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ABSTRACT

The sublethal radiation damage repair capacity of primary clonogenic
blasts [i.e., leukemic progenitor cells (LPC)] from 74 newly diagnosed
acute lymphoblastic leukemia (ALL) patients was analyzed using LPC
colony assays. We determined the (a) />,, (quasithreshold dose) and n

(extrapolation number) values from single dose radiation survival curves
constructed according to the single-hit multitarget model of cell survival,

(/Â»ÃŸvalues and u:ÃŸratios from single dose radiation survival curves
constructed according to the linear quadratic model of cell survival, and
(c) recovery factor values from survival data in split-dose experiments.

Clonogenic blasts from different ALL patients varied substantially in their
ability to repair sublethal radiation damage. However, in 11 of 30 (37%)
T-lineage ALL cases and 13 of 44 (30%) B-lineage ALL cases, the radiation

survival curves of fresh LPC were characterized by a distinct initial
shoulder, providing circumstantial evidence that LPC from a significant
portion of ALL patients (24 of 74 cases = 32%) are able to repair sublethal

radiation damage. Leukemic progenitor cells from 23 of 34 (68%) Ã©valu
able cases evaluated had a:ÃŸratios of <5 Gy, indicating that they may
possess a substantial capacity to repair sublethal radiation damage. In
order to further elucidate the repair capacity of ALL LPC, we compared
the antileukemic efficacy of fractionated irradiation with 2 x 2 Gy to the
antileukemic efficacy of single-dose irradiation with 1x4 Gy. In 20 of 28
cases (71%), a >20% increase in LPC survival (recovery factor >1.2) was
observed when 4 Gy were delivered in two doses instead of a single dose,
providing direct evidence that ALL LPC are able to repair sublethal
radiation damage. Our results indicate that modifications in total body
irradiation regimens, currently administered prior to bone marrow trans
plantation, may be necessary to diminish the probability of relapse in
high-risk ALL.

INTRODUCTION

TBI1 is used prior to BMT in an effort to eradicate residual leuke

mia cells from high-risk ALL patients in remission (1-12). Aggressive

TBI protocols have had limited success, and the factors contributing
to failure have not been established (1-12). Several possibilities exist

(13). The leukemia burden of remission patients may be sufficient to
cause relapse if a high percentage of dormant blasts in the clonogenic
population survive radiation treatment. Alternatively or in addition,
clonogenic blasts, also known as leukemic progenitor cells, may pos
sess an intrinsic resistance to radiation. Either circumstance could lead
to rapid self-renewal of the clonogenic population. Another ominous

possibility is that some LPC populations are capable of repairing
sublethal radiation damage.
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The nature of clinical radiation resistance can be explored by de
tailed analyses comparing the radiobiological features of clonogenic
blasts from high-risk ALL patients. For this purpose, we have mea

sured the ability of LPC to repair sublethal radiation damage using
primary clonogenic blasts from samples of fresh leukemic bone mar
row and LPC colony assays developed in our laboratory (14-19). A

total of 74 newly diagnosed ALL patients were involved. Our initial
observation was that a marked interpatient variation existed in the
ability of LPC to repair sublethal radiation damage. Radiation damage
repair capacity was assessed by several quantitative parameters: (a)
quasithreshold dose (Dq value) and extrapolation number (;; value)
obtained from single-dose radiation survival curves constructed ac
cording to the single-hit multitarget model of cell survival: (b) ÃŸ
values and a:ÃŸratios obtained from single-dose radiation survival

curves constructed according to the linear quadratic model of cell
survival; and (c) RF value obtained from survival data in split-dose

radiation experiments.
In order to better understand the differences in repair capacity

observed between clonogenic blasts from individual patients, we
searched for possible correlations between radiation damage repair
and frequently measured diagnostic parameters including age, sex,
WBC at diagnosis, immunophenotype, and cell cycle distribution.
Notably, LPC from patients with a high WBC (>100.000/nl) or
younger age (<5 years) had higher RF values, consistent with a
greater ability to repair sublethal radiation damage.

