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INTRODUCTION
The avascular and transparent human

cornea is composed of epithelial, stromal,
and endothelial layers. The corneal ep-
ithelium, which plays vital functional
roles both as a physical barrier at the oc-
ular surface and in wound repair and in-
flammation, must undergo continuous
self-renewal through the action of stem
cells (1,2). Epithelial stem cells reside in
specialized niches at the corneoscleral
junction, or limbus (3). A number of sig-

naling pathways have been shown to be
involved in the regulation of self-
renewing tissues; the pathways involved
in corneal epithelium regeneration
mostly are unexplored (4).

In many tissues, extracellular NAD+

induces a variety of physiological re-
sponses in epithelial cells (5). NAD+ is
made available either by passive release
from dying cells or by active secretion
through connexin 43 (Cx43) channels in a
paracrine and in an autocrine way (6). In

humans, CD38 and CD157 are the main
NAD+-modifying enzymes, synthesizing
compounds critical for cell homeostasis
and metabolism (7). CD38, a 45-kDa
transmembrane glycoprotein, functions
both as an ectoenzyme and as a receptor.
CD38 is a multifunctional enzyme which
converts NAD+ to adenosine diphos-
phate ribose (ADPR) in neutral pH con-
ditions, through its NADase activity and
to cyclic ADPR (cADPR) through its
ADP-ribosyl cyclase (ARC) activity.
CD38 hydrolyzes cADPR to ADPR
through its cADPR hydrolase activity.
These end products are active biologi-
cally as second messengers: cADPR gates
Ca2+ release from intracellular stores, and
ADPR can activate the transient receptor
potential (TRP) channel-2 leading to Ca2+

influx (8,9). As a receptor, CD38 is in-
volved in the transduction of activation
and proliferation signals, thus cooperat-
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ing in the adhesion of leukocytes to en-
dothelium through binding to its non-
substrate ligand CD31 (10). CD38 is ex-
pressed in a unique pattern by cells of
the immune system, and shows wide-
spread distribution and cellular functions
in non-hematopoietic tissues (7).

CD157, a 42- to 45-kDa surface mole-
cule with a glycosyl-phosphatidylinositol
(GPI)-anchor, was identified originally in
humans as bone marrow stromal cell-1
(BST-1) antigen (11). CD157 is a second
mammalian member of the NADase/
ARC family, and shares 36% amino acid
identity and 53% similarity to human
CD38. The tissue distribution of CD157
differs significantly from that of CD38
(12); despite their probably different
physiological roles, the two glycopro-
teins nonetheless have similar enzymatic
functions. Like CD38, CD157 also is a re-
ceptor that transduces activation signals,
although a non-substrate ligand has not
yet been identified (13).

Increasing evidence indicates that the
bioactive molecules cADPR and ADPR
are regulators of Ca2+-dependent func-
tions (8). As variations in Ca2+ concentra-
tion in ocular compartments also may
underlie pathological changes leading to
blindness, an investigation into the func-
tional role of the ARC family in corneal
tissue is of the utmost importance
(14,15). Although reported in the retina
in vertebrate eyes (16–18), the expression
of NAD+-metabolizing ectoenzymes in
the human cornea has been unexplored
until now. This work was designed to fill
this gap, to add to our body of knowl-
edge concerning the tissue distribution
of CD38 and CD157, and to shed light on
the possible functional role of ARCs in
the health and disease of the human eye.

MATERIALS AND METHODS

Antibodies and Reagents
The anti-CD38 monoclonal antibodies

(mAbs) used were IB4 (IgG2a) (19) and
AT13/5 (IgG1) (20). The anti-CD157 mAb
used was SY/11B5 (IgG1) and the anti-
HLA Class I mAb was O1.65 (IgG2a),
used as a positive control. All mAbs

were produced in-house and purified by
HPLC (Beckman Gold 126/166NM)
affinity chromatography on Protein A
(MAb Select, GE Healthcare, Piscataway,
NJ, USA), followed by hydroxyapatite
column (BioRad, Milan, Italy), as de-
scribed (21). Other reagents were poly-
clonal goat anti-human cytokeratin 3/12
(CK3/12), anti-cytokeratin 19 (CK19),
anti-connexin 43 (Cx43), and anti-p63
mAbs, purchased from Santa Cruz
Biotech (Santa Cruz, CA, USA). Sec-
ondary antibodies for immunofluores-
cence were: donkey anti-mouse IgG con-
jugated with Alexa 488 (DαMIgG-Alexa
488) and donkey anti-goat Ig labeled
with Alexa 555 (DαGIg-Alexa 555) from
Invitrogen (Milan, Italy). All other
reagents were of analytical grade and ob-
tained from Sigma (Milan, Italy).

