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Abstract

The immune system protects the host from pathogenic microbes, but tight regulation of the evoked response is
requisite to limit bystander damage. The interleukin (IL)-10 family of cytokines, composed of 9 members: IL-
10, IL-19, IL-20, IL-22, IL-24, IL-26, and 3 distantly related members, IL-28A, IL-28B, and IL-29, plays a
central role in this regulation. IL-10 family cytokines emerged before the adaptive immune response and elicit
diverse host defense mechanisms, especially from epithelial cells during an infection. IL-10 family cytokines
are also essential for maintenance and integrity of tissue epithelial layers. These cytokines promote innate
immune responses from tissue epithelia that limit the damage caused by both viral and bacterial infections.
They also facilitate tissue healing after infection/inflammation. In this regard, IL-10 suppresses pro-inflammatory
responses, limiting tissue disruption resulting from an inflammatory response. Thus, a central functional theme
of IL-10 family cytokines is their role in tissue protection. This review focuses on IL-10, the founding mem-
ber of this family of cytokines, and integrates recent data on the function and regulation of IL-10 during
bacterial infections. Emphasis is placed on the role of IL-10 in Pseudomonas aeruginosa keratitis and the
subsequent infectious/inflammatory processes evoked.

Introduction

In general, bacterial keratitis is associated with
contact lens wear, and adverse events have a significant

medical and financial impact, with *25–30,000 cases oc-
curring annually in the USA.1 A gram-negative bacterium, P.
aeruginosa, is a common isolate among keratitis-inducing
microbes.2 Among numerous virulence factors, it produces
endotoxin (ie, lipopolysaccharide) that rapidly elicits an acute
inflammatory response in the cornea which can contribute to
eradication of the bacterium, but unless precisely regulated,
destructive events such as stromal disruption, ulceration, and
loss of vision can occur. The innate immune response in the
cornea has received considerable attention, with experimental
infection studies focusing on infiltration of leukocytes (eg,
neutrophils [PMN], macrophages, dendritic, and T cells),
production of pro- and anti-inflammatory cytokines,3 and the
interplay of cellular apoptosis versus necrosis.4 Studies have
provided consistent evidence that a key regulatory molecule
associated with better disease outcome in murine models
of P. aeruginosa keratitis is the anti-inflammatory cytokine
IL-10.5,6

The functions of interleukin (IL)-10 identified by Mos-
mann in 1989,7 with a focus on infectious diseases have
been recently reviewed.8,9 IL-10 is a general suppressive cy-

tokine, it functions to inhibit pro-inflammatory responses from
innate and adaptive immunity, and it prevents tissue lesions
caused by exacerbated adaptive immune responses. IL-10 is,
thus, often described as a central cytokine during the resolu-
tion phase of an inflammatory response. Consistent with this
pattern of protection, and as discussed later, blocking the IL-
10 pathway in mice causes spontaneous development of in-
flammatory bowel disease. However, on the other hand,
evolutionarily pathogens have exploited the functions of IL-10
to repress the normal host inflammatory response during in-
fections, thus establishing chronic infectious states. For ex-
ample, increased IL-10 expression has been associated with
many chronic bacterial and viral infections; in fact, some
viruses can produce IL-10 to directly suppress the immune
responses of the host.10 Specifically, the induction of IL-10 in
dendritic cells (DCs) and macrophages represents a powerful
mechanism of immune evasion used by various pathogens.
Either IL-10 itself or the subsequent induction of T regulatory
cells impairs pathogen control and clearance in infection
models using lymphocytic choriomeningitis virus,11 Schisto-
soma mansoni, 12 Mycobacterium tuberculosis,13 and Candida
albicans.14 Thus, if IL-10 is absent, better clearance of some
pathogens with no enhanced immunopathology11,15 has been
noted, but during other infections its absence can be accom-
panied by immunopathology that is detrimental to the host
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without affecting pathogen load.16–20 This suggests that the
function of IL-10 is probably not compensated by other
regulatory mechanisms or members of the IL-10 cytokine
family, and that the role for IL-10 in limiting inflammatory
responses in vivo may not exhibit redundancy.