MATERIALS AND METHODS

Patient Selection and Patient Material. Fresh leukemic bone marrow
samples from 74 newly diagnosed ALL patients were used to study the ability
of primary clonogenic blast populations to repair sublethal radiation damage.
Diagnosis of ALL was based upon the morphological, cytochemical. and
immunophenotypic features of marrow blasts. Fresh bone marrow aspirates
were procured by conventional methods as part of clinical treatment protocols.
Mononuclear cells highly enriched for leukemic blasts (i.e.. containing >90%
blasts) were isolated from fresh bone marrow aspirates by density gradient
separation on Ficoll-Hypaque gradients. Bone marrow mononuclear cell sus
pensions containing less than 90*7rblasts were not used in this study. All patient

bone marrow samples were used following the guidelines of the University of
Minnesota Committee on the Use of Human Subjects in Research for second
ary use of pathologic or surgical tissue.

Immunophenotyping. The surface antigen profiles of freshly isolated ALL
blasts were analyzed by indirect immunofluorescence and flow cytometry
using a panel of monoclonal antibodies that define human leukocyte differen
tiation antigens, as previously described (14-21). Specifically, we used the
monoclonal antibodies I3-B3/35.I (anti-CD2). TI01/I0.2 (anti-CD5), G3.7
(anti-CD7). BA-3 (anti-CDIO). B43 (anti-CD19), BA-1 (anti-CD24), and
MY 10 (anti-CD34). Samples were considered positive if >30% of cells bound

the antibody used, as per the standard immunophenotyping criteria of the
Children's Cancer Group.

Analysis of Cell Cycle Kinetics by Quantitative UNA Flow Cytometry.
The UV excited dye Hoechst 33342 was used to quantify the DNA content of
ALL populations, as previously reported (22). Quantitative DNA analysis was
performed on a FACStar Plus flow cytometer equipped with a Consort 40
computer (Becton Dickinson Immunocytometry Systems. San Jose. CA). The
COTFIT Program (Becton Dickinson), which includes CELLCY. a cell cycle
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distribution function that fits DNA content histograms, was used to calculate
the percentages of cells in the GO/I, S, and G2M phases of the cell cycle, as

described (22). In some cases, the DNA content and cell cycle distribution of
leukemic marrow blasts were evaluated by flow cytometric DNA analysis of

fixed cells stained with propidium iodide (Sigma Chemicals, St. Louis, MO)
after treatment with RNAse (22). Flow cytometric data of at least 20,000 cells
from each sample were acquired in linear mode using a FACScan flow cy-

tometer (Becton Dickinson). Data were analyzed using polynomial and broad
ened rectangle models of the DNA-ploidy-cell cycle and DNA Cell-Cycle

Analysis Software (Becton Dickinson).
Irradiation of Cells. Freshly isolated, previously uncultured, and unpas-

saged primary ALL blasts, 1 x IO5 cells/ml in a minimal essential medium

supplemented with 5% fetal calf serum, were irradiated with 50-800 cGy
-y-rays in a single exposure ( I Gy/min) using a l37Cs irradiator (model Mark I;

J. L. Shephard and Assoc., Glendale, CA), as previously described (23-25).
After irradiation, 1 x IO5 ALL blasts/sample were assayed in duplicate for

LPC-derived ALL blast colony formation, as described in the next paragraph.

The surviving fractions of clonogenic blasts were determined using the for
mula:

Percentage survival =

100 X
Mean number of colonies in irradiated samples

Mean number of colonies in unirradiated control samples

The radiation survival curves were constructed using computer programs for
the analysis of cell survival data according to the single-hit multitarget and
linear quadratic models of cell survival, as detailed under "Data Analysis." To

further evaluate the capacity of LPC to repair sublethal radiation damage, we
performed split-dose radiation experiments, as previously described (25). In
brief, primary ALL blasts (1 X 105/ml) were exposed to 4 Gy y-rays (1
Gy/min, 37Â°C)in a single dose or in two doses of 2 Gy separated by 2 h.
During the time interval between the two exposures, cells were kept at 37Â°Cin

a humidified 5% CO2 incubator. The RF represents the ratio of the surviving
fraction after split-dose irradiation to the surviving fraction after single-dose

irradiation. Data were expressed as the mean Â±SE values for the radiation
damage repair parameters including Dq, N, ÃŸ,a:ÃŸratio, and RF values.

