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Murine fetal thymic organ culture was used to investigate the mechanism by which adenosine deam-
inase (ADA) deficiency causes T-cell immunodeficiency. C57BL/6 fetal thymuses treated with the spe-
cific ADA inhibitor 2'-deoxycoformycin exhibited features of the human disease, including accumu-
lation of dATP and inhibition of S-adenosylhomocysteine hydrolase enzyme activity. Although T-cell
receptor (TCR) V[3 gene rearrangements and pre-TCR-0 expression were normal in ADA-deficient
cultures, the production of af3 TCR* thymocytes was inhibited by 95%, and differentiation was
blocked beginning at the time of 3 selection. In contrast, the production of Y0 TCR* thymocytes was
unaffected. Similar results were obtained using fetal thymuses from ADA gene-targeted mice. Dif-
ferentiation and proliferation were preserved by the introduction of a bel-2 transgene or disruption
of the gene encoding apoptotic protease activating factor-1. The pan-caspase inhibitor carboben-
zoxy-Val-Ala-Asp-fluoromethyl ketone also significantly lessened the effects of ADA deficiency and
prevented the accumulation of dATP. Thus, ADA substrates accumulate and disrupt thymocyte devel-
opment in ADA deficiency. These substrates derive from thymocytes that undergo apoptosis as a con-

sequence of failing to pass developmental checkpoints, such as [3 selection.

J. Clin. Invest. 106:1149-1157 (2000).

Introduction

Adenosine deaminase (ADA) deficiency was recognized
as a cause of severe combined immunodeficiency
(SCID) by Giblett and colleagues in 1972 (1). This
serendipitous observation revealed the importance of
purine metabolism for the development of the human
immune system. Concentrations of the ADA substrates
adenosine (Ado) and 2'-deoxyadenosine (dAdo) were
elevated in the plasma of ADA-deficient patients and
dAdo was elevated in urine as well (2). A number of
mechanisms by which these two compounds may com-
promise the development of a normal immune system
have been postulated (2, 3). However, progress in eval-
uating the mechanism of T-cell toxicity due to ADA-
deficient SCID has been hampered by lack of an appro-
priate experimental system. Even the stage in T-cell
development that is affected has not been identified
because of the difficulty in obtaining thymic tissue
from ADA-deficient patients. Likewise, the source of
lymphotoxic ADA substrates has not been identified,

although early work by Chan (4) and Smith and Hen-
derson (5) suggested that bone marrow macrophages
that ingest nuclei extruded from normoblasts during
erythropoiesis play an important role. In vitro culture
models require the addition of exogenous ADA sub-
strates, making it impossible to draw conclusions
about the relative contribution of Ado and dAdo in
vivo. Conventional ADA-deficient mice die of liver fail-
ure in the immediate perinatal period (6, 7), and nor-
mal mice treated with the specific and potent ADA
inhibitor 2'-deoxycoformycin (dCF) (8) show signs of
hepatic and adrenal toxicity (9). The problem of liver
toxicity in ADA-deficient mice has been solved by the
introduction of an Ada minigene expressed in the pla-
centa (10). These mice display profound T- and B-cell
lymphopenia and reduced concentrations of serum
immunoglobulins by 2 weeks of age. They also exhibit
several nonimmune phenotypes described in some
ADA-deficient patients, including abnormal kidney
pathology, enlargement of costochondral junctions,
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severe rib curvature, and pulmonary insufficiency. This
last condition is believed to be responsible for their
death at 3 weeks of age. However, stress-induced corti-
costeroids may also contribute to the immunodefi-
ciency seen in these mice. Therefore, we established
fetal thymic organ cultures (FTOCs) from ADA-defi-
cient mice and dCF-treated FTOCs from normal mice
as models for human ADA deficiency.

The developmental steps leading to aff T-cell produc-
tion in mice have been delineated on the basis of surface
expression of CD4 and CD8. Immature cells, expressing
neither CD4 nor CD8 (double negative, or DN cells)
constitute 1-3% of the normal adult thymus. Cells of
intermediate maturity, expressing both CD4 and CD8
(double positive, or DP cells) account for 80% of thy-
mocytes. The remaining approximately 15% of thymo-
cytes are mature single-positive CD4* or CD8" cells with
high levels of CD3/a T-cell receptor (TCR) expression.
DN cells can be divided into four subsets according to
the expression of CD44 and CD25: CD44*CD25- (DNI),
CD44*CD25" (DNII), CD44-CD25* (DN 1II), and
CD44-CD25- (DNIV) (11, 12). Cells in the DNI and
DNII stages have TCR genes largely in germline config-
uration; those in the DNIII stage show extensive TCR
D - JP rearrangements and some V - D] rearrange-
ments (13). When productive TCR -chain rearrange-
ment takes place and a functional pre-TCR is expressed,
the cells transit to the DNIV stage (14), a process known
as 3 selection. Approximately four of nine early thymo-
cytes die because they fail to make a productively
rearranged TCR-3 chain (15). The consequences of 3
selection include rapid proliferation, phenotypic matu-
ration, allelic exclusion at the TCR V[ locus, and
germline transcription of the TCR-0 locus. These events
are mediated by signaling through the pre-TCR (16),
which consists, at least in part, of the pre-TCR-0 chain,
a productively rearranged TCR-3 chain, and certain
components of the CD3 complex (17). Signaling
through the pre-TCR requires the lymphocyte-specific
tyrosine kinase Ick and results in both downregulation
of CD25 and upregulation of CD4 and CD8 (18). Thus,
mice with targeted disruptions of the RAG, pre-TCR-Q,
or TCR-f3 genes, as well as mice expressing a dominant
negative form of Ick, are arrested at the CD44-CD25*
DNIII stage (11, 18-22).

