Cornea

Autoantibodies Contribute to the Immunopathogenesis of
Experimental Dry Eye Disease

Michael E. Stern,' Chris S. Schaumburg,' Karyn E Siemasko,' Jianping Gao," Larry A. Wheeler,!
Devin A. Grupe,' Cintia S. De Paiva,? Virginia L. Calder,> Margarita Calonge,*
Jerry Y. Niederkorn,> and Stephen C. Pflugfelder?

Purrose. The purpose of this study was to determine if
autoantibodies play a role in the immunopathogenesis of
experimental dry eye disease.

MerHops. Dry eye was induced by exposing female C57BL/6
wild-type mice or hen egg lysozyme B-cell receptor transgenic
mice to desiccating stress (subcutaneous scopolamine [0.5 mg/
0.2 mL] 3 times a day, humidity < 40%, and sustained airflow)
for 3 weeks, allowing sufficient time for a humoral immune
response. Serum or purified IgG isolated from dry-eye mice or
untreated controls was passively transferred to nude recipient
mice, which were evaluated for ocular surface inflammation 3
days after transfer. To determine if complement activation
contributed to serum-induced dry eye disease, cobra venom
factor was used to deplete complement activity.

Resurts. Autoantibodies against kallikrein 13 were identified in
serum from dry-eye mice, but were undetectable in untreated
controls. Autoantibody-containing serum or purified IgG from
dry-eye mice was sufficient to mediate complement-depen-
dent ocular surface inflammation. Serum or purified IgG
caused marked inflammatory burden and tissue damage within
the ocular surface tissues, including elevated Grl+ neutrophil
infiltration and proinflammatory cytokines/chemokines asso-
ciated with goblet cell loss. Moreover, complement C3b
deposition was found within the ocular surface tissues of mice
receiving dry-eye serum, but not in recipients of control
serum. Functionally, complement depletion attenuated the
ability to transfer dry-eye-specific serum or IgG-mediated
disease.

Concrusions. These data demonstrate for the first time a
complement-dependent pathogenic role of dry-eye-specific
autoantibodies, and suggest autoantibody deposition within
the ocular surface tissues contributes to the predominantly T-
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ry eye is a prevalent ocular surface disease with significant

morbidity that regularly affects quality of life.!:* Patients
suffer from variety of symptoms, including ocular discomfort,
fatigue, and chronic pain, accompanied by blurred and
fluctuating vision that may persist over decades. In the most
severe cases, recurrent corneal ulceration can culminate in
reduced vision or blindness. Several lines of evidence strongly
suggest that the signs and symptoms of dry eye disease are the
consequence of chronic autoimmune-based inflammation
within the lacrimal function unit (LFU: cornea, conjunctiva,
lacrimal glands, and meibomian glands).? Inflammatory cell
infiltration within the LFU is associated with elevated proin-
flammatory cytokine levels, decreased tear production,
increased epithelial cell apoptosis, and goblet cell loss in both
animal models and patients with dry eye disease.*"”

For many years, the spotlight has been focused on the
contribution of pathogenic CD4+ T cells on the immuno-
pathogenesis of dry eye. Environmental and/or microbial
stress, in combination with genetically predisposed factors, is
hypothesized to trigger the immune response in a way that
breaches the protective immunoregulatory mechanisms, lead-
ing to autoimmunity to self-antigens localized to the LFU.? This
paradigm suggests that activation of the innate immune
response initiates a sequence that allows interaction between
activated ocular surface-derived antigen presenting cells
(APCs) bearing self-antigen and autoreactive CD4+ T cells,
resulting in clonal expansion of LFU-specific lymphocytes.
Indeed, activated CD4+ T cells are localized within the ocular
surface tissues of patients with dry eye,>%° and compounds
that inhibit T cells are therapeutic in both animals and humans
with dry eye disease.>!° Moreover, dry eye disease can be
adoptively transferred to nude recipient mice by CD4+ T cells
isolated from the regional lymph nodes of mice with
experimental dry eye disease induced by exposure to
desiccating stress (DS).4 By contrast, local depletion of APCs
in the conjunctiva of mice exposed to DS inhibited the
generation of autoreactive CD4+ T cells and blocked the ability
to adoptively transfer disease to T-cell-deficient nude recipient
mice.!! In addition to T helper 1 (Th1) cells, Th17 cells are
pathogenic during experimental dry eye and have also been
implicated in human disease.®'2-1% Collectively, these data
support the paradigm that dry eye is a self-antigen-driven
autoimmune disease, and implies that other autoreactive
lymphocytes (i.e., B cells) may be involved in disease.

B cells are also known to play a pathogenic role in several
autoimmune diseases, including systemic lupus erythematosus,
rheumatoid arthritis, and Sjogren’s syndrome. B cells can
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contribute to disease by functioning as (1) APCs'>-18; (2)
cytokine-secreting cells (e.g., IL-2, IL-12, TNF-o, IFN-y), which
modulate T cells and/or exert direct pathogenic effects'®; or
(3) by differentiating into autoantibody-secreting plasma
cells,?® which damage target tissues by recruiting inflammatory
cells via Fcy receptor signaling and/or by complement
activation.?! The presence of autoantibodies in sera from
patients with Sjogren’s syndrome-mediated dry eye (Ro 52 and
60 kDa, La 48 kDa, alpha fodrin)?223 provided the first line of
evidence of a B-cell component in disease. In addition, work
from the laboratory of the late Dr. Michael Humphreys-Beher
and others established a link between autoantibodies to the
type 3 muscarinic acetylcholine receptor (anti-M3R Ab) and the
secretory response during the immunopathogenesis of
Sjogren’s syndrome; anti-M3;R Abs are present in sera of
patients and animal models,>3>-2% and passive transfer of IgG
from patients with Sjogren’s syndrome or rodent anti-MzR Abs
are sufficient to induce exocrine dysfunction in recipient
animals.?>3° More recently, autoantibodies to members of the
kallikrein family of proteins (e.g., Klk1, Klk13) were identified
in the serum of mice with Sjogren’s-like disease®!; however, the
functional role of autoantibodies has not been addressed in the
context of non-Sjogren’s dry eye.

