (roundworm from dogs) and Toxocara cati (roundworm from
cats) can cause uveitis, tissue scarring and loss of vision within 2 days [116]. Prompt and useful
treatment is required to prevent the rapid visual impairment induced by the parasite. The infections
are counter-attacked by albendazole or thiabendazole with corticosteroid anti-inflammatory agents
applied topically or periocularly [37,38,92]. Direct laser photocoagulation is adopted in the cases in
which mobile larvae are seen [36].

Whereas, Toxoplasma gondii induced ocular toxoplasmosis is mainly observed in
immune-compromised hosts, causing hemorrhage, scarring and tissue destruction in retinitis [62].
Toxoplasmosis can also be acquired during pregnancy, leading to congenital infection in the newborn.
Macula involvement is widely seen, where the developing fetus will experience devastated central
vision [117]. At the early stage of parasitic infection, apoptosis mechanisms and Fas/FasL pathways
serve as host protective mechanism. However, the overexpression of Fas and FasL in response
to Toxoplasma gondii infections could result in excessive ocular tissue damage [118,119]. Moreover,
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host monocytes phagocytosis of toxoplasma tachyzoites stimulated the production of IL-12 and
TNF-α [15]. The infectious diseases are commonly treated with the combination of sulfadiazine with
pyrimethamine, sulfamethoxazole with trimethoprim or azithromycin with pyrimethamine [93–95].
However, clinical trials have provided inadequate evidences where the medications can improve the
outcome of the infections [77]. Over 80% of patients experience relapses for more than 5 years [117].
Moreover, the killing of parasites could trigger an intensified inflammatory response in the eyes,
thus render the treatment strategies debatable. The clinical data has proven that antimicrobials are
insufficient in overcoming infections due to parasites. To reduce inflammation and prevent ocular
tissue damage while eliminating the parasites in the inner ocular layers, stem cell therapy should be
considered as an ideal treatment for parasitic endophthalmitis.

2.4. Ocular Bacterial Infections and the Challenges of Conventional Antibiotics Treatment

Bacteria such as Enterococci [120], Staphylococci [44,47,96] and Bacilli [68,121] are common cause
of infectious diseases in the eyes. Among all, Staphylococcus aureus, Bacillus cereus and gram-negative
bacteria, such as Escherichia coli, Neisseria meningitides and Klebsiella species are responsible for
endogenous retinal infections spread from other anatomical area [6,39,40,51,56]. For instance, drug
abusers may contract Bacillus infection from contaminated drug taken intravenously or from injection
paraphernalia [52]. The alpha-toxin of Staphylococcus aureus [16], cytolysin of Enterococcus faecalis [122]
and pneumolysin of Streptococcus pneumoniae [123] secreted during infection can induce intensive
injury to ocular tissue. The production of virulence factors such as proteases [124], lipases [125],
enterotoxins [126] and hemolysins [127] by Bacillus cereus cause endophthalmitis, retinal layer folding
and detachment within 12 h [10], with complete central visual loss, or entire eye loss often occur within
2 days [16]. The antibacterial widely used to combat the infections are amikacin [45], ceftazidime [96]
and vancomycin [45,96] via intravitreal treatment. However, the aminoglycosides such as amikacin
commonly used to combat sepsis serves as poor choice of antibacterial agent due to dose-dependent
toxicity which may lead to destructive retinal microvasculitis [128]. In addition, the emergence of
antimicrobial-resistant species, such as vancomycin-resistant Enterococcus faecalis and Staphylococcus
aureus can transform the management of bacterial infections [48,53]. In addition, the broad-spectrum
fluoroquinolones should not be utilized in intraocular therapy due to its potential toxicity [48,53].
Instead of subjecting the patients to the disadvantages posed by these prescribed antibiotics, stem cell
therapy should be adopted to heal the infections more rapidly, thereby reducing the probability of
gaining antimicrobial toxicity.

Retinal infections may also be associated with syphilis caused by Treponema pallidum, which could
infect individuals regardless of their immune status. Infected patients show manifestations such as
retinitis, chorioretinitis and retinal vasculitis [97]. The flagellar filament outer layer protein (FlaA2)
of Treponema pallidum, triggers the inflammatory reaction in monocytes by stimulating the signaling
pathways involving toll-like receptor 2 (TLR2), myeloid differentiation primary response 88 (MyD88),
extracellular-signal-regulated kinase (ERK), p38 and nuclear factor (NF)-κB, resulting in the release of
pro-inflammatory cytokines IL-6 and activation of TNF [129,130]. Common antifungal used to treat
infections due to Treponema pallidum include penicillin, ceftriaxone and doxycycline, which required
up to 3 weeks of administration [58,64,97,98]. Stem cell intervention should be involved to shorten the
treatment period, thereby reducing the period of time on which the bacteria exert its pathogenic effect
and induce damage on host cells.

Other than that, Mycobacterium tuberculosis could also infect humans irrespective of immune
status and give rise to retinal vasculitis. Conventional therapy starts with 2 months of rifampin,
isoniazid and pyrazinamide intervention with or without ethambutol and followed by rifampin and
isoniazid therapy. The completion of the regime will take up to 9 months [65]. On the other hand,
multidrug-resistant tuberculosis associated infections are treated by streptomycin, capreomycin and
quinolones [99]. Nevertheless, a study by Garhyan et al. showed that the Mycobacterium tuberculosis
can reside in dormancy in bone marrow-mesenchymal stem cells (BM-MSCs) and persist in the
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intracellular milieu even after 3 months of extensive pyrazinamide and isoniazid treatment [131].
Mycobacterium tuberculosis can emerge and cause relapse in the patient after the discontinuation of
antibiotic treatment, thus, rendering the therapy inadequate [131]. Therefore, a powerful regime
is urgently required to supplement conventional antimicrobial therapy, which could be sought in
stem cells.

In another case reported in UKMMC, the patient complained of right eye blurring of vision
without previous significant history of injury or trauma to the eyes. Clinical suspicion was of a
bacterial infection. However, multiple samples from the vitreous was taken and revealed pus with no
evidence of bacterial or fungal growth. Clinical examination revealed right eye circumcorneal injection,
descement folds over the cornea and hypopyon in the anterior chamber (Figure 3A). Moreover, the
fundus was obscured by a yellowish pus like material. Microbial insult to the delicate ocular tissue
without the isolation of causative microorganisms is not surprising. In fact, it has been reported that
patients infected with leptospirosis demonstrate ocular manifestation of uveitis which can manifest in
either septic or aseptic form [132].

Despite rigorous treatment to the patient including topical, intravitreal and intravenous antibiotic
and antifungal (fortum, gentamicin, vancomycin, amphotericin B), the vision did not recover and the
patient demonstrated no perception to light (Figure 3B). The right eye was then subjected to evisceration
(removal of eyeball content). In the events of ocular tissue damage where no visible microbial is
observed, antimicrobials are proven to be ineffective in healing the ocular tissue. We suggest that stem
cells treatment be considered to repair the damaged tissues in such a patient.

Altogether, the traditional antimicrobial management proved to be far from being effective in
fighting against microbes infecting the human ocular tissue. This validates the urgency in developing
potent alternative for the management of ocular microbial diseases, with stem cells as an attractive
remedy option.
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Figure 3. Right eye of patient. (A) On 2 May 2017, the patient demonstrated conjunctiva injection,
hypopyon in the anterior chamber and yellowish material behind the lens. (B) On 30 May 2017,
conjunctiva injection was still present after antimicrobial treatments and blood clot obscured the
fundus view.

3. Stem Cell Therapy

In the past decades, the development of therapy to treat microbial infections experience major
advances through the improvement of pharmacological strategies and the advancement of retinal
prosthesis. These managements present rigid evidence that the pathogenic agents in the infected
eye could be removed by prolonged antimicrobial treatments [64–66], or by surgical methods [25].
However, the loss of visual function caused by photoreceptor or RPE damage failed to be restored
due to the lack of stem cells or tissue progenitors [133]. The limitations of present strategies validate
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the necessity of the innovation of an advanced healing method in stem cells, which have emerged
as a crucial component of antimicrobial and regenerative medicine remedies. While the relatively
easy accessibility of the retina renders it vulnerable to microorganisms’ attacks, it also appears as an
excellent candidate for stem cell therapy.

Our group has previously done extensive studies and reviews on stem cells [134–137]. Stem cells
are undifferentiated cells that have the inherent ability in giving rise to multiple cell phenotypes and
can be categorized into embryonic stem cells and adult stem cells. Adult stem cells can be isolated from
many adult tissues, such as bone marrow and adipose tissue. They are generally acknowledged to
have retained the capacity to differentiate into functional cells of mesodermal lineage, including neural
and retina cells [30–32]. Over the past decades, the beneficial effects of stem cells are believed to reach
beyond its regenerative potential and have found to be useful in fighting an array of septic infections.

3.1. Direct Microbial Clearance by Stem Cells

Mesenchymal stem cells (MSCs) exhibit direct antimicrobial properties which is mediated by
the secretion of antimicrobial peptide LL-37 or also known as human cathelicidin antimicrobial
peptide-18 (hCAP18) to combat the invading microorganisms [138–140]. The effector molecule LL-37
was reported to be a systemic control against viruses [141], fungus [142], Gram-negative (Escherichia
coli and Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus) bacteria [141,143–149].
Clinical results showed LL-37 mediated antimicrobial activity in cerebrospinal fluid of patients
with infectious meningitis [150]. Besides displaying bactericidal activity through disintegration of
microorganism cell membranes, LL-37 is also able to down-regulate plasma levels of endotoxin and
cytokines [143]. The control of MSCs against bacteria and parasites in human was also demonstrated
by the upregulation of indoleamine 2,3-dioxygenase, an enzyme with the capability to regulate the
activity of T-cells [151–155]. Recently, the use of MSCs in cystic fibrosis murine model [156] has
successfully decreased weight loss, circulating immune cells and chronic infection. The direct influence
on the recruitment of inflammatory cells and microbe control suggest stem cell therapy as a potentially
promising approach in combating ocular microbial infections.

Significant progress has been made in treating infected animals by inhibiting the growth of
bacteria. In vivo delivery of bone marrow-MSCs indicated decreased pathogenic colony-forming unit
and proliferation of bacteria in bronchoalveolar lavage fluid and lung homogenates in acute lung
injury murine [28]. An increase in systemic pro-inflammatory cytokines was noted concurrently with
MSCs-mediated anti-inflammatory response in limiting lung injury. Acute inflammatory reaction
evoked by endotoxin and neutrophil infiltration in the lung was attenuated as early as 6 h and not
exceeding 48 h following stem cells treatment [157]. Sepsis-driven inflammation in mice models
was limited by MSCs-mediated down-regulation of alveolar inflammatory cell infiltration and
pro-inflammatory mediator levels. Lung injury and dysfunction was also avoided by inhibition
of apoptosis and improved bacteria clearance in vivo, which was suggested to reduce sepsis-related
morbidity and mortality [26–28]. Treatment by MSCs demonstrated protection from septic shock
by blood monocyte-mediated improved phagocytosis [29]. Administration of human bone marrow-
or adipose-derived MSCs was shown to mitigate inflammation and enhanced survival in diseases
such as experimental arthritis [158,159], colitis [145,160] and autoimmune encephalomyelitis [161].
These studies indicate the feasibility and usefulness of stem cell therapy as therapeutic tool in
combating sepsis by the efficient management of inflammation. Thus, these unique characteristics of
stem cells in killing pathogens could be utilized as host defense in infections affecting the ocular tissue.

There are several clinical trials on stem cell therapy against sepsis according to the United States
National Institutes of Health trial database (Available online: www.clinicaltrials.gov), including
Netherlands phase 1 study using human allogenic adipose-derived MSCs (NCT02328612; available
online: http://clinicaltrials.gov/) and Ottawa Hospital Research Institute phase 1 trial utilizing
allogeneic MSCs (NCT02421484; available online: http://clinicaltrials.gov/). A pilot study of MSCs
treatment on organ failure due to septic shock has also been registered by Central Hospital, France
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(NCT02883803; available online: http://clinicaltrials.gov/). A phase 2 randomized clinical trial has
been carrying out by Russian National Research Center for Hematology on MSCs therapy for organ
dysfunction and 28-day mortality in patients with septic shock and severe neutropenia (NCT01849237;
available online: http://clinicaltrials.gov/). Stem cells administration to heal CMV infection
(NCT002083731; available online: http://clinicaltrials.gov/) and H7N9 virus infection-associated
acute lung injury (NCT02095444; available online: http://clinicaltrials.gov/) have been conducted
as phase 2 trials. In addition, several clinical trials are ongoing for the treatment of inflammatory
bowel diseases including Crohn Disease using bone marrow-MSCs and hematopoietic stem cells
(NCT01851343, NCT01915927, NCT02225795 and NCT01540292; available online: http://clinicaltrials.
gov/). The clinical trials of stem cells management in the fight against sepsis and inflammatory
diseases in other organs validate the feasibility of stem cells treatment against ocular microbial
infections. The use of stem cell therapy in treating microbial infection in the eye is ought to be more
efficient and required a shorter treatment period compared to the traditional antimicrobials therapy
adopted currently.

