
Synthesis

Reaction of 1,2:5,6-di-O-isopropylidene-3-O-tosyl-α-
D-allofuranose (I) with KF in acetamide at 210 oC gives
3-deoxy-3-fluoro-1,2:5,6-di-O-isopropylidene-α-D-gluco-
furanose (II), which is treated with a 1:1 mixture of metha-
nol and 0.7% aqueous H2SO4 to yield 3-deoxy-3-fluoro-
1,2-isopropylidene-α-D-glucofuranose (III). Selective
acylation of the sugar (III) with benzoyl chloride in pyri-
dine affords the 6-O-benzoyl derivative (IV), which is
treated with Amberlite IR-100 (H+) ion-exchange resin in
hot dioxane to provide 6-O-benzoyl-3-deoxy-3-fluoro-D-
glucofuranose (V). The oxidative cleavage of glucofura-
nose (V) by means of KIO4 in water results in rearrange-
ment to give 5-O-benzoyl-2-deoxy-2-fluoro-3-O-formyl-D-
arabinofuranose (VI), which is deformylated by means of
NaOMe in methanol to provide 5-O-benzoyl-2-deoxy-2-
fluoro-D-arabinofuranose (VII). Acylation of the arabinofu-
ranose (VII) with acetic anhydride in pyridine affords the
1,3-di-O-acetyl derivative (VIII), which is treated with HBr
in AcOH/CH2Cl2 to yield 3-O-acetyl-5-O-benzoyl-2-
deoxy-2-fluoro-D-arabinofuranosyl bromide (IX) (1).
Condensation of compound (IX) with 2-chloroadenine (X)
by means of potassium tert-butoxide in different solvents
gives the acylated 2-chloroadenosine derivative (XI),
which is finally deacylated by means of NaOMe in
methanol (2). Scheme 1.

Alternatively, condensation of the arabinofuranose
(IX) with 2,6-dichloropurine (XII) by means of NaH in ace-
tonitrile gives the dichloropurine nucleoside (XIII), which
by treatment with NaOMe in methanol provides the 2-
chloro-6-methoxypurine nucleoside (XIV). Finally, this
compound is treated with ammonia in hot ethanol in a
pressure vessel (3). Moreover, the reaction of the
dichloropurine nucleoside (XIII) with ammonia in hot
ethanol as before yields directly clofarabine (4, 5).
Scheme 1.
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Abstract

Clofarabine (ClofarexTM, 2-Cl-2�-F-araA, CAFdA) is
a novel anticancer agent shown to be particularly
effective in acute leukemia therapy. It is a second-gen-
eration purine nucleoside analogue that works through
incorporation into the DNA molecule and inhibition of
further DNA synthesis via a number of different mech-
anisms. Clofarabine is effective in many different can-
cers, and has proven efficacy in phase I studies in
patients with solid tumors. However, clofarabine has
demonstrated the most promise within the hematolog-
ical setting. Results from a number of phase I/II
studies indicated potent anticancer activity, particular-
ly in the treatment of acute leukemias. Clofarabine is
most often administered as a short 30-min i.v. infusion
over 5 days per cycle, meaning that it can be delivered
in an outpatient setting rather than requiring hospita-
lization (as opposed to first-generation analogues).
Furthermore, children with resistant or refractory
leukemia have exhibited total response rates of 28-
44%. Clofarabine is well tolerated in this population,
the most commonly reported side effects being nau-
sea and vomiting, reversible hepatotoxicity and myelo-
suppression. Promising results from phase I and II
studies have led to the initiation of phase III studies in
both adults and children with acute leukemia.

K. Chilman-Blair, N.E. Mealy, J. Castañer. Prous Science, P.O.
Box 540, 08080 Barcelona, Spain.
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to the triphosphate, DNA synthesis is preferentially inhib-
ited due to potent inhibition of ribonucleotide reductase
and of chain elongation by DNA polymerase α.
Clofarabine appears to combine the best properties of
cladribine and fludarabine, with inhibitory potency com-
parable to the former against ribonucleotide reductase
and to the latter against DNA polymerase α. It was also
more efficiently phosphorylated by deoxycytidine kinase
and eliminated more slowly compared to cladribine in
human leukemia cells. These characteristics have been
suggested to account for tis superior cytotoxicity (IC50 = 5
nM against K-562 cells vs. 16 and 460 nM, respectively,
for cladribine and fludarabine) (12, 25-30).