Isolation and Culture of Corneal Cells
Viable epithelial and stromal cells were

obtained from human corneoscleral tis-
sues from 10 cadaver eye donors (Pied-
mont Cornea Bank, San Giovanni Bat-
tista Hospital, Torino, Italy) deemed
unsuitable for transplantation due to un-
acceptably low endothelial cell counts or
stromal wounds. Epithelial cells were
isolated by scraping the ocular surface
after detaching the endothelial layer
from the stroma, or were cultured from
corneal explants. Surface-scraped epithe-
lial cells were counted under a micro-
scope and washed twice in phosphate
buffered saline (PBS). Cultured epithelial
cells were obtained by outgrowing.
Corneas were cut into 12 single sections
and placed epithelial side down in 6-well
plates (Corning Costar, Milan, Italy) with
a drop of Corneal Epithelial Cell EpiLife
Medium (Invitrogen), followed 24 h later
by an additional 1 mL of medium. After
spreading, cells were cultured at 2 × 104

cell/cm2 for 3 to 5 passages. Corneal
stromal cells were derived from the en-
dothelial and epithelial layers scraped
from the donor corneas. The stromal
component was released after treatment
(3 to 4 h, with gentle shaking) with colla-
genase IV (2.5 mg/mL in Hank’s bal-
anced salt solution without Ca2+ and

Mg2+), and then cultured (5% CO2 , 37°C)
in DMEM (all from Gibco, Milan, Italy)
supplemented with 2 mM L-glutamine
(Invitrogen), 10% FCS (Hyclone, Logan,
UT, USA), and 50 IU/mL streptomycin
(Sigma).

Immunofluorescence
Surface expression of CD38 and CD157

in corneal cells was determined by indi-
rect immunofluorescence (IIF). Primary
cells scraped from the epithelium (2 × 105

cells/sample) or from cultured corneal
epithelial and stromal cells were fixed in
2% paraformaldehyde (PAF) for 15 min.
Non-specific protein binding was
blocked (30 min at 4°C) by incubation
with 1% BSA. Cells were washed with
PBS and then incubated (1 h at 4°C for
surface-scraped cells or 2 h at room tem-
perature for cultured cells) with anti-
CD38, anti-CD157, or anti-HLA Class I
mAbs. Staining was obtained by incubat-
ing the cells (30 min for surface-scraped
cells or 90 min for cultured cells at 4°C)
with DαMIgG-Alexa 488. The sections
were coverslipped in Mounting Medium
(Sigma) and viewed under a wide-field
or by confocal microscope (Leica TCS
SP2, Heidelberg, Germany), using 488
nm and 543 nm laser excitation lines and
collected by Leica confocal software.
Background fluorescence was deter-
mined by means of isotype-matched con-
trol mAbs in parallel experiments. Flow
cytometry was performed with scraped
and cultured epithelial cells analyzed on
a FACSort (Becton-Dickinson, San Jose,
CA, USA) with CellQuest software.

RNA Extraction and Reverse
Transcriptase-PCR (RT-PCR)

Total RNA was extracted from isolated
primary corneal cell populations. For each
sample, 1.5 × 106 cells were resuspended
in TRIzol solution (Invitrogen) and
processed according to the manufac-
turer’s instructions. For cDNA synthesis,
1 to 5 μg of total RNA was reverse tran-
scribed (1 h at 37°C) in the presence of
oligo-dT primers. One-fifth of the sample
was used per PCR reaction. Full-length
transcripts for CD38 and CD157 were am-



