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CELL INJURY, REPAIR, AGING, AND APOPTOSIS
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Dry eye in humans displays increased prevalence in the aged and in women. Here, we investigated the
ocular surfaces and lacrimal glands of aged mice of both sexes. We surveyed three different ages
[young, middle-aged (6 to 9 months), and elderly] by investigating severity markers of dry eye disease
(DED). We observed an age-dependent dry eye phenotype as early as 6 to 9 months: increased corneal
surface irregularity, increased corneal barrier disruption, conjunctival CD4þ T-cell infiltration, and loss
of mucin-filled goblet cells. Expression of interferon-g, IL-17 mRNA transcripts was increased in the
conjunctiva and IL-17A, matrix metallopeptidase 9, and chemokine ligand 20 in the corneas of elderly
mice. Elderly male mice develop more of a skewed response of type 1 T helper cell, whereas female mice
have a bias toward type 17 T helper cell in the conjunctiva. In the lacrimal gland, an increase in CD4þ

and CD8þ T cells and B cells and a decrease in activated dendritic cells were observed. Adoptive transfer
of CD4þ T cells isolated from elderly mice transferred DED into young immunodeficient recipients, which
was more pronounced from male donors. Our findings show the development of DED in aging mice.
Pathogenic CD4þ T cells that develop with aging are capable of transferring DED from older mice to
naive immunodeficient recipients. Taken together, our results indicate that age-related autoimmunity
contributes to development of DED with aging. (Am J Pathol 2014, 184: 631e643; http://dx.doi.org/
10.1016/j.ajpath.2013.11.019)
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Alterations in cellular immunity are a known aspect of
aging.1 With increasing age, the thymus begins to involute,
leading to a decrease in the number of naive T lymphocytes
in the circulation. A compensatory autoproliferation of
existing, mature T cells may lead to the expansion of CD4þ,
CD28� T cells. These cells are resistant to apoptosis and
have been shown to be associated with a variety of auto-
immune disorders such as rheumatoid arthritis, multiple
sclerosis, and diabetes mellitus.2 Aging similarly affects the
humoral immune system. A significant decrease in naive B
cells is found in old age, with a concomitant increase in the
life span of mature B cells. This increase of long-lasting B
cells increases the possibility for autoreactivity against a
neoantigen.3 It has also been proposed that dysfunctions in
B-cell suppression and an age-related predilection for
cellular response of type 2 T helper (Th2) cells may allow
for and promote the reactivation of self-reactive memory B
cells.4
stigative Pathology.
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Age-related changes in the innate and adaptive immune
system are hallmarked by increased levels of proinflam-
matory cytokines at baseline and in response to stimuli

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:cintiadp@bcm.edu
mailto:cintiadp@bcm.edu
http://dx.doi.org/10.1016/j.ajpath.2013.11.019
http://dx.doi.org/10.1016/j.ajpath.2013.11.019
http://dx.doi.org/10.1016/j.ajpath.2013.11.019
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2013.11.019


McClellan et al
because of dysfunction of antigen-presenting cells (APCs).5,6

Dendritic cells (DCs) are professional APCs that are largely
responsible for initiating this antigen response, regardless if it
is harmful or not.7 They can either activate the immune
response or induce tolerance. The proper functioning of this
family of APCs is crucial to the health of the ocular surface.
Phagocytotic and pinocytotic abilities are significantly
decreased in DCs from aged subjects,8 making antigen cap-
ture and presentation impaired. In contrast DCs in aged
subjects release more tumor necrosis factor-a and IL-6 with
Toll-like receptor stimulation,9 promoting a more proin-
flammatory environment. They have also been found to
release greater amounts of IL-23 than those of younger
subjects, promoting the development of Th17 cells that are
associated with autoimmunity.10 Such age-related changes in
DC function create a milieu ripe for developing autoimmu-
nity on the ocular surface.

Dry eye disease (DED) has been shown to increase in
prevalence with age.11 It has been reported that 6% of pa-
tients aged 40 years and as many as 15% to 33% of elderly
patients older than 65 years are affected by the disease.11e13

The morbidity that this disease can cause the elderly popu-
lation is tremendous. DED can ultimately decrease contrast
sensitivity and increase higher order visual aberrations.14

Visual impairments have been associated with falls and hip
fractures in the elderly,15 and complications from these falls
are the leading cause of death from injury in men and women
older than 65 years.16 As vision deteriorates, one’s ability to
perform activities of daily living becomes exceedingly more
difficult. In the elderly, limitations in physical abilities
confound such difficulties, making them less capable of in-
dependent living.

A number of common age-associated changes in the eye
contribute to development of DED. These include a decrease
in aqueous tear production17; decreases in corneal epithelial
nerve density18 and thus sensitivity,19 conjunctivochalasis,
ectropion, and lid laxity20; and decreases in supportive sex
hormones.21,22 The role of immune dysfunction in the path-
ogenesis of the DED observed in the elderly has not been
sufficiently investigated.

Elderly women are more commonly afflicted with DED
than men. This is supported by the clinical findings of lower
tear production in women than men through the sixth
decade of life,23 and the observation that DED is more
common in women who experience premature menopause
due to primary ovarian failure.24 However, the basis for the
sex predilection for DED has not yet been established. As
with aging, a commonality between menopause and DED is
the immune system, which sex hormones are known to have
a significant influence over. Current studies show conflicting
data as to which hormones promote inflammation and thus
autoimmunity.25e27

Age-related alterations in the ocular surface immune sys-
tem alone may increase the potential for the development of
DED. In this study we investigated the immunocytologic
profile of age-related DED. To accomplish this, we compared
632
groups ofmale and femalemice at three different ages: young,
mid-life, and elderly.We hypothesized that dry eye-associated
pathological changes of the cornea and conjunctiva will
develop with age in mice and that there be accompanying age-
related accumulation of CD4þ, CD8þ, and activated DCs in
the ocular surface and lacrimal gland (LG) tissues.

