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Abstract

The nucleoside analogue, 2',3'-dideoxycytidine (ddC), is
a potent inhibitor of HIV replication, and AIDS patients
receiving ddC experience clinical improvement without sig-
nificant hematologic toxicity. Repeated ddC administration
(1,000 mg/kg per day) for 13 wk produces an increased
incidence of thymic lymphoma in B6C3F1 mice. Previous
studies reveal a common link between chemically induced
and genetically associated models of mouse thymic
lymphoma that involves a defect in a subpopulation of prim-
itive hematopoietic progenitor cells. This defect is character-
ized by suppression of a subpopulation of IL-3-responsive
cells and ablation of stem cell factor synergy with GM-CSF.
The present study was undertaken to ascertain whether ddC
produces the same pattern of bone marrow toxicity in mice,
and whether this effect is observed in rat and human bone
marrow. ddC exposure in vivo and in vitro produced a select
suppression of murine CFUidentical to that previously de-
scribed for other models of mouse thymic lymphoma. In
contrast, this selective CFU suppression was not observed
in rat and human bone marrow or in CD34+ cells. These
studies suggest that the mouse may not be a good predictive
model for ddC hematotoxicity in humans and that suscepti-
bility to the development of thymic lymphoma may be
unique to the mouse. (J. Clin. Invest. 1995. 95:2777-2782.)
Key words: antiviral agents * stem cells, hematopoietic
cytokines * thymoma * colony-forming units assay

Introduction

The nucleoside analogue, 2',3'-dideoxycytidine (ddC)l is ap-
proved for treatment of HIV positive patients. ddC interferes
with HIV replication by inhibiting reverse transcriptase (1, 2),
and AIDS patients receiving ddC experience clinical improve-
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1. Abbreviations used in this paper: BM, bone marrow; ddC, 2',3'-
dideoxycytidine; HPC, hematopoietic progenitor cells; r, recombinant;
SCF, stem cell factor; TL, thymic lymphoma/leukemia.

ment with less hematologic toxicity than associated with the
use of zidovudine (3 '-azido-2 ',3 '-dideoxythymidine) (AZT)
(3, 4). A treatment-related increase in lymphoma has not been
reported. However, in two separate studies, high dose adminis-
tration of ddC, 1,000 mg/kg per day, for three months to mice
by gavage resulted in a significant incidence of thymic
lymphoma/leukemia (TL), anemia, and thymic atrophy (Na-
tional Toxicology Program. 1993. Subchronic toxicity study of
2 ',3 '-dideoxycytidine (ddC) in female B6C3F1 mice. Southern
Research Institute Study A19-SCM-3) (5).

The pathogenesis of TL is virtually identical in radiation,
chemical and genetic mouse models, invoking a paradigm that
includes the requirement for a "preleukemic event" in bone
marrow (BM), accompanied by a macrocytic anemia, thymic
hypoplasia and the development of lymphoma in the thymus
(5-12).

Wehave previously identified a distinct subpopulation of
stem cell factor (SCF) -dependent/LL-3-responsive hemato-
poietic progenitor cells (HPC) in the mouse that is uniquely
susceptible to functional suppression by murine leukemogens,
such as 1,3-butadiene (13) and y-irradiation (Irons, R. D., S. C.
Lee, and W. S. Stillman, manuscript in preparation). This sub-
population of HPCis identical to that constitutively missing in
mice bearing Wor Sl mutations that spontaneously develop TL
(13). Mice with mutations at the SI and Wlocus demonstrate
complementary defects for SCF, SI mice are deficient in SCF
(14), and Wmice lack a functional analogous receptor, C-kit
(15, 16). Taken together, these results suggest that the genetic
or functional suppression of this subpopulation of primitive
hematopoietic cells represents the early bone marrow lesion
common to chemical, radiation, and genetic models of murine
TL leukemogenesis.

Herein, we examined whether ddC exposure in vivo and in
vitro produces the same lesion as described above. Moreover,
in order to determine if there are species-specific differences in
susceptibility to ddC, we compared the effects of ddC on unpuri-
fied rat and unpurified and CD34-enriched human bone marrow
cells. The results of these studies demonstrate that ddC targets
the same population of primitive murine HPCas other murine
leukemogens. In contrast, no selective suppression of clono-
genic response is observed in rat or human bone marrow cells.

