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Abstract

Animal models have proved valuable to investigate the pathogenesis of dry eye disease, identify 

therapeutic targets and the efficacy of candidate therapeutics for dry eye. Pharmacological 

inhibition of the lacrimal functional unit and exposure of the mouse eye to desiccating stress was 

found to activate innate immune pathways, promote dendritic cell maturation and initiate an 

adaptive T cell response to ocular surface antigens. Disease relevant mediators and pathways have 

been identified through use of genetically altered mice, specific inhibitors and adoptive transfer of 

desiccating stress primed CD4+ T cells to naïve recipients. Findings from mouse models have 

elucidated the mechanism of action of cyclosporine A and the rationale for developing lifitegrast, 

the two currently approved therapeutics in the US.

Introduction

The development of reliable animal models which are relevant to human disease provides a 

valuable research tool. A key use of these models is to identify “attackable” targets and 

develop candidate therapeutics based on this knowledge.

Findings in dry eye dogs that the ocular surface (conjunctiva) and lacrimal glands are replete 

with infiltrating lymphocytes was a key discovery that inflammation causes dry eye disease.1 

This phenomenon is also seen in salivary and lacrimal gland biopsies from patients with 

Sjögren’s syndrome, who experience signature symptoms of dry eye and dry mouth due to 

mucosal dryness. This gave the first indication that dry eye is an immune based 

inflammatory disease of the Lacrimal Functional Unit (LFU).

Lacrimal Functional Unit

The LFU, a concept we put forth for the first time in 1998 consists anatomically of the 

ocular surface (conjunctival and corneal epithelia), the lacrimal glands, meibomian glands 

and the interconnecting innervatjon.2 Also included in this unit are the hormonally 

responsive and resident immune cells in these tissues. The LFU is essential in maintaining a 

normal homeostatic environment on the ocular surface which includes maintaining a smooth 

optically clear cornea and secretion of a tear film of normal composition to protect the 
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ocular surface from damaging inflammation and infection and to promote rapid healing after 

trauma.3,4

Stimulation of the highly innervated ocular surface results in afferent nerve traffic through 

the ophthalmic branch of the trigeminal nerve (V) into the central nervous system where the 

signal is integrated by both autonomic and cortical input. This then engenders efferent nerve 

traffic through the Facial Nerve (VII) which innervates the main and accessory lacrimal 

glands (Wolfring and Krauss), the mucin secreting conjunctival goblet cells, as well as the 

lipid secreting meibomian glands.

Desiccating Stress Model of Dry Eye

While canine dry eye is an important clinical entity, these dogs are difficult to acquire and 

expensive to maintain. Additionally, when studying immune based inflammatory diseases, 

mice are the animals of choice due to the availability of genetically altered strains and 

specific reagents. We therefore developed a model in which the LFU is inhibited with 

systemic anticholinergic agent in mice that are exposed to a dry, drafty environment.5 This is 

the first model which demonstrated the initiation of chronic autoimmunity from an 

environmental insult.6 Mice are given three daily subcutaneous injections of scopolamine, a 

short acting anti-cholinergic in order inhibit tear secretion by the lacrimal glands and 

conjunctival goblet cells. They are then maintained in a low humidity environment (20%) 

and exposed to an air movement for 5–10 days.5

The immunological premise of the model

Exposure of susceptible ocular surface tissues to a desiccating stress results initially in an 

innate immune response. This stress activates NFK-β and MAPK innate signaling pathways 

in immune cells which reside on within the ocular surface tissues, as well as surface 

epithelial cells causing them to secrete copious amounts of “defensive” cytokines, 

chemokines and matrix metalloproteinases (MMPs) in response to a perceived threat.7–13 

This response is rapid but non-specific.

The Afferent Arm of the Adaptive Immune Response

This acute innate phase is followed by the more specific adaptive immune response. 

