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Divalent Cobalt as a Label to Study Lymphocyte
Distribution Using PET and SPECT
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PET and SPECT allow the study of the distribution of lymphocytes in
living humans, provided that these cells are adequately prelabeled
ex vivo. Such a labeling technique should not only be nontoxic to
lymphocytes but it also should take into consideration that their
kinetics are such that radioactivity must be followed for at least 24
hr. We describe the potential of divalent cobalt isotopes (^Co24,
half-life 17.5 hr for PET; 57Co2', half-life 270 days for SPECT) for

labeling lymphocytes. Methods: Isolated rat lymphocytes were
incubated with 57CoCI2 with or without unlabeled CoCI2 or CaCI2

carrier or other compounds. In some experiments, the accumulation
of radioactive cobalt and calcium in lymphocytes was determined in
the presence of phorbol myristate acetate alone, calcimycine alone
or in combination. The toxicity of cobalt to lymphocytes was
assessed with the trypan blue exclusion test and by assessing their
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proliferative capacity using radioactive thymidine incorporation as a
readout. Biodistribution of cobalt-labeled lymphocytes was deter
mined with postmortem analysis and compared with that of the free
(nonlymphocyte-bound) tracer. Results: At high concentrations
(more than 100 x necessary for adequate labeling), cobalt was not
cytotoxic. Incubation of labeled lymphocytes in tissue culture me
dium for 24 hr in vitro showed a loss of less than half of the
incorporated cobalt radioactivity. Twenty-four hours after in vitro
labeling of lymphocytes and intravenous injection, radioactivity ac
cumulated not only in the liver, kidney and bladder of the rat but in
the spleen and lungs, which differed from the distribution of the free
tracer. Uptake and binding to rat lymphocytes of Co2+ partly
mimicked that of Ca24. The binding of cobalt, however, was

stronger and nonsaturable. Conclusion: These results warrant fur
ther exploration of cobalt as a PET or SPECT label of human
lymphocytes.
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ihe in vivo location and distribution of lymphocytes or a
subpopulation of lymphocytes may be assessed quantitatively
with PET or semiquantitatively with SPECT after radiolabeling
ex vivo. Such an approach allows the study of the behavior of
particular subsets of lymphocytes under normal conditions or
during disease (1-12). Visualization of lymphocyte distribution

with SPECT and PET is particularly informative to detect small
targets in deeper structures of the body such as the central
nervous system, as compared with, for example, scintigraphic
planar images. In addition, PET allows quantification of the
regional behavior of the tracer. Therefore, for several types of
inflammation, PET and SPECT may be informative of the
course of diseases both in central and peripheral tissue, includ
ing multiple sclerosis, arthritis, stroke, AIDS, trauma, tumors
and organ transplantation. Mature lymphocytes recirculate con
tinuously, going from blood to tissue and vice versa once or
twice daily (2-4). It has been shown that intravenously injected

ex vivo labeled lymphocytes accumulated first in the lungs,
before their clearance starting at 3-4 hr up to 24 hr (4,5). To be

useful for clinical applications, the labeling of lymphocytes
should be nontoxic (causing neither radiation nor pharmacolog
ical damage of proliferating lymphocytes), and the label must
be preferentially retained for longer periods of time (e.g., 24 hr).

Leukocyte labeling (13-18) is now a routine procedure in
SPECT using iuln-oxine (half-life 67.2 hr) or 9<JmTc-hexam-
ethylpropylene amine oxide (99mTc-HMPAO) (half-life 6.02

hr), but in this way only a small fraction of lymphocytes are
labeled so the sensitivity of these methods is too low or the
physical half-lives of the radionuclides are too short for studies

exceeding 24 hr. SPECT methods have been described to label
lymphocytes specifically with '"in-oxine or 99mTc-HMPAO

(5,6). The conclusion of these studies was that at a low dose,
111In-oxine was the most suitable, but not optimal, because the

label was not well retained over longer periods of time.
Attempts to provide leukocytesâ€”whose fraction includes lym
phocytesâ€”with a label suitable for PET have recently been

reported (6,19). In these reports, an ex vivo method was used
with the short-lived isotopes "C and 18F(physical half-lives of

20 and 110 min, respectively). Therefore, trafficking the distri
bution of the labeled cells in vivo can be visualized only within
a few hours after their intravenous reintroduction. Such a
narrow time window is too short to visualize lymphocyte
distribution. An alternative labeling strategy aiming to visualize
localization rather than distribution of lymphocytes in vivo is
based on the use of labeled antibodies against lymphocytes.
This approach has been used with the anti-T lymphocyte
99mTc-labeled antibody OKT-3 in rheumatoid arthritis; the

cytotoxic properties of this antibody, however, limit widespread
clinical application (7). Several of these limitations can be
avoided by using longer lived radionuclides suitable for PET or
SPECT to label isolated lymphocytes ex vivo.

