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Abstract
Purpose—A role for γδ T cells in immunoregulation has been shown in a number of studies, but
in the absence of infection or induced disease, mice lacking γδ T cells generally appear to be healthy.
However, we report here that certain mice lacking γδ T cells often spontaneously develop keratitis,
characterized by a progressive and destructive inflammation of the cornea.

Methods—The keratitis developing in these mice was characterized in terms of prevalence in males
vs. females, age of onset, and histological features. Attempts were made to understand the underlying
causes of the disease by removing αβ T cells, altering sex hormones, and reconstituting γδ T cells.

Results—The development of keratitis in these mice depends upon the C57BL/10 genetic
background, and is much more common among females than males. The incidence of the disease
increases with age, exceeding 80% in females greater than 18 weeks old. We present evidence that
the keratitis in these mice is at least partly autoimmune in nature, and that despite its prevalence in
females, male hormones do not protect against the disease.

Conclusions—These findings indicate an important role for γδ T cells in maintaining immune
balance in the eye. The mice described in this study represent a potential new small animal model
of keratitis.

Introduction
γδ T cell function is not well-understood, and several hypotheses have been put forth to explain
the role of these cells [reviewed in1]. Of these roles, two have enjoyed fairly wide acceptance.
The first of these, that γδ T cells “bridge the gap” between innate and adaptive immunity, fits
in well with the non-random distribution of these cells in epithelial sites, at the junction between
the exterior and physiologic interior. The second hypothesis is that γδ T cells play an
immunoregulatory role. There is a considerable body of evidence for this, and a number of
reports indicate that distinct TCR-defined γδ T cells play particular immunoregulatory roles.
Because αβ T cells comprise several functional types, it is not difficult to envision that for γδ
T cells, both hypotheses are in fact correct. Reports showing that mice lacking γδ T cells
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(TCRδ−/− mice) are more susceptible to certain pathogens support the first hypohesis2–7,
whereas other reports showing exaggerated inflammatory responses in the absence of γδ T
cells support the second2, 8–14. However, one might expect that if γδ T cells are important in
regulating immune responses, spontaneous autoimmunity might sometimes arise in TCRδ−/
− mice. Mice on the FVB background have indeed been previously reported to develop a
spontaneous dermatitis12, although this appears to be the only published example so far of
unelicited autoimmunity in TCRδ−/− mice. Here, we report a second example: TCRδ−/− mice
having the C57BL/10 background (B10.TCRδ−/−) frequently develop a spontaneous
inflammation in the cornea of the eye (keratitis). This disease appears to arise at least partially
from autoimmune mechanisms, and is substantially more prevalent in females than in males,
affecting about 80% of females by 18 weeks of age. A low frequency of spontaneous keratitis
was also noted in wildtype C57BL/10 (B10) females. We hypothesize that immune balance in
the cornea of the eye is partially maintained by regulatory T cells of the γδ type, and that their
absence can increase the susceptibility of the eye to autoimmune attack.

Materials and Methods
Mice

C57Bl/10J (B10) mice, C57BL/6J (B6) mice, B6 background mice with an inactivating
mutation introduced into the TCR-Cδ gene [B6.TCRδ−/− mice8, 15], and B6 background mice
with an inactivating mutation introduced into TCR-Cβ gene [B6.TCRβ−/− mice16] were
originally obtained as breeding stock from the Jackson Laboratories (Bar Harbor, ME), and
maintained in our facility under SPF conditions. The B10.TCRδ−/− strain was then established
by crossing a B6.TCRδ−/− mouse with a B10 mouse, followed by 10 backcrosses onto the B10
background. Individuals to breed for the next generation were identified as those bearing the
defective TCR-Cδ gene, as determined by Southern blotting of DNA from peripheral blood
leukocytes, following digestion of the DNA with Hind III, and detecting the mutant gene with
a probe for the neomycin resistance gene15. After the tenth backcross, mice homozygous for
the mutant Cδ gene were established by intercrossing individuals heterozygous for the mutant
allele, and offspring unable to produce any γδ T cells were identified by flow cytometry of
blood T cells. A new line was established from these TCR-Cδ−/− homozygous individuals,
and has been maintained in our facility for about 7 years by brother/sister mating. The
B10.TCRβ−/− mice were established in a similar fashion, screening for the mutant Cβ gene
by Southern blotting of DNA from peripheral blood leukocytes, which had been digested with
Hind III, detecting the mutant Cβ using a probe for the neomycin resistance gene17. This strain
was also established as a homozygous line following the tenth backcross, and has been
maintained for about 6 years. B10.TCRβ−/−δ−/− mice were generated by crossing the
B10.TCRδ−/− strain with B10.TCRβ−/− to generate F1 offspring, then intercrossing the F1
mice to create F2 offspring. F2 mice which produced neither αβ nor γδ T cells were identified
by flow cytometry of purified peripheral blood T cells, and used to establish the new strain,
which has been maintained in our facility by brother/sister mating for about 3 years. The studies
described in this paper were reviewed and approved by the National Jewish Institutional
Animal Care and Use Committee, and we have adhered to guidelines in the AVRO Animal
Statement.