In this article, we evaluated the putative role of autoanti-
bodies during the immunopathogenesis of experimental dry
eye. Here we show for the first time that passive transfer of
autoantibody-containing serum or purified IgG derived from
mice with experimental dry eye mediates complement-
dependent inflammation and tissue damage within the LFU
of T-cell-deficient nude recipient mice. By contrast, serum
from hen egg lysozyme B-cell receptor transgenic (HEL BCR
Tg) mice exposed to DS was unable to induce disease. These
results indicate that dry-eye-specific autoantibodies are suffi-
cient to induce ocular surface inflammation in the context of
the nude recipient mouse, and suggest that dry-eye-specific
autoantibodies contribute to CD4+ T-cell-mediated immuno-
pathogenesis of dry eye.

MATERIALS AND METHODS

Mouse Model of Experimental Dry Eye Disease

Female C57BL/6 mice (6-8 weeks old) were purchased from Taconic
Farms (Oxnard, CA) or Jackson Laboratories (Sacramento, CA). Female
HEL BCR Tg mice (6-8 weeks old) were purchased from Jackson
Laboratories. Experimental dry eye was induced as previously
described.*32 In brief, mice were exposed to DS in perforated cages
with constant airflow from fans positioned on both sides and room
humidity maintained at 30% to 35%. Injection of scopolamine
hydrobromide (0.5 mg/0.2 mL; Sigma-Aldrich, St. Louis, MO) was
administered subcutaneously, three times a day (8:00 AM, 12:00 noon,
and 5:00 PM), on alternating hind-flanks to augment disease. Mice were
exposed to DS for 3 weeks. Untreated control mice were maintained in
a nonstressed environment at 50% to 75% relative humidity without
exposure to forced air. All animal experiments were approved by the
institutional animal care and use committees at Allergan, Inc. All
animals were treated in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

RNA Isolation and Real-Time PCR

Total RNA from the cornea, conjunctiva, and lacrimal glands was
isolated from untreated control (day 0) and dry-eye mice exposed to DS
for 5 and 10 days using the TRIzol reagent, according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA). Subsequent steps
were performed according to the manufacturer’s specifications: ocular
surface tissues from individual mice were pooled to increase RNA yield

Autoantibody-Mediated Dry Eye 2063

(n = 10 samples/time point) and treated with RNase-free DNAse to
prevent genomic DNA contamination (Qiagen, Valencia, CA); first-
strand cDNA was synthesized from 0.5 pg total RNA using random
hexamers and reverse transcriptase (SABiosciences, Frederick, MD);
real-time PCR was performed with a custom RT? Profiler PCR array that
included primers to murine Hprtl and Klk13 (SABiosciences) and run
on an Applied Biosystems 7500 Fast Real-Time PCR System (ABI,
Carlsbad, CA). The Hprtl gene was used as an endogenous reference
for each reaction. The results of quantitative PCR were analyzed by the
comparative cycle threshold (C) method, where target change =
2-AA€. The C, was determined using the primary (fluorescent) signal
as the cycle at which the signal crossed a user-defined threshold. The
results were normalized by the C, value of Hprtl and the mean C, of
relative mRNA in the control.

Isolation of Serum and Purified IgG

Blood from each mouse was collected by cardiac puncture and
transferred into a Microtainer serum separator tube (Becton Dickinson,
San Diego, CA) and centrifuged at 6000g for 8 minutes. Serum was
harvested and used for (1) passive transfer or (2) further purification of
1gG. For IgG purification, Zeba Desalt Spin Column was used to de-salt
the serum for optimal protein recovery according to manufacturer’s
specifications (Pierce Biotechnology, Rockford, IL). The desalted serum
was added to Melon Gel column (Pierce Biotechnology) and
centrifuged at 3000g for 1 minute. Purified antibody was quantified
using BCA protein assay (Pierce Biotechnology).

Western Blot for Detecting Serum Autoantibodies

Western blot analysis was used to probe dry-eye-specific serum for
autoantibodies specific for ocular surface proteins. MagicMark molec-
ular weight marker (Invitrogen) and 1 pL of recombinant human Klk13
(Abcam, Cambridge, MA) were loaded into separate wells of a NuPAGE
12% Bis-Tris gel and run at 200 V, 120 mAmps for 50 minutes. Proteins
were subsequently transferred to nitrocellulose for 60 minutes at 25V,
160 mAmps, then probed overnight at 4°C with either whole serum
from control or dry-eye mice (1:500) or rabbit anti-human recombinant
Klk13 (1:10,000) as a positive control. Amersham RPN2108 chemilu-
minescent detection kit was used according to standard protocol to
visualize antibody:protein complexes (GE Healthcare, Piscataway, NJ).

Adoptive Transfer

Serum or purified IgG was isolated from whole blood from mice
exposed to DS for 3 weeks or matched controls and passively
transferred to nude recipient mice via intraperitoneal (IP) injection.
For serum transfer experiments, a 1:1 donor-to-recipient equivalent
was used based on the average yield of serum per mouse (~200 pL).
For IgG transfer experiments, serum was pooled for each experimental
group and IgG was purified as described previously; a 1:1 donor-to-
recipient equivalent was used based on average yield of total IgG per
dry-eye mouse. A separate cohort of nude recipient mice received the
same amount of control IgG. Mice were killed 3 days after transfer and
tears and ocular surface tissues were collected for analysis.

