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Purpose
To identify children with T-cell acute lymphoblastic leukemia (T-ALL) at high risk of induction
chemotherapy failure by using DNA copy number analysis of leukemic cells collected at diagnosis.

Patients and Methods

Array comparative genomic hybridization (CGH) was performed on genomic DNA extracted from
diagnostic lymphoblasts from 47 children with T-ALL treated on Children’s Oncology Group Study
P9404 or Dana-Farber Cancer Institute Protocol 00-01. These samples represented nine patients
who did not achieve an initial complete remission, 13 who relapsed, and 25 who became
long-term, event-free survivors. The findings were confirmed in an independent cohort of patients
by quantitative DNA polymerase chain reaction (DNA-PCR), an assay that is well suited for
clinical application.

Results
Analysis of the CGH findings in patients in whom induction chemotherapy failed compared with

those in whom induction chemotherapy was successful identified the absence of biallelic TCRy
locus deletion (ABD), a characteristic of early thymocyte precursors before V(D)J recombination,
as the most robust predictor of induction failure (P < .001). This feature was also associated with
markedly inferior event-free (P = .002) and overall survival (P < .001) rates: 25% versus 58% and
25% versus 72%, respectively. Using a rapid and inexpensive quantitative DNA-PCR assay, we
validated ABD as a predictor of a poor response to induction chemotherapy in an independent
series of patients.

Conclusion

Lymphoblasts from children with T-ALL should be evaluated at diagnosis for deletion within the
TCRy locus. Patients lacking biallelic deletion, which confers a high probability of induction failure
with contemporary therapy, should be assigned to alternative therapy in the context of a
prospective clinical trial.

J Clin Oncol 28:3816-3823. © 2010 by American Society of Clinical Oncology

risk of treatment failure has led to remarkable
improvements in prognosis for subsets of high-

The intensification of therapy for children with
T-cell acute lymphoblastic leukemia (T-ALL) has
improved clinical outcomes substantially, but first-
line therapy continues to fail in approximately 25%
of children and in more than 50% of adults,'* im-
parting a poor prognosis.”” Initial induction chem-
otherapy fails to induce a morphologic remission in
4% to 10% of pediatric patients>® (also S. Winter,
unpublished data), and the vast majority of relapses
occur < 2 years from diagnosis.> In B-precursor
ALL, the ability to accurately identify patients at high
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risk patients, such as those with the BCR-ABLI
translocation.'®!* In T-ALL, by contrast, there are
still no identified subsets for which therapeutic
modification based on pretreatment risk factors
leads to significantly improved results. Ideally,
one would like to identify, at diagnosis, those
patients with a high probability of induction fail-
ure, so that they can promptly be switched to alter-
native first-line therapy.

This article reports the results of comparative
genomic hybridization (CGH) and quantitative
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polymerase chain reaction (PCR) analyses of leukemic cells from children
with T-ALL treated in recent Children’s Oncology Group (COG)
and Dana-Farber Cancer Institute (DFCI) clinical trials. We iden-
tified the absence of biallelic TCR7y deletion (ABD) as a robust
predictor of induction failure in T-ALL and demonstrated its ready
detection with a quantitative DNA-PCR assay that is well suited for
clinical application.

Patient Samples

To generate the primary data set, we collected diagnostic specimens
(with informed consent and institutional review board approval) from pedi-
atric patients with newly diagnosed T-ALL who were treated on the COG
P9404 Study (n = 40) and DFCI Acute Lymphoblastic Leukemia Consor-
tium Protocol 00-01 (DFCI 00-01; n = 7)."®'? Samples for patients treated
in two ongoing studies—COG AALL0434 (n = 12) and DECI 05-01 (n =
15)—were used for the first validation cohort.*'° A second validation cohort
consisted of patients with T-ALL treated on St. Jude Total Therapy Studies 13A
to 15 (n = 79).>'” Complete methods are available in the Data Supplement
(online only).