3.2. Modulation of Tissue Remodeling by Stem Cells

Another mechanism by which stem cells exert protective and reparative effect is through the
modulation of tissue remodeling by reducing fibrosis in ocular tissue after injury. This peculiar benefit
of stem cells can guard the eyes against the irreversible opacity due to the inflammatory reactions
towards insulting pathogens. Fibrosis is the over proliferation and scarring of tissues by the excessive
extracellular matrix deposition due to persistent inflammation in injured tissue and the subsequent
tissue healing [18]. Fibrotic diseases, post-cataract surgery fibrosis and corneal or conjunctiva scarring
can cause opacification which in turn leads to vision loss in patients [11]. Stem cells can release
paracrine factors, which possess antifibrotic properties, important for the protection of the ocular
tissues from fibrotic attack and prevention of blindness. Injured tissue undergoes healing by the influx
of growth factors, cytokines, chemokines [17] and the stimulation of neutrophils and monocytes to
eradicate pathogens, infected cells and fibrin clot. Macrophages differentiation activate fibrogenesis
and angiogenesis [19], which lead to re-epithelialization process and secretion of connective tissue
proteins such as vimentin and collagens I and III. Progressive fibrotic response in the ocular tissue
drastically blurs vision as the passage of light to the eyes is obstructed.

Tissue fibrosis can be attenuated by the capability of matrix remodeling in stem cells, which
promote proper scar-less repair. The MSCs anti-fibrotic properties are demonstrated by hepatocyte
growth factor (HGF) secretion which reduces fibroblasts expression of transforming growth factor
(TGF)-β1 [162], collagen type I [163] and type III [164], important for regulation of matrix remodeling
during wound repair. HGF elevation of fibroblasts matrix metalloproteinases (MMPs) expression
such as MMP-1, MMP-2, MMP-3 and MMP-13 [165], tissue inhibitors of matrix metalloproteinases
(TIMP) including TIMP-1 and TIMP-2 and the matricellular proteins thrombospondin-1 and tenacin
C [166]. Simultaneously, decreased MMP-2 and MMP-9 protein expression [167] can promote matrix
remodeling to restore the wound to its original state of integrity. HGF also facilitates keratinocyte
expansion [168] while enhancing the expression of vascular endothelial growth factor (VEGF)-A to
stimulate MMPs activities [169]. In addition, IL-10 released by stem cells can reduce TGF-β1 expression
of macrophages and T-cells [170], while inducing fibroblasts to up-regulate MMPs and down-regulate
collagen expression [171]. Suppression of pro-inflammatory cytokines such as IL-6 and IL-8 [172] at
injured site by IL-10 can inhibit the accumulation of excessive collagen [173]. Furthermore, stem cells
manufacturing of HGF [174] and prostaglandin E2 (PGE2) [175] prevent endothelial cells adjacent
to injured blood vessels to undergo epithelial-to-mesenchymal transition (EMT) to become wound
repairing fibroblasts [176], thus inhibiting fibrogenic reaction.

Overall, MSCs production of growth factors (HGF) [177,178], cytokines (IL-1β, IL-13, IL-10, IL-21,
TGF-β1) [179] and chemokines (monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory
protein (MIP)-1β) [162,180,181] prevent fibrotic and scar tissue formation. Stem cells capability in
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preventing and reducing fibrosis have been proven in numerous studies. Treatment with stem
cells led to decreased liver fibrosis [182,183] in murine models and ameliorate fibrosis due to
lung [184,185] and kidney injury [186–190]. Antifibrotic effects were also shown in treatment of
myocardial infarction [191,192], cardiomyopathy [167,193], heart failure [194] and cardiomyocytes
differentiation [195]. Thus, stem cells should be administered to patients with microbial infections to
reduce fibrosis and opacification of the ocular tissue by its modulation effect during tissue remodeling.

3.3. Immunomodulatory Effects of Stem Cells

Other than antimicrobial properties, stem cells also exhibit potent immunomodulatory function
which is beneficial in resisting infections. Prolonged inflammation has seen presence of CD4+

and CD8+ T-lymphocytes, is devastating and prone to result in severe ocular tissue injuries [1,5].
Immunomodulatory effects of stem cells are the cumulative action of many molecules in the
abrogation of T-cells expansion in suppressing the adverse effect of inflammation on tissue
damage [145,159–161,196–199]. MSC-driven immunoregulatory properties was indicated by the
reduction in inflammatory cell counts, protein and MIP-2 levels in the bronchoalveolar lavage fluid
and increased bacterial clearance in acute lung injury studies [27,144,200,201]. The mechanisms
underlying the therapeutic effects of stem cells have been described, including stem cells expression
of chemokines and receptors which have the homing capacities to damaged tissue sites [202,203].
MSCs activated by IFNγ proinflammatory cytokine, alone or together with TNFα, IL-1α or IL-1β also
facilitate immunosuppressive activity [204,205].

Upon TNFα or IFNγ stimulation, MSCs secrete high levels of PGE2 to constrain T-cell mitogenesis
and IL-2 release, while reprogrammed monocytes and macrophages to induce IL-10 secretion and
T-helper (Th) type 2 lymphocyte action [144,145,159,206]. Production of PGE2 also inhibits the
maturation of dendritic cells, thereby suppressing T-cells stimulation [199]. The generated IL-10
can hinder the migration of neutrophils to tissues which would cause oxidative damage, thus
alleviating multi organ injury [144]. The release of IL-10 also promotes human leukocyte antigen
(HLA)-G5 release, which has also been reported to derive CD4+, CD25+ or CD8+ regulatory T-cells
(TREG cells) production with functional properties [207] and inhibit T-cell proliferation and cytotoxic
effects [145,158,160,161,196–198].

The intrinsic properties of MSCs to influence the immune system were also shown by the
suspension of lymphocytes and neutrophils apoptosis via IL-6 downregulation of reactive oxygen
species [208,209], where IL-6 production also inhibit dendritic cells differentiation and maturation
of monocyte and CD34+ hematopoietic progenitor cells, indicated by the reduction in cell-surface
expression of major histocompatibility complex (MHC) class II and co-stimulatory molecules [210,211].
Following IL-6 generation, it is also indicated significant decrease in production of IFNγ, IL-2 and
TNFα and increase of IL-4 secretion [206,210,212–214]. During sepsis, humoral factors’ production
of stem cells impairs B-cells expansion and maturation [215], while blocking IL-2- or IL-15-driven
natural killer cell proliferation [216]. Stem cells also have been reported to suppress Th1 cell
proliferation and associated autoimmune and inflammatory responses [141]. These stem cells-derived
anti-inflammatory mechanisms are crucial in providing protection against infection-induced ocular
tissue injury. At present, the use of conventional antimicrobial therapy alone is insufficient and requires
the simultaneous administration of anti-inflammatory drugs. Otherwise, the severe inflammatory
reaction triggered by pathogens can cause edema and aggravate the visual function [5]. In contrast,
immunomodulation by stem cell therapy is promising in alleviating the ocular conditions of patients
with microbial infections.

3.4. Tissue Replenishing Property of Stem Cells

Potentials of stem cells in mitigating injuries are not restricted to microbial clearance and
immunomodulation but also through tissue replenishment in repairing damaged site. In the last
decade, the field of retinal research has made significant advances, specifically in treating blindness
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due to retinal degenerative diseases. Embryonic stem cells [217] and bone marrow-derived MSCs [218]
can be induced into retinal lineage. Recently, RPE was successfully differentiated from adipose
tissue-derived MSCs [31,32] useful for replenishing the degenerated or trauma-injured RPE. Sub
retinal transplantation of photoreceptors differentiated from MSCs has also been demonstrated in
retinal degeneration rat model [219]. Furthermore, stem cells are able to protect against photoreceptor
degeneration by secreting neurotrophic factors [220] which promote tissue repair and regeneration,
through fine regulation of mitogenic, angiogenic, anti-apoptotic and scar reduction activities.

Even though traditional antimicrobials therapy could eliminate the microbes in the eyes, ocular
tissue that was damaged during infection could never be restored and pose permanent visual
disturbance in patient [22,23]. Stem cell therapy is promising in regenerating damaged ocular layers
and therefore should be focused as the optimum treatment option in the future. In addition, the
powerful immunosuppressive nature of stem cells permits autologous and allogeneic transplantation
in the absence of pharmacological immunosuppression or genetic modification by the inhibition
of pro-inflammatory cytokines production [221]. The concern of ethical issues [222] and teratoma
formation are also obsolete [223] specifically in the application of MSCs. In light of these advantages, the
potential uses of stem cells as therapeutic tool in curing ocular microbial infections is highly appealing.

In principle, vision can be restored in microbial-infected damaged eyes. This serves as an
attractive and novel management as the replacement of photoreceptor cells and RPE will be able
to restore the native visual-processing pathways for normal visual perception. Stem cells as the
perfect cell source offer significant potential to expand and differentiate into functional and viable
photoreceptor cells and RPE in microbial infections damaged ocular tissue. The addition of stem cells to
antimicrobials treatment is poised to have a higher efficacy in suppressing microbial growth, reducing
retinal inflammatory response and accelerating tissue healing due to microbial infections compared
to the conventional antimicrobials only treatment. This strategy directly addresses the persisting
limitations of traditional treatments in facilitating the return of visual functions in affected individuals.
Thus, we believe that significant advancements in ocular microbial infections management can be
made by implanting stem cells into the ocular tissue together with the conventional antimicrobial
treatment to reduce inflammation on the eye, repair ocular damages and ultimately restore eyesight of
the patients.

4. Conclusions

This article reviewed the list of pathogens commonly infecting the eye and the current
antimicrobial strategies along with their therapeutic limitations. We also provided recent updates of
stem cells advancements in resisting sepsis and suggested stem cell therapy as the powerful alternative
regime for ocular microbial infections. In summary, microbial infections and the resulting inflammation
of the eye are stoppable by conventional antimicrobial therapy, however, the damages exerted are
not reversible. Stem cells approach to replace damaged ocular tissue by photoreceptor cells and
RPE proliferation and differentiation offers tremendous potential for enhanced microbial-damaged
ocular tissue repair. Ultimately, the antimicrobial function and regenerative properties of stem
cells could be exploited to treat ocular damage caused by severe infection and restore vision in
microbial-infected patients.

Acknowledgments: This research was completely supported by the grant from the Ministry of Science, Technology
and Innovation (MOSTI), Malaysia through the Science Fund, under the grant number 5450817. This work was
also supported by the Putra Grant of Universiti Putra Malaysia, under the grant number 9503900. The images from
the Imagenet database and anterior segment photography record of Department of Ophthalmology, Universiti
Kebangsaan Malaysia is likewise acknowledged. The patients who provided their consent for usage of the
photographs for this manuscript is also acknowledged.

Author Contributions: Seoh Wei Teh composed this manuscript and prepared the figures; Pooi Ling Mok
analyzed, edited and commented on both the manuscript and figures; Munirah Abd Rashid provided case studies;
Mae-Lynn Catherine Bastion edited, and commented on both the manuscript and figures. Normala Ibrahim, Akon



Int. J. Mol. Sci. 2018, 19, 558 15 of 26

Higuchi, Kadarkarai Murugan, and Rajan Mariappan commented on the manuscript; Suresh Kumar conceived
the manuscript design, analyzed and approved the manuscript. All authors reviewed the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rowland, F.N.; Donovan, M.J.; Lindsay, M.; Weiss, W.I.; O’rourke, J.; Kreutzer, D.L. Demonstration of
inflammatory mediator-induced inflammation and endothelial cell damage in the anterior segment of the
eye. Am. J. Pathol. 1983, 110, 1–12. [PubMed]

2. Garg, P. Fungal, Mycobacterial and Nocardia infections and the eye: An update. Eye 2012, 26, 245–251.
[CrossRef] [PubMed]

3. Hogan, M.J.; Alvarado, J.A.; Weddell, J.E. Histology of the Human Eye: An Atlas and Textbook; WB Saunders
Co.: Philadelphia, PA, USA, 1971; p. 35.