Complement Depletion with Cobra Venom Factor

Cobra venom factor (CVF) is a functional homolog of factor C3 that
binds factor Bb in a complex resistant to regulation, consuming total
plasma C3 and disabling the complement system,33-3> and has been
used extensively to demonstrate the general role of complement in
various models of autoimmunity. Nude recipient mice were injected IP
with 18 pg (8 units) CVF (Calbiochem, San Diego, CA) resuspended in
neutral PBS on day —3 and day —1 before receiving serum or purified
IgG from mice exposed to DS for 3 weeks or matched naive controls.
Mice were killed 3 days after transfer and tears and ocular surface
tissues were collected for analysis as described. A hemolysis assay
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modified for mouse serum using sheep erythrocytes sensitized with
rabbit anti-sheep erythrocyte antibody confirmed the decomplement-
ing activity of CVF3%; serum isolated from nude mice treated with CVF
displayed complete inhibition (97.7% £ 5.4%) of hemolytic comple-
ment activity, whereas serum from naive mice displayed normal
complement activity.

Cytokine and Chemokine Levels in Tears during
Experimental Dry Eye

Relative levels of select cytokines and chemokines present in the tears
were evaluated over the course of experimental dry eye using
multiplex bead analysis (Luminex Corporation, Austin, TX) as
previously described.3” In brief, tears were collected on the day mice
were killed; 1.5 pL of Beadlyte assay buffer (Millipore, Bellerica, MA)
was placed on each eye. Then 1 pL/eye of tear fluid was subsequently
collected by capillary action from each eye with a 1-uL volume glass
capillary tube (Drummond Scientific, Broomhall, PA) placed in tear
meniscus at the lateral canthus, then combined with 8 pL of Beadlyte
buffer. Samples were stored at —80°C and cytokine/chemokine levels
were assessed using the appropriate Millipore beads analyzed on a
Luminex 100 or Luminex FLEXMAP 3D (Luminex Corporation).

Histology

Whole eyes, including lids, were surgically excised, fixed in 10%
formalin, and embedded in paraffin. Then, 8-um sections were stained
with hematoxylin-eosin (H&E) to evaluate gross inflammatory cell
infiltration within the LFU or periodic acid-Schiff (PAS) reagent to
quantify goblet cell density within the conjunctiva. Sections were
viewed by light microscopy using an Eclipse E400 (Nikon, Melville,
NY) and photographed with a DS-Fil digital camera (Nikon). H&E
sections were evaluated for inflammatory cell infiltration within the
ocular surface tissues on a scale from 0 to 3: 0 = no inflammatory cell
infiltration, 1 = mild inflammatory cell infiltration, 2 = moderate
inflammatory cell infiltration, and 3 = intense inflammatory cell
infiltration. For quantification of goblet cells, a midline section of each
eye was counted following the morphometric guideline of the entire
superior and inferior conjunctiva starting at the limbus and spanning
the entire length to the tarsal conjunctiva, including the conjunctival
epithelium and stroma to a depth of 75 uM below the basement
membrane, as previously reported.!! Evaluation of H&E sections and
cell counts were performed by a masked observer. Data are expressed
as average number of goblet cells per conjunctiva for each
experimental group.

Immunohistochemistry

Whole eyes, including lids, were surgically excised, embedded, and
flash frozen in optimal cutting temperature (OCT compound; VWR,
Suwanee, GA). Then, 8-um sagittal sections were cut with a cryostat
(HM 500; Micron, Waldorf, Germany) and placed on glass slides that
were stored at —80°C. Sections were stained for Klk13 with rabbit anti-
human Klk13 polyclonal antibody (1:250) (Becton-Dickinson, Moun-
tain View, CA), Grl+ neutrophils with 1:100 rat anti-mouse Grl (NIMP-
R14) (Hycult Biotech, Plymouth Meeting, PA), and complement factor
C3b with 1:100 rat anti-mouse monoclonal C3b/iC3b/C3c antibody
(clone 2/11) (Hycult Biotech). Polyclonal secondary antibodies were
biotinylated and included, anti-rabbit and anti-rat and IgG (1:50) (BD
Biosciences, San Jose, CA). Positive cells were visualized using the ABC
Vectastain Kit in conjunction with NovaRED Substrate kit (Vector
Laboratories, Burlingame, CA). For control, sections were also stained
using the appropriate secondary antibodies alone or with the primary
isotype antibodies in conjunction with the biotinylated secondary
antibodies. Three sections from each animal were examined and
photographed with a microscope equipped with a digital camera
(Eclipse E400 with a DS-Fil; Nikon). For quantification of Grl+
neutrophils, a midline section of each eye was counted following a
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morphometric guideline of the entire superior and inferior conjunctiva
starting at the limbus and spanning the entire length to the tarsal
conjunctiva, including the conjunctival epithelium and stroma to a
depth of 75 uM below the basement membrane. This method was
previously validated for quantifying inflammatory cell infiltration in this
model.*'! All cell counts were performed by a masked observer. Data
are expressed as average number of neutrophils per conjunctiva for
each experimental group.

Statistics

Statistically significant differences between experimental groups were
determined by one-way ANOVA or Student’s #test. P < 0.05 was
considered significant.