7 8 |  H O R E N S T E I N  E T  A L . |  M O L  M E D  1 5 ( 3 - 4 ) 7 6 - 8 4 , M A R C H - A P R I L  2 0 0 9

C D 3 8  A N D  C D 1 5 7  E X P R E S S I O N  I N  C O R N E A L  L I M B U S

plified using primers that corresponded
to their respective 5′ and 3′ UTRs: 
F38 5′ TCTCTCTTGCTGCCTAGC 3′; 
R38 5′ AACCACAAGGAGTCAAGG 3′;
pBST 5′ GAGATATCCGAGCGAGAG 3′;
mBST 5′ AGGACATCGTTTTCCCAG.
After 2 min denaturation at 94°C, the 1 kb
CD38 transcript was amplified following
40 cycles at 94°C for 30 s, 55°C for 30 s,
and 68°C for 1.5 min. The 1.1 kb CD157
amplicon was obtained following 40 cy-
cles at 94°C for 30 s, 60°C for 30 s, and
68°C for 1.5 min. PCR products were ana-
lyzed by electrophoresis on a 1% agarose
gel. Gels were stained with ethidium bro-
mide and photographed under an ultravi-
olet (UV) lamp. A negative control lacking
the cDNA template was used routinely to
rule out contamination.

Immunoprecipitation and Western Blot
Primary isolated epithelial and stromal

cells were harvested and lysed as re-
ported (22). Before immunoprecipitation,
cell lysates were precleared by incubation
with anti-mouse IgG-agarose (Sigma, 1 to
2 h at 4°C) followed by centrifugation
(11,000g , 5 s at 4°C). The antibody bind-
ing reaction was performed (12 h at 4°C)
with anti-CD38 IB4 or anti-CD157
SY/11B5 mAbs (0.2 μg/100 μg of lysate)
diluted in PBS containing 1 mg/mL BSA.
After incubation (1 to 2 h at 4°C) with
anti-mouse IgG-agarose, the reaction mix-
ture was centrifuged (3,000g, 15 min at
4°C). The immunocomplexes then were
heat denaturated for 5 min in sample
buffer (NuPAGE, Invitrogen). Samples
(45 μg/lane) were loaded on a Novex
NuPAGE 4% to 12% Bis-Tris precast gel
(Invitrogen) and run under non-reducing
and reducing conditions. Positive con-
trols (CD38+ Raji B cells and murine 
NIH-3T3 fibroblasts transfected with the
human CD157 gene, NIH-3T3/CD157+),
and molecular weight protein markers
(Bio-Rad) were run simultaneously with
the samples.

For Western blotting, proteins resolved
as above were blotted electrophoretically
onto PVDF membranes (BioRad) in Tris-
glycine buffer. Membranes were stained
with 0.2% Ponceau S to assess elec-

trophoretic transfer. The membrane was
blocked by 5% BLOTTO (Bio-Rad) in im-
munoblot buffer (10 mM Tris, pH 7.4,
0.9% NaCl, 0.05% Tween-20, and 1 mM
EDTA) for 1 h and then incubated (12 h
at 4°C) with primary anti-CD38 (AT13/5,
10 μg/mL) or anti-CD157 (SY/11B5,
5 μg/mL) mAbs in 0.5% BLOTTO. After
three washes in immunoblot buffer, goat
anti-mouse IgG labeled with horseradish
peroxidase (HRP) (Perkin Elmer, Life Sci-
ence, Milan, Italy) was added (30 min at
room temperature). Immunoreactive
bands were visualized by ECL (Chemilu-
minescence Reagent Plus, Perkin Elmer).

Enzymatic Activities: NADase and
GDP-Ribosyl Cyclase Assays

The enzymatic activities of intact
corneal cells were measured by an
HPLC-based assay (23) in terms of degra-
dation of the substrate NAD+ to ADPR
(NADase) and by measuring the cycliza-
tion of nicotinamide guanine dinucleotide
(NGD+), an NAD+ surrogate in the super-
natant, to its cell impermeant end-product
cGDPR (GDP-ribosyl cyclase). Intact
corneal cells (1 × 106 cell/mL) were di-
luted in a final volume of 1 mL PBS, 5
mM glucose, and either 0.2 mM NAD+ or
NGD+. At different incubation times at
37°C, aliquots were withdrawn and su-
pernatants filtered on 0.22 μm-microcen-
trifuge filters (Sigma). The amount of re-
action products was determined on a
Beckman Gold NM166 HPLC system,
using a reversed-phase C18 column run
at room temperature at a flow rate of
0.8 mL/min. Nucleotides were eluted iso-
cratically in 15 mM potassium phosphate
buffer, pH 6.7, containing 2.5% (vol/vol)
HPLC-grade acetonitrile (Merck, Darm-
stadt, Germany) and detected by UV ab-
sorbance at 254 nm. The elution times (in
min) of standard nucleotides (Sigma)
were: NAD+, 6.5; NGD+, 8.0; ADPR, 12.5;
and cGDPR, 18. Raji lymphoma (CD38+/
CD157–) and NIH-3T3/CD157+ transfec-
tants were used as positive cell controls.