Histology
Mice were sacrificed by CO2 inhalation, and the eyes excised and fixed in 10% neutral-buffered
formalin, then paraffin-embedded. Sections (5 µm) were made of each paraffin block at a
variety of levels, and were stained with hematoxylin/eosin. Some sections were also stained
with Gomori’s silver stain or with Gram’s stain in an attempt to reveal any infectious fungi, or
Gram-positive or -negative bacteria, respectively, that might be present (not shown).
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Immunofluorescence
Corneas were frozen in OCT compound, as previously described for lung tissue18, and acetone-
dehydrated 10 µm sections stained with a pan-reactive anti-TCRβ monoclonal antibody
(H57-59719) plus an anti-hamster immunoglobulin biotin-conjugated antibody (Jackson
ImmunoResearch, cat. no. 127-065-160) and Cy3-conjugated streptavidin (Jackson
ImmunoResearch, cat. no. 016-160-084), together with either anti-CD4 (clone GK1.520) or
anti-CD8α (clone 53.6.721) monoclonal antibodies plus an anti-rat immunoglobulin Cy5-
conjugated F(ab’)2 antibody (Jackson ImmunoResearch, cat. no. 712-176-153).

Flow cytometry
Two-color flow cytometry was carried on nylon-wool purified spleen or peripheral blood cells
as previously described22. Before staining, cells were pre-blocked with 5–10 µg/ml of a
monoclonal antibody against Fc receptors to reduce non-specific staining [2.4G223].
Monoclonal antibodies grown, purified, labeled in our own laboratory and used for flow
cytometry include anti-Cδ FITC [GL324], anti-Cβ FITC [H57-59719], and anti-CD3-Biotin
[KT325]. Streptavidin-PE (Biosource, Camarillo, CA) was used as a secondary reagent to
detect the biotinylated antibody. Samples were analyzed on either a FACSCAN or
FACSCalibur flow cytometer and the data processed using FlowJo software.

αβ TCR depletion
B10.TCRδ−/− female mice at 6–7 weeks of age were treated with 100 µg of anti-αβ TCR
monoclonal antibody [H57-59719], diluted in Hanks BSS, by i.v. injection in 0.2cc. This
antibody was grown and purified in our laboratory using standard methods. The antibody was
re-injected every 6–8 days until the mice reached 18 weeks of age. Control mice were treated
in the same way using an equivalent amount of purified Syrian hamster gamma globulin
(Jackson ImmunoResearch, West Grove, PA; Cat. No. 007-000-002). The mice were
monitored by gross observation every 2 weeks for keratitis, and scored as described in Results.

Cyclosporin A treatment
Cyclosporin A (Sigma-Aldrich, St. Louis, MO) was dissolved in DMSO at a concentration of
7.5 mg/ml, and 0.1 cc injected intraperitoneally every 3–4 days, in B10.TCRδ−/− females,
starting at 6 weeks of age. Sham-treated controls were similarly injected at the same time but
with DMSO only. The treatment was continued until the mice reached 16 weeks of age.

Adoptive T cell transfer
Splenic T cells were purified from adult (6 weeks old or greater) female B10 mice. Briefly,
cells were dispersed by passage through steel mesh screens, and washed once in Iscove's
Complete Tumor Medium26 containing 5% FBS. The erythrocytes were then lysed with Gey’s
solution, and the cells washed again, and passed over a nylon wool column27 to enrich for T
cells. To eliminate αβ T cells, most NK cells, and B cells, the cells were next treated with a
cocktail of biotinylated monoclonal antibodies specific for the αβ-TCR [H57-597 (16)], NK1.1
(PK136, BD Pharmingen), and CD19 (1D3, BD Pharmingen), washed, and then incubated with
streptavidin-conjugated magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany), in
accordance with the manufacturer’s recommendations. After washing, the cells were passed
over an LD column (Miltenyi Biotec, Bergisch Gladbach, Germany) and the nonadherent
population (enriched for γβ T cells) collected. A small aliquot of the purified γβ T cells was
then stained with anti-CD3 [KT3-biotin25] and anti-Cδ [GL3-FITC28] monoclonal antibodies
plus PE-streptavidin to determine purity by flow cytometry (generally 70–80%), and the
remainder resuspended in Hank’s BSS plus 5% heat-inactivated FBS and injected
intravenously into 6–8 week old female B10.TCRδ−/− mice, using 0.5–1.0 × 105 cells/mouse.
Sham-treated matched controls were injected with Hank’s BSS plus 5% heat-inactivated FBS
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only. Adoptively-transferred mice were scored for keratitis on alternate weeks until 18–19
weeks old.

