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Corneal proteoglycan lumican modulates lipid rafts and innate 
immunity
George Maiti1, Jihane Frikeche1, Ye Eun Jeong1, 
Shukti Chakravarti2, 1. 1Medicine, JOHNS HOPKINS UNIVERSITY 
SCHOOL OF MEDICINE, Baltimore, MD; 2Ophthalmology, JOHNS 
HOPKINS UNIVERSITY SCHOOL OF MEDICINE, Baltimore, 
MD.
Purpose: Lumican, a member of the SLRP family is widely 
present in the cornea, conjunctiva and other parts of the eye, and 
has a significant role in modulating the local inflammatory milieu. 
However, the underlying toll-like receptor 4 (TLR4) mediated 
molecular mechanisms are not fully understood. Our prior work 
shows that lumican enhances TLR4 mediated host response to 
bacterial lipopolysaccharides (LPS) through its interactions with 
CD14, an LPS-adaptor present in Caveolin-1 (Cav-1) enriched lipid 
rafts on neutrophil and macrophage cell surfaces. We hypothesize that 
lumican localizes to these Cav-1 enriched lipid microdomains and 
regulates TLR4 recruitment to lipid rafts.
Methods: Wild type (WT) and lumican-null (Lum-/-) mouse 
macrophages (MØ), unstimuated or treated with LPS, were stained 
with Alexa-Fluor 488® cholera toxin B and examined by confocal 
microscopy. Fluorescently stained rafts were quantified from 5 
independent fields. To assess lipid raft composition, and whether, 
in WT MØ, lumican localizes in these plasma membrane extracts, 
WT and Lum-/- MØ were fractionated by sucrose gradient density 
centrifugation and analyzed by SDS-PAGE and immunoblotting for 
Cav-1, CD14, TLR4 and lumican. Also, RAW 264.7, a macrophage-
like cell line was treated with and without LPS and recombinant 
lumican (rLum) and raft composition analyzed by sucrose 
gradients as described. Surface TLR4 was quantified on peritoneal 
macrophages from Wt and Lum-/- mice by FACS analysis.
Results: Confocal microscopy showed Lum-/- MØ to have lower 
fluorescently labeled cell surface rafts compared to WT MØ. 
Immunoblotting of sucrose gradient fractions showed increased 
enrichment of Cav-1 raft fractions in WT MØ and in RAW cells 
treated with rLum. We also tested lumican regulation of MyD88 
dependent (p65 nuclear translocation) versus TRIF-dependent 
(phospho-IRF3) down stream TLR4 signal transduction. Exposure 
to rLum increased both axes of LPS response in mouse MØ and 
RAW cells. FACS analysis showed higher surface TLR4 on WT MØ 
compared to Lum-/- MØ.
Conclusions: Lumican may be interacting directly with Cav-1 to 
modulate lipid raft structure and functions and promote both MyD88 
and TRIF driven signaling arms downstream of LPS recognition. 
Further studies are underway to determine whether lumican promotes 
surface retention of TLR4 in lpid rafts and its interatcions with LPS.
Commercial Relationships: George Maiti, None; Jihane Frikeche, 
None; Ye Eun Jeong, None; Shukti Chakravarti, None
Support: EY11654 NEI/NIH (SC)
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Corneal Epithelium-derived Thrombospondin-1 Regulates 
Dendritic Cell Maturation in Dry Eye Disease
William Foulsham1, xuhua tan2, 1, Yihe Chen1, Afsaneh Amouzegar1, 
Yizhi liu2, Sunil Chauhan1, Reza Dana1. 1Schepens Eye Research 
Institute, Boston, MA; 2Zhongshan Ophthalmic Center, Guangzhou, 
China.
Purpose: Thrombospondin (TSP)-1 is an important 
immunoregulatory factor produced by corneal epithelial cells 
(CECs). The purpose of this study was to investigate TSP-1-mediated 
regulation of dendritic cell maturation and the therapeutic efficacy of 
topical TSP-1 in dry eye disease (DED).
Methods: DED was induced in female C57BL/6 mice using a 
controlled environmental chamber for 14 days. mRNA and protein 
expression of TSP-1 in CECs was quantified by real-time PCR and 
flow cytometry at day 14. Activated bone marrow-derived dendritic 
cells (DCs) were co-cultured with CECs from either naïve or 
DED mice, and the frequencies of MHC-IIhi and CD86+ DCs were 
evaluated with flow cytometry. These experiments were repeated in 
the presence of recombinant TSP-1, and also anti-TSP-1 antibody. 