We show here that thymocyte development is also
inhibited beginning at the DNIII stage in ADA-defi-
cient FTOCs. Given that exogenous substrates are not
needed to see the effects of a lack of ADA in this
model, murine FTOC provides an excellent system to
delineate the biochemical mechanism(s) that leads to
a failure of T-cell development in ADA-deficient SCID
(3). We also show that the accumulation of dATP, pre-
sumably derived from the ADA substrate dAdo, and
the inhibition of thymocyte development, depend on
the induction of apoptosis, as the effects of ADA defi-
ciency in culture can be significantly lessened by the
pan-caspase inhibitor carbobenzoxy-Val-Ala-Asp-flu-
oromethyl ketone (z-VADfmk). Even more protection

is afforded by a bcl-2 transgene or targeted deletion of
the gene encoding apoptotic protease-activating fac-
tor-1 (Apaf-1), implicating mitochondrial-dependent
apoptosis as a key feature of the T-cell immunodefi-
ciency in ADA-deficient SCID.

Methods

Mice. C57BL/6 mice (Taconic Farms, Germantown, New
York, USA; or The Jackson Laboratory, Bar Harbor,
Maine, USA), RAG-27~ mice (Taconic Farms), and trans-
genic mice expressing bcl-2 under the control of the Ick
proximal promoter (The Jackson Laboratory) (23) were
bred in our animal facility under specific pathogen-free
conditions. ADA-deficient mice have been described pre-
viously (7); the targeted allele has been designated “m1.”
Apaf-17/~ mice (24) were obtained from T. Mak and H.
Yoshida (Amgen Research Institute, Toronto, Canada).
NotchIC (25) transgenic mice were provided by E. Robey
(University of California, Berkeley, California, USA).

FTOC. ADA-deficient fetuses were obtained from
matings of heterozygous Ada™/* parents. Fetal thy-
muses were removed from timed pregnant mice on day
14 or 15 of gestation (plug day = day 0) and separated
into individual lobes. Both lobes from each thymus
were cultured at 37°C in an humidified atmosphere of
5% CO; in air in individual wells of 24-well culture
plates on cellulose ester filters (Millipore Corp., Bed-
ford, Massachusetts, USA) resting upon Gelfoam
sponges (Pharmacia and Upjohn Co., Kalamazoo,
Michigan, USA) in 2 ml of serum-free medium (HY-
CCM-1; Hyclone Laboratories, Logan, Utah, USA) sup-
plemented with 2 mM glutamine, nonessential amino
acids, 5 X 105 M 2-mercaptoethanol, penicillin (100
U/ml), streptomycin (100 pg/ml), and amphotericin B
(2.5 pg/ml). FCS was not used as it contains ADA. ADA
enzyme assays (26) were performed on each liver to
determine which fetuses were ADA deficient. The medi-
um was changed after 3 days. When the lobes were har-
vested on day 5, two pools were made, one consisting of
Adam/1 Jobes and the other, Ada™* plus Ada** lobes.
Single-cell suspensions were made by pushing the lobes
through 70-pUm nylon screens, and the thymocytes were
counted and characterized for cell-surface phenotype.
In experiments using C57BL/6 fetuses, thymuses were
separated into individual lobes that were randomized
and cultured on Gelfoam rafts in RPMI 1640 supple-
mented with 10% FCS, 2 mM glutamine, nonessential
amino acids, 5 X 105 M 2-mercaptoethanol, penicillin
(100 U/ml), streptomycin (100 pg/ml), and ampho-
tericin B (2.5 plg/ml) in the presence and absence of 5
MM dCF (Parke Davis, Ann Arbor, Michigan, USA; and
SuperGen Inc., San Ramon, California, USA). S-adeno-
sylhomocysteine (SAH) hydrolase enzyme assays were
performed as described previously (6).

The pan-caspase inhibitor z-VADfmk and control pep-
tide z-YVADfmk were obtained from Enzyme Systems
Products (Livermore, California, USA) and stored frozen
in DMSO. In FTOCs using this compound, all cultures
contained equivalent concentrations of DMSO (0.25%).

