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PURPOSE. TO isolate and purify mast cells and epithelial cells from human cadaveric donor conjunc-
tival tissue and to characterize interactions between these cell types in vitro.

METHODS. Monodispersed cell suspensions obtained by enzymatic digestion of conjunctival tissue
were applied to a single-density Percoll gradient. Epithelial cells obtained from the top layer of the
gradient were cultured to confluence. Mast cells obtained from the pellet were equilibrated in
culture medium and further purified using a two-step Percoll gradient. Using reverse transcription -
polymerase chain reaction (RT-PCR), RNA from the purified mast cell preparation was probed for
tumor necrosis factor-a (TNFa) message. Fluorescence activated cell sorting (FACS) analysis of
intracellular immunostained mast cells was used to detect the TNFa protein. An examination for
intercellular adhesion molecule 1 OCAM-1) on epithelial cells was performed after 24-hour incu-
bations with either recombinant TNFa supernatants from calcium ionophore A23187 (Cal)-stimu-
lated mast cells or appropriate controls using FACS analysis.

RESULTS. Highly purified human conjunctival mast cells and epithelial cells (each >95%) were
obtained from human cadaveric donor tissue. RT-PCR analysis of purified mast cell RNA revealed
the expression of TNFa mRNA. An evaluation of mast cells for intracellular protein demonstrated
positive staining for tryptase and TNFa. ICAM-1 was found on purified epithelial cells, and
incubation of epithelial cell monolayers with supernatants from Cal-stimulated mast cells resulted
in upregulation of this receptor. This upregulation was blocked by incubation with TNFa-neutral-
izing antibody.

CONCLUSIONS. This work provides the methods for isolating and purifying mast cells and epithelial
cells from human donor tissue and the opportunity for studying mechanisms of conjunctival
inflammation by evaluating the interactions between these cells. (Invest Ophthalmol Vis Sci. 1998;
39:336-343)

Conjunctival mast cells and their mediators are impli-
cated, at least in part, in all types of allergic ocular
disease. Human studies of allergic ocular disease, how-

ever, have primarily consisted of the study of pathologic biopsy
specimens (demonstrating increased numbers of mast cells,
eosinophils, and other inflammatory cells) and tear film evalu-
ation for mediators and cellular infiltration.l"3 To date, a mech-
anistic approach to the biologic interactions between mast
cells and human ocular surface cells has not been undertaken.
Specifically, the effect of human conjunctival mast cells and

From the Departments of 'Medicine, 2Pediatrics, and Ophthal-
mology and Visual Sciences, School of Medicine, the University of
Wisconsin-Madison, Wisconsin; and 4Department of Research and
Development, Alcon Laboratories, Fort Worth, Texas.

Supported by Alcon Laboratories, Fort Worth, Texas, and by Fight
for Sight, New York, Research Division of Prevent Blindness America in
memory of Alexander P. and Mary E. Hirsch.

Submitted for publication May 9, 1997; revised September 3,
1997; accepted November 3, 1997.

Proprietary interest categories: E, C5.
Reprint requests: Frank M. Graziano, University of Wisconsin-

Madison, H6/367 Clinical Science Center, 600 Highland Avenue, Mad-
ison, WI 53792.

their mediators on either the conjunctival epithelium and fi-
broblasts or the corneal epithelium and fibroblasts has not
been investigated.

The recent finding of cytokines in tissue- and bone-marrow-
derived mast cells has generated a heightened interest in the role
of the mast cell in allergic conditions.4'5 In addition, the epithe-
lium of tissues undergoing allergic reactions is viewed more as an
active, rather than passive, participant in these reactions. In this
article, we extend our previous work6 demonstrating mast cell
isolation from human conjunctival tissue by describing the puri-
fication of human conjunctival mast cells and epithelial cells from
cadaveric donor tissue pools. We further report that tumor ne-
crosis factor-a (TNFa), found in purified conjunctival mast cells,
affects epithelial cell intercellular adhesion molecule-1 (ICAM-1)
expression. This work provides a model to examine mechanisti-
cally the effect of mast cell-derived mediators on ocular surface
epithelial cells and fibroblasts.