Immunohistochemical Analysis
Compartmentalization of CD38 and

CD157 was determined after IIF tests on

frozen corneal cryostat sections. Corneas
were included in optimal cutting temper-
ature (OCT) compound (Tissue-Tek;
Sakura, Zoeterwoude, the Netherlands),
frozen in liquid nitrogen, and stored at
–80°C; 7 to 10 μm sections were collected
on Superfrost Slides, fixed in 2% PAF for
30 min, and then washed in PBS. When
necessary, sections were permeabilized
with Triton X-100 (0.3% in PBS) for 5 min.
Non-specific protein binding was
blocked (1 h at room temperature) by in-
cubation with 1% BSA. Slices then were
incubated (12 h at 4°C) with the follow-
ing mAbs diluted in PBS: anti-CD38
(AT13/5, 10 μg/mL), anti-CD157 (SY/
11B5, 10 μg/mL), anti-Cx43 (2 μg/mL),
anti-CK3/12, anti-CK19 (2 μg/mL), anti-
p63 (2 μg/mL), and anti-HLA Class I
(10 μg/mL). Control isotype-matched ir-
relevant mAbs were incubated on paral-
lel slides. After multiple washings, slides
were incubated (2 h at room tempera-
ture) with DαMIgG-Alexa 488 or DαGIg-
Alexa 555 (Invitrogen) as secondary
antibodies, mounted, and preserved at
–20°C.

RESULTS

Expression of CD38 and CD157 in
Human Corneal Cells

Localization of CD38 and CD157 was
examined first by IIF to test whether
specific anti-CD38 and anti-CD157
mAbs could stain corneal epithelial and
stromal cells. The anti-CD38 IB4 mAb
clearly reacted with surface-scraped iso-
lated epithelial cells in all 10 samples ex-
amined (Figure 1A). Expression levels
varied from CD38+ (n = 6) and CD38high+

(n = 4). No reactivity was detected in
cells treated with appropriate isotype-
matched mAb controls. Immunolabeling
of fixed, dissociated corneal cells ob-
served by confocal microscopy showed
that CD38 was located on the surface of
corneal epithelial cells (Figure 1C), iden-
tified by expression of surface HLA
Class I and cytoplasmic CK3/12 (not
shown). CD38 was not detected in iso-
lated stromal cells released from the ep-
ithelial and endothelial layers after enzy-
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matic treatment (Figure 1B), excluding
the possibility that the signal might de-
rive from contaminating stromal cells.
These results confirm that CD38 was lo-
calized in a discrete subpopulation of
human corneal epithelial cells, as re-
ported previously (24). Bearing in mind
the discontinuous pattern of expression
exhibited by CD38 in lymphoid cells, we
analyzed modulation of CD38 expres-
sion in corneal epithelial cells main-
tained in culture. The expression de-
scribed above in Figure 1A was found to
decrease over time from the initial 50%

to 60% to ~10% after 7 d in culture (data
not shown).

Strong CD157 expression was ob-
served by IIF in both primary epithelial
and stromal cells (see Figure 1A). Un-
like CD38, CD157 expression was main-
tained over time in cultured cells (see
Figure 1B). Confocal microscopy re-
vealed that CD157 expression resem-
bled that of CD38, although in a dis-
tinct pattern: CD157 displayed a
dot-like pattern of expression of GPI-
linked molecules in the plasma cell
membranes (see Figure 1A,1C), gener-

ally reported in other human cells and
tissues (12).

Differential Expression of CD38 and
CD157 Transcripts and Proteins in
Corneal Epithelium and Stroma

The above results point to differences
in pattern of expression of CD38 and
CD157 proteins in human corneal tis-
sues. To confirm this, total RNA was iso-
lated from samples of corneal epithelium
or stroma: CD38 and CD157 expression
was evaluated in each sample by RT-
PCR. CD38 transcripts were detected in
corneal epithelium, but not in stroma,
while CD157 was observed in both
corneal layers (Figure 2A). These results
confirm the pattern of protein surface ex-
pression observed by IIF.