The Journal of Clinical Investigation |

November 2000

| Volume106 | Number9



Antibodies and immunofluorescent staining. The follow-
ing antibodies were used: FITC-rat anti-CD4, PE-rat
anti-CD8, biotinylated hamster anti-of TCR or
biotinylated hamster anti-yd TCR + streptavidin Cy-
Chrome or FITC-avidin, PE-hamster anti-af3 TCR, PE-
hamster anti-yd TCR, FITC-rat anti-CD25, PE-rat anti-
CD44, Cy-Chrome-rat anti-CD4, and Cy-Chrome-rat
anti-CD8. All antibodies were from PharMingen (San
Diego, California, USA). Staining was performed as
described previously (27) using isotype-matched rat
myeloma proteins or irrelevant hamster mAb’s as neg-
ative controls. Propidium iodide (PI) was added to all
single- or two-color stains so that dead cells could be
excluded from analysis. Data were collected on 10,000
cells for single-color stains and on 20,000-50,000 cells
for multicolor stains using a Becton-Dickinson FAC-
Scan or FACSCalibur (Mountain View, California,
USA). The data were analyzed using Lysis II or Cell-
Quest software (Becton-Dickinson).

Cell-cycle analysis. Thymic lobes were harvested at var-
ious times after the initiation of FTOCs and single cell
suspensions were made. Cell cycle analysis was per-
formed by staining with PI as described previously (28).
PI staining was evaluated with a FACScan utilizing
doublet discrimination software.

Pre—TCR-0 and T early o expression. Pre-TCR-0 and T
early o (TEA) expression were evaluated by semiquan-
titative RT-PCR. RNA was isolated from FTOCs initi-
ated on day 15 of gestation and cultured for 3 (TEA)
or 5 (pre-TCR-0) days + 5 UM dCF. After RT with
oligo-dT and AMV RT, the resulting cDNA was sub-
jected to PCR. For the pre-TCR-, the primers were: 5,
5'-CTGCAACTGGGTCATGCTTC-3' and 3', S'-TCA-
GACGGGTGGGTAAGATC-3' (29). Each PCR cycle con-
sisted of 95°C for 1 minute, 58°C for 1 minute, and
72°C for 1 minute. Aliquots were removed after 26, 29,
32,and 35 cycles, and the PCR products were separat-
ed on 2% agarose gels and visualized with ethidium
bromide (EtBr) staining. The identity of the pre-TCR-
o bands was confirmed by Southern blotting and
probing with the following end-labeled oligo: 5'-
TTCAAACTGCTTCTGCTC-3". The amount of pre-TCR-
o signal was compared with that obtained with a 1:5
dilution of the cDNA and [ actin primers under the
same PCR conditions. For TEA transcripts, the PCR
primers were: 5', 5'-GGACAACCTGGCTTAATGGATACG-

3'and 3', 5'-TTCTCGGTCAACGTGGCATCACAG-3'. PCR
was carried out for 38 cycles consisting of 95°C for 30
seconds, 68°C for 45 seconds, and 72°C for 45 sec-
onds. The identity of the PCR product was confirmed
by hybridization to an internal probe (5'-CAGCA-
CATCTGCAGGCAGAG-3').

Anti-CD3 stimulation. Fetal thymic lobes were removed
from RAG-27/- fetuses at day 15 of gestation and cul-
tured in the presence of hamster anti-CD3 mAb
145.2C-11 (gift of J. Bluestone, University of Chicago,
Chicago, Illinois, USA) as described previously (30).
The cultures were harvested after 3 days, and RNA was
isolated for evaluation of TEA transcripts by RT-PCR.
RNA from C57BL/6 day 17 fetal thymocytes was used
as a positive control.

dATP measurements. Thymuses were harvested after 2
days of culture in FTOC and extracted overnight in ten
volumes of 60% methanol at -20°C. Cellular dATP lev-
els were determined by HPLC as described previously (7).

Results

OB T-cell production is inhibited in ADA-deficient FTOCs, but
yOT cells are spared. FTOCs were performed on gestation-
al day 15 with fetuses derived from the mating of het-
erozygous Ada gene-targeted (Ada™/*) mice. After S days,
thymic lobes from ADA-expressing (ie., Ada”* and
Adam’?) fetuses were pooled and analyzed separately
from those from ADA-deficient (i.e., Ada™!/™!) fetuses.
The numbers of thymocytes recovered from ADA-defi-
cient lobes were only about 5% of those recovered from
ADA-positive lobes (Table 1), and differentiation was
inhibited past the double negative stage (Figure 1,aand
b), resulting in a dramatic decrease in the production of
0f T cells (Figure 1, c and d). The absolute numbers of
CD4*CD8" and CD4*CD8- cells were decreased by 98%.
In contrast, the numbers of CD4-CD8"* cells were only
75% reduced, and most of these were YO T cells (Figure
1g). The relative sparing of y&T cells resulted in a 12-fold
increase in the percentages of YOT cells in ADA-deficient
cultures compared with controls (Figure 1, e and f). The
absolute numbers of yOT cells recovered from ADA-defi-
cient lobes were 75% of those from ADA* lobes (Table 1).
Three-color immunofluorescence showed that most of
the yOT cells were from the CD4-CD8* and CD4 CD8-
populations (Figure 1, b and g). These data show a dra-
matic difference in the sensitivity of 0f3 versus ydT-cell