Materials and Methods

Animals

C57BL/6 mice of both sexes, at three different age groups
were evaluated: young (8 weeks old; The Jackson Labora-
tory, Bar Harbor, ME), middle-aged retired breeder (6 to 9
months olds; The Jackson Laboratory), and elderly (24
months old; National Institute on Aging, Bethesda, MD).
Recombination activating gene-1 (RAG1) knockout (KO)
mice were purchased from The Jackson Laboratory for
establishing breeding colonies in our facility and were used
at 8 weeks of age.
Our animals were kept in a standard vivarium facility that

is managed by Baylor Center for Comparative Medicine.
Mice were exposed to a 12-hour light cycle while in the dry
eye room and in the vivarium, because both facilities have
timers that control the light/dark cycle.
Mice under desiccating stress (DS) were kept in a separate

room in our laboratory, whereby humidity control is achieved
by a special heating, ventilating, and air-conditioning unit on
the ceiling, and further desiccation is provided by two por-
table dehumidifiers.
C57BL/6 mice (n Z 262) were used in this study, 131 of

each sex as follows: 46 young C57BL/6 mice (no treat-
ment), 41 middle-aged mice, 39 mice elderly mice, and 5
young C57BL/6 mice subjected to DS.
C57BL/6 mice (n Z 46) of both sexes at 8 weeks of age

were used for these studies as follows: histological sections
(n Z 5; eyes and LG), flow cytometry (n Z 12, LG),
corneal permeability (n Z 12 animals), gene analysis
(n Z 12, cornea and conjunctiva), and adoptive transfer
donors (n Z 5, isolation of CD4þ T cells). Evaluation of
corneal smoothness was performed immediately after the
euthanasia, on the same mice that were used for flow
cytometry (n Z 12). Tear measurements and tear collection
for epidermal growth factor (EGF) assays were performed in
live mice on two consecutive days in mice later used for
corneal staining or for flow cytometry (n Z 12).
C57BL/6 mice (n Z 41) of both sexes at 6 to 9 weeks of

age were evaluated. The same read-outs evaluated in the
young C57BL/6 mice were used, except for adoptive
transfer. C57BL/6 mice (n Z 39) of both sexes at 24
months of age were evaluated in the similar manner as
young C57BL/6 mice except for corneal permeability.
Young C57BL/6 mice (n Z 5) of both sexes were sub-

jected to DS for 5 days as positive controls for the adoptive
transfer experiments. RAG1 KO mice (nZ 30) were used as
recipients of adoptively transferred CD4þ T lymphocytes
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from mice of both sexes (n Z 5 per age group/sex) 8 weeks
old, 24 months old, and subjected to DS for 5 days.

This research protocol was approved by the Baylor Col-
lege of Medicine Center for Comparative Medicine, and it
conformed to the standards of the Association for Research
in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research.

Evaluation of Corneal Smoothness

Corneal smoothness was assessed in 12 mice of the young,
middle-aged, and elderly groups of both sexes as previously
published.28 Both eyes were imaged, and results were
averaged with all 24 samples. Results are presented as
means � SD.

Tear Volume Measurements

Phenol red threads tests were used to measure tear volume,
as previously described.29 Briefly, a phenol red impregnated
thread (Zone-Quick; Showa Yakuhin Kako Co., Tokyo,
Japan) was held in the lateral canthus of each eye for 20
seconds. A color change from yellow to red occurs in the
thread when tears are absorbed. The distance was converted
to volume according to a previously published standard.29

Corneal Permeability

Corneal epithelial permeability to Oregon-green-dextran
(OGD; 70,000 molecular weight; Invitrogen, Eugene, OR)
was assessed in 12 C57BL/6 mice of both sexes and all ages
(young, middle-age, and elderly), as previously described.28

The severity of corneal OGD staining was graded in digital
images by two masked observers, using NIS Elements
version 3.0 (Nikon, Melville, NY). Both corneas were
rinsed with PBS and photographed with a high dynamic and
resolution digital camera (Coolsnap HQ2; Photometrics,
Tucson, AZ) attached to a stereoscopic zoom microscope
(SMZ 1500; Nikon), under fluorescence excitation at 470
nm. Results are presented as means � SD of gray levels.

Tear Washings and EGF Enzyme-Linked Immunosorbent
Assay

Tear fluid washings were collected from 12 animals/group/
age (young, middle-aged, elderly) in two independent ex-
periments, using a previously reported method.30 One
sample consisted of tear washings from both eyes of 1
mouse pooled (2 mL) in PBS þ 0.1% bovine serum albumin
(8 mL) and stored at �80�C until the assay was performed.
Results are presented as means � SD (pg/mL).

Histology, PAS Staining, and IHC

Five right extraorbital LGs and right eyes from each sex/
age, at 8 weeks, 6 to 9 months, and 24 months, were
The American Journal of Pathology - ajp.amjpathol.org
surgically excised, fixed in 10% formalin, and embedded in
paraffin, and 8-mm sections were cut. Sections were stained
with H&E for evaluating morphology and with PAS reagent
for measuring goblet cell (GC) density, and images were
acquired and processed as previously published.31

For immunohistochemistry, five left extraorbital LGs and
left eyes from each sex/age at 8 weeks, 6 to 9 months, and
24 months were excised, embedded in optimal cutting
temperature compound (VWR, Suwanee, GA), and flash
frozen in liquid nitrogen. Sagittal 8-mm sections were cut
with a cryostat (HM 500; Micron, Waldorf, Germany) and
placed on glass slides that were stored at �80�C.