RESULTS

Autoantibodies Are Present in the Serum from
Mice with Dry Eye Disease

Members of the kallikrein family of proteins (e.g., Klk13 and
Klk1b22) were previously implicated as autoantigens in rodent
models of Sjogren’s syndrome.3138 To determine if Klk13 plays
a similar role in non-Sjogren’s dry eye, a combination of real-
time PCR and immunohistochemistry (IHC) was used to
determine if Klk13 was expressed within the LFU during the
initiation and development of experimental dry eye (Fig. 1).
Real-time PCR analysis revealed upregulation of Klk13 in the
cornea, conjunctiva, and lacrimal gland by 5 to 10 days post-DS
relative to control (Table 1). Klk13 was also detected by IHC
within the cornea (Fig. 1A), conjunctiva (Fig. 1B), and lacrimal
glands (Fig. 1C) of mice with dry eye.

To further determine if expression of Klk13 within the LFU
tissues was associated with an autoantibody response during
the immunopathogenesis of dry eye, serum isolated from
control mice or those exposed to DS for 3 weeks was probed
for the presence of anti-Klk13 antibodies. Western blot analysis
demonstrated that antibodies within serum from control mice
did not cross-react with recombinant Klk13 (Fig. 2A); however,
serum isolated from dry-eye mice exposed to DS contained
autoantibodies specific for Klk13 (Fig. 2B). These results
suggest that plasma cell-derived autoantibodies to an ocular
surface antigen are generated following exposure to DS and
could potentially play a pathogenic role in the development of
experimental dry eye disease.

Passive Transfer of Serum or Purified IgG
Mediates Dry Eye Disease in T-Cell-Deficient Nude
Recipient Mice

We have previously reported that CD4+ T cells isolated from
dry-eye mice exposed to DS for 5 to 10 days readily induce dry
eye disease when adoptively transferred to nude recipient
mice. To determine if self-reactive autoantibodies (e.g., against
Klk13, M3R, and/or other unidentified autoantigens) present in
the serum of dry-eye mice also contribute to ocular surface
inflammation, (1) serum or (2) purified IgG was isolated from
dry-eye mice and passively transferred to T-cell-deficient nude
recipient mice. Donor mice were exposed to DS for 3 weeks to
allow sufficient time to generate a humoral immune response.
Passive transfer of whole serum from dry-eye donor mice
yielded elevated proinflammatory cytokine levels within the
tears of nude recipient mice by 3 days after transfer (Fig. 3). For
example, nude mice receiving a 1:1 donor-to-recipient
equivalent of dry-eye-specific serum displayed a significant
(P < 0.05) increase in IL-1o (2425 + 742 pg/mL) (Fig. 3A), 1L-
1B (3407 + 1261 pg/mL) (Fig. 3B), and TNF-o (338 + 109 pg/
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Control

FiGure 1.
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5 Days DS 10 Days DS

Klk13 is expressed in the LFU during experimental dry eye disease. C57BL/6 mice were exposed to DS, as previously described, and

ocular surface tissues were collected at 5 and 10 days to evaluate Klk13 expression. Klk13 was noted in the (A) cornea, (B) conjunctiva, and (C)
lacrimal gland of DS mice compared with controls using IHC. Arrows indicate examples of areas of positive Klk13 staining (browmn). Images

captured at x20 magnification.

mL) (Fig. 3C) compared with recipients of control serum from
naive donor mice (244 + 76 pg/mL, 112 + 48 pg/mL, 36 + 11
pg/mL, respectively). A trend toward increased IL-2 (9.0 + 5.6
pg/mL vs. 1.2 + 0.7 pg/mL) was also observed, although the
increase was not significant (Fig. 3D). High tear cytokine levels
were associated with decreased tear production in recipients
of dry-eye-specific serum (62.1% + 20.2% of baseline). By
contrast, serum isolated from mice exposed to 10 days of DS,
before there was sufficient time to mount a notable humoral
response, did not induce elevated tear cytokine levels in the
tears of nude mice (data not shown), nor did it induce
decreased tear production (126.3% =+ 35.8% of baseline). These
data indicate that passive transfer of dry-eye-specific serum
from mice exposed to DS for an extended 3-week period is
sufficient to induce ocular surface inflammation in the context
of T-cell-deficient nude recipient mice, and suggest that
autoantibodies present in the serum are sufficient to mediate

Tasie 1. Fold Change in Klk 13 Gene Expression Relative to Naive
Control Mice

Tissue 5 Days DS 10 Days DS
Cornea 4.6-fold 1 2.8-fold 1
Conjunctiva 3.2-fold T 3.9-fold T
Lacrimal gland NC 3.7fold T
Meibomian gland NC NC

Data are representative of pooled samples of 7 = 10, quantified as
relative change in gene expression in tissues, normalized by the C, value
of Hprt1 and the mean C, of relative mRNA in the control. NC, no change.

L Y

Control C57BL/6 3 WDS C57BL/6 Rabbit anti-human
WT Serum (1:500)  Serum (1:500) Klk13 (1:10,000)

Ficure 2. KIk13 autoantibodies are present in serum derived from
dry-eye mice, but not naive control mice. Serum was isolated from
mice following a 3-week exposure to DS (3 WDS) and was used to
probe 1 pg of recombinant human Klk13 that was previously
transferred to nitrocellulose from an SDS-PAGE gel. (A) Serum from
control mice did not cross-react with Klk13, but (B) serum from 3 WDS
mice contained antibodies that recognized Klk13. (C) Anti-human
Klk13 antibody was used as a positive control.
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Ficure 3. Passive transfer of serum derived from dry-eye mice induces a proinflammatory cytokine response in the tears following adoptive
transfer to nude recipient mice. Serum isolated from donor mice exposed to DS induced robust production of proinflammatory cytokines in the
tears of nude recipient mice: (A) IL-1a, (B) IL-1, (C) TNF-a, (D) IL-2. Data are shown as average concentration of protein (pg/mL) within a 2-uL tear
volume £ SEM, and is representative of three independent experiments, with an 7 = 5 to 8 mice/group. Statistically significant values (*P < 0.05)
are indicated relative to tear values of nude mice receiving control serum isolated from naive donor mice.

disease. Alternatively, it is possible that other soluble (e.g.,
cytokines) or cellular factors (e.g., contaminating inflammatory
cells) present in the dry-eye serum were responsible for
inducing ocular surface inflammation.