4. Yu, D.Y.; Paula, K.Y.; Cringle, S.J.; Kang, M.H.; Su, E.N. Functional and morphological characteristics of the
retinal and choroidal vasculature. Prog. Retin. Eye Res. 2014, 40, 53–93. [CrossRef] [PubMed]

5. Friedlander, M. Fibrosis and diseases of the eye. J. Clin. Investig. 2007, 117, 576–586. [CrossRef] [PubMed]
6. Romero, C.F.; Rai, M.K.; Lowder, C.Y.; Adal, K.A. Endogenous endophthalmitis: Case report and brief review.

Am. Fam. Physician 1999, 60, 510–523. [PubMed]
7. Breit, S.M.; Hariprasad, S.M.; Mieler, W.F.; Shah, G.K.; Mills, M.D.; Grand, M.G. Management of endogenous

fungal endophthalmitis with voriconazole and caspofungin. Am. J. Ophthalmol. 2005, 139, 135–140.
[CrossRef] [PubMed]

8. Chen, H.P.; Kuo, H.K.; Tsai, S.H.; Chen, Y.J.; Kao, M.L. Acute retinal necrosis syndrome: Clinical
manifestations and visual outcomes. Chang Gung Med. J. 2004, 27, 193–200. [PubMed]

9. Egbert, P.R.; Pollard, R.B.; Gallagher, J.G.; Merigan, T.C. Cytomegalovirus retinitis in immunosuppressed
hosts: II. Ocular manifestations. Ann. Intern. Med. 1980, 93, 664–670. [CrossRef] [PubMed]

10. Callegan, M.C.; Jett, B.D.; Hancock, L.E.; Gilmore, M.S. Role of hemolysin BL in the pathogenesis of
extraintestinal Bacillus cereus infection as assessed using an endophthalmitis model. Infect. Immun. 1999, 67,
3357–3366. [PubMed]

11. Leonardi, A. Vernal keratoconjunctivitis: Pathogenesis and treatment. Prog. Retin. Eye Res. 2002, 21, 319–339.
[CrossRef]

12. Vonk, A.G.; Netea, M.G.; van Krieken, J.H.; Iwakura, Y.; van der Meer, J.W.; Kullberg, B.J. Endogenous
interleukin (IL)-1α and IL-1β are crucial for host defense against disseminated candidiasis. J. Infect. Dis.
2006, 193, 1419–1426. [CrossRef] [PubMed]

13. Van de Veerdonk, F.L.; Marijnissen, R.J.; Kullberg, B.J.; Koenen, H.J.; Cheng, S.C.; Joosten, I.; van den
Berg, W.B.; Williams, D.L.; van der Meer, J.W.; Joosten, L.A.; et al. The macrophage mannose receptor induces
IL-17 in response to Candida albicans. Cell Host Microbe 2009, 5, 329–340. [CrossRef] [PubMed]

14. Scholz, M.; Doerr, H.W.; Cinatl, J. Human cytomegalovirus retinitis: Pathogenicity, immune evasion and
persistence. Trends Microbiol. 2003, 11, 171–178. [CrossRef]

15. Tosh, K.W.; Mittereder, L.; Bonne-Annee, S.; Hieny, S.; Nutman, T.B.; Singer, S.M.; Sher, A.; Jankovic, D.
The IL-12 response of primary human dendritic cells and monocytes to Toxoplasma gondii is stimulated by
phagocytosis of live parasites rather than host cell invasion. J. Immunol. 2016, 196, 345–356. [CrossRef]
[PubMed]

16. Callegan, M.C.; Engelbert, M.; Parke, D.W.; Jett, B.D.; Gilmore, M.S. Bacterial endophthalmitis: Epidemiology,
therapeutics and bacterium-host interactions. Clin. Microbiol. Rev. 2002, 15, 111–124. [CrossRef] [PubMed]

17. Robson, R.T.; Smith, D.J. Wounds and wound healing. In Essentials of Genereal Surgery; Lawrence, P.F.,
Bell, R.M., Dayton, M.T., Eds.; Williams and Wilkins: Philadelphia, PA, USA, 1992; pp. 119–125.

18. Desmouliere, A.; Darby, I.A.; Gabbiani, G. Normal and pathologic soft tissue remodeling: Role of the
myofibroblast, with special emphasis on liver and kidney fibrosis. Lab. Investig. 2003, 83, 1689–1707.
[CrossRef] [PubMed]

19. Pilling, D.; Fan, T.; Huang, D.; Kaul, B.; Gomer, R.H. Identification of markers that distinguish
monocyte-derived fibrocytes from monocytes, macrophages and fibroblasts. PLoS ONE 2009, 4, e7475.
[CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/6681582
http://dx.doi.org/10.1038/eye.2011.332
http://www.ncbi.nlm.nih.gov/pubmed/22173077
http://dx.doi.org/10.1016/j.preteyeres.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24583621
http://dx.doi.org/10.1172/JCI31030
http://www.ncbi.nlm.nih.gov/pubmed/17332885
http://www.ncbi.nlm.nih.gov/pubmed/10465226
http://dx.doi.org/10.1016/j.ajo.2004.08.077
http://www.ncbi.nlm.nih.gov/pubmed/15652837
http://www.ncbi.nlm.nih.gov/pubmed/15148997
http://dx.doi.org/10.7326/0003-4819-93-5-664
http://www.ncbi.nlm.nih.gov/pubmed/6259980
http://www.ncbi.nlm.nih.gov/pubmed/10377113
http://dx.doi.org/10.1016/S1350-9462(02)00006-X
http://dx.doi.org/10.1086/503363
http://www.ncbi.nlm.nih.gov/pubmed/16619190
http://dx.doi.org/10.1016/j.chom.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19380112
http://dx.doi.org/10.1016/S0966-842X(03)00066-0
http://dx.doi.org/10.4049/jimmunol.1501558
http://www.ncbi.nlm.nih.gov/pubmed/26597011
http://dx.doi.org/10.1128/CMR.15.1.111-124.2002
http://www.ncbi.nlm.nih.gov/pubmed/11781270
http://dx.doi.org/10.1097/01.LAB.0000101911.53973.90
http://www.ncbi.nlm.nih.gov/pubmed/14691287
http://dx.doi.org/10.1371/journal.pone.0007475
http://www.ncbi.nlm.nih.gov/pubmed/19834619


Int. J. Mol. Sci. 2018, 19, 558 16 of 26

20. Wong, R.; Pavesio, C.E.; Laidlaw, D.A.; Williamson, T.H.; Graham, E.M.; Stanford, M.R. Acute retinal necrosis:
The effects of intravitreal foscarnet and virus type on outcome. Ophthalmology 2010, 117, 556–560. [CrossRef]
[PubMed]

21. Schwetz, B.A. Safety of aristolochic acid. JAMA 2001, 285, 2705. [CrossRef] [PubMed]
22. Kempen, J.H.; Min, Y.I.; Freeman, W.R.; Holland, G.N.; Friedberg, D.N.; Dieterich, D.T.; Jabs, D.A.; Studies of

Ocular Complications of AIDS Research Group. Risk of immune recovery uveitis in patients with AIDS and
cytomegalovirus retinitis. Ophthalmology 2006, 113, 684–694. [CrossRef] [PubMed]

23. Song, M.K.; Azen, S.P.; Buley, A.; Torriani, F.; Cheng, L.; Chaidhawangul, S.; Ozerdem, U.; Scholz, B.;
Freeman, W.R. Effect of anti-cytomegalovirus therapy on the incidence of immune recovery uveitis in AIDS
patients with healed cytomegalovirus retinitis. Am. J. Ophthalmol. 2003, 136, 696–702. [CrossRef]

24. Perron, M.; Harris, W.A. Retinal stem cells in vertebrates. Bioessays 2000, 22, 685–688. [CrossRef]
25. Ahuja, A.K.; Dorn, J.D.; Caspi, A.; McMahon, M.J.; Dagnelie, G.; Stanga, P.; Humayun, M.S.; Greenberg, R.J.;

Argus II Study Group. Blind subjects implanted with the Argus II retinal prosthesis are able to improve
performance in a spatial-motor task. Br. J. Ophthalmol. 2011, 95, 539–543. [CrossRef] [PubMed]

26. Mei, S.H.; Haitsma, J.J.; Dos Santos, C.C.; Deng, Y.; Lai, P.F.; Slutsky, A.S.; Liles, W.C.; Stewart, D.J.
Mesenchymal stem cells reduce inflammation while enhancing bacterial clearance and improving survival
in sepsis. Am. J. Respir. Crit. Care Med. 2010, 182, 1047–1057. [CrossRef] [PubMed]

27. Lee, J.W.; Fang, X.; Gupta, N.; Serikov, V.; Matthay, M.A. Allogeneic human mesenchymal stem cells for
treatment of E. coli endotoxin-induced acute lung injury in the ex vivo perfused human lung. Proc. Natl.
Acad. Sci. USA 2009, 106, 16357–16362. [CrossRef] [PubMed]

28. Zhu, Y.G.; Feng, X.M.; Abbott, J.; Fang, X.H.; Hao, Q.; Monsel, A.; Qu, J.M.; Matthay, M.A.; Lee, J.W. Human
mesenchymal stem cell microvesicles for treatment of Escherichia coli endotoxin-induced acute lung injury in
mice. Stem Cells 2014, 32, 116–125. [CrossRef] [PubMed]

29. Krasnodembskaya, A.; Samarani, G.; Song, Y.; Zhuo, H.; Su, X.; Lee, J.W.; Gupta, N.; Petrini, M.; Matthay, M.A.
Human mesenchymal stem cells reduce mortality and bacteremia in gram-negative sepsis in mice in part
by enhancing the phagocytic activity of blood monocytes. Am. J. Physiol. Lung Cell. Mol. Physiol. 2012, 302,
L1003–L1013. [CrossRef] [PubMed]

30. Ng, T.K.; Fortino, V.R.; Pelaez, D.; Cheung, H.S. Progress of mesenchymal stem cell therapy for neural and
retinal diseases. World J. Stem Cells 2014, 6, 111–119. [CrossRef] [PubMed]

31. Vossmerbaeumer, U.; Ohnesorge, S.; Kuehl, S.; Haapalahti, M.; Kluter, H.; Jonas, J.B.; Thierse, H.J.; Bieback, K.
Retinal pigment epithelial phenotype induced in human adipose tissue derived mesenchymal stromal cells.
Cytotherapy 2009, 11, 177–188. [CrossRef] [PubMed]

32. Guan, Y.; Cui, L.; Qu, Z.; Lu, L.; Wang, F.; Wu, Y.; Zhang, J.; Gao, F.; Tian, H.; Xu, L.; et al. Subretinal
transplantation of rat MSCs and erythropoietin gene modified rat MSCs for protecting and rescuing
degenerative retina in rats. Curr. Mol. Med. 2013, 13, 1419–1431. [CrossRef] [PubMed]

33. Narendran, N.; Balasubramaniam, B.; Johnson, E.; Dick, A.; Mayer, E. Five-year retrospective review of
guideline-based management of fungal endophthalmitis. Acta Ophthalmol. 2008, 86, 525–532. [CrossRef]
[PubMed]

34. Tran, T.H.; Stanescu, D.; Caspers-Velu, L.; Rozenberg, F.; Liesnard, C.; Gaudric, A.; Lehoang, P.; Bodaghi, B.
Clinical characteristics of acute HSV-2 retinal necrosis. Am. J. Ophthalmol. 2004, 137, 872–879. [CrossRef]
[PubMed]

35. Culbertson, W.W.; Blumenkranz, M.S.; Pepose, J.S.; Stewart, J.A.; Curtin, V.T. Varicella zoster virus is a cause
of the acute retinal necrosis syndrome. Ophthalmology 1986, 93, 559–569. [CrossRef]