Table 1
Yield of thymocyte subsets harvested from FTOCs

Condition Day Yield CD4-CD8~- CD4*CD8* CD4*CD8~ CD4-CD8* yOTCR
ADA" (3) 15 153 +38 8.5+4.5 124 + 26 14+£29 47 +1.4 4.7+0.8
ADAmI/mT (3 15 10+4.0 6.1+£2.2 1.9+£0.7 0.28+0.10 1.1+0.7 3.5+£1.5
C57 - Crl (6) 15 88 £ 22 8.8+5.0 62+ 17 11+5.2 49+1.5 39+£29
C57 + dCF (6) 15 13+6.3 74+34 1.9+£1.5 0.07 £ 0.06 3.4£23 43+£1.9
C57 - Curl (2) 14 102 +£2.8 220 58 +£4.0 14+0.7 6.8+1.9 1.9+0.1
C57 +dCF (2) 14 10+£3.5 72+23 0.65+0.3 0.56 +0.04 1.5+1.0 26+0.7

Thymocytes were harvested from FTOCs and stained for cell surface expression of CD4, CD8, and YO TCR. The data are presented as mean + SD of cells
of each phenotype x 104. The numbers of experiments are shown in parentheses. Cultures initiated on day 15 were harvested 5 days later, whereas those
initiated on day 14 were harvested after 6 days.
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Figure 1

Production of a3 T cells is inhibited in ADA-
deficient FTOCs, but YT cells are spared.
FTOCs were initiated on gestational day 15
using ADA-deficient fetuses (b, d, f, g) and
control littermates (a, c, e) or C57BL/6 fetus-
es in the presence (i, k, m, n) and absence (h,
Jj, 1) of 5 UM dCF. After 5 days of culture, thy-
mocytes were harvested and counted. CD4
and CD8 (a, b, h, i), aB (¢, d, j, k), and yd
TCR expression (e, f, I, m) were evaluated
with FITC-rat anti-CD4, PE-rat anti-CDS, C
hamster anti-aff TCR, and hamster anti-yd
mAb’s. Data from one representative experi-
ment of four to six are presented. y& TCR
expression was evaluated in the four major
thymocyte subsets in FTOCs from ADA-defi-
cient (g) or dCF-treated (n) fetal thymuses
using three-color flow cytometry. Represen-
tative results from one of two experiments are
shown. Note: the fluorescence intensities of
cells in c-g are different from those in j-n -
because antibodies conjugated to different
fluorochromes were used.
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Because the use of Ada™!/™! fetuses in FTOC was cum-
bersome, we evaluated the ability of the specific and
potent ADA inhibitor dCF (8) to mimic the genetically
ADA-deficient state. 2'-deoxycoformycin at 5 UM inhib-
ited the production of thymocytes by 85% in FTOCs
initiated on day 15 of gestation with C57BL/6 fetuses
and harvested 5 days later (Table 1). This concentration
inhibited thymic ADA activity by greater than 99% (15
vs. 9,423 nmol/h/mg protein). SAH hydrolase enzyme
activity was also inhibited by 90% (12 vs. 132
nmol/h/mg protein), similar to what is seen in eryth-
rocytes from ADA-deficient patients (2). As with genet-
ically ADA-deficient FTOC, thymocyte differentiation
past the double negative stage was inhibited (Figure 1,
h and i), and the production of a3 TCR* thymocytes
was markedly reduced (Figure 1, j and k). The numbers
of CD4*CD8* and CD4*CD8- cells were decreased by
95% and 99%, respectively (Table 1). As in ADA- cul-
tures, the numbers of CD4-CD8" cells were more mod-
estly reduced, and most of these were y&T cells (Figure
1n). The numbers of YO T cells recovered were equal to
or greater than those recovered from control cultures
and represented a 10- to 40-fold increase over the num-
bers of YOT cells present at the time the cultures were