Colony Assays for Primary Clonogenic Blasts from ALL Patients. A
small fraction of primary ALL blasts are capable of proliferation in vitro when
cultured in the presence of growth-stimulatory cytokines. These clonogenic

blasts, also referred to as leukemic progenitor cells, form compact blast col
onies within 7 days of culture ( 14-21 ). The number of colonies plated is linear
to the number of cells plated between 3 X IO3 and 3 X 10" cells/ml/Petri dish.

Day 7 ALL blast colonies are very compact and have a small size containing
20-50 lymphoblasts (14-21). Therefore, colony numbers up to 3000/Petri dish

can be accurately and reproducibly enumerated on a grid using an inverted
phase microscope of high optical resolution ( 14-21 ). In the present study, fresh
ALL marrow blasts (1 x 10s blasts/ml, duplicate I-ml samples) were irradiated
and immediately plated in 35-mm Petri dishes for a 7-day culture at 37Â°Cin a

humidified 5% CCK atmosphere in a minimal essential medium. The medium
was supplemented with (a) 0.9% methylcellulose, 50 MM2-mercaptoethanol,

15% human plasma plus 15% fetal bovine serum (or 30% calf bovine serum),
and 10% (v/v) low-molecular-weight B-cell growth factor (Cellular Products.

Buffalo, NY) to promote B-lineage LPC-derived blast colony formation (16.
18, 21), or (/>) 0.9% methylcellulose, 50 UM2-mercaptoethanol, 15% human

plasma plus 15% fetal bovine serum (or 30% calf bovine serum), 10% (v/v)
phytohemagglutinin-stimulated leukocyte-conditioned medium, and 1000

units/ml recombinant interleukin 2 (Cetus Corporation, Emeryville, CA) to
promote T-lineage LPC-derived blast colony formation (14-16). On day 7,

blast colonies containing >20 cells were counted using an inverted phase
microscope with high optical resolution. In each of the duplicate cultures, the
whole Petri dish was counted. Colony blasts were then subjected to morpho
logical and immunological analyses, as previously described (14-21). The

morphological and immunophenotypic features of colony blasts were consis
tent with ALL (data not shown). In all experiments, culture dishes were
examined immediately and 24 h after plating to exclude the possibility of
clumping unrelated to proliferation, which might lead to wrong conclusions
regarding the radiation survival of clonogenic blasts.

Data Analysis. The radiation survival curves were constructed using three
computer programs for the Macintosh, ENTER, DSUM, and FIT (kindly
provided by Dr. N. Albright, Department of Radiation Oncology, University of
California, San Francisco, CA) for the analysis of cell survival data according
to the single-hit multitarget and linear quadratic models of cell survival (22.

26). The data in this study were expressed as Dq, n, ÃŸ,and a:ÃŸratio values
representing the radiation damage repair parameters of the single-dose radia
tion survival curves of LPC, as well as RF values from split-dose experiments
(22, 25, 26). We used standard statistical methods, including Student's t tests,

to evaluate the in vitro radiation survival data and to compare the radiobio-

logical features of primary clonogenic blasts from different patients, as previ
ously described (22, 25). All computations were performed using the updated
StatWorks statistics program for the Macintosh from Cricket Software (Phil
adelphia, PA).

RESULTS

Ability of Freshly Isolated Primary Clonogenic Blasts from
ALL Patients to Repair Sublethal Radiation Damage. We ana
lyzed the sublethal radiation damage repair capacity of primary clo
nogenic blasts from 74 children with newly diagnosed ALL using LPC
colony assays. Patient characteristics are detailed in Table 1. Single-

dose radiation survival curves of primary clonogenic blasts (i.e., LPC)
were constructed for each of the 74 patients using computer programs
for the single-hit multitarget as well as the linear quadratic models of
cell survival. In 11 of 30 (37%) T-lineage ALL and 13 of 44 (30%)
B-lineage ALL cases, the radiation survival curves of fresh LPC were

characterized by a distinct initial shoulder, providing circumstantial
evidence that LPC from a significant portion of ALL patients (24 of
74 cases = 32%) are able to repair sublethal radiation damage. Fig. 1
depicts representative radiation survival curves from 3 T-lineage ALL
and 3 B-lineage ALL patients. The computer-determined values for

the radiobiological parameters shown in Table 2 indicate a marked
interpatient heterogeneity in the sublethal radiation damage repair
capacities of LPC populations. The Â£>qvalues ranged from 0 to 298
cGy (median = 0 cGy; mean Â±SE = 54 Â±10 cGy), the n values
ranged from 1.0 to 18.6 (median = 1.0; mean Â±SE = 2.5 Â±0.4), and
the ÃŸvalues ranged from 0.000 to 0.882 Gy~2 (median = 0.000 Gy~2;

Table 1 Characteristics of patients with newly diagnosed ALL

All patients were children with newly diagnosed ALL. The immunophenotypic fea
tures, cell cycle distribution, and plating efficiency of freshly isolated bone marrow blasts
were determined as described in "Materials and Methods."