To resolve the alternative possibility that serum-derived
proinflammatory cytokines or contaminating cells were
responsible for inducing ocular surface inflammation resem-
bling dry eye disease, total IgG was purified from serum
isolated from mice exposed to 3 weeks of DS, then passively
transferred to nude recipient mice. Purified IgG (1:1 donor-to-
recipient equivalent) from DS mice resulted in a marked
decrease in tear production (60.9% =+ 10.0% of baseline)
compared with recipients of IgG purified from control serum
(143.2% + 29.4% of baseline). In addition, an increase in the
proinflammatory cytokine/chemokine response (e.g., IL-1f,
TNF-a,, IL-6, IL-12, CXCL10, IL-10, IEN-y, and IL-17) in the tears
of serum recipients (Figs. 4A-H) was associated with
inflammatory cell infiltration within the ocular surface tissues
of nude recipient mice that received DS-IgG compared with
control-IgG (Fig. 5A); a significant (P < 0.05) increase in Grl+
neutrophils accounted for most of the inflammatory cell
burden (Figs. 5B, 5C). Furthermore, the inflammatory response
also correlated with damage to ocular surface tissues, assessed
by a significant (P < 0.01) reduction in goblet cell numbers
within the conjunctiva of DS-IgG recipients (49.6 + 7.6)
compared with those that received control 1gG (78.4 &+ 4.3) or
untreated nude mice (86.3 £ 7.9) (Figs. 5D, 5E). These data
support the hypothesis that autoantibodies, and not cytokines
or contaminating immune cells present in the dry-eye-specific
serum, are sufficient to mediate inflammation-induced dry eye,
and demonstrate that recruitment of neutrophils is a promi-

nent feature of dry-eye-specific autoantibody-mediated disease
in this model.

Serum from HEL BCR Tg Mice Does Not Induce Dry
Eye Disease in Nude Recipient Mice

To confirm that autoreactive B-cell-derived plasma cells are
involved in serum or IgG-induced dry eye disease, transgenic
mice harboring HEL-restricted BCR were used as donor mice in a
series of passive transfer experiments. DS did not induce an
ocular specific humoral response in HEL-restricted BCR Tg mice
(Fig. 6). Unlike passive transfer of serum or purified IgG from
wild-type mice with experimental dry eye, passive transfer of
serum from HEL BCR Tg mice did not result in reduced tear
production between mice receiving DS-serum (93.3% =+ 22.2%)
compared with untreated controls (78.6% + 14.4% of baseline)
(Fig. 6A). Unaltered tear production between recipients of DS
and control HEL BCR Tg serum was associated with similar, low-
level proinflammatory cytokine levels within the tears of nude
recipient mice (Fig. 6B); moreover, there were trace to no
inflammatory cell infiltrates observed within the ocular surface
tissues of nude recipient mice following passive transfer of
serum from control or DS HEL BCR Tg mice (Figs. 6C, 6D), and no
significant difference in the number of conjunctival goblet cells
between recipients of serum from control (49.9 £+ 9.2) or DS
(54.9 +9.8) HEL BCR Tg mice (Figs. 6E, 6F). The overall absence
of ocular surface inflammation following passive transfer of
serum from HEL BCR Tg mice supports the paradigm that
autoreactive B-cell-derived plasma cells secrete autoantibodies
that may contribute to the immunopathogenesis of experimental
dry eye disease.



I0VS, April 2012, Vol. 53, No. 4

* 40000
35000-
30000.
25000-
20000.
150004
10000
5000 |

[pg/ml]

0

3000,
2500
= 2000
E§1500-
1000,
500 |

2000,
1800;
1600,
1400,
1200,
1000;
800 ;
600 -
400 -
200 |

[pg/ml]

LB

Control
IgG

Control
IgG

300,
250;
200
150
100/
50 |

[pg/ml]

Control
lgG

[IFN-y

Control
IgG

3WDS
lgG

3WDS
IgG

3WDS
lgG

3WDS
l9G

" 800-
700.
600.

E 500/
S 400
£ 3001
200,
1001

=

600,
500
E 400
g 300
200
100

pg/

Autoantibody-Mediated Dry Eye 2067

*
[TNF-o]

Control 3WDS
IgG IgG

1

Control ' 3WDS
IgG IgG

1112 |

2000,

1800
1600
—1400/
£1200
000
2800 |
600 .
400 |
200 .