IL-10-Deficient Animal Model

Experimentally, the first IL-10-deficient mouse model
was reported 20 years ago, and much has been learned about
IL-10 through its study.21 IL-10-deficient mice exhibit
prolonged and exaggerated immune responses toward anti-
gen. Often, this may be accompanied by unbalanced in-
flammation and tissue damage; and they often develop
chronic enterocolitis.21,22 This pathology is lessened by
maintenance of the animals under germ-free conditions, and
it suggests a role for the gut microbiota in disease and,
therefore, a role for IL-10 in regulating homeostasis among
commensal microorganisms.23 Similarly, IL-10-deficient
mice develop prolonged and exacerbated fever in response
to lipopolysaccharide22 and a lethal immune response to
acute infection with Toxoplasma gondii, not seen in their
wild-type counterparts.17 Several studies of human autoim-
mune disease also provide evidence that the level of IL-10
detected in patient samples has an inverse correlate with the
severity of the disease.24–28 In another disease, juvenile
onset arthritis, a single-nucleotide polymorphism associated
with reduced IL-10 mRNA expression correlates with a
greater number of joints affected with arthritis.26 Collec-
tively, these studies in mice and humans illustrate the im-
portance of IL-10 in immune regulation and the impact of its
dysregulation in many diverse diseases.

Sources of IL-10 and Function

IL-10 was initially described as a T helper 2 (Th2)-type
cytokine, but other additional work suggested that its pro-
duction was associated with regulatory T (Treg) cell re-
sponses.16,29,30 In fact, IL-10 is expressed by many cells of
the adaptive immune system, including Th1, Th2, and Th17
T cell subsets, Treg cells, CD8 + T cells, and B lymphocytes
(reviewed in Refs.16,19,20,30–32). It is also expressed by cells
of the innate immune system, including DCs, mast cells,
macrophages, natural killer (NK) cells, and PMN.16 Thus,
IL-10 production appears associated with many types of
immune cells of both innate and acquired responsiveness,
affirming its critical role as a feedback regulator of diverse
immune responses.

By acting on DCs and macrophages, IL-10 inhibits the
development of Th1-type T-cell responses (reviewed in
Refs.5,16); it also may lead to the suppression of Th2 cell
responses (reviewed in Ref.33). In addition to an autocrine
inhibitory effect of IL-10 on macrophages and DCs, and
since IL-10 can be produced by various T-cell subsets (Th1,
Th2, and Th17), an additional feedback loop exists to limit
the innate effector functions of macrophages and DCs and
their subsequent activation of T cells. However, IL-10 en-
hances the differentiation of IL-10-secreting Treg cells, a
positive regulatory loop for its induction (reviewed in
Refs.30,33).

DCs and macrophages are activated through the recog-
nition of pathogen-derived products by pattern recogni-
tion receptors (PRRs) that signal and trigger expression of

cytokines, chemokines, and other molecules.34 Both mac-
rophages35–39 and DC38,40–45 can express IL-10 in vitro after
activation of specific PRRs. In addition, DC,43,46 macro-
phages,47 and PMN48 can express IL-10 in vivo. Significant
amounts of IL-10 are produced by macrophages and mye-
loid DCs after stimulation with toll like receptor (TLR) 4
and 9 ligands.38 Furthermore, activation of macrophages
through TLRs results in high levels of IL-10 production,
whereas myeloid DCs produce reduced amounts and plas-
macytoid DCs produce little to no detectable IL-10.38 In
addition, IL-10 can be induced by TLR-independent stimuli;
for instance, the C-type lectins and ligation of CD40 also
enhance IL-10 production by TLR-stimulated macrophages.37

Tissue Macrophages

Tissue macrophages perform a dynamic role in host de-
fense and maintenance of tissue integrity and can be clas-
sified into at least 2 subtypes: M1 (classical) and M2
(alternative), based on their function. M1 cells are activated
by lipopolysaccharide and/or interferon (IFN)-g to elaborate
pro-inflammatory cytokines and contribute to tissue in-
flammation.49 On the other hand, M2 cells are stimulated by
Th2 cytokines IL-4 and/or IL-13 and promote, among other
functions, helminthic immunity, fibrosis, allergy, and im-
munomodulation.50 Stimulation of macrophages with IL-4
and IL-13 leads to activation of the transcription factor
STAT6, which is required for M2 polarization.51

In addition, activation of the nuclear receptors PPARg
and PPARd is required for development of the M2 phe-
notypic response.52,53 M2 macrophages are characterized
by an increase in arginase-1 gene expression and activity,50

which enables conversion of L-arginine to L-ornithine and
promotes polyamine synthesis and tissue repair.54 The M2
phenotype is also characterized by up-regulation of C-type
lectins, mannose receptor, and IL-10, all of which contribute
to their immunomodulatory function.55 Importantly, distinct
metabolic programs are required to support energy demands
of M1 and M2 macrophages. M1 cells rely primarily on
glycolytic metabolism, mediated by HIF-1a; while M2 cells
utilize fatty acid oxidation mediated by PPARg and the
transcriptional coactivator, PGC-1b.51,56,57 This suggests
that macrophage metabolism and inflammatory phenotype
are linked, and it provides insights into possible additional
regulatory control of macrophage polarization through met-
abolic pathways, which will be discussed later.