Orchiectomy
B10.TCRδ−/− male mice were orchiectomized at 3–4 weeks of age, before weaning and prior
to the descent of the testes. Mice were anesthetized by i.p. injection of 1.25% tribromoethanol
(Avertin, Sigma-Aldrich Co., St. Louis, MO) in PBS, using about 25 µl per gram of body
weight, to keep the mouse anesthetized for about 30 minutes. Abdominal hair was shaved, and
the shaved area swabbed with 70% ethanol. A lateral incision about 0.5 cm wide was then
made through the skin of the lower abdomen, followed by a slightly smaller incision through
the peritoneal membrane. Each testis/epididymis was then located with forceps and exposed.
Both testes were tied off together with a resorbable suture (Dexon II 4-0), and excised by cutting
above the suture knot with scissors. The peritoneum was next closed with 1–2 sutures, and the
abdominal skin with 2–3 sutures. Finally, antibiotic ointment (Neosporin) was applied with a
sterile swab to the sutured skin. While the mice were still unconscious, a time-release pellet
containing either 17-β estradiol (Innovative Research of America, Sarasota, FL; Cat. No.
NE-121, 1.7 mg 90-day release pellets) or a placebo pellet (Cat. No. NC-111, containing the
same biodegradable carrier-binder) was also implanted under the skin at the dorsal neck area
of each mouse, using a 10-gauge precision trochar. Following pellet implantation, mice were
wrapped in gauze and placed under a warming lamp until they regained consciousness. During
the recovery period (approximately 15 minutes), 0.2–0.4 cc of sterile saline was injected i.p.
to prevent dehydration. After regaining consciousness, the mice were placed in a clean cage
and restored to their mothers, and thereafter were weighed daily to verify that they were healing
properly; a weight gain was expected by the second day post-surgery. Any mice that failed to
show a weight gain by day 3 were euthanized. Antibiotic ointment was applied daily to the
surgical site at the time of weighing for 5–7 days, after which time the mice were weaned from
their mothers and no further treatment was provided. Starting at 6–7 weeks of age, the mice
were monitored by gross observation every 2 weeks for keratitis, and scored as described in
Results.

Microsatellite mapping
B10.TCRδ−/− × B6.TCRδ−/− F2 females were generated, and tail clips obtained from each
when the mice were weaned. DNA was purified from the tail clips as follows: ~1 cm-long tail
clips were placed in 0.5 ml of digestion buffer (10 mM Tris pH 7.5, 400 mM NaCl, 100 mM
EDTA, 0.6% SDS, 800 µg/ml Proteinase K) in a 1.5 ml microcentrifuge tube and incubated
overnight at 56°C. 150 µl of 6M NaCl (saturated) was then added to each sample and the tubes
shaken vigorously by hand for approximately 30 seconds. The samples were then centrifuged
at room temperature at top speed in a microcentrifuge, and 0.5 ml of the supernatant transferred
to a new tube containing 750 µl of 95% ethanol. The tubes were then inverted gently by hand
and the precipitated DNA lumps transferred to a new tube containing 200 µl of TE (10 mM
Tris ph 7.5 + 1 mM EDTA), using a small pipetteman tip. The samples were placed at 37°C
for several hours, and shaken by hand a few times to rehydrate the DNA. The concentration
of DNA in each sample was then determined by optical density at 260 nm with a
spectrophotometer. The DNA samples from each mouse were tested by PCR to amplify a
chromosome 4 or 13 microsatellite marker whose size in B10 differs from that in B6 (D4Mit157
and D13Mit115; ResGen, InVitrogen Corp., Frederick, MD), using ~6 ng of DNA in each 20
µl reaction, plus 0.6 µl of each microsatellite primer (6.6µM), and PCR conditions as
recommended by InVitrogen. All results were verified by repeating each PCR at least once.
The F2 mice that provided each DNA sample were scored by gross observation on alternate
weeks for keratitis until they reached 18–19 weeks of age.
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Statistics
Fisher’s Exact Test for analysis of a 2 × 2 contingency table (one-tailed) was used to calculate
p-values, using GraphPad Prism software. As indicated in Fig. 3, the significance of
experimental values obtained was in some cases determined by comparison with historical
controls.