The evidence that the mRNAs detected
were translated into surface molecules in
intact corneal cells was obtained by West-
ern blotting tests that confirmed the ex-
pression and the molecular masses (Mr)
of CD38 and CD157. When probed with
the IB4 mAb, CD38 featured an ~45-kDa
band associated with the plasma cell
membranes (Figure 2B). The apparent Mr

of human corneal CD38 was indistin-
guishable from that immunoprecipitated
from lymphoid Raji B cells. This finding
suggests that a similar degree of glycosy-
lation is maintained in both tissues.

Two bands with a Mr of 42- to 45-kDa
were detected when CD157 was precipi-
tated from epithelial and stromal
corneal cell lysates probed with the
SY/11B5 mAb (Figure 2C). The appear-
ance of CD157 as a two-band molecule
was confirmed in NIH-3T3/CD157+

transfectants.

Enzymatic Characterization of Human
Corneal CD38 and CD157

After confirming the presence of CD38
and CD157 transcripts and proteins in
corneal cells populations, we investi-
gated their enzymatic activities by
HPLC-based methods. Incubation of
corneal epithelial cells with NAD+ re-
sulted in the progressive disappearance
of the nucleotide, eluted at a retention
time of 6.5 min (Figure 2D). Concomi-

Figure 1. Immunodetection of the CD38 and CD157 molecules expressed by human
corneal cells. Isolated human corneal cells were stained with anti-CD38 (AT13/5, IgG1),
anti-CD157 (SY/11B5, IgG1) mAbs, or with an isotype-matched irrelevant control mAb. (A)
Staining of CD38 and CD157 with specific mAbs in surface-scraped or cultured epithelial
cells, with corresponding control and bright field images. (B) Staining of CD38 and CD157
in enzyme-isolated or cultured stromal cells, with corresponding control and bright field
images. (C) Fluorescent images acquired using confocal microscopy, showing the staining
of CD38 and CD157 in surface-scraped corneal epithelial cells and corresponding fields
seen with interference contrast. The molecules are localized at the membrane levels of
the corneal epithelial cells.
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tant with NAD+ hydrolysis, ADPR
eluted 6.0 min after NAD+ (see Figure 2D,
upper panel). The NAD+ peak area was
correlated with nmoles of NAD+ in-
jected as control, and the specific activity
determined from the area under the
curve of the NAD+ peak. The NADase
activity measured was 0.25 ± 0.04 nmol/
min/106 cells for corneal epithelial cells.
NADase activity in control Raji cells
(CD38+/CD157–) was measured as 2.51 ±
0.04 nmol/min/106 cells.

The use of NAD+ as substrate may re-
sult in an underestimation of ARC activ-
ity, due to the subsequent hydrolysis of
cADPR (8). Interference of cADPR hydro-
lase was avoided by using NGD+, a
NAD+ surrogate, to assay ARC activity,
given that the cGDPR is resistant to hy-
drolysis (23). This system initially yielded
a modest NGD+ cyclization, which was
resolved after longer incubations (see Fig-
ure 2D, lower panel). ARC activity was
0.05 ± 0.1 nmol/min/106 cells for corneal
epithelial cells. Control Raji cells showed
marked ARC activity, while K562 (CD38–)
cells neither generated cGDPR nor con-
sumed NAD+ (not shown). The ratio be-
tween NADase and ARC activities (5:1)
for viable intact epithelial corneal cells
was comparable with that reported for
Raji cells, for CD38 purified from human
erythrocytes and for molecules in soluble
form in biological fluids (25,26). These re-
sults suggest that CD38 and/or CD157
present on the surface of corneal tissues
were active enzymatically.

The finding that stromal corneal cells
express CD157, but not CD38, prompted
us to test their capacity to catalyze the
cyclase reaction in the presence of NGD+.
Stromal cells (1.0 × 106/sample) yielded
low amounts of cGDPR. Thus, stromal
cells were intrinsically inefficient at using
NGD+ for generating cGDPR at concen-
trations higher than the threshold sensi-
tivity of the HPLC method adopted. Sim-
ilar experiments performed with
NIH-3T3/CD157+ cells demonstrated
that human CD157 could metabolize
NGD+. These results are in line with the
low catalytic activities reported for
CD157 (12).