MATERIALS AND METHODS

Reagents and Solutions
Collagenase (type 1), hyaluronidase (type I-S), trypsin-EDTA,
Hepes, Triton X-100, Alcian blue, trypan blue, Percoll, fetal calf
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serum, RPMI 1640, gentamicin, penicillin-streptomycin, am-
photericin, Hanks' balanced salt solution (without Ca2+, Mg2+,
or phenol red) (HBSS), bovine serum albumin, NaN3, phenyl-
methylsulfonyl fluoride, mouse anti-pan cytokeratin antibody,
goat anti-human immunoglobulin E (IgE) antibody, and actino-
mycin D were obtained from Sigma Chemical (St. Louis, MO).
Keratinocyte growth medium was obtained from Clonetics
(San Diego, CA). Wright's stains were performed using a stain-
ing kit (Diff-Quik; Baxter Scientific Products, McGaw Park, IL).
Calcium ionophore A23187 (Cal) was obtained from Calbio-
chem, Novabiochemical (La Jolla, CA); a histamine radioimmu-
noassay kit was obtained from Immunotech (Westbrook, ME);
rabbit anti-chicken immunoglobulin Y-fluorescein isothiocya-
nate (IgY-FITC) polyclonal antibody was obtained from Jack-
son ImmunoResearch (West Grove, PA); mouse anti-human
TNFa-phycoerythrin (PE) monoclonal antibody was obtained
from PharMingen (San Diego, CA); mouse anti-human ICAM-
1-PE monoclonal antibody was obtained from Becton-Dickin-
son (San Jose, CA); goat anti-human TNFa neutralizing poly-
clonal antibody was obtained from R&D Systems (Minneapolis,
MN); and recombinant TNFa was obtained from Genzyme
Diagnostics (Cambridge, MA). Isotype controls for FACS anti-
bodies were purchased from the same manufacturer as the
respective antibodies. The chicken anti-human tryptase IgY
polyclonal antibody was a generous gift from Promega (Madi-
son, WI). Total RNA was isolated using a reagent (Ultraspec
RNA; BIOTECX Laboratories, Houston, TX).

For reverse transcription-polymerase chain reaction (RT-
PCR), the following reagents were used: recombinant RNAsin
(Promega), reverse transcriptase (Superscript II; Life Technol-
ogies, Gaithersburg, MD), Taq DNA polymerase (Promega), a
primer pair for TNFa (Clontech), and a blotting kit (ECL Sys-
tem Southern; Amersham, Arlington Heights, IL).

The Tyrode's physiological salt solution plus gelatin (TG)
used in these studies consisted of 137 raM NaCl, 2.6 mM KC1,
0.35 mM NaH2PO4, 11.9 mM NaHCO3, 5.5 mM glucose, 1 g/1
gelatin (adjusted to pH 7.4 with HC1). TGCM is TG with added
CaCl2 (2 mM) and MgCl2 (1 mM). Percoll stock solution was
prepared by mixing the commercial Percoll solution and 10 X
Hepes buffer plus dH2O to obtain an osmolality of 285
mOsm/kg H2O. The desired densities of Percoll were prepared
by mixing the Percoll stock solution with TG as described by
Undem and coworkers.7 HBSS-BAP, used as a FACS-staining
buffer, consisted of HBSS, bovine serum albumin (1 g/1), NaN3

(0.5 g/1), and phenylmethylsulfonyl fluoride (18 mg/1 in 2 ml
ethanol).

Mast Cell and Epithelial Cell Isolation,
Purification, and Culture
Human conjunctival tissue was obtained with permission from
organ and tissue donors. Upper and lower bulbar conjunctivas
were aseptically collected within 8 hours of death (average
time, 4.5 hours) and transported in corneal preservation me-
dium (Dexsol; Chiron Ophthalmics, Irvine, CA). Tissue acqui-
sition protocols were approved by the University of Wisconsin
Human Subjects Committee. Cadaveric conjunctival tissues
were resuspended on arrival in mast cell culture medium
(RPMI 1640 supplemented with 20% fetal calf serum, 2.5 mM
L-glutamine, 400 ju-g/ml streptomycin, 20 x̂g/ml gentamicin,
and 5 jag/ml amphotericin) for as many as 4 or 5 days and
stored at 4°C until four to eight sets had been received. This
mimber of tissues was found routinely to yield enough mast
cells and epithelial cells to conduct one experiment. In the