initiated (data not shown). Thus, the outcome of
FTOCs performed with the ADA inhibitor dCF closely
mimicked that of genetically deficient fetal thymuses.
Therefore, most subsequent experiments were per-
formed with normal C57BL/6 fetal thymuses + dCF. A
more limited series of experiments were done with
Adam/m fetal thymuses to confirm the results.
Thymocyte differentiation is inbibited within the CD4-CD8~
stage under ADA-deficient conditions. To more precisely
delineate the block in thymocyte differentiation caused
by alack of ADA, the CD4-CD8- cells from FTOCs per-
formed with C57BL/6 mice and dCF were character-
ized for the expression of CD25 and CD44. At the ini-
tiation of cultures on day 15 of gestation, about 75% of
the thymocytes expressed CD25, and of these, 15-20%
were CD44* (Figure 2a). After 5 days in FTOC with
dCF, the percentages of CD25* cells (in the CD4-CD8"
compartment) were essentially unchanged, and almost
all of these were CD44- (Figure 2b). Kinetic experi-
ments revealed that the absolute numbers of DNIII and
DNIV thymocytes were both markedly reduced in dCF-
treated FTOCs harvested on days 1 through 3 of cul-
ture (Figure 2c). Similar results were obtained with
FTOCs performed with day 15 fetal thymocytes from
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ADA-deficient mice (data not shown). Therefore, ADA
deficiency prevents the entry of thymocytes into,
and/or the survival of thymocytes within, the DNIII
and DNIV compartments. These data are reminiscent
of those obtained when thymocyte development is
arrested at the time of 3 selection (11, 18-22).

ADA deficiency reduces the percentages of dividing cells in
FTOCs. To dissect the mechanism by which a lack of
ADA blocks thymocyte production, cell-cycle analyses
were performed at various time intervals after the initi-
ation of dCF-treated cultures at day 15 of gestation.
After 2 days of culture under control conditions, 38% of
thymocytes were in [S + G, + M| (Figure 2d). In contrast,
ADA-inhibited thymic lobes contained only 18% of such
cells (Figure 2e). Similar reductions were seen on days 3
and 5 of culture, although the percentages of cells in [S
+ Gz + M] in both control and treated lobes were small-
er at later times (P = 0.031 by a paired ¢ test with four
independent experiments). These data are consistent
with a failure of thymocytes from ADA-deficient cul-
tures to reach the CD44 D25 DNIV stage, which usu-
ally contains a high percentage of cycling cells (13).

ADA deficiency affects thymocyte development between the
time of TCR-3 and TCR- gene rearrangements. Given that
ADA deficiency inhibited thymic development at about
the time a productively rearranged TCR-[3 gene is need-
ed for further differentiation, TCR-3 gene rearrange-
ments were analyzed in control and dCF-treated thymic
lobes using PCR with genomic DNA as described by
Lalli et al. (31). The cultures were initiated on day 14 of
gestation, before the onset of TCR-V[3 gene rearrange-
ments as detected by this method. The extent of TCR-
VB3, -V[6, -V[8, and -V317 gene rearrangements were
similar in DNA isolated from fetal thymic lobes cul-
tured for 6 days in medium alone or with 5 pM dCF
(data not shown). In contrast, evaluation of TCR-VaSH,
-VOF3, and -VO2C rearrangements by the same method
revealed that little TCR-VO gene rearrangement had
occurred in either dCF-treated or genetically ADA-defi-
cient cultures (data not shown). This is consistent with
the observed greater than 95% reduction in the number
of CD4*CD8" thymocytes in these cultures (Table 1).
The low numbers of CD4*CD8"* thymocytes cannot be
explained by a lack of 0-chain gene rearrangement, how-
ever, as normal numbers of CD4"CD8" thymocytes have
been reported in TCR-O chain gene-targeted mice (32).
Thus, a lack of ADA enzyme activity in FTOC does not
appear to inhibit TCR-V[3 gene rearrangements, but
blocks differentiation before the stage at which TCR-0
rearrangements normally occur.

Pre—TCR-0 expression is not inhibited in ADA-inhibited
FTOCs. Because a lack of pre-TCR-0 expression could
also potentially cause a block in thymocyte differenti-
ation at the CD44-CD25" DN stage, we evaluated
pre-TCR-0 expression in control and ADA-inhibited
cultures. Semiquantitative RT-PCR showed that dCF
treatment did not inhibit expression of the pre-TCR-
o in FTOCs (data not shown). Given that both the
TCR-f chain and the pre-TCR-O appeared to be
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Figure 2

Characterization of thymocytes from ADA-inhibited FTOCs. CD25
and CD44 expression were compared in freshly isolated thymocytes
from C57BL/6 fetuses at day 15 of gestation (a) and in those har-
vested from day 15 FTOCs after 5 days of culture with 5 UM dCF (b).
Single-cell suspensions were stained with Cy-Chrome-rat anti-CD4,
Cy-Chrome-rat anti-CD8, and FITC-rat anti-CD25 followed by PE-rat
anti-CD44. Finally, the stained cells were incubated with PI to allow
the exclusion of dead cells. CD25 versus CD44 (a and b) staining of
cells negative for Pl and Cy-chrome staining is shown for one of three
representative experiments. In other experiments (c), cells were har-
vested on days 1, 2, and 3 of culture, counted, and then stained with
PE-anti-CD4, PE-anti-CD8, PE-anti-yd TCR, FITC-anti-CD25, and
biotinylated anti-CD44 plus RED 613-streptavidin. Cells expressing
CD4, CD8, and/or YOTCR (i.e., PE-labeled cells) were excluded from
the analysis, and CD44 and CD25 were assessed on the remaining
double negative population. In other experiments, thymocytes were
harvested from day 15 FTOCs after 2 days of culture in the presence
(e) or absence (d) of 5 UM dCF. Cell-cycle analysis was performed by
Pl staining, and DNA content was evaluated with a FACScan. Data
from one representative experiment of four are shown.

