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SUMMARY

Thioguanine-resistant T, NK, and B cells have been
cloned from the peripheral blood of an atomic bomb
survivor in Hiroshima. The cloned lymphocytes
possessed the same chromosome aberration and
the same alteration of DNA at the hypoxanthine
phosphoribosyltransferase (HPRT) locus, but exhib-
ited different surface phenotypes and different re-
arrangements of T cell receptor or immunoglobulin
genes. These results indicate that the cloned lym-
phocytes originated from a single undifferentiated
stem cell. The chromosome aberration in the cloned
lymphocytes suggested that the original stem cell
started differentiation after the A-bomb exposure
(the person studied was exposed to the A-bomb at
age 17). The present study has provided a novel
method to investigate the differentiation of human
lymphocytes using the HPRT gene alterations and
chromosome aberrations as cellular markers.

INTRODUCTION

The analysis of lymphocytes derived from a single
stem cell at various stages of development of the
immune system would provide a fascinating model
for studying the differentiation of these cells. In
mice, this is possible by the transplantation of cells
conlaining stem cell population which carry some
specific markers such as chromosome aberrations,
alloantigens, and exogenous genes.> ™ Using these
methods, the existence of stem cells committed
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to differentiate into T cell lineage has been sug-
gested.  Interleukin 3-dependent, bone marrow-
derived mouse cell lines which can differentiate into
either T cells or B cells also have been reported.®®
In humans, myeloproliferative disorders such as
chronic myelogenous leukemia, polycythemia vera,
and primary thrombocytosis have been found to be
unicellular in origin and diseases of the pluripo-
tent hematopoietic stem cells.®~8 However, useful
models or cell lines for the study of human lympho-
cyte differentiation have not been established.

If we could find in vivo-derived cellular markers in
humans, we would not have to use procedures such
as bone marrow transplantation which is widely
used for the study of lymphocyte differentiation in
mice. It has become possible to clone selectively
rare (in the order of 1075 to 107°) T cells lacking
the enzyme aclivity of HPRT, a member of the
purine salvage pathway, from the human peripheral
blood.?>10 HPRT-deficient cells can be selectively
grown taking advantage of their ability to grow in
the presence of the purine analogue, 6-thioguanine
(TG). These TG-resistant (TG") T cells have been
shown to result from gene mutation at the HPRT
locus.11:12 Thus, it should be possible to collect T
cells originating from a single stem cell in which
a HPRT mutation has occurred. Lymphocytes
arec known to express several cell surface markers
depending on their functions as they mature!®:14
and to rearrange the genes of antigen receptors
to produce diversity.1®16 Thus, it is possible to
demonstrate the mutation at the stem cell level using
HPRT gene alteration as a marker for single cell
origin and cell surface markers and receptor gene
rearrangements as differentiation markers.

We have been studying somatic cell mutations by
the cloning of TG" T cells in A-bomb survivors
in Hiroshima.}7-18 In this population, there should
have been a decrease in the number of stem cells
for hematopoiesis due to whole-body irradiation by
the A-bomb. Therefore, the residual or induced
TG" mutant stem cells should have expanded in
the body of the survivors during the process of
the hematopoietic recovery. We describe here the
cloning of T, natural killer (NK), and B cells origi-
nating from a single stem cell by the identification
of such a stem cell mutation in one A-bomb survivor
who showed an exceptionally high mutant T cell
frequency.
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MATERIALS AND METHODS

Preparation of peripheral blood mononuclear
cells (PBMC)

PBMC were obtained from a male A-bomb survivor
in Hiroshima, whose DS86 radiation dose (shielded
kerma)'? from the bomb was 1.99 Gy. He was
59 years old at the time of examination (age at the
time of exposure to the bomb was 17) and had no
apparent physical disorders.

Venous peripheral blood was defibrinated with
glass beads and PBMC were recovered by Ficoll-
Hypaque density centrifugation.  PBMC were
washed twice with Earle’s balanced salt solution
(EBSS, Nissui, Japan) before use.

Cloning of interleukin 2 (IL 2)-dependent normal
and TG" T cells

Full details of our cloning method have been
described previously.!” The basic methodology was
originally reported by Albertini et al.® Briefly, fresh
PMBC, mixed with phytohemagglutinin (PHA,
Difco), IL 2, and feeder cells were inoculated into
the wells of microtiter plates. On the average, 1 or 5
% 10°% cells per well were inoculated into the wells
without or with TG, respectively. After 15 days of
culture, each well was observed using an inverted
microscope and growing colonies were isolated and
subcultured for further analysis.