isolation procedure, sets of tissues were transferred to petri
dishes, equilibrated at 37°C overnight, blotted, and weighed to
determine the amount of enzyme required for digestion. Hyal-
uronidase and collagenase were used to digest the tissue. The
digestion process (37°C for 30 minutes on a rotating shaker)
was first performed at a low concentration of enzymes (two
digestions at 200 U/g in a 10-ml final volume). This was fol-
lowed by digestion at a high concentration of enzymes (three
to six digestions at 2000 U/g in a 10-ml final volume). Each
digestion was followed by washing of tissue in TGCM over a
100-/Ltm, nylon-mesh filter to collect freed cells. The freed cells
were then centrifuged, resuspended in TG, pooled, layered
over two single-density 10-ml Percoll gradients (density, 1.041
g/ml), and centrifuged for 20 minutes at 800g. After centrifu-
gation, the top layers of the gradients (epithelial cells) were
harvested, washed, and resuspended in keratinocyte growth
medium (without hydrocortisone; concentration, 1 X 106

cells/ml) and were transferred to a collagen-fibronectin-
coated, 24-well plate (0.5 ml/well) for culturing at 37°C. The
medium was changed every 48 hours until confluence. Purity
was determined by cytokeratin staining using FACS analysis.
Pelleted cells from the gradients (mast cells) were washed and
resuspended to a concentration of 1 X 106 cells/ml in mast cell
culture medium, transferred to a 24-well plate (0.5 ml/well),
and equilibrated at 37°C. After equilibration, the cells were
removed from the plate with gentle flushing and scraping and
were suspended in TG. The cells were then washed, resus-
pended in 1 ml TG, and layered over a two-step Percoll gradi-
ent (densities of 1.08 g/ml on top of 1.123 g/ml). This gradient
was centrifuged for 20 minutes at 800g. Mast cells were har-
vested from the interface of the two Percoll densities and were
washed and resuspended in TGCM for challenge. Morphology
of the purified mast cells was evaluated by electron micros-
copy carried out by the Electron Microscopy Unit at Alcon
Laboratories. Differentiation of other cells was determined on
cytospins using Wright's stain.

Challenge of Mast Cells

All mast cell challenges were conducted in TGCM buffer at
minimum concentrations of 5 X 103 mast cells/tube (in dupli-
cate). Reagents used for challenge (Cal [10 jag/ml], goat anti-
human IgE antibody [1 and 10 /xg/ml], and goat IgG antibody
control [10 jug/ml]) were diluted in TGCM to appropriate
concentrations and added to cells at volumes of 10 /xl/ml cells.
The doses chosen were based on the previous characterization
of semipurified conjunctival mast cell preparations.6 Cell incu-
bations were performed in a 37°C shaking water bath for 30
minutes. After incubation, the tubes were removed, placed on
ice, and pelleted in a centrifuge (Sero-Fuge II; Clay Adams,
Parsippany, NJ). Total histamine content of cell suspensions
was determined after treatment with an equal volume of 0.4%
Triton X-100 detergent to lyse the cells. Supernatants were
removed and frozen at — 70°C until analysis. Histamine analysis
was performed by radioimmunoassay at dilutions of 1:5.

Purified Conjunctival Mast Cells: RNA Extraction
and Tumor Necrosis Factor-a Reverse
Transcription-Polymerase Chain Reaction

Purified mast cell pellets were homogenized and frozen at
—70°C until use. RNA was extracted from thawed and pooled
homogenates (a total of 1.6 X 105 mast cells at >95% purity)
using the Ultraspec RNA reagent according to the manufactur-
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er's instructions. RNA was reverse transcribed as previously
described.8 Briefly, 8 /xl of the isolated RNA was incubated
with 0.5 /xg of random primers (70°C for 2 minutes). This
RNA-primer mixture was then incubated with 200 U reverse
transcriptase, 4 /xl 5X reaction buffer, 0.01 M dithiothreitol, 40
U recombinant RNAsin, and 0.5 mM of each dNTP in a total
volume of 20 /xl (37°C for 1 hour). This cDNA-containing
solution was diluted 1:3 in water, and 4 /xl was transferred to
a 650-jal, thin-walled PCR tube containing 2 U Taq DNA poly-
merase, 5 /xl 10X PCR buffer, 3 mM MgCl2, 0.2 mM of each
dNTP, and 0.4 /xM of each primer (see below) in a total
reaction volume of 50 /xl. The primer pair for TNFa (up-
stream primer, GAGTGACAAGCCTGTAGCCCATGTTGTAGCA;
downstream primer, GCAATGATCCCAAAGTAGACCTGCCCA-
GACT), and glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) (upstream primer, TGAAGGTCGGAGTCAACGGATT-
TGGT; downstream primer, CATGTGGGCCATGAGGTCCAC-
CAC) spanned introns, and no amplification of genomic se-
quences was observed. The PCR mixture was overlaid with oil,
denatured by heating to 94°C for 5 minutes, and subjected to
26 cycles (TNFa) or 24 cycles (G3PDH) of denaturation at 94°C
for 45 seconds, annealing at 60°C for 45 seconds, and then
extension at 72°C for 2 minutes. Controls in each PCR run
included a sample containing reagents but no cDNA (negative
control) and samples containing TNFa or G3PDH cDNA tem-
plates (positive controls). The PCR products were electropho-
resed onto a 2.0% agarose gel, and the identity of the PCR
products was verified by Southern blotting using a commercial
kit (ECL; Amersham) according to the manufacturer's instruc-
tions.