The Journal of Clinical Investigation |

November 2000 |

Volume 106 | Number9 1153



20 25 10 25 10ng

Figure 3

TEA transcription is intact in ADA-inhibited FTOCs. FTOCs were per-
formed with RAG-27/~ fetal thymuses at day 15 of gestation treated
with anti-CD3 mAb 145.2C-11 + 5 uM dCF. After 3 days, thymocytes
were harvested and RNA was isolated. TEA transcripts were evaluat-
ed by RT-PCR with the indicated amounts of RNA; B-actin mRNA
was evaluated as a loading control. The sizes of the two transcripts
are indicated in the left margin. The lane labeled “C” contains RNA
from a day 17 C57BL/6 fetal mouse thymus as a positive control.

expressed normally in dCF-treated FTOCs, the
observed block in differentiation is unlikely to be
caused by a failure of pre-TCR expression.

Pre-TCR signaling is intact in ADA-deficient FTOC. A hall-
mark of pre-TCR signaling, germline transcription of the
TEA genetic element, was examined in ADA-deficient
FTOCs. Itis difficult to evaluate TEA transcripts in nor-
mal thymocyte development because the region of
genomic DNA encoding TEA mRNA is deleted as the
TCR-0 locus rearranges (33). Thus, to look at this aspect
of pre-TCR signaling, FTOCs were performed with RAG-
27/ fetal thymuses stimulated with anti-CD3, as the
TCR-a locus cannot rearrange in these mice. As shown
in Figure 3, the levels of TEA transcripts were similar in
control and dCF-treated cultures, demonstrating thata
lack of ADA does not inhibit pre-TCR signaling.

Evaluation of apoptosis in ADA-deficient FTOC. Because pre-
TCR signaling appeared to be functional in ADA-defi-
cient FTOCs, we examined apoptosis as an alternative
explanation for the observed block in thymocyte differ-
entiation. Cell-cycle analysis by PI staining failed to reveal
asignificant sub-Gg peak (Figure 2, e and g), and TUNEL
staining on tissue sections showed similar percentages of
apoptotic cells in control and ADA-deficient cultures
(data not shown). However, thymic macrophages are
remarkably efficient at removing apoptotic thymocytes
(34), so a moderate increase in apoptosis may not be
detectable by either of these methods. Indeed, introduc-
tion of a bel-2 transgene under the control of the proximal
Ick promoter abrogated the consequences of ADA inhibi-
tion in FTOCs (Figure 4a). Compared with ADA-inhibit-
ed FTOCs performed with control littermates, those with
bcl-2 transgenic mice yielded an average 7.6-fold increase
in total cell yield and a 35-fold increase in the absolute
number of double positive thymocytes. Similarly, the
pan-caspase inhibitor z-VADfmk at 100 UM significant-
ly lessened the effects of ADA deficiency in FTOC with
Adam/m! fetuses (Figure 4b). Compared with cultures
with the control peptide z-YVADfmk, those treated with
z-VADfmk had a 2.3-fold increase in cell yield and a 4.4-
fold increase in the absolute number of double positive
thymocytes. Finally, the effects of dCF treatment were
also largely overcome in FTOCs performed with Apaf-

1-deficient mice (Figure 4c). These mice have a targeted
deletion in the gene encoding Apaf-1, a key component
of the so-called apoptosome that initiates the apoptotic
cascade by coordinating procaspase-9 activation when
cytochrome c is released from mitochondria. Compared
with ADA-inhibited FTOCs performed with control lit-
termates, those with Apaf-17/- mice yielded a fourfold
increase in total cell yield and a 13-fold increase in the
absolute number of double positive thymocytes. Taken
together, these data suggest that mitochondrial-depend-
ent apoptosis is an important component of the mecha-
nism that interferes with thymocyte development under
ADA-deficient conditions.

The accumulation of ADA substrates depends on cells under-
going apoptosis in the thymus. The ability of a bcl-2 trans-
gene, z-VADfmk, and targeted deletion of the Apaf-1
gene to protect thymocytes from the consequences of
ADA deficiency has two possible interpretations. First,
accumulated ADA substrates might disrupt thymocyte
development by inducing apoptosis. Alternatively, ADA
substrates might be derived from the large numbers of
cells that normally undergo apoptosis during thymic
development. To attempt to distinguish between these
two possibilities, JATP was measured in fetal thymic
lobes cultured with dCF for 2 days in the presence and
absence of z-VADfmk. Elevated dATP is a hallmark of
ADA deficiency and correlates with the severity of the
disease. As expected, dATP was elevated in dCF-treated
thymic lobes compared with controls (Figure 4d). The
addition of z-VADfmk completely prevented the
intrathymic accumulation of dATP, indicating that
ADA substrates were derived from apoptotic cells.
These results do not rule out the possibility that accu-
mulated ADA substrates or their metabolites may also
induce further apoptosis.