To identify genomic abnormalities that might predict response to
T-ALL therapy, we performed array CGH on genomic DNA extracted
from 47 T-ALL lymphoblast specimens collected at the time of diag-
nosis from children treated in the COG P9404 or DFCI 00-01 stud-
ies.!?13 These trials tested similar treatments, thus minimizing the
variability of prognostic marker significance, a problem often associ-
ated with changes in therapy.'® The samples analyzed represented all
patients with treatment failure who were available to us: nine patients
had induction failure and 13 patients relapsed after successful induc-
tion. Samples were also taken from 25 long-term, event-free survivors
(control group). None of the pretreatment clinical characteristics with
prognostic significance in B-precursor ALL had predictive value in the
T-ALL patient samples we analyzed (Table 1), consistent with previ-
ous reports from COG and DFCIL>"

ABD Robustly Predicts High-Risk T-ALL

ABD, indicating that V(D)]J recombination has not taken place
on at least one TCRy allele, was strongly related to a poor response to
induction chemotherapy (P < .001). Six of the eight patients found to
have ABD, including two that harbored monoallelic TCRy deletions,
had induction failure compared with only three of the remaining 39
patients in which both TCRvy alleles had recombined (Fig 1A). ABD
was also a robust predictor of 5-year event-free survival (25% in the
ABD group v 58% in patients with biallelic TCRy deletions; P = .002;
Fig 1B) and of 5-year overall survival (25% v 72%; P < .001; Fig 1C).
Use of ABD as a risk factor led to classification of two of 25 long-term,
event-free survivors into the high-risk group, yielding a false-positive
rate of only 8%. It should be noted that our data set was enriched for
patients who had treatment failure, which accounts for the lower-than-
expected event-free and overall survival rates for the entire group.

The absence of TCRf deletion was also a significant predictor of
induction failure (Data Supplement Fig 1A; P <.001) and of inferior
event-free survival (Data Supplement Fig 1B; P = .03) and overall
survival (Data Supplement Fig 1C; P = .004). Nonetheless, five of 25
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Table 1. Clinical Characteristics of Patients with T-ALL Analyzed by Array CGH
Patients With
Treatment Long-Term
Failure Survivors
(n = 22) (n = 25)
Characteristic No. % No. % P

Age, years .83

Median 10.5 10

Range 3-17 2-17
WBC at diagnosis, X 10%/L 69

Median 216 161

Range 15-875 17-643
Mediastinal mass 7 of 22 32 13 0f 25 52 23
Sex

Female 6 of 22 27 6 of 25 24 1.00
CNS status™

1 12 of 22 55} 15 of 24 62 .92

2 6 of 22 27 6 of 24 25

3 4 of 22 18 3of 24 13
Abbreviations: T-ALL, T-cell acute lymphoblastic leukemia; CGH, comparative

genomic hybridization.

“No CNS data available for one long-term survivor.

long-term event-free survivors also had this feature (Data Supplement
Fig 1A), resulting in a false-positive rate of 20%. The absence of biallelic
TCRa/8 deletion predicted induction failure (Data Supplement Fig 2A;
P = .007) and inferior event-free survival (Data Supplement Fig 2B;
P=.02),butnotoverall survival (Data Supplement Fig 2C; P = .24), while
having a false-positive rate of 24%. Despite being a statistically significant
predictor of induction failure (Data Supplement Fig 3A; P = .02), the
absence of biallelic CDKN2A deletion lacked a strong association with
either event-free survival or overall survival (Data Supplement Figs 3B
and 3C), limiting its clinical utility. Thus, among the CGH findings we
identified, ABD appears to be the most reliable predictor of early
treatment failure.

Development of a Quantitative DNA-PCR Assay
to Detect ABD

The TCRylocus harbors multiple V and J exons and pseudoexons
that can be used during V-J recombination.”® Although the large number
of potential V-] fusions complicates the development of a standard PCR
assay that can reliably detect all possible productive and nonproductive
recombination events on both alleles, the intron between the most 3’ V
pseudoexon (TRGV11) and the most 5’ J exon (TRGJPI) should be
involved by any deletion at the TCRylocus resulting from V-] recom-
bination. Hence, we developed a quantitative DNA-PCR (Q-PCR)
assay, using primers that targeted this intron. Control Q-PCR primers
targeted the ANLN locus, which encodes an actin-binding scaffolding
protein®' that is located 1.9 Mbp downstream of TCRy on chromo-
some 7 (Fig 1A) in a genomic region that was not affected by copy number
alterations in any of the T-ALL patient samples analyzed by CGH.