Other experiments have demonstrated an apoptotic
effect for clofarabine in leukemia cell lines in vitro and
in vivo, which appeared to be mediated, at least in part,
by downregulation of the Bcl-2 family proteins Bcl-XL and
Mcl-1, and Akt dephosphorylation (25, 31, 32).

Clofarabine, other deoxynucleoside analogues and
unrelated anticancer agents such as etoposide were
shown to enhance the activity of deoxycytidine kinase
(the very enzyme involved in activating the deoxynucleo-
side analogues) in both normal and transformed human
lymphocytes, suggesting pretreatment or combination
strategies for improving antitumor efficacy (33). In anoth-
er study using lymphocytes from patients with CLL, prein-
cubation with clofarabine and fludarabine was found to
inhibit the DNA excision repair evoked by the alkylating
agent 4-hydroperoxycyclophosphamide, which resulted
in more than additive apoptotic cell death. The increase
in cytotoxicity was directly related to the extent of repair
inhibition (34).

Clofarabine has shown potent anticancer activity in a
number of preclinical studies using different cell lines and
tumor models. Early results showed clofarabine to have
potent submicromolar antiproliferative activity against
human CNS, lung and renal cancer, leukemia and
melanoma cell lines, as well as in vivo efficacy in murine
P388 leukemia, colon 36 and mammary 16/C tumor
models (35). Clofarabine was generally significaantly
more potent than fludarabine against these cell lines, with
IC50 values of 0.11, 0.29, 0.29, 0.29, 0.67, 0.028 and
0.15 µM, respectively, against renal carcinoma ACHN,
renal carcinoma Caki-1, CNS tumor SNB-7, non-small
cell lung adenocarcinoma NCI-H23, melanoma SK-MEL-
28, chronic myelogenous leukemia K-562 and acute lym-
phoblastic leukemia CCRF-CEM cells, versus respective
values of 6.4, 41, 54, 45, 39, 0.58 and 0.29 µM for
fludarabine. In the P388 leukemia model, clofarabine
exhibited significantly enhanced activity when given on a
more intensive schedule, providing ILS values of 200%
and 300%, respectively, at doses of 20 mg/kg i.p. every
3 h x 8 on days 1, 5 and 9, or every 4 h x 3 on days 1-9.
Antitumor activity after oral administration was less than
following i.p. dosing. Clofarabine was curative in mice
bearing colon 36 tumors and it also exhibited moderate to
excellent efficacy against human colon, non-small cell
lung, renal and prostate cancer xenografts in nude or
SCID mice, with a broader spectrum of activitiy compared

Introduction

Nucleoside analogues are widely used in the treat-
ment of cancer and viral diseases. The adenine (or
purine) nucleoside analogues fludarabine (Fludara®;
Schering AG/Berlex) and cladribine (Leustatin®; Ortho
Biotech) are currently available for the treatment of hema-
tological malignancies, fludarabine being the drug of
choice for chronic lymphocytic leukemia (CLL) and
cladribine for hairy cell leukemia (6-11). The cytotoxicity
of both fludarabine and cladribine involves inhibition of
DNA synthesis via inhibition of DNA polymerase α and
ribonucleotide reductase, although cladribine is more
potent against ribonucleotide reductase than DNA poly-
merase (12-19). These compounds, however, also have
certain disadvantages for clinical use, including dose-
limiting toxicity, low oral bioavailability and/or solubility
problems, which appear to be due to their acidic and/or
enzymatic degradation (5, 20-22). In order to overcome
these limitations, a group at the Southern Research
Institute synthesized a series of 2-halo-2�-halo-2�-deoxy-
arabinofuranosyladenine analogues, and initial screening
led to the selection of clofarabine as the best compound
(5).