Results
Mice lacking γδ T cells develop spontaneous keratitis

A new mouse strain incapable of producing γδ T cells, due to insertion of the neomycin
resistance gene into a constant region gene for TCR-δ15, was generated by backcrossing
C57BL/6-background mice carrying this mutation (B6.TCRδ−/− mice) 10 times onto the
C57BL/10J (B10) background. Though this new line (B10.TCRδ−/−) appeared to be generally
healthy, a high frequency of opaque eyes was noted among adult females (Fig. 1A).
Surprisingly, neither female nor male B6.TCRδ−/− mice raised in the same facility under the
equivalent conditions showed the same tendency (however, mice having eyes with a similar
appearance also were observed to be frequent among older female B10.TCRβ−/− mice; these
mice are being examined as part of a separate study, currently in progress). Mice with opaque
or cloudy eyes were more rarely noted among wildtype B10 females, and occasionally among
B10.TCRδ−/− males (Fig. 1B), but were virtually absent among B10 males and either male or
female B6 mice (not shown). A histological examination of the opaque eyes of these mice
revealed a mild to severe inflammation in the cornea (keratitis). Infiltrates in the corneal stroma,
particularly the portion proximal to the corneal epithelium (Fig. 1C), were evident, along with
the presence of blood vessels in this normally avascular tissue, and in some cases, a hypertrophy
of the epithelial layer (Fig. 1C5), often grossly visible as a white thickening in the center of
the eye. The infiltrating inflammatory cells included a high frequency of granulocytes in the
inflamed corneal stroma (Fig. 1D). Many CD4+ and some CD8+ αβ T cells were also evident
by immunofluorescent staining of frozen sections from keratitic corneas (Fig. 1E, 1F).

Differences in the eye disease of B10 background mice
When mice were examined periodically to look for the onset of disease, differences between
B10.TCRδ−/− and wildtype B10 females were noted. As can be seen (Fig. 2a), in B10.TCRδ
−/− mice, the disease develops at various timepoints in individual females, such that about half
of the mice have obvious keratitis by 9–10 weeks of age. The incidence increases with age,
reaching ~80% by 18 weeks. In contrast, B10 wildtype females appear to most commonly
develop the disease early on, by 7 weeks of age, and show no apparent increase over time, such
that keratitis remains rare among B10 females even as they grow older. A scoring system was
established to follow the disease (Fig. 2B), based on a system previously used to score herpes
simplex virus-induced keratitis29; each eye is scored between 0 and 5, such that the maximum
total score possible is 10. Total scores over time for three different cohorts of B10.TCRδ−/−
age-matched females individuals are shown in Fig. 2C, each raised at a different time in our
facility. Small differences observed between groups examined at distinct times may indicate
that there is an environmental influence on the likelihood of disease onset as well. We tested
whether this might be the result of differences in the frequency of cage changing, but this did
not appear to influence either the disease incidence (Fig. 3, Group 1) or severity (not shown).
In mice that received a score of 5 for a single eye, the inflammation was sometimes found to
have spread to areas beyond the cornea. In some such mice, the eye appeared to be phthisical,
with globe atrophy, and in a few cases was virtually absent.
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Keratitis in B10.TCRδ−/− females appears to be due to an autoimmune process
Several features of the keratitis in B10TCRδ−/− mice suggests that it may be of autoimmune
origin. The disease develops quite slowly, and often a mouse housed in the same cage with
others that have severe keratitis never develops disease (e.g., see Fig. 2C). Moreover, whereas
most mice eventually develop keratitis in both eyes, it is not unusual to find that only one eye
is affected in a given mouse, even after many weeks of severe inflammation in the other eye.
Also, adding a broad-spectrum antibacterial drug (Septra) to the drinking water of B10.TCRδ
−/− mice had no effect on either the induction or progression of keratitis, and did not reduce
either the incidence or severity (not shown). Furthermore, we were unable to identify any
bacteria or fungi in histological sections, whether stained with hematoxylin/eosin (e.g. see Fig.
1D), or with Gomori’s silver stain to reveal fungi or a tissue Gram’s stain to reveal Gram-
positive or -negative bacteria (data not shown). CD4+ αβ T cells appear to be critically
important to the development of autoimmunity in a number of different systems [reviewed
in30], and were well-represented among the infiltrating cells in keratic corneas (Fig. 1E). If
the keratitis that develops in B10.TCRδ−/− mice is indeed mediated by autoimmune
mechanisms, αβ T cells are then likely to be involved in the pathology, but would in contrast
be expected to have a beneficial effect if the disease is instead brought on by an infectious
agent. To test for a role for αβ T cells, we depleted B10.TCRδ−/− mice of αβ TCR expression
by administering a pan-reactive anti-αβ TCR monoclonal antibody weekly for weeks; this
reduced the percentage of cells staining brightly with anti-CD3 to about 1% of the level seen
in sham-treated controls, although cells with very low TCR levels were still present (Fig. 4A),
and reduced the total number of splenic CD4+ or CD8+ T cells by 5–6 fold, as compared to
sham-treated controls (Fig. 4B). As summarized in Fig. 3 (group 2), this also greatly reduced
the incidence of keratitis in these mice compared to sham-treated controls. To rule out any non-
specific effects resulting from antibody-mediated depletion, we also generated B10.TCRβ−/
−δ−/− mice, B10 background mice incapable of producing either αβ or γδ T cells. By 18 weeks
of age, the females of this strain had a substantially lower incidence of keratitis (21%; Fig. 3,
Group 3) than do B10.TCRδ−/− females (in which the incidence is approximately 80% by 18
weeks). The males of this “double knockout” strain also appeared to be slightly less susceptible
to developing keratitis (0%) than are B10.TCRδ−/− males (~15%), although the difference was
not significant. These findings indicate a pathological role for αβ T cells in the development
of keratitis in B10.TCRδ−/− mice.

