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ABSTRACT Rare thioguanine-resistant T lymphocytes, pres-
ent in vivo in human peripheral blood, were isolated and grown
in vitro as thioguanine-resistant cultured T cells. The conditions
for their selection in vitro were such that thioguanine resistance
had to have arisen in vivo. The mutant cells bore T-cell surface
markers, maintained their thioguanine resistance in vitro in the
presence or absence of selection, and were deficient in hypoxan-
thine-guanine phosphoribosyltransferase activity.

Thioguanine-resistant T lymphocytes, present at low frequen-
cies in human peripheral blood, are assumed to arise from so-
matic cell mutation in vivo. We have developed an autoradio-
graphic method to quantify these variant cells and have
proposed it for use as a direct mutagenicity test for man (1, 2).
However, as judged by accepted criteria (3), the evidence that
the variant lymphocytes are mutants has been indirect. These
rare cells behave in assay as do all T lymphocytes from individ-
uals with the Lesch-Nyhan syndrome that results from muta-
tion in the X-chromosomal gene for hypoxanthine-guanine
phosphoribosyltransferase [hypoxanthine phosphoribosyltrans-
ferase (HPRT), EC 2.4.2.8] (4-6).

It is now possible to clone human T lymphocytes directly and
to propagate them in vitro (7). We describe here a method that
uses crude T-cell growth factor and thioguanine selection to
clone in vitro the thioguanine-resistant T lymphocytes that arise
in vivo in normal individuals. Characterization of these cells
provides direct evidence as to their mutant character. Lym-
phocyte cloning under selective conditions is a generalizable
method for human direct mutagenicity testing.

MATERIALS AND METHODS
Tissue Culture Media. The basic medium was RPMI 1640

medium containing 25 mM Hepes buffer, 100 units ofpenicillin
per ml, and 100 Atg of streptomycin per ml. Heat-inactivated
fetal calf or human AB-negative (Biobee) serum was added to
basic medium to produce nutrient medium. Growth medium
was nutrient medium containing 25-40% crude T-cell growth
factor, depending on factor potency. Lymphoblastoid cell line
(LCL) cells that were x-irradiated (x-LCL) were added to growth
medium at various densities to produce "growth medium and
feeder cells." Test media contained growth medium and 6-
thioguanine (Sigma) at various concentrations.

Preparation of Peripheral Blood Mononuclear Cells. Leu-
kocyte residues from single-donor platelet pheresis packs (8)
obtained from the American Red Cross Blood Services (Badger
Region) were overlayered into sterile 50-ml centrifuge tubes
containing equal volumes of Ficoll-Hypaque (Sigma or Win-

trop; p = 1.007) and were centrifuged at 600 x g for 30 min.
The recovered mononuclear cells were transferred to fresh
tubes, washed with phosphate-buffered saline, incubated for
10 min with cold (40C) 0.83% NH4Cl, and again washed with
phosphate-buffered saline. Mononuclear cells from single do-
nors were suspended in basic medium for use as a source of test
cells or for T-cell growth factor production.

Production and Assay of T-Cell Growth Factor. Mononu-
clear cells (single donor or pooled) received 1,000 rad (1 rad
= 0.01 gray) x-irradiation ('37Cs) prior to suspension at 106 cells
per ml in nutrient medium containing 1% fetal calf serum and
1% phytohemagglutinin M (PHA-M; Difco). X-LCL cells (4,000
rad) were added at 104 cells per ml as allogeneic stimulators
(9). One-hundred-milliliter cell suspensions were inoculated
into culture flasks and incubated for 48 hr under standard con-
ditions at 37°C in humidified 5% C02/95% air. Culture su-
pernatants (crude T-cell growth factor) were filtered (Millipore)
and frozen in 100-ml volumes at -20°C. Factor was assayed as
described (9).

Feeder Cells. A LCL, originally designated as WI-L2, de-
ficient in hypoxanthine-guanine phosphoribosyltransferase ac-
tivity and heterozygous at the thymidine kinase locus, was a gift
from W. G. Thilly. LCL cells were maintained at densities be-
tween 5 x 10' and 106 cells per ml with nutrient medium con-
taining 10% fetal calf serum. They received 9,000 rad x-irra-
diation ('37Cs) to produce x-LCL cells for use as feeder cells.