[iL-10]

| ]

L

80,
70
60
50
40
30
20
10

[pg/ml]

Control 3WDS
IgG IgG

lL—17

_1

Control 3WDS
lgG I9G

Ficure 4. Passive transfer of purified IgG derived from dry eye mice induces a robust proinflammatory tear cytokine response in tears following
adoptive transfer to nude recipient mice. IgG purified from serum derived from dry-eye donor mice exposed to DS induced robust production of
select acute response proinflammatory cytokines/chemokines in the tears of nude recipient mice, including (A) IL-13, (B) TNF-o, (C) IL-6, (D) 1L-12,
(E) CXCL10, (F) IL-10, (G) IEN-y, and (H) IL-17, compared with mice receiving IgG isolated from naive donor mice (3 days after adoptive transfer).
Data are shown as average concentration of protein (pg/mL) within a 2-pL tear volume =+ SEM, and is representative of three independent
experiments, with an # = 6 mice/group. Statistically significant values (*P < 0.05) are indicated relative to tear values of nude mice receiving IgG
from naive donor mice as a control.
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FiGure 5. Passive transfer of purified IgG derived from dry-eye mice induces inflammatory cell infiltration associated with ocular surface tissue
damage. (A) H&E staining showed inflammatory cell infiltration within the ocular surface tissues of nude recipients of purified IgG from dry-eye
donor mice compared with mice receiving IgG from naive control mice (3 days after adoptive transfer). (B, C) A significant increase in neutrophils
was noted using IHC, which was associated with (D, E) loss of PAS-positive goblet cells. (A) H&E staining; (B) Grl4 neutrophil staining in the
conjunctiva; (C) is average corneal and conjunctival Grl+ cell counts = SEM; (D) PAS+ goblet cell staining in the conjunctiva; (E) is average
conjunctival goblet cell counts £ SEM. Open white/black arrowheads indicate examples of Gr1+ neutrophils (brown) and PAS+- goblet cells (pink);
solid black arrowheads indicate areas of goblet cell loss. The data are representative of three independent experiments, with an 7 = 5 to 6 mice/
group. Statistically significant values (*P < 0.05, **P < 0.01) are indicated relative to nude recipients of IgG purified from naive donor mice. Images

captured at x20 magnification.

Complement Depletion Attenuates Serum-Induced
Dry Eye Disease

The complement system plays a fundamental role in
facilitating antibody-mediated host protection, and may also
contribute to disease. During antibody-dependent host
protection, complement may (1) enhance effector function
of pathogens/antigens via complement C3b/C5b deposition,
(2) recruit effector cells via C3a/C5a, and (3) lyse target cells
by formation of the membrane attack complex (MAC). Similar
complement-mediated mechanisms are also thought to
contribute to the immunopathological consequences of

autoantibodies in a variety of autoimmune diseases. To begin
to understand if serum-induced dry eye disease was
associated with complement activation, we evaluated the
extent of complement C3b deposition within the ocular
surface tissues by IHC. Positive staining for C3b was detected
in the conjunctiva and cornea of mice receiving serum from
dry-eye mice (Fig. 7B), but not in recipients of control serum
(Fig. 7A), or the same tissues stained with isotype controls
(Figs. 7C, 7D). The presence of complement C3b deposition
implies that the complement system contributes to autoanti-
body-mediated dry eye disease.
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Ficure 6. Passive transfer of serum from BCR-restricted donor mice exposed to DS does not mediate ocular surface inflammation. To determine if
donor mice harboring irrelevant BCRs can induce a dry-eye-specific autoantibody response, serum from HEL BCR Tg mice exposed to desiccating
was passively transferred to nude recipient mice. There was no difference in (A) tear production or (B) the proinflammatory cytokine/chemokine
response in nude recipient mice of serum derived from HEL BCR Tg mice exposed to DS compared with serum from naive mice (3 days after
adoptive transfer). (C) H&E staining showed trace to no inflammatory cell infiltration within the ocular surface tissues, which also correlated with
(E, F) no difference in the number of PAS-positive goblet cells between recipient of serum from HEL BCR Tg mice. Arrowheads indicate examples of
PAS+ goblet cells (pink). (A) Tear production expressed as percentage of baseline; (B) average concentration of protein (pg/mL) within a 2-uL tear
volume + SEM; (C) H&E staining; (D) overall inflammatory score £ SEM (scale 0-3); (E) PAS+ goblet cell staining in the conjunctiva; and (F) is
average conjunctival goblet cell counts = SEM. Images captured at x20 magnification.

To determine if complement activation contributes to
serum-induced dry eye disease, CVF was used to deplete
complement activity.>334 Nude recipient mice were treated
twice with CVF on day —3 and day —1 before receiving passive
transfer of serum, and subsequently evaluated for inflammatory
cell infiltration within the ocular surface tissues and proin-
flammatory cytokine production. Complement-deficient recip-
ient mice of dry-eye-specific serum showed decreased
inflammatory burden (Fig. 8A), which correlated with a

significant reduction (P < 0.00001) in average Grl4 cell
infiltration per conjunctiva (11.8 £ 4.2) compared with mice
with an intact complement system that were not treated with
CVF (82.5 + 11.6) (Figs. 8B, 8C). Decreased inflammatory cell
accumulation was also associated with a trend toward
decreased proinflammatory cytokines/chemokines, including
IL-1B, TNF-0,, IL-6, IL-12, CXCL10, IL-10, IFN-y, and IL-17 within
the tears of complement-depleted nude recipient mice (Figs.
9A-F), although only IL-1f, IL-10, and IFN-y were significantly
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of naive control serum. (C, D) IHC using isotype antibody alone confirmed staining was specific for the anti-C3b antibody. Images captured at x20

magnification.

decreased (P < 0.05) in this experiment. In the context of CVF-
treated mice, however, reduced inflammatory burden did not
correlate with goblet cell preservation, as mice receiving dry-
eye serum and treated with CVF displayed reduced goblet cell
counts (48.0 &+ 8.2) compared with DS serum recipients with
an intact complement system (73.2 £+ 10.0); decreased goblet
cell counts were also noted in CVF-treated recipients of control
serum (59.7 £ 11.5), suggesting that CVF may have a negative
impact on the ocular mucosa. Similar overall findings were
observed in complement-deficient nude mice receiving dry-
eye-specific IgG purified from donor mice with dry eye disease
(data not shown). Taken together, the results demonstrate dry-
eye-specific serum does not induce neutrophil recruitment in
the absence of a fully functional complement system, implying
that autoantibody-mediated dry eye disease is dependent on
complement activation.