Finally, DED mice were treated topically with either recombinant 
TSP-1 or serum albumin. Infiltration and maturation of corneal 
dendritic cells, expression of inflammatory cytokines, and DED 
severity were investigated.
Results: mRNA expression of TSP-1 was upregulated in CECs from 
DED mice compared to naïve mice (p<0.001). Although there was 
no significant difference in the frequencies of TSP-1-expressing 
CECs between naïve and DED mice, the mean fluorescence intensity 
of TSP-1 in CECs from DED mice was significantly increased 
(p=0.016). The frequencies of MHC-IIhi and CD86+ DCs in the 
presence of DED corneal epithelium were lower than in the presence 
of naïve corneal epithelium, although the value for CD86+ DCs failed 
to reach statistical significance (p=0.015 and p=0.117, respectively). 
Addition of recombinant TSP-1 to the co-culture system resulted 
in a significant decrease in frequencies of MHC-IIhi and CD86+ 
DCs (p=0.013 and p=0.008, respectively), while addition of TSP-1 
antibody abrogated this suppressive effect (p=0.030 and p=0.015, 
respectively). Topical administration of recombinant TSP-1 was 
found to significantly inhibit the maturation and infiltration of corneal 
DCs, suppress inflammatory cytokine expression at the ocular 
surface, and reduce the corneal fluorescein staining score in DED 
mice (p<0.05).
Conclusions: Our results demonstrate that CEC-derived TSP-
1 inhibits DC maturation, and that topical administration of 
recombinant TSP-1 suppresses ocular inflammation and reduces 
disease severity in DED mice.
Commercial Relationships: William Foulsham, None; xuhua tan, 
None; Yihe Chen, None; Afsaneh Amouzegar, None; Yizhi liu, 
None; Sunil Chauhan, None; Reza Dana, None
Support: NIH R01 EY20889
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The upregulation of cytokines, chemokines, and growth factors 
during diet-induced corneal degeneration and recovery in a 
mouse model
Aubrey Hargrave1, Madhavi Chintalapati2, Carolina Lema1, 
Clifton W. Smith2, Alan R. Burns1. 1College of Optometry, University 
of Houston, Houston, TX; 2Pediatric-Children’s Nutrition Research 
Center, Baylor College of Medicine, Houston, TX.
Purpose: In a murine model of pre-diabetic metabolic syndrome, 
mice fed a high fat diet (HFD) exhibit a decline in corneal sensitivity, 
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nerve density, and epithelial thickness. These changes are reversed 
when the mice resume a normal chow diet (ND). The purpose of this 
study is to determine if the morphological and functional pathology is 
associated with changes in the cytokine profile of the cornea.
Methods: Six week old male C57BL/6 mice (n=113) were fed a HFD 
(42% Kcal milk fat) for 5, 10, and 15 weeks. Controls were age-
matched mice on a ND. Diet reversal (DR) mice were fed a HFD for 
5 weeks, followed by a ND for 5 or 10 weeks. Tissue homogenates 
from corneas were collected at 5, 10, and 15 weeks. At 10 weeks, 
corneas were also collected and incubated in cell culture medium 
for 6h to evaluate secreted products. All samples were tested for 32 
analytes using a multiplex Luminex assay (Millipore, MCYTMAG-
70K-PX32). Statistics were performed using one-way ANOVA with 
Dunnett’s post-test, with a p-value ≤ 0.05 considered significant.
Results: Of the 32 proteins tested, 26 were detected in cornea 
homogenates and 25 were detected in cell culture medium. There 
was a 1.3-16.6 fold increase in the level of the proteins following 
consumption of a HFD. At 10 weeks, the following were significantly 
upregulated in HFD and DR corneas: Interleukin (IL)-6, granulocyte-
macrophage colony-stimulating factor (GM-CSF), granulocyte 
colony stimulating factor (G-CSF), leukemia inhibitory factor (LIF), 
chemokine (C-X-C motif) ligand 1, CXCL2, CXCL9, chemokine 
(C-C motif) ligand 2 and vascular endothelial growth factor (VEGF). 
With the exception of GM-CSF, CXCL9 and CCL3, the same 
mediators were also significantly elevated in cell culture medium 
from excised corneas. Additional mediators elevated in HFD mice but 
not in DR mice included IL-1α, IL-10, IL-12p40 and CCL3.