Cultured T Cells. Mass T-cell cultures, initiated by inocu-
lating single-donor mononuclear cells at 5 x 105 to 106 cells per
ml into flasks containing growth medium, 15% serum, and 104
x-LCL cells per ml, were diluted with this medium at appro-
priate intervals to maintain densities ofgrowingT cells between
I05 and 2 x 106 cells per ml. For cloning in microtiter wells
(limiting dilution, with or without selection), fresh, single-do-
nor mononuclear cells were initially "primed" by culturing 106
mononuclear cells per ml for 45 hr under standard conditions
in flasks containing 15% serum and 1% PHA-M; this was fol-
lowed by cell dilution in growth medium to produce suspen-
sions containing 1, 10, or 105 primed cells (test cells) per 100
,ul.

Detection of Thioguanine-Resistant T Lymphocytes. The
96 wells (7-mm round or 6-mm flat bottom) of microtiter plates
(Linbro) were initially inoculated with 100 ,ul ofgrowth medium
containing serum and 104 x-LCL feeder cells with or without
thioguanine. Primed test cells were then added in 100-,ul vol-
umes so that wells received 1 or 10 test cells per well (without
thioguanine) or 10 test cells per well (with 5 x 10-6 M thiogua-

Abbreviations: HPRT, hypoxanthine-guanine phosphoribosyltransfer-
ase; LCL, lymphoblastoid cell line; PHA, phytohemagglutinin; Mf,
mutant frequency; x-LCL, x-irradiated LCL; TPA, 12-tetradecanoyl-
phorbol 13-acetate; Hxan, hypoxanthine; CE, cloning efficiency.
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nine). Thus, the primed cells ofa single donor were distributed
into nonselection plates (without thioguanine) and selection
plates (with thioguanine) for cloning efficiency (CE) and mutant
frequency (Mf) determinations, respectively. Wells of some
plates contained, in addition, 10-9 M 12-tetradecanoylphorbol
13-acetate (TPA).

Wells were monitored microscopically for cell growth. After
10 days, some wells' contents were transferred with Pasteur
pipettes to larger 17 x 17 mm wells (Linbro) containing 1 or
2 ml of growth medium, 15% serum, and x-LCL feeders, with
or without thioguanine, as appropriate. Cell growth was mon-
itored and suspensions were diluted appropriately and trans-
ferred to larger vessels to maintain optimal cell densities. Some
colonies, isolated in thioguanine, were split and portions were
maintained with and without thioguanine.

Media were partially replaced (100 Al) at day 14 or 15 in some
untransferred microtiter wells. At 15-16 days, all untransferred
wells were labeled with 0.4 tuCi of [3H]dThd (1 Ci = 3.7 X 1010
becquerels). After 12-16 hr, well contents were collected with
a harvester and the radioactivity was counted by scintillation
spectrometry (10).

Detection of Cell Surface Markers. Surface antigens were
detected by using mouse monoclonal antibodies (Ortho or Coul-
ter); this was followed by using goat anti-mouse fluorescein iso-
thiocyanate-labeled antibodies (Monoclonal Antibodies). Cells
were scored by fluorescence microscopy; 200 or more cells were
counted.
HPRT Activity Assay. The method was a modification ofthat

described by DeMars and Held (11). Cultured T lymphocytes
(=2 x 106), washed twice with 0.15 M KCI and suspended in
100-200 ,l of cold 0.01 M Tris buffer (pH 7.4), were disrupted
by sonication. After centrifugation for 30 sec in a Microfuge
(8,700 X g), diluted supernatants were added to reaction mix-
tures containing 0.1 M Tris buffer (pH 8.4), 5 X 10-2 M MgSO4,
1.9 X 10-3 M hypoxanthine (Hxan), and 10-4 M [14C]Hxan (5
ILCi/ml), 10-2 M 5-phosphorylribose 1-pyrophosphate, and
distilled water. The reaction was stopped with 4 M formic acid
after 2 hr of incubation in a 370C water bath. Enzymatic con-
version of Hxan to inosine and IMP was determined by liquid
scintillation determination of radioactivity in Whatman 3MM
paper spots after ascending chromatography of the reaction
mixture in 5% Na2HPO4. Conversion was calculated as: % con-
version = (cpm inosine + cpm IMP)/(cpm Hxan + cpm inosine
+ cpm IMP) X 100. The protein content of cell extracts was
determined by a modification of the Lowry procedure (12, 13).