Cloning efficiencies (CE) were calculated from the
proportion of colony-negative wells, assuming a
Poisson distribution of the cells with the ability
to form colonies. Frequency of TG" mutant lym-
phocytes was obtained by dividing the CE of TG-
selected lymphocytes by the CE of normal cells.

Cloning of normal and TG" B cells

For the isolation of normal and TG" mutant B cell
colonies, PBMC were infected with EB virus by
incubaling cells at 37°C with a cullure supernatant
of the B 95-8 marmoset cell line. After two
hours of incubation, the culture supernatant was
replaced with fresh RPMI 1640 medium supple-
mented with 10% fetal calf serum (FCS) and 1% L-
glutamine. An average of 10% or 105 infected cells
were inoculated into the wells of microtiter plates
(Costar) without or with TG, respectively. After
2-4 weeks of culture, changing half of the medium
of each well once a week, colonies were isolated
and subcultured.
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CE and the frequency of TG" B cells were calculated
in the same way in which those of IL 2-dependent
lymphocytes were calculated.

Chromosome analysis of the lymphocyte colonies
Lymphocyte colonies were examined for karyotype
analysis from three weeks to two months af-
ter the initiation of culture. Standard cytoge-
netic procedures were used for preparing G-banded
chromosomes.?® From 1 to 10 metaphases per
colony were examined.

Extraction of genomic DNA

For the isolation of DNA, lymphocyte colonies
were expanded to more than 3 x 10 and were
frozen in liquid nitrogen. Frozen cells were thawed,
suspended in (.3 ml of phosphate-buffered saline
(PBS), then 1-5 ml of digestion buffer (20 mM
Tris-HC1 pH 8, 100 mM NaCl, 5 mM EDTA,
0.5% SDS) containing 100 pg/ml RNase A (Sigma)
was added. After one hour of incubation at 37°C,
1-5 ml of digestion buffer containing 400 pg/ml
of proteinase K (Boehringer Mannheim) was added
and the mixture incubated at 37°C for four hours.
The solution was phenol/chloroform (2:1) extracted,
then dialyzed against T o E; (10 mM Tris-HC1 pH 8,
1 mM EDTA) and stored at 4°C.

Southern blot hybridization

For the southern blots, 5 pg of DNA was digested
to completion with restriction enzymes, fractionated
on a 0.7% agarose gel in Boyer’s buffer (50 mM
Tris-HCI pH 8.0, 20 mM Na-Acetate, 2 mM EDTA,
10 mM NaCl) and transferred to nitrocellulose
filters (Schleicher & Schuell) using 20x SSC. Pre-
hybridization was for three hours at 65°C in 50
mM Tris-HCI pH 7.8, 10 mM EDTA, 1 M NaCl,
10x Denhart’s solution, 0.1% SDS. Hybridization
was carried out for 12-16 hours at 65°C in 2 ml of
the same solution used in prehybridization, contain-
ing 100 pg/ml denatured salmon sperm DNA. The
probes were labeled with [*2P] d CTP (Amersham)
to a specific activity of 2-7 x 107 cpm/ug using
a random primer method (Amersham kit) and 15-
30 ng of probes was added to one filter, Washing
of hybridized filters was performed at 65°C in
0.5x SSC, 0.1% SDS in the case of HPRT, and
in 0.1x SSC, 0.1% SDS in the case of the other
probes. Autoradiography was done at —80°C with
Dupont intensifying screens.
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Probes

Alterations of the HPRT gene were detected with a
941-base pair (bp) full-length cDNA of the gene,2!
(cleaved with Pst I from pHPT30) kindly provided
by Dr. C.T. Caskey, Howard Hughes Medical
Institute, Baylor College of Medicine, Houston,
Texas, USA. Gene rearrangements of T cell re-
ceptor (TcR) B and « chains were studied with a
770 bp cDNA constant region probe of the gene,?2
kindly provided by Dr. T.W. Mak, Ontario Cancer
Institute, Toronto, Ontario, Canada and a 700 bp
genomic probe of I, by the courtesy of Dr. T.H.
Rabbitts, Medical Research Council, England, UK,
respectively.  Immunoglobulin heavy chain gene
rearrangements were analyzed with a 4.5 kb Eco RI-
Hind III fragment of a germ-line Cy gene clone,?? a
generous gift from Dr. T. Honjo, Kyoto University,
Kyoto, Japan.

Analysis of surface phenotypes

Surface phenotypes of the cloned lymphocytes
were analyzed using a FACS Analyzer (Becton-
Dickinson). Monoclonal antibodies used were Leu
4 (anti-CD3), Leu 3 (anti-CD4), Leu 2 (anti-CD8),
Leu 5 (anti-CD2), Leu 11 (anti-CD16), Leu 7,
anti-Kappa, anti-Lambda, all obtained from Becton-
Dickinson, and NKH-1 from Coulter.