36. Sorr, E.M. Meandering ocular toxocariasis. Retina 1984, 4, 90–96. [CrossRef] [PubMed]
37. O’Connor, G.R. Chemotherapy of toxoplasmosis and toxocariasis. Ocul. Ther. 1980, 51–57.
38. Frazier, M.; Anderson, M.L.; Sophocleous, S. Treatment of ocular toxocariasis with albendezole: A case

report. Optom. J. Am. Optom. Assoc. 2009, 80, 175–180. [CrossRef] [PubMed]
39. Tseng, C.Y.; Liu, P.Y.; Shi, Z.Y.; Lau, Y.J.; Hu, B.S.; Shyr, J.M.; Tsai, W.S.; Lin, Y.H. Endogenous endophthalmitis

due to Escherichia coli: Case report and review. Clin. Infect. Dis. 1996, 22, 1107–1108. [CrossRef] [PubMed]
40. Pollreisz, A.; Rafferty, B.; Kozarov, E.; Lalla, E. Klebsiella pneumoniae induces an inflammatory response

in human retinal-pigmented epithelial cells. Biochem. Biophys. Res. Commun. 2012, 418, 33–37. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.ophtha.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20031221
http://dx.doi.org/10.1001/jama.285.21.2705-JFD10005-3-1
http://www.ncbi.nlm.nih.gov/pubmed/11386912
http://dx.doi.org/10.1016/j.ophtha.2005.10.067
http://www.ncbi.nlm.nih.gov/pubmed/16581429
http://dx.doi.org/10.1016/S0002-9394(03)00335-0
http://dx.doi.org/10.1002/1521-1878(200008)22:8&lt;685::AID-BIES1&gt;3.0.CO;2-C
http://dx.doi.org/10.1136/bjo.2010.179622
http://www.ncbi.nlm.nih.gov/pubmed/20881025
http://dx.doi.org/10.1164/rccm.201001-0010OC
http://www.ncbi.nlm.nih.gov/pubmed/20558630
http://dx.doi.org/10.1073/pnas.0907996106
http://www.ncbi.nlm.nih.gov/pubmed/19721001
http://dx.doi.org/10.1002/stem.1504
http://www.ncbi.nlm.nih.gov/pubmed/23939814
http://dx.doi.org/10.1152/ajplung.00180.2011
http://www.ncbi.nlm.nih.gov/pubmed/22427530
http://dx.doi.org/10.4252/wjsc.v6.i2.111
http://www.ncbi.nlm.nih.gov/pubmed/24772238
http://dx.doi.org/10.1080/14653240802714819
http://www.ncbi.nlm.nih.gov/pubmed/19241195
http://dx.doi.org/10.2174/15665240113139990071
http://www.ncbi.nlm.nih.gov/pubmed/23971737
http://dx.doi.org/10.1111/j.1600-0420.2007.01097.x
http://www.ncbi.nlm.nih.gov/pubmed/18752527
http://dx.doi.org/10.1016/j.ajo.2003.12.036
http://www.ncbi.nlm.nih.gov/pubmed/15126152
http://dx.doi.org/10.1016/S0161-6420(86)33701-1
http://dx.doi.org/10.1097/00006982-198400420-00003
http://www.ncbi.nlm.nih.gov/pubmed/6463400
http://dx.doi.org/10.1016/j.optm.2008.07.019
http://www.ncbi.nlm.nih.gov/pubmed/19329060
http://dx.doi.org/10.1093/clinids/22.6.1107
http://www.ncbi.nlm.nih.gov/pubmed/8783723
http://dx.doi.org/10.1016/j.bbrc.2011.12.102
http://www.ncbi.nlm.nih.gov/pubmed/22226964


Int. J. Mol. Sci. 2018, 19, 558 17 of 26

41. Allen, H.F.; Mangiaracine, A.B. Bacterial endophthalmitis after cataract extraction: A study of 22 infections
in 20,000 operations. Arch. Ophthalmol. 1964, 72, 454–462. [CrossRef] [PubMed]

42. Montan, P.G.; Koranyi, G.; Setterquist, H.E.; Stridh, A.; Philipson, B.T.; Wiklund, K. Endophthalmitis
after cataract surgery: Risk factors relating to technique and events of the operation and patient history:
A retrospective case-control study. Ophthalmology 1998, 105, 2171–2177. [CrossRef]

43. Forster, R.K. Experimental postoperative endophthalmitis. Trans. Am. Ophthalmol. Soc. 1992, 90, 505–559.
[PubMed]

44. Aaberg, T.M.; Flynn, H.W.; Schiffman, J.; Newton, J. Nosocomial acute-onset postoperative endophthalmitis
survey: A 10-year review of incidence and outcomes. Ophthalmology 1998, 105, 1004–1010. [CrossRef]

45. Endophthalmitis Vitrectomy Study Group. A randomized trial of immediate vitrectomy and of intravenous
antibiotics for the treatment of postoperative bacterial endophthalmitis. Arch. Ophthalmol. 1995, 113,
1479–1496.

46. Ferencz, J.R.; Assia, E.I.; Diamantstein, L.; Rubinstein, E. Vancomycin concentration in the vitreous after
intravenous and intravitreal administration for postoperative endophthalmitis. Arch. Ophthalmol. 1999, 117,
1023–1027. [CrossRef] [PubMed]

47. Speaker, M.G.; Milch, F.A.; Shah, M.K.; Eisner, W.; Kreiswirth, B.N. Role of external bacterial flora in the
pathogenesis of acute postoperative endophthalmitis. Ophthalmology 1991, 98, 639–650. [CrossRef]

48. Bains, H.S.; Weinberg, D.V.; Feder, R.S.; Noskin, G.A. Postoperative vancomycin-resistant Enterococcus faecium
endophthalmitis. Arch. Ophthalmol. 2007, 125, 1292–1293. [CrossRef] [PubMed]

49. Bhagat, N.; Li, X.; Zarbin, M.A. Post-traumatic Endophthalmitis. In Endophthalmitis; Springer International
Publishing: Cham, Switzerland, 2016; pp. 151–170.

50. Rishi, E.; Rishi, P.; Koundanya, V.V.; Sahu, C.; Roy, R.; Bhende, P.S. Post-traumatic endophthalmitis in 143
eyes of children and adolescents from India. Eye 2016, 30, 615–620. [CrossRef] [PubMed]

51. Ishii, K.; Hiraoka, T.; Kaji, Y.; Sakata, N.; Motoyama, Y.; Oshika, T. Successful treatment of endogenous
Klebsiella pneumoniae endophthalmitis: A case report. Int. Ophthalmol. 2011, 31, 29–31. [CrossRef] [PubMed]

52. Greenwald, M.J.; Wohl, L.G.; Sell, C.H. Metastatic bacterial endophthalmitis: A comtemporary reappraisal.
Surv. Ophthalmol. 1986, 31, 81–101. [CrossRef]

53. Esmaeli, B.; Holz, E.R.; Ahmadi, M.A.; Krathen, R.A.; Raad, I.I. Endogenous endophthalmitis secondary to
vancomycin-resistant enterococci infection. Retina 2003, 23, 118–119. [CrossRef] [PubMed]

54. Lam, S.R.; Devenyi, R.G.; Berger, A.R.; Dunn, W. Visual outcome following penetrating globe injuries with
retained intraocular foreign bodies. Can. J. Ophthalmol. 1999, 34, 389–393. [PubMed]

55. Maertzdorf, J.; Van Der Lelij, A.; Baarsma, G.S.; Osterhaus, A.D.; Verjans, G.M. Herpes simplex virus type 1
(HSV-1)–induced retinitis following herpes simplex encephalitis: Indications for brain-to-eye transmission of
HSV-1. Ann. Neurol. 2001, 49, 104–106. [CrossRef]

56. Yusuf, I.H.; Sipkova, Z.; Patel, S.; Benjamin, L. Neisseria meningitidis endogenous endophthalmitis with
meningitis in an immunocompetent child. Ocul. Immunol. Inflamm. 2014, 22, 398–402. [CrossRef] [PubMed]

57. Jabs, D.A.; Studies of Ocular Complications of AIDS Research Group in collaboration with the AIDS Clinical
Trials Group. Mortality in patients with the acquired immunodeficiency syndrome treated with either
foscarnet or ganciclovir for cytomegalovirus retinitis. N. Engl. J. Med. 1992, 326, 213–220.

58. Browning, D.J. Posterior segment manifestations of active ocular syphilis, their response to a neurosyphilis
regimen of penicillin therapy and the influence of human immunodeficiency virus status on response.
Ophthalmology 2000, 107, 2015–2023. [CrossRef]

59. Pepose, J.S.; Holland, G.N.; Nestor, M.S.; Cochran, A.J.; Foos, R.Y. Acquired immune deficiency syndrome:
Pathogenic mechanisms of ocular disease. Ophthalmology 1985, 92, 472–484. [CrossRef]

60. Weledji, E.P. Intestinal colic. Int. J. Med. Biol. Front. 2014, 20, 231.
61. Mannis, M.J.; Smolin, G. Natural defense mechanism of the ocular surface. In Ocular Infection and Immunity;

Pepose, J.S., Holland, G.N., Wilhelmeus, K.R., Eds.; Mosby: St Louis, MO, USA, 1996; pp. 185–190.
62. Tibbetts, M.D.; Shah, C.P.; Young, L.H.; Duker, J.S.; Maguire, J.I.; Morley, M.G. Treatment of acute retinal

necrosis. Ophthalmology 2010, 117, 818–824. [CrossRef] [PubMed]
63. Karavellas, M.P.; Lowder, C.Y.; Macdonald, J.C.; Avila, C.P.; Freeman, W.R. Immune recovery vitritis

associated with inactive cytomegalovirus retinitis: A new syndrome. Arch. Ophthalmol. 1998, 116, 169–175.
[CrossRef] [PubMed]

http://dx.doi.org/10.1001/archopht.1964.00970020454003
http://www.ncbi.nlm.nih.gov/pubmed/14191094
http://dx.doi.org/10.1016/S0161-6420(98)91211-8
http://www.ncbi.nlm.nih.gov/pubmed/1494833
http://dx.doi.org/10.1016/S0161-6420(98)96000-6
http://dx.doi.org/10.1001/archopht.117.8.1023
http://www.ncbi.nlm.nih.gov/pubmed/10448744
http://dx.doi.org/10.1016/S0161-6420(91)32239-5
http://dx.doi.org/10.1001/archopht.125.9.1292
http://www.ncbi.nlm.nih.gov/pubmed/17846378
http://dx.doi.org/10.1038/eye.2016.9
http://www.ncbi.nlm.nih.gov/pubmed/26869162
http://dx.doi.org/10.1007/s10792-010-9387-7
http://www.ncbi.nlm.nih.gov/pubmed/20661624
http://dx.doi.org/10.1016/0039-6257(86)90076-7
http://dx.doi.org/10.1097/00006982-200302000-00024
http://www.ncbi.nlm.nih.gov/pubmed/12652247
http://www.ncbi.nlm.nih.gov/pubmed/10649580
http://dx.doi.org/10.1002/1531-8249(200101)49:1&lt;104::AID-ANA15&gt;3.0.CO;2-Y
http://dx.doi.org/10.3109/09273948.2013.854392
http://www.ncbi.nlm.nih.gov/pubmed/24295045
http://dx.doi.org/10.1016/S0161-6420(00)00457-7
http://dx.doi.org/10.1016/S0161-6420(85)34008-3
http://dx.doi.org/10.1016/j.ophtha.2009.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20079537
http://dx.doi.org/10.1001/archopht.116.2.169
http://www.ncbi.nlm.nih.gov/pubmed/9488268


Int. J. Mol. Sci. 2018, 19, 558 18 of 26

64. Specht, C.S.; Mitchell, K.T.; Bauman, A.E.; Gupta, M. Ocular histoplasmosis with retinitis in a patient with
Acquired Immune Deficiency Syndrome. Ophthalmology 1991, 98, 1356–1359. [CrossRef]

65. Kuruvilla, A. Ocular tuberculosis. Lancet 2003, 361, 260–261. [CrossRef]
66. Psomas, K.C.; Brun, M.; Causse, A.; Atoui, N.; Reynes, J.; Le Moing, V. Efficacy of ceftriaxone and doxycycline

in the treatment of early syphilis. Méd. Mal. Infect. 2012, 42, 15–19. [CrossRef] [PubMed]
67. Muthiah, M.N.; Michaelides, M.; Child, C.S.; Mitchell, S.M. Acute retinal necrosis: A national

population-based study to assess the incidence, methods of diagnosis, treatment strategies and outcomes in
the UK. Br. J. Ophthalmol. 2007, 91, 1452–1455. [CrossRef] [PubMed]

68. Foster, R.E.; Martinez, J.A.; Murray, T.G.; Rubsamen, P.E.; Flynn, H.W.; Forster, R.K. Useful visual outcomes
after treatment of Bacillus cereus endophthalmitis. Ophthalmology 1996, 103, 390–397. [CrossRef]

69. Aguilar, H.E.; Meredith, T.A.; Drews, C.; Grossniklaus, H.; Sawant, A.D.; Gardner, S. Comparative treatment
of experimental Staphylococcus aureus endophthalmitis. Am. J. Ophthalmol. 1996, 121, 310–317. [CrossRef]

70. Kresloff, M.S.; Castellarin, A.A.; Zarbin, M.A. Endophthalmitis. Surv. Ophthalmol. 1998, 43, 193–224.
[CrossRef]

71. Mittra, R.A.; Mieler, W.F. Controversies in the management of open-globe injuries involving the posterior
segment. Surv. Ophthalmol. 1999, 44, 215–225. [CrossRef]

72. Streilein, J.W. Immunoregulatory mechanisms of the eye. Prog. Retin. Eye Res. 1999, 18, 357–370. [CrossRef]
73. Urtti, A. Challenges and obstacles of ocular pharmacokinetics and drug delivery. Adv. Drug Deliv. Rev. 2006,

58, 1131–1135. [CrossRef] [PubMed]
74. Stewart, P.A. Endothelial vesicles in the blood–brain barrier: Are they related to permeability? Cell. Mol. Neurobiol.