We previously explored the clinical usefulness of 57Co2+ and
55Co2+, a single-photon and a positron-emitting radionuclide

with physical half-lives of 270 days and 17.5 hr, respectively.
When injected as a free divalent cation, the radionuclide was
found to accumulate in damaged or inflamed brain tissue, where
radioactivity remained present for several days. Accordingly,
brain infarcts, trauma and relatively hot spots in multiple
sclerosisâ€”presumably reflecting inflammatory processesâ€”
were visualized (20-27). We also established the dosimetry of
both labels with whole-body PET in humans and tissue distri
bution studies in rats (28).

This study was done to document the binding of divalent
cobalt to purified lymphocytes and the behavior of the labeled

cells in the rat. We also tested whether calcium and cobalt
would share the same uptake mechanisms in lymphocytes by
studying the separate or combined effects of phorbol-12-
myristate-13 acetate (PMA; to stimulate intracellular calcium
metabolism through activation of protein kinase carbon) (/ ) and
calcimycine (a calcium ionophore) (29) on the uptake of
divalent cations by lymphocytes in vitro.

MATERIALS AND METHODS

Reagents and Solutions
All reagents were of analytical grade and purchased from Merck

Darmstadt (Darmstadt, Germany) unless otherwise indicated. The
Krebs-Ringer HEPES buffer contained (millimolar) 125 NaCl, 5
KC1, 1.2 KH2PO4, 1.2 MgSO4.7H2O; 0.15-0.75 CaCl2.2H2O; 6
glucose; 25 HEPES; from 0.1% to 1% bovine serum albumin
(BSA). RPMI-1640 (Bio-Whittaker, Verviers, Belgium) was used
for lymphocyte washing. RPMI-1640 supplemented with 10%
heat-inactivated fetal calf serum (Hyclone) and antibodies were
used as a culture medium to a concentration as indicated below.
The following mitogens were used: phytohemagglutinin at 5 or 10
fÂ¿g/ml(PHA5 and PHA10, respectively; Murex Biotech Ltd.,
Dartford, Kent, UK), JJ319 (an antibody against rat CD28) in
combination with R73 (an antibody against the T cell antigen
receptor) were diluted in tissue culture medium (HyClone)/2 mM
glutamine (Sigma, St. Louis, MO) allowing maximal T cell
stimulation (about 0.5-1 /ig/ml). In some experiments, nonradio-

active CoCU or 160 nM PMA (Sigma) or 1 Â¡Â¿Mcalcimycine
(calcium ionophore A23187; Sigma) were added. In other experi
ments, an excess of Mg (MgCl2, 6.2 mM), combined with EGTA
(0.4 mM) were applied to study the influence of calcium in the
medium on the uptake and binding of radioactive calcium or cobalt
to lymphocytes. The radioactive compounds 57CoCl2 and 45CaCl2

(half-life 180 days) were obtained from Amersham (Slough, UK).

Lymphocytes
Lymphocytes were isolated from the spleens of male and female

Wistar rats (weight 150 g) by gentle disruption of the tissue with a
bent injection needle. After sedimentation of large tissue frag
ments, the lymphocytes were gently washed with RPMI 1640
medium (Bio-Whittaker)/5% heat-inactivated fetal calf serum (Hy-
Clone)/2 mM glutamine (Sigma). In some experiments, two or
three lymphocyte suspensions were combined, centrifuged (20 min
at 1000 g on Isopacque/Ficoll, density 1.076), carefully collected,
mixed with saline and centrifuged (10 min at 600 g), after which
the pellet was resuspended in saline (1 ml) and re-centrifuged. A
small portion was resuspended in isotonic saline and counted
(Coulter counter). The rest of the pellet was resuspended in
Krebs-Ringer HEPES buffer to a final concentration of 4.5 X IO6

cells/ml.