Immunohistochemistry was performed to detect cells in
the conjunctiva and LGs stained positively for CD4 (clone
H129.9; 10 mg/mL), CD8a (clone 53e6.7; 3.125 mg/mL)
(both from BD Bioscience, San Diego, CA) as previously
published.28 CD4/CD8 ratio was calculated by dividing the
average number of CD4þ T cells by the average number
CD8þ T cells in the conjunctival epithelium, as previously
published.32

RNA Isolation and Real-Time PCR

Total RNA collected from the conjunctiva and cornea was
extracted with a Qiagen MicroPlus RNA isolation Kit
(Qiagen, Valencia, CA) and processed, and cDNA was
synthesized as previously published.28 Twelve samples per
group/age were used, and one sample consisted of pooled
conjunctiva of right and left eyes of the same animal.

Real-time PCR was performed with specific MGB probes
(Taqman; Applied Biosystems, Inc., Foster City, CA) and
PCR master mix (Taqman Gene Expression Master Mix), in
a commercial thermocycling system (StepOnePlus Real-
Time PCR System; Applied Biosystems), according to the
manufacturer’s recommendations. Murine MGB probes
were GAPDH (Mm99999915), MMP-9 (Mm00442991),
IL17A (Mm00439618), IFNG; (Mm00801778), CCL20
(Mm00444228), and IL13 (Mm00434204). The GAPDH
gene was used as an endogenous reference for each reaction.
The results of real-time PCR were analyzed by the compar-
ative CT method whereby target change equaled 2�DDCT. The
results were normalized by the CT value of GAPDH. The
mean CT of relative mRNA level in the 8-week-old female
group was used as the calibrator.

Flow Cytometric Analysis

Right and left extraorbital LGs from one mouse per age/sex
were excised and pooled into a single sample from mice at 8
weeks, 6 to 9 months, and 24 months of age (nZ 12 animals/
group divided into three independent experiments with four
samples per group/age/experiment). Single-cell suspensions
of LGs containing 1 � 106 cells were prepared as previously
described.33 Briefly, single-cell suspensions of collagenase-
digested LGs were stained with anti-CD16/32, followed by
cell surface staining as follows: tube 1, antieCD4-fluorescein
633
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isothiocyanate (FITC; GK1.5; BD Pharmingen, San Diego,
CA), antieCD8a-phosphatidylethanolamine (PE; clone
53e6.7; BD Pharmingen), antieAPC-B220 (clone RA3-
6B2; BD Pharmingen); tube 2, antieCD11c-FITC (clone
HL3; BD Pharmingen), antieCD11b-APC (Clone M1/70;
BD Pharmingen), and antiemajor histocompatibility com-
plex (MHC) II (I-AI-E-PE, clone 2G9; BD Pharmingen); and
tube 3, antienatural killer (NK)-PE (pan-NKmarker, CD49b,
clone DX5; BD Pharmingen) and antiegd T-cell recep-
toreFITC (clone GL3; BD Pharmingen). Single-cell prepa-
rations of splenocytes obtained from youngmicewere stained
with the same antibodies and served as positive controls. The
gating strategy used in this studywas as follows: lymphocytes
and monocytes were individually identified on the basis of
forward scatter and side scatter properties, subsequently gated
on the basis of forward scatter height versus forward scatter
area (singlets 1), then gated on side scatter height versus side
scatter area (singlets 2). Propidium iodide exclusion was used
to discriminate live cells. Because of paucity of somemarkers
in the LGs, a minimum of 50,000 to 300,000 events were
collected. ABDLSRII Benchtop cytometer was used for flow
cytometry, and data were analyzed with BD Diva software
version 6.7 (BD Pharmingen) and FlowJo software version
7.6.5 (Tree Star Inc., Ashland, OR).

Murine DS Model

DS was induced by subcutaneous injection of scopolamine
hydrobromide (0.5 mg/0.2 mL; Sigma-Aldrich, St. Louis,
MO), four times daily (8 AM, noon, 2 PM, and 5 PM), for 5
consecutive days in 8-week-old C57BL/6 mice of both sexes
(n Z 5), as previously published.28 Mice were placed in a
cage with a perforated plastic screen on one side to allow
airflow from a fan placed 6 inches in front of it for 16 hours
per day. Room humidity was maintained at 30% to 35%.

Isolation of Murine CD4þ T Cells and Adoptive Transfer

Superior cervical lymph nodes and spleens from donor mice
of both sexes from nonstressed mice at 8 weeks and 24
months and after DS for 5 days (at 8 weeks) were meshed
gently between two frosted end glass slides, as previously
described.28 Adoptive transfer recipients (RAG1 KO mice,
sex specific, at 8 weeks of age) received 5 � 106 untouched
CD4þ cells intraperitoneally and were sacrificed 72 hours
after the initial adoptive transfer.

Repeatability of Data and Statistical Analysis

All experiments were repeated at least two times. After
completion of all experiments, data were averaged, and
graphs were generated. Sample size calculation was per-
formed with StateMate Software version 2.0 (GraphPad Inc.,
San Diego, CA), based on preliminary data.

Two-way analysis of variance with Tukey’s post hoc
testing was used for overall statistical comparisons. P< 0.05
634
was considered statistically significant. These tests were
performed with GraphPad Prism 5.0 software (GraphPad
Inc., San Diego, CA).

Results

Mice Develop Ocular Surface Disease with Age

Hallmarks of DED include increased corneal surface irreg-
ularity, disrupted corneal barrier function, and conjunctival
GC loss.28,32,34 Corneal irregularity was measured by
grading the distortion of a circular light reflected off the
corneal surface. Videokeratoscopic surface irregularity
indices that were based on a similar principle were found to
correlate with the severity of corneal epithelial disease in
patients with dry eye,34 and corneal surface irregularity
significantly increased in mice with experimental dry eye.28