Fixation and Permeabilization of
Conjunctival Cells

The method used was a modification of the methods published
by Schmid and coworkers.9 In this procedure, nonionic deter-
gent is used to increase the permeability of the cell membrane.
Fixation was accomplished by resuspending cells in 0.5 ml
cold phosphate-buffered saline and 0.5 ml cold 2% paraformal-
dehyde solution. The samples were then vortexed, incubated
at 4°C for 1 hour, and centrifuged for 3 minutes, and the
supernatant was decanted. For permeabilization, the fixed cell
pellet was resuspended in 1 ml 0.2% Tween 20 in phosphate-
buffered saline and incubated for 15 minutes at 37°C. One
milliliter phosphate-buffered saline supplemented with 2%
newborn calf serum and 0.1% NaN3 was then added to the
cells. This suspension was centrifuged (3 minutes), and the
pellet was resuspended in HBSS-BAP and divided for staining.

FACS Analysis of Mast Cells for Tryptase and
Tumor Necrosis Factor-a

To guarantee that a large number of mast cells was analyzed for
TNFa, semipurified mast cell preparations (50% mast cells)
were used for FACS analysis. To assure that cells, analyzed for
TNFa, were indeed mast cells, a two-color staining technique
was used. In this procedure, cells to be studied were stained in
the same tube for mast cell-specific tryptase (fluorescein iso-
thiocyanate [FITC]) and TNFa (phycoerythrin). The tryptase
antibody used was a polyclonal chicken IgY. A second FITC-
labeled, rabbit anti-chicken IgY antibody was used to detect
the anti-tryptase-labeled cells. Phycoerythrin was directly con-
jugated to the anti-TNFa antibody. Species- and chromagen-
appropriate isotype antibody controls were included for each

antibody used. In this specific procedure, the conjunctival cell
preparation was washed and resuspended in HBSS-BAP to a
concentration of 1 X 106 cells/ml, and the anti-tryptase anti-
body was added at a volume of 10 /d/tube (1:50 dilution). Ten
microliters per tube each of rabbit IgG and mouse IgG (1:10
dilution) was added to protect against the nonspecific sticking
of antibody, and the mixture was then incubated on ice for 30
minutes on a rotating shaker. After incubation, the cells were
washed twice in 2 ml HBSS-BAP; resuspended in a 1:50 dilu-
tion of the FITC-labeled, rabbit anti-chicken IgY (100 /xl/tube)
and 10 /xl/tube PE-labeled anti-TNFa antibody and incubated as
described above. After the second incubation, the cells were
washed and resuspended in HBSS-BAP (500 /xl/tube) for FACS
analysis. The cells were analyzed using a histogram region
gated on the tryptase-positive cells. Results are expressed as
the percentage of tryptase-positive (mast) cells that were also
cytokine positive.

FACS Analysis of Conjunctival Epithelial Cells for
Cytokeratin and Intercellular Adhesion
Molecule 1

Confluent monolayers of epithelial cells (one passage) were
harvested with trypsin-EDTA and resuspended in HBSS-BAP to
a concentration of 5 X 105 cells/ml. Cells to be stained for
intracellular cytokeratin were fixed, permeabilized, and stained
with an FITC-conjugated, mouse anti-pan cytokeratin antibody
or an FITC-conjugated, mouse IgGl isotype control (20 /xl/
tube). For ICAM-1 analysis, cells (viable, not fixed) were
stained with PE-labeled mouse anti-ICAM-1 antibody and a
PE-labeled mouse IgG2a isotype control at amounts recom-
mended by the manufacturer (20 /xl/tube). The cells were
added in a volume of 100 /xl/tube (50,000 cells) and incubated
on ice for 30 minutes. After washing, they were resuspended in
500 /xl/tube of HBSS-BAP, and propidium iodide was added to
each tube to determine viability. The resultant histograms were
analyzed geometrically and based on gating of live cells only.
Values in median fluorescence units (MFU) were generated for
statistical comparison by subtracting median fluorescence of
isotype control-stained cells from median fluorescence of anti-
ICAM-1-stained cells.

