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Abstract

Introduction—T-cell acute lymphoblastic leukemia (ALL) and lymphoma (LBL) are aggressive 

hematologic neoplasms that are treated with combination chemotherapy in the frontline, but have 

limited options in the relapsed or refractory setting. Based on observations in patients with purine 

nucleoside phosphorylase (PNP) deficiency, a guanosine nucleoside analogue, arabinosylguanine 

(ara-G) was developed that provided T-cell specificity. Nelarabine was developed as the water-

soluble, clinically useful-prodrug of ara-G and based on its activity was approved for the treatment 

of relapsed or refractory T-ALL/LBL.

Areas covered—In this narrative review, we will summarize the preclinical studies, early dose-

finding studies, and efficacy studies that led to approval of nelarabine. The review will succinctly 

cover response rates and safety signals reported during clinical development. We will also cover 

more recent work with nelarabine, including combination studies, modified dosing schedules, and 

frontline treatment approaches.

Expert commentary—Based on evidence from the literature review and our own experience 

with nelarabine, we conclude that it is an effective agent in the treatment of T-cell malignancies. 

Understanding the factors that modulate the risk of dose-limiting neurotoxicity, how to mitigate 

this toxicity, and how to safely combine it with other active agents will continue to broaden its use.
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1.0 Introduction

While therapeutic options for B-cell acute lymphoblastic leukemia (ALL) have expanded 

recently with the development of monoclonal antibodies1–3, tyrosine kinase inhibitors4,5, 
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and chimeric-antigen receptor (CAR) engineered T-cells6, therapies for T-cell ALL (T-ALL) 

are more limited and remain unsatisfactory. One bright spot in the development of specific 

T-cell directed therapies in ALL has been the discovery and approval of nelarabine.

The initial impetus towards development of nelarabine began with the observation that 

intracellular deoxyguanosine (dGuo) triphosphate (dGTP) accumulation was specifically 

toxic to T-cells in patients with the inherited immunodeficiency syndrome purine nucleoside 

phosphorylase (PNP) deficiency.7–10 Purine nucleoside phosphorylase (enzyme) acts on the 

glycosidic bond of deoxyguanosine resulting in its catabolism to free base. Lack of this 

enzyme results in accumulation of dGuo in plasma and selective accumulation of dGTP in T-

cells which then acts as a cytotoxic agent.10,11 This inspired the notion that dGTP could be 

therapeutically used to target T-cell neoplasms, leading to the development of the PNP-

resistant dGuo analogue arabinofuranosylguanine (ara-G) or an inhibitor of PNP enzyme 

such as forodesine. Preclinical studies confirmed the T-cell selective cytotoxicity of ara-

G12,13 and provided the rationale for the clinical development of this analogue in T-

ALL.14,15 Challenges with the solubility of ara-G significantly hindered its initial 

development. This eventually prompted the synthesis of nelarabine, a water-soluble prodrug 

of ara-G that could be administered intravenously and which, upon infusion, is rapidly 

converted to ara-G in the plasma by adenosine deaminase (Figure 1).16

The current paper focuses on the clinical development of nelarabine in the treatment of 

adults and children with T-cell leukemias and lymphomas, from early phase I dose-finding 

and safety studies, to phase II efficacy studies and more recent combination approaches 

(Table 1). In preparing this review, we queried the PubMed database with the search term 

“nelarabine” and reviewed the clinical studies associated with this term, with a particular 

focus on clinical trials in leukemia. Abstract proceedings of national meetings (American 

Society of Hematology and American Society of Clinical Oncology) were also searched for 

similar terms. Nelarabine has also been known as Compound 506, 506U78, GW506U78, 

and 6-methoxy-ara-G. Preclinical studies, early development, and mechanism of action of 

this compound have been reviewed previously.17–23

2.0 Preclinical and Early Phase Clinical Studies

Preclinical studies confirmed the efficient conversion of nelarabine to ara-G in the plasma of 

non-human primates, yielding peak ara-G levels at the end of nelarabine infusion.16 The 

conversion of nelarabine to ara-G is by adenosine deaminase (enzyme) which is present in 

high specific activity in several large body organs as well as in erythrocytes. The ara-G is 

then phosphorylated to mono-, di-, and triphosphate selectively in circulating leukemic T-

cells. Accumulation of ara-GTP in malignant T-cells was relevant, as higher peak 

intracellular ara-GTP levels correlated with response.24

Based on promising preclinical results, nelarabine was first studied in phase I dose-

escalation trial in patients with relapsed and refractory (R/R) hematologic malignancies.25 