RESULTS
Mass Cultures. Mass T-cell cultures showed early doubling

times of 12-15 hr, allowing single-donor populations in excess
of 109 cells to be developed. Thioguanine sensitivity was de-
termined for cells from two single-donor cultures. Growing T
cells, inoculated into 17 x 17 mm wells at an initial density of
105 cells per ml, were tested with media consisting ofgrowth
medium, 15% serum, and serial 1:10 dilutions of thioguanine.
After 5 days, the cells ofone single-donor culture were inhibited
by 2 x 10-6 M thioguanine-the lowest concentration tested.
Cells of the other culture were resistant at this concentration
but were inhibited at the next concentration (2 x 10-5 M thio-
guanine), indicating a minimal inhibitory thioguanine concen-
tration between 2 x 10-6 M and 2 x 10-5 M for these cells (data
not shown). To maximize recovery of resistant cells while in-
hibiting normals, a concentration of 5 X 10-6 M thioguanine
was chosen for selection experiments.

Cloning Assays for Thioguanine-Resistant Lymphocytes.
The wells of microtiter plates were inoculated to receive an av-

erage of 1 or 10 primed single-donor cells (nonselection plates)
or 105 primed cells (thioguanine plates) from the same individ-
ual. Wells were definitively scored as positive (containing di-
viding cells) by scintillation spectrometry as described. CEs and
Mfs were calculated by assuming a Poisson distribution of cells
with the ability to form clones in wells.

Sample results with primed cells from a single normal donor
are given in Figs. 1, 2, and 3. A microtiter plate that had re-
ceived one primed cell per well is depicted in Fig. 1 (plate 0),
as is its companion, a thioguanine-containing plate that had re-
ceived 105 primed cells per well (plate R). The cpm of [3H]dThd
incorporation into DNA in the wells of plate 0 were distributed
for the 96 wells as shown in Fig. 2. The distribution is bimodal,
with the majority of wells (69) having cpm < 1,200 and the
minority (27) having cpm > 1,200 (range, 1,245-50,950 cpm).
Wells with cpm > 1,200 were considered to be positive. Sev-
enteen of these wells had previously been screened as positive
by inspection. A CE (x) of 0.33 was calculated for the T lym-
phocytes of this individual: Po = e-x = (96 - 27)/96; x = 0.33.

Twenty-four wells of plate R (Fig. 1, columns 1 through 3,
all rows) were transferred blindly to 24 17 X 17 mm wells of
plate R1 (Fig. 1). The remaining 72 wells (Fig. 1, columns 4
through 12, all rows) were scored by scintillation spectrometry
exactly as for plate 0. Fig. 3 shows the bimodal distribution of
cpm for these 72 wells. With 1,200 cpm indicative of positivity
(from plate 0), 24 of the 72 wells were positive (range,
1,405-43,145) and 48 were negative. Assuming that the sepa-
ration of the rare preexisting thioguanine-resistant T lympho-
cytes present in the original inocula approximates a Poisson
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CE: 0.33

PLATE R I
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PLATE R THIOGUANINE
| 1 2 3 4 5 6 7 8 9 10 11 121

A

D I1 r
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10 cells/well
Mf 1.2 x10-5

THIOGUANINE
2 3 4 5 61

TransferFI

Cell Transfer From Plate R
Mf: 1.2 x 10-5

FIG. 1. Representation of microtiter plates inoculated in parallel
with one primed mononuclear cell per well (plate 0) or 105 primed
mononuclear cells per well (plate R) in growth medium/15% serum/
10-9 MTPA and x-LCL feeder cells with (plate R) or without (plate 0)
5 x 10'6 M thioguanine. TPA was added to determine if it would en-
hance single T-cell cloning (14) or decrease possible metabolic coop-
eration (or both) (15). Media were partially replaced (100 AD) on day
14. The contents of 24 wells of plate R (columns 1 through 3, all rows)
were transferred to the 24 thioguanine-containing wells of plate R1
(see text). Solid squares represent wells with growing colonies.
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FIG. 2. Distribution of the cpm of [3H]dThd incorporation into
DNA among the 96 wells of plate 0 (Fig. 1).

distribution among these 72 wells of plate R, a Poisson mean
(x) of 0.405 thioguanine-resistant cells per well was calculated:
Po = e-x = (72 - 24)/72; x = 0.405. By using a CE of 0.33
(plate 0), a thioguanine-resistant T-lymphocyte Mf was deter-
mined from plates 0 and R: Mf = 0.405/(0.33 X 105) = 1.2 X