Methods

Reagents. ddC was obtained from Hoffmann-La Roche Inc. (Nutley,
NJ). Epoxybutene (3,4-epoxybutene) was purchased from Aldrich
Chemical Co. (Milwaukee, WI). Murine recombinant (r)GM-CSF (5
x 107 U/mg), rSCF (105 U/mg), and rIL-3 (5 x 105 U/mg) and
human rGM-CSF (1.25 x 107 U/mg), rSCF (105 U/mg), and rIL-3
(2 x 107 U/mg) were generous gifts from Immunex (Seattle, WA).
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Figure 1. Effects of ddC on (A) rIL-3 and (B) rGM-CSF-stimulated
colony formation of BMfrom B6C3F1 mice with or without rSCF. (A)
(-) IL-3 (1 ng/ml); (B) (-) rGM-CSF (2 ng/ml); (-) rGM-CSF (2
ng/ml) + rSCF (10 ng/ml). Error bars indicate 1 SEMfor five cultures
and are omitted when they are smaller than the symbol. * Significant
decrease compared with controls not cultured with ddC (P 0.05).

Modified Iscove's medium, L-glutamine, penicillin/streptomycin solu-
tion and PBS were purchased from GIBCOBRL, (Gaithersburg, MD).
FBS was supplied by Gemini Bioproducts (Calabasas, CA). Lympho-
lyte-M was obtained from Accurate Scientific (Westbury, NY). Histo-
paque-1077, methyl cellulose, BSA, and 2-mercaptoethanol were pur-
chased from Sigma Chemical Company (St. Louis, MO). The Mini-
MACSseparation system and CD34 cell isolation kit were supplied by
Miltenyi Biotech Inc. (Sunnyvale, CA). FITC-conjugated anti-CD34
(HPCA-2) was purchased from Becton Dickinson (San Jose, CA).

Animals. 4-wk-old male C57BL/6J, B6C3Fl, WBB6F1/J-W/Wv
and WCB6F,/J-Sl/Sld mice were obtained from The Jackson Labora-
tory (Bar Harbor, ME). CD rats and CD-1 mice were obtained from
Charles River Laboratories (Wilmington, MA). Animals were accli-
mated for 2 wk before use and were housed 10 to a cage in sterile
chambers with filter tops. Mice were allowed autoclaved food (3000,
Agway, Syracuse, NY) and sterilized water, ad libitum. All procedures
performed on mice were approved by the University of Colorado Health
Sciences Center's Animal Care and Use Committee.

Humanbone marrow. HumanBMwas obtained with informed con-
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Figure 2. Recombinant IL-3 (1 ng/ml) stimulated colony formation of
B C57BL/6 BMpretreated with (d) epoxybutene or (-) vehicle (PBS)

and cultured with ddC. Error bars indicate 1 SEMfor five cultures and
are omitted when they are smaller than the symbol. * Significant de-
crease compared with controls not cultured with ddC (P _ 0.05).

sent from normal adult volunteers by aspiration from the posterior iliac
crest. These studies were conducted under a protocol approved by the
University of Colorado Health Sciences Center's Internal Review Board.

Mouse/rat bone marrow cell preparation. Mononuclear nonadher-

\ ent bone marrow cells were harvested from femora as previously de-
scribed (13). Briefly, animals were killed by cervical dislocation and
bone marrow was flushed from femora with PBS containing 1% BSA
using a 5-ml syringe with a 22-gauge needle. A single cell suspension

6 3 was obtained using a pasteur pipette, which was then purified over

Lympholyte-M. The recovered buffy layer was removed and washed
twice in PBS/BSA. Nonadherent cells were obtained by incubating the
cells at 2 x 106/ml in culture flasks for 1 h at 370C in PBS/BSA.