At total of 93 patients were treated, including 59 adults with a median age of 48 years, and 

34 children with a median age of 10 years. Patients were treated with escalating doses 

ranging from 5 mg/kg/d to 75 mg/kg/d given as a 1 hour infusion on days 1 to 5. The 
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maximum tolerated dose was found to be 60 mg/kg/d in children and 40 mg/kg/d in adults. 

The dose-limiting toxicity was neurologic. Neurologic events were seen in 72% of patients, 

including 50% of children and 85% of adults, most being reversible. Most of the neurologic 

toxicity started within 12 days of infusion and some was noted to be cumulative with 

successive cycles. The most common grade 3/4 neurologic adverse events reported were 

malaise, somnolence, confusion, ataxia, muscle weakness, and peripheral neuropathies. 

Nausea, vomiting, fever, and anorexia were observed, but acceptable. Notably, in patients 

without bone marrow disease (i.e. lymphoblastic lymphoma only) and normal marrow 

function, significant hematologic toxicity was not seen with this nucleoside analogue. The 

overall response rate in this mixed population of hematologic malignancies was 31%, 

including 54% of patients with T-ALL achieving a complete or partial response. Myeloid 

leukemia did not show any benefit with this drug. Most patients that responded had T-cell 

malignancy; one patient with CML in T-lymphoid blast crisis26 and one patient with chronic 

lymphocytic leukemia (CLL) achieved PR. Based on cumulative safety and efficacy data, the 

recommended phase 2 dose (RP2D) was 1200 mg/m2/d, which was equivalent to 

approximately 30 mg/kg/d in adults and 40 mg/kg/d in children. This Phase I study clearly 

defined, that similar to preclinical observations, the drug was most effective in T-cell 

malignancies.

Extensive in vivo plasma pharmacokinetic analysis of nelarabine and its metabolite ara-G, 

was performed as part of this phase I study.27 Of the 93 patients treated, 78 patients were 

characterized for plasma pharmacology. The analysis confirmed that nelarabine was an 

excellent prodrug of ara-G, achieving a Cmax at or near the end of the 1-hour infusion and 

demonstrating linear increase in plasma concentration with increasing nelarabine dose. The 

plasma T1/2 of ara-G was relatively long, approximately 2.1 hours in children and 3 hours in 

adults; and the clearance had a linear relationship with the patient’s creatinine clearance. At 

the RP2D of approximately 1200mg/m2, the plasma ara-G concentration remained > 10 

micromolar (the concentration required for linear accumulation of intracellular ara-GTP) for 

more than 8 hours.

From the initial studies, it was clear that the intracellular accumulation of ara-GTP was 

directly related to the clinical success of nelarabine.24,27 Modulating cellular biochemistry to 

increase intracellular ara-GTP accumulation28 as had previously been demonstrated with 

nucleoside analogues could potentially enhance clinical efficacy. Fludarabine is a potent 

inhibitor of ribonucleotide reductase (RNR) and had been used previously in combination 

with cytarabine to increase intracellular levels of ara-CTP in the treatment of acute myeloid 

leukemia.29–31 Inhibition of RNR by fludarabine could (1) deplete intracellular 

deoxynucleotides and (2) lead to induction of deoxycytidine kinase and deoxyguanosine 

kinase through reduced feedback inhibition. These 2 enzymes are responsible for 

phosphorylating ara-G to ara-GTP32, increasing its intracellular concentration, and 

facilitating its incorporation into DNA. The combination of fludarabine with nelarabine, 

therefore, could potentiate intracellular ara-GTP accumulation, increase cytotoxicity, and 

translate into clinical benefit. This concept was studied in a phase I study of a sequential 

combination of fludarabine and nelarabine. Because fludarabine is used as a standard of care 

for patients with CLL and nelarabine showed some activity in this disease and in T-cell 

leukemias, this combination was tested in patients with R/R CLL and T-ALL.33 Thirteen 
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patients with a median age of 62 years were treated with nelarabine at a dose of 1200 mg/m2 

on days 1, 3, and 5 combined with the standard dose of fludarabine (30 mg/m2) on days 3 

and 5. This protocol design facilitated pharmacokinetic evaluation of ara-GTP accumulation 

in circulating leukemia cells before and after fludarabine infusion. The regimen was 

tolerated with grade 2 sensory neuropathy reported in 7 (54%) patients, and grade 3/4 

hematologic toxicity in 44% of patients. The overall response rate was 54%, including 6 

responses among 9 patients (67%) with indolent leukemias and 1 of 2 patients with R/R T-