10-5.
Eight of the 24 wells transferred to plate R1 were subse-

quently shown by clonal expansion to contain thioguanine-re-
sistant growing T lymphocytes (Fig. 1). Making the assumptions
indicated above allowed independent calculation of the thio-
guanine-resistant T-lymphocyte incidence (x) per well: PO = e-x
= (24 - 8)/24; x = 0.405. Again, the Mf was: Mf = 0.405/
(0.33 x 105) = 1.2 x 10-5.
These results were obtained in the context of a larger ex-

periment that included eight sets ofplates inoculated in parallel.
For each set, Mfs were determined from scintillation spectrom-
etry data and validated by cell transfer data. For six of the eight
sets, the Mf, determined by these two methods, differed by
<15% of their mean (data not shown). There appeared to be no

effects ofTPA that were independent of refeeding.
Characterization of Thioguanine-Resistant T-Cell Colonies.

Growing T lymphocytes, isolated in selection experiments (as
described) from nonselected colonies (initiated from 1 or 10
cells) or from thioguanine-selected (thioguanine resistant) col-
onies (initiated from 105 cells per well in 5 x 106 M thiogua-
nine), were characterized as to (i) stability of the thioguanine
resistance phenotype, (ii) HPRT activities, and (iii) lymphocyte
surface markers. Some thioguanine-resistant colonies were split
and portions were maintained in the presence (suffix TG) and
absence of thioguanine.

Stability of the Thioguanine Resistance Phenotype. Four
thioguanine-resistant colonies from two donors (A: male, age 39;
B: female, age 46) were tested for stability in vitro of the resis-
tance phenotype. Each colony was split and portions were main-

[3HJdThd incorporation, cpm

FIG. 3. Distribution of the cpm of [3H]dThd incorporation into
DNA among 72 wells of plate R (Fig. 1).

tained with and without thioguanine for 7 days prior to test
(several doublings). Cells from these eight colonies and cells
from two nonselected colonies were inoculated (5 x 104 cells
per well) into 17 x 17 mm wells in growth medium and feeder
cells, 15% serum, and serial 1:4 dilutions of thioguanine. After
8-9 days, all colonies initiated in thioguanine, regardless of
donor or thioguanine maintenance, were completely resistant
to 5 x 10-5 M and were partially resistant to 2 X 10-4 M thio-
guanine (Fig. 4, donor A colonies; data for donor B colonies not
shown). By contrast, the two T-lymphocyte colonies initiated
under nonselective conditions (representing parental cells)
were completely inhibited by 3.1 X 10-6 M (Fig. 4) or 1.3 X

10' M (data not shown) thioguanine, with significant partial
inhibition at lower concentrations.
HPRT Activities. HPRT activities were determined for cells

ofseveral "normal" (isolated under nonselective conditions) and
thioguanine-resistant colonies initiated from either donor A or
donor B. Several of the latter colonies were split and portions
were maintained with (suffix TG) and without thioguanine as

described above.
Table 1 shows that the two donor A colonies initiated under

nonselective conditions had HPRT activities of 115 and 151
pmol of substrate converted per ,tg of protein per hr, respec-

tively, and that the two donor B colonies, similarly isolated, had
values of 153 and 144 pmol of substrate converted per jig of
protein per hr, respectively. These represent parental, non-

mutant values. By contrast, only one ofthe several thioguanine-
resistant T-lymphocyte colonies isolated with thioguanine se-

lection showed any HPRT activity and this was <15% of the
parental value. The remaining nine independently maintained
thioguanine-resistant colonies had no detectable HPRT activity.
Thus, thioguanine-resistant T lymphocytes, maintained in vitro
with or without thioguanine, are deficient in HPRT. As ex-

pected, the LCL cells were HPRT deficient.
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Lymphocyte Surface Markers. Table 2 shows the results of
lymphocyte surface-marker determinations. The nonselected
T-lymphocyte colonies (initiated from single cells) were all T3-
positive (a pan T-cell marker) as expected, with four being T4-
positive, one being T8-positive, and one showing both the T4
and T8 markers. The latter colony most likely started from more
than a single primed cell. The seven resistant colonies isolated
in thioguanine were all T4-positive, T8-negative. The T3 marker
was positive in the two instances tested. The Ia marker (indi-
cating cell proliferation) was positive wherever tested. It was
the only marker that was positive in LCL cells, demonstrating
conclusively that these were not the thioguanine-resistant cells
growing in thioguanine-containing plates, where x-LCL cells