Humanbone marrow cell preparation. Mononuclear cells were iso-

800

o 600
cm
CD

c 400
Cr)en

20
"0 200,0

0' 1

Control 21 18 15 12 9 6
- Log [ddC] (M)

3

Figure 3. Effects of ddC on rIL-3 (1 ng/ml) stimulated CFUof BM
from (m) W/WVand (-) SI/Sld mice. Error bars indicate 1 SEMfor
five cultures and are omitted when they are smaller than the symbol.
* Significant decrease compared with controls not cultured with ddC
(P c 0.05).
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Figure 4. Comparison of the effects of ddC on (A) rIL-3 and (B) rGM-
CSF+ rSCF stimulated CFUof bone marrow cells from (-) B6C3FW,
(e) C57BL/6, and (A) CD-i mice. The data, normalized as fractional
suppression (6/6Max) of clonogenic response, is derived from individ-
ual experiments with bone marrow cells from each strain of mouse, five
cultures per each concentration.

lated by using Histopaque-1077 per manufacturer's instructions. Nonad-
herent cells were obtained by incubating the cells for 1 h at 37TC in
PBS/BSA. CD34+ cells were purified from the mononuclear cells by
using the MiniMACS purification system according to manufacturer's
instructions. The CD34 purity was determined by labeling the cells
with FITC-conjugated anti-CD34 mAb(HPCA-2) specific for a CD34
epitope distinct from that used in the purification process (QBEND-10)
followed by flow cytometry analysis (Epics 752; Coulter Electronics,
Hialeah, FL). The percentage CD34+ was > 91%for each experiment.

Drug exposures. In vitro: ddC was dissolved in Iscove's medium
containing 10% FBS, titered and added to methyl cellulose before the
addition of cells. For experiments with epoxybutene pretreatment, cells
were incubated with PBS or epoxybutene dissolved in PBS for 30 min
at 37TC, washed in Iscove's containing 10% FBS and used in the CFU
assay. In vivo: mice were administered a single dose of ddC dissolved
in distilled water containing 0.5% methyl cellulose by gavage, sacrificed
2 h later, and their bone marrow used in the CFUassay.

CFUassay. The CFUassay was performed as previously described
(13). Briefly, bone marrow cells were plated in 35-mm culture dishes
at a concentration of 1 to 5 x 104 cells/ml in ml of modified Iscove's
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Figure 5. Recombinant rGM-CSF (2 ng/ml) with or without rSCF (2
ng/ml) and IL-3 (1 ng/ml) stimulated CFUof BMfrom B6C3F1 mice
killed 2 h after single administration of ddC by gavage. Error bars
indicate 1 SEMfor five cultures from each of three animals. * Signifi-
cant decrease compared with controls given vehicle only (P s 0.05).

medium containing 10-20% FBS, 100 mg/ml streptomycin, 100 U/ml
penicillin, 2 mML-glutamine, 50 mM2-mercaptoethanol, 1.2% (wt/
vol) methyl cellulose, and recombinant cytokines. Each cytokine was

used at concentrations experimentally determined to produce maximal
colony formation. All cultures were maintained at 37TC in 5% Co2.
Colonies consisting of 30 or more cells were scored on days 8 and 14
for mouse and human BM, respectively.

Statistical analysis. Five plates were scored for each in vitro treat-
ment group or individual animal and results expressed as the mean± 1

SEM. For in vivo studies three animals were examined per dose (five
cultures per animal). Significant differences (P 5 0.05) between pre-

treated and control groups were determined using the Student's t test.
For studies using human cells, bone marrow from each volunteer was

treated as a separate experiment with five plates scored and results
expressed as the mean±1 SEM. All statistics were calculated using
Excel 4.0 (Microsoft Corp., Redmond, WA).