2000, 20, 149–163. [CrossRef] [PubMed]
75. Johnson, M.W.; Doft, B.H.; Kelsey, S.F.; Barza, M.; Wilson, L.A.; Barr, C.C.; Wisniewski, S.R.; Vine, A.K.;

Blodi, B.A.; Elner, S.G.; et al. The endophthalmitis vitrectomy study: Relationship between clinical
presentation and microbiologic spectrum. Ophthalmology 1997, 104, 261–272. [CrossRef]

76. Okhravi, N.; Towler, H.M.; Hykin, P.; Matheson, M.; Lightman, S. Assessment of a standard treatment
protocol on visual outcome following presumed bacterial endophthalmitis. Br. J. Ophthalmol. 1997, 81,
719–725. [CrossRef] [PubMed]

77. Gilbert, R.E.; See, S.E.; Jones, L.V.; Stanford, M.S. Antibiotics versus control for toxoplasma retinochoroiditis.
Cochrane Database Syst. Rev. 2002, 1, CD002218.

78. Wiechens, B.; Neumann, D.; Grammer, J.B.; Pleyer, U.; Hedderich, J.; Duncker, G.I. Retinal toxicity of
liposome-incorporated and free ofloxacin after intravitreal injection in rabbit eyes. Int. Ophthalmol. 1998, 22,
133–143. [CrossRef] [PubMed]

79. Campochiaro, P.A.; Lim, J.I. Aminoglycoside toxicity in the treatment of endophthalmitis. Arch. Ophthalmol.
1994, 112, 48–53. [CrossRef] [PubMed]

80. D’Amico, D.J.; Caspers-Velu, L.; Libert, J.; Shanks, E.; Schrooyen, M.; Hanninen, L.A.; Kenyon, K.R.
Comparative toxicity of intravitreal aminoglycoside antibiotics. Am. J. Ophthalmol. 1985, 100, 264–275.
[CrossRef]

81. Baum, U.; Peyman, G.A.; Barza, M. Intravitreal administration of antibiotic in the treatment of bacterial
endophthalmitis. III. Consensus. Surv. Ophthalmol. 1982, 26, 204–206. [CrossRef]

82. Brod, R.D.; Flynn, H.W., Jr. Endophthalmitis: Current approaches to diagnosis and therapy. Curr. Opin.
Infect. Dis. 1993, 6, 628–637. [CrossRef]

83. Vahey, J.B.; Flynn, H.W. Results in the management of Bacillus endophthalmitis. Ophthalmic Surg. Lasers
Imaging Retin. 1991, 22, 681–686.

84. Edwards, J.E.; Lehrer, R.I.; Stiehm, E.R.; Fischer, T.J.; Young, L.S. Severe candidal infections: Clinical
perspective, immune defense mechanisms and current concepts of therapy. Ann. Intern. Med. 1978, 89,
91–106. [CrossRef] [PubMed]

85. Medoff, G.; Kobayashi, G.S. Strategies in the treatment of systemic fungal infections. N. Engl. J. Med. 1980,
302, 145–155. [CrossRef] [PubMed]

86. Lalezari, J.P.; Stagg, R.J.; Kuppermann, B.D.; Holland, G.N.; Kramer, F.; Ives, D.V.; Youle, M.; Robinson, M.R.;
Drew, W.L.; Jaffe, H.S. Intravenous cidofovir for peripheral cytomegalovirus retinitis in patients with AIDS:
A randomized, controlled trial. Ann. Intern. Med. 1997, 126, 257–263. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0161-6420(91)32126-2
http://dx.doi.org/10.1016/S0140-6736(03)12295-7
http://dx.doi.org/10.1016/j.medmal.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22119040
http://dx.doi.org/10.1136/bjo.2007.114884
http://www.ncbi.nlm.nih.gov/pubmed/17504853
http://dx.doi.org/10.1016/S0161-6420(96)30680-5
http://dx.doi.org/10.1016/S0002-9394(14)70280-6
http://dx.doi.org/10.1016/S0039-6257(98)00036-8
http://dx.doi.org/10.1016/S0039-6257(99)00104-6
http://dx.doi.org/10.1016/S1350-9462(98)00022-6
http://dx.doi.org/10.1016/j.addr.2006.07.027
http://www.ncbi.nlm.nih.gov/pubmed/17097758
http://dx.doi.org/10.1023/A:1007026504843
http://www.ncbi.nlm.nih.gov/pubmed/10696507
http://dx.doi.org/10.1016/S0161-6420(97)30326-1
http://dx.doi.org/10.1136/bjo.81.9.719
http://www.ncbi.nlm.nih.gov/pubmed/9422921
http://dx.doi.org/10.1023/A:1006137100444
http://www.ncbi.nlm.nih.gov/pubmed/10548457
http://dx.doi.org/10.1001/archopht.1994.01090130058017
http://www.ncbi.nlm.nih.gov/pubmed/8285892
http://dx.doi.org/10.1016/0002-9394(85)90792-5
http://dx.doi.org/10.1016/0039-6257(82)90080-7
http://dx.doi.org/10.1097/00001432-199310000-00003
http://dx.doi.org/10.7326/0003-4819-89-1-91
http://www.ncbi.nlm.nih.gov/pubmed/352220
http://dx.doi.org/10.1056/NEJM198001173020304
http://www.ncbi.nlm.nih.gov/pubmed/6985703
http://dx.doi.org/10.7326/0003-4819-126-4-199702150-00001
http://www.ncbi.nlm.nih.gov/pubmed/9036797


Int. J. Mol. Sci. 2018, 19, 558 19 of 26

87. Gao, H.; Pennesi, M.E.; Shah, K.; Qiao, X.; Hariprasad, S.M.; Mieler, W.F.; Wu, S.M.; Holz, E.R. Intravitreal
voriconazole: An electroretinographic and histopathologic study. Arch. Ophthalmol. 2004, 122, 1687–1692.
[CrossRef] [PubMed]

88. Hariprasad, S.M.; Mieler, W.F.; Lin, T.K.; Sponsel, W.E.; Graybill, J.R. Voriconazole in the treatment of fungal
eye infections: A review of current literature. Br. J. Ophthalmol. 2008, 92, 871–878. [CrossRef] [PubMed]

89. Grillone, L.R.; Lanz, R. Fomivirsen. Drugs Today 2001, 37, 245–255. [CrossRef] [PubMed]
90. Aslanides, I.M.; De Souza, S.; Wong, D.T.; Giavedoni, L.R.; Altomare, F.; Detorakis, E.T.; Kymionis, G.D.;

Pallikaris, I.G. Oral valacyclovir in the treatment of acute retinal necrosis syndrome. Retina 2002, 22, 352–354.
[CrossRef] [PubMed]

91. Figueroa, M.S.; Garabito, I.; Gutierrez, C.; Fortun, J. Famciclovir for the treatment of acute retinal necrosis
(ARN) syndrome. Am. J. Ophthalmol. 1997, 123, 255–257. [CrossRef]

92. Stürchler, D.; Schubarth, P.; Gualzata, M.; Gottstein, B.; Oettli, A. Thiabendazole vs. albendazole in treatment
of toxocariasis: A clinical trial. Ann. Trop. Med. Parasitol. 1989, 83, 473–478. [CrossRef] [PubMed]

93. Soheilian, M.; Sadoughi, M.M.; Ghajarnia, M.; Dehghan, M.H.; Yazdani, S.; Behboudi, H.; Anisian, A.;
Peyman, G.A. Prospective randomized trial of trimethoprim/sulfamethoxazole versus pyrimethamine and
sulfadiazine in the treatment of ocular toxoplasmosis. Ophthalmology 2005, 112, 1876–1882. [CrossRef]
[PubMed]

94. Bosch-Driessen, L.H.; Verbraak, F.D.; Suttorp-Schulten, M.S.; van Ruyven, R.L.; Klok, A.M.; Hoyng, C.B.;
Rothova, A. A prospective, randomized trial of pyrimethamine and azithromycin vs pyrimethamine and
sulfadiazine for the treatment of ocular toxoplasmosis. Am. J. Ophthalmol. 2002, 134, 34–40. [CrossRef]

95. Rothova, A.; Meenken, C.; Buitenhuis, H.J.; Brinkman, C.J.; Baarsma, G.S.; Boen-Tan, T.N.; De Jong, P.T.;
Klaassen-Broekema, N.; Schweitzer, C.M.; Timmerman, Z.; et al. Therapy for ocular toxoplasmosis. Am. J.
Ophthalmol. 1993, 115, 517–523. [CrossRef]

96. Han, D.P.; Wisniewski, S.R.; Wilson, L.A.; Barza, M.; Vine, A.K.; Doft, B.H.; Kelsey, S.F.; Endophthalmitis
Vitrectomy Study Group. Spectrum and susceptibilities of microbiologic isolates in the Endophthalmitis
Vitrectomy Study. Am. J. Ophthalmol. 1996, 122, 1–7. [CrossRef]

97. Kiss, S.; Damico, F.M.; Young, L.H. Ocular Manifestations and Treatment of Syphilis. Semin. Ophthalmol.
2009, 20, 161–167. [CrossRef] [PubMed]

98. Puech, C.; Gennai, S.; Pavese, P.; Pelloux, I.; Maurin, M.; Romanet, J.; Chiquet, C. Ocular manifestations
of syphilis: Recent cases over a 2.5-year period. Graefes Arch. Clin. Exp. Ophthalmol. 2010, 248, 1623–1629.
[CrossRef] [PubMed]

99. Vrioni, G.; Levidiotou, S.; Matsiota-Bernard, P.; Marinis, E. Molecular characterization of Mycobacterium
tuberculosis isolates presenting various drug susceptibility profiles from Greece using three DNA typing
methods. J. Infect. 2004, 48, 253–262. [CrossRef] [PubMed]

100. Moyes, D.L.; Wilson, D.; Richardson, J.P.; Mogavero, S.; Tang, S.X.; Wernecke, J.; Höfs, S.; Gratacap, R.L.;
Robbins, J.; Runglall, M.; et al. Candidalysin is a fungal peptide toxin critical for mucosal infection. Nature
2016, 532, 64–68. [CrossRef] [PubMed]

101. Savani, D.V.; Perfect, J.R.; Cobo, L.M.; Durack, D.T. Penetration of new azole compounds into the eye and
efficacy in experimental Candida endophthalmitis. Antimicrob. Agents Chemother. 1987, 31, 6–10. [CrossRef]
[PubMed]

102. O’Day, D.M.; Foulds, G.; Williams, T.E.; Robinson, R.D.; Allen, R.H.; Head, W.S. Ocular uptake of fluconazole
following oral administration. Arch. Ophthalmol. 1990, 108, 1006–1008. [CrossRef] [PubMed]

103. Barza, M. Treatment options for candidal endophthalmitis. Clin. Infect. Dis. 1998, 27, 1134–1136. [CrossRef]
[PubMed]

104. Rao, N.A.; Zhang, J.; Ishimoto, S. Role of retinal vascular endothelial cells in development of CMV retinitis.
Trans. Am. Ophthalmol. Soc. 1998, 96, 111–126. [PubMed]

105. Cinatl, J.; Blaheta, R.; Bittoova, M.; Scholz, M.; Margraf, S.; Vogel, J.; Cinatl, J.; Doerr, H.W. Decreased
neutrophil adhesion to human cytomegalovirus-infected retinal pigment epithelial cells is mediated by
virus-induced up-regulation of fas ligand independent of neutrophil apoptosis. J. Immunol. 2000, 165,
4405–4413. [CrossRef] [PubMed]