The Q-PCR assay for ABD was performed on all of the T-ALL
samples analyzed by CGH that had sufficient DNA available. It was
successful in 88% (38 of 43) of samples analyzed, and the results were
concordant with CGH in 97% (37 of 38) of the samples (Fig 1D). The
lone sample that gave discordant results (patient 38) yielded CGH
results consistent with biallelic TCRy rearrangements but Q-PCR
results consistent with ABD. We confirmed these findings by repeat

© 2010 by American Society of Clinical Oncology 3817
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Fig 1. Relationship of absence of biallelic TCRy locus deletion (ABD) status to clinical outcome. (A) Array comparative genomic hybridization (CGH) data obtained from
diagnostic T-cell acute lymphoblastic leukemia (T-ALL) specimens from 47 children with T-ALL treated on Children’s Oncology Group (COG) P9404 or Dana-Farber
Cancer Institute (DFCI) 00-01 protocols are shown as a dChip plot of CGH segmented log, copy number ratios at the TCRy locus. Red arrows denote patients with
ABD, with the threshold for biallelic TCRy deletion defined as a CGH log, ratio of —1.5, corresponding to 35% of normal copy number. The red box denotes the location
of the intron between the most 3’ V pseudoexon (TRGV117) and the most 5’ J exon (TRGJP1), which should be involved by any deletion within the TCRy locus as a
result of V-J recombination. Location of the polymerase chain reaction (PCR) primer pairs at TCRy and at the ANLN control, which were used for the quantitative DNA
PCR (Q-PCR) assay to detect ABD, are indicated. (B, C) Kaplan-Meier event-free and overall survival rates for patients with T-ALL classified by ABD status. Tick marks
indicate patients still at risk. (D) ABD status by CGH was validated by Q-PCR, with use of the TCRy and ANLN control primer whose locations are shown in (A). Results
of the CGH and DNA PCR analyses were concordant in 97% (37 of 38) samples. IF, induction failure; Chr, chromosome.
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array CGH analysis as well as repeat Q-PCR analysis, using an inde-
pendent set of primers in the deleted TCRYy intron, together with a
separate set of control primers in the INHBA locus, located 3.4
Mbp upstream of TCRvy (data not shown). Cytogenetically, this
sample had additional material of unknown origin attached to
chromosome 7 at band p15 (Data Supplement Table 1), possibly
representing a translocation involving the TCRvy locus at 7pl4;
however, we had insufficient material to evaluate this finding fur-
ther. Thus, CGH indicated an aberrant attempt at recombination
of the TCRy locus in this sample, while Q-PCR showed that the
critical TCRyintron between the most 3’ V pseudoexon (TRGV11)
and the most 5’ J exon (TRGJPI) was retained.

Given that the contamination of T-ALL lymphoblast specimens
by an excess of normal cells lacking TCRy rearrangements will lead to
misassignment of some patients to the high-risk ABD group by Q-PCR,
we tested the degree of lymphoblast purity required for the assay to be
successful. Application of Q-PCR to serial dilutions of DNA from a pa-
tient harboring biallelic TCRy rearrangements with germline DNA dem-
onstrated that the assay can still accurately detect the presence of biallelic
TCRy rearrangements when lymphoblast DNA is contaminated by as
much as 25% germline DNA. However, we would conservatively recom-
mend that this assay be performed only when the samples analyzed con-
tain > 85% lymphoblasts. In our experience, this degree of purity can be
readily achieved after Ficoll-Hypaque isolation of mononuclear cells from
diagnostic specimens of most patients with T-ALL.