M1 Versus M2 Program Induction and Keratitis

In addition, gene expression profiling of macrophages has
shown that Gram-negative bacteria induce transcriptional
activation of a common host response which induces genes
in macrophages expressing an M1 program.58 M1 polarized
cells, prototypical in Th1 responder strains of mice, such as
C57BL/659 (B6), are characterized by the production of IL-
12, tumor necrosis factor (TNF)-a, MIP-2, and high levels
of nitric oxide synthase 2 (NOS2).60,61 Excessive or pro-
longed M1 polarization often leads to tissue injury and
contributes to pathogenesis. In contrast, Th2 responder mice
(eg, BALB/c) have a higher population of alternatively ac-
tivated macrophages designated M2 cells, which produce
anti-inflammatory mediators such as IL-10 and IL-1ra.61

These cells up-regulate arginase 1 production,59 and they are
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critical to the resolution of disease. A subset of the latter cells
can be induced by agonists of TLRs, including lipopolysac-
charide,58 suggesting that negative regulation of TLR sig-
naling may be critical to avoid a detrimental inflammatory
response.62 In this regard, the soluble TLRs (sTLR2 and
sTLR4) act as decoy receptors by binding to their ligands and
competitively blocking signaling via TLR2 and TLR463;
whereas the IL-1 receptor-related protein ST2 negatively
regulates TLR signaling by sequestering the recruitment of
adaptor molecules such as MyD88 and TIRAP.64

On comparing the response to experimental Pseudomonas
aeruginosa challenge in B6 and BALB/c mice, the ligand of
ST2, IL-33 was examined at the mRNA and protein levels.
Both groups of mice constitutively expressed the ligand in
the normal cornea; after infection, elevated levels were
detected in BALB/c over B6 mice. To test the signifi-
cance of this, B6 mice were treated with recombinant
mouse (rm) IL-33. These mice showed less severe disease
than phosphate-buffered saline (PBS) controls, and they also
exhibited decreased bacterial load, PMN infiltrate, and
corneal mRNA levels for IL-1b, MIP-2, and TNF-a. Th2-
type cytokines (IL-4, -5, and -10) were significantly up-
regulated, and protein levels for the pro-inflammatory
cytokine, TNF- a, and the anti-inflammatory cytokine, IL-10
confirmed the mRNA data. To further investigate the role of
IL-33 and, in turn, IL-10 in corneal inflammation, IL-33 was
overexpressed in macrophage-like, RAW264.7 cells. Over-
expression significantly increased IL-10 (and IL-5), while it
decreased IFN-g and other pro-inflammatory cytokines. The
role of the macrophage was further tested in infected rmIL-33
compared with PBS-injected mice. Immunostaining showed
that rmIL-33 injection shifted macrophage polarization from
the production of NOS2 to arginase. Furthermore, peritone-
ally elicited cells (B6 mice) treated with lipopolysaccharide
and rmIL-33 exhibited elevated ST2 levels and a shift from
IL-12 to IL-10 mRNA production. These data provide evi-
dence that IL-33 promotes a Th2-type immune response and
reduces inflammation by polarizing the macrophage produc-
tion of anti-inflammatory mediators, namely, IL-10 and re-
vealed the importance of this cytokine in ameliorating disease
and participating in healing in the cornea.