Sex
Male
Female

Immunophenotype
B-lineage ALL
T-lineage ALL

Age (years) (n = 74)

WBC (x 109/l) (n = 63)

GO/I phase percentage (n = 36)

52/74
22/74

44/74
30/74

Median
Range
Mean Â±SE

Median
Range
Mean Â±SE

Median
Range
Mean Â±SE

Proliferation index (% S + GjM) Median
(n = 36) Range

Mean Â±SE

(70%)
(30%)

(59%)
(41%)

5.0
0.1-17.0

6.7 Â±0.6

106.0
4.0-999.0

164.1 Â±21.9

86
61-95

85 Â±1

14
2-tO
14Â±1

CD 10 expression

CD34 expression

Positive cases 37/73 (51%)
Mean % positivity 80 Â±3

Positive cases 20/35 (57%)
Mean % positivity 75 Â±4
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Fig. 1. Single-dose radiation survival curves of
ALL LPC. Representative radiation survival curves
from 3 T-lineage ALL (A} and 3 B-lineage ALL (ÃŸ)
cases are shown. Inseln, values for Dq. n, ÃŸ,and
a:ÃŸratio.
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Fig. 2. Size of initial shoulder on single-dose radiation survival curves of ALL LPC.

Single-dose radiation survival curves of primary LPC were constructed using a computer
program for the single-hit multitarget model of cell survival. The distribution of Dq values
is shown for 71 newly diagnosed pediatrie ALL cases. In 3 additional B-lineage ALL
cases, the radiation survival curves showed a broad shoulder with less than \uc/c kill at 3(X)

cGy, but an accurate determination of the *Oqvalues was not possible since the highest
dose used in these 3 cases was 400 cGy.

mean Â±SE = 0.052 Â±0.014 Gy'2). In 17% of the cases analyzed

(20% of T-lineage ALL cases and 14.6% of B-lineage ALL cases), the

Dq values were greater than 150 cGy, which is consistent with a

Table 2 Sublethal radiation damage repair capacity of primary leukemic progenitor
cells from ALL patients

The radiobiological features of primary LPC were examined using in vitro blast colony
assays, as described in "Materials and Methods." The mean number of blast colonies in
uninradiated control cultures was 1432 Â±!48 colonies/10s cells plated (median = 1012
colonies/10s cells). Colony blasts from day 7 cultures had blast morphology, and their
immunophenotypic features were consistent with B-lineage or T-lineage ALL. A)qand n
(from radiation survival curves constructed according to a single-hit multitarget model of
cell survival) and ÃŸvalues as well as Â«:/3ratios {from radiation survival curves con
structed according to linear quadratic model of cell survival) were determined in single-
dose radiation experiments. RF values were determined in split-dose experiments.

Single-dose radiation (0-8 Gy)
Dq (n = 71)(cGy)n

(n =71)ÃŸ

(n = 74)(Gy"2)a:ÃŸ

(n = 34)(Gy)Split-dose

radiation (4 Gy)
RF (n = 28)Median

Range
Mean Â±SEMedianRange

Mean Â±SEMedian

Range
Mean Â±SEMedian

Range
Mean Â±SEMedianRange

Mean Â±SE0

0-298

54 Â±101.01.0-18.6

2.5 Â±0.40.000().00<M).K82

0.052 Â±0.0141.8

0.0 Â±101.0
11.8Â±4.01.80.0

Â±16.0
3.1 Â±0.7

substantial capacity to repair sublethal radiation damage according to
the single-hit multitarget model of cell survival (Fig. 2). The a:ÃŸratios

could be determined in 34 cases (in the remaining 40 cases the ÃŸvalue
was equal to zero) and ranged from 0 to 101 Gy (median = 1.8 Gy:
mean Â±SE = 11.8 Â±4.0 Gy). Leukemic progenitor cells from 23 of

34 (68%) cases had a:ÃŸratios of <5 Gy, indicating that they pos
sessed a substantial capacity to repair sublethal radiation damage,
according to the linear quadratic model of cell survival.