As seen in Figure 1, A and B, corneal irregularity increased
with age in both male and female mice. This increase was
observed at the 6 to 9 months of age and did not further in-
crease at age 24 months. No difference was observed be-
tween sexes at any age (Figure 1, A and B, and Table 1).
Corneal barrier function studies showed that middle-aged

female mice have significantly increased permeability to the
fluorescent 70-kDa molecule OGD compared with young
female and middle-aged male mice (Figure 1C). We were
unable to use this technique in the elderly group because of
the ubiquitous presence of cataracts in these mice, which
prevent accurate measurement of corneal fluorescence as a
result of increased background fluorescence from the cata-
ratous lens (data not shown).
Filled GCs were identified on paraffin-embedded conjunc-

tival sections stained with PAS. A significant decrease in GC
density in conjunctiva (cells/mm) was observed at the 6- to 9-
month age and persisted at 24 months (Figure 1, D and E). In
contrast to corneal irregularity, male mice exhibited signifi-
cantly greater loss of mucin-filled GCs at 24 months than fe-
male mice. No differences were observed between sexes in
younger mice.
DED is accompanied by an increase in CD4þ T cells and

an increase in the CD4/CD8 ratio in the conjunctival
epithelium.32 To evaluate the density of CD4þ and CD8þ T
cells that infiltrate the conjunctival epithelium, we evaluated
conjunctiva cryosections immunostained for each T-cell
subset. Aging was associated with an increase in the number
of CD4þ cells in the conjunctival epithelium in both the
middle-aged and elderly groups (Figure 1, F and G),
consistent with our hypothesis that older mice develop dry
eye. A difference between sexes was observed at 24 months,
with male mice having a greater number of infiltrating
CD4þ T cells than female mice. The number of CD8þ cells
in the conjunctival epithelium increased at the 6- to 9-
month age in male mice and at 24 months in female mice
(Figure 1H) and an increased CD4/CD8 ratio was observed
with aging (Figure 1I). No significant difference was found
between sexes at any age.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Ocular surface phenotype in young (8 weeks), middle-aged (6 to 9months), and elderly (24 months) C57BL/6mice.A: Corneal irregularity score. Bar
graphs show means� SD of three independent experiments with four animals per experiment (8 eyes per experiment, yielding a final sample of 24 eyes per age/
sex).B: Representative corneal rings used to generate the graph inA. C: Corneal Oregon-Green dextranfluorescence intensity score. Bar graphs showmeans� SD of
three independent experiments with four animals per experiment (8 eyes per experiment, yielding a final sample of 24 eyes per age/sex). D: Number of PASþ

conjunctival goblet cells counted in paraffin-embedded sections expressed as number permillimeter. Bar graphs showmeans� SD of two independent experiments
with two to three animals per age and sex, yielding a final sample of five right eyes for each group). Both eyes/animals were independently evaluated, and results
were averaged. E: Representative images of conjunctiva sections stained with PAS used to generate the bar graph in D. F: Representative images of conjunctiva
frozen sections immunostained for CD4 (in red) used to generate the bar graph in G. G: CD4þ T cells infiltrating the conjunctival epithelium. H: CD8þ T cells
infiltrating the conjunctival epithelium. Both CD4 and CD8 evaluation, bar graphs showmeans� SD of two independent experiments with two to three animals per
age and sex, yielding a final sample offive left eyes for each group). I: CD4/CD8 ratio in conjunctiva epithelium. *P< 0.05, **P< 0.01, and ***P< 0.001 for within
strain comparison; yyP< 0.01, and yyyP< 0.001 for sex comparison. Originalmagnification:�40 (E andG). Scale bars: 100mm(D andG). ND, not determined; 8W, 8
weeks; 6-9M, 6 to 9 months; 24M, 24 months. Dashed lines indicate female-to-female comparison; solid lines indicate male-to-male comparisons.

Dry Eye with Aging
Increased Ocular Surface Inflammation with Aging

In our inducible DS model, we have found increased levels
of transcripts that encode encoding matrix metalloproteinase
Table 1 Summary of Findings in Ocular Surface and Lacrimal Gland w

Parameters
Age comparison with young mice
(8 weeks)

Ocular surface parameters Corneal irregularity
Corneal permeability
GC density
CD4þ T-cell infiltration in conjunctiva

Gene expression analysis in
cornea and conjunctiva

MMP-9 mRNA in cornea
IL-17A mRNA in cornea
CCL20 mRNA in cornea
IFN-g mRNA in conjunctiva
IL-17A mRNA in conjunctiva
IL-13/IFN-g ratio in conjunctiva
IL-17/IFN-g ratio in conjunctiva

LG evaluation Tear volume
Tear EGF concentration
CD4þ T-cell infiltration
CD8þ T-cell infiltration
B-cell infiltration
CD11cþMHC IIþ

CD11bþMHC IIþ

Mice were compared with young mice (8 weeks old).
*P � 0.05 compared to young mice.
yP � 0.05 compared to 6- to 9-month-old mice.
F, female; M, male; CCL20, chemokine ligand 20; EGF, epidermal growth facto

tocompatibility complex; MMP-9, matrix metallopeptidase 9; ND, not determined

The American Journal of Pathology - ajp.amjpathol.org
9 (MMP-9) and T-cellerelated cytokines, notably IL-17A
and IFN-g, in the conjunctiva.31 To investigate if the age-
related dry eye phenotype was accompanied by increased
levels of the same inflammatory mediators we performed
ith Aging

Middle-aged
(6e9 months)
mice

Old (24
months)
mice Significant sex effect/time point

[* [* F Z M
[* ND F >> M
Y* Y* M << F (24 months)
[* [*y M > F
[* [*y F > M (24 months)
[* [*y F > M (6e9 months and 24 months)
[* [*y F > M (24 months)
B [*y M > F (24 months)
[* [*y F > M
Y* Y* Y M, B F
[* [*y F >> M
[* [*y F Z M
[* [* M > F (24 months)
[* [*y M > F (24 months)
[* [*y M > F (24 months)
[* [*y F > M (24 months)
B Y*y F Z M (24 months)
B Y*y F Z M (24 months)

r; GC, goblet cell; IFN-g, interferon g; LG, lacrimal gland; MHC, major his-
; B, no change; [, increase; Y, decrease.
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http://ajp.amjpathol.org