p-4

Table 1. HPRT activity in cultured human T cells
HPRT

Donor Maintenance* specific activityt
Thioguanine-sensitive colonies

AB10 A NS 115
AF3 A NS 151
HE3 B NS 153
HE4 B NS 144

Thioguanine-resistant colonies
E1A4 A NS 0
X1A4 B NS 20
R1D1TG A S 0
RiD1 A NS 0
Q1A2TG A S 0
Q1A2 A NS 0
L1C5TG B S 0
L1C5 B NS 0
Q1D5TG A S 0
R1D5TG A S 0

LCLs 0

Enzyme activity determinations were performed as indicated. Col-
onies with the same designations (e.g., RiD1) were isolated as single
colonies and were subsequently split with portions maintained in 5
x 10-6 M thioguanine (suffix TG) and in the absence of thioguanine.
AB10 and AF3 were initiated from single cells; HE3 and HE4 were
from 10 cells. Thioguanine-resistant colonies were initiated from 105
cell inocula in thioguanine. Less than 5% substrate conversion (see
text) is considered insignificant and is listed as 0.
* NS, nonselective; S, selective.
t Specific activity is given as pmol of [14C]Hxan converted per tug of
protein per hr.

FIG. 4. Thioguanine sensitivities of donor A
colonies. E1A4TG (e) and E1A4 (o), maintained
in vitro with and without thioguanine, respec-
tively, were derived from a single colony isolated
under selective conditions (see text). Similarly,
Q1A2TG (A) and Q1A2 (A), maintained in vitro
with and without thioguanine, respectively, were
derived from a single colony isolated under selec-
tive conditions. Colony AF3 (x) was derived from
a single colony (single-cell original inoculum)
isolated under nonselective conditions. The orig-
inal E1A4TG orE1A4 andAF3 isolates were from
plates that had not contained 10-' M TPA,
whereas the original Q1A2TG or Q1A2 isolate
was from a plate that had contained 10'- M TPA.

L LW, tLLuJ Arrow indicates the concentration of thioguanine
10-3 used for selection experiments. Ratio = increase

in cell number in thioguanine increase in cell
number in growth medium.

were present as feeder cells. The lymphocyte subpopulation
composition offreshly isolated mononuclear cells from a single-
donor platelet pack was within the expected range for adult
peripheral blood.

DISCUSSION
The results presented here demonstrate that the thioguanine-
resistant T lymphocytes of human peripheral blood have a sta-
ble phenotype that is associated with a deficiency ofgene prod-
uct-characteristics that traditionally have been used to define
mutant somatic cells (3). However, "mutant" must be used in
a broad sense because a stable epigenetic change leading to gene
inactivation also may show such phenotypic characteristics (16).

Table 2. Lymphocyte surface-marker determinations
Marker*

Sample T3 T4 T8 Ia
Peripheral blood

(adult normal range) 50-65 25-45 5-25 ND
Platelet pack: Mononuclear

cell fraction (single
donor) 50 32 24 12

Nonselected T-cell colonies
A38 CA2 + + 0 +
A38CF9 + 0 + +
A38CG2 + + 0 +
A38 FB4 + + + +
A38FC3 + + 0 +
A38FE6 + + 0 +

Thioguanine-resistant
T-cell colonies
A55 GA2TG + + 0 ND
A55 GH9TG + + 0 ND
A79 L1C5TG ND + 0 ND
A79L1C5 ND + 0 ND
A79Q1A2TG ND + 0 ND
A79 Q1A2 ND + 0 ND
A79 Q1D5TG ND + 0 ND

Cultured LCLs: feeder cells 0 0 0 92

Lymphocyte surface markers were determined as indicated. A min-
imum of 200 cells was scored per determination.
* A + sign indicates that .99% of the cells showed the marker; num-
bers other than 0 indicate the percentage that showed <99% of the
marker; 0 indicates absence of marker. ND, not done.