In order to further elucidate the repair capacity of ALL LPC, we
compared in 28 cases the antileukemic efficacy of fractionated irra
diation with 2 X 2 Gy to the antileukemic efficacy of single-dose
irradiation with 1 X 4 Gy. In 20 of 28 cases (71%), a >20% increase
in LPC survival (RF > 1.2) was observed when 4 Gy were delivered

in two doses instead of a single dose, providing direct evidence that
ALL LPC are able to repair sublethal radiation damage. The RF values
showed a marked interpatient variation, ranging from 0.0 to 16.0
(median = 1.8; mean Â±SE = 3.1 Â±0.7) (Table 2).

Notably, regression analyses revealed no significant correlations
between RF values determined in split-dose radiation experiments and

Dq, n, ÃŸ,or a:ÃŸvalues determined in single dose radiation experi
ments. (P values from regression analyses were all >0.5.) This was
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mainly due to the fact that LPC often lacked a distinct initial shoulder
on the single-dose radiation survival curves but were able to show
improved survival after split-dose irradiation. Specifically, 11 of 20
cases with RF > 1.2 had no detectable initial shoulder (Dq = 0 cGy;
ÃŸ= 0; n = 1.0) on the single-dose radiation survival curve of LPC.

The mean RF was 3.0 Â±0.9 for LPC without an initial shoulder on the
survival curve and 3.0 Â±1.2 for LPC with a distinct shoulder on the
survival curve (P = 0.98). Thus, the parameters of the single-dose

radiation survival curves of LPC reflecting the reparable radiation
damage did not provide an accurate estimate of the ability of LPC to
repair sublethal radiation damage in split-dose radiation experiments.

Correlation between Sublethal Radiation Damage Repair of
Primary ALL LPC and Patient Characteristics. We divided pa
tients into groups according to their sex, age, WBC at diagnosis, cell
cycle distribution of leukemic blasts, and immunophenotype to ex
amine the relationship between these more commonly measured
clinical/laboratory parameters and the radiation repair capacity of LPC
(Table 3). Overall, we found no marked differences between the
different patient subgroups. The Dq, n, ÃŸ,a:ÃŸ,and RF values were not
affected by patient sex, cell cycle distribution of leukemic blasts, or
immunophenotype (T versus B) (Table 3). The expression of CD2,
CD3, CDS, or CD10 antigen in T-lineage ALL and the expression of
CD 10, CD 19, CD24, or CD34 antigen in B-lineage ALL did not

correlate with Dq, n, ÃŸ,a:ÃŸ,or RF values (data not shown). However,
LPC from patients with a high WBC (> 100,000/ul) had 1.6-fold
higher Dq values (76 Â±21 cGy versus 47 Â± 16 cGy; P = 0.2),
1.5-fold higher n values (3.2 Â±0.8 versus 2.1 Â±0.6; P = 0.2),
3.1-fold higher ÃŸvalues (0.086 Â±0.031 Gy~2 versus 0.028 Â±0.008
Gy~2; P = 0.08), and 1.4-fold lower a:ÃŸratios (10.5 Â±6.4 versus

14.8 Â±6.5; P = 0.2), as well as 2.2-fold higher RF values (4.0 Â±1.1
versus 1.8 Â±0.5; P = 0.1), consistent with a greater ability to repair

sublethal radiation damage. A greater fraction of cases with high
leukocyte counts appeared to possess a marked repair capacity at the
level of their LPC. Whereas 22% of cases with WBC of > 100,000/ul
had Dq values of > 150 cGy, 14% of cases with WBC of < 100,000/ul
had DU values of > 150 cGy. Similarly, 75% of patients with WBC of
> 100,000/ul as compared to 61% of patients with WBC of
< 100,000/ul had a:ÃŸ ratios of <5 Gy. Intriguingly, LPC from
younger patients had >3-fold higher RF values (5.0 Â±1.3 versus 1.5

Â±0.2; P = 0.01), although Dq, n, ÃŸ,and a:ÃŸvalues from single-dose
experiments did not suggest any age-related differences in repair

capacity (Table 3).