Macrophage Depletion in Keratitis

Of course, one cannot exclude the importance of the PMN
in pseudomonas keratitis,5 but evidence of a central role for
macrophages continues to build, and was shown in earlier
studies that tested the role of this cell in susceptible (cornea
perforates), B6 versus resistant (cornea heals), BALB/c
mice. This was achieved by macrophage depletion using
subconjunctival injections of clodronate-containing lipo-
somes before corneal infection. Both groups of mice treated
with clodronate liposomes compared with PBS liposomes
exhibited more severe disease. In B6 mice, the cornea per-
forated more rapidly and the eye became extremely shrun-
ken, and in BALB/c mice, worsened disease was noted, as
evidenced by perforation of the cornea rather than the ex-
pected healing response. Use of a myeloperoxidase assay as
an indicator of PMN number detected significantly more
PMN in the cornea of both groups of mice treated with
clodronate liposomes versus PBS liposomes. In independent
experiments, enzyme-linked immunosorbent assay (ELISA)
analysis showed that protein levels for IL-1b, MIP-2, and

MIP-1a, all of which were able to regulate PMN chemo-
taxis, were also elevated in both groups of clodronate-
liposome-treated mice. Bacterial load in B6 mice treated
with clodronate liposomes was unchanged at 3 days and was
higher in control-treated mice at 5 days postinfection (p.i.);
whereas in BALB/c mice, bacterial load was significantly
elevated in the cornea of mice treated with clodronate li-
posomes at both 3 and 5 days p.i. mRNA expression levels
for pro- (IFN-g and TNF-a) and anti- (eg, IL-10) inflamma-
tory cytokines were also determined in BALB/c mice treated
with clodronate liposomes versus control-treated mice. Ex-
pression levels for IFN- g were significantly elevated in mice
treated with clodronate liposomes at 3 and 5 days p.i., while
IL-10 levels (mRNA and protein) were reduced in the ab-
sence of the macrophage. These data strongly suggest and
provide evidence that macrophages not only control resis-
tance to P. aeruginosa corneal infection through regulation of
PMN number, bacterial killing, and balancing pro- and anti-
inflammatory cytokine levels, but also regulate induction of
IL-10, which appears requisite to corneal healing.

Neuropeptide Substance P and Spantide

In humans, keratitis caused by P. aeruginosa develops
rapidly and may lead to corneal perforation, with a higher
incidence of disease associated with extended-wear contact
lens use.65,66 Experimental work has shown that Th1 re-
sponder mouse strains (eg, C57BL/6) are suscepible (cornea
perforates), whereas Th2 strains (eg, BALB/c) are resistant
(ie, the cornea heals)67 after bacterial infection. More re-
cently,68 we have shown an interrelationship between the
neuropeptide substance P (SP) and production of IFN-g in
the infected BALB/c cornea. Evidence has shown that in the
infected cornea, NK cells are the source of IFN-g, express
the NK-1R, and participate in the regulation of PMN infil-
tration. Evidence has also shown that SP regulates the
production of IFN-g indirectly through the regulation of IL-
18 and directly through the interaction with the NK-1R on
NK cells. Collectively, the data demonstrate a unique link
between neuropeptide regulation of the innate immune re-
sponse in resistant mice and protection against P. aeruginosa–
induced corneal perforation. Alternately, evidence also
indicates that SP plays an important role in augmenting in-
flammatory responses principally by regulating the function
of cells such as DCs and macrophages, via the NK-1R.69,70

SP, a product of both nerves and leukocytes, is present in
many areas of the central and peripheral nervous system. In
this regard, the cornea is one of the most densely innervated
tissues in the body and is richly supplied by both sensory and
autonomic nerve fibers.71 In past studies, the distribution of
neuropeptides, including SP, was elegantly shown in the hu-
man cornea,71 but limited information was available for the
mouse cornea, before or after infection. In past studies, we
examined the distribution of SP in the mouse cornea and a
disparate distribution of the neuropeptide in susceptible
(more) B6 versus resistant (less) BALB/c mice was docu-
mented by enzyme immunoassay and staining. Due to the
pro-inflammatory functions of SP and since there was in-
creased amounts of the neuropeptide in the B6 cornea,
blocking SP binding to the neurokinin 1 receptor with span-
tide I was done. This prevented P. aeruginosa–induced cor-
neal perforation in susceptible B6 mice. This study also tested
the effect of SP injection on the resistance response (cornea
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heals) of BALB/c mice.72 The day before infection, mice
were injected intraperitoneally with SP or PBS. Disease was
graded by clinical score, slit lamp, plate count, real-time RT-
PCR and ELISA assays, and PMN) were quantitated using a
myeloperoxidase assay. Mice injected with SP exhibited
worsened disease on days 1–7 after infection compared with
controls. SP injection resulted in elevated PMN levels and
viable bacterial counts in the cornea at 3 and 5 days after the
infection. mRNA expression for NF-kB and type 1 cytokines
(eg, IFN-g), as well as for TNF-a, MIP-2, IL-18, IL-6, and
IL-1b, was significantly elevated; whereas cytokines IL-10
(and TGF-b) were significantly reduced. Differences in
mRNA expression were selectively confirmed at the protein
level by ELISA for NF-kB, IL-1b, and IL-10. These data
provide evidence that the neuropeptide SP is a potent neuro-
immunoregulator which promotes susceptibility in the resis-
tant BALB/c mouse by overcoming the anti-inflammatory
effects of IL-10.