When cytokine upregulation of ICAM-1 was examined, the
cytokine was added at a concentration of 200 U/ml (10 /xl/well
in a 24-well plate with 0.5 ml medium/well) and incubated for
24 hours at 37°C before harvesting. Each treatment included
eight wells per cytokine. The cells were divided after harvest-
ing to facilitate staining with either anti-ICAM-1 or the isotype
antibody control. To obtain mast cell supernatants, purified
mast cells (>95%) were incubated with Cal (10 /xg/ml) for 30
minutes at 37°C. When Cal-conditioned mast cell supernatants
were used, the supernatant or controls were combined 1:1
with keratinocyte growth medium and added to the wells. To
determine the contribution of TNFa in mast cell supernatants
to upregulation of epithelial cell ICAM-1, goat anti-human
TNFa-neutralizing antibody was used. Doses of neutralizing
antibody used were predicted using the ND50 level determined
by the manufacturer. The Cal-conditioned mast cell superna-
tants were incubated with two doses of neutralizing antibody
(0.02 /xg/ml and 0.2 /xg/ml) for 1 hour at 37°C. Controls
consisted of epithelial cells with the following treatments:
unstimulated (constitutive ICAM-1 expression), TNFa (5 ng/
ml), TNFa (5 ng/ml) plus neutralizing antibody (50 /xg/ml), Cal
(10 /xg/ml), and Cal-conditioned mast cell supernatants plus
goat IgG (50 /xg/ml). To determine the baseline expression of
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ICAM-1, actinomycin D (2 jxg/ml) treatment of monolayer
epithelial cells was performed. A comparison of the unstimu-
lated epithelial cells with the baseline epithelial cell ICAM-1
expression (actinomycin D-treated) indicated the level of
ICAM-1 upregulation in epithelial cells caused by the endoge-
nous release of mediators during the 24-hour incubation pe-
riod. The effectiveness of the drug dose was evaluated by
adding TNFa with the drug to the epithelial cell monolayer.

Data Analysis

All statistical analyses were performed using Systat Version 6
software (Systat, Evanston, IL). Treatments were compared
using a general, linear-model, analysis-of-variance-randomized
block model with experiments as blocks. Planned post hoc
comparisons were made with Fisher least-significant-difference
tests. Residuals were checked for abnormal distribution with a
probability plot and Lilleifors test and for a nonrandom associ-
ation between residuals and the estimates by visual inspection
of the residual versus estimate plot. All ICAM-1 median fluo-
rescence results were reported as least-square mean ± stan-
dard error of the mean. A P < 0.05 was considered to be
statistically significant.

RESULTS

Isolation of Conjunctival Mast Cells
and Epithelial Cells
After the first (one-step) Percoll gradient, recoveries of mast
cells from the pellet ranged from 0.7 to 1.0 X 106 total cells/g
tissue digested (with mast cell purities of 5%-10%). After the
second (two-step) Percoll gradient, recoveries from the inter-
face ranged from 2 to 5 X 104 mast cells/g tissue digested
(>95% purity). Contaminating cells were erythrocytes and
mononuclear cells, and the viability of the cell preparations, as
determined by trypan blue exclusion, was routinely >98%. The
purification procedure did not cause gross alterations in mast
cell morphology, as indicated by electron microscopy (Fig. 1).
The effects of Cal and anti-IgE (two doses) challenge on mast
cell histamine release were determined (n = 4). As previously
demonstrated in our studies using semipurined mast cells,6 Cal
at a dose of 10 ju,g/ml resulted in histamine release (61.1% ±
7.4% of total histamine). Challenge of the mast cells with
anti-IgE resulted in histamine release in a dose-dependent man-
ner (1 jLtg/ml, 20.9% ± 4.0%; 10 jug/ml, 31.0% ± 4.0%). Spon-
taneous histamine release was 4.0% ± 0.5% of the total, and the
histamine per cell was calculated to be 2.2 ± 0.2 pg/cell.
Recovery of epithelial cells from the top layer of the Percoll
gradient ranged from 1.0 to 2.0 X 106 total cells/g tissue
digested. Viability of these cells was routinely 60% to 80% by
trypan blue exclusion. This viability is not unusual because any
dead or damaged cells are also expected to remain on the top
of the single-density Percoll gradient. Nonviable cells do not
adhere when cultured and are removed by aspiration from the
monolayer. Conjunctival epithelial cells harvested from mono-
layer cultures were greater than 98% viable as determined by
trypan blue exclusion. Purity of the cultured epithelial cells
was routinely greater than 95% as determined by cytokeratin
staining using FACS analysis (data not shown).