Cyclosporin A is a commonly used immunosuppressive drug that works by inhibiting
calcineurin, which, via NFAT dephosphorylation, plays an essential role in inducing the
expression of cytokine genes needed for T cell proliferation 31, such as IL-2, IL-4, and IL-12.
Cyclosporin A has been successfully used to treat autoimmune disease in humans, including
eye inflammation in Sjogren’s syndrome 32, and also certain autoimmune diseases induced
experimentally in mice [e g. type 1 diabetes 33 and systemic lupus 34]. We therefore tested
whether cyclosporin A administration could reduce the development of keratitis in
B10.TCRδ−/− females. Although a low dose (~10 mg/kg, not shown) had no effect, injecting
30 mg/kg twice weekly substantially reduced the disease incidence (Fig. 3, Group 4). This
strongly implicates T-cell mediated immune mechanisms in the development of keratitis in
these mice.

Anti-nuclear antibodies (ANA) are commonly found in individuals with some but not all
autoimmune diseases, including systemic lupus, scleroderma, Sjogren’s syndrome, and
polymyositis35. However, when we analyzed serum from B10.TCRδ−/− keratitic females for
the presence of this autoantibody type using a commercial ELISA kit, ANA levels were very
low or absent (data not shown).
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The greater prevalence of keratitis in female vs. male B10.TCRδ−/− mice is not due to a lack
of male hormones

In the majority of autoimmune diseases common in humans, females are substantially more
susceptible than are males, including rheumatoid arthritis, systemic lupus, scleroderma,
Sjogren’s syndrome, and multiple sclerosis36. It has been postulated that this may be due to
the ability of estrogens to boost cytokine production. Alternatively, in a recent report, male
hormones were found to increase the levels of peroxisome proliferator–activated receptor
(PPAR)α expression, a nuclear receptor involved in the control of inflammatory responses,
and PPARα expression was implicated in susceptibility to experimental autoimmune
encephalomyelitis in mice37. To test whether male vs. female hormones can explain the greater
prevalence of keratitis in B10.TCRδ−/− females, we attempted to “feminize” the male mice
by orchiectomizing them at the age of weaning, and treating them with 17β-estradiol. As can
be seen (Fig. 3, Group 5), this was not effective, and although the sisters of the treated males
raised at the same time in adjacent cages developed keratitis at a high rate, very few of the
treated males did. Instead, whether orchiectomized only, or both orchiectomized and 17β-
estradiol-treated, the “feminized” males developed keratitis at about the same rate as untreated
males (~17%; see Fig. 1B). Though this does not rule out a role for female hormones in keratitis
induction, it does imply that higher androgen levels are not responsible for the decreased
disease incidence in males.

Repletion of B10.TCRδ−/− females with normal γδ T cells reduces the incidence and severity
of keratitis

Although it seems likely that the genetic inactivation of the Cδ gene, because it renders these
mice unable to produce γδ T cells, is responsible for the development of keratitis in
B10.TCRδ−/− mice, at least one other possibility exists: that another unknown gene on
chromosome 14, closely linked to the Cδ gene, which was carried along in the backcross, is
actually responsible for the disease. To test this, we therefore attempted to replete B10.TCRδ
−/− females with adult female B10-derived γδ T cells, as they neared the age at which keratitis
typically begins to develop (7–9 weeks). This indeed reduced the incidence of keratitis
substantially (Fig. 3, Group 6), supporting the interpretation that the lack of γδ T cells in
B10.TCRδ−/− female mice is the defect that leads to spontaneous keratitis.