Clofarabine shows greater structural similarity to
cladribine due to the chloro group at the 2-position of ade-
nine. Substitution of a fluorine at the C-2�-position while
retaining the arabino configuration results in reduced sus-
ceptibility of clofarabine to the phosphorolytic cleavage by
purine nucleoside phosphorylases seen with fludarabine,
as well as increased acid stability relative to cladribine.
The increased acid stability of clofarabine suggests
potentially improved oral bioavailability (5). Moreover clo-
farabine compares favorably to both fludarabine and
cladribine in terms of inhibition of DNA polymerase and
ribonucleotide reductase (12).

This second-generation purine nucleoside analogue
was thus rationally designed to possess improved effica-
cy and a better tolerability profile compared to its prede-
cessors. Currently in phase I and II studies in pediatric
and adult leukemias, phase III trials as monotherapy or in
combination are under consideration (23, 24).

Pharmacological Actions

Initial screening of clofarabine and related com-
pounds demonstrated particularly potent cytotoxic activity
for clofarabine, with IC50 values against the human cell
lines HEp-2, CCRF-CEM and K-562 of 0.012, 0.05 and
0.003 µM, respectively, and an IC50 of 0.23 µM against
the murine leukemia cell line L1210. Clofarabine was also
the most effective compound in mice bearing P388
leukemia and extensive preclinical testing was therefore
initiated (5).

The mechanism of action of clofarabine resembles
that of cladribine and fludarabine. Recent studies using
several human and murine leukemia cells demonstrated
that, following phosphorylation by deoxycytidine kinase
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farabine + docetaxel against human prostate PC-3 tumor
xenografts (44). Clofarabine was more active than
CPT-11 in the former study when given alone, and com-
binations of the drugs resulted in even greater delays in
tumor growth than clofarabine alone. In contrast, no
increase in toxicity was observed with combination thera-
py (43). All doses of clofarabine (2.5, 5 and 10 mg/kg t.i.d.
i.p. x 9 days) produced significant growth delays in the
PC-3 xenograft model, whereas docetaxel was only
active at the highest dose (5 mg/kg i.v. every fourth day).
The combination of the agents at all but the lowest doses
(2.5 mg/kg clofarabine + 1.25 mg/kg docetaxel) was more
effective than either drug alone in terms of tumor growth
delay. All doses of clofarabine and most combinations
were well tolerated as regards weight loss (< 20%) (44).

Pharmacokinetics and Metabolism

Assays have been developed for the quantitation of
clofarabine in plasma (45-47).

Clofarabine is metabolized to its mono-, di- and
triphosphate forms by the enzyme deoxycytidine kinase
in cells, the mono- and triphosphate forms predominating.
In cultured human CLL cells, peak levels of the active
triphosphate metabolite occurred at 2 h, with a plateau
being observed at 2-4 h (12, 27, 48).

The pharmacokinetic profile of clofarabine 10 and 25
mg/kg i.v. was tested in adult male Sprague-Dawley rats.
Clearance rates decreased from 2.1 l/h/kg after 10 mg/kg
to 1.5 l/h/kg after 25 mg/kg, possibly due to saturated
metabolism, and the t1/2 values were 1.35 and 1.84 h. The
volume of distribution was similar at both doses (3.6 and
3.2 l/kg, respectively, at 10 and 25 mg/kg). Oral bioavail-
ability was estimated to be around 50% (47).

The elimination rate of clofarabine was significantly
longer than that of cladribine in a study using isolated rat
liver tissue. This indicated increased stability to hepatic
enzymes for the clofarabine molecule. The compounds
showed similar first-pass metabolism (approximately
50%). Biliary excretion of unchanged clofarabine or
cladribine accounted for < 1% of dose, < 0.1% and < 1%,
respectively, in the form of the metabolite 2-chloroade-
nine (49).

Clinical Studies

Pilot studies demonstrated that clofarabine adminis-
tration in patients with solid tumors was associated with
significant myelosuppression compared to patients with
hematological malignancies. A phase I study was there-
fore carried out in order to determine the appropriate
dosing regimen in patients with solid tumors. Twelve
patients with solid tumors of the lung, colon, pancreas,
prostate, bladder, bile duct and larynx were administered
clofarabine 4 mg/m2 i.v. on days 1, 8 and 15 of a 28-day
cycle. This dose could be escalated to 6, 10, 14, 18 or 22
mg/m2 in subsequent cohorts. At the time of publication,

to fludarabine. Using P388 leukemia cells, some cross-
resistance with etoposide and marked cross-resistance
with cytarabine was seen, but not with doxorubicin, pacli-
taxel, methotrexate or melphalan (36).