Conclusions: A HFD increases levels of cytokines, chemokines, and 
growth factors in the cornea, many of which have recognized roles 
in neurogenic inflammation and nerve degeneration. The sustained 
upregulation of some mediators after 15 weeks on a HFD may 
explain the continued decline in nerve function seen at this time. 
Lastly, some inflammatory mediators that increase on a HFD return to 
baseline in DR mice, and this reduction may contribute in part to the 
recovery of nerve function, density and epithelial thickness.
Commercial Relationships: Aubrey Hargrave, None; 
Madhavi Chintalapati, None; Carolina Lema, None; 
Clifton W. Smith, None; Alan R. Burns, None
Support: NIH/NEI EY018239, P30EY007551, 5T32EY007004-32; 
USDA/ARS 6250-51000-055
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A rat model of corneal reinnervation using nerve grafts and 
transfers from the contralateral face
Joseph Catapano, Kira Antonyshyn, Jennifer Zhang, 
Gregory H. Borschel. Department of Surgery, University of Toronto, 
Toronto, ON, Canada.
Purpose: Loss of corneal sensation causes neurotrophic keratopathy, 
resulting in corneal scarring and vision loss. In clinical studies, 
surgically reinnervating the cornea using normal nerves from the 
contralateral face restores corneal sensation and may improve ocular 
surface health. Investigating how reinnervation with foreign nerves 
influences the corneal epithelium requires an animal model in which 
tissue can be harvested and analyzed.
Methods: Thy1-GFP+ rats, which express green fluorescent protein 
in axons, were used to monitor corneal denervation and reinnervation. 
Corneal denervation was accomplished using stereotactic 
electrocautery of the ophthalmic branch (V1) of trigeminal nerve  
(CN V). Corneal reinnervation was performed on the denervated right 
eye using two nerve grafts coapted to the contralateral infraorbital 
nerve and tunneled into the denervated cornea. The cornea was 
harvested four weeks after denervation, and nerve density was 

determined using NeuronJ software. In a separate group of animals, 
the cornea was retrograde labeled with 4% Fluorogold to determine 
the location and number of neurons reinnervating the cornea. 
Reinnervated corneas were compared with uninjured and non-
reinnervated controls.
Results: Corneal reinnervation resulted in a significant increase in 
corneal axon density (Figure 1). Denervated corneas demonstrated 
minimal reinnervation after 4 weeks (2301 μm/mm2 ± 1347) and 
significantly less than reinnervated (62872 μm/mm2 ± 12400;  
p < 0.0001) and uninjured controls (46165 μm/mm2 ± 3965). 
Retrograde-labeling of the left uninjured cornea labeled 219 ± 36 
neurons in the left (ipsilateral) trigeminal ganglion (TG) innervating 
the cornea, with no labeled neurons in the right (contralateral) TG. 
In contrast, labeling of reinnervated (left) cornea demonstrated few 
labeled neurons in the left (ipsilateral) TG (1 ± 1), with a significant 
number of labeled sensory neurons in the right (contralateral)  
TG (206 ± 82), suggesting axons reinnervating the cornea derived 
from the contralateral face.
Conclusions: The described rat model of corneal reinnervation can 
be used to investigate how reinnervation of the cornea using foreign 
donor nerves influences corneal epithelial health, including epithelial 
healing and gene expression.

Figure 1. Axons in the uninjured cornea (A) are absent four weeks 
after injury (B). Significant axon reinnervation is present after 
neurotisation (C).
Commercial Relationships: Joseph Catapano; Kira Antonyshyn, 
None; Jennifer Zhang, None; Gregory H. Borschel, None
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The Role of Corneal Plasmacytoid Dendritic Cells in Immune 
Sensitization after Corneal Transplantation
Maryam Tahvildari1, Hamid-Reza Moein1, 2, Arsia Jamali1, 2, 
Maria J. Lopez1, 2, Deshea L. Harris1, 2, Reza Dana1, 
Pedram Hamrah1, 2. 1Massachusetts Eye and Ear Infirmary, 
Boston, MA; 2Center for Translational Ocular Immunology and 
Cornea Service, New England Eye Center and Department of 
Ophthalmology, Tufts Medical Center, Boston, MA.
Purpose: Corneal allograft rejection is induced by adaptive 
immune responses. The purpose of this study was to investigate the 
role of corneal plasmacytoid dendritic cells (pDCs) in mitigating 
allosensitization and inducing tolerance to corneal allografts.