Overlap Between ABD and Early T-Cell Precursor ALL
Recent work by Coustan-Smith et al** identified an early T-cell
precursor (ETP) phenotype of T-ALL, defined by either a characteris-
tic gene expression signature or by immunophenotype, which was
found to predict treatment failure in pediatric T-ALL. Given that
TCR'y rearrangements occur early in normal T-cell development™**
and that deletions of TCR loci are significantly less frequent in ETP
T-ALL,** we suspected that our ABD patients would demonstrate
some biologic overlap with ETP T-ALL. Thus, using gene expression
data available on 40 of the patient samples that were analyzed by CGH,
we found that 14 of them had the ETP gene expression signature by
hierarchical clustering (Fig 2A and Data Supplement Table 1). Indeed,
five of the six ABD patient samples on which gene expression data
were available possessed this signature (Data Supplement Table 1).
Kaplan-Meier analyses indicated that the ETP gene expression signa-
ture and the ABD marker had similar predictive values (Figs 2B and
2C), with 5-year event-free survival rates of 28% and 25%, respec-
tively, and 5-year overall survival rates of 38% and 25%, respectively
(P = .17). However, when used as a risk factor, the ETP gene expres-
sion signature classified four of 21 long-term survivors into the high-
risk group, a false-positive rate of 19%, compared with 8% for ABD.
Immunophenotypes, available for 41 of the 47 patients in our
series, were also analyzed for surface markers characteristic of ETP
T-ALL.** In marked contrast to the overlap between ABD status and
the ETP gene expression signature, only one of 41 patients in our series
(an ABD induction failure; Fig 3B and Data Supplement Table 1) met
the immunophenotypic criteria for ETP T-ALL (CDla, < 5%; CD8,
< 5%; CD5, < 75%; and > 25% positivity for one or more of the
following markers: CD117, CD34, HLA-DR, CD13, CD33, CD11b, or
CD65). Each of the remaining 40 patients expressed CD5 on > 75% of
blasts. Four of our patients had immunophenotypes that met all ETP
criteria except for CD5 expression; these were induction failures that

WWW.jco.org

either demonstrated the ETP gene expression signature or had no gene
expression data available (Data Supplement Table 1). Because CD5 is
expressed at low levels but is generally not absent on ETP blasts (Fig 2**
and D. Campana, personal communication), we suspect that the
immunophenotyping data available at our participating COG and
DFCI member institutions do not accurately distinguish between the
low (but not absent) CD5 expression characteristic of ETP lympho-
blasts and the higher CD5 expression present on the majority of
T-ALL patient samples. Thus, our data underscore the need for careful
interpretation of immunophenotype data, in particular CD5 expres-
sion, before the presence of the ETP immunophenotype is incorpo-
rated into clinical decision making.

Genetic Alterations Associated With ABD T-ALL

One of the eight specimens with ABD had a biallelic TCRa/8
rearrangement by CGH, while the others lacked any TCR rearrange-
ment (Data Supplement Table 1). CDKN2A deletions were absent in
six of the eight ABD patients, compared with eight of 31 of the patients
with biallelic TCRYy deletions (Data Supplement Table 1; P = .02).
NOTCHI mutations were present in five of the eight ABD patients,
with two also harboring NRAS-activating mutations (Data Supple-
ment Table 1). No clinical features were specifically associated with
ABD patients other than treatment response.

ABD T-ALL specimens were associated with specific gene expres-
sion characteristics, including overexpression of the HOXA/MEISI
cluster, LYLI, and ERG (Data Supplement Figs 4A to 4C). Gene set
enrichment analysis®> revealed similarities in gene expression profile
between ABD lymphoblasts and gastric cancer cell lines in which
cisplatin resistance was experimentally induced (Data Supplement Fig
4F),*® suggesting common mechanisms of drug resistance between
these cell types. Furthermore, ABD T-ALL lymphoblasts showed in-
creased expression of genes within the PI3K-PIP3-AKT and RAF-
MEK-ERK signal transduction pathways (Data Supplement Figs 4F and
4G). Although these pathways are generally thought to be regulated pri-
marily at the post-transcriptional level, our findings suggest the need for
preclinical studies evaluating the therapeutic utility of small-molecule
inhibitors of these pathways in ABD T-ALL.