Results

ddC cultured with B6C3FJ, C57BL/6, or CD-I murine bone
marrow cells in vitro produces an identical suppression of clo-
nogenic response as described for other mouse leukemogens.
B6C3F1 mouse bone marrow cells cultured with ddC in vitro
results in a suppression of clonogenic response in a subpopula-
tion of IL-3 responsive cells (Fig. 1 A), and abrogation of SCF
synergy with GM-CSF(Fig. 1 B). The identical suppression
of CFUis observed when murine HPCare pretreated with ep-
oxybutene, a metabolite of the prototype murine leukemogen,
1,3-butadiene (13). Murine BMpretreated with epoxybutene
is completely unresponsive to the effects of ddC, confirming
that ddC targets the same subpopulation of clonogenic cells
(Fig. 2). Moreover, ddC pretreatment of bone marrow from
W/Wvand Sl/Sld mice does not suppress IL-3 (Fig. 3) or

alter GM-CSFresponse (data not shown), indicating that the
subpopulation of cells targeted by ddC is the same subpopula-
tion of primitive hematopoietic cells previously demonstrated
to be absent in these genetic models (13).

Wealso compared the relative susceptibility of HPCto the
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controls not cultured with ddC (P < 0.05).

it is likely that they are related to the pharmacodynamics of ddC
and not intrinsic differences in target cell-specific metabolism or
susceptibility.

ddC cultured with CD rat bone marrow cells in vitro does
not affect CFUresponse. In contrast to mice, rats are resistant

)P.,-to the development of lymphoma/leukemia, and do not develop
0 500 1000 1500 2000 the disease following chronic exposure to butadiene (17, 18)

or radiation ( 19). Wewere precluded from a direct examination
ddC Dose (mg/kg) of IL-3 response in rats due to the unavailability of a functional

parison of (A) rLL-3 and (B) rGM-CSF with rSCF stimu- cytokine for that species. However, identical to results pre-
)rmation of BMfrom (m) B6C3FW , (e) C57BL/6, and viously obtained with 1,3-butadiene (Irons, R. D., D. B. Colagi-
- killed 2 h after single administration of ddC by gavage. ovanni, and W. S. Stillman, manuscript in preparation), ddC
alized as fractional suppression (6/IMax) of clonogenic pretreatment does not suppress SCF synergism with GM-CSF
rived from individual experiments conducted for each in rat bone marrow cells (Fig. 7).

Three animals (n = 5 cultures per animal) were exam- ddC cultured with nonadherent human bone marrow or
Jose. CD34+ cells in vitro produces no selective suppression of clo-

nogenic response. The CD34+ cell population contains all clo-
nogenic cells identified in human BM, including both long term

,ffects of ddC in vitro using BMfrom C57BL/6 and short term repopulating cells (20), and is markedly enriched
ce. Fig. 4 summarizes the effects of ddC exposure for primitive HPCthat are responsive to SCF synergism with
ie three different strains of mice. Specific suppres- GM-CSF. This corresponds to the cell population targeted by
J was observed in each strain at 10-18 M ddC. ddC in mouse bone marrow. A total of 11 experiments were
nonspecific cytotoxicity was evident in each strain conducted using human bone marrow cells; 4 used mononuclear
LC (Fig. 1, data not shown for C57BL/6 and CD- nonadherent BMcells and 7 used CD34+ BMcells. The BM

donor pool was comprised of 6 females and 5 males with a
ration of ddC to mice by gavage produces the same mean age of 31 (±5.95 SD). A representative experiment with
of clonogenic response observed for ddC in vitro. CD34+ BMcells is shown in Fig. 8, with all the data from
e were given various doses of ddC by gavage and these experiments presented in Fig. 9. ddC pretreatment does
2 h later for IL-3, GM-CSF, and GM-CSF/SCF not result in selective suppression of SCF-dependent/IL-3 re-

lonogenic response. The identical pattern of sup- sponsive HPCin either nonadherent or CD34+ enriched human
characterizes in vitro exposure of BMto ddC and BMcells. Nonspecific cytotoxicity is consistently observed in
leukemogens is observed in the 1,000 and 2,000 nonadherent cells from mice, rats and humans incubated with

lose groups (Fig. 5). Strain differences in suscepti- mMconcentrations of ddC. However, CD34+ cells exhibit non-
were observed in vivo, with CD- I mice demonstra- specific suppression of clonogenic response at micromolar con-
d sensitivity over C57BL/6 and B6C3F1 mice centrations of ddC. Increased susceptibility to nonspecific cyto-
cause strain differences are not observed in vitro, toxicity for CD34+ cells relative to nonadherent BMcells sug-

8
8 Max

8
8 Max

1.0

0.6

0.4

0.2

Figure 6. Coml
lated colony fc
(A) CD-l mice
The data, norm
response, is de
strain of mouse
ined for each c

suppressive e
and CD-1 mii
in vitro for th
sion of CFU
Generalized X
at 10-3 Mdd
1 mice).