Discussion

Production of a3 T cells is profoundly inhibited in
ADA-deficient FTOCs beginning at the CD44-CD25*
DNIII stage. The percentages of cycling cells are
reduced compared with control cultures, consistent
with their reduced capacity to reach the CD44-CD25-
DNIV stage that normally contains the highest per-
centages of rapidly cycling thymocytes in DN popula-
tions (13). Even the small numbers of cells that do
reach the DNIV compartment show only low mitotic
activity. Mice with targeted deletions of the RAG-1 (11,
22), RAG-2 (21), TCR-B (11), pre-TCR-at (20), or CD3€
(35) genes, as well as mice expressing a dominant neg-
ative Ick transgene (18), show similar blocks in differ-
entiation, as Ick-mediated signaling through the pre-
TCR is required for the CD44-CD25* DNIII -

CD44-CD25- DNIV transition. However, a lack of pre-
TCR signaling does not appear to be responsible for
the failure of thymocyte development in our cultures
for the following reasons. First, all the components of
the pre-TCR appear to be available. ADA inhibition
does not compromise the ability of developing thy-
mocytes to rearrange their TCR-3 chain genes. Pre-
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TCR-0 expression is also normal as evaluated by semi-
quantitative RT-PCR, and CD3¢ is expressed as shown
by the ability of an anti-CD3¢ antibody to induce TEA
transcription. Second, and most important, a hall-
mark of pre-TCR signaling, TEA transcription, is
intact in ADA-inhibited cultures.

Alack of ADA does not affect the ability of YO T cells
to differentiate and proliferate in FTOC. While a3 T-
cell production is severely inhibited, ydT-cell numbers
increase 10- to 40-fold and approach control levels.
One explanation could be increased IL-7 signaling, as
this cytokine has been shown (36) to promote the
growth of YOT cells while blocking af3-cell production
in FTOCs. It is unlikely that ADA inhibition acts by
dysregulating IL-7 signaling, however, as our results do
not mimic what is seen when IL-7 is added to FTOCs
and both IL-7 and IL-7 receptor mRINA levels were sim-
ilar in control and dCF-treated cultures (data not
shown). Another scenario is that an abnormal purine
metabolite skews the aff versus yd lineage decision.
Although it appears that TCR gene rearrangements
influence this decision (37), other factors such as the
transmembrane receptor Notch are also important.
Robey and coworkers found that an activated form of
Notch favored the of3 over the ydT-cell fate (25). How-
ever, Of3 T-cell production was still inhibited by dCF in
FTOCs using mice expressing a constitutively active
Notch transgene (data not shown). The simplest expla-
nation for our observed difference in the sensitivity of
YO T cells and pre-af T cells to the accumulation of
ADA substrates is that the two cell types express dis-
tinct patterns of purine metabolizing enzymes. This
could be because developing af3 T cells undergo exten-
sive proliferation compared with y3T cells and, there-
fore, may have adapted to express high levels of
deoxynucleoside kinases to facilitate the salvage of
deoxynucleosides as DNA precursors from thymocytes
undergoing apoptosis. It is difficult to address this
issue experimentally, however, as there are no markers
to distinguish ydversus 0f3 T-cell precursors.

FTOC has several advantages which make it an
ideal system to delineate the biochemical mecha-
nism(s) by which a loss of ADA enzyme activity leads
to a failure of T-cell differentiation. First, thymocyte
differentiation in FTOCs is remarkably similar to
that which occurs in vivo (38), making FTOC a more
appropriate system than immortalized T-cell lines or
mature peripheral blood T cells that have been heav-
ily used in the past. Second, a lack of ADA inhibits
thymocyte maturation in FTOCs without the addi-
tion of exogenous Ado or dAdo. ADA substrates must
accumulate in situ to sufficient concentrations to
inhibit thymocyte maturation. This is in striking con-
trast to other in vitro systems in which dCF alone has
no deleterious consequences on cells cultured in sus-
pension (reviewed in ref. 2). Third, ADA-deficient
FTOCs exhibit biochemical hallmarks of human
ADA deficiency. dATP accumulates and SAH hydro-
lase enzyme activity is inhibited by about 90%. These

features of the human disease were also observed in
thymuses of Ada gene-targeted mice (6, 7). Fourth,
the use of dCF to mimic ADA deficiency makes it
possible to perform experiments with transgenic and
gene-targeted mice, which may give insight into the
pathogenesis of the disease. Finally, ADA-deficient
mice suffer from multiorgan system toxicity. This
problem has now been solved by treatment of pla-
centally rescued ADA-deficient mice with low con-
centrations of ADA conjugated to polyethylene
glycol (PEG-ADA) such that their pulmonary insuf-
ficiency is ameliorated but their immune deficiency
remains intact. In fact, thymocyte differentiation is
inhibited past the DN stage in these mice, similar to
what was seen in our FTOC experiments (39).