Antigens exposed on the ocular surface are taken up and processed by resident dendritic 

cells and macrophages (Antigen Presenting Cells, APC’s). These cells internalize the 

antigens, process them and then express them on their surface using MHCII. Exposure to 

innate cytokines stimulate expression of dendritic cell maturation markers that initiate their 

migration from the ocular surface to specific draining lymph nodes.14 We have observed 

doubling of the number if CD11b+ and CD11c+ dendritic cells in the draining cervical 

lymph nodes 1 day after exposure to desiccating stress. (Figure 4) These APC’s encounter a 

population of naïve T-cells (Th0) in the lymph nodes. Through the local environment and the 

presence of a specific antigen, these naïve T cells are primed and targeted. This generates a 

response which is more specific to the perceived threat.
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The Efferent Arm of the Adaptive Immune Response

The primed and targeted T cells exit the lymph nodes and travel via the circulation to the site 

of the antigen (inflammation). There, they exit the blood vessel and enter the tissue within 

the LFU, become fully activated after encountering antigen loaded DCs and secrete 

cytokines (IL-17, IFN-γ) to initiate and maintain an immune based inflammation. This 

process is referred to as “homing” and is not yet totally understood. IL-17 stimulates 

production of MMPs that disrupt cornea barrier function, while IFN-γ causes goblet cell 

secretory dysfunction and cornea and conjunctival epithelial apoptosis.15–17

Specific Experiments and Relevant Learnings

How can we be sure that the infiltrating T cells are specific to the disease and not just 
some sort of inflammatory epiphenomenon?

The experiment conducted to answer this question is based on the immunological tenet that 

if cells are responsible for a disease, the disease can be transferred to a naïve animal solely 

by transferring that population of cells. This is referred to as Adoptive Transfer. We 

confirmed the pathogenicity of desiccating stressed primed CD4+ T cells by inducing dry 

eye in mice and then isolating all of the CD4+ T helper cells (pro-inflammatory cells) from 

the draining lymph nodes and injecting them intra-peritoneally into a naïve “nude” recipient 

mouse (a mouse that lacks its own T cells).

Within 48 hours, all of the transferred cells appeared in tissues of the LFU (conjunctiva, 

cornea and lacrimal glands) of the recipient mouse and the mouse manifested signs of dry 

eye, including conjunctival goblet cell loss and corneal barrier disruption.18

People are exposed to adverse environments regularly, why don’t they get dry eye?

In contrast, if we performed an adoptive transfer into a normal immunologically intact wild-

type mouse (ie: not a nude mouse), the recipient did not get dry eye and showed no signs of 

inflammation. We attribute this to presence of T regulatory cells which are responsible for 

suppressing the transferred pathogenic T cells. This is one mechanism we use to eliminate 

an inappropriate T cell response and prevent development of autoimmunity. To demonstrate 

the suppressive effect of endogenous T regulatory cells, we performed another experiment 

and treated the normal recipients with an anti-CD25 antibody which eliminates T regulatory 

cells – the mice did come down with dry eye.

How can you be sure that this is an antigen driven disease? Could the antigen be a target 
for a therapeutic?

1. In order to answer these questions we performed two experiments. They both 

involved the use of the compound clodronate which eliminates antigen 

presenting cells (APCs) on the ocular surface. This was formulated in liposomes 

in the laboratory of Dr. Jerry Niederkorn. We injected them subconjunctivally 

into mice at three time points both before and after the initiation of desiccating 

stress.
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By eliminating the ability of these mice to process antigen, we hypothesized that 

the mice would not develop an adaptive immunological inflammation. In fact, 

that is what we found. No evidence of ocular inflammation was found in these 

mice even though they had been exposed to the adverse environment.14

2. In the second experiment we performed the adoptive transfer of CD4+ T cells 

from the clodronate treated mice. The CD4+ T-cells we transferred were not able 

to induce any inflammation in the recipient which indicated that they were not 

given any processed antigen which would promote activation, cytokine 

production and elicit inflammation in the recipient.14

The results of the previous two sets of experiments have taught us that dry eye is 

a T cell based inflammatory disease, that these T cells are primed and targeted by 

ocular surface antigens and produce cytokines such as IL-17 and IFN-γ.

