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A minimal estimate of the frequency of cytolytic T lymphocyte precursors (CTL-P)
in the thymus was determined by application of Poisson statistics to limiting dilution
analysis. A mean CTL-P frequency of 1/1467 was obtained for C57BL/6 (H-2°) thymus
cells activated by DBA/2 (H-29) irradiated spleen cells and assayed against P-815 masto-
cytoma (H-29) target cells. CTL-P frequencies were also obtained for spleen, nylon wool
column purified spleen, peripheral blood, and lymph node cell populations. The effect of
in vivo drug treatments on CTL-P frequencies was then examined. Cortisone at 100 mg/kg
dramatically increased the CTL-P frequency in thymus by more than 20-fold despite a
drastic reduction in the number of total thymus cells. The same cortisone treatment did
not affect the CTL-P frequency in spleen. In contrast, cyclophosphamide at 300 mg/kg
decreased the CTL-P frequency in spleen by more than 10-fold without affecting that in
thymus. Cyclophosphamide at 100 mg/kg did not produce any significant change. A
detailed explanation of the calculation of CTL-P frequencies is provided and their validity
is discussed.
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INTRODUCTION

The thymus is now well known and accepted as the principal organ
responsible for the maturation of lymphopoietic stem cells into immuno-
competent T lymphocytes active in a wide variety of cell-mediated immune
phenomena [1]. The identification of functional subpopulations of T
lymphocytes and the delineation of their developmental pathways in the
thymus, however, have not yet received comparable acceptance despite sig-
nificant progress toward their elucidation [2—5]. Continued progress in this
area depends upon the level of resolution of the experimental system used to
distinguish T lymphocyte subpopulations and to follow their maturation and
circulation throughout the immune system. Quantitation of actual numbers
of functionally active T lymphocytes would provide much higher resolution
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than does quantitation of units of functional activity. Fortunately, advances
in leukocyte culture methods have recently permitted the application of
limiting dilution techniques to the enumeration of precursors of several
functional subpopulations of T lymphocytes. In the previous article of this
series [6], we reported the development of a limiting dilution analysis
system for the determination of alloreactive cytolytic T lymphocyte
precursor (CTL-P *) frequencies. Modelled upon earlier limiting dilution
assays reviewed by Miller et al. [7], our system differs from them by the use
of secondary mixed leukocyte culture supernatant (2° MLC SN) [8] as a
stimulatory reagent enabling limiting numbers of responding precursor cells
to produce measurable CTL activity in mixed leukocyte microcultures
(micro-MLC). In the present article, we report the frequencies of CTL-P in
thymus and various other lymphoid tissues. Since both cortisone (Cor) and
cyclophosphamide (Cy) are immunosuppresive drugs which have been used
to select T lymphocyte subpopulations [3—5], we also investigated the effect
of these drugs on the CTL-P frequencies in thymus and spleen.

MATERIALS AND METHODS
Mice

Mice of the inbred strains C57BL/6 and DBA/2 were obtained from the
animal colony maintained at the Swiss Institute for Experimental Cancer
Research, Lausanne, Switzerland.

Preparation of supernatant from secondary MLC

As detailed elsewhere [8], 2° MLC SN was prepared by mixing 10 X 10¢
viable cells recovered from pools of 10—14 day primary C57BL/6 anti-
DBA/2 MLC with 40 X 10¢ irradiated DBA/2 spleen cells in 10 ml culture
medium in tissue culture flasks (25 cm?; 1461, Nunc, Roskilde, Denmark).
Supernatants were collected after 24 h of incubation and sterilized by filtra-
tion.

Mixed leukocyte microcultures

Cultures were established in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented as described previously [9] with additional amino
acids and 5 X 10™° M 2-mercaptoethanol. This culture medium was further
supplemented with 10% (v/v) fetal bovine serum (FBS) and 50% (v/v) 2°

* Abbreviations used in this paper: CTL, cytolytic thymus-derived lymphocyte; CTL-P,
precursor of CTL; micro-MLC, mixed leukocyte microculture; 2° MLC SN, supernatant
from secondary MLC; FBS, fetal bovine serum; DMEM, Dulbecce’s modified Eagle’s
medium; Cor, cortisone; Cy, cyclophosphamide; NWC, nylon wool column.
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MLC SN. Micro-MLC (11—38 per group) were established by mixing limiting
numbers of C57BL/6 responding leukocytes with 1 X 10% irradiated (2000
rads) allogeneic DBA/2 spleen leukocytes in a final volume of 0.2 ml in
round bottomed microwells (Greiner, Nurtingen, West Germany). Cultures
were wrapped in aluminum foil to minimize evaporation and maintained for
7 days at 37°C in a water saturated atmosphere of 5% CO, in air.