Figure 2. Biochemical analysis of the CD38 and CD157 molecules expressed by human
corneal cells. (A) RT-PCR profile of CD38 and CD157 transcripts in corneal cells. PCR prod-
ucts were amplified from cDNA obtained from epithelial and stromal cells using CD38- or
CD157-specific primer sets. Negative controls lacking cDNA template were used to rule
out contamination. (B–C) Western blot analysis of corneal stromal and epithelial proteins
immunoprecipitated with mAbs to CD38 and CD157. Precipitates of epithelial and stromal
cells from biopsied corneas with anti-CD38 (IB4, IgG2a) or with anti-CD157 (SY/11B5, IgG1)
mAbs were analyzed by 4% to 12% SDS-PAGE under non-reducing conditions and blotted
onto PVDF membranes. Proteins with Mr of 45-kDa were immunodetected in the corneal
epithelia and control Raji (CD38+) cells when blots were probed with anti-CD38 (AT13/5,
IgG1) mAb and developed by ECL (B). Proteins with Mr of 42- to 45-kDa were immunode-
tected in the stroma and corneal epithelia when blots were probed with anti-CD157
(SY/11B5, IgG1) mAb and developed by ECL (C). NIH-3T3/CD157+ transfectants were used
as positive control. Isotype-matched irrelevant mAbs were used as negative controls. (D)
Ectoenzyme activity molecules assessed in epithelial corneal cells. Cells were incubated
with 0.2 mM NAD+ or NGD+ at 37°C and samples collected after 0, 15, 60, and 120 min in-
cubations. NADase (upper panel) and GDP-ribosyl cyclase (lower panel) enzymatic activ-
ities were determined by HPLC. Raji (CD38+) cells and NIH-3T3/CD157+ transfectants were
used as positive controls. K562 (CD38–) cells and NIH-3T3 mock transfectants were the
negative controls.



R E S E A R C H  A R T I C L E

M O L  M E D  1 5 ( 3 - 4 ) 7 6 - 8 4 , M A R C H - A P R I L  2 0 0 9  |  H O R E N S T E I N  E T  A L . |  8 1

Topographical Localization of Corneal
CD38 and CD157

Having demonstrated that functionally
active CD38 and CD157 ectoenzymes are
expressed constitutively in the cornea,
next we turned to fine-mapping the dis-
tribution of both proteins by IIF in frozen
corneal cryostat sections. The results
showed that CD38 was localized in the
suprabasal and superficial epithelium
layers, limited to the limbal area at the
external peripheral structure of the
cornea (Figure 3A). CD157 was ex-
pressed by the epithelia of the basal lim-
bal zone (Figure 3B), progressively de-
creasing in the corneal-limbal epithelium
(Figure 3C), located above Bowman’s
layer.

The existence of a discrete CD157+ cell
population (see Figure 1C), was con-
firmed by IIF analysis on fresh normal
human corneal tissues (≤ 10 h post mor-
tem). CD157 was expressed by discrete
cell clusters, including basal cells at the
limbus (Figure 4A–4D). The protein was
more apparent in the cells at the center of
each cluster, which in turn tended to ac-
cumulate at the palisades of Vogt (see
Figure 4A), a region of the limbus that
harbors the highest concentration of stem
cells (1,27). Nuclear p63 antigen is a puta-
tive marker of limbal stem cells (28) and,

according to merged-double staining,
p63+ was coexpressed with CD157 within
the basal limbal layer (see Figure 4C).

CK19 is expressed by limbal and pe-
ripheral corneal epithelial cells (29), sug-
gesting that CD157 and CK19 may ex-

press partially overlapped patterns. This
hypothesis was addressed by staining se-
rial OCT sections of the limbus and pe-
ripheral cornea with anti-CD157 and
anti-CK19 mAbs (Figure 4E–4H). CK19
showed an irregular mosaic pattern in
the basal limbal epithelial cells (see Fig-
ure 4F), in line with a previous report
(29). The distribution of CD157 in the
basal epithelial cell layer of the limbus
(see Figure 4E,4G) resembled that of
CK19, which resulted in CK3/12– (not
shown), a known marker of corneal ep-
ithelial differentiation (30). Moreover,
Cx43, a negative marker of human lim-
bal epithelial stem cells (30), was ex-
pressed by the corneal epithelium in the
suprabasal layer, but could not be de-
tected in the basal epithelial cells of the
limbus (not shown). The results from
phenotyping human limbal and corneal
epithelium with the different mAbs are
reported in Table 1.