ALL achieving a complete remission. The addition of fludarabine did not affect the plasma 

pharmacokinetic profiles of nelarabine or ara-G. However, intracellular accumulation of ara-

GTP was significantly higher on day 2 compared to day 1, suggesting some biochemical 

modulation with the combination. Similar to preclinical studies, cells from responding 

patients demonstrated significantly higher ara-GTP levels compared to those who were 

nonresponders.33 The combination showed promising clinical synergy even in patients who 

were previously fludarabine-refractory and merits further study.

3.0 Phase II Studies

After determining the safety profile of nelarabine and estimating an RP2D, several phase II 

trials were conducted to establish its efficacy in patients with R/R T-ALL and T-

lymphoblastic lymphoma (LBL). Berg and colleagues first reported on phase II study in 

children with R/R T-ALL and LBL.34 A total of 121 patients with a median age of 11.5 

years were enrolled in 4 predefined strata: (1) patients with ≥ 25% bone marrow blasts in 

first relapse, (2) those with ≥ 25% bone marrow blasts beyond first relapse, (3) those with 

CNS disease document by positive CSF pathology, and (4) patients with isolated 

extramedullary relapse (i.e. with no bone marrow disease). Patients were treated initially at a 

dose of 1200 mg/m2/day on days 1 to 5 of a 21 days cycle. However, two de-escalations in 

the dose were necessary due to excessive toxicity. Patients in strata 1 and 2 received a dose 

of 650 mg/m2 for 5 days and those in strata 3 and 4 received a dose of 400 mg/m2. Among 

106 evaluable patients at the final dose levels, the overall response rate (CR + PR) was 33%. 

When examined within each strata, the ORR were 55%, 27%, 33%, and 14% for strata 1, 2, 

3, and 4, respectively. Interestingly, 8 of 22 patients who had positive CSF cytology prior to 

study entry converted to negative CSF cytology by day 7, prior to their scheduled intrathecal 

chemotherapy, suggesting a role for nelarabine in treatment and/or prophylaxis of CNS 

leukemia. Treatment with nelarabine was tolerated, but did require dose reductions for 

management of clinically significant neurotoxicity. Overall 18% of patients had ≥ grade 3 

neurotoxicity which was dose-dependent. At doses ≥ 900 mg/m2, the rate of neurologic 

adverse events was 28%, compared to 17% at doses ≤ 650 mg/m2. The most common 

neurologic adverse events were peripheral neuropathy and reversible somnolence. There 

were 13 episodes of ≥ grade 3 peripheral neurologic adverse events and 18 episodes of ≥ 

grade 3 central neurologic adverse events. As expected, patients with bone marrow 

involvement had higher rates of hematologic toxicity compared to those in strata 4, which 

had only extramedullary disease. The study confirmed the high single-agent activity of 

nelarabine in R/R T-ALL in children, particular for those in the first salvage setting. 

Additionally, the trial further refined the treatment dose to 650 mg/m2/day for 5 days in 

children.
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A second phase II study was conducted to confirm the efficacy in adult patients with R/R T-

ALL or T-LBL.35 Thirty-nine patients, with a median age of 34 years and a median of 2 

prior therapies were treated on the study. Two-thirds of the patients had T-ALL and a third 

had T-LBL. The dosing regimen, borrowed from a previous phase I study in an effort to 

reduce neurotoxicity, was 1500 mg/m2/d on days 1, 3, and 5 every 3 to 4 weeks. Additional 

rationale for an alternate day schedule was the observation that levels of ara-GTP in the 

circulating leukemia cells were maintained for more than 24 hours. In a heavily pretreated 

population, the overall response rate (CR+CRi+PR) was 41%, including 31% CR+CRi. The 