However, the disease incidence in B10.TCRδ−/− mice which received adoptively transferred
γδ T cells was still higher than 15%, the expected frequency in normal B10 females by 18
weeks of age. Because the disease appears to develop in a manner dependent upon stochastic
processes in individual mice, the timing of the repletion of γδ T cells may be critical to whether
or not they will be effective. We have previously found that in B6 mice lacking γδ T cells,
simply injecting γδ T cells will not reconstitute the mice because the transferred cells disappear
within a few days38. However, B6 mice lacking both αβ and γδ T cells allow for the homeostatic
expansion of adoptively transferred γδ T cells, because in these hosts, γδ T cells are not
outcompeted by endogenous αβ T cells as in TCRδ−/− mice. Retention of adoptively
transferred γδ T cells in TCRδ−/− mice that have ongoing inflammation has been more
successful, presumably because antigens for the γδ TCR are present, as well as cytokines that
stimulate γδ T cell growth and survival38. Because we cannot tell when a mouse is just
beginning to develop keratitis, we can only aim for a time near the average age of onset, and
thus can probably expect at best to achieve a partial reduction in the overall incidence. Among
the adoptively transferred B10.TCRδ−/− females in this experiment that did develop keratitis,
the severity was not noticeably less than in sham-treated controls (not shown). The transferred
γδ T cells may have disappeared from mice that later went on to develop keratitis, and indeed,
we could not detect γδ T cells in the spleens of any of the adoptively transferred mice when
the experiment was terminated at 18–19 weeks of age, by flow cytometry (data not shown).
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In B10.TCRδ+/− mice, the number of γδ T cells drops to about half of the normal number (Fig.
5). We wondered whether such a reduction would be sufficient to induce keratitis. However,
the incidence of keratitis in female B10.TCRδ+/− mice was low (6%; Fig. 3, Group 7), close
to the level we observed among B10 wildtype females (10–15%), indicating that the reduced
number of γδ T cells in TCRδ-heterozygous B10-background females is sufficient to prevent
disease.

Keratitis-promoting genes from the B10 background appear to be neither chromosome-4 nor
-13 encoded

Because B10.TCRδ−/− mice are keratitis-susceptible whereas B6.TCRδ−/− mice are not, a
gene (or genes) from the B10 background likely is responsible for the tendency of B10.TCRδ
−/− mice to develop keratitis. The B10 and B6 strains are very closely related, however. The
two largest known differences between these two strains include chromosome 439, 40, which
differs at a locus that contains several genes with obvious immunological roles [including
interferon-α, Lck, stathmin 1, complement component C1qC, and tumor necrosis factor
receptor 2 p7539], and chromosome 13. where two loci have been found to differ between
these two strains41. One of the chromosome 13 loci, the TCR-γ locus, can likely be ruled out
as having anything to do with keratitis susceptibility, because B10.TCRδ−/− mice cannot in
any case produce γδ T cells. However, the other chromosome 13 locus is of interest, as it has
been shown to accelerate the incidence of lupus in MHC Class II transgenic mice42. We
therefore investigated whether or not inheritance of a B10-derived chromosome 4 or 13 could
be correlated with keratitis susceptibility in mixed B10/B6 background mice lacking γδ T cells.
To generate these, we crossed B10.TCRδ−/− mice with B6.TCRδ−/− mice to generate F2
offspring. Because the incidence of keratitis is much higher in females, we scored female F2
mice only for keratitis until they reached 18–19 weeks of age. We then looked for correlations
between the source of chromosome 4 and/or chromosome 13 (B6 or B10) and the development
of keratitis. If only a single (homozygous) gene is needed to confer a keratitic tendency, we
expected to see more keratitis in those mice carrying B10 vs. B6 type chromosomes which
encode that gene, assuming that crossover events are rare. However, among the 61 F2 females
analyzed, no correlation between the inheritance of the B10 version of either chromosome and
the development of keratitis was evident (Fig. 6). This may indicate that instead, more than
one B10-derived gene is required, or that a gene encoded elsewhere is critical. B6 and B10
also differ in regions of chromosomes 2, 11, and 16 as defined by microsatellites 40, so it is
possible that a gene near one of these loci is in fact the critical one.

Discussion
A study published in 1986 showed that different strains of mice will develop “cloudy” eyes if
maintained in dirty cages43. This opacity was found to involve inflammation of the corneal
epithelium and stroma, with stromal vascularization. Strain differences in the frequency of
opaque eyes were noted in this study, with levels as high as 30% in DBA/2 mice. However,
for all strains examined, changing the cages frequently greatly reduced the incidence,
sometimes to 0%, and the authors suggested that ammonia from dirty cage litter might damage
the eyes and initiate the condition. Frequent cage changes (weekly) are standard protocol in
our facility, and increasing this to three times weekly did not affect the disease incidence or
severity. Moreover, the keratitis we see in B10.TCRδ−/− mice differs from this previous study
in the greater severity of the disease, its exceptionally high incidence, and its prevalence in
females. However, the highly variable onset of keratitis among individuals of this strain may
indicate that there must first be an initiating event for keratitis to develop, although this is not
likely to be chemical damage due to the presence of ammonia. For example, a scratch on the
cornea at some point during the life of the mouse might initiate keratitis, but we have yet to
test this. Although treating B10.TCRδ−/− mice with a broad-spectrum anti-bacterial agent
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reduced neither the incidence nor severity of the keratitis (not shown), it is also possible that
infection with bacteria or some other microbial agent instead plays a role in initiating or
promoting keratitis in these mice.