DISCUSSION

Historic difficulties in cloning freshly isolated primary ALL blasts
in vitro have contributed to a lack of information regarding the radio-

biological features of primary leukemic blasts from ALL patients. Our
laboratory has recently developed in vitro colony assay systems to
culture primary blasts from T-lineage ALL (14â€”16)as well as B-lin
eage ALL (16-21) patients. The results of studies that utilized these

assay systems indicate that in vitro clonogenic ALL blasts (i.e., LPC)
may accurately represent their in vivo counterparts (10, 12, 22). The
present study used the LPC colony assay systems to elucidate the
ability of primary clonogenic blasts from 74 newly diagnosed ALL
patients to repair sublethal radiation damage. To our knowledge, this
report is the first to analyze the sublethal radiation damage repair
capacity of primary LPC in relation to diagnostic features that distin
guish ALL patients. In conjunction with further radiobiological anal
yses, the information provided should form a basis for the modifica
tion of current TBI protocols.

In 37% of T-lineage ALL and 30% of B-lineage ALL cases, the

radiation survival curves of fresh LPC were characterized by a distinct
initial shoulder, providing circumstantial evidence that ALL LPC from
a significant portion of ALL patients are able to repair sublethal
radiation damage. The computer-determined values for Dq, n, ÃŸ,and

a:ÃŸratio indicate a marked interpatient heterogeneity in sublethal
radiation damage repair capacity of LPC populations. Repair of sub-

lethal damage varies considerably among tissues, with tissues that
respond slowly showing a much greater capacity than rapidly respond
ing tissues. In the analysis of radiation dose survival curves using the
linear quadratic model of cell survival, it is generally believed that a
low a:ÃŸratio (the dose at which nonreparable single-hit and reparable

multihit injuries equally contribute to cell death) implies that the cells
are able to repair sublethal radiation damage caused by each fraction
of a split-dose radiation regimen (27-30). Usually, cells from acutely

responding tissues have high a:ÃŸratios and cells from late responding
tissues have low a:ÃŸratios (27-30). The reported a:ÃŸratios for early

The Dq. n. ÃŸ,a:ÃŸ.and

Table 3 Statistical correlations
F^xi values (mean Â±SE| of LPC from newly diagnosed ALL patients were compared using two-sample, two-sided Student's /-tests.

Response of LPC to single-dose radiation

Category (cGy) a:ÃŸratio

Response of LPC to
split-dose radiation

RF4,x) P

SexMaleFemaleAge

<5y
>5yWBC<100,000/Ml

Ã¤lOO.OOO/ulGIVI

phase fraction
<86%>86%Proliferation

index (%S + G2M)>I4%Immunophenolype

T-lineage ALL
B-lineage ALL64Â±1775

Â±2159

Â±21
76 Â±1747

Â±16
76Â±21107

Â±3483
Â±3584

Â±3595
Â±3261

Â±1671
Â±202.2

Â±0.4NS"
3.2 Â±1.0NS2.3

Â±0.6
NS 2.6 Â±0.6NS2.1

Â±0.6
0.2 3.2 Â±0.80.23.4

Â±1.1NS
2.9+1.1NS2.9+1.1NS

3.2 + 1.0NS3.1

Â±0.8
NS 2.1 Â±0.4 0.20.057

Â±0.0200.039
Â±0.010NS0.043

Â±0.016
0.057 Â±0.022NS0.028

Â±0.008
0.086 Â±0.0310.080.040

Â±0.0130.079
Â±0.049NS0.076

Â±0.0490.039
Â±0.013NS0.086

Â±0.033
0.028 Â±0.008 0.049.8

Â±4.915.0
Â±7.0NS16.5

Â±7.6
8.5 Â±4.3NS14.8

Â±6.5
10.5 Â±6.40.216.0

Â±10.114.3
Â±12.4NS15.1

Â±14.313.7
Â±8.2NS15.7

Â±7.7
8.3 Â±3.2 NS3.1+0.93.3

Â±0.95.0

Â±1.3
1.5Â±0.21.8

Â±0.54.0
Â±1.12.7

Â±0.84.1
Â±2.04.0

Â±2.02.5
Â±0.73.0

Â±0.9
3.1 Â±1.1NS0.010.1NSNSNS"

Not significant.
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responding tissues range from 7 to 25 Gy, whereas those for late
responding tissues are <5 Gy (27-30). In the present study, LPC from

23 of 34 (68%) cases that could be evaluated had o:ÃŸratios of <5 Gy,
indicating a substantial capacity to repair sublethal radiation damage.