SP and Growth Factors

In addition, SP regulation of growth factors was examined
after infection,73 as others have reported that they are es-
sential in tissue repair and have healing properties when
administered exogenously in noninfectious wound or trauma
models.74,75 This study73 revealed that the SP injection had
a localized effect and increased growth factors such as he-
patocyte growth factor (HGF) in both the normal and in-
fected cornea. Unfortunately, this effect was overwhelmed
by a pro-inflammatory cytokine response, leading to in-
creased stromal destruction, higher bacterial plate counts,
and a decrease in M2 arginase-producing cells (critical to
disease resolution through production of anti-inflammatory
mediators such as IL-10). These data, based on experimental
modeling, also led us to conclude that treatment with SP to
hasten wound closure was contraindicated clinically in the
cornea in the presence of a bacterial infection.75

Growth Factors and IL-10 Regulation

Our interest in growth factors and their possible partici-
pation in regulation of IL-10 continued to increase, based on

the fact that metabolic status may also participate in and
shift/regulate the host response to various diseases. In this
regard, the mechanistic target of rapamycin (mTOR) is a
critical nutrient/energy sensor that functions to couple nu-
trient availability to the regulation of downstream meta-
bolic processes, including glycolysis, protein synthesis, and
lipogenesis.76,77 mTOR exists in a rapamycin-sensitive
complex called mTORC1 that is negatively regulated by the
tuberous sclerosis complex which is composed of TSC1 and
TSC2.78 Genetic loss of either of these leads to constitutive
mTORC1 activation.79 It is also significant that recent
studies have provided evidence that mTOR controls many
aspects of T-cell biology, including differentiation, activa-
tion, and cell quiescence.80 A role for mTOR also has been
demonstrated in macrophage polarization using Tsc1D/D
macrophages that have a marked defect in M2 polarization
in response to IL-4, while the inflammatory response to li-
popolysaccharide is enhanced. Aberrant polarization is due,
at least in part, to mTORC1-mediated attenuation of Akt
activity, which renders Tsc1D/D macrophages resistant to
the immunomodulatory effects of Akt downstream of IL-4
and lipopolysccharide signaling. Other studies have shown
that the mTOR complex regulates IL-10/IL-12 expression
and that mTOR inhibition by rapamycin down-regulates IL-
10 and up-regulates production of IL-12.81 mTOR remains
of interest to IL-10 regulation, as it is upstream of the cy-
tokine81–83 and is a well established target of a diverse array
of microbes, growth factors, hormones, and amino acids that
elicit a host innate immune response. mTOR also mediates
cell growth and proliferation, ribosome biogenesis, and cy-
toskeletal organization.84,85 Contained within 2 functional
complexes, mTORC1 and mTORC2, it is active when
complexed with Raptor, mLST8, and PRAS40 (forming
mTORC1), or when complexed with Rictor, mLST8, and
Sin1 (forming mTORC2).84,85 mTORC1 alone is sensitive
to inhibition by the macrolide antibiotic rapamycin that
blocks the formation of the complex described earlier.
Clinically, rapamycin has been used as an immunosup-
pressant in allogeneic transplantation. However, although
used successfully in clinical practice for immunosuppres-
sion after kidney transplants,86 other evidence suggests that

FIG. 1. Proposed signaling through
mTOR by HGF/c-met, its downstream ef-
fects, and a putative feedback mechanism
via S6K1. HGF, hepatocyte growth factor;
mTOR, mechanistic target of rapamycin; SP,
substance P. From Jiang et al.90

