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Ecto-enzyme and signaling
functions of lymphocyte CD73

Summary: CD73 or ecto-5'"-nucleotidase (5'-NT) is a widely expressed
ecto-enzyme which catalyzes the dephosphorylation of AMP and other
nucleoside monophosphates. CD73 participates in purine salvage through
this enzymatic activity, supplying cells with precursors for energy metab-
olism and nucleic acid biosynthesis. As an enzyme that produces adeno-
sine, CD73 can also regulate adenosine receptor engagement in many tis-
sues. However, CD73 also has functions independent of its enzyme activity.
Like many glycosyl phosphatidylinositol (GPI)-anchored molecules, it
transmits potent activation signals in T cells when ligated by antibodies.
Less compelling evidence suggests that CD73 may function as a cell adhe-
sion molecule. In the human immune system, CD73 is expressed on sub-
sets of T and B cells, on germinal center follicular dendritic cells, and on
thymic medullary reticular fibroblasts and epithelial cells. Many challeng-
ing areas remain to be explored before the role of CD73 in the immune
system will be fully understood. These include an evaluation of the role of
adenosine receptors in lymphoid development, the identification of phys-
iological CD73 ligands, a functional assessment of the GPI anchor, and an
analysis of the intricate cell-type-specific and developmental regulation of
CD73 expression.

Introduction

CD73, or ecto-5'-nucleotidase (5'-NT, EC 3.1.3.5), is a widely
expressed ecto-enzyme that catalyzes the dephosphorylation of
purine and pyrimidine ribo- and deoxyribonucleoside mono-
phosphates to the corresponding nucleosides. It hydrolyzes only
5'-, and not 2'- or 3'-, monophosphates. While the enzyme has
a broad substrate specificity, it prefers purine ribonucleoside
monophosphates, and 5'-AMP is the best substrate, with Ky, val-
ues of 3—6 uM (1, 2). Although 5'-NT is found in most tissues,
its expression is usually restricted to specific cell types. In the
human immune system, for example, CD73 is expressed on
subsets of T and B cells, on germinal center follicular dendritic
cells (FDC) (3), and on reticular fibroblasts and epithelial cells
of the thymic medulla’. There are several examples where 5'-NT

and adenosine deaminase (ADA), the next enzyme in the purine

*  Yamashita Y, et al. Expression of ecto-5'"-nucleotidase (CD73) on murine
leukocytes and stromal cells. (Manuscript in preparation).
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Fig. 1. CD73 is a multifunctional
ecto-enzyme. Four proposed
functions for CD73 are shown and
numbered in the order in which
they are discussed in the text.
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salvage pathway, appear to be inversely regulated in a cell-type-
specific fashion. Since 5'-NT produces adenosine and ADA
degrades it (Fig. 1), these observations suggest an important role
for both these enzymes in the control of extracellular adenosine
levels. In fact, early interest in 5'-NT stemmed from the fact that
it produces adenosine, which acts as a potent vasodilator by trig-
gering adenosine receptors in the cardiovascular system. How-
ever, it is important to remember that 5'-NT has a broad sub-
strate specificity and high specific activity giving it the capacity
to contribute substantially to the salvage of both purines and
pyrimidines in the cell types in which it is expressed. In addition
to its functions as an enzyme, 5'-NT, like several glycosyl phos-
phatidylinositol (GPI)-anchored lymphocyte proteins, serves as
a co-stimulatory molecule for the CD3/T-cell receptor (TCR)
complex. Less compelling evidence suggests that 5'-NT may also
play a role in cell adhesion. Since the molecular aspects of 5'-NT
have been thoroughly reviewed relatively recently (4), this
review will focus on the functions of the enzyme which may be

of particular interest to immunologists. It will be apparent to the
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reader that there are important gaps in our knowledge of this
multifunctional enzyme, revealing areas well-suited for further

investigation.

Historical perspective: how CD73 came to the attention of

immunologists

As early as the 1970s, it was recognized that human lympho-
cytes were heterogeneous with respect to 5'-NT activity, and
that chronic lymphocytic leukemia (CLL) B cells could be
either 5'-NT+ or 5'-NT- based on a histochemical stain (5).
B-CLL cells from the majority of patients examined had either
low or even undetectable 5'-NT expression. Cord blood lym-
phocytes were also known to have only about 1/5 the 5'-NT
enzyme activity of lymphocytes from adults (6). Given that CLL
lymphocytes (7) and cord blood B lymphocytes (6) were
believed to be immature, these observations suggested that the
level of 5'-NT in B cells might correlate with maturity. Prior to

1977, however, 5'-NT was primarily known to immunologists



as a useful plasma membrane marker in subcellular fraction-
ation experiments (8).

Later that year and in the following year, two publications
heightened immunologic interest in this ecto-enzyme.
Reduced 5'-NT enzyme activity was found in the peripheral
blood mononuclear cells (PBMs) of patients with common
variable immunodeficiency (CVI) (9) and X-linked agamma-
globulinemia (XLA) (10). CVIis a heterogenous disease char-
acterized by hypogammaglobulinemia and low to normal
numbers of B lymphocytes (11). Most CVI patients have intrin-
sic B-cell defects. XLA patients also have hypogammaglobuline-
mia, but the cause is a failure of pre-B-cell growth and clonal
expansion (12).

5'-NT is part of the same metabolic pathway that contains
ADA and purine nucleoside phosphorylase (PNP) (Fig. 1). In
the early 1970s, it had just been discovered that mutations in
the genes encoding ADA and PNP led to severe combined im-
munodeficiency (SCID) (13) and an isolated T-cell immuno-
deficiency (14), respectively. Since an intact purine salvage
pathway seemed necessary for normal lymphocyte develop-
ment, it was at first postulated that CVI and XLA might be
caused by mutations in the structural gene for 5'-NT that led to
decreased enzyme activity. However, two pieces of evidence ar-
gued against this. First, the residual 5'-NT enzyme activity in
CVI and XLA patients was 30-50% of control levels, much
higher than was seen in ADA- or PNP-deficient patients who
usually had only 1-3% or less of control enzyme levels. Second,
total body purine metabolism was not abnormal in CVI and
XLA patients (15), unlike ADA- and PNP-deficient patients who
showed strikingly abnormal purine metabolites in serum,
urine, and erythrocytes (16). Thus, 5'-NT deficiency in CVI
and XLA patients appeared to be limited to lymphocytes.