Conjunctival Mast Cell Tumor Necrosis Factor-a

In our first experiments, we examined RNA obtained from
purified conjunctival mast cells for TNFa expression. Southern

FIGURE 1. Electron micrograph of a purified conjunctival mast
cell. Typical mast cell granules with electron-dense material
and scrolls (arrow points to granule in the inset) are seen.
(Main micrograph magnification, ll,000X; inset magnification,
27,000X).

blots of the RT-PCR products from the purified conjunctival
mast cell RNA are depicted in Figure 2. As an indicator of the
amount of total cellular RNA processed, the cDNA was also
probed for G3PDH, a housekeeping gene with relatively stable
expression. RNA isolated from purified conjunctival mast cells
was found to contain mRNA specific for TNFa.

In our next set of experiments, we examined mast cells
for intracellular cytokine protein content. In these experi-
ments, to assure that we were measuring TNFa only from mast
cells, two-color FACS analysis was performed (see Methods). In
this procedure, mast cells in the semipure conjunctival cell
preparation were identified by their unique mediator, tryptase.
Figure 3 is a representative histogram demonstrating the pop-
ulation of tryptase-positive cells that were analyzed for mast
cell TNFa staining. Single-color overlay histograms for cytokine
staining were generated by gating on the tryptase-positive
cells. Intense staining for TNFa was observed in tryptase-
positive conjunctival cells (Fig. 4). The percentage of cells
staining brighter than the control was calculated by using the
number of events in the gate indicated using the following:
(Cytokine events in gate - control events in gate/total
events) X 100.
Although virtually all mast cells (96%) in the conjunctival cell
preparation demonstrated TNFa intracellular staining, the his-
tograms sometimes contained small populations of cells that
stained less positively, resulting in separate small peaks (data
not shown).
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1 1 2 3

B
FIGURE 2. Southern blots of reverse transcription-polymerase chain reaction (RT-PCR)
products from purified conjunctival mast cell RNA. The blots were probed for either (A)
TNFa or (B) glyceraIdehyde-3-phosphate dehydrogenase (G3PDH>specific DNA. The probes
were labeled with horseradish peroxidase using luminol as the substrate, and the films were
exposed for 10 minutes. In each blot, the samples loaded in the lanes (from left to right) were
(1) negative control, (2) RT-PCR product from conjunctival mast cell preparation, and (3)
positive control (commercially prepared TNFa cDNA).

FACS Analysis of Intercellular Adhesion Molecule
1 Expression on Conjunctival Epithelial Cells

The various treatment effects on conjunctival epithelial cell
ICAM-1 expression were compared by FACS analysis. Figure 5
shows representative histograms of anti-ICAM-1-stained cells
(markers indicate median fluorescence values before subtrac-
tion of isotype control values). There was detectable baseline
expression of epithelial cell ICAM-1 (106.0 ± 13.6 MFU, n =
5), which was significantly upregulated (Fig. 5A) by incubation
of the epithelial monolayers with recombinant TNFa (205.8 ±
136 MFU, P = 0.0001, n = 5). Incubation of epithelial cells

201

TRYPTASE

1000
FIGURE 3- A representative histogram showing anti-tryptase-
fluorescein isothiocyanate (FITC) (black) versus isotype anti-
body-FITC control (gray) staining of fixed and permeabilized
semipurified human conjunctival mast cells. The y axis repre-
sents the number of events, and the x axis represents the
fluorescence intensity. The boxed area represents the popula-
tion of tryptase-positive cells that were analyzed for mast cell
TNFa-phycoerythrin (PE) staining in the double-stained prep-
arations.

with Cal-conditioned, mast cell supernatants (Fig. 5B) caused
an increase in ICAM-1 expression (166.0 ± 13.6 MFU, P =
0.0071, n = 5).