Methods: Wild type (WT) BALB/c (H-2d) mice were used as 
donors. Transgenic BDCA-2-DTR mice on C57BL/6 (B6; H-2b) 
background, in which local pDCs can be selectively depleted with 
subconjunctival (s.cj.) diphtheria toxin (DT) injections were used 
as recipients. WT B6 mice were used as sham controls. DT (30 ng) 
was injected s.cj. one day before transplantation and was continued 
every other day for two weeks. Graft opacity was evaluated up to 2 
weeks after transplantation using a standard scale. Graft infiltration 
of CD45+cells (pan-leukocyte marker), CD68+macrophages and 
CD4+T cells were measured using flow cytometry. Ipsilateral 
draining lymph nodes (dLN) were assessed for host allosensitization 
using enzyme-linked immunospot (ELISPOT) assay and frequencies 
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of IFNγ+CD4+T cells, IL17+CD4+T cells and CD25 expression 
levels in CD4+CD25+Tregs using flow cytometry.
Results: Mean opacity scores were significantly higher in pDC-
depleted mice compared to the sham controls at day 7 (3.7/5 vs. 
1.33/5; p<0.001) and day 14 (4.6/5 vs 3.41/5; p=0.027) post-
transplantation. Infiltration of CD45+cells in corneal grafts was 
significantly higher in the pDC-depleted group vs. controls at 
day 7 (46.3% vs. 28.6% of total graft cells; p<0.01), including 
CD68+macrophages (59.07% vs. 33.4%; p=0.0005) and 
CD3+CD4+T cells (9.93% vs. 2.5%, p<0.0001). ELISPOT analysis 
showed increased IFNγ+T cells in both direct (p=0.026) and indirect 
(p=0.016) pathways of allosensitization in the pDC-depleted group 
vs. controls. Flow cytometric analysis of dLNs showed increased 
frequencies of CD4+IFNγ+T cells (2.2% vs. 0.95%; p=0.007) and 
CD4+IL17+T cells (2.87% vs. 1.67%; p=0.046) in the pDC-depleted 
hosts vs. sham controls. There was a significant decrease in mean 
expression of CD25 among Tregs in the pDC-depleted group vs. 
sham controls (mean fluorescent intensity: 211 vs. 154, p=0.04).
Conclusions: Depletion of pDCs in the cornea results in increased 
host allosensitization and accelerated leukocyte graft infiltration. 
These results demonstrate the capacity of pDCs to mediate T cell 
responses, and provide valuable evidence for cell-mediated therapy to 
promote corneal transplant survival.
Commercial Relationships: Maryam Tahvildari, None; Hamid-
Reza Moein, None; Arsia Jamali, None; Maria J. Lopez, None; 
Deshea L. Harris, None; Reza Dana, None; Pedram Hamrah, 
None
Support: NIH R01-EY022695 (PH), NIH R21-EY025393-01 (PH), 
Research to Prevent Blindness Career Development Award (PH), 
Richard Lindstrom/Eye Bank Association of America Research grant 
(AJ)
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The Effect of Mesenchymal stromal cells on macrophage 
immunophenotype
Ali R. Djalilian1, John A. Kink2, Judy Hamouie1, Asha Tadepalli1, 
Ilham Putra1, Xiang Shen1, Haleh Hashemi1, Peiman Hematti2, 
Medi Eslani1. 1Ophthalmology, Univ of Illinois at Chicago, Chicago, 
IL; 2Hematology/Oncology, Medicine, University of Wisconsin-
Madison, Madison, WI.
Purpose: Macrophages (Mq) are a key player and regulator of 
inflammation and repair. Mesenchymal stromal/stem cells (MSCs) are 
capable of modulating the immune system through interaction with a 
wide range of immune cells. We evaluated the immunophenotype of 
Mq after co-culture with either corneal-limbal derived MSCs  
(CL-MSC) or bone marrow-derived MSCs (BM-MSC).
Methods: BM-MSC were isolated from healthy human donors in a 
GMP facility. CL-MSCs were extracted from cadaver human corneas. 
MSCs at passage 4 to 6 from at least 5 donors were used for all 
experiments. CD14+ monocytes were isolated from peripheral blood 
mononuclear cells and differentiated into Mqs with IMDM + 10% 
serum for 7 days. They were cocultured with MSCs in a 0.22 μm 
pore size transwell for 3 days. Cell surface and intracellular antigen 
expression of Mqs was investigated using fluorescence-activated cell 
sorting (Fortessa, BD).