The in vitro cytotoxicity of clofarabine was found to be
superior to cladribine using mononuclear cells from
leukemia patients. Clofarabine was significantly more
cytotoxic than cladribine against cells from patients with
CLL, although there was no difference in cytotoxicity in
cells from patients with acute myeloid leukemia (AML).
Increased sensitivity to clofarabine compared with
cladribine was detected in 36 of 52 samples, while 8 were
equally sensitive to both drugs. Clofarabine was also
phosphorylated more efficiently in these cells than
cladribine (37).

The in vivo efficacy of clofarabine was compared with
cladribine in a severe combined immunodeficiency
(SCID) mouse model of CLL. SCID mice were adminis-
tered oral clofarabine or cladribine 1 mg/ml in the drinking
water for 1 week. Clofarabine had superior efficacy in
eliminating transferred CLL cells (90% vs. 50%) (25, 38).

The dose and schedule dependency of clofarabine
were examined in athymic nude mice bearing human
non-small cell lung cancer NCI-H460 xenografts. Animals
were administered the drug at doses of 8.9, 13.3 and 20
mg/kg i.p. 3 times daily for 9 days 27, 40 and 60
mg/kg/day i.p. over 9 days, 120, 180 and 270 mg/kg i.p.
every fourth day x 3, or 120, 180 and 270 mg/kg i.p. once
weekly x 3. All treatments were well tolerated. The results
indicated that the efficacy of clofarabine is increased with
more frequent dosing, the best responses (T/C = 13.6-
16.5 days) being obtained on the t.i.d. schedule (39).

In vitro and in vivo studies were conducted using
human colon tumor cell lines/xenografts. Clofarabine was
more active than cladribine and fludarabine in inhibiting
the proliferation of human colon tumor cell lines HCT 116,
HT-29, DLD-1 and WiDr, with respective log mean IC50
values of 0.26, 0.35 and 19 µM. Potent activity was also
reported against human colon tumor xenografts following
daily i.p. dosing for 5 days. Oral administration was supe-
rior to i.v. administration and the therapeutic efficacy
appeared to increase with more frequent dosing. Finally,
clofarabine was able to completely suppress the forma-
tion of liver micrometastases from human colon tumors at
a dose of 100 mg/kg/day p.o. (40, 41).

Recently published preclinical data have shown a
potential synergism between clofarabine and cytarabine.
Clofarabine increased the accumulation of cytarabine
triphosphate in human myeloid leukemia K-562 cells
when added prior to cytarabine. This was seen at con-
centrations (1-2 µM) reached in plasma in phase I trials
following administration of the MTD of clofarabine. The
most effective schedule involved incubation of cells with
clofarabine 4 h before cytarabine, and a clinical protocol
for combination therapy in acute leukemia was designed
based on these findings (42).

In combination therapy studies in athymic nude mice,
clofarabine + CPT-11 (irinotecan) was tested against
human colorectal tumor HT-29 xenografts (43) and clo-
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bone marrow aspirate and peripheral blood, PR was
defined as a CR with blasts between 6% and 25% in the
bone marrow, and hematological improvement was
defined as CR without platelet recovery (CRp). The over-
all response rate in these patients was 48%; a CR was
obtained in 20 patients (32%) with previously relapsed or
refractory disease, 9 patients (15%) achieved a CRp and
1 patient achieved a PR. Responses were recorded in
55%, 50%, 64% and 17% of AML, MDS, CML and ALL
patients, respectively. Responders were shown to accu-
mulate more clofarabine within their blast cells compared
with nonresponders (median uptake = 18 µM vs. 10 µM).
These encouraging efficacy results were complemented
by a favorable tolerability profile. Transient, reversible
grade 3-4 liver dysfunction was noted in up to 25% of
patients, with rash and hand-and-foot syndrome seen in
10-15% of patients. Myelosuppression occurred at rates
expected for an anticancer therapy, with fever and infec-
tion in 81% and 50% of patients, respectively. No deaths
were related to drug toxicity (55, 56).