Curiously, B10.TCRδ−/− mice appear to be very “quiet” with this eye disease - they have not
been observed pawing or scratching at their diseased eyes, no excess tearing has been evident,
and the mice do not appear to be in distress, because when bred, they instead are exceptionally
reliable mothers, often raising large litters even after the keratitis has progressed so far that
they are effectively blind. This is quite surprising because human patients with keratitis
generally find it a painful and distracting condition. Although we did not find evidence of
inflammation at other sites in decalcified sections of heads of B10.TCRδ−/− keratitic females
(including the lacrimal glands and sebaceous glands; not shown), except in instances in which
the inflammation appears to have to have spread to other parts of the eye following corneal
rupture, we conjecture that there may also be some nerve destruction that makes the disease
relatively painless. The keratitis that develops in B10.TCRδ−/− mice in some ways resembles
the pathology seen in diabetes mellitus patients that develop keratitis often along with
neuropathies in the eye44, and in pannus, a chronic superficial keratitis that develops as a
immune-mediated disease in genetically predisposed dogs45, and might prove useful as a
model of these diseases.

The eye is critical for long-term survival in most animals, and for this reason, mechanisms
have evolved to keep inflammatory responses that could interfere with vision at a minimum.
The eye maintains its “immune privileged” status in several different ways [reviewed in46].
In part, access of peripheral immune cells to the eye is limited by the maintenance of a “blood/
ocular barrier,” established by a lack of blood vessels in the normal cornea and by tight junctions
in the retinal epithelium. In addition, the presentation of antigens in the eye is limited by the
maintenance of resident dendritic cells in the eye in an immature state, and by the lack of
lymphatic drainage from the eye. Moreover, high levels of local immunosuppressive factors
can be found in the eye, consisting of both cell-bound (complement inhibitors and FasL) and
soluble (TGF-β, TSP, PGE2) components. These immune-suppressive mechanisms are
thought to bring about the phenomenon of ACAID (anterior chamber-associated immune
deviation), nonresponsiveness to antigens which have been experimentally introduced into the
anterior chamber of the eye. Instead, the response “deviates” to one of suppression or tolerance.
In the last several years, γδ T cells have been found to play a part in immune regulation in the
eye. Mice lacking γδ T cells failed to develop ACAID47, 48, and γδ T cells were found to be
crucial to corneal graft survival 49. These findings are not surprising in light of the many studies
in other systems which suggest that inflammatory or immune regulation is a primary function
of γδ T cells [e.g.2, 9–12, 50–55]. Moreover, a recent report showed that γδ T cells predominate
among the T cells in the limbal epithelium of eye of the mouse, and are important in neutrophil
and platelet recruitment following corneal abrasion56. However, like other lymphocytes, γδ T
cells are normally excluded from the cornea, and it seems likely that the lack of this resident
population is responsible for the prevalence of keratitis in B10.TCRδ−/− mice. In this study,
we found that whereas female B10.TCRδ−/− mice are highly susceptible to the development
of autoimmune keratitis, those of the closely related B6.TCRδ−/− strain are not. Thus,
depending upon unknown factors, other mechanisms which normally inhibit ocular
inflammation may be insufficient to prevent an autoimmune attack on the eye when γδ T cells
are absent. Because γδ T cells, like αβ T cells, are themselves not normally present in the
cornea, the mechanism by which they prevent the development of keratitis may be indirect,
via secretion of soluble factors, or they may act directly to negatively regulate or block corneal
infiltration by inflammatory cells, dendritic cells, or αβ T cells recruited to the eye by an
inflammatory signal.
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Regulatory αβ T cells have been shown to be necessary for the development of ACAID 57.
Moreover, a recent study showed that γδ T cells are critical for the development of CD8+ αβ
TCR+ regulatory cells in ACAID, and that their ability to produce IL-10 is a necessary
component58. We hypothesize that in B10.TCRδ−/− mice, a deficiency in γδ T cell-dependent
regulatory T cells allows an autoimmune attack on the cornea to develop. Because
B10.TCRβ−/−δ−/− mice are less keratitis-susceptible than B10.TCRδ−/− mice, a lack of
regulatory γδ T cells is not sufficient to cause a high incidence of the disease, however. Rather,
our results imply that autoaggressive αβ T cells must also be present for keratitis to be prevalent
in B10-background mice lacking γδ T cells.
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Fig. 1.
A, B10.TCRδ−/− female mice frequently develop corneal opacities. Examples of B10.TCRδ
−/− females with varying degrees of corneal opacity are shown, along with an unaffected eye