Figure 2 Aging induces expression of T-celle
related cytokines in cornea and conjunctiva. A:
Relative fold of expression of MMP-9, IL-17A, and
CCL20 mRNA in cornea. Bar graphs show
means � SD of one representative experiment with
six samples per age and sex (experiment was
repeated twice with similar results). One sample
consisted of pooled right and left corneas of the
same animal. B: Relative fold expression changes in
IFN-g, IL-17A, and IL-13 mRNA in conjunctiva. Bar
graphs show means � SD of one representative
experiment with six samples per age and sex
(experiment was repeated twice with similar re-
sults). One sample consisted of pooled right and
left corneas of the same animal. C: IL-17/IFN-g
ratio in conjunctiva. D: IL-13/IFN-g ratio in con-
junctiva. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001 for within strain comparison;
yyP< 0.01, yyyP< 0.001, and yyyyP< 0.0001 for sex
comparison. CCL20, chemokine ligand 20; IFN-g,
interferon g; MMP-9, matrix metallopeptidase 9;
8W, 8 weeks; 6e9M, 6 to 9 months; 24M, 24
months. Dashed lines indicate female-to-female
comparison; solid lines indicate male-to-male
comparisons.

McClellan et al
real-time PCR for MMP-9, T-cell related cytokines, and
chemokines in corneal epithelium and in whole thickness
biopsies of conjunctiva (containing epithelium, stroma, and
resident inflammatory cells) of mice of all ages and both
sexes. Our results are summarized in Figure 2, A and B.

An increase was found in MMP-9, IL-17A, and CCL20
mRNA in the cornea with aging in female mice, reaching
statistical significance at 6 to 9 and 24 months for MMP-9
and IL-17A and at 24 months for CCL20 compared with
baseline. Levels of MMP-9, IL-17A, and CCL20 were also
higher in female mice than in male mice (Figure 2A). We
observed that a significant age-related increase was found in
IL-17A mRNA transcripts in both sexes at 6 to 9 months
and 24 months in conjunctiva (Figure 2B), but female mice
had significantly higher levels than male mice. IFN-g
mRNA transcripts were significantly increased in elderly
male mice, compared with young mice of the same sex and
also with female mice of the same age (Figure 2B), whereas
no significant change in IL-13 with aging was observed.

Another way to interpret the changes in T-cell cytokines
with aging is to display the data as ratios of signature cy-
tokines. We have previously shown that the Th2 cytokine
636
IL-13 is a homeostatic factor for conjunctival GCs,35

whereas the Th1 cytokine IFN-g promotes epithelial meta-
plasia, apoptosis, and GC loss.32,36 It has been noted in
other systems that these Th cytokines antagonize each other
in vivo and in vitro.37e41 We used the mean values of gene
expression of Th17, Th1, and Th2 signature cytokines, IL-
17A, IFN-g, and IL-13, respectively, to generate Figure 2,
C and D. Interestingly, the IL-13/IFN-g ratio (Figure 2C)
and the IL-17A/IFN-g ratio (Figure 2D) at the 6- to 9-month
and 24-month time points were lower in male mice than in
similarly aged female mice. These findings suggest that
male mice develop a Th1-skewed response, whereas female
mice develop more of a Th17-skewed response with aging.

LG Function and Inflammation

Tear volume has been used as a measure of LG function, but
conflicting results have been found in rodents.42e44 Tear
volume was measured with the phenol red cotton-thread
technique.45 We observed that tear volume increased from
8 weeks to 6 to 9 months and from 6 to 9 months to 24
months in female mice (Figure 3A). Male mice also
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Lacrimalglandevaluation in young (8weeks),middle-aged (6 to9months), andold (24months) C57BL/6mice.AandB: Tear volume (A;means� SD) and
tear EGF concentrations (B) were measured by enzyme linked immunosorbent assay. Tear washings from both right and left eyes from one mouse per age and sex were
collected andpooled into a single tube, yieldingafinal sample of 12 individual samples per group and age divided into three independent experimentswith four samples
per experiment). Bar graphs show themeans� SD. C andD: Representative images of lacrimal gland frozen sections immunostained for CD4 (in red, C) and CD8 (in red,
D). *P< 0.05, **P< 0.01, and***P< 0.001 forwithin strain comparison; yyP< 0.01 for sex comparison. Originalmagnification:�40 (C andD). EGF, epidermal growth
factor; 8W, 8 weeks; 6-9M, 6 to 9 months; 24M, 24 months. Dashed lines indicate female-to-female comparison; solid lines indicate male-to-male comparisons.

Dry Eye with Aging
exhibited a significant increase in tear volume with age,
present at 6 to 9 months and sustained at 24 months. No
difference was found between sexes at any of the three age
groups.

EGF is a multifunctional cytokine that regulates prolif-
eration, differentiation, and survival of epithelial cells. EGF
is secreted by LGs in humans,46,47 is measurable in tears of
mice,30,48,49 and tear EGF concentration is significantly
lower in murine models of Sjögren syndrome.48 In human
patients, decreased EGF concentration was noted in patients
with aqueous tear-deficient dry eye compared with control
subjects50 and inversely correlated the severity of corneal
and conjunctival disease measured by dye staining.46

Because we had previously shown that EGF concentration
in murine tears inversely correlated with total inflammatory
cell infiltrate, as well as CD4 and CD8 infiltration in LGs of
autoimmune prone CD25 KO mice,48 we assayed EGF in
tears of all mice of both sexes at all three time points.
Figure 3B summarizes our findings. Mirroring the tear vol-
ume results, tear EGF concentration significantly increased in
the middle-age and elderly groups. We observed that young
and elderly female mice have significantly lower tear EGF
concentration than similarly aged male mice, and a signifi-
cant increase in EGF concentration in both sexes at the 6- to
9-month and 24-month time points was seen.