To better understand the basis for the reduced 5'-NT
enzyme activity in PBMs from these patients, purified popula-
tions of normal T and B cells were studied at different stages of
maturation. 5'-NT enzyme activity was 5- to 6-fold higher in
peripheral blood B cells than T cells (17, 18). Thus, much of
the reduced 5'-NT enzyme activity in PBMs from patients with
XLA was explained by their B-cell deficiency. Fetal spleen and
cord blood B cells had only 1/5 to 1/6 the enzyme activity of
adult blood B cells (19, 20). B-cell CD73 expression increased
to adult levels during the first 6 months of life, over the same
time period when infants’ B cells gained the ability to make IgG
antibody responses (21). Purified B cells from many CVI
patients had low 5'-NT activity . This correlated with an inabil-
ity to synthesize IgG in vitro and was, therefore, consistent with
a block in maturation. Lymphocyte 5'-NT enzyme activity was

also measured sequentially in 2 twin infants, one of whom
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exhibited transient hypogammaglobulinemia of infancy. The
infant with normal B-cell development showed the normal
increase in lymphocyte 5'-NT activity in the first few months of
life, while the other twin had a delayed increase in 5'-NT activ-
ity of almost 2 years which correlated with her recovery from
hypogammaglobulinemia (21) (L.FE. Thompson & J.E. Bastian,
unpublished observations). Taken together, these data suggest
that 5'-NT activity increases during B-cell maturation.

The 5'-NT activity of thymocytes was only about 1/10 that
of adult peripheral blood T cells (22), suggesting that the level
of 5'-NT expression might also be an indication of T-cell matu-
rity. We were surprised, therefore, to find reduced 5'-NT
enzyme activity (10-50% of normal) in the T cells of patients
with XLA and CVI (17, 23) since most patients with these dis-
eases are believed to have normal T-cell function (24, 25). Fur-
ther analysis revealed that this was caused by strikingly reduced
percentages of 5'-NT+ T cells, especially in the CD8* subset
(7.5% vs. 35% for control subjects) (23, 26, 27). Low percent-
ages of 5'-NT* T cells might be explained by the number of
infections which hypogammaglobulinemic patients have expe-
rienced, given the later observation that memory CD8* T cells
are largely 5'-NT- (28). Patients with infectious mononucleosis
also had a profound, though transient, expansion of CD8*
5'-NT- T cells (29).

5-NT enzyme activity was also measured in PBMs of
patients with a wide variety of other immunodeficiency dis-
eases, including Wiskott-Aldrich syndrome, DiGeorge’s syn-
drome, selective IgA deficiency, SCID, Omenn’s syndrome, ADA
deficiency, and AIDS (15, 20, 29-36). 5'-NT enzyme activity in
PBMs of patients was almost always significantly lower than that
of age-matched controls and was absent in the handful of SCID
patients studied. Assessment of 5'-NT enzyme activity was use-
ful in a clinical setting since the results could be obtained in a
single day as compared to mitogen studies which required 3
days.

Distribution of CD73 on lymphoid tissue

by immunofluorescence

Observations of low 5'-NT enzyme activity in PBMs of patients
with immunodeficiency diseases provided the original impetus
for an evaluation of 5'-NT expression on normal lymphocytes
at different stages of differentiation. These studies relied on
enzyme assays and histochemical stains and were cumbersome
because anti-5'-NT mAbs were not yet available. Nevertheless,
it was found that 5-NT expression on lymphocytes was devel-
opmentally regulated, suggesting that the enzyme might be

important for lymphocyte maturation. Now, with the advent of
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transgenic (37) and knockout technology (38), and the avail-
ability of mAbs to human (3, 39—44), mouse®, and rat 5'-NT
(45), there are a variety of new model systems to explore the
function of 5'-NT in the immune system. Often, insight into
the function of a molecule can be obtained by comparing its
pattern of expression in multiple species. Thus, we summarize
below the tissue distribution of CD73 in human and mouse

lymphoid tissue.

Hurman thymus
Our recent examination of CD73 expression in human thymus
produced unexpected results*. In 1982, Ma et al. (46) reported
5'-NT enzyme activity in purified thymocyte subsets at various
stages of differentiation. Medullary thymocytes possessed
approximately 5-fold higher 5'-NT enzyme activity than corti-
cal thymocytes, a level similar to that of peripheral T cells.
These results were consistent with increased 5'-NT activity in
thymuses of rodents treated with cortisone as compared to con-
trol animals (47, 48). In our studies, CD4*CD8* thymocytes
were CD73-, as expected. However, CD73 was also absent in
CD4-single positive cells and only 4-19% of CD8-single posi-
tive cells were CD73* (as compared to 50% for adult peripheral
blood CD8* cells). The percentage of CD73+* cells was higher in
thymuses from 2 children aged 4 and 11 years than from 2
infants aged 1 week and 6 months. Immunohistochemical eval-
uation of CD73 expression in the thymus did show intense
staining in the medulla, but it was associated primarily with
reticular fibroblasts and epithelial cells rather than thymocytes.
The most likely reason for the discrepancy in our results com-
pared to those of Ma et al. is the lack of precision in the method
they used to prepare medullary thymocytes. Similarly, the pri-
mary reason for the higher 5'-NT enzyme activity of thymuses
from cortisone-treated animals is probably their increased per-
centages of epithelial cells compared to thymocytes. Since
T-cell CD73 expression in cord blood is similar to that in
adults, our results suggest that the level of CD73 expression
increases substantially after T cells leave the thymus. If CD73
expression is important for normal thymic development, we
propose that the CD73 on stromal/epithelial cells plays a dom-

inant role.