Cytotoxicity assay

Cylotoxic activity of the IL 2-dependent colonics
against K562 cells was measured using the ®!Cr
releasing method. Target cells were labeled with
100 pl ®1Cr (New England Nuclear) for one hour
at 37°C and were washed extensively before use.
Target cells, 1 x10% in 100 pl and effector cells
in 100 ul were plated in microtiter plates with U-
bottom wells (Costar). The effector to target cell
ratio ranged from 5:1 to 20:1. After three hours
of incubation at 37°C, the plates were centrifuged
and the supernatant was assayed [or the release of
S1Cr from the target cells. Two or three replicates
per experimental group were employed, and the
percentage of specific lysis was calculated by the
formula:
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RESULTS

Cloning of in vivo-derived TG" T and NK cells
After 15 days of culture, growing colonies were
observed in 19 of 96 nonselected wells and in
21 of 96 TG-selected wells. Cloning efficiencies,
calculated from the proportion of colony-negative
wells, were 0.22 and 0.50 x 107* for normal
and TG" cells, respectively, yielding a TG" mutant
frequency of 2.3 x 10~ %, This mutant frequency is
20-100 times higher than the frequencies observed
in 30 other A-bomb survivors'® or the frequencies
reported for normal individuals.?1%17 PBMC were
obtained again five months later and a similar
frequency of TGF cells was observed (2.6 x 107%).
IL 2-dependent colonies obtained from these two
experiments were used for further analysis.

Cloning of TG™ B cells

Growing colonies were observed 2-4 weeks after
initiation of the culture in the wells which were
inoculated with EB virus-infected cells. Thirty eight
of 96 nonsclected wells and 73 of 240 TG-selected
wells showed colony growth, yielding a TG' B cell
frequency of 7.2 x 1073, Colonies were isolated
and subcultured for further analysis.

Chromosome analysis of the lymphocyte colonies
Chromosome analysis was performed on 32 TG’
IL 2-dependent and 30 EB virus-transformed lym-
phocyte colonies.  As shown in Figure 1, all
the TG' colonies showed the same aberration, a
terminal deletion of the long arm of chromosome
20. This indicates that all the TG" lymphocytes were
derived from a single cell. Chromosomes of normal
lymphocyte colonies were also analyzed and 7 of 14
IL 2-dependent and 11 of 24 EB virus-transformed
lymphocyte colonies showed various different types
of radiation-induced aberrations (mostly reciprocal
translocations).

Alterations of the HPRT gene of the TG" colonies
The single cell origin of the TG" lymphocytes was
also indicated by the Southern blotting analysis
using a HPRT ¢cDNA as a probe. As shown in
Figure 2, all the TG lymphocyte colonies showed
the same alterations (appearance of novel bands)
when DNAs were cut with the restriction enzyme
Pvu Il or Bgl II. No alterations were observed when
DNAs were cut with Bam HI, Eco RI, Hind III,
Pst I or Msp [ (data not shown). Southern blotting
analysis of HPRT genes of spontaneously occurring
in vivo-derived TG T cells has revealed that 10%-
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Figure 1. Representative karyotype with G-band from the TG" lymphocyte colonies, T23" (a) and B13" (b).
In both colonies, G-banding revealed a terminal deletion (arrow) of the long arm of chromosome 20 with
the breakpoint at q 11.2. Identical karyotype was observed in the other TG" colonies.
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20% of those mutant cells possess various types
of alterations!1:12:24:25 (je  no HPRT gene "hot
spots” have been observed). Thus, the observed
common alteration in this study gives the evidence
for the single cell origin of the TG™ lymphocyles.
As both IL 2-dependent and EB virus-transformed
lymphocytes were found to derive from a single cell,
the original cell is probably the stem cell which
can be differentiated into both T and B cells. In
order to further characterize the original stem cell,
we investigated rearrangements of T cell receptor
and immunoglobulin genes and surface phenotypes
of the TG" lymphocyle colonies.

Analysis of T cell receptor and immunoglobulin
gene rearrangements

Figure 3 shows the gene rearrangements of TcR
B and -« chains of IL 2-dependent colonies. All
the normal and TG" colonies showed multiple re-
arrangement patterns except for T30 and T4", which
possessed NK cell phenotype (sce below).  Im-
munoglobulin heavy chain genes also showed mul-
tiple rearrangements among EB virus-transformed
TG" colonies (Figure 4).