Lymphocytic infiltration, mainly periductally, has been
noted in the aged human LG.51e53 In contrast to marked
lymphocytic infiltration of the LG that develops with aging
in certain autoimmune strains of mice that have been used as
models of Sjögren syndrome, the T-cell infiltration in aged
C57BL/6 mice is relatively mild.33,49,54,55 CD4þ and CD8þ

T cells in LG cryosections were identified by immunohis-
tochemical staining. Overall, minimal infiltration was
observed in the young LG, whereas increased T-cell infil-
tration of periductal and acini was noted with aging
(Figure 3, C and D). However, preservation of LG paren-
chyma was found with normal-appearing filled acini in
>90% of the gland (data not shown).

Flow cytometric analysis of freshly isolated cells from
LGs of all age groups and both sexes was used to quantify
the immune cell subsets that infiltrated the gland, including
The American Journal of Pathology - ajp.amjpathol.org
CD4, CD8, and gd T cells; B cells, monocytes, DCs, and
NK cells. Our flow cytometric analysis is presented in
Figure 4. We found that aging increases the CD4þ and
CD8þ T-cell populations which are more pronounced in
female mice at 6 to 9 months of age and in male mice at 24
months. In contrast to the conjunctiva (Figure 1I), the CD4/
CD8 ratio in the LG decreases with age (Figure 4). We also
noted an increase in B cells with aging, with significantly
higher numbers in old female mice. In contrast, a significant
decrease was found in NKþ cells in female mice at 24
months and no change in the frequency of gd Tþ cells with
aging.

We observed that aging significantly decreased the fre-
quency of CD11cþ cells in female mice at 24 months, with
no change in the number of CD11bþ cells. However, when
evaluating CD11cþ MHC IIþ and CD11bþ MHC IIþ cells
we observed that both populations decreased at 24 months.
Interestingly, at 24 months, CD11cþ MHC IIþ cell, acti-
vated DCs were more numerous in male mice.

Taken together, our results show that the autoimmune
infiltration in aged LGs was composed of CD4þ, CD8þ, and
B cells and this parallels a decrease in CD11cþ MHC IIþ,
CD11bþ MHC IIþ, and NKþ cells.

CD4þ T Cells from Aged Mice Induce Autoimmune
Lacrimal Keratoconjunctivitis

Dry eye is a multifactorial disease. Increasing evidence in-
dicates that effector CD4þ T cells contribute to the LG
immunopathology in Sjögren syndrome and perhaps with
aging. Inflammation in the LGs, cornea, and conjunctiva,
which results in increased T-cell infiltration and conjunc-
tival GC loss, has been induced by transferring CD4þ T
cells from mice subjected to DS to T-celledeficient mice
that have not been exposed to DS.56

We observed a dry eye phenotype as mice aged
(increased corneal irregularity, increased corneal barrier
disruption, GC loss, and increased CD4þ T-cell infiltration
in the conjunctiva and LGs), despite the lack of LG secre-
tory function, suggesting that ocular surface changes appear
to be a result of age-related increase in inflammation. We
637

http://ajp.amjpathol.org


Figure 4 Flow cytometric analysis of
LG in young (8 weeks), middle-aged (6 to
9 months), and old (24 months) C57BL/6
mice. Right and left extraorbital LGs
from one mouse per group and sex were
excised and pooled into a single tube,
yielding a final sample of 12 individual LG
samples per group and age divided into
three independent experiments with four
samples per experiment). Bar graphs show
means � SD. *P < 0.05, **P < 0.01, and
***P < 0.001 for within strain compari-
son; yP < 0.05 for sex comparison. LG,
lacrimal gland; MHC, major histocompat-
ibility complex; TCR, T-cell receptor; 8W,
8 weeks; 6-9M, 6 to 9 months; 24M, 24
months. Dashed lines indicate female-to-
female comparison; solid lines indicate
male-to-male comparisons.

McClellan et al
hypothesized that aging leads to accumulation of autor-
eactive, pathogenic CD4þ T cells. To test this hypothesis,
we performed adoptive transfer of freshly isolated CD4þ T
cells from young (8 weeks) and old (24 months) mice of
both sexes, using immunodeficient RAG1 KO mice as re-
cipients. Our standard adoptive transfer protocol, which uses
young C57BL/6 mice subjected to DS for 5 days, was used
as a positive control.
638
Our results from the adoptive transfer experiments are
summarized in Figure 5 and Table 2. Young RAG1 KO mice
that received CD4þ T cells from elderly mice of both sexes
showed a decrease in conjunctival GC density (Figure 5, A
and B), mirroring the reduction in GC density seen in the
aged donor mice (Figure 1D). The magnitude of GC loss
after adoptive transfer of CD4þ T cells from aged mice was
comparable with that seen after transfer of CD4þ T cells
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Results of adoptive of CD4þ T cells from young (8 weeks), middle-aged (6 to 9 months), and old (24 months) C57BL/6 mice to 8-week-old RAG1KO
recipients. Mice subjected to DS for 5 days were used as positive controls. A: Representative images of conjunctiva sections stained with PAS used to generate
the bar graph in B. B: Number of PASþ conjunctival goblet cells counted in paraffin-embedded sections expressed as number per millimeter. Bar graphs show the
means � SD of two independent experiments with two to three animals per age and sex, yielding a final sample of five right eyes per age and sex). Both eyes/
animals were independently evaluated, and results were averaged. C: Representative images of conjunctiva frozen sections immunostained for CD4 (in red) used
to generate the bar graph in D. D: CD4þ T cells infiltrating the conjunctival epithelium. Bar graphs show the means � SD of two independent experiments with
two to three animals per age and sex, yielding a final sample of five right eyes for each group). Both eyes/animals were independently evaluated, and results
were averaged. E: Representative images of LG frozen sections immunostained for CD4 (in red) used to generate the bar graph in F. F: CD4þ T cells in the LG. Bar
graphs show means� SD of two independent experiments with two to three animals per age and sex, yielding a final sample of five individual left LGs per group
and age). *P< 0.05, **P< 0.01, and ***P< 0.001 for within strain comparison. yyP< 0.01 for sex comparison. Original magnification:�40 (A, C, and E). CJ,
conjunctiva; DS, desiccating stress; DS5, desiccating stress for 5 days; LG, lacrimal gland; RAG1KO, recombination activating gene-1 knockout; 8W, 8 weeks;
6-9M, 6 to 9 months; 24M, 24 months. Dashed lines indicate female-to-female comparison; solid lines indicate male-to-male comparisons.
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from young C57BL/6 donors subjected to DS (Figure 5B)
which were used as positive controls. No sex difference in
GC density was observed in RAG1 KO recipients of elderly
CD4þ T cells.