Human peripheral blood T cells
In adult peripheral blood T cells, approximately 19% of CD3+,
11% of CD4+, and 51% of CD8* cells are positive for CD73. All
5'-NT+ T cells are CD28+ (3). When CD8* cells are divided into
CD11b* and CD11b- subsets, the expression of 5'-NT is
restricted to CD11b- cells (28, 49). In addition, CD73 is pref-
erentially expressed on CD45RAM CD45RO*® (naive) CD8*
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T cells as compared to memory T cells in both peripheral blood
(28) and tonsil (50). CD16* NK cells are 5'-NT- (39).

Human B cells
Approximately 3/4 of adult peripheral blood, spleen, and
lymph node B cells express CD73 (3, 39). Recent studies by
Airas document CD73 expression in tonsillar B cells (50).
B cells in primary follicles are largely CD73*, as are resting
sIgD-CD38- memory B cells. In contrast, CD38+ germinal cen-
ter B cells are CD73". Thus, as in T cells, CD73 expression is

regulated at several stages of B-cell differentiation.

Murine CD73
Immunofluorescence studies with recently developed rat anti-
murine CD73 mAbs” revealed both similarities and differences
between CD7 3 expression on murine versus human leukocytes.
Subpopulations of murine spleen and lymph node T cells
expressed CD73 as was seen with human T cells. Furthermore,
murine spleen T cells could be induced to proliferate and
secrete IL-2 when cultured with anti-CD73 mAbs plus submi-
togenic concentrations of phorbol myristate acetate (PMA),
suggesting that both murine and human CD73 transmit activa-
tion signals (see below). In B cells, however, the expression
pattern was quite different. Most CD19+ cells in the spleen were
CD73" and there were no CD73* B cells in lymph nodes. Early
studies by Barton & Goldschneider suggested that CD73
expression may also be low on rat B lymphocytes (51). sIgA*
B cells in Peyer's patches were, however, CD73*. Many murine
bone marrow myeloid cells were CD73+, while human myeloid
cells were negative. CD73 expression was also found on murine
bone marrow stromal cell lines and the thymic epithelial cell
line TEC. Immunohistochemical staining confirmed the high
expression of CD73 in non-lymphoid elements of the thymus,
spleen, and lymph node.

The striking differences in CD73 expression between
human and murine CD73 are thought-provoking regarding the
proposed importance of CD73 in human B-cell development.
Perhaps there is another cell-surface phosphatase which takes
over the function of CD73 on murine B cells. Alternatively,
another cell type may express CD73 in murine lymphoid tissue.
Indeed, histochemical analysis of CD73 expression in murine
spleen and lymph node demonstrated that the B cells in those
tissues are surrounded by a reticular network which is highly
CD73+. The relative lack of antigen stimulation in a specific

pathogen-free animal facility could also account for the low

*  Yamashita Y, et al. Expression of ecto-5'-nucleotidase (CD73) on murine
leukocytes and stromal cells. (Manuscript in preparation).



level of murine B-cell CD7 3 expression. Perhaps sIgA* B cells in
Peyer’s patches are CD73* because they have encountered anti-
gen. Our observation that human B-cell CD73 expression
increases during the first 6 months of life is consistent with this
hypothesis (21).

The finding of CD73 expression on bone marrow stromal
cells and thymic epithelial cells suggested that CD73 might
mediate interactions between stromal elements and developing
lymphoid precursors. However, CD73 mAbs had no effects on
either Whitlock-Witte or fetal thymic organ cultures in terms
of the number of cells produced or their phenotypes. These
results do not preclude the possibility of such interactions,
however, as the relevant epitopes may not be recognized by the
available anti-CD73 mAbs. Alternatively, CD73 enzymatic activ-
ity may be an important factor and this is not completely inhib-
ited by anti-CD73 mAbs. Thus, it will be important to evaluate
the effect of the specific 5'-NT inhibitor o,-methylene adeno-
sine 5'-diphosphate (1) in these in vitro models.

Functional assays on 5'-NT* and 5'-NT- lymphocytes

T cells
The unequivocal demonstration of 5'-NT* and 5"-NT- lympho-
cytes prompted us to ask whether 5'-NT* lymphocytes could
perform certain functions that 5'-NT- lymphocytes could not.
Thus, we sorted purified preparations of T cells into 5'-NT+ and
5'-NT- populations using our goat anti-5'-NT antibodies (52).
Since it was known that 5'-NT enzyme activity was very low in
most human thymocytes (22, 46), we considered the possibil-
ity that 5'-NT- peripheral blood T cells might be functionally
immature. However, we found that CD73- T cells made prolif-
erative responses to mitogen (PHA) and allogeneic cells which
were equal to or better than those of CD73* T cells. CD73-
T cells were also able to provide more help for pokeweed mito-
gen (PWM)-stimulated antibody production than CD73+
T cells. This is probably because CD73- T cells contain a lower
proportion of CD8* cells. In contrast, CD73* T cells responded
to lower doses of PMA with greater increases in [*H]-thymidine

incorporation.

B cells

We also performed parallel functional studies on CD73+ and
CD73- B cells (53). In this case, our results clearly supported
our hypothesis that CD73 expression was an indication of
B-cell maturity. While both CD73+ and CD73- B cells could
synthesize equivalent amounts of IgM in response to in vitro
stimulation with either PWM or Epstein-Barr virus (EBV), the
ability to make IgG was restricted to the CD73+ subset.