To verify that TNFa was inducing the ICAM-1 upregula-
tion caused by incubation with mast cell-conditioned superna-
tants, neutralizing experiments were performed using specific
anti-TNFa polyclonal antibody. Incubation of TNFa-neutraliz-
ing antibody with recombinant TNFa (Fig. 5C) resulted in a
significant decrease in epithelial cell ICAM-1 upregulation
(146.0 ± 22.9 MFU, P = 0.0404, n = 3). In a preliminary

TNFa

l i l l I I I

1000
FIGURE 4. A representative overlay histogram of phyco-
erythrin (PE) staining (from four experiments) generated by
gating on the tryptase-positive cells and showing anti-TNFa-PE
(black) versus isotype antibody-PE control staining (gray) of
fixed and permeabilized conjunctival mast cells (96% positive).
The y axis represents the number of events, and the x axis
represents the fluorescence intensity. The percentage of cells
staining brighter than the control was calculated by using the
number of events in the gate indicated using the following:
(cytokine events in gate — control events in gate/total
events) X 100.
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1000 1000
FIGURE 5- Representative histograms showing anti-intercellular adhesion molecule 1 (IC-
AM)-phycoerythrin staining of conjunctival epithelial cells exposed to the following treat-
ments: (A) Recombinant TNFa (black) compared with constitutive (gray) (n = 5). (B) Mast
cell-conditioned supernatant (black) compared with constitutive (gray) (n = 5). (C) Re-
combinant TNFa (black) compared with recombinant TNFa incubated with anti-TNFa
neutralizing antibody (gray) (n = 3). (D) Mast cell-conditioned supernatant (black) com-
pared with mast cell-conditioned supernatant incubated with anti-TNFa neutralizing anti-
body (gray) (n = 3). They axis represents the number of events, and the x axis represents
the fluorescence intensity. Histograms were gated for median fluorescence. The dashed gate
(top) indicates the median fluorescence of the gray histogram; the solid gate (bottom)
indicates the median fluorescence of the black histogram.

experiment, two doses (0.02 jag/ml and 0.2 /xg/ml) of TNFa-
neutralizing antibody were incubated with the mast cell-con-
ditioned supernatants, and a dose-dependent decrease in
ICAM-1 upregulation was observed. Subsequent experiments
were conducted using only the dose of 0.2 jug/ml. Incubation
of mast cell-conditioned supernatants with this dose of TNFa-
neutralizing antibody (Fig. 5D) resulted in a significant de-
crease in epithelial cell ICAM-1 upregulation (91.2 ± 18.5 MFU,
P = 0.0054, n = 3).

It was found that incubation with Cal alone (control)
resulted in a slight upregulation of ICAM-1 expression (145.1 ±
15.7 MFU). This upregulation, however, was unaffected by
anti-TNFa neutralizing antibody (130.1 ± 22.9 MFU). TNFa-
neutralizing antibody had no effect on baseline epithelial cell
ICAM-1 expression, suggesting that endogenous release of
TNFa was not responsible for baseline epithelial cell ICAM-1
expression. Actinomycin D treatment resulted in a marked
decrease in baseline epithelial cell ICAM-1 expression mea-

sured at 24 hours, suggesting that there is some upregulation
initiated during the 24-hour incubation period by the mono-
layer itself that is likely not a result of endogenous TNFa (data
not shown).

DISCUSSION

This is the first report of methods to obtain highly purified
human conjunctival mast cells and epithelial cells in suspen-
sion from human cadaveric donor tissue. We believe these
methods give us the opportunity to study the molecular mech-
anisms of mast cell- ocular surface cell interactions in vitro as
a model of ocular inflammation and allergy. Mechanical and
enzymatic treatment of human tissues to isolate mast cells has
been reported in lung,10'12 skin,13 intestine,14 conjunctiva,6

choroid,15 and other tissues. The methods to obtain cells vaiy
according to the tissue type, the density of the mast cells

Downloaded from iovs.arvojournals.org on 06/29/2019



342 Cook et al. IOVS, February 1998, Vol. 39, No. 2

within the tissue, and the sensitivity of the mast cells to the
isolation process. Our purification procedure yielded conjunc-
tival mast cells showing typical metachromatic staining
(Wright stain and toluidine blue) and typical electron-dense
granules when examined by electron microscopy. When iso-
lating and culturing cells, it is always a concern that their
mediator-release profile may be altered. Histamine release as-
says are a standard method used to assess the functional status
of isolated mast cells. Histamine released by a secretagogue
depends on the type and concentration of secretagogue used
and the type of mast cell treated. Normal function of our
isolated and purified mast cells was suggested by histamine
release in a dose-dependent manner by the secretagogues Cal
and anti-IgE. The histamine released by Cal challenge (6l%)
corresponds with our previously reported6 response derived
from partially purified conjunctival mast cells. The maximum
response to anti-IgE challenge (31% at 10 jLtg/ml of anti-IgE)
was less than previously reported6 with the partially purified
mast cell preparations (48% at 10 jag/ml of anti-IgE).