Correlation of Mouse Model with Human Dry Eye Disease

The findings from mouse model experiments and their relevance to pathogenesis if human 

dry eye disease has been confirmed in studies performed in human patient with tear 

dysfunction. Major similarities in pathogenesis and therapeutic response between mouse 

models and human patients with dry eye disease are presented in the Table.
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Figure 1. 
This is a depiction of the Lacrimal Functional Unit (LFU). This is the mechanism by which 

a normal tear film environment is maintained on the ocular surface. 1 — (yellow) 

Stimulation of the ocular surface epithelium and nerve endings results in afferent nerve 

traffic through the ophthalmic branch of the Trigeminal Nerve (V1). 2 — Integration of this 

signal within the central nervous system (both autonomic and cortical). 3— (red- 

sympathetic, yellow-parasympathetic) Efferent nerve traffic through the Facial Nerve (VII) 

to innervate the lacrimal glands (main and accessory), meibomian glands and conjunctival 

goblet cells.
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Figure 2. 
Mouse desiccating stress model. A. Mice are maintained in an environment of 20–25% 

humidity. Air movement is induced using computer fans. Mice are given subcutaneous 

injections of scopolamine (anti-cholinergic) to decrease secretions. B. Fluorescein staining 

of the normal mice cornea. C Fluorescein staining of the cornea of a mouse after 5 days of 

this protocol.
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Figure 3. of Ocular Surface Immune Response
A— Exposure of the ocular surface to desiccating stress or pathogen associated molecular 

products (PAMPS) initiates an initial non-specific innate immune response with secretion of 

multiple cytokines and chemokines. Initiation of Adaptive Immune Response— The 

Afferent Arm of the Immune Response (right side): 1— Initial Toll-Like Receptor (TLR) 

signaling and antigen exposure on the ocular surface results in antigen uptake and 

processing by immature dendritic cells (iDS’s). 2— As the dendritic cells mature (mDC’s), 

antigens are processed and presented to the cell surface. These cell utilize the chemokine 
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receptor CCR7 to leave the ocular surface and travel to the regional draining lymph nodes 

via ocular surface lymphatics.

B— Lymph Node (Bottom). The dendritic cells arrive in the lymph node and encounters a 

population of naive T-cells (Th0). The fate of these naive T cells is determined by the 

antigens, local environment and the specific cytokines secreted. 1— Th-1 cells are generated 

by DC secretion of IL-12. 2— Th-17 cells are generated by DC secretion of IL-6 and IL-23. 

3— Th2 cells are generated by secretion of TSLP. Th-2 cells interact and activate B-cells 

which can mature (exposure to auto-antibodies) which mature the B-cells into antibody 

secreting Plasma Cells. All of these primed and targeted T cells will “home” via the 

systemic circulation to the LFU as part of the Efferent Arm of the Immune Response (left 

side).

C— Once these cells arrive at the ocular surface, they encounter adhesion molecules, leave 

the vessels and are activated by the constant presence of specific antigen. These cells then 

secrete a multitude of cytokines (IFN-γ, IL-17, etc. and MMPs). This creates the chronic 

immune response found in dry eye.
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Figure 4. 
Flow cytometry scatter plots of two dendritic cell (DC) populations (A. CD11c+ and B. 

CD11b+) in the cervical lymph nodes that drain the eye in unstressed naïve mice (left) and 

after 1 day of desiccating ocular surface stress (right). The percentage of these dendritic cells 

with higher levels of major histocompatibility complex II (MHCII), a DC maturation marker 

increases approximately 2 fold in both populations, indicating that exposure to dry eye 

causes changes acute changes in dendritic cell status in the draining nodes.
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Table

Comparisons between mouse model and human dry eye disease

Disease marker/parameter Therapeutic response Mouse Model Human Dry Eye Disease

Increased innate
inflammatory mediators
(cytokines, chemokines,
MMPs)

10–12 19–21

Increased ICAM1 expression
in lacrimal gland and
conjunctiva

22,23 24

Increased epithelial
apoptosis

1,25 26

Conjunctival goblet cell loss 15,27 28,29

Dendritic cell maturation 14 30,31

CD4 T cell infiltration 15,32 33

Increased Th cytokines 15,16 29

Improved corneal barrier
with corticosteroids

34 35–37

Improved conjunctival goblet
cells with cyclosporine

38 39,40

The numbers in the table refer to relevant references.
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