Resta et al - CD73: ecto-5"-nuclectidase

CD73 expression in lymphoid malignancies

CD73 is also expressed in some lymphomas and lymphoid leu-
kemias. 5'-NT activity is low in the vast majority of patients
with CLL (5), and it is not known whether the minority of
patients with high CD73 expression have a different prognosis.
In acute lymphoblastic leukemia (ALL), CD73 is expressed only
among CD10* cases (54). Immature CD10- pro-B ALL, mature
B ALL, and T-cell ALL express little or no CD73. However, not
all CD10* cases are CD73*. CD73 expression is associated with
a poor clinical outcome in both children (55) and adults (56)
with ALL. This poor outcome, however, is not related to resis-
tance to the thiopurines 6-mercaptopurine and 6-thioguanine
used to treat ALL (57). Ujhdzy et al. (58, 59) made the inter-
esting observation that CD73 expression increased with the
acquisition of the multidrug-resistant phenotype in murine
lymphoma cells exposed to doxorubicin. When EL4 cells were
grown in increasing concentrations of this chemotherapeutic
agent, they acquired expression of the multidrug resistance
protein P-170, as expected. Additionally, CD73 expression
increased. In fact, inhibition of CD73 enzyme activity caused a
reversion to doxorubicin sensitivity among the P-170+ cell
lines. Ujhazy et al. hypothesized that 5'-NT enzyme activity was
needed to salvage the ATP (after its conversion to AMP via other
ecto-enzymes) which was lost when P-170 pumped doxorubi-
cin out of the cell. The mechanism responsible for this intrigu-
ing association between P-170 and CD7 3 expression remains to
be determined. It will also be important to determine whether
CD73 expression increases in vivo in cancer patients with lym-

phoid malignancies as multidrug resistance is acquired.

CD73 structure, gene cloning, and regulation

CD73 has a GPI membrane anchor
CD73 could be released from placental plasma membranes
(60) or from the surface of human lymphocytes (3) by incu-
bation with highly purified phosphatidylinesitol-specific phos-
pholipase C (PI-PLC) from B. thuringiensis. This was strong evi-
dence that at least a fraction of the enzyme was anchored into
the membrane via a GPI anchor. Formal proof came when
human CD73, released from placental plasma membranes by
PI-PLC treatment, and further purified by affinity chromatog-
raphy on Con A Sepharose and a mAb column, was subjected
to acid hydrolysis and mass spectophotometric analysis for
quantitation of inositol (61). Approximately 1 mole of inositol
was found per mole of enzyme, confirming the existence of the
GPI anchor. Misumi et al. (62) also identified components of

the GPI anchor when they purified the carboxyl terminal pep-
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tide of human placental 5'-NT. We also found 1 mole of inosi-
tol/mole of protein in a soluble form of CD73 purified from
the 100,000 x g supernatant fraction of human placental
extracts. This suggests that “soluble” CD73 had been previously
linked to the membrane via a GPI anchor. Inositol was also
detected in soluble 5'-NT purified from electric ray, suggesting
that it, too, had been previously GPl-anchored (63). Not all
CD73 is released from plasma membranes by PI-PLC, and mass
spectrometric analysis of purified “PI-PLC-resistant” CD73
from human placenta showed 0.45 mole inositol/mole of
enzyme. These data show that at least part of the PI-PLC-resis-
tant CD73 also has a GPI anchor. The lack of equimolar concen-
trations of inositol and enzyme could be due to a transmem-
brane form of the protein or to impurities in the preparation
analyzed. It is still not known whether an alternative form of
CD73 exists with a conventional transmembrane anchor. How-
ever, cDNAs corresponding to only one isoform of CD73 have
been cloned, and their sequences are consistent with the GPI-
anchored form of the molecule (47, 62, 64—66). CD73, thus,
belongs to a large group of surface proteins which are GPI-
anchored, many of which have been implicated in cellular sig-
naling (67, 68).

Cloning of CD73
5'-NT has been purified and characterized from a variety of
sources, including porcine intestinal smooth muscle (69),
human placenta (61, 70-72), human endothelium (73), rat
heart (2), and electric ray electric organ (74). The cDNA was
first cloned from rat liver and human placenta by Misumi et al.
(62, 64). The human cDNA encodes 574 amino acids with a
predicted size of 63 kD. The gene has also been mapped to
human chromosome 6q14-21 (75). The cDNA predicts four
N-linked glycosylation sites that likely account for the larger
mass (69—71kD) of the mature form of the CD73 protein.
Gutensohn et al. have shown by treatment with endoglycosi-
dases and inhibitors of carbohydrate processing that human
chorionic CD73 has four oligosaccharide side chains, all of
which are N-linked (76). There is also evidence that CD73 is
sialylated in some tissues (though probably not in lympho-
cytes), and there appears to be species- and tissue-specific vari-
ation in glycoslyation patterns (77). The 26 amino terminal
residues specify a signal peptide, followed by the amino termi-
nal sequence of the purified protein. The ¢cDNA encodes a
hydrophobic amino acid sequence at the carboxyl terminus that
serves as a signal for the attachment of a GPI anchor.

CD73 has been remarkably conserved throughout evolu-
tion. The human cDNA predicts a protein that is 86%, 82%,
85%, and 64% identical to those encoded by the mouse (47),
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rat (64), bovine (65), and electic ray (66) cDNAs, respectively.
In fact, CD73 contains motifs that are conserved in some bac-
terial hydrolases as well as consensus sequences for nuclectide-
binding sites (4). Site-directed mutagenesis experiments
revealed that conversion of any of three conserved histidines at
amino acids 92, 194, or 217 to alanine resulted in loss of 5'-NT
enzyme activity for human CD73 (78).

CD73 regulation
As discussed above, CD73 is developmentally regulated in
human B and T lymphocytes. In an attempt to understand why
the level of CD73 expression changes during T-lymphocyte
maturation, we made transgenic mice which overexpress CD7 3
in thymocytes (79). Even though the enzyme was highly
expressed on cortical thymocytes which are normally CD73-,
and the overall level of enzyme activity in the thymus was 100-
fold higher than in normal mice, there were no apparent abnor-
malities in either T-cell development or mature T-cell function.
Thus, it does not seem to be important to protect thymocytes
from the products of 5'-NT enzyme activity early in their devel-
opment. The high level of ADA in the thymus can apparently
handle whatever adenosine is produced by 5'-NT, even if 5'-NT
is highly overexpressed.