Administi
suppression X
B6C3F1 mic(
BMassayed
stimulated cl
pression that
other murine
mg/kg ddC d
bility to ddC
ting increase
(Fig. 6). Be(

2780 Irons et al.



Control

A

2

8
0o0

I I I I I I .

21 18 15 12 9 6 3
- Log [ddC] (M)

0 21
Control 21

1.0

(3
0.5

0.0

18 15 12 9 6 3
- Log [ddC] (M)

Figure 8. Effects of ddC on (A) rIL-3 and (B) rGM-CSF stimulated
colony formation of CD34 purified (98% positive) human BMwith or
without rSCF. (A) (-) IL-3 (10 ng/ml); (B) (-) rGM-CSF (5 ng/ml);
(e) rGM-CSF (5 ng/ml) + rSCF (25 ng/ml). Error bars indicate 1
SEMfor five cultures and are omitted when they are smaller than the
symbol. * Significant decrease compared to controls not cultured with
ddC (P c 0.05).

gests competition for uptake of the drug by BM cells not
participating in clonogenic responses, and is consistent with an
increased rate of conversion of ddC to 5 '-triphosphate in human
relative to murine cells (21).

b-
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Figure 9. Comparison of (A) rGM-CSF, (B) rGM-CSF with rSCF, and
(C) rLL-3-stimulated colony formation of human BM(n = 4) (closed
symbols) and CD34+ bone marrow cells (n = 7) (open symbols).
Values are normalized as percent of control and are derived from indi-
vidual experiments conducted for each volunteer.

Many strains of laboratory mouse are particularly susceptible
to the development of T cell lymphoma/leukemia, either spon-
taneously or as a result of chemical or radiation exposure (22,
23). In contrast, T cell leukemias or lymphomas are relatively
rare in human populations and have not been reported secondary
to chemotherapy or chemical exposure (24, 25). A distinct
subpopulation of SCF-dependent/IL-3 responsive HPC has
been identified in the mouse that is uniquely susceptible to

functional suppression by murine leukemogens, such as 1,3-
butadiene (13), y-irradiation (Irons, R. D., S. C. Lee, and
W. S. Stillman, manuscript in preparation) and now, ddC. This
subpopulation has been demonstrated to be identical to that
constitutively missing in mice bearing Wor S1 mutations that
spontaneously develop TL (13). The unique susceptibility of
this subpopulation of cells to ddC (10-18 M) and epoxybutene
(10-'3 M) (13) suggests that a specific signaling mechanism
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is involved in the targeting of these cells. Taken together, these
results suggest that suppression of this subpopulation of primi-
tive HPC represents the "preleukemic bone marrow lesion"
common to chemical, radiation, and spontaneous models of
murine leukemogenesis and provide evidence that targeting of
this cell population is an early obligatory event in the develop-
ment of murine TL.

There is growing evidence to suggest that species differ-
ences exist in the organization of the hematopoietic stem cell
compartment, particularly with respect to the stage at which
primitive HPCbecome restricted to a particular differentiation
paradigm. In contrast to primitive murine HPCthat require IL-
3 or SCF for survival, comparable human HPC appear to be
supported in Go by IL-3 or GM-CSFbut not SCF (26-28). It
is apparent that these differences coincide with the observed
susceptibility of an early SCF-responsive subpopulation of mu-
rine HPC, and that species differences in differentiation of early
HPCplay a major role in conferring susceptibility to TL devel-
opment in the mouse. Moreover, because susceptibility of primi-
tive HPCto drug suppression is observed only in the mouse,
murine TL does not appear to be an appropriate biologic model
for hazard identification in humans.
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