106. Holland, G.N. The progressive outer retinal necrosis syndrome. Int. Ophthalmol. 1994, 18, 163–165. [CrossRef]
[PubMed]

http://dx.doi.org/10.1001/archopht.122.11.1687
http://www.ncbi.nlm.nih.gov/pubmed/15534131
http://dx.doi.org/10.1136/bjo.2007.136515
http://www.ncbi.nlm.nih.gov/pubmed/18577634
http://dx.doi.org/10.1358/dot.2001.37.4.620590
http://www.ncbi.nlm.nih.gov/pubmed/12768225
http://dx.doi.org/10.1097/00006982-200206000-00016
http://www.ncbi.nlm.nih.gov/pubmed/12055471
http://dx.doi.org/10.1016/S0002-9394(14)71045-1
http://dx.doi.org/10.1080/00034983.1989.11812374
http://www.ncbi.nlm.nih.gov/pubmed/2694978
http://dx.doi.org/10.1016/j.ophtha.2005.05.025
http://www.ncbi.nlm.nih.gov/pubmed/16171866
http://dx.doi.org/10.1016/S0002-9394(02)01537-4
http://dx.doi.org/10.1016/S0002-9394(14)74456-3
http://dx.doi.org/10.1016/S0002-9394(14)71959-2
http://dx.doi.org/10.1080/08820530500232092
http://www.ncbi.nlm.nih.gov/pubmed/16282150
http://dx.doi.org/10.1007/s00417-010-1481-z
http://www.ncbi.nlm.nih.gov/pubmed/20703496
http://dx.doi.org/10.1016/j.jinf.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15001304
http://dx.doi.org/10.1038/nature17625
http://www.ncbi.nlm.nih.gov/pubmed/27027296
http://dx.doi.org/10.1128/AAC.31.1.6
http://www.ncbi.nlm.nih.gov/pubmed/3032091
http://dx.doi.org/10.1001/archopht.1990.01070090108050
http://www.ncbi.nlm.nih.gov/pubmed/2369337
http://dx.doi.org/10.1086/514973
http://www.ncbi.nlm.nih.gov/pubmed/9827258
http://www.ncbi.nlm.nih.gov/pubmed/10360285
http://dx.doi.org/10.4049/jimmunol.165.8.4405
http://www.ncbi.nlm.nih.gov/pubmed/11035078
http://dx.doi.org/10.1007/BF00915966
http://www.ncbi.nlm.nih.gov/pubmed/7852023


Int. J. Mol. Sci. 2018, 19, 558 20 of 26

107. Forster, D.J.; Dugel, P.U.; Frangieh, G.T.; Liggett, P.E.; Rao, N.A. Rapidly progressive outer retinal necrosis in
the acquired immunodeficiency syndrome. Am. J. Ophthalmol. 1990, 110, 341–348. [CrossRef]

108. Roig-Melo, E.A.; Macky, T.A.; Heredia-Elizondo, M.L.; Alfaro, D.V. Progressive outer retinal necrosis
syndrome: Successful treatment with a new combination of antiviral drugs. Eur. J. Ophthalmol. 2001, 11,
200–202. [PubMed]

109. Kim, S.J.; Equi, R.; Belair, M.L.; Fine, H.F.; Dunn, J.P. Long-term preservation of vision in progressive
outer retinal necrosis treated with combination antiviral drugs and highly active antiretroviral therapy.
Ocul. Immunol. Inflamm. 2007, 15, 425–427. [CrossRef] [PubMed]

110. Piret, J.; Boivin, G. Resistance of herpes simplex viruses to nucleoside analogues: Mechanisms, prevalence
and management. Antimicrob. Agents Chemother. 2011, 55, 459–472. [CrossRef] [PubMed]

111. Iwase, T.; Jo, Y.J.; Oveson, B.C. Effect of prophylactic 360 laser treatment for prevention of retinal detachment
after phacovitrectomy: (Prophylactic 360 laser treatment for prevention of retinal detachment). BMC Ophthalmol.
2013, 13, 77. [CrossRef] [PubMed]

112. Lau, C.H.; Missotten, T.; Salzmann, J.; Lightman, S.L. Acute retinal necrosis: Features, management and
outcomes. Ophthalmology 2007, 114, 756–762. [CrossRef] [PubMed]

113. Kawaguchi, T.; Spencer, D.B.; Mochizuki, M. Therapy for acute retinal necrosis. Semin. Ophthalmol. 2008, 23,
285–290. [CrossRef] [PubMed]

114. McDonald, H.R.; Lewis, H.; Kreiger, A.E.; Sidikaro, Y.; Heckenlively, J. Surgical management of retinal
detachment associated with the acute retinal necrosis syndrome. Br. J. Ophthalmol. 1991, 75, 455–458.
[CrossRef] [PubMed]

115. Jaccoma, E.H.; Conway, B.P.; Campochiaro, P.A. Cryotherapy causes extensive breakdown of the blood-retinal
barrier: A comparison with argon laser photocoagulation. Arch. Ophthalmol. 1985, 103, 1728–1730. [CrossRef]
[PubMed]

116. Baquera-Heredia, J.; Cruz-Reyes, A.; Flores-Gaxiola, A.; López-Pulido, G.; Díaz-Simental, E.;
Valderrama-Valenzuela, L. Case report: Ocular gnathostomiasis in northwestern Mexico. Am. J. Trop.
Med. Hyg. 2002, 66, 572–574. [CrossRef] [PubMed]

117. Bosch-Driessen, L.E.; Berendschot, T.T.; Ongkosuwito, J.V.; Rothova, A. Ocular toxoplasmosis: Clinical
features and prognosis of 154 patients. Ophthalmology 2002, 109, 869–878. [CrossRef]

118. Shen, D.F.; Matteson, D.M.; Tuaillon, N.; Suedekum, B.K.; Buggage, R.R.; Chan, C.C. Involvement of
apoptosis and interferon-gamma in murine toxoplasmosis. Investig. Ophthalmol. Vis. Sci. 2001, 42, 2031–2036.

119. Hu, M.S.; Schwartzman, J.D.; Yeaman, G.R.; Collins, J.; Seguin, R.; Khan, I.A.; Kasper, L.H. Fas-FasL
interaction involved in pathogenesis of ocular toxoplasmosis in mice. Infect. Immun. 1999, 67, 928–935.
[PubMed]

120. Endophthalmitis Vitrectomy Study Group. Microbiologic factors and visual outcome in the Endophthalmitis
Vitrectomy Study. Am. J. Ophthalmol. 1996, 122, 830–846.

121. Ramadan, R.T.; Ramirez, R.; Novosad, B.D.; Callegan, M.C. Acute inflammation and loss of retinal
architecture and function during experimental Bacillus endophthalmitis. Curr. Eye Res. 2006, 31, 955–965.
[CrossRef] [PubMed]

122. Jett, B.D.; Jensen, H.G.; Nordquist, R.E.; Gilmore, M.S. Contribution of the pAD1-encoded cytolysin to
the severity of experimental Enterococcus faecalis endophthalmitis. Infect. Immun. 1992, 60, 2445–2452.
[PubMed]

123. Ng, E.W.; Samiy, N.; Rubins, J.B.; Cousins, F.V.; Ruoff, K.L.; Baker, A.S.; D’Amico, D.J. Implication of
pneumolysin as a virulence factor in Streptococcus pneumonia endophthalmitis. Retina 1997, 17, 521–529.
[CrossRef] [PubMed]

124. Parkunan, S.M.; Astley, R.; Callegan, M.C. Role of TLR5 and flagella in Bacillus intraocular infection.
PLoS ONE 2014, 9, e100543. [CrossRef] [PubMed]

125. Flores-Díaz, M.; Monturiol-Gross, L.; Naylor, C.; Alape-Girón, A.; Flieger, A. Bacterial sphingomyelinases
and phospholipases as virulence factors. Microbiol. Mol. Biol. Rev. 2016, 80, 597–628. [CrossRef] [PubMed]

126. Jeßberger, N.; Dietrich, R.; Bock, S.; Didier, A.; Märtlbauer, E. Bacillus cereus enterotoxins act as major
virulence factors and exhibit distinct cytotoxicity to different human cell lines. Toxicon 2014, 77, 49–57.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0002-9394(14)77012-6
http://www.ncbi.nlm.nih.gov/pubmed/11456028
http://dx.doi.org/10.1080/09273940701732255
http://www.ncbi.nlm.nih.gov/pubmed/18085485
http://dx.doi.org/10.1128/AAC.00615-10
http://www.ncbi.nlm.nih.gov/pubmed/21078929
http://dx.doi.org/10.1186/1471-2415-13-77
http://www.ncbi.nlm.nih.gov/pubmed/24325585
http://dx.doi.org/10.1016/j.ophtha.2006.08.037
http://www.ncbi.nlm.nih.gov/pubmed/17184841
http://dx.doi.org/10.1080/08820530802111192
http://www.ncbi.nlm.nih.gov/pubmed/18584565
http://dx.doi.org/10.1136/bjo.75.8.455
http://www.ncbi.nlm.nih.gov/pubmed/1873262
http://dx.doi.org/10.1001/archopht.1985.01050110124039
http://www.ncbi.nlm.nih.gov/pubmed/4062641
http://dx.doi.org/10.4269/ajtmh.2002.66.572
http://www.ncbi.nlm.nih.gov/pubmed/12201592
http://dx.doi.org/10.1016/S0161-6420(02)00990-9
http://www.ncbi.nlm.nih.gov/pubmed/9916110
http://dx.doi.org/10.1080/02713680600976925
http://www.ncbi.nlm.nih.gov/pubmed/17114121
http://www.ncbi.nlm.nih.gov/pubmed/1587612
http://dx.doi.org/10.1097/00006982-199711000-00006
http://www.ncbi.nlm.nih.gov/pubmed/9428015
http://dx.doi.org/10.1371/journal.pone.0100543
http://www.ncbi.nlm.nih.gov/pubmed/24959742
http://dx.doi.org/10.1128/MMBR.00082-15
http://www.ncbi.nlm.nih.gov/pubmed/27307578
http://dx.doi.org/10.1016/j.toxicon.2013.10.028
http://www.ncbi.nlm.nih.gov/pubmed/24211313


Int. J. Mol. Sci. 2018, 19, 558 21 of 26

127. Omer, H.; Alpha-Bazin, B.; Brunet, J.L.; Armengaud, J.; Duport, C. Proteomics identifies Bacillus cereus
EntD as a pivotal protein for the production of numerous virulence factors. Front. Microbiol. 2015, 6, 1004.
[CrossRef] [PubMed]

128. Mingeot-Leclercq, M.P.; Tulkens, P.M. Aminoglycosides: Nephrotoxicity. Antimicrob. Agents Chemother. 1999,
43, 1003–1012. [PubMed]

129. Xie, Y.; Xu, M.; Xiao, Y.; Liu, Z.; Jiang, C.; Kuang, X.; Wang, C.; Wu, H.; Peng, J.; Li, C.; et al. Treponema
pallidum flagellin FlaA2 induces IL-6 secretion in THP-1 cells via the Toll-like receptor 2 signaling pathway.
Mol. Immunol. 2017, 81, 42–51. [CrossRef] [PubMed]

130. Radolf, J.D.; Norgard, M.V.; Brandt, M.E.; Isaacs, R.D.; Thompson, P.A.; Beutler, B. Lipoproteins of Borrelia
burgdorferi and Treponema pallidum activate cachectin/tumor necrosis factor synthesis. Analysis using a
CAT reporter construct. J. Immunol. 1991, 147, 1968–1974. [PubMed]

131. Garhyan, J.; Bhuyan, S.; Pulu, I.; Kalita, D.; Das, B.; Bhatnagar, R. Preclinical and clinical evidence of
Mycobacterium tuberculosis persistence in the hypoxic niche of bone marrow mesenchymal stem cells after
therapy. Am. J. Pathol. 2015, 185, 1924–1934. [CrossRef] [PubMed]

132. Priya, S.P.; Sakinah, S.; Sharmilah, K.; Hamat, R.A.; Sekawi, Z.; Higuchi, A.; Ling, M.P.; Nordin, S.A.;
Benelli, G.; Kumar, S.S. Leptospirosis: Molecular trial path and immunopathogenesis correlated with dengue,
malaria and mimetic hemorrhagic infections. Acta Trop. 2017, 176, 206–223. [CrossRef] [PubMed]

133. Gonzalez-Cordero, A.; West, E.L.; Pearson, R.A.; Duran, Y.; Carvalho, L.S.; Chu, C.J.; Naeem, A.;
Blackford, S.J.; Georgiadis, A.; Lakowski, J.; et al. Photoreceptor precursors derived from three-dimensional
embryonic stem cell cultures integrate and mature within adult degenerate retina. Nat. Biotechnol. 2013, 31,
741–747. [CrossRef] [PubMed]

134. Higuchi, A.; Kumar, S.S.; Benelli, G.; Alarfaj, A.A.; Munusamy, M.A.; Umezawa, A.; Murugan, K. Stem cell
therapies for reversing vision loss. Trends Biotechnol. 2017, 35, 1102–1117. [CrossRef] [PubMed]

135. Ding, S.S.; Leow, S.N.; Munisvaradass, R.; Koh, E.H.; Bastion, M.L.; Then, K.Y.; Kumar, S.; Mok, P.L. Revisiting
the role of erythropoietin for treatment of ocular disorders. Eye 2016, 30, 1293–1309. [CrossRef] [PubMed]

136. Ding, S.L.; Kumar, S.; Mok, P.L. Cellular reparative mechanisms of mesenchymal stem cells for retinal
diseases. Int. J. Mol. Sci. 2017, 18, 1406. [CrossRef] [PubMed]

137. Priya, S.P.; Higuchi, A.; Fanas, S.A.; Ling, M.P.; Neela, V.K.; Sunil, P.M.; Saraswathi, T.R.; Murugan, K.;
Alarfaj, A.A.; Munusamy, M.A.; et al. Odontogenic epithelial stem cells: Hidden sources. Lab. Investig. 2015,
95, 1344–1352. [CrossRef] [PubMed]

138. Nilsson, M.F.; Sandstedt, B.; Sørensen, O.; Weber, G.; Borregaard, N.; Ståhle-Bäckdahl, M. The human cationic
antimicrobial protein (hCAP18), a peptide antibiotic, is widely expressed in human squamous epithelia and
colocalizes with interleukin-6. Infect. Immun. 1999, 67, 2561–2566.