ORR was 55% for patients in first salvage and 36% for those in ≥ 2nd salvage. The median 

disease-free survival (DFS) was 20 weeks. The median overall survival (OS) was 20 weeks 

and the 1-year OS probability was 28%. The most prominent clinical toxicity was grade 3 

and 4 neutropenia and thrombocytopenia. The most frequent ≥ grade 3 non-hematologic 

adverse events were fatigue in 18% and muscle weakness in 11%. Grade 3 or 4 neurologic 

adverse events occurred in 18% of patients. Grade 1 to 2 neurologic adverse events were 

common, with 37% of patients having peripheral sensory neuropathy and 21% having 

peripheral motor neuropathy.

Based on these studies and in the context of a critical unmet need, nelarabine was given 

accelerated approval by the US Food and Drug Administration in October of 2005 for the 

treatment of patients with T-ALL/LBL whose disease has not responded to treatment or has 

relapsed following treatment with at least two chemotherapy regimens.17,36,37

Several studies of nelarabine following its approval have confirmed and broadened its 

applicability. The large German Multicenter Study Group for Adult ALL (GMALL) 

published their large prospective phase II study in patients with R/R T-ALL/LBL.38 A 

cohort of 126 patients with a median age of 33 years were treated with single-agent 

nelarabine at a dose of 1500 mg/m2 over 2 hours on days 1, 3, and 5 of a 3 week cycle. The 

overall response rate was 46%, with 36% CR and 10% PR. Two-thirds of the patients were 

in the first salvage setting while 10% were in second salvage; 38% of patients in the second 

salvage setting achieved a CR. The 1-year OS was 25% and the median OS was 6 months. 

Eighty percent of patients achieving a CR went on to allogeneic SCT. For those receiving a 

SCT the 3-year OS was 31% and the RFS was 37%. Neurotoxicity was seen in 16% of 

patients, reaching grade 3 or 4 in severity in only 7%. Grades 3 and 4 neutropenia and 

thrombocytopenia was seen in 37% and 17%, respectively. This is the largest prospective 

trial of nelarabine to date in patients with R/R T-ALL and confirms its safety and single-

agent efficacy. These data also demonstrate that nelarabine can facilitate adequate disease 

control to make SCT feasible.

In order to expand from experience in T-cell leukemia, a small pilot phase II study was 

conducted in patients with cutaneous- and/or systemic peripheral T-cell lymphoma.39 

Nineteen patients were treated with nelarabine at a dose of 1500 mg/m2 on days 1, 3, and 5 

of a 21 day cycle, for a minimum of 2 cycles. Grade 3 or 4 neurotoxicity was observed in 

33% of the patients, including ataxia, vertigo, peripheral neuropathy, and/or altered 

consciousness. The overall response rate was 10.5%, including 2 PR’s of short duration. The 

investigators concluded that nelarabine was not recommended as monotherapy for these 

diseases based on its efficacy and toxicity profile.39
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4.0 Nelarabine Combination Studies

These investigations with nelarabine highlight particular characteristics of the drug that 

could steer further development. First, it was clear that less-heavily treated patients had 

higher remission rates with nelarabine; and second, nelarabine was not profoundly 

myelosuppressive in the absence of marrow disease and could potentially be combined with 

other leukemia drugs with non-overlapping toxicities. It is important to note, however, that 

in each of the following studies the nelarabine is combined as part of regimen but not 

administered simultaneously with other chemotherapy drugs.

The Children’s Oncology Group (COG) conducted a pilot study adding nelarabine to the 

Berlin-Frankfurt-Munster (BFM)-86 multiagent chemotherapy regimen in 88 children 

(median age 10 years) with newly diagnosed T-ALL/LBL (Study AALL00P2).40 Poor early 

response to prednisone (PPR) and detectable minimal residual disease (MRD) at the end of 

induction are strong predictors of inferior outcome in children with newly diagnosed T-ALL 

treated on a BFM regimen. Efforts are made, therefore, to identify these patients with ‘slow 

early response’ (SER) and offer more intensification of their therapy and allogeneic stem 

cell transplant to improve outcomes.