DISCUSSION
Our interest in investigating the pres-

ence and topology of NAD+-consuming

Figure 4. Immunostaining of CD157, p63, and CK19 in cryostat sections of human cornea.
Sections were stained with anti-CD157 (SY/11B5, IgG1), anti-CK19, and anti-p63 mAbs.
Upper images: Staining of CD157 clusters (A) and nuclear p63 (B) in the basal limbal ep-
ithelium and the stroma underlying the palisades of Vogt (A–D). Merged confocal image
(C) shows that selected CD157+ cells are p63+ (arrows). The corresponding bright field
image of the limbus is shown (D). Lower images: Staining of CD157 (E) and CK19 (F) in the
basal corneal-limbal epithelium (E–H). The merged confocal image (G) shows that CK19+

cells are CD157+. The corresponding bright field image of the corneal-limbal epithelium is
shown (H). Scale bars: 15 μm.

Figure 3. Immunostaining of the CD38 and CD157 molecules in cryostat sections of
human cornea. Sections were stained with anti-CD38 (AT13/5, IgG1), anti-CD157 (SY/11B5,
IgG1) mAbs, and with an isotype-matched irrelevant control mAb. (A) CD38+ cells are visi-
ble in the superficial and suprabasal limbal epithelium. No signals are detected in the
basal limbal epithelium or in the stroma. (B) CD157+ cells are apparent at the basal limbus
and in the stroma. (C) The CD157 signal fade away to the corneal-limbal interface ep-
ithelium, above the Bowman′s capsule (arrow). Inset: corresponding bright field images of
limbus, corneal-limbal interface, and corneal epithelium (A–C). The junction between lim-
bal and corneal epithelium was determined by the termination of the Bowman′s capsule
(arrow). Scale bars: (A) 50 μm; (B,C) 75 μm.
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enzymes in human cornea is related to
the broader aim of fully characterizing
the tissue distribution of CD38 and
CD157. Insights from such analysis—in
this case, of corneal cells—also will help
shed light on functional issues of these
ectoenzymes-receptors.

The results obtained in this study indi-
cate that CD38 and CD157 are expressed
constitutively by primary corneal cells
isolated from human biopsies. CD38 is
prevalent on the surface of epithelial
cells, while CD157 also is detected on
stromal cells, which are CD38–. The si-
multaneous expression of CD38 and
CD157 in the corneal epithelial cells was
an unexpected finding, since the two
molecules generally are considered mu-
tually exclusive in terms of expression
outside the immune system (7). Notwith-
standing that, the presence of CD38 and
CD157 was confirmed at mRNA and pro-
tein levels, ruling out potential mAb
cross reactivities. Further, the use of spe-
cific mAbs allowed us to explore the bio-
chemical and functional characteristics of
the two molecules in human corneal
cells. Corneal tissue CD38 is a monomer
of ~45-kDa, a main difference from the
same molecule expressed by leukocytes,
where it is reported as an oligomeric
complex. The monomeric form likely is
compatible with corneal functions. In-
deed, oligomeric CD38 is formed preva-
lently by transglutamination, a process
not fitting the physical properties (viz.,

ocular transparency) of normal corneal
tissues (32,33). The oligomeric asset gen-
erally is reported in hematopoietic cells,
where it plays a role in stabilizing the
molecule on the plasma membrane (34).

Corneal CD157 appears as a doublet
with a Mr of 42- to 45-kDa, suggesting
the existence of different isoforms, likely
produced by alternative glycosylation
(35). Precipitates from stromal corneal
cells and NIH-3T3/CD157+ transfectants
blotted under non-reducing conditions
display an additional band of ~150-kDa.
The same test performed in reducing
conditions revealed only monomeric 42-
to 45-kDa chains, indicating that inter-
molecular disulfide bond(s) account for
the higher Mr complexes. It may be rele-
vant to investigate whether the oligomers
are composed of homo- or of hetero-
oligomers of CD157, covalently bound
with a yet unidentified protein.