Di1scussION

The immune system has evolved to protect the ocular surface
from pathogenic challenge, while preserving tissue and

maintaining tolerance to self-antigens and commensal micro-
bial flora. Paradoxically, activation of the innate and adaptive
response can also compromise tolerance, resulting in chronic
autoimmune-based inflammation and tissue destruction on the
ocular surface.> Overwhelming evidence from both animal
models and patients support the claim that dry eye is a chronic
self-antigen-driven autoimmune disease.> Previous studies
using the DS-induced mouse model of dry eye have demon-
strated that the initiation and development of dry eye requires
coordinate interplay between the innate and adaptive immune
systems, resulting in activation of autoreactive T cells and
ensuing damage to the ocular surface tissues. Despite the
strong contribution of pathogenic CD4+ T cells during of
immunopathogenesis dry eye disease, self-antigen localized to
the ocular surface tissues may also underlie activation and
differentiation of autoreactive B cells, resulting in autoantibody
production.

The current study is the first to our knowledge to show
evidence that autoantibodies contribute to the immunopatho-
genesis of experimental dry eye disease. Western blot analysis
with serum from 3-week DS mice revealed a faint, but
definitive Klk13:Klk13 antibody complex, indicating that
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Ficure 8. Complement depletion attenuates dry-eye-specific serum-induced inflammatory cell infiltration. To determine if complement activation
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an n = 5 to 6 mice/group. Statistically significant values (***P < 0.00001) are indicated relative to nude recipients of serum purified from naive

donor mice. Images captured at x20 magnification.

serum from dry-eye mice contained autoantibodies against
Klk13 that were undetectable in serum from naive control
mice. Indeed, passive transfer of serum isolated from mice with
experimental dry eye, but not naive controls, was sufficient to
induce marked inflammatory cell infiltration, elevated proin-
flammatory cytokine production, and goblet cell loss in nude
recipient mice, independent of pathogenic T cells. An
autoantigenic role for kallikrein protein family members has
been reported by others. For instance, Takada et al.3! showed
the presence of Klk1 and Klk13 autoantibodies in the serum of
mice with Sjogren’s-like disease, and more recently, Jiang et
al.3® implicated Klk1b22 as a T-cell autoantigen in a model
reminiscent of primary Sjogren’s-like keratoconjunctivitis sicca

(KCS). Lewis rats immunized with Klk1b22 displayed lympho-
cytic infiltration into the lacrimal and salivary glands, which
was associated with decreased tear volume, corneal opacity,
and ocular lesions, and further, CD4+ T cells from these mice
were sufficient to cause KCS.>® At present, the signal
transduction pathways leading to elevated Klk13 expression
and its function in the LFU tissues during the course of
experimental dry eye are unknown. Klk13 is a trypsin-like
serine protease and was previously shown to be involved in
degradation of major constituents of the extracellular matrix,
including collagens (I-III), fibronectin, and laminin.?® In this
way, it is possible that Klk13 is upregulated during DS-induced
dry eye disease to facilitate inflammatory cell infiltration into
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the ocular surface tissues. It is interesting to speculate that
Klk13 may play a dual role during dry eye, both in tissue
remodeling and as a putative autoantigen. Taken together, the
data suggest that kallikreins are autoantigenic during the
immunopathogenesis of Sjogren’s and non-Sjogren’s dry eye
disease, but do not exclude the contribution of other self-
antigens in the initiation and progression of disease.

Autoantibodies, and not cytokines or contaminating im-
mune cells present in dry eye-specific serum, were sufficient to
mediate inflammation-induced dry eye in the context of the
nude recipient mouse. This conclusion is supported by two
major findings: (1) serum derived from HEL-restricted BCR Tg
mice exposed to DS was not pathogenic, and (2) purified IgG
from the dry-eye mouse serum maintained the ability to
transfer ocular surface disease, whereas IgG from naive control
mice did not. Autoantibodies contribute to the immunopatho-
genesis of a variety of autoimmune diseases, including those
that affect the ocular surface tissues, for example, Sjogren’s
syndrome and ocular cicatricial pemphigoid.> As noted,
autoantibodies, such as anti-Ro, anti-La, anti-alpha fodrin, anti-
M3R, and anti-Klk1 and 13, have been implicated in secretory
dysfunction of the salivary and lacrimal glands during the
progression of Sjogren’s syndrome.?3:25.26:29,30.40.41 Moreover,
passive transfer of human or rodent o-M3R Abs was sufficient
to induce exocrine dysfunction resembling Sjogren’s syndrome
in recipient animals.??-3° Functionally, the immuopathogenic
effect of autoantibodies may be facilitated by (1) Fcy receptor-
mediated activation/recruitment of neutrophils and/or macro-
phages that engulf target cells or release cytotoxic components
(e.g., nitric oxide), and/or (2) activation of the complement
system, which orchestrates tissue destruction by facilitating
phagocytosis of target cells by neutrophils/macrophages or
direct cell lysis via MAC formation.?!