This pilot trial aimed to intensify chemotherapy in patients with SER with the addition of 

nelarabine to the BFM-86 regimen. The trial had 2 stages to first evaluate for tolerability. 

Nelarabine was administered according to the pediatric schedule of either 400 mg/m2/d or 

650 mg/m2/d for 5 days during induction, reinduction, and the first 4 courses of 

maintenance. In the first stage, patients with SER by PPR (N=8) and MRD (N=4) received 

chemotherapy plus nelarabine while those with rapid early response (RER, N=16) received 

chemotherapy alone. In stage 1, there was no difference in 5-year EFS between those with 

SER or RER (73% vs. 69%, respectively). During stage 2, once tolerability was confirmed, 

all patients (SER or RER) received chemotherapy plus nelarabine. In stage 2, once again, 

there was no difference in 5-year EFS between patients with SER or RER (67% vs. 74%, 

respectively). This lack of difference in long-term outcome in two prognostically distinct 

groups suggested that the addition of nelarabine was able to overcome the negative impact of 

SER. The addition of nelarabine to multiagent chemotherapy was safe and tolerable. 

Myelosuppression was universal, but somewhat paradoxically, there were significantly less 

neutropenic infections (42% vs. 81%, p = 0.005) in patients who received nelarabine. 

However, there were a significantly higher percentage of neurologic adverse events (25% vs. 

4%, p = 0.02) in patients who received nelarabine. Grade 3 or 4 peripheral neuropathy 

occurred in 15% of patients receiving nelarabine compared to 0% who did not receive the 

drug.

This pilot study (AALL00P2) was followed by a larger, randomized phase III study by COG 

(AALL0434) investigating the safety and efficacy of adding nelarabine to an augmented-

BFM backbone in children with higher risk T-ALL.41 Since the augmented-BFM backbone 

includes more intensive intrathecal therapy and more frequent vincristine administration, a 

lead-in phase of 94 patients was required establish safety. Results from this lead-in phase 

were recently reported.41 All patients received the same induction therapy and high risk 

patients underwent 2 randomizations at the time of consolidation. Patients were randomized 
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to high-dose (HD) methotrexate (MTX) vs. Capizzi MTX + asparaginase and also 

randomized between nelarabine (650 mg/m2/d for 5 days) vs. no nelarabine – yielding 4 

cohorts of patients. In the nelarabine arms, the nelarabine was incorporated as 6 total cycles 

intercalated during consolidation, delayed intensification, and maintenance, but not 

simultaneously with other chemotherapeutic agents. In this safety analysis, the authors found 

no difference in the rate of sensory, motor, or central neurotoxicities between patients who 

did and did not receive nelarabine. Longer follow-up to document efficacy in longer term 

outcomes continues.

An additional study reported the MD Anderson experience of adding nelarabine to 

multiagent chemotherapy in adults with previously untreated T-ALL/LBL.42 The study used 

the hyper-CVAD backbone which is composed of 8 alternating cycles of multiagent 

chemotherapy and 8 doses of prophylactic intrathecal chemotherapy followed by 30 months 

of maintenance.43–45 In this prospective phase II study in 40 patients with a median age of 

38 years, the nelarabine cycles were intercalated among the 8 cycles of intensive 

chemotherapy and during 2 of the months of maintenance. For this study, nelarabine was 

administered at a dose of 650 mg/m2/d x 5 days on a 3 to 4-week cycle. Two cycles of 

nelarabine were given between cycles 4 and 5 of hyper-CVAD and 2 more cycles were given 

during months 6 and 7 of maintenance. The overall response rate with the combination was 

97%, with 91% of patients achieving a CR; 47% of the patients achieving a CR were MRD 

negative. The 3-year disease-free survival was 65% and the 3-year OS probability was 65%. 

The addition of nelarabine to hyper-CVAD was feasible. Myelosuppression was universal 

and expected and ≥ grade 3 infections occurred in 87% of patients. Neurological adverse 

events were observed, but there were no grade 3 or 4 neurologic adverse events attributed to 

the nelarabine. Grade 1 or 2 peripheral neuropathy occurred in 55% of patients and other 

grade 1 or 2 neurologic adverse events (including muscle weakness, altered consciousness, 

tremors, memory impairment) occurred in 20 % of patients. The study determined that the 

regimen was safe and effective for adults with newly diagnosed T-ALL/LBL. However, 

given the timing of the nelarabine later in the course of therapy, its contribution to CR rate is 

not clear, although it may contribute to more durable responses. The optimal timing and 

schedule with multiagent chemotherapy remains to be determined. Earlier or concomitant 

introduction of nelarabine as well as treatment of MRD is being tested.