In addition to developmental control, there is also tissue-
and cell-type-specific regulation of CD73 expression. While
CD73 is expressed in many tissues, including the placenta,
liver, and kidney, only certain cell types within each tissue
express the protein (3). By immunohistochemistry, CD73 is
selectively expressed on endothelial cells of the kidney, spleen
and liver, on the basal layer of non-keratinizing squamous epi-
thelium and transitional cell mucosa, and on the brush border
of jejunal and ileal enterocytes. In some tissues, ADA also
undergoes cell-type-specific regulation and is expressed prima-
rily in cells which are 5-NT-. One example is the murine
decidua. The primary decidua is 5'-NT" and ADA"; the adjacent
secondary decidua is 5'-NT" and ADAM (80). Another example
is the retina where 5'-NT is primarily in the epithelial and outer
segment layers while ADA is highest in the cell bodies of the
inner nuclear and ganglion cell layers (81). Finally, in the thy-
mus, the cortex is ADAM 5'-NTl and the medulla is ADAl°
5'-NTH (46, 82)". We speculate that 5'-NT and ADA may be co-
ordinately regulated in these tissues in an inverse fashion in
order to control adenosine levels. Consistent with this hypoth-
esis, Spychala et al. (83) have shown that PMA-induced HL-60

cell differentation is accompanied by an increase in 5'-NT

*  Yamashita Y, et al. Expression of ecto-5'-nucleotidase (CD73) on murine
leukocytes and stromal cells. (Manuscript in preparation).



activity and a decrease in ADA activity, leading to an increase in
that the
5'-NT/ADA enzymatic profile of a cell characterizes it as

intracellular adenosine levels. They propose
“adenosine-utilizing” (5'-NT' ADAM) or “adenosine-produc-
ing” (5'-NT" ADA).

These observations suggest that understanding how
expression of CD73 is regulated may lend insight into the
molecular mechanisms responsible for normal lymphocyte
development and the control of adenosine receptor engage-
ment (see below). Comparisons between 5'-NT enzyme activ-
ity and CD73 mRNA levels in murine tissues (47) suggested
that CD73 protein expression is controlled principally by
steady-state mRNA levels, rather than by translational or post-
translational mechanisms. In order to characterize the tran-
scriptional regulation of human CD73, we cloned and charac-
terized the promoter and 5'-flanking region of the gene (84).
A cluster of potential transcription start sites was identified by
RNase protection assays and 5'-RACE (rapid amplification of
cDNA ends) cloning The genomic region upstream from the
CD73 start codon is GC-rich, and there is no TATAA box. There
are five consensus Sp-1-binding sites, one cAMP-responsive
element, two AP-2-binding sites, and one CCAAT box in the
first 500 base pairs upstream from the transcriptional start site.
The region between —1902 and —950 (with +1 as the site of
transcription initiation) is also rich in binding sites for tran-
scription factors, including three C/EBP sites, three GATA
boxes, two MyoD sites, and inverted IgH heptamers and NFxB-
binding sites. Nuclear run-on assays revealed high levels of
transcription initiation in human placenta (strongly CD73+),
and undetectable levels in cell lines that expressed no (Jurkat)
or low levels (WI-L2) of CD73. This suggested that CD73 levels
are regulated, at least in part, by transcriptional initiation.
However, our inability to detect differences in the levels of
nascent transcripts in Jurkat and WI-L2 leaves open the possi-
bility that additional mechanisms (RNA stability, RNA trans-
port, transcriptional attenuation, or post-translational control)
may govern CD73 protein levels in lymphocytes. In fact, tran-
sient transfection of luciferase reporter constructs demon-
strated that a 155 base pair genomic DNA segment that
included the transcription initiation site functions as a core
promoter in both CD73+ (MG and WI-L2) and CD7 3~ (Raji and
Jurkat) lymphoid cell lines. Additional genomic DNA
sequences extending as far as 1.9 kb did not confer cell-type-
specific expression to this core promoter in luciferase assays.
While it is possible that elements regulating transcription are
present outside this 1.9 kb region, or are present but do not
function outside of the normal chromatin structure, it is
equally likely that mechanisms beyond transcriptional initia-
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tion control the intricate regulation of CD73 levels in human
lymphocytes.

One such mechanism has been proposed by Peola et al.
(85). They found that treating lymphoid cell lines, peripheral
blood T cells, or thymocytes with anti-CD38 mAb led to a dra-
matic increase in enzymatically active cell-surface CD73.
Upregulation occurred in the presence of the protein synthesis
inhibitor cycloheximide and was seen as quickly as 20 min
after mAb treatment, declining to baseline by 12 h. These pro-
vocative data, which suggest that CD73 expression may in some
circumstances be controlled by post-translational mechanisms,
await confirmation by other groups.

CD73 functions

CD73 functions can be divided into two types: those which
require 5-NT enzyme activity and those which do not. In the
first category, putative functions for which there is in vitro evi-
dence include the synthesis of nucleosides for purine salvage
and the production of adenosine to engage adenosine recep-
tors. Postulated functions for CD73 which are independent of
enzyme activity are the transduction of signals across the
plasma membrane and cell adhesion (Fig. 1).

Purine salvage
Nucleoside monophosphates cannot cross the cell membrane,
while nucleosides can enter the cell via facilitated diffusion.
Thus, 5'-NT can convert nucleoside monophosphates into a
form in which they can be utilized to meet the metabolic needs
of cells (86). In fact, the enzymatic activity of ecto-5'-NT on
mitogen-stimulated human peripheral blood T cells or EBV-
transformed B-lymphoblastoid cell lines is sufficient to supply
the total purine requirements of these rapidly dividing cells.
IMP, inosine, and hypoxanthine (see Fig. 1) at 30 uM were all
equally effective in supporting the proliferation of cells in
which de novo purine synthesis was blocked by aminopterin
(87). Inosine and hypoxanthine can enter cells directly, while
IMP must first be dephosphorylated to inosine by 5'-NT. These
studies addressed the magnitude of ecto-5'-NT enzyme activity
on lymphocytes, but did not deal with the equally important
issue of substrate availability.