for comparison (upper left panel). B, Overall percentage of mice with keratitis among different
strains, determined by gross examination. Mice of mixed ages, all 7 weeks of age or older,
were included. Total numbers of males (M) and females (F) that were examined are indicated
for each strain. C, Hematoxylin/eosin stained sections of corneas from mice with opaque eyes.
C1, Low magnification to show the overall structure of a normal B10 mouse eye. C2, Higher
magnification of the normal cornea shown in C1. C3, Cornea of a B10.TCRδ−/− mouse
showing slight opacity and a reddish cast to the eye. C4, Cornea of a B10.TCRδ−/− mouse
with slightly greater corneal opacity and a reddish eye. C5, Cornea of a B10.TCRδ−/− mouse
with severe opacity and central thickening, due to a hypertrophied corneal epithelium. C6,
From a severely keratitic eye; the outer epithelium appears to have been sloughed (note: C2–
C6 are at the same magnification). D, High magnification of the cornea from a severely keratitic
eye. E, Immunofluorescent staining of frozen section of keratitic B10.TCRδ−/− cornea stained
with anti-TCRβ (red) and anti-CD4 (blue); double positive CD4 αβ T cells are pink. F,
Immunofluorescent staining of frozen section of keratitic B10.TCRδ−/− cornea stained with
anti-TCRβ (red) and anti-CD8α (blue); double positive CD8 αβ T cells appear pink. In both E
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and F, the autofluorescent background (green) has been deliberately enhanced to reveal the
tissue structure.
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Fig. 2.
A, Incidence of keratitis as a function of age in B10.TCRδ−/− vs. wildtype B10 females. Mice
from 4–7 different litters were examined at the indicated ages over the course of one year. B,
Severity scoring system. C, Cohorts of female B10.TCRδ−/− littermates were scored for
severity of keratitis every 2 weeks from 6 to 18 weeks of age; each group represents a cohort
raised at one particular time. Each symbol represents an individual mouse. The total number
of individuals in each cohort group is indicated in parentheses. The maximum possible score
for an individual mouse is 10.
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Fig. 3.
Keratitis frequency in B10-background mice. Bar graphs indicate percentage of mice in each
category that had developed keratitis by 18–19 weeks of age, except for Group 4, in which
mice were instead assessed for keratitis slightly earlier, at 15–16 weeks of age, due to the death
of several mice. The actual number of mice with keratitis is indicated as a fraction of the total
number examined for each category, shown next to each bar. (Note: in Group 4, one cyclosporin
A-treated mouse developed keratitis early on but was clear of discernible disease after several
weeks of Cyclosporin A treatment. This mouse was still counted as keratitic.) *Compared to
B10.TCRδ−/− male historical controls, of which 5/35 were keratitic. ^Compared to
B10.TCRδ−/− female historical controls, of which 29/36 were keratitic.
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Fig. 4.
A, Long-term treatment of B10.TCRδ−/− mice with anti-TCRαβ monoclonal antibody depletes
98–99% of splenic αβ TCRs. Each panel shows flow cytometric profiles of nylon-wool purified
spleen T cells from three B10.TCRδ−/− individual females. Histograms with thick lines show
results using an anti-CD3 mAb to stain cells from each individual; the thin line histograms
show unstained cells as a negative control. An was chosen to detect the αβ TCR because it
would not be inhibited by any remaining anti-TCRαβ antibody which might still be bound to
the cells. Left panel - Results from mice treated with anti-TCRαβ monoclonal antibody weekly
for 12 weeks. Spleens were taken 3 days after the final antibody treatment, and the cells stained
with anti-CD3 antibody to reveal any remaining αβ TCR+ cells. Right panel - Examples of
spleen T cells from three B10.TCRδ−/− individual females sham-treated weekly at the same
time with hamster IgG, prepared and stained in the same way. B, the average number of αβ T
cells obtained from the spleen of each mouse shown in panel A was calculated based on the
percentages that expressed CD4 or CD8.
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Fig. 5.
Examples of FACS profiles of TCRδ+/+ (top row) vs. TCRδ+/− (bottom row) mice. Nylon-
wool enriched peripheral blood cells, each from one individual, were analyzed by twocolor
staining for γδ T cells; the frequency as a percentage of the total CD3+ cells is indicated.
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Fig. 6.
Genotypes for chromosome 4 (gray bars) and chromosome 13 (striped bars) of individual
B10.TCRδ−/− × B6.TCRδ−/− F2 females. Results for the 6 F2 females only are shown in the
left panel; no association between the development of keratitis and inheritance of a particular
genotype is evident for either chromosome. Genotypes of all 61 F2 females obtained are shown
in the right panel; for each genotype - B10/B10, B10/B6, and B6/B6 - frequencies close to the
predicted Mendelian ratios of 1:2:1 were observed.
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