Nelarabine is also being tested in combination in the salvage setting, harnessing potential 

synergy with other active agents in ALL. In one pilot study, investigators combined 

nelarabine with etoposide and cyclophosphamide (EC) in patients with R/R T-ALL.46 Seven 

patients, ranging from 2 to 19 years of age, were treated on a sequential schedule of 

nelarabine and EC. One patient was treated with concomitant nelarabine and EC, but had 

unacceptable toxicity. Two patient were treated with nelarabine followed by EC and 2 others 

were treated with EC followed by nelarabine. Nelarabine was administered at the dose of 

650 mg/m2/d for 5 days, etoposide was given at 100 mg/m2/d x 5 combined with 

cyclophosphamide 440 mg/m2/d x 5. The overall response rate in this heavily pretreated 

population was 100%, with 5 of 7 (71%) patients achieving a CR. Grade 3 or higher 

hematologic toxicity was universal and 4 patients had grade 3 febrile neutropenia. Six of the 

7 patients (86%) had some neurotoxicity, including grade 2 to 3 sensory/motor neuropathy 

in 4 of the 7 (57%) patients.
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5.0 Nelarabine Continuous Infusion

While there is significant potential for nelarabine-based combinations for patients with R/R 

T-ALL, overall significant neurotoxicity limits its robust development. Modifying the dose 

and schedule of nelarabine may affect the toxicity profile and could expand the therapeutic 

window. Clinical experience with the nucleoside analogue such as cytarabine may provide 

some leads. High-dose cytarabine given as a short or bolus infusion has been associated with 

significant neurotoxicity, including seizures, somnolence, and coma.47 When the infusion 

time was prolonged to continuous infusion over 24 hours, there was a significant decrease in 

neurotoxicity, with a change in toxicity profile. The new infusional schedule was associated 

with more myelosuppression and gastrointestinal toxicity.48–50 A similar approach has been 

taken with nelarabine for patients with R/R T-ALL/LBL. A phase I dose-escalation trial 

studied the safety and efficacy of administering nelarabine over a 24-hour continuous 

infusion for 5 days, rather than the standard, short-infusion approach.51 Twenty-three 

patients, including 21 with R/R T-ALL were treated with escalating doses of nelarabine from 

100 to 700 mg/m2/d x 5 days by continuous infusion. The median age of the patients was 38 

years (range, 14 to 77 years) and they had received a median of 2 prior therapies, some 

having previously received nelarabine. Given their disease and prior treatment, all patients 

had myelosuppression. Peripheral neuropathy was observed in 22% of patients, including 

one ≥ grade 3 event related to nelarabine. Muscle weakness was noted in 9% of patients with 

one ≥ grade 3 event attributed to nelarabine. Notably, there was no central neurotoxicity 

observed on study, including seizures, somnolence, or coma. The MTD was not reached. 

The overall response rate was 30%, including 22% CR/CRi (CR with incomplete blood 

count recovery). The overall response rates by salvage status were 30%, 29%, and 33% for 

patients in 1st salvage, 2nd salvage, and > 2nd salvage, respectively. The ORR by 

immunophenotype were 20%, 50%, and 50% for patients with early T-precursor, thymic, 

and mature histologies, respectively. This study is ongoing, however, these early data 

suggest that this promising approach could broaden the use of nelarabine and mitigate some 

of its toxicities.

6.0 Conclusions

In a disease like T-ALL, where new drug development has been limited, the discovery and 

approval of nelarabine has been an important and fundamental step to improve patient 

outcomes. Nelarabine has exhibited T-cell specificity, is highly active in a relapsed and 

refractory population, and has a toxicity profile that makes it amenable to combination 

therapy with other agents. Two schedules, including the 5-day pediatric dosing or the thrice 

weekly adult dosing have been developed and widely used with success. Neurotoxicity is 

dose-limiting and had initially curbed the enthusiasm of developing robust combination 

strategies. However, newer schedules such as continuous infusion and newer, rational 

combinations have demonstrated better tolerability and significant clinical activity.