With respect to the number of CD4þ T cells that infil-
trated the conjunctiva, a statistically significant increase was
found in RAG1 KO recipients of the elderly group for both
sexes with greater infiltration seen from male donors
Table 2 Summary of Changes Observed in Young RAG1 KO after
Receiving CD4þ T Cells Isolated from Young (8 weeks) and Old (24
months) Mice of Both Sexes

Donor age compared with young donor
Old
mice

Significant sex
effect/time
point

GC density Y* F Z M
CD4þ T-cell infiltration in conjunctiva [* M >> F
CD4þ T-cell infiltration in LG [* M >> F

*P � 0.05 compared to young (8 weeks old) mice.
F, female; M, male; GC, goblet cell; LG, lacrimal gland; ND, not deter-

mined; RAG1 KO, recombination activating gene-1 knockout; [, increase;
Y, decrease.

The American Journal of Pathology - ajp.amjpathol.org
(Figure 5, C and D). The extent of conjunctival cell infil-
tration was similar to that seen in the positive control donor
group (DS for 5 days). The age and sex effect observed in
the adoptive transfer (Figure 5, B and D) was similar to
what was observed in the donor mice (Figure 1, D and G).

Cryosections of LGs stained for CD4þ T cells in RAG1
KO recipients were evaluated. Recipients of CD4þ T cells
from elderly donors showed significantly higher numbers of
infiltrating cells than those receiving cells from young do-
nors (Figure 5, E and F). Similar to the conjunctiva, greater
CD4þ T-cell infiltration was seen in recipients of elderly
male donors than female donors. However, unlike the
conjunctiva, the increase in CD4þ T cells observed in LGs
of RAG1 KO recipients of cells from older mice was not
quite to the degree observed in the positive control group
that received CD4þ T cells from C57BL/6 mice that were
subjected to DS.

Discussion

The strong correlation between age and the prevalence of
DED has been well established.11 Although alterations in
639
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the immune response associated with aging have been
identified,57 there is a paucity of information whether these
changes affect the mucosal-associated lymphoid tissue in
the ocular surface and LG and contribute to development of
clinical DED.

Evidence is increasing that the ocular surface epithelial
disease that develops in dry eye results from inflammation
that is initiated by changes in tear composition, such as
increased tear osmolarity that results from decreased LG
secretion or increased evaporation due to lipid tear defi-
ciency.58 In human dry eye, CD4þ T cells have been found
to infiltrate the conjunctiva and produce IFN-g and IL-17.31

The antigen that incites this immune reaction is yet to be
determined, but experiments in mouse models indicate that
the ocular surface DCs activated by dry eye and migrating to
the regional lymph nodes are essential for this autoimmune
reaction.59 Because increased age is the strongest risk factor
for dry eye in humans, we hypothesized that changes in the
immune environment of the ocular surface with aging pre-
dispose to the development of surface epithelial changes. To
test this hypothesis, we evaluated the effects of aging on
immune/inflammatory cell populations in the LG and ocular
surface of the C57BL/6 mouse strain that we have found is
susceptible to developing autoimmune lacrimal keratocon-
junctivitis in response to short-term DS.31,32

Our results showed that aging induces signs of DED in
mice, characterized by an increased corneal irregularity,
corneal barrier disruption, and decreased density of filled
conjunctival GCs. These findings were accompanied by an
increase in CD4þ T-cell infiltration in the conjunctiva and
increased expression of IFN-g and IL-17A transcripts in
conjunctiva. In the LG, we observed an increase in both
CD4þ T cells and CD8þ T cells, B cells, and a decrease in
activated APCs with no change in LG function measured by
EGF concentration in tears. The contribution of pathogenic
CD4þ T cells to the development of age-related dry eye was
confirmed by the results of adoptive transfer experiments in
which CD4þ T cells from older donor mice produced
greater loss of mucin-filled GCs and CD4 infiltration in both
the ocular surface and LG of young, naive immunodeficient
RAG1 KO recipient mice (Tables 1 and 2).

One unique aspect of our study is the detailed charac-
terization of the ocular surface with aging. We observed in
aged mice the same dry eye phenotype induced by an
environmental challenge with low humidity and pharma-
cological blockade of LG secretion in young C57BL/6 mice:
increased corneal irregularity, increased corneal barrier
disruption, increased conjunctival GCs, and increased CD4þ

T-cell infiltration in the conjunctiva, which was accompa-
nied by increased IL-17A and MMP-9 transcripts in the
cornea and IL-17A and IFN-g transcripts in the conjunc-
tiva.28,31,32,60 As with human dry eye, many of these
changes were present at middle age.61e63