Preliminary results from a multicenter, open-label
phase II study currently under way in a group of adults
with refractory or relapsed AML were reported. Treatment
was delivered via daily 1-h i.v. infusion of 40 mg/m2/day
for 5 days every 28 days during the induction phase. After
1-2 cycles, responders were administered clofarabine 30
mg/m2/day over 5 days for 2-3 cycles, in order to consol-
idate induction therapy. Complete response was defined
as a 4-week history of: 1) absence of blasts from peri-
pheral blood; 2) 5% or less blasts and absence of Auer
rods in bone marrow; 3) maturation of all cell lines; 4)
platelet count of 100 billion/l or more; and 5) absence of
extramedullary disease; partial response was defined as
CR with either blasts < 25% or the presence of Auer rods.
Only 1 CR was detected in this group of patients. Side
effects included febrile neutropenia, rash and transient
transaminitis (57, 58).

A synergistic interaction between clofarabine and
cytarabine (ara-C) was described in a phase I/II study in
patients with acute leukemia (first relapse or primary
refractory), high-risk MDS (10% or more blasts) and CML
(blastic phase) (59). In the dose-finding phase of the
study, 12 patients were administered a 1-h i.v. infusion of
clofarabine 15-40 mg/m2/day in combination with a 2-h i.v.
infusion of cytarabine 1 g/m2. Each drug was given for 5
consecutive days within each treatment cycle. The aim of
the study was to determine the MTD and DLT for the
phase II part of the analysis. The overall response rate
was 34%: 2 patients achieved CR at clofarabine doses of
15 and 40 mg/m2 and 2 others achieved CRp at the doses
of 22.5 and 30 mg/m2. Dose-limiting toxicity was not
observed at any of the doses studied. The recommended
dose for the second phase was therefore 40 mg/m2. In
the phase II part of the study, 20 patients were adminis-
tered clofarabine 40 mg/m2/day plus cytarabine 1 g/m2. A
total of 33% of patients responded to treatment (5 CRs
and 1 CRp), all after 1 cycle of therapy. The most com-
monly reported adverse events were nausea and vomit-
ing, skin rash, diarrhea, hand-and-foot syndrome,

only 1 patient had experienced a best response of stable
disease after 4 cycles of treatment. Two patients were
removed from the study due to disease progression. No
toxicities had been reported at up to 14 mg/m2. The max-
imum tolerated dose (MTD) and dose-limiting toxicity
(DLT) were therefore not identified (50).

The pharmacological profile of clofarabine was
assessed in a phase I study in 31 adult patients with
refractory AML, acute lymphoblastic leukemia (ALL) and
CML. Clofarabine 4-55 mg/m2 was administered via 1-h
i.v. infusion for 5 days in this study. Twelve patients treat-
ed at the 40 mg/m2 dose level achieved a median 97%
reduction in peripheral blasts after the 5-day treatment
period. Six patients responded to 5 days of therapy, sug-
gesting clofarabine�s therapeutic superiority compared
with its predecessors (51). Pharmacodynamic analysis of
26 evaluable patients revealed a linear relationship
between the triphosphate metabolite of clofarabine and
the number of blast cells between 4 and 22.5 mg/m2, with
a triphosphate peak being noted at a median of 19 µM.
Triphosphate levels were also related to the degree of
inhibition of DNA synthesis, but did not appear to be relat-
ed to leukemia subtype. Investigators also noted that
patients treated with doses below 40 mg/m2 recovered
their blast ability to synthesize DNA prior to their next
daily dose of clofarabine. This recovery rate was reduced
at the higher doses (51).