7.0 Expert Commentary

A better understanding of the purine metabolism pathway and its effect on T-cells in patients 

with PNP deficiency prompted the development of a nucleoside analogue to naturally 

Kadia and Gandhi Page 8

Expert Rev Hematol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



occurring guanosine. 9-β-D-Arabinofuranosylguanine (ara-G) is resistant to cleavage by 

cellular PNP and thereby mimics the toxic intracellular accumulation of the dGTP in T-cells. 

Metabolically ara-G is phosphorylated by intracellular nucleoside kinases preferentially in 

T-cells24 or in indolent CLL cells52 and mechanistically, the triphosphate of ara-G is 

incorporated into DNA, leading to apoptosis in rapidly cycling cells.15,53 The creation of a 

water soluble prodrug of ara-G, nelarabine, allowed its clinical development through phase I 

and II trials, each with carefully conducted correlative studies to better define its metabolism 

and kinetics. These studies demonstrated the rapid conversion of prodrug nelarabine to ara-G 

within the serum, the relationship between intracellular ara-GTP accumulation and 

cytotoxicity, and hints on how to optimize drug combinations. These foundational studies 

led to the approval of nelarabine for relapsed and refractory T-ALL and T-LBL, but much 

work needs to be done. Optimizing dose and schedule to widen the therapeutic window will 

be important. Moving the drug earlier into the T-ALL treatment paradigm to treat higher risk 

patients or those with resistant disease may produce higher response rates and more durable 

remissions. Similarly, the use of nelarabine for salvage therapy in the post-transplant setting 

may also have promise and should be studied further.54 Rational combination strategies 

using agents with non-overlapping toxicities and increased synergy will be key to improving 

salvage options for T-ALL and extending the use of nelarabine beyond just a single-agent 

option. The use of nelarabine combinations in other T-cell malignancies such as T-cell 

lymphoma and mature T-cell lymphoproliferative disorders (e.g. T-prolymphocytic 

leukemia, T-large granular lymphocyte leukemia) should be explored, along with novel 

combinations such as asparaginase, NOTCH inhibitors, and monoclonal antibodies.

8.0 Five-Year View

While nelarabine prodrug and its metabolite ara-G are nucleoside analogues, the selectivity 

of these drugs to leukemia and lymphoma subtypes make them more akin with targeted 

agents rather than cytotoxic chemotherapies. The primary limitation for the development and 

broad use of nelarabine in T-cell and indolent leukemias is neurotoxicity. Identification of 

causal events for this untoward toxicity is a primary requirement for sustainability in the use 

of this agent. Additional studies with continuous infusion may define optimal usage of the 

drug for maximal mitigation of neurological events. Finally, toxicity with other agents will 

continue to be explored in the next few years.
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Key Issues

• Nelarabine is a rationally designed nucleoside analogue that is targeted to 

specific subtypes of hematological malignancies.

• Consequential decline in normal T-cells in pediatric patients with PNP 

deficiency, accumulation of plasma dGuo and cellular dGTP selectively in T-

cells were the key observations for genesis of ara-G and nelarabine.

• Nelarabine serves as an optimal prodrug and gets converted effectively and 

efficiently to ara-G. Cellular ara-GTP accumulation was specific to selective 

subtypes of leukemia.

• Phase I and phase II studies in adult patients with T-cell ALL clearly 

demonstrated activity of nelarabine. Similar observations were mimicked in 

pediatric population with this subtype of leukemia. Nelarabine was approved 

for both populations with relapsed/refractory T-cell leukemia and lymphoma.

• In addition to T-cell diseases, nelarabine had activity in indolent leukemia, 

such as CLL.

• Neurological toxicities have dampened a rigorous development of this agent, 

however, newer infusion strategies along with combination approaches are 

being evaluated.

• Nelarabine is also being incorporated into frontline combination regimens to 

improve outcomes in high-risk subtypes of T-ALL.
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Figure 1. 
Conversion of nelarabine to 9-β-D-Arabinofuranosylguanine (ara-G) by adenosine 

deaminase (ADA). [Adapted from Kisor DF, Plunkett W, et. al. J Clin Oncol 2000.]
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