The joint expression of CD38 and
CD157 in a population of human corneal
cells might represent an evolutionary
strategy providing survival mechanisms
in critical situations. At the same time,
this finding adds clues as to the func-
tional roles played by the molecules.
Both molecules expose their enzymatic
sites to the extracellular milieu in condi-
tions ideal for reaction with NAD+,
which is extruded efficiently across the
plasma membrane of corneal epithelial
cells through Cx43 channels (6,31). One
would guess that cell death, inflamma-

tion, and corneal wound healing repre-
sent different sources of NAD+ in this en-
vironment. The results obtained in this
work indicate that intact corneal cells ex-
press the enzymatic activities attributed
to the extracellular domain of native
CD38. Indeed, cells consume extracellu-
lar NAD+ and form cADPR, even if in
low amounts. The cyclase activity was
evaluated by measuring the ability of
CD38 to cyclize NGD+. In these condi-
tions, the NADase/ARC activity ratio of
intact corneal cells is similar to that mea-
sured in hematopoietic cell preparations
(26). Stromal cells (CD157+) display very
low enzymatic activity, as observed in
other cell lineages (35,36). These results
demonstrate that the corneal epithelial
tissue is characterized by molecules fea-
turing NAD+ consumption. CD38 and
CD157 are the only human enzymes
known to feature NADases/ARC activi-
ties (8). Consequently, CD38 is most
likely responsible for nearly all the enzy-
matic activities observed in corneal ep-
ithelial cells. According to these observa-
tions, one could envisage a model in
which CD38 on the surface of corneal ep-
ithelial cells first senses an increase of ex-
tracellular NAD+ and then responds by
scavenging the extracellular nucleotide.

Recent reports tie in with the model
inferred from the results of this study: in-
deed, retinal vasotoxicity can be trig-
gered by extracellular NAD+ soon after
the onset of diabetic retinopathy, charac-
terized by reduced scavenging by mi-
crovessels of the extracellular nucleotide
(37,38). In line with these observations,
one would speculate that the generation
of anti-CD38 autoantibodies block NAD+

consumption by CD38 in diabetic pa-
tients (39) and consequently threaten
eyesight. This hypothesis is supported
indirectly by the transient blindness ef-
fects observed during the first in vivo
test with anti-CD38 mAbs, used for
experimental treatment of human hema-
tological malignancies (TJ Hamblin,
Southampton, UK, personal communica-
tion). This issue is timely now that the
first human anti-human CD38 mAbs are
available for clinical trials (40).

Table 1. Surface phenotype of human limbal and corneal epithelia.

Corneal epithelia Limbal epithelia

Markers Basal Suprabasal Basal Suprabasala

CD38 –b – – +++c

CD157 – – +++ +/–d

p63 +/– – ++e +f

CK19 – – ++ +/–
CK3/12 ++ ++ – +
Cx43 ++ + – +

aEvaluation based on immunofluorescent staining and empirical score.
b–, undetectable.
c+++, strongly positive.
d+/–, staining of the molecule found undetectable (–) or weakly positive (+) in different donors.
e++, moderately positive.
f+, weakly positive.
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Epithelium regenerates during wound
repair by migration of cells from the
corneal limbus (1,28). However, an open
issue in corneal regeneration is the lack
of a dependable surface marker of the
limbal stem cell population (41). The re-
sults of this work show that CD38 and
CD157 mark subsets of human corneal
epithelial cells. The corneal epithelium
does not express CD38, on the contrary,
detectable on the suprabasal and superfi-
cial limbal epithelium. CD157 is ex-
pressed by the basal epithelial layer of
the limbus, where it appears in clusters
of highly stained cells coexpressing nu-
clear p63, a molecule apparently required
for the migration of limbal cells (28,42).
Recent studies support the hypothesis
that CD157 is one of a coordinated series
of events linked to hematopoietic cell mi-
gration (7). The inference that could be
extrapolated from the present results is
that CD157 may be a useful marker for
the identification and isolation of human
limbal epithelial cells that share charac-
teristics attributed to corneal stem cells.
We thus conclude that the basal epithe-
lial cells of the human limbus are of
CD157+, CD38–, p63+, CK19+, CK3/12–,
and Cx43– phenotype. Therefore, a pecu-
liar combination of markers of corneal
epithelial differentiation (for example,
CK3/12, Cx43, and CD38) and limbal
cell-associated markers (for example,
p63, CK19, and CD157) may allow iden-
tification of human corneal stem cells.

These results show that the normal
human cornea is equipped with a molec-
ular tool to actively metabolize NAD+,
helping maintain corneal homeostasis.
The presence of these ectoenzymes may
pave the way to the design of novel
drugs to control wound repair. Lastly,
the role of CD38 and CD157 as corneal
surface receptors is currently being ex-
amined to obtain sound experimental
evidence to translate biological informa-
tion back to a clinical set, such as tissue
transplantation.
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