A phase I dose-finding study comparing patients with
refractory solid tumors and hematological disease found
MTD and DLT values to be significantly different between
the groups. The first phase of the study determined the
MTD and DLT in patients with solid tumors, and a 3+3
dose escalation was then performed in acute leukemia
patients in order to determine the MTD and DLT within
this population. Clofarabine administration was initiated at
15 mg/m2/day for 5 days, delivered by a 1-h i.v. infusion
each day, repeated every 28 days. The 15 mg/m2 dose
was found to be myelosuppressive in patients with solid
tumors, and was subsequently de-escalated to 7.5, 4 and
2 mg/m2/day. The 2 mg/m2 dose was the MTD recom-
mended for use within this population Thirty-two patients
with acute leukemia were then administered 7.5
mg/m2/day following the aforementioned dosing regimen,
which could then be escalated to 11.25, 15, 22.5, 30, 40
and 55 mg/m2/day. The MTD in this population was 40
mg/m2, with a DLT of severe yet reversible hepatotoxicity
(manifested by elevations in transaminase and bilirubin).
The DLT occurred at 55 mg/m2 in this analysis. A
response to treatment was obtained in 16% of patients
with acute leukemia: 2 patients experienced a CR and 3
had a CR without platelet recovery (CRp; hematological
improvement) (52-54).

A recent phase II study included 62 patients with
relapsed or refractory AML, myelodysplastic syndrome
(MDS), CML or ALL. Patients received a daily 1-h i.v. infu-
sion of clofarabine 40 mg/m2 for 5 days every 3-6 weeks
(depending on treatment response). This dose regimen
could be reduced in the presence of extramedullary toxi-
city. Complete response was defined as normalization of
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clofarabine, 1 had a CRp and 5 a PR, for a total response
rate of 32%. Furthermore, 5 patients went on to receive
BMT. Drug-related adverse events included febrile neu-
tropenia, rash, nausea and vomiting and transient liver
transaminase elevations (53, 55). Of 25 evaluable
patients with relapsed or refractory ALL, 1 had a CR, 2 a
CRp and 4 a PR, for an overall response rate of 28%.
Three of the responding patients have received a BMT.
Clofarabine was well tolerated in this study, with the most
common side effects reported being fever, myelosuppres-
sion, nausea and vomiting, skin rash, hand-and-foot syn-
drome and a rise in liver enzymes indicative of hepato-
toxicity. The rise in liver enzymes was reversible,
however, and returned to baseline levels following treat-
ment discontinuation (64, 65).

Sources

Southern Research Institute, Birmingham, AL (US);
licensed to Bioenvision, Inc. (GB) and codeveloped with
Ilex Oncology, Inc. (US).
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mucositis and neurological signs. Two deaths occurred
during the study due to sepsis and pulmonary hemor-
rhage (59).

Results have shown that clofarabine is both effective
and well tolerated in children with ALL and AML, and it is
particularly useful in patients with refractory or relapsed
disease. This is important in children, as resistant disease
forms are a leading cause of death in these patients.

A dose-finding study was recently carried out in a
group of 25 pediatric patients with advanced leukemia,
i.e., refractory or relapsed ALL (n=17) or AML (n=8). They
were administered clofarabine as a daily 1-h i.v. infusion
of 11.25-70 mg/m2/day for 5 days, repeated every 2-6
weeks depending on patient response and adverse
events. A modified 3+3 trial design was undertaken, with
a 30% dose escalation being employed depending on
treatment outcome. Most patients were heavily pretreat-
ed and 36% had previously undergone stem cell trans-
plantation. This population had very limited options, as
well as a very poor prognosis. The pediatric MTD was cal-
culated to be 52 mg/m2/day, with the DLT being reversible
hepatotoxicity and skin rash at 70 mg/m2/day. The overall
response rate was 32% in this population, with 80% of
responses lasting over 1 year. Five children achieved a
CR and 3 had a PR; 4 others achieved a reduction in their
leukemic cell count sufficient to allow bone marrow trans-
plantation (BMT). Leukemia blasts were reduced to 6-19
mM at the MTD, which implies complete and sustained
DNA inhibition at this maximal dose. The most commonly
reported side effects were hepatic dysfunction, nausea
and vomiting, diarrhea, mucositis, rash and myalgia.
Significant hepatic dysfunction was not maintained with
repeated cycles of clofarabine administration. Clofarabine
was therefore judged to be effective in this population of
previously refractory patients with advanced acute
leukemia (60, 61).

Clofarabine was reported to be effective and well
tolerated in another phase I study in 13 pediatric patients
with refractory AML or ALL. Eleven patients had failed 5-
11 (median of 10) chemotherapeutic regimens prior to
study onset, and 4 had undergone previous BMT.
Clofarabine 11.25-52 mg/m2/day was delivered via 1-h
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