-^D 0662 Genetics: Albertini et al.
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Nonetheless, with the availability of cultured T lymphocytes,
the genetic mechanisms underlying thioguanine resistance and
other phenotypic variations that occur in lymphocytes in vivo
are open for investigation, as is possible heterogeneity of sus-
ceptibility to mutation among the T-cell subpopulations.

Obviously, it is critical to our interpretation of the results
presented here that the mutant T lymphocytes that we isolated
and studied in vitro actually arose in vivo. This conclusion seems
justified for the following reasons: (i) There was little oppor-
tunity in selection experiments for mutations to occur and be-
come fixed in vitro prior to thioguanine exposure. Priming in
the absence of selection took s45 hr, allowing little or no cell
division. Although --25-65% ofT cells in PHA cultures after
72-96 hr are progeny of cells that have divided, there is little
cell division prior to 40 hr (2, 17). (ii) For this same reason, there
was virtually no opportunity for sufficient cell division in vitro
prior to selection to allow mutants arising in vitro to overcome
phenotypic lag. Cultured mammalian cells usually require sev-
eral cell divisions to overcome phenotypic lag for thioguanine
resistance; human B lymphoblasts can require as many as 16
divisions to optimally achieve this end (18). Rather than adding
new mutants arising in vitro, it seems more likely that the
method as described may miss very recent mutants arising in
vivo. Direct mutagenicity testing will have to take account of
this. (iii) Maximal cell growth, as judged by scintillation spec-
trometry data, was similar with or without thioguanine selection
(maximal cpm, 43,145 vs. 50,950, respectively). This would be
expected only if single cells began proliferating at similar times
under the two conditions. It would not be expected if prolif-
eration in the thioguanine-containing wells had to await mu-
tation, fixation, and dilution of preexisting HPRT. (iv) We re-
cently have recovered thioguanine-resistant T lymphocytes
from "unprimed" fresh mononuclear cells inoculated immedi-
ately into thioguanine-containing wells (10-5 M thioguanine;
105 cells per well; data not shown). Unprimed cells spent vir-
tually no time in vitro in the absence of thioguanine, are prac-
tically all in an arrested Go stage of the cell cycle, and must
undergo an initial PHA- (present in our crude T-cell growth
factor) induced Go to GI transformation with the acquisition of
growth factor receptors in order to grow (19). This transfor-
mation step occurs before DNA svnthesis (19) and appears to
be the step inhibited by 2 x 10 M thioguanine in sensitive
cells in the autoradiographic assay (20). It is difficult to see how
clonal growth can occur in thioguanine unless resistance ante-
dates transformation.
The cloning method, as presented here, is an approach being

developed for human direct mutagenicity testing. It needs re-
finement before use in quantitative studies. For example, CE
determinations made with a single donor's cells may differ if
determined by a single-cell or by a 10-cell initial inoculum-i.e.,
the CE estimates are often lower with the higher inoculum.
Because this difference may be small or absent for CEs < 10%,
it may reflect simply the different culture conditions in micro-
titer wells containing different numbers of growing cells. With
regard to culture conditions, we have not determined the extent
to which replacement of medium is important in selection ex-
periments. Also, the optimal thioguanine concentration to use
for selection remains to be defined. In recent experiments, we
have used a higher concentration than was used here (10-' M).

Finally, any advantages of using low concentrations of TPA re-
main to be determined.
The ability to perform mutagenicity studies with human T

lymphocytes in vitro generalizes the potential use of the cells
for human mutagenicity testing. The spontaneous mutation rate
at the HPRT locus in these cells, as well as the expression curve
characteristics for thioguanine resistance, may be assesed by
established in vitro procedures to determine definitively the
extent to which mutation in vitro influences in vivo Mfs deter-
mined as described. Furthermore, combined in vivo-in vitro
test systems can be developed with cultured T lymphocytes,
allowing human population heterogenicity with regard to mut-
ability or mutagen sensitivity (or both) to be investigated. The
problem of "phenocopies"-as seen with the autoradiographic
assay for variant lymphocytes (20)-is obviated by the ability
to propagate T lymphocytes in vitro. Actually, the autoradio-
graphic method can be used more confidently for human mu-
tagenicity monitoring if an outside reference for "true" variant
frequencies is thus made available. Finally, mutagenicity stud-
ies with culturedT lymphocytes need not be limited to mutation
at the HPRT locus. Rather, a multiplicity of markers may be
developed with the goal ofdevising a multilocus system capable
of human direct mutagenicity testing.
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