A limitation of our mast cell purification method is the
relatively low yield of cells. This makes it difficult to charac-
terize the cytokine profile of this cell using more traditional
methods. For this reason we used RT-PCR and intracellular
FACS analysis9 to demonstrate and identify conjunctival mast
cell TNFa. Analysis of purified (>95%) mast cells with RT-PCR
demonstrated mRNA specific for TNFa. Because of the sensi-
tivity of RT-PCR, it is possible that the message detected could
have originated from the small number of other cell types (for
example, mononuclear cells) in the mast cell suspensions. This
seems unlikely, however, because TNFa protein was not de-
tected in the tryptase-negative and cytokeratin-positive popu-
lations analyzed in our intracellular FACS analysis experiments
(data not shown). With intracellular FACS analysis, we have
demonstrated that conjunctival tissue mast cells contain TNFa
protein. The expression of mast cell TNFa, as measured by
intracellular FACS staining, showed variability in intensity. In-
terestingly, the histogram patterns for the donor pools some-
times showed small populations of cells within the pool that
stained less positively, possibly reflecting a single donor's mast
cells. This variability is not surprising and probably reflects the
immune status of the various donors. Bradding and cowork-
ers16 recently reported a sevenfold increase in expression of
TNFa in the lung mast cells obtained from biopsies of subjects
with asthma over normal subjects.

The vast interactions of cytokines among cells in tissues
undergoing inflammatory reactions is found to be more com-
plex with each new cytokine discovered. The list of cytokines
found in human mast cells differs with the source of the mast
cells. A human mast cell leukemia cell line was found to have
mRNA for a number of pro-inflammatory cytokines.4 Immature
mast cells derived from human peripheral blood mononuclear
cells spontaneously secrete interleukin-la, interleukin-1/3, in-
terleukin-6, and TNFa in cultures.17 TNFa is present in human
cutaneous mast cells and lung mast cells516 and other inflam-
matory cells, such as monocytes and Langerhans cells. We
believe the finding of TNFa in our isolated and purified con-
junctival mast cells is consistent with the findings in other
human mast cells.

The release of preformed and newly synthesized (pro-
duced and synthesized in response to stimulation) TNFa has
been reported in mice18 and human dermal mast cells.19 Stor-
age of preformed TNFa in mast cell granules is important
because it could implicate the mast cell as the first source of

this inflammatory cytokine in response to allergen challenge.
TNFa has a wide range of biologic effects alone and in concert
with other cytokines in vivo and in vitro. Fibroblast prolifera-
tion increases in response to low concentrations of TNFa and
is inhibited by high concentrations of TNFa.20 Additionally,
TNFa has been shown to stimulate eotaxin (a specific eosino-
phil chemokine) in a human epithelial cell line.21 Our results
demonstrate not only that mast cell-derived TNFa in the con-
junctiva is preformed (because it is detected in unstimulated
cells), but that it will upregulate ICAM-1 on conjunctival epi-
thelial cells. Although it is possible that the in vitro response of
cultured epithelial cells to cytokines is altered with respect to
epithelial cells in their natural environment, the response we
observed is consistent with the effect of TNFa on other epi-
thelial cells.22'23 ICAM-1 may participate in the recruitment of
inflammatory cells during allergic inflammation, and it has been
shown to be an important marker for inflammation in the
conjunctiva.24

In the most severe form of ocular allergy, atopic kerato-
conjunctivitis, a significant immunopathologic reaction, occurs
in the conjunctiva. Biopsied tissues demonstrate increases in
mast cells, goblet cells, eosinophils, the helper to suppressor
T-cell ratio, and collagen.2 Our goal in purifying conjunctival
mast cells is to study whether activation of these cells can
provide the necessary cytokine signaling to cause changes in
conjunctival epithelium, fibroblasts, corneal epithelial cells,
and keratinocytes. Our findings suggest that mast cell-derived
cytokines prime conjunctival epithelial cells to affect cellular
adhesion and potentially to recruit and activate other cells,
such as the eosinophil, fibroblast, and keratinocyte. All these
cells are active participants in allergic conjunctival inflamma-
tion.
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