Target cells

P-815 mastocytoma cells of DBA/2 origin were maintained in culture and
labelled with Na,*'CrQO, as described previously [9]. Labelled cells were
washed 3 times and resuspended at a concentration of 20 X 10%/ml in DMEM
supplemented with 5% (v/v) FBS and 10 mM Hepes buffer.

Assay for cytolytic activity

A modification of the *!Cr release assay [9] was used to determine CTL
activity. After 7 days of culture, 0.1 ml of medium was removed from each
microwell and replaced by 0.1 ml of 3'Cr labelled P-815 mastocytoma target
cells. The plates were centrifuged and then incubated for 3}—41 h at 37°C.
Cytolysis was assessed by counting the radioactivity of 0.1 ml of supernatant
for 1—2 min in a well-type scintillation counter. For the determination of
spontaneous release, control microcultures containing irradiated DBA/2
spleen leukocytes, 2° MLC SN, and FBS in the absence of responding
leukocytes were assayed in the same manner. Micro-MLC were defined as
positive for CTL activity when *'Cr release exceeded the mean spontaneous
S1Cr release by at least 3 SD. Specific lysis was calculated as described
previously [9].

Calculation of CTL-P frequencies

Minimal estimates of CTL-P frequencies were calculated by analysis of the
Poisson distribution relationship between the percentage of cytolytically
negative or non-responding microcultures per group and the number of
C57BL/6 responding leukocytes per microculture. The zero order term
Poisson equation [7] was linearized to the form, ln y =—fx + In a, where
y is the percentage of non-responding cultures, x is the number of respond-
ing leukocytes, f is the CTL-P frequency equal to the negative of the slope,
and a is the y-axis intercept theoretically equal to 100. Experimental x- and
y-values were fitted to this equation by the least-squares method. Results
were reported as the 3 values determined by linear regression analysis: the
frequency f, the y-axis intercept @, and the coefficient of determination r?.
A more detailed explanation of these calculations is found in the Appendix.
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In vivo drug treatments

All in vivo drug treatments consisted of a single i.p. injection followed by
sacrifice of the mouse and removal of the thymus and spleen 2 days later.
(Contamination of the thymus by the parathymic lymph nodes was avoided
by separating them from the thymus after their identification by concentration
of India ink: { h before sacrifice, each mouse received a 0.2 ml i.p. injection
of a 50% (v/v) ink suspension in DMEM.) For the Cor treatment, each mouse
received 100 mg/kg of aqueous hydrocortisone acetate (Hydrocortifor;
Vifor SA, Geneva, Switzerland). For the Cy treatment, each mouse received
100 or 300 mg/kg of cyclophosphamide saline (Endoxan-Asta; Asta-Werke
AG, Brackwede, West Germany). Limiting dilution analyses were performed
on pools of 3 thymuses or spleens per determination.

Nylon wool column (NWC} purification

Spleen cells were purified on NWC according to the method of Julius et al.
[10]. Limiting dilution analyses were performed on pools of 2 spleens per
determination.

RESULTS
Frequency of CTL-P in thymus and other tissues

Limiting numbers of C57BL/6 responding leukocytes and 1 X 10°
irradiated allogeneic DBA/2 spleen cells were cultured for 7 days in the
presence of 50% 2° MLC SN and 10% FBS. The CTL activity of each micro-
culture was then assayed individually against 5'Cr labelled P-815 masto-
cytoma (DBA/2) target cells. Fig. 1 presents the results from representative
limiting dilution analyses for normal thymus and normal spleen. Micro-MLC
were defined as positive for CTL activity when *!Cr release exceeded the
mean spontaneous °!Cr release by at least 3 SD, where the spontaneous
release was determined from control microcultures containing irradiated
stimulating cells, 2° MLC SN, and FBS in the absence of responding cells.
These control microcultures did not generate any CTL activity [6]. A dose—
response effect can be clearly seen for both thymus and spleen experiments.
The percentage of cytolytically positive microcultures ranged from 58% at
2000 thymus responding cells to 3% at 100 cells and from 75% at 750 spleen
responding cells to 29% at 250 cells. The mean specific *'Cr release of all
positive cultures was 356% for the thymus experiment and 47% for the spleen
experiment. The percentage of non-responding microcultures per group was
then calculated from the proportion of cytolytically negative microcultures
at each dose of C57BL/6 responding leukocytes. The logarithm of the
percentage of non-responding microcultures was plotted against the dose of
responding leukocytes according to Poisson statistics and curves were then
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Fig. 1. Cytolytic activity of individual micro-MLC in representative limiting dilution
analyses of thymus and spleen. The indicated number of normal C57BL/6 responding
cells and 1 X 10 irradiated (2000 rads) allogeneic DBA/2 spleen cells were cultured for
7 days in the presence of 50% (v/v) 2° MLC SN and 10% (v/v) FBS. Each microculture
was then assayed individually against *!Cr labelled P-815 mastocytoma (DBA/2) target
cells. The dotted line represents the lower limit of microculture CTL activity accepted as
positive; this limit was defined by 3 SD above the mean spontaneous 3!Cr release for
control cultures containing irradiated DBA/2 cells, 2° MLC SN, and FBS in the absence
of C57BL/6 responding cells. For the thymus experiment, spontaneous release was 141
cpm (14% of the total release). For the spleen experiment, spontaneous release was 138
cpm (13%).