Generally, nucleotides, including 5'-NT substrates, are
found primarily inside cells. Since the catalytic site of ecto-
5'-NT is on the outside of the plasma membrane (88), this
raised the question of whether nucleotide substrates would
normally be available to the enzyme. In 1985, we speculated
that extracellular nucleotides might be available in tissues such
as the thymus, bone marrow, and spleen where high rates of
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apoptosis occur. Indeed, there are now several documented cir-
cumstances where 5'-NT has access to extracellular nucleotides
(see below). These include the murine thymus as revealed by
our recent analysis of nucleoside levels in thymuses of trans-
genic mice overexpressing human CD73 under the control of
the Ick promoter (79). Although adenosine levels were not
changed in these mice, thymic inosine concentrations were
increased more than 2-fold. The extremely high activity of ADA
in the thymus converted adenosine generated by 5'-NT into
inosine (see Fig. 1). This demonstrated for the first time the
availability in the thymus of the 5'-NT substrate AMP.

CD73 produces adenosine to interact with adenosine

receptors
Adenosine receptors are seven (ransmembrane-spanning
G-protein-coupled receptors. They are widely expressed on a
variety of tissues and cell types and mediate many important
physiological responses, including cardiac rate and contractil-
ity, neurotransmission, renal function, smooth muscle vasodi-
lation, platelet aggregation, superoxide anion generation, lipol-
ysis, and mast cell activation (89-92). There are four known
adenosine receptors which have been cloned and sequenced:
Al, A2a, A2b, and A3. They are classified according to their
affinities for adenosine and a variety of adenosine analogues
and by their coupling to adenylate cyclase (93). All except the
Al receptor are expressed in murine thymus throughout devel-
opment as revealed by reverse transcription-polymerase chain
reaction, northern blotting, and/or immunohistochemistry or
western blotting (94-96). Both the A2a and A2b receptors are
positively coupled to adenylate cyclase and can mediate
increases in cAMP. The A2a receptor has a much higher affinity
for adenosine than the A2b receptor (97) and is more likely to
be engaged at normal physiological concentrations of adeno-
sine. The A3 receptor is negatively coupled to adenylate cyclase
and has a low affinity for adenosine (93, 98). Both the A2b and
A3 receptors can also signal through phospholipase C and/or
ion fluxes (93).

Outside the immune system, there are several circum-
stances in which CD73 has been demonstrated to regulate the
concentrations of extracellular adenosine which can engage
adenosine receptors. For example, CD73 plays a crucial role in
the T84 intestinal epithelial cell model of secretory diarrhea
(99). In this system, adenosine is produced from neutrophil-
derived AMP by CD73 on the surface of T84 cells. Adenosine
then interacts with adenosine A2b receptors on these same cells
(100) to induce electrogenic chloride secretion. CD73 on
intestinal epithelial cells may, thus, play an important role in vivo
in regulating the production of adenosine from AMP (or ATP)
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released from neutrophils at sites of intestinal inflammation.
CD73 is also responsible for the production of adenosine which
is important for the anti-inflammatory action of methotrexate
in the in vivo murine air pouch model of inflammation®. Simi-
larly, myocardial CD73 plays an important role in generating
adenosine responsible for the phenomenon of ischemic pre-
conditioning mediated by Al receptors in studies of cardiac
ischemia in dogs (101, 102).

Finally, ADA and CD73 appear to work together to regulate
extracellular adenosine levels in the developing murine gesta-
tion site (80). The concentrations of adenosine in the develop-
ing murine embryo-decidual unit are proportional to the
5'-NT: ADA mRNA ratio, and it is tempting to speculate that
these two genes may be co-ordinately regulated in this tissue.
Adenosine levels rise dramatically on day 5 of gestation at the
time 5'-NT expression is induced in the primary decidua and
then fall as 5'-NT activity declines and ADA is induced in the
adjacent secondary decidua (days 7—11). In this case, the extra-
cellular AMP is probably generated through apoptosis, as there
is a great deal of cell death when the decidua regresses and the
placenta assumes the nourishment of the developing embryo.
The A2b receptor is induced in the gestation site with kinetics
which are virtually identical to those of 5'-NT, suggesting that
5'-NT and ADA regulate the amount of adenosine which can
interact with this receptor’.

The cell-type-specific expression of 5'-NT and ADA in the
murine gestation site is reminiscent of the thymus where 5'-NT
expression is high and ADA expression is low in the medulla,
and the converse is true in the cortex (46, 82)%. In vitro studies
in the mouse have shown that engagement of adenosine recep-
tors on thymocyte suspensions induces apoptosis (79, 103,
104). Furthermore, cAMP-elevating agents block thymocyte
differentiation in murine fetal thymic organ culture (105),
suggesting that the regulation of intrathymic adenosine levels
may be important for normal thymic development. We demon-
strated, using thymocytes from our transgenic mice which
overexpress human CD73, that adenosine produced by 5'-NT
can engage adenosine receptors. As shown in Fig. 2, incubation
of transgenic, but not control thymocytes, with AMP led to
increases in intracellular cAMP. Furthermore, the dose response
for AMP is very similar to that for adenosine, suggesting that

*  Morabito L, et al. Methotrexate and sulfasalazine promote adenosine
release by a mechanism that requires ecto-5'-nucleotidase-mediated con-
version of adenine nucleotides. J Clin Invest (In press).

T  Blackburn MR, Wubah JA, Thompson LF, Knudsen TB. Developmental
expression of adenosine A2b receptors during implantation and placen-
tation in the mouse. (Manuscript in preparation).

f  Yamashita Y, et al. Expression of ecto-5'-nucleotidase (CD73) on murine
leukocytes and stromal cells. (Manuscript in preparation).
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the coupling of the enzymatic activity of 5-NT to adenosine
receptor signaling is quite efficient. It will be important to
determine whether adenosine receptor signaling by 5'-NT-gen-
erated adenosine plays a role in regulating the high rate of
apoptosis which normally occurs during thymic development.