(a)

T21
T23
T24
T34
T30°
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Figure 3. Southern blot patterns of four normal (T21, T23, T24, T34) and eight TG” (T307, T4", T43",
1527, T557, T717, 7237, T53") IL 2-dependent lymphocyte colonies.
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a) Bam Hi-digested genomic DNA was hybridized with a labeled TcR [ chain constant region probe.
Bam HI Tifft & # 724/ £ DNA & Bk TeR S HUER M 70— 7L & WIE s 4 /2,

b) The same filter was rehybridized with a labeled J region genomic fragment of TcR ~y chain.
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Figure 4. Southern blot patterns of twe normal (B12, B13) and nine TG™ (B7", B9", B12", Bi3", B15,
BIST, B217, B227, B33") EB virus-transformed B cell colonies and of one TG™ T cell colony (T237). Eco
RlI-digested genomic DNA was hybridized with a labeled immunoglobulin heavy chain J region genomic

probe.
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Surface phenotypes

The cell surface phenotypes of lymphocyte colonies
were studied using immunofluorescence staining.
As shown in Table 1, IL 2-dependent TG" colonies
possessed various phenotypes including classic T
cells (CD3+, 4+, 8— or CD3+, 4—, 8+) and a
"double negative" T cell (CD3+, 4—, 8—). Some
of the mutant colonies with various phenotypes
(such as CD3—, 16+) exhibited cytotoxic activity
against the NK sensitive cell line, K562 (cytotoxic
activity was 50%-80% at an effector/target cell ratio
of 20:1). Surface phenotypes of 13 normal IL
2-dependent colonies were also analyzed and 12
colonies showed phenotypes of CD3 positive classic
T cells (9 were CD4+, 8— and 3 were CD4—,
8+) and one colony lacked CD3 antigen (CD3—,
4—, 8+). Thus 1 of 13 normal and 6 of 27 TG"
colonies lacked CD3. Although not listed in the
table, additional six TG colonies were a mixture of
CD3+ and CD3— cells (all these colonies showed
cytotoxic activity against K562 cells). Therefore,
the proportion of CD3— cells was higher in TG*
colonies than in nromal colonies. The ratio of
CD4+ to CD8+ classic T cells was similar in TG'
and normal colonies, which was also similar to the
reported results from different donors.!?

Light chain isotypes of the surface immunoglobulin
of EB virus-transformed lymphocyte colonies were
analyzed. Of 13 TG" colonies analyzed, 9 had «
and 4 had A isotypes, and of 12 normal colonies, 9
had k and 3 had ) isotypes.
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TABLE 1 CHARACTERISTICS OF MUTANT COLONIES PROPAGATED IN 1L 2
#1 IL2LHVTHAL 2ZRBER T 0= — Y
Surface Phenotype Cytotoxicity Number of Mutant
Mutant : . . s
o, against Colonies wul} Similar
CD3 CD4 CD8 CD2 CD16 NKH1 Leu? K 562 Characteristics
T 307 = = - + + + — + 3
T 4 — — + + + + — + 2
T 437 - + — + - — — - 1
T 52° + - - + = — - + 1
T550 + + — + = - + + 3
T71° + + . + - = —~ + 2
T:23" + + — + . - = - 9
53" + — + + — = e = 3

Mixture of CD3+ and CD3— cells was observed in six TG" colonies which were not included in this table.
FRLEGHE D2, CD3+ & CD3— DRGHIRAY 6O TG 3 0= —12i2bh sh 2.

Thus the stem cell from which the TG" lymphocytes
originated has been shown to have been able to
dilferentiate into several subsets of T cell lineage
and NK cells and also B cells.

DISCUSSION

Different human HPRT(—) lymphocytes originat-
ing from a single stem cell have been cloned.
The cloned lymphocytes were shown to belong
to several subsets of T cells, NK cells, and B
cells. T and B cell colonies showed multiple
rearrangement patterns of the genes of TcR 4 chains
and immunoglobulin heavy chains, respectively,
indicating the diversity of their antigen specificities.