fitted by the least-squares method. Fig. 2 shows linear regression curves for
the results presented in Fig. 1. The CTL-P frequencies were determined by
the slopes of the linear regression curves, For these representative determina-
tions, a CTL-P frequency of 0.41 per 102 cells (1/2441), an a-value of 106,
and an r’-value of 0.93 were determined for thymus, and a CTL-P frequency
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Fig. 2. Determination of minimal estimates of CTL-P frequencies in thymus and spleen.
Data from Fig. 1 were fitted by the least-squares method to the linearized Poisson equa-
tion, In ¥ = —fx + In a, where y is the percentage of non-responding microcultures per
group, x is the number of C57BL/6 responding cells per microculture, f is the CTL-P
frequency equal to the negative of the slope, and a is the y-axis intercept. r? is the coeffi-
cient of determination; (A) thymus, ¢ = 106; (®) spleen, ¢ = 130,

of 2.1/10° (1/479), an a-value of 130, and an r’-value of 0.93 for spleen.
Table I summarizes 41 separate CTL-P frequency determinations for thymus
and various other lymphoid tissues. For these experiments, the mean
a-value was 99 and the mean r?-value was 0.92. The mean CTL-P frequency
of 11 separate determinations for thymus was 0.68/10% (1/1467) with SD
+0.22/10° and a range from 0.28/10° to 1.08/10°. In comparison, the mean
CTL-P frequency for spleen was 2.6/10° (1/380); for NWC purified spleen,

TABLE I

Frequency of CTL-P in thymus and other lymphoid tissues.

Source of CTL-P Mean CTL-P ® Range © Reciprocal of
(number of determinations) frequency mean
Thymus [11] 0.68 + 0.22 0.28— 1.08 1467

Spleen [19] 26 1.3 1.0 - 59 380

NWC purified spleen [4] 53 *+3.3 19 — 9.8 188
Peripheral blood [4] 55 *+3.3 1.0 — 8.7 180

Lymph node [3] 147 *94 6.8 —25.0 68

2 Limiting dilution analyses were performed as described in Fig. 1 and CTL-P frequencies
were calculated as explained in Fig. 2. For the 41 determinations summarized here, the
mean a-value is 99, the mean > -value is 0.92, and the mean number of experimental
points per determination is 3.4,

b Results are expressed as the mean +1 SD of the number of CTL-P per 10% celis.

¢ Minimum and maximum CTL-P frequencies per 103 cells.
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5.3/10% (1/188); for peripheral blood, 5.5/10% (1/180); and for lymph node,
15/10° (1/68).

Effect of Cor treatment on CTL-P frequency in thymus and spleen

Mice were injected i.p. with a single dose of aqueous hydrocortisone
acetate at 100 mg/kg 2 days before sacrifice. Limiting dilution analyses were
then performed on pools of 3 thymuses or spleens per determination for
both Cor treated mice and normal control mice. Fig. 3 shows the linear
regression curves for a representative experiment. Table II summarizes the
results from this and 2 other similar experiments. Cor treatment produced a
mean 22-fold increase in the CTL-P frequency of treated thymus compared
to normal thymus. In absolute terms, a mean CTL-P recovery of 87% was
obtained despite a reduction in the mean number of total cells to only 4% of
normal. In contrast, Cor treatment did not significantly change the CTL-P
frequency in treated spleen compared to normal spleen. It did, however,
decrease the mean number of total cells to 37% of normal. Thus, Cor treat-
ment produced a drastic reduction in total thymus cells and only a relatively
minor reduction in thymus CTL-P whereas the same Cor treatment produced
a similar reduction in both total spleen cells and spleen CTL-P.

C57BL/6 RESPONDING CELLS PER CULTURE
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Fig. 3. Linear regression curves (see Fig. 2) for normal and Cor treated thymus and
spleen. Limiting dilution analyses (see Fig. 1) were performed on pools of 3 thymuses or
spleens per determination. For the Cor treatment, each mouse received a single i.p.
injection of 100 mg/kg aqueous hydrocortisone acetate and was sacrificed 2 days later.
(&) normal thymus, f=1/3599, a = 99, and r? = 0.84; (a) Cor treated thymus, f = 1/167,
a =111, and 72 = 1.00; (0) normal spleen, f = 1/873, a = 99, and r? = 0.99; (@) Cor treated
spleen, f = 1/364,a = 102, and r? = 0.98,
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