It is possible that aberrant adenosine receptor signaling is
involved in the pathogenesis of SCID caused by mutations in the
ADA gene (79, 106). Both adenosine and deoxyadenosine are
elevated in ADA-deficient patients (16) and adenosine levels are
elevated in ADA knockout mice (107-109) or normal mice
treated with the ADA inhibitor 2-deoxycoformycin (79) to the
point where one would expect adenosine receptors to be
engaged. We are currently evaluating the role of adenosine
receptor signaling in the pathogenesis of ADA deficiency using
murine fetal thymic organ culture. If elevated thymic adenosine
levels are important in ADA deficiency, it will be important to
understand the relative roles of ecto- versus cytoplasmic
nucleotidases in their production. It is possible that the conse-
qﬁences of ADA deficiency could be ameliorated by a decrease
of 5'-NT activity in the thymus.

Huang et al. recently reported that treatment of splenocytes
with the A2a receptor agonist CGS21680 leads to an inhibition
of antigen-induced T-cell proliferation (110). These authors
argued that adenosine receptor-mediated peripheral T-cell
depletion might be important in the pathogenesis of SCID
caused by ADA deficiency. However, we feel this is unlikely. The
extreme thymic atrophy in ADA-deficient patients (16) sug-
gests that a block in early thymocyte maturation is primarily

responsible for their T lymphopenia.

CD73 is a co-receptor for CD3/TCR
Cross-linking CD73 by either polyclonal or monoclonal anti-
bodies in the presence of PMA caused T cells to proliferate,
express the IL-2R, and secrete IL-2 (111). The proliferation was

=
4
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—
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Fig. 2. 5'-NT can produce adenosine which engages
adenosine receptors. Thymocyte suspensions were treated
with the indicated concentrations of adenosine or AMP for
20 min. cAMP levels were measured with a commercial
ELISA kit. A. Thymocytes from transgenic mice
overexpressing 5'-NT and control littermates were
compared for intracellular cAMP levels after exposure to
30 uM AMP B. Thymocytes from transgenic mice
overexpressing 5'-NT were incubated with the indicated
concentrations of adenosine or AMP, and the changes in
cAMP levels were compared.

as intense as with PHA stimulation. Both intact IgG and F(ab'),
fragments were stimulatory, and proliferation occurred with
even monocyte-depleted (<0.3%) T-cell preparations. These
results suggested that CD73 could transmit transmembrane sig-
nals.

Our original observations were extended to a system in
which anti-CD73 mAbs were co-immobilized with the anti-
CD3 mAb OKT3 (112). Though immobilized anti-CD73 alone
did not cause T cells to proliferate, T-cell proliferation was
intense when anti-CD7 3 was co-immobilized with submitoge-
nic concentrations of anti-CD3 or when suboptimal concentra-
tions of soluble anti-CD2 mAbs were added to the system. A
comparison with the well-characterized co-stimulatory mole-
cule CD28 (113) revealed that T-cell proliferative responses
were equivalent or greater when T cells were co-stimulated
with immobilized anti-CD3 plus anti-CD73 mAbs than with
anti-CD3 plus anti-CD28. Subsequent studies revealed that
CD73 expressed on naive CD45RAN
CD45ROCD8* T cells (28). These cells have an intrinsic low
responsiveness to activation through immobilized anti-CD3

was primarily

which can be markedly enhanced by co-immobilization of
anti-CD73. CD8* memory cells (CD45RACD45ROM), on the
other hand, responded well to immobilized anti-CD3 alone and
this response was not increased by the addition of immobilized
anti-CD73. These results suggested that one function of CD73
may be to lower the threshold for the activation of naive T cells
when they first encounter antigen.

Thus, CD73 stimulates T cells by amplifying activation sig-
nals delivered through CD3 or CD2 and is part of a family of
stimulatory molecules that transduce such activating signals in
T lymphocytes. These molecules include CD28 (113), Thy-1
(114), and T-cell-activating protein (TAP) (115). CD73 sub-
strates could not substitute for anti-CD7 3 in these experiments,
suggesting that there might be a non-substrate ligand for
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CD73. Anti-CD73 mAbs may mimic the actions of this natural
ligand, as has been shown for some T-cell co-stimulatory mol-
ecules and their ligands such as CD28 and B7-1/B7-2 (116).

Many other T-cell co-activating molecules, including
Thy-1 (114), TAP (115), Ly-6 (117), Qa-2 (118), RT-6 (119),
CD48 (120), CD55 (121), and CD59 (122), are also GPI-
anchored. This has led many investigators to propose that there
may be a direct role for the GPI anchor in transmembrane sig-
naling (67). We established a system to evaluate the role of the
GPI anchor in the transmission of signals via CD73. The CD73-
human T-cell line Jurkat was transfected with cDNAs for both
conventional GPI-anchored CD73 and a transmembrane form
of the molecule engineered by fusing the extracellular portion
of CD73 to the transmembrane portion of human tissue factor
(123). The activation of Jurkat cells after incubation with CD73
mAb plus PMA for 24 h was measured by the secretion of IL-2.
We found that the GPI anchor facilitated, but was not necessary
for, the activation of Jurkat cells via CD73. The activation of
CD7 3-transfected Jurkat cells was not dependent upon 5'-NT
enzyme activity (124). Clones of transfectants expressing
enzyme-inactive CD73 with His—Ala substitutions at amino
acids 92 or 194 could be activated to secrete as much IL-2 as
clones expressing wild-type CD73. Using a panel of Jurkat
mutants, we found that the TCR, the tyrosine kinase Ick, and
the tyrosine phosphatase CD45 are all required for Jurkats to
signal through CD73 (123). These data demonstrate that the
signals delivered to the T cell through CD73 require an intact
CD3-signaling pathway, and suggest that the extracellular
domain of CD73 may interact with the CD3/TCR complex
either directly or indirectly.

Cell adhesion
There is some evidence that CD73 might function as an adhe-
sion molecule. Several glycoproteins important in cell-cell and
cell-matrix contact, including N-CAM and cytoactin, have been
noted to react with the mAb HNK-1. The epitope recognized
by the HNK-1 mAb has been identified as glucuronic acid
3-sulfate. Ecto-5'-NT from electric ray and cat brain are also
reactive with HNK-1, suggesting that CD73 from these sources
carries an epitope implicated in cell adhesion (125).