139. Nijnik, A.; Hancock, R.E. The roles of cathelicidin LL-37 in immune defences and novel clinical applications.
Curr. Opin. Hematol. 2009, 16, 41–47. [CrossRef] [PubMed]

140. Coffelt, S.B.; Marini, F.C.; Watson, K.; Zwezdaryk, K.J.; Dembinski, J.L.; LaMarca, H.L.; Tomchuck, S.L.;
Zu Bentrup, K.H.; Danka, E.S.; Henkle, S.L.; et al. The pro-inflammatory peptide LL-37 promotes ovarian
tumor progression through recruitment of multipotent mesenchymal stromal cells. Proc. Natl. Acad. Sci. USA
2009, 106, 3806–3811. [CrossRef] [PubMed]

141. Gordon, Y.; Huang, L.; Romanowski, E.G.; Yates, K.A.; Proske, R.J.; McDermott, A.M. Human cathelicidin
(LL-37), a multifunctional peptide, is expressed by ocular surface epithelia and has potent antibacterial and
antiviral activity. Curr. Eye Res. 2005, 30, 385–394. [CrossRef] [PubMed]

142. Lo’pez-García, B.; Lee, P.; Yamasaki, K.; Gallo, R.L. Anti-fungal activity of cathelicidins and their potential
role in Candida albicans skin infection. J. Investig. Dermatol. 2005, 125, 108–115. [CrossRef] [PubMed]

143. Cirioni, O.; Giacometti, A.; Ghiselli, R.; Bergnach, C.; Orlando, F.; Silvestri, C.; Mocchegiani, F.; Licci, A.;
Skerlavaj, B.; Rocchi, M.; et al. LL-37 protects rats against lethal sepsis caused by gram-negative bacteria.
Antimicrob. Agents Chemother. 2006, 50, 1672–1679. [CrossRef] [PubMed]

144. Nemeth, K.; Leelahavanichkul, A.; Yuen, P.S.; Mayer, B.; Parmelee, A.; Doi, K.; Robey, P.G.;
Leelahavanichkul, K.; Koller, B.H.; Brown, J.M.; et al. Bone marrow stromal cells attenuate sepsis via
prostaglandin E2–dependent reprogramming of host macrophages to increase their interleukin-10 production.
Nat. Med. 2009, 15, 42–49. [CrossRef] [PubMed]

145. Gonzalez-Rey, E.; González, M.A.; Rico, L.; Büscher, D.; Delgado, M. Human adult stem cells derived from
adipose tissue protect against experimental colitis and sepsis. Gut 2009, 58, 929–939. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fmicb.2015.01004
http://www.ncbi.nlm.nih.gov/pubmed/26500610
http://www.ncbi.nlm.nih.gov/pubmed/10223907
http://dx.doi.org/10.1016/j.molimm.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27888719
http://www.ncbi.nlm.nih.gov/pubmed/1890308
http://dx.doi.org/10.1016/j.ajpath.2015.03.028
http://www.ncbi.nlm.nih.gov/pubmed/26066709
http://dx.doi.org/10.1016/j.actatropica.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28823908
http://dx.doi.org/10.1038/nbt.2643
http://www.ncbi.nlm.nih.gov/pubmed/23873086
http://dx.doi.org/10.1016/j.tibtech.2017.06.016
http://www.ncbi.nlm.nih.gov/pubmed/28751147
http://dx.doi.org/10.1038/eye.2016.94
http://www.ncbi.nlm.nih.gov/pubmed/27285322
http://dx.doi.org/10.3390/ijms18081406
http://www.ncbi.nlm.nih.gov/pubmed/28788088
http://dx.doi.org/10.1038/labinvest.2015.108
http://www.ncbi.nlm.nih.gov/pubmed/26367485
http://dx.doi.org/10.1097/MOH.0b013e32831ac517
http://www.ncbi.nlm.nih.gov/pubmed/19068548
http://dx.doi.org/10.1073/pnas.0900244106
http://www.ncbi.nlm.nih.gov/pubmed/19234121
http://dx.doi.org/10.1080/02713680590934111
http://www.ncbi.nlm.nih.gov/pubmed/16020269
http://dx.doi.org/10.1111/j.0022-202X.2005.23713.x
http://www.ncbi.nlm.nih.gov/pubmed/15982310
http://dx.doi.org/10.1128/AAC.50.5.1672-1679.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641434
http://dx.doi.org/10.1038/nm.1905
http://www.ncbi.nlm.nih.gov/pubmed/19098906
http://dx.doi.org/10.1136/gut.2008.168534
http://www.ncbi.nlm.nih.gov/pubmed/19136511


Int. J. Mol. Sci. 2018, 19, 558 22 of 26

146. Krasnodembskaya, A.; Song, Y.; Fang, X.; Gupta, N.; Serikov, V.; Lee, J.W.; Matthay, M.A. Antibacterial effect
of human mesenchymal stem cells is mediated in part from secretion of the antimicrobial peptide LL-37.
Stem Cells 2010, 28, 2229–2238. [CrossRef] [PubMed]

147. Gennaro, R.; Zanetti, M. Structural features and biological activities of the cathelicidinderived antimicrobial
peptides. Biopolymers 2000, 55, 31–49. [CrossRef]

148. Turner, J.; Cho, Y.; Dinh, N.N.; Waring, A.J.; Lehrer, R.I. Activities of LL-37, a cathelin-associated antimicrobial
peptide of human neutrophils. Antimicrob. Agents Chemother. 1998, 42, 2206–2214. [PubMed]

149. Brandenburg, L.O.; Varoga, D.; Nicolaeva, N.; Leib, S.L.; Podschun, R.; Wruck, C.J.; Wilms, H.; Lucius, R.;
Pufe, T. Expression and regulation of antimicrobial peptide rCRAMP after bacterial infection in primary rat
meningeal cells. J. Neuroimmunol. 2009, 217, 55–64. [CrossRef] [PubMed]

150. Brandenburg, L.O.; Varoga, D.; Nicolaeva, N.; Leib, S.L.; Wilms, H.; Podschun, R.; Wruck, C.J.; Schröder, J.M.;
Pufe, T.; Lucius, R. Role of glial cells in the functional expression of the antimicrobial peptide LL-37/rCRAMP
in meningitis. J. Neuropathol. Exp. Neurol. 2008, 67, 1041–1054. [CrossRef] [PubMed]

151. Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8,
726–736. [CrossRef] [PubMed]

152. Weiss, D.J.; Bertoncello, I.; Borok, Z.; Kim, C.; Panoskaltsis-Mortari, A.; Reynolds, S.; Rojas, M.; Stripp, B.;
Warburton, D.; Prockop, D.J. Stem cells and cell therapies in lung biology and lung diseases. Proc. Am.
Thorac. Soc. 2011, 8, 223–272. [CrossRef] [PubMed]

153. Meisel, R.; Brockers, S.; Heseler, K.; Degistirici, O.; Bülle, H.; Woite, C.; Stuhlsatz, S.; Schwippert, W.; Jäger, M.;
Sorg, R.; et al. Human but not murine multipotent mesenchymal stromal cells exhibit broad-spectrum
antimicrobial effector function mediated by indoleamine 2,3-dioxygenase. Leukemia 2011, 25, 648–654.
[CrossRef] [PubMed]

154. Maby-El Hajjami, H.; Ame-Thomas, P.; Pangault, C.; Tribut, O.; DeVos, J.; Jean, R.; Bescher, N.; Monvoisin, C.;
Dulong, J.; Lamy, T.; et al. Functional alteration of the lymphoma stromal cell niche by the cytokine context:
Role of indoleamine-2,3 dioxygenase. Cancer Res. 2009, 69, 3228–3237. [CrossRef] [PubMed]

155. Oh, W.; Kim, D.S.; Yang, Y.S.; Lee, J.K. Immunological properties of umbilical cord blood-derived
mesenchymal stromal cells. Cell. Immunol. 2008, 251, 116–123. [CrossRef] [PubMed]

156. Bonfield, T.L.; Lennon, D.; Ghosh, S.K.; DiMarino, A.M.; Weinberg, A.; Caplan, A.I. Cell based therapy aides
in infection and inflammation resolution in the murine model of cystic fibrosis lung disease. Stem Cell Discov.
2013, 3, 139–153. [CrossRef]

157. Xu, J.; Woods, C.R.; Mora, A.L.; Joodi, R.; Brigham, K.L.; Iyer, S.; Rojas, M. Prevention of endotoxin-induced
systemic response by bone marrow-derived mesenchymal stem cells in mice. Am. J. Physiol. Lung Cell.
Mol. Physiol. 2007, 293, L131–L141. [CrossRef] [PubMed]

158. González, M.A.; Gonzalez-Rey, E.; Rico, L.; Büscher, D.; Delgado, M. Treatment of experimental arthritis by
inducing immune tolerance with human adipose-derived mesenchymal stem cells. Arthritis Rheumatol. 2009,
60, 1006–1019. [CrossRef] [PubMed]

159. Bouffi, C.; Bony, C.; Courties, G.; Jorgensen, C.; Noel, D. IL-6-dependent PGE2 secretion by mesenchymal
stem cells inhibits local inflammation in experimental arthritis. PLoS ONE 2010, 5, e14247. [CrossRef]
[PubMed]

160. González, M.A.; Gonzalez–Rey, E.; Rico, L.; Büscher, D.; Delgado, M. Adipose-derived mesenchymal stem
cells alleviate experimental colitis by inhibiting inflammatory and autoimmune responses. Gastroenterology
2009, 136, 978–989. [CrossRef] [PubMed]

161. Zhang, J.; Li, Y.; Chen, J.; Cui, Y.; Lu, M.; Elias, S.B.; Mitchell, J.B.; Hammill, L.; Vanguri, P.; Chopp, M. Human
bone marrow stromal cell treatment improves neurological functional recovery in EAE mice. Exp. Neurol.
2005, 195, 16–26. [CrossRef] [PubMed]

162. Mou, S.; Wang, Q.; Shi, B.; Gu, L.; Ni, Z. Hepatocyte growth factor suppresses transforming growth
factor-beta-1 and type III collagen in human primary renal fibroblasts. Kaohsiung J. Med. Sci. 2009, 25,
577–587. [CrossRef]