We had previously reported that the Th1 cytokine IFN-g
stimulates cornified envelope precursor production and
promotes GC loss in the conjunctival epithelium32 and that
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neutralization of IL-17A ameliorates corneal barrier
disruption in an experimental model of dry eye.31 Interest-
ingly, increased expression of IFN-g mRNA transcripts and
lower GC density was found in conjunctiva of older male
mice, whereas increased expression of IL-17A mRNA
transcripts and increased OGD intensity score as a marker of
corneal barrier disruption was significantly higher in older
female mice. Our studies agree with Williams et al64 who
found an increase of CD4þ T cells in the conjunctiva of
aged subjects and increased IFN-g production compared
with young subjects. These results suggest that the female
sex prevalence for dry eye could be a consequence of an
immunological bias toward a Th17 response. IL-17A has been
shown to cause barrier disruption in mice and increased
expression of MMPs,31 which both lead to increased desqua-
mation and break-down of tight junctions of the corneal
epithelium. Because epithelial corneal disease is responsible
for the irritation and blurred vision symptoms reported by
most patients with dry eye, neutralization of IL-17A may
prove to be an effective new therapeutic strategy for dry eye.
Preclinical studies in mice have shown success of treating
corneal disease by interfering with Th17 pathway.31,65,66

We observed that tear volume paradoxically increased
with aging, specifically in male animals. Changes in tear
parameters (such as tear volume, tear meniscus height, and
tear flow) are often found in elderly subjects.17,67e70 In
Sprague-Dawley rats, tear volume increased with aging in
male rats but not female rats.42 Increase,44 decrease,43 or no
change71 in tear volume has been noted in mice, depending
on the genetic background. Tear volume is also a composite
of fluid secretion by the LG and conjunctival and corneal
epithelia. In addition, an increase in leakage of conjunctival
blood vessels, such as can occur with ocular surface
inflammation, can increase tear volume. In favor of this
observation, we noted that in the severely autoimmune strain
CD25 KO, which has 60% destruction of LG as early as 8
weeks of age, tear volume increases with age (data not
shown). Marko et al44 described an increase in tear volume in
the Spdef null mouse, which lacks GCs and has inflammatory
cell infiltration of the conjunctiva.
Consistent with previous studies that noted mild-to-

moderate lymphocytic infiltration of rodent LGs,53,55 we
noted an increase in LG inflammation with age. Our tear vol-
ume findings suggest that this level of inflammation is not
sufficient to decrease secretory function. More severe lym-
phocytic inflammation or higher levels of inflammatory cyto-
kines may be needed to affect LG function as seen in LGs of
autoimmunemouse strains, such as nonobese diabetic, IqL/Jic,
CD25 KO, and C57BL/6.NOD-Aec1Aec2 mice.33,33,48,72e76

Our findings suggest that age-related increases in inflamma-
tory mediators make a greater contribution to development of
ocular surface disease than inflammation in the LG.
A review of the literature of aged humans and aged LGs

indicates that there is increased focal infiltration by T and B
cells and an accumulation of mast cells.53,55,77 Our results
showed an increase of CD4þ T cells, CD8þ T cells, and B
ajp.amjpathol.org - The American Journal of Pathology
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cells with age, with no change in DX5þ NK cells and gd T-
cell receptorþ cells, and a decrease in certain DC populations
(CD11cþ, CD11cþMHCIIþ, and CD11bþMHCIIþ). Sex-
specific changes were also observed: old male mice had a
higher percentage of CD4þ, CD8þ, and CD11cþMHC IIþ

cells than age-matched female mice. We have previously
demonstrated a significant increase in CD11cþ and
CD11cþMHC IIþ cells in the draining nodes59,78 and a
decrease in the conjunctiva (manuscript under review) in our
acute model of DS. The decrease in both CD11cþ and
CD11cþMHC IIþ cells within the aged LG suggests potential
immunodysregulation that remains to be defined.

To determine whether CD4þ T cells in elderly mice
contribute to the observed GC loss, we adoptively trans-
ferred CD4þ T cells from young or aged C57BL/6 donor
mice to young naive immunodeficient RAG1 KO recipients.
Compared with the young donors, a significantly greater
number of CD4þ T cells from aged donors homed to the
ocular surface and LGs of the recipients, and this T-cell
infiltration was accompanied by conjunctival GC loss.
These findings suggest that the CD4þ T cells in aged mice
are more pathogenic and are capable of inducing a dry eye
phenotype. There is a body of work to support that this is a
valid model to demonstrate autoreactive T cells. Adoptive
transfer of CD4þ T cells to immunodeficient recipients, such
as RAG-1 KO mice has been used to characterize autor-
eactive T cells in a number of different experimentally
induced autoinflammatory models, including inflammatory
bowel disease, experimental autoimmune encephalomy-
elitis, and experimental autoimmune uveitis.79e81 We have
previously used this method to show that autoreactive CD4þ

T cells generated in mice subjected to 5 days of DS were
capable of causing DED (GC loss and CD4þ T-cell infil-
tration of the conjunctiva and LG) when adoptively trans-
ferred to naive immunodeficient recipients.28,31,78 The
present study used the same model to compare the disease-
causing potential of CD4þ T cells isolated from young
unstressed donors, young mice with environmentally
induced dry eye, or unstressed old mice. We observed
minimal disease in the RAG recipients of young unstressed
donors. If autoimmunity would develop from these cells,
then we would have observed it in those recipients. In
contrast, only CD4þ T cells from old unstressed donors and
young mice subjected to desiccation produced DED in the
adoptive transfer recipients. We have previously reported
that transfer of pathogenic CD4þ T cells from donors sub-
jected to desiccation into immunocompetent recipients was
not capable of causing disease, unless we depleted regula-
tory T cells with anti-CD25 antibody.56 We did not inves-
tigate the cause for the increased pathogenicity of CD4þ T
cells with aging; however, we speculate that it might be due
to increased exposure to the inciting antigen, reduced reg-
ulatory cell activity, accumulation of pathogenic CD4þ T
cells, or reduction of tolerogenic DCs. The adoptive transfer
experiments of aged CD4þ T cells into young mice offers
the possibility of manipulating various immune components
The American Journal of Pathology - ajp.amjpathol.org
and gaining greater insight approaches for future studies in
aging.

Taken together, our present findings indicate that dry eye
may be an ideal condition to investigate the mechanisms by
which age-related alterations in immunoregulation leads to
development of autoimmunity.
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