376 HAZLETT, JIANG, AND MCCLELLAN



it has inflammatory side effects, which include fever, ane-
mia, and glomerulonephritis.87 Moreover, inhibition of
mTOR in mice can enhance lipopolysaccharide-induced
shock that correlates with elevated levels of pro-inflammatory
cytokines such as IL-12p40.88 Similarly, other work showed
that inhibition of mTOR diminished IL-10 levels but elevated
IL-12p40 (and IL-23) in vitro, and this was found to be
protective in vivo in experimental Listeria monocytogenes
infection.81 In contrast, it has been shown that in corneal
P. aeruginosa infection, IL-10 is required for resistance in the
BALB/c mouse and that when macrophages (a source of the
cytokine) are depleted (as described above), levels of IL-10
are decreased with concurrent elevation of IFN-g, resulting in
an overall worsening of disease.5

Rapamycin Inhibition of mTOR
in Bacterial Keratitis

In the P. aeruginosa infected cornea, inhibition of mTOR
by rapamycin treatment increased disease in the cornea
of resistant BALB/c mice through down-regulation of the
anti-inflammatory cytokine IL-10 and up-regulation of
pro-inflammatory IL-12p40 and IL-23. Furthermore, the
decreased levels of IL-10 led to dysregulation of several
downstream effectors (MMP-9, SOCS3, STAT-3, and
iNOS) and elements of the TLR pathway (TLR4, TLR5,
IRAK-1, IL-1R1, NFkBIL-1, Cebpb, and IFN-g). Moreover,
we demonstrated that loss of mTOR signaling generates an
antiapoptotic corneal environment in which damaged and
dying cells could contribute to further tissue destruction.
Rapamycin treatment also increased PMN number but re-
duced their capacity for intracellular killing. In a rescue
experiment, that is, the injection of rIL-10 along with ra-
pamycin versus rapamycin treatment alone resulted in re-
duced PMN number in the cornea, strengthening the case for
IL-10 as critical to disease resolution.89

Rapamycin Treatment and Growth Factors

As an extension of this work, we tested the effects of
rapamycin inhibition of mTOR on expression levels of
growth factors, their receptors, and signaling molecules in
the P. aeruginosa-infected cornea.90 Rapamycin disparately
regulated infected corneal mRNA levels of EGF/EGFR and
FGF-7/FGFR-2, but HGF/c-met mRNA levels increased.
ELISA confirmed elevated HGF protein. Rapamycin did not
change PI3KCa or Akt signaling molecule expression,
down-regulated S6K1, but up-regulated IGF-1R mRNA
levels; IGF-1 and SP (see discussion above) proteins also
were up-regulated. After infection, topical rHGF versus PBS
increased mRNA levels of IL-12p40, IL-18, PI3KCa, and
Akt; mTOR and IL-10 mRNA levels were down-regulated;
furthermore, treatment of infected eyes with rIGF-1 in-
creased HGF protein. In vitro, rHGF and lipopolysaccharide
lowered RAW cell and macrophage mTOR levels; addition
of a c-met inhibitor restored them. Thus, the data provided
evidence of the growth factors and receptors tested; only
HGF/c-met were similarly elevated. Moreover, rapamycin
down-regulated mRNA for S6K1, a significant downstream
signaling molecule of the mTOR pathway, and resulted in
up-regulated IGF-1R and protein for both IGF-1 and SP; and
rIGF-1 injection also was sufficient to up-regulate HGF
protein. To test the importance of HGF protein in the overall

pattern of disease, topical rHGF treatment was done and
provided further confirmatory evidence that enhancement of
HGF levels in infected cornea resulted in increased signal-
ing through the c-met receptor. This, is turn, led to de-
creased mTOR levels, enhanced pro-inflammatory cytokines,
decreased anti-inflammatory cytokines (namely IL-10), and
provided novel evidence that HGF signaling is central to
disease outcome. These data provide strong evidence that
enhanced corneal HGF levels increases signaling through
the c-met receptor, decreases mTOR levels, enhances pro-
inflammatory cytokines while decreasing the anti-inflam-
matory cytokine IL-10, and that HGF signaling appears to
be a central metabolic component which is critical to disease
outcome (Fig. 1). It also suggests that control of this met-
abolic pathway, perhaps by manipulating levels of HGF and
signaling through mTOR to favor IL-10 up-regulation dur-
ing P. aeruginosa keratitis, would be a truly novel treatment
for this and perhaps other diseases in which a similar
pathway is involved in pathogenesis. It is also plausible that
mTOR manipulation may require cell-specific targeting and
kinetics during the disease response; that is, DC may be
required to be targeted at a different time during disease
than tissue macrophages.
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