Results: Median fluorescence intensity (MFI) of CD163 increased 
to 686.7 ± 207.4 and 662.1 ± 226.6 in Mqs that were “educated” 
by CL-MSCs and BM-MSCs, respectively, which was significantly 
higher than “uneducated” Mqs (237.1 ± 23.08) (P <0.001 for both 
comparisons). Likewise, CD206 MFI increased to 3583 ± 1922 and 
3737 ± 975.5 compared to 1139 ± 547.5, respectively (P <0.001 for 

both comparisons). (CD163 and CD206 are markers of alternatively 
activated/anti-inflammatory Mqs). In contrast, CD86 MFI decreased 
to 5496 ± 493.3 and 5254 ± 497.5 compared to 8374 ± 1062, 
respectively (P <0.001 for both comparisons). Likewise, HLA-DR 
MFI decreased to 9591 ± 1652 and 10147 ± 710.7 compared to 16980 
± 3621, respectively (P <0.001 for both comparisons) (CD86 and 
HLA-DR are markers of classically activated/inflammatory Mqs). 
There was not any statistically significant difference between  
CL-MSC and BM-MSC educated Mqs in terms of these markers.
Conclusions: Both CL-MSCs and BM-MSCs upregulate markers 
associated with anti-inflammatory Mqs. This may be one of the 
mechanisms that MSCs confer their anti-inflammatory effects 
through paracrine fashion.
Commercial Relationships: Ali R. Djalilian, None; John A. Kink, 
None; Judy Hamouie, None; Asha Tadepalli, None; Ilham Putra, 
None; Xiang Shen, None; Haleh Hashemi, None; Peiman Hematti, 
None; Medi Eslani, None
Support: Clinical Scientist Development Program Award 
K12EY021475 (ME), R01 EY024349-01A1 (ARD) and Core grant 
EY01792 from NEI/NIH; MR130543 (ARD) from DoD, Vision for 
Tomorrow (ARD), unrestricted grant to the department from RPB; 
and Eversight (providing both seed funding and human corneal 
research tissue).
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Decreased Cornea Sensation and Loss of Corneal Nerves after 
Chronic Hyperglycemia is Reversible with Combination Therapy 
Consisting of Menhaden Oil, α-Lipoic Acid and Enalapril
Mark Yorek, Randy Kardon. Internal Medicine, University of Iowa 
and Iowa City VA Medical Center, Iowa City, IA.
Purpose: Purpose: Diabetic neuropathy is a devastating complication 
of diabetes with no effective treatment. The etiology of diabetic 
neuropathy is multifactorial and any effective treatment will likely 
require some form of combination therapy. In this pre-clinical 
study we sought to determine the efficacy of monotherapy vs. the 
combination of menhaden oil, α-lipoic acid, and enalapril on cornea 
sensation and morphometry as well as vascular and neural endpoints 
in a high fat fed low dose streptozotocin treated rat, a model of type 
2 diabetes.
Methods: Methods: Male Sprague-Dawley rats at 12 weeks of age 
were fed a high fat diet for 8 weeks followed by a 30 mg/kg dose of 
streptozotocin to create a model of type 2 diabetes. Sixteen weeks 
after the onset of hyperglycemia 12 week treatments consisting of 
menhaden oil, α-lipoic acid, enalapril or their combination were 
initiated. Prior to and immediately after treatments we performed 
analyses of cornea sensitivity to a hyperosmotic solution, corneal 
nerve morphometry, glucose utilization, vascular reactivity of 
epineurial arterioles (vessels that provide blood flow to the sciatic 
nerve), nerve conduction velocity, intraepidermal nerve fiber density 
and thermal nociception.
Results: Results: Prior to treatment diabetic rats had decreases in 
cornea sub-epithelial nerves and corneal sensitivity, impaired glucose 
utilization and reduced motor and sensory nerve conduction velocity, 
thermal hypoalgesia, reduction in intraepidermal nerve fiber density, 
and impaired vascular relaxation to acetylcholine in epineurial 
arterioles of the sciatic nerve. Vascular relaxation, nerve conduction 
velocity and thermal nociception trended to worsen during the 
treatment phase in untreated diabetic rats. Treating diabetic rats with 
the combination therapy was more efficacious than monotherapy and 
improved/reversed all nerve and vascular deficits.
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Conclusions: Conclusions: These studies suggest that a combination 
therapeutic approach may be most effective for treating vascular and 
neural complications of type 2 diabetes.

Commercial Relationships: Mark Yorek, None; Randy Kardon, 
None
Support: NIH Grant DK107339 and VA Merit award RX000889-04