Independent Validation of the Prognostic Value of ABD

To validate ABD as a marker of high-risk disease in an indepen-
dent cohort of patients, we obtained diagnostic specimens from chil-
dren with T-ALL treated on clinical trials COG AALL0434 and DFCI
05-01. Because of the short follow-up times in these ongoing trials, it
was not possible to assign patients to the long-term survivor versus
relapse categories with any degree of certainty. Thus, we included only
patients who had treatment failure (seven induction failures and one
relapse), those with an inadequate response to induction chemother-
apy based on minimal residual disease (MRD) > 1% at the end of
induction chemotherapy (n = 7), and those in continuous complete
remission = 2.5 years from T-ALL diagnosis (n = 13). Q-PCR analysis
for ABD, with adverse events defined as induction failure, relapse, or
MRD > 1% at the end of induction chemotherapy, confirmed that
ABD is a significant predictor of a poor response to induction chem-
otherapy (Fig 4; P = .03). Note that this group of samples was also
highly enriched for patients who had treatment failure.

To further examine the predictive value of ABD in an additional
independent cohort of children with T-ALL, we took advantage of the
T-ALL population of children treated on the St. Jude Total Therapy

© 2010 by American Society of Clinical Oncology 3819
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Fig 2. Early T-cell precursor (ETP) gene expression signature identifies a subset of patients with a poor prognosis. (A) Hierarchical clustering analysis of gene
expression data based on a set of genes differentially expressed in ETP T-cell acute lymphoblastic leukemia (T-ALL)?? classifies 14 of our 40 patients as harboring the
ETP gene expression signature. (B, C) Kaplan-Meier analyses of event-free survival and overall survival in T-ALL with or without the ETP gene expression signature. Tick marks

indicate patients still at risk.

studies 13A to 15, in which diagnostic DNA copy number alterations were
assessed by single nucleotide polymorphism array.*”** Induction chem-
otherapy in the St. Jude studies is comparable to that in the COG and
DEFCI studies over the first 25 days of therapy, but thereafter, the St. Jude
patients receive significant additional therapy before induction failure is
assessed,” so that induction failure rates are not directly comparable to
those of COG and DFCI studies. Nonetheless, response to the first phase
of induction chemotherapy at St. Jude is monitored by the MRD level on
day 19 of therapy, prompting us to assess the prognostic value of TCRyy
status at that time point. Ten of 14 patients with ABD had MRD = 1% on
day 19, compared with 13 of 65 patients harboring biallelic TCRy dele-
tions (P < .001), confirming the adverse prognostic significance of ABD
in an additional independent cohort of children with T-ALL.

3820 © 2010 by American Society of Clinical Oncology

ABD in Relapsed T-ALL

The presence of ABD at diagnosis predicted the failure of induc-
tion chemotherapy but not relapse, indicating that ABD identifies
T-ALL blasts with high-level resistance to chemotherapy. To test the
hypothesis that relapse might occur in some non-ABD T-ALL patients
because of outgrowth of a minor ABD subclone, we took advantage of
matched newly diagnosed and relapse patient samples that were col-
lected by the Mullighan and Ferrando laboratories.*** Single nucle-
otide polymorphism array or Q-PCR analysis of copy number at the
TCRylocus revealed that of 26 patients with biallelic TCRy deletions
at diagnosis, five had relapse clones characterized by ABD (Data Sup-
plement Fig 5). It is difficult to imagine how a cell might reacquire
genomic DNA that was biallelically deleted; hence, these data strongly

JOURNAL OF CLINICAL ONCOLOGY
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Fig 3. Overlap between absence of bial-
lelic TCRy locus deletion (ABD) and early
T-cell precursor (ETP) T-cell acute lympho-
blastic leukemia patients. (A) ABD versus
ETP gene expression signature. (B) ABD
versus ETP immunophenotype, which iden-
tified only one high-risk patient in this series.
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ABD
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suggest that the drug-resistant subclone responsible for relapse under-
went T cell developmental arrest at an ABD stage, earlier than the
majority of blasts at diagnosis.