Estimation as to when the original stem cell
started differentialion into mature lymphocytes is
possible from the chromosome analysis of cloned
TG lymphocytes.  This estimation is important
for explaining several results obtained from this
study. The chromosome aberration observed in TG"
lymphocytes indicates that the stem cell started dif-
ferentiation after the exposure to A-bomb radiation.
The reason is as follows. It has been reported that
the frequency of bone marrow cells and peripheral
lymphocytes bearing chromosome aberrations is
very low (0%-1%) in healthy persons not exposed
lo radiation. However, in A-bomb survivors, the
frequency is much higher,26=28 (more than 10% in
persons exposed to the bomb within 1,000 m). The
aberration frequency of blood T cells of the person
studied here was 21%. Thus, most of the chromo-
some aberration observed in the person was consid-
ered to be induced by the A-bomb radiation. This
indicates that the chromosome aberration observed
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in the TG' colonies was most probably induced by
A-bomb radiation. This hypothesis is supported by
the following. If the TG" cell population derived
from the stem cell had existed at the time of A-
bomb exposure, various other types of aberrations
should have been induced in various subsets of the
TG" colonies because of the high level of induction
of chromosome aberrations by the bomb. However,
the TG" colonies (32 IL 2-dependent and 30 B cell
colonies were examined) did not have any structural
aberrations other than the common partial deletion
of the long arm of chromosome 20. Analysis of
the normal colonies, on the other hand, showed that
approximately 50% of both T and B cell colonies (7
of 14 IL 2-dependent and 9 of 21 B cell colonies)
had various types of aberrations demonstrating that
a high number of aberrations were induced in
this individual. A previous study showed that 9
of 20 normal and 22 of 49 TG" T cell colonies
obtained from 9 other A-bomb survivors had various
types of radiation-induced aberrations (manuscript
in preparation) indicating that chromosome aberra-
tions could have been induced in TG cells equally
to normal cells if the cells had existed at the time
of A-bomb exposure. Thus, it is indicated that the
TG" T, NK, and B cells came out after the exposure
to the A-bomb. Since the person studied was 17
years old when he was exposed to the bomb, it
has been suggested that some stem cells are able
to differentiate into at least T, NK, and B cells even
after the age of 17.

The difference in the mode of stem cell differ-
entiation into different cell types might explain
why the frequency of TG" cells was higher in B
cells (approximately 35 times higher) than T cells
in this subject. The thymus is known to be the
central organ for the differentiation of the cells of
T cell lineage?® and is well known to involute after
adolescence.®® Since the age of 17 is considered to
be old enough for the start of the thymic involution,
there might have been some disturbance for the
mutant stem cell to differentiate into the cells of T
cell lineage. A higher frequency of CD3-negative
IL 2-dependent (NK) cells in TGF lymphocyte
population than in normal population might also
be attributable to this age-dependent thymic invo-
lution. High levels of NK activity observed in nude
mice and neonatally thymectomized mice support
this hypothesis because the observation admits an
interpretation that NK cells accumulate when the
ability to differentiate into mature T cells is blocked
by the absence of the thymus.®!
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Another possibility is that the difference of the
frequency between TG™ T cells and B cells and the
difference of the frequency of CD3-negative cells
between TG" and normal IL 2-dependent cells mi ght
be attributable to the deficiency in the activity of
HPRT enzyme in TG" cells. However, a decrease
in the number of peripheral T cells has not been
found in the patients of Lesch-Nyhan syndrome,32
in whom all the cells lack the HPRT activity. Com-
parison of the lymphocyte subsets of IL 2-dependent
cells in relation to the resistance to TG has also been
reported 23 using peripheral lymphocytes obtained
from Lesch-Nyhan heterozygotes in whom only a
part of lymphocytes lack the HPRT activity and
the others not. The result showed no difference
ol lymphocyle subsets between the two types of
the cells.  We have previously reported on the
surface phenotypes of the spontaneously occurring
TG" cells in normal individuals and no dilference
was observed in the distribution of lymphocyte
subsets in relation to TG resistance.!” Thus, it
seems unlikely that HPRT enzyme deficiency solely
suppressed the differentiation of the cells of T cell
lincage.

The present study has suggested the presence of the
common stem cells for at least T, NK, and B cells in
humans after the age of 17. Further investigations
to identify the stem cell mutations which have

occurred at various stages of differentiation will
provide valuable information concerning the process

of lymphocyte differentiation. We have already
cloned even from a normal nonirradiated person 3
TG T cell colonies which possess the same HPRT
gene alterations but different gene rearrangements
of TeR # and ~ chains (submitted for publication).
Thus, the HPRT gene mutations at the stem cell
level do not seem to be very rare events. Because
there should have been a decrease in the number of
hematopoietic stem cells due to A-bomb radiation,
the residual or induced TGT stem cells should have
expanded in the survivers. Thus, it will be easier to
find additional stem cell mutations in the survivors
than in the normal population. Furthermore, since
a high number of chromosome aberrations were
induced in the cells of this population and the
pattern of the aberration is very random, we are able
to use chromosome aberration as a cellular marker
for the determination of the clonality as well as the
HPRT gene alterations. Our studies have provided
a novel way 1o investigale the differentiation of
human lymphocytes by the use of the in vivo
somatic mutational assay.
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