The repair of sublethal radiation damage can best be studied in
split-dose experiments as initially described by Elkind el al. (31, 32).

Therefore, we compared the antileukemic efficacy of fractionated
irradiation with 2x2 Gy to the antileukemic efficacy of single-dose

irradiation with 1 X 4 Gy to further elucidate the repair capacity of
ALL LPC. In 20 of 28 cases (71%), a >20% increase in LPC survival

was observed when 4 Gy were delivered in two doses instead of a
single dose, providing direct evidence that ALL LPC possess a sub
stantial capacity to repair sublethal radiation damage.

In some ALL cases that did not exhibit a distinct initial shoulder on
the radiation survival curve, a considerable increase in the survival of
LPC was observed after fractionation of the radiation dose. This
paradox proposes the possibility that single-dose radiation survival

curves may underestimate repair capacity, as suggested by Withers
(33). Alternatively, the increase in cell survival after fractionation may
be partially due to the progression of target LPC into a more radiore-
sistant phase of the cell cycle between two radiation exposures. Hen-

dry and Howard (34) also offered hypotheses on discrepancies be
tween single-dose radiation survival curves and increases in cell

survival after fractionated radiation.
Notably, LPC from patients with a high WBC (>100,000/ul) or

younger age (<5 years) had higher RF values, consistent with a
superior ability to repair sublethal radiation damage. Importantly, high
WBC (1-12) at diagnosis and young age are (35) associated with a

high relapse rate after BMT. Therefore, the published prognostic im
pact of these factors on the probability of relapse after TBI and BMT
for treatment of ALL (I-12, 35) could in part be due to their influence

on radiation damage repair at the level of LPC.
Pre-BMT conditioning regimens must be improved since high-risk

ALL patients typically fail conventional chemotherapy and numerous
clinical reports indicate that these patients also fail TBI as currently
administered prior to BMT (1-12). We have performed extensive

analyses and found that ALL cells are (a) radiation resistant (some
cases are among the most radiation resistant tumors ever reported)
(22, 25) and (b) able to repair radiation damage (the present study).
Thus, assumptions regarding the radiobiological features of human
ALL cells should be reexamined. Intcrpatient variations in radiation
repair capacity of LPC may partially explain the inconsistent re
sponses of ALL patients to fractionated/hyperfractionated TBI and
BMT (1-12, 35). In high-risk ALL, fractionated TBI regimens fail to
eradicate the leukemia burden and the post-TBI/BMT relapse rate is
disappointingly high, with only 10-15% of these patients becoming
long-term disease-free survivors (1, 35). We postulate that clonogenic

blasts capable of substantial radiation damage repair contribute to the
high relapse rate after BMT for ALL. The low disease-free survival

rate after fractionated/hyperfractionated TBI regimens followed by
BMT and the significant in vitm radiation damage repair capacity of
LPC from ALL patients recommend single-dose TBI as a viable

alternative. Future TBI regimens should be based on the radiobiolog
ical features of ALL LPC (high level of radiation resistance combined
with repair capacity), which challenge the concepts that formed the
basis for current fractionated TBI protocols. The reasons for the ob
served radiobiological heterogeneity at the level of ALL LPC are
unknown. The ability of primary LPC from some ALL patients to
repair sublethal radiation damage may well be an inherent radiobio
logical feature unrelated to and unaffected by other cellular charac
teristics. Alternatively, the radiobiological features of ALL LPC may
be determined by other biological features, such as the ability to
produce cytokines with radioprotective properties. The elucidation of

possible relationships between radiation damage repair and other cell
ular functions of ALL LPC will require further investigation. This
report extends our previous work on the radiobiological features of
primary leukemic blasts from ALL patients (25) and examines possi
ble associations between diagnostic parameters and the ability of LPC
to repair sublethal radiation damage. While amplifying our knowledge
of the radiobiological features of human neoplastic cells (36-38), our

results encourage the development of novel agents capable of impair
ing the radiation damage repair capacity of ALL LPC and the design
of more effective TBI conditioning regimens in BMT for ALL.
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