We have identified ABD as a robust predictor of early treatment failure in
children with T-ALL treated on contemporary protocols for this disease
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Fig 4. Kaplan-Meier event-free survival analysis for an independent cohort of
children with T-cell acute lymphoblastic leukemia (T-ALL) treated in the Children’s
Oncology Group AALL0434 and Dana-Farber Cancer Institute 05-01 clinical trials,
whose absence of biallelic TCRy locus deletion (ABD) status was evaluated by
quantitative DNA polymerase chain reaction. The diagnostic specimens analyzed
represented all of the high-risk patients who were available to us, including
patients with treatment failure or with minimal residual disease (MRD) > 1% at
the end of induction, and all patients in continuous complete remission > 2.5
years from T-ALL diagnosis. Note that MRD levels = 1% at the end of induction
have been associated with outcomes nearly as poor as those of patients with
induction failure, with an estimated 5-year relapse-free survival rate of only
14% .3 Tick marks indicate patients still at risk.
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and have developed a quantitative DNA-PCR assay for reliable evaluation
of ABD status in clinical settings. To the best of our knowledge, all con-
temporary front-line induction regimens for pediatric T-ALL rely heavily
onmost orall of the drugs used in our studies; thus, ABD is likely to confer
a poor response to induction therapy on all modern protocols.

Normally, developing thymocytes proceed through a series of
distinct (so-called double-negative) stages of differentiation before
they begin to express CD4 or CD8. Murine double-negative thymo-
cytes are subclassified into four stages—DN1-DN4—on the basis of
their expression of CD44 and CD25, while three double-negative
stages can be identified in human thymocytes, with the human pro-
thymocyte stage (CD34"CD38*CD1a™) largely corresponding to the
murine DN1 and DN2 stages.”® In normal human T-cell develop-
ment, TCRyrearrangements can be detected in rare prothymocytes by
using PCR-based assays, but they are not common until the prethy-
mocyte (CD34"CD38"CD1a™) stage,”** indicating that most nor-
mal human prothymocytes have not rearranged the TCRy gene. Thus,
T-ALLlymphoblastsidentified by both ABD and the ETP gene expres-
sion signature likely represent patients showing developmental arrest
at the prothymocyte stage of T-cell development. By contrast, half the
T-ALL lymphoblast specimens with the ETP gene expression signa-
ture in our series had biallelic TCRvy rearrangements, indicating that
this marker also identifies T-ALL blasts at more mature stages of T-cell
development. Indeed, a subset of the data used to generate the ETP
gene expression signature was derived from a population of mouse
thymocytes predominantly at the DN3 stage,>*' when TCRYy rear-
rangements are common.”> We conclude that patients with T-ALL
with developmental arrest at the prethymocyte stage account for a
significant fraction of those identified with the ETP gene expression
signature. Thus, by using both the TCRy DNA-PCR assay and the ETP
gene expression signature, one can readily divide early thymic ALL
patients into subsets arising before and immediately after the onset of
TCRy gene rearrangement.

Despite the close correlation between ABD and the ETP gene
expression signature, only one of the 17 patients with treatment failure

© 2010 by American Society of Clinical Oncology 3821
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for whom we had complete immunophenotypes displayed the ETP
profile of surface markers described by Coustan-Smith et al.>* This
discrepancy can be attributed to the detection of CD5 on > 75% of
cells in all but one of our patients. Typically, CD5 expression is 10-fold
lower on early T-cell precursor ALL than on mature T cells but is not
absent altogether (see Fig 2 of Coustan-Smith et al*> and D. Campana,
personal communication). We suspect that the use of a threshold
based on the percentage of positive blasts may have failed to accurately
distinguish CD5-low ETP blasts from CD5-high patients with T-ALL
in our series. Nonetheless, differences in the analysis and interpreta-
tion of ETP immunophenotypes could affect clinical decision making
and will need to be resolved in future clinical trials.

Given the high rate of induction failure in patients with T-ALL
with ABD and their dismal outcome regardless of salvage efforts, there
is an urgent need to test alternative induction chemotherapy for these
patients. We propose that ABD status be evaluated by quantitative DNA-
PCR immediately at diagnosis in patients presenting with T-ALL and that
candidate chemotherapy regimens be tested for ABD patients in the con-
text of a prospective international collaborative trial.
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