With FTOC, thymocytes are allowed to differentiate
in a totally ADA-deficient environment (created either
by the use of Ada™/™! thymuses or normal thymuses
plus dCF) in isolation from other organ systems that
might influence thymopoiesis. Our data clearly
demonstrate that ADA deficiency in the mouse
inhibits af T-cell differentiation and that thymocytes
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Figure 4

Inhibitors of apoptosis abrogate the effects of ADA deficiency in FTOC.
FTOCs were performed with bcl-2 transgenic mice (a), Ada™”/"" mice
(b), or Apaf-1~/~ mice and control littermates at day 15 of gestation.
The ADA inhibitor dCF (5 pM) was added to cultures performed with
bel-2 transgenic mice and Apaf-17/~ mice and control littermates. The
pan-caspase inhibitor z-VADfmk or a control peptide, z-YVADfmk,
which was demonstrated to be ineffective in abrogating the effects of
ADA deficiency in C57BL/6 FTOCs (data not shown), was added at
100 UM to FTOCs performed with Ada™/m" mice. After 2 days, the cul-
tures were harvested and thymocytes were counted and stained with
FITC-anti-CD4 plus PE-anti-CD8. Dead cells were excluded by Pl stain-
ing. The viable cell recoveries per lobe are shown beneath the dot plots.
Representative results are shown from two to four independent exper-
iments. In a separate experiment (d), dATP was measured by HPLC in
extracts of 30-35 fetal thymic lobes from normal C57BL/6 mice cul-
tured for 2 days under control conditions or in the presence of
z-VADfmk (100 pM), dCF (5 UM), or a combination of both. All cul-
tures contained equivalent concentrations of DMSO (0.25%). The data
are representative of three independent experiments.
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undergoing apoptosis are the source of ADA sub-
strates that cause lymphotoxicity. We believe that late
DN thymocytes are the primary targets because this is
the first stage of differentiation when substantial
numbers of cells die and provide a source of toxic
metabolites. Indeed, it is estimated that four of nine
DN thymocytes die because they do not receive a sur-
vival signal through the pre-TCR as a consequence of
failing to productively rearrange their TCR V[3 genes
(15). Based on the early work of Chan (4) and Smith
and Henderson (5), macrophages probably ingest
apoptotic nuclei and secrete purines derived from
degraded DNA. Although these investigators specu-
lated that bone marrow macrophages were largely
responsible for the deoxyadenosine observed in ADA-
deficient patients, our data show that thymic
macrophages can produce enough ADA substrates
locally to inhibit thymocyte development. Later stages
of thymocyte development may also be sensitive to
ADA deficiency, as additional ADA substrates are
probably generated by double positive thymocytes that
are negatively selected or fail positive selection.

Experiments are in progress to determine which
ADA substrate, Ado or dAdo, is responsible for the
disruption of thymocyte differentiation that occurs
in ADA deficiency. It is tempting to speculate that
dATP, derived from dAdo, both induces the release of
cytochrome ¢ from mitochondria as shown by Yang
and Cortopassi in vitro (40), and also participates in
apoptosome formation with Apaf-1, cytochrome c,
and procaspase-9 as described by Zou et al. (41). This
would then initiate processing of procaspase-9, lead-
ing to activation of caspase-3 as demonstrated in
cytosolic extracts of HeLa cells by Li et al. (42). Our
findings that a bcl-2 transgene and disruption of the
Apaf-1 gene both protected FTOCs from the conse-
quences of ADA deficiency are consistent with this
hypothesis. Bcl-2 would be expected to inhibit dATP-
induced cytochrome c release from mitochondria
and Apaf-1 deficiency would prevent activation of
caspase-9 and initiation of the apoptotic cascade.
However, it is also possible that bcl-2 and Apaf-1
deletion are protective because they prevent the accu-
mulation of ADA substrates as was shown for
z-VADfmk. Further experimentation will be neces-
sary to distinguish between these two scenarios. It is
also important to note that although z-VADfmk nor-
malized intracellular dATP concentrations, it did not
completely abrogate the effects of ADA deficiency in
FTOC, so mechanisms besides apoptosis may also be
important. These might include aberrant adenosine
receptor signaling or inhibition of methylation as a
consequence of suicide inactivation of SAH hydro-
lase. Further exploitation of both FTOC and PEG-
ADA-treated ADA-deficient mice will resolve these
issues and yield important insight not only into bio-
chemical abnormalities that cause immunodeficien-
cy, but also into novel mechanisms regulating nor-
mal and malignant thymocyte development.
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