CD73 isolated from chicken gizzard bound to fibronectin
and laminin, and this binding was blocked by anti-CD73 anti-
bodies (126). Laminin and fibronectin also altered ecto-5'-NT
enzyme activity from chicken gizzard smooth muscle (127).
Chicken gizzard CD73 reconstituted into proteoliposomes was
shown by Stochaj et al. (128) to specifically bind fibronectin.
However, the ability of laminin or fibronectin to serve as natu-
ral ligands for CD73 on mammalian lymphocytes is unproven.
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CD73 may make a small contribution to the binding of lym-
phocytes to endothelial cells (44). Airas et al. (44) generated a
CD73-specific mAb which inhibited chromium-labeled lym-
phocyte binding to human umbilical vein endothelial cells by
approximately 25%. Thirty-two percent of fluorescently labeled
human lymphocytes bound to CD7 3-transfected COS cells, com-
pared to 25% for mock-transfected cells. This weak recognition
was only partially blocked by an anti-CD73 mAb (71). This same
group also argued that CD73 has a role in the adhesion of B cells
to FDC (50). Anti-CD73 mAb modestly reduced aggregation of
dendritic cell preparations from tonsillar germinal centers
(5-15% dendritic cells, 80-90% B cells) in an adhesion assay
scored by microscopic inspection of fixed cells. These data are
interesting, but the exact cells aggregating in this FDC-B-cell
preparation were not identified. A more robust experimental
system will be required to demonstrate conclusively that this
molecule plays an important role in modulating B-cell-FDC

interactions.

Areas for future investigation

We have summarized much of what is known about the role of
CD73 in the immune system. Human CD73 is expressed on
subsets of T and B lymphocytes, on germinal center FDC, and
on reticular fibroblasts and epithelial cells of the thymic
medulla. It is an ecto-enzyme that generates nucleosides both
for purine salvage and for adenosine receptor-mediated signal-
ing. Independent of enzyme activity, CD73 transduces signals
across the T-cell membrane, and may mediate cell adhesion.
Many important questions about the role of CD73 in the
immune system, though, remain unanswered.

CD73 expression on lymphocytes is intricately regulated.
What upregulates CD73 expression when T cells leave the thy-
mus? Similarly for B cells, is 5'-NT enzyme activity needed for
differentiation or is its presence merely a marker of certain
developmental stages? There have been no tissue-specific pro-
moter or enhancer elements identified for the 5'-NT gene. It is
also intriguing to consider that there may be co-ordinate regu-
lation with ADA that controls adenosine levels in a given tissue.
The mechanisms controlling tissue-specific expression of CD73
are of great interest given the ability of adenosine to modulate
a wide variety of physiological responses through adenosine
receptor engagerment.

All CD73* T cells express the powerful T-cell co-stimula-
tory molecule CD28. A better understanding of the function of
CD73 on mature T cells may explain the intriguing observation
that some T cells express the enzyme while others do not.
Additionally, data suggest that there is an unidentified natural



ligand for CD73 which transmits activation signals that syner-
gize with signals generated through the TCR. Attempts to find
a ligand should now be made in the mouse where secondary
lymphoid tissue and bone marrow (which may contain ligand-
bearing cells) are readily obtainable and where an anti-murine
CD73 is newly available.

Understanding why CD73 is GPl-anchored may lend
insight into the biology of this mode of membrane attachment.
There might be circumstances where it would be advantageous
to have rapid loss of a molecule from the cell surface through
cleavage by a PI-PLC. CD73 is, in fact, rapidly lost from human
lymphocytes when they are incubated with immobilized anti-
CD73 mAbs. However, this phenomenon occurs equally well
with Jurkat cells transfected with GPI-anchored and transmem-
brane forms of CD73, suggesting that it is mediated by a pro-
tease rather than a phospholipase (L.F. Thompson, unpublished
observations). The GPI-anchored protein CD16 has also been
found to be removed from the cell surface by proteolytic cleav-
age (129). Alternatively, the GPI anchor could be involved in
signal transduction. However, unlike CD55 (130), Ly-6A
(131), and Qa-2 (132) where the GPl-anchor appears to be
essential, a transmembrane form of CD73 can also transmit sig-
nals across the membrane (123). A third postulated function
for the GPI anchor is to provide increased lateral mobility. The
substitution of a conventional transmembrane anchor for the
normal GPI anchor reduced the lateral mobility of Thy-1 by a
factor of 2 (133). Adenosine produced by GPl-anchored 5'-NT

Resta et al - CD73: ecto-5"-nucleotidase

is efficiently coupled to adenosine receptor signaling, resulting
in increased intracellular levels of cAMP (Fig. 2). It would be
interesting to repeat this experiment with a transmembrane
form of CD73 to see if it were equally efficient.

Finally, there are several interesting issues regarding CD73
with respect to hematologic malignancies. First, do patients
with CD73* CLL have a different prognosis than those with
CD73- cells? Second, is CD73 expression needed for the main-
tenance of the multidrug-resistant phenotype in cancer patients
as was shown for doxorubicin-resistant cell lines (58, 59)?
Third, is the level of CD73 expression on leukemic cells consis-
tent with their state of differentiation, or is the gene aberrantly
regulated? In any case, the clear CD73* or CD7 3~ nature of cer-
tain lymphoid or myeloid malignancies might be exploited in
the design of therapeutic agents.

Future experiments will take advantage of transgenic tech-
nology. Gene-targeted mice will allow analysis of the function
of CD73 in both the immune system and the entire organism.
Tissue-specific targeting may be even more revealing by allow-
ing a dissection of CD73 function within the immune system.
Additionally, mice expressing enzymatically inactive CD73 will
allow an assessment of the enzymatic versus signaling or adhe-
sive functions of this protein. Answers to all these questions
will yield insight into the function of CD73 in the immune sys-
tem, as well as in the variety of biological processes in which
this fascinating molecule participates.
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