Passive transfer of dry-eye-specific serum or purified IgG
resulted in neutrophil infiltration and ocular surface damage
that was dependent on complement activation. Neutrophil
recruitment following passive transfer of serum or IgG from
dry-eye mice, coupled with tissue damage (i.e., goblet cell
loss), is consistent with autoantibody-mediated immunopathol-
ogy. Emerging evidence suggests that IgG can activate the
complement system by way of the classical (e.g., IgG:Clq
binding), mannan-binding lectin (e.g., IgG:glycan binding), or
alternative (e.g., IgG:nascent C3b binding) pathways.?! In any
case, activation of complement converges on C3 hydrolysis
(e.g., C3—C3a and C3b—C5a and C5b+C6, 7, 8, 9—MAC
formation), culminating in chemotaxis of inflammatory cells
(C3a and C5a), opsonization of target cells/tissues (C3b and
C4b), and/or cell lysis by MAC (C5b, 6, 7, 8, 9) formation.4?
The presence of complement C3b deposition in the conjunc-
tiva and cornea of mice receiving serum from dry-eye mice, but
not in recipients of control serum, supports the hypothesis
that the complement system is involved in dry-eye autoanti-
body-mediated induction of ocular surface inflammation.

Complement depletion attenuated the ability of dry-eye-
specific serum or IgG to induce ocular surface inflammation in
nude recipient mice. CVF is a functional homolog of factor C3
that binds factor Bb, forming a complex that is resistant to
regulation, thereby consuming total plasma C3, and disabling
the complement system.33-3> Therefore, CVF effectively blocks
autoantibody-mediated effects that may be directed from either
the classical, mannan-binding lectin, or alternative pathways.
Mice receiving serum or IgG from dry-eye mice, and treated
with CVF to deplete complement, displayed a marked
reduction in Grl+ neutrophil infiltration, which was associat-
ed with a trend toward decreased proinflammatory cytokine/
chemokine levels. In the context of CVE the reduction in
inflammatory burden did not correlate with goblet cell
preservation; the finding that CVF treatment alone was
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sufficient to reduce goblet cell counts, independent of elevated
neutrophil infiltration/proinflammatory cytokines, suggests
that systemic CVF affects goblet cell numbers. The increase
in Grl+ cells in CVF-treated mice receiving control serum also
suggests that CVF treatment may be exerting an acute
proinflammatory effect in the nude recipient mice, and may
also explain, in part, why some of the decreases in cytokines
assayed in the tears of complement-depleted mice receiving
dry-eye-specific serum did not reach significance (e.g., TNF-a,
IL-6, IL-17). Nonetheless, CVF has been used extensively to
demonstrate the general role of complement in various models
of autoimmunity. For example, CVF treatment delayed the
onset and severity of experimental autoimmune encephalomy-
elitis,*3 collagen-induced arthritis,** and experimental autoim-
mune anterior uveitis.*> In addition, CVF was also used to
show a central role of complement in the onset and
development of spontaneous Sjogren’s syndrome-like autoim-
mune exocrinopathy in NOD.B10-H2b mice. ¢

The presence of autoantibodies in the serum of mice with
experimental dry eye implicates autoreactive B cells in disease,
as is the case with other autoimmune diseases.*”-4° During the
progression of dry eye disease, Th2 cells may provide help to
autoreactive B cells to promote clonal expansion, somatic
hypermutation, isotype switching, affinity maturation, and
differentiation into autoantibody-secreting plasma cells. Al-
though Thl and Thl7 cells are considered to be the
predominant CD4+ T-helper subsets during the immunopatho-
genesis of non-Sjdgren’s dry eye,®12-14 activation of Th2 cells
capable of driving B-cell differentiation has not been formally
disputed. Alternatively, stimulation of autoreactive B cells via
aberrant Toll-like receptor signaling and/or overexpression of
the B-cell activation factor (BAFF) may account for T-cell-
independent activation of autoreactive B cells. Increased B-cell
survival and hyper-reactivity are hypothesized to promote
hyper-gammaglobulinemia associated with relatively high titers
of autoantibodies during Sjogren’s syndrome. For example,
elevated BAFF was associated with B-cell dysregulation®® and
the presence of anti-SSA and anti-SSB autoantibodies in patients
with Sjogren’s syndrome.>! A modest increase in BAFF
expression has also been noted in the conjunctiva and lacrimal
glands of dry-eye mice as early as 5 days following induction of
disease (Stern and Schaumburg, unpublished observations,
2009). During the development of dry eye, it is possible that
elevated expression of Klk13, M3R, and/or other unidentified
proteins exposes a higher burden of autoantigens, which may
act locally to engender an autoantibody response derived from
activation and differentiation of autoreactive B cells, or leak
through the draining lymphatics to activate autoreactive B cells
within the regional lymph nodes. Whether T-cell dependent or
independent, however, the underlying mechanisms involved in
autoantibody generation are currently unknown.

These data establish a role for autoantibodies in the
immunopathogenesis of experimental dry eye disease. Certain-
ly, CD4+ T cells play a dominant role in dry eye disease in both
human and animal models, and, as the field advances, a new
appreciation for the pathogenicity of different cell types in dry
eye disease is emerging. For example, effector cells, such as
Th17 cells,'?> and more recently, NK cells,>?> were shown to
contribute to the initiation of experimental dry eye disease. We
propose a working hypothesis in which autoantibodies
contribute to CD4+ T-cell-mediated disease by complement-
dependent neutrophil recruitment to the ocular surface.
Future studies are needed to determine the relative contribu-
tion of the complement system in experimental autoantibody-
mediated disease, and, more importantly, if autoantibody
deposition within the ocular surface tissues also contributes
to the predominantly T-cell-mediated immunopathogenesis of
human dry eye disease.
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