163. Schievenbusch, S.; Strack, I.; Scheffler, M.; Wennhold, K.; Maurer, J.; Nischt, R.; Dienes, H.P.; Odenthal, M.
Profiling of anti-fibrotic signaling by hepatocyte growth factor in renal fibroblasts. Biochem. Biophys. Res.
Commun. 2009, 385, 55–61. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/stem.544
http://www.ncbi.nlm.nih.gov/pubmed/20945332
http://dx.doi.org/10.1002/1097-0282(2000)55:1&lt;31::AID-BIP40&gt;3.0.CO;2-9
http://www.ncbi.nlm.nih.gov/pubmed/9736536
http://dx.doi.org/10.1016/j.jneuroim.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19879657
http://dx.doi.org/10.1097/NEN.0b013e31818b4801
http://www.ncbi.nlm.nih.gov/pubmed/18957897
http://dx.doi.org/10.1038/nri2395
http://www.ncbi.nlm.nih.gov/pubmed/19172693
http://dx.doi.org/10.1513/pats.201012-071DW
http://www.ncbi.nlm.nih.gov/pubmed/21653527
http://dx.doi.org/10.1038/leu.2010.310
http://www.ncbi.nlm.nih.gov/pubmed/21242993
http://dx.doi.org/10.1158/0008-5472.CAN-08-3000
http://www.ncbi.nlm.nih.gov/pubmed/19276371
http://dx.doi.org/10.1016/j.cellimm.2008.04.003
http://www.ncbi.nlm.nih.gov/pubmed/18495100
http://dx.doi.org/10.4236/scd.2013.32019
http://dx.doi.org/10.1152/ajplung.00431.2006
http://www.ncbi.nlm.nih.gov/pubmed/17416739
http://dx.doi.org/10.1002/art.24405
http://www.ncbi.nlm.nih.gov/pubmed/19333946
http://dx.doi.org/10.1371/journal.pone.0014247
http://www.ncbi.nlm.nih.gov/pubmed/21151872
http://dx.doi.org/10.1053/j.gastro.2008.11.041
http://www.ncbi.nlm.nih.gov/pubmed/19135996
http://dx.doi.org/10.1016/j.expneurol.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15904921
http://dx.doi.org/10.1016/S1607-551X(09)70560-1
http://dx.doi.org/10.1016/j.bbrc.2009.05.010
http://www.ncbi.nlm.nih.gov/pubmed/19426716


Int. J. Mol. Sci. 2018, 19, 558 23 of 26

164. Inagaki, Y.; Higashi, K.; Kushida, M.; Hong, Y.Y.; Nakao, S.; Higashiyama, R.; Moro, T.; Itoh, J.; Mikami, T.;
Kimura, T.; et al. Hepatocyte growth factor suppresses profibrogenic signal transduction via nuclear export
of Smad3 with galectin-7. Gastroenterology 2008, 134, 1180–1190. [CrossRef] [PubMed]

165. Kanemura, H.; Iimuro, Y.; Takeuchi, M.; Ueki, T.; Hirano, T.; Horiguchi, K.; Asano, Y.; Fujimoto, J. Hepatocyte
growth factor gene transfer with naked plasmid DNA ameliorates dimethylnitrosamine-induced liver
fibrosis in rats. Hepatol. Res. 2008, 38, 930–939. [CrossRef] [PubMed]

166. Iso, Y.; Spees, J.L.; Serrano, C.; Bakondi, B.; Pochampally, R.; Song, Y.H.; Sobel, B.E.; Delafontaine, P.;
Prockop, D.J. Multipotent human stromal cells improve cardiac function after myocardial infarction in mice
without long-term engraftment. Biochem. Biophys. Res. Commun. 2007, 354, 700–706. [CrossRef] [PubMed]

167. Nagaya, N.; Kangawa, K.; Itoh, T.; Iwase, T.; Murakami, S.; Miyahara, Y.; Fujii, T.; Uematsu, M.; Ohgushi, H.;
Yamagishi, M.; et al. Transplantation of mesenchymal stem cells improves cardiac function in a rat model of
dilated cardiomyopathy. Circulation 2005, 112, 1128–1135. [CrossRef] [PubMed]

168. Bevan, D.; Gherardi, E.; Fan, T.P.; Edwards, D.; Warn, R. Diverse and potent activities of HGF/SF in skin
wound repair. J. Pathol. 2004, 203, 831–838. [CrossRef] [PubMed]

169. Gille, J.; Khalik, M.; Konig, V.; Kaufmann, R. Hepatocyte growth factor/scatter factor (HGF/SF) induces
vascular permeability factor (VPF/VEGF) expression by cultured keratinocytes. J. Investig. Dermatol. 1998,
111, 1160–1165. [CrossRef] [PubMed]

170. Moore, K.W.; de Waal Malefyt, R.; Coffman, R.L.; O’Garra, A. Interleukin-10 and the interleukin-10 receptor.
Annu. Rev. Immunol. 2001, 19, 683–765. [CrossRef] [PubMed]

171. Reitamo, S.; Remitz, A.; Tamai, K.; Uitto, J. Interleukin-10 modulates type I collagen and matrix
metalloprotease gene expression in cultured human skin fibroblasts. J. Clin. Investig. 1994, 94, 2489–2492.
[CrossRef] [PubMed]

172. Liechty, K.W.; Kim, H.B.; Adzick, N.S.; Crombleholme, T.M. Fetal wound repair results in scar formation in
interleukin-10-deficient mice in a syngeneic murine model of scarless fetal wound repair. J. Pediatr. Surg.
2000, 35, 866–872. [CrossRef] [PubMed]

173. Gordon, A.; Kozin, E.D.; Keswani, S.G.; Vaikunth, S.S.; Katz, A.B.; Zoltick, P.W.; Favata, M.;
Radu, A.P.; Soslowsky, L.J.; Herlyn, M.; et al. Permissive environment in postnatal wounds induced
by adenoviral-mediated overexpression of the anti-inflammatory cytokine interleukin-10 prevents scar
formation. Wound Repair Regen. 2008, 16, 70–79. [CrossRef] [PubMed]

174. Yang, J.; Dai, C.; Liu, Y. A novel mechanism by which hepatocyte growth factor blocks tubular epithelial to
mesenchymal transition. J. Am. Soc. Nephrol. 2005, 16, 68–78. [CrossRef] [PubMed]

175. Zhang, A.; Wang, M.H.; Dong, Z.; Yang, T. Prostaglandin E2 is a potent inhibitor of epithelial-to-mesenchymal
transition: Interaction with hepatocyte growth factor. Am. J. Physiol. Ren. Physiol. 2006, 291, F1323–F1331.
[CrossRef] [PubMed]

176. McAnulty, R.J. Fibroblasts and myofibroblasts: Their source, function and role in disease. Int. J. Biochem.
Cell Biol. 2007, 39, 666–671. [CrossRef] [PubMed]

177. Nakamura, T.; Matsumoto, K.; Mizuno, S.; Sawa, Y.; Matsuda, H. Hepatocyte growth factor prevents tissue
fibrosis, remodeling and dysfunction in cardiomyopathic hamster hearts. Am. J. Physiol. Heart Circ. Physiol.
2005, 288, H2131–H2139. [CrossRef] [PubMed]

178. Chen, X.H.; Minatoguchi, S.; Kosai, K.; Yuge, K.; Takahashi, T.; Arai, M.; Wang, N.; Misao, Y.; Lu, C.;
Onogi, H.; et al. In vivo hepatocyte growth factor gene transfer reduces myocardial ischemia-reperfusion
injury through its multiple actions. J. Card Fail. 2007, 13, 874–883. [CrossRef] [PubMed]

179. Wynn, T.A. Cellular and molecular mechanisms of fibrosis. J. Pathol. 2008, 214, 199–210. [CrossRef] [PubMed]
180. Li, L.; Zhang, S.; Zhang, Y.; Yu, B.; Xu, Y.; Guan, Z. Paracrine action mediate the antifibrotic effect of

transplanted mesenchymal stem cells in a rat model of global heart failure. Mol. Biol. Rep. 2009, 36, 725–731.
[CrossRef] [PubMed]

181. Chen, L.; Tredget, E.E.; Wu, P.Y.; Wu, Y. Paracrine factors of mesenchymal stem cells recruit macrophages
and endothelial lineage cells and enhance wound healing. PLoS ONE 2008, 3, e1886. [CrossRef] [PubMed]

182. Zhao, W.; Li, J.J.; Cao, D.Y.; Li, X.; Zhang, L.Y.; He, Y.; Yue, S.Q.; Wang, D.S.; Dou, K.F. Intravenous injection
of mesenchymal stem cells is effective in treating liver fibrosis. World J. Gastroenterol. 2012, 18, 1048–1058.
[CrossRef] [PubMed]

http://dx.doi.org/10.1053/j.gastro.2008.01.014
http://www.ncbi.nlm.nih.gov/pubmed/18395096
http://dx.doi.org/10.1111/j.1872-034X.2008.00340.x
http://www.ncbi.nlm.nih.gov/pubmed/18637143
http://dx.doi.org/10.1016/j.bbrc.2007.01.045
http://www.ncbi.nlm.nih.gov/pubmed/17257581
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.500447
http://www.ncbi.nlm.nih.gov/pubmed/16103243
http://dx.doi.org/10.1002/path.1578
http://www.ncbi.nlm.nih.gov/pubmed/15221943
http://dx.doi.org/10.1046/j.1523-1747.1998.00418.x
http://www.ncbi.nlm.nih.gov/pubmed/9856833
http://dx.doi.org/10.1146/annurev.immunol.19.1.683
http://www.ncbi.nlm.nih.gov/pubmed/11244051
http://dx.doi.org/10.1172/JCI117618
http://www.ncbi.nlm.nih.gov/pubmed/7989607
http://dx.doi.org/10.1053/jpsu.2000.6868
http://www.ncbi.nlm.nih.gov/pubmed/10873028
http://dx.doi.org/10.1111/j.1524-475X.2007.00326.x
http://www.ncbi.nlm.nih.gov/pubmed/18086289
http://dx.doi.org/10.1681/ASN.2003090795
http://www.ncbi.nlm.nih.gov/pubmed/15537870
http://dx.doi.org/10.1152/ajprenal.00480.2005
http://www.ncbi.nlm.nih.gov/pubmed/16868306
http://dx.doi.org/10.1016/j.biocel.2006.11.005
http://www.ncbi.nlm.nih.gov/pubmed/17196874
http://dx.doi.org/10.1152/ajpheart.01239.2003
http://www.ncbi.nlm.nih.gov/pubmed/15840903
http://dx.doi.org/10.1016/j.cardfail.2007.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18068622
http://dx.doi.org/10.1002/path.2277
http://www.ncbi.nlm.nih.gov/pubmed/18161745
http://dx.doi.org/10.1007/s11033-008-9235-2
http://www.ncbi.nlm.nih.gov/pubmed/18368514
http://dx.doi.org/10.1371/journal.pone.0001886
http://www.ncbi.nlm.nih.gov/pubmed/18382669
http://dx.doi.org/10.3748/wjg.v18.i10.1048
http://www.ncbi.nlm.nih.gov/pubmed/22416179


Int. J. Mol. Sci. 2018, 19, 558 24 of 26

183. Aziz, M.A.; Atta, H.M.; Mahfouz, S.; Fouad, H.H.; Roshdy, N.K.; Ahmed, H.H.; Rashed, L.A.; Sabry, D.;
Hassouna, A.A.; Hasan, N.M. Therapeutic potential of bone marrow-derived mesenchymal stem cells on
experimental liver fibrosis. Clin. Biochem. 2007, 40, 893–899. [CrossRef] [PubMed]

184. Lee, P.H.; Tu, C.T.; Hsiao, C.C.; Tsai, M.S.; Ho, C.M.; Cheng, N.C.; Hung, T.M.; Shih, D.T. Antifibrotic activity
of human placental amnion membrane-derived CD34+ mesenchymal stem/progenitor cell transplantation
in mice with thioacetamide-induced liver injury. Stem Cells Transl. Med. 2016, 5, 1473–1484. [CrossRef]
[PubMed]

185. Rojas, M.; Xu, J.; Woods, C.R.; Mora, A.L.; Spears, W.; Roman, J.; Brigham, K.L. Bone marrow–derived
mesenchymal stem cells in repair of the injured lung. Am. J. Respir. Cell Mol. Biol. 2005, 33, 145–152.
[CrossRef] [PubMed]

186. Sedrakyan, S.; Da Sacco, S.; Milanesi, A.; Shiri, L.; Petrosyan, A.; Varimezova, R.; Warburton, D.; Lemley, K.V.;
De Filippo, R.E.; Perin, L. Injection of amniotic fluid stem cells delays progression of renal fibrosis. J. Am.
Soc. Nephrol. 2012, 23, 661–673. [CrossRef] [PubMed]

187. Semedo, P.; Correa-Costa, M.; Antonio Cenedeze, M.; Maria Avancini Costa Malheiros, D.; Antonia dos
Reis, M.; Shimizu, M.H.; Seguro, A.C.; Pacheco-Silva, A.; Ĉamara, S.; Olsen, N. Mesenchymal stem cells
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