Toxicity
The toxicity of cobalt on lymphocytes was determined after 60

min incubation in the presence of various concentrations of COC12.
The trypan blue exclusion viability test and the lymphocyte
transformation test (LTT) were used to assess the viability.

In the trypan blue exclusion test, the relative proportion of
nonstained cells and trypan blue-stained cells was counted. The
LTT was as follows: to 50 /n.1mitogen solution (PHA or antibodies)
a suspension of 50 X IO3rat lymphocytes in 50 Â¿xlculture medium

was added. The mitogens were diluted from stock solutions (0.1
mg/ml); the concentrations in culture medium per well were 5 and
10 /iig/ml for PHA and 0.5-1 /ng/ml for JJ319 + R73. After 3 days
of culture, 25 /ul medium containing 18.5 MBq (0.5 /uCi) [3H]thy-

midine was added to each well for an additional 16 hr. Cells were
harvested onto glass fiber filters, and [3H]thymidine incorporation
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was determined in a liquid scintillation counter. As a control,
similarly isolated and treated lymphocytes, but not exposed to
CoCI2, were used. In the LTT, CoCl2 was added to the culture
medium. Viability is expressed as the percentage of viable or
responsive cells in any or both the toxicity tests and compared with
appropriate controls.

Cobalt Uptake
Most experiments were done in suspensions of the lymphocytes

in Krebs-Ringer HEPES buffer (pH 7.4) containing 0.15 mM
CaCl, and 0.1% BSA sterilized by filtration, except in a few cases
in which other concentrations of calcium were used, as indicated.
About 4.5 X 10'' cells (in 1 ml) in sterile 10-ml polypropylene
tubes were incubated for 15-60 min at 37Â°C. In the initial
experiments, when incubation parameters were optimized, 57CoCl2

(about 74 MBq [2 /nCi] per tube) was added to a 1-ml cell
suspension. In later experiments, when a maximal labeling was to
be obtained, the 1-ml cell suspension was centrifuged (10 min at
1200 rpm), carefully decanted and 6 /xl of the 57CoCl2were added

to each tube. When incubated at minimal volumes, after the
incubation 1 ml buffer was added and the cells were transferred to
50-ml tubes. After centrifugation (20 min at 1200 rpm) the
supernatant was decanted and the cells resuspended in 1 ml buffer.
The cells labeled with about 185 MBq (5 ju.Ci)"Co were injected
into the tail vein of a male Wistar rat (200-250 g) to determine the

biodistribution.

In Vivo Distribution Studies
Twenty-four hours after injection of the labeled lymphocyte

suspension, the rats were killed by decapitation under pentobarbital
anesthesia. The blood was collected in heparinized tubes and the
liver, kidney, lung, heart, spleen and brain were removed. In other
rats, the biodistribution of free divalent 57Co was studied in a

similar way. These procedures were essentially as previously
described (28). Tissue was weighed and the radioactivity deter
mined in a well counter (Wallac 1282; Wallac Oy, Turku, Finland).
The radioactivity was expressed relative to that in blood, serum or
heart. To compare the distribution of free and lymphocyte-bound
radioactivity, we chose the heart as the tissue of reference instead
of blood because the distribution of radioactivity over cells,
proteins and unbound fraction differed in the blood compartment,
obviously due to the different labeling procedures. Moreover, in
vivo, the relative labeling of various organs may be more important
to allow visualization of the label than the low blood levels of
radioactivity of either procedure. However, our conclusions about
the distribution of radioactivity in the body did not depend on the
choice of reference tissue or blood.

RESULTS

In Vitro Cobalt Binding and Toxicity
The time course of the incubation indicated that there was an

almost linear accumulation over about 2 hr (Fig. 1). For
convenience, we chose in subsequent experiments an incuba
tion time of 30 min. In the presence of increasing concentrations
of cold CoCU, the accumulation of radioactive cobalt declined
at higher concentrations with an apparent half maximal effect at
3 Â¿Â¿mol(Fig. 2, top) when the same data were used to determine
the absolute amount of cobalt accumulated in the lymphocytes,
a virtually linear relationship with cobalt in the medium
emerged, as shown in the bottom of Figure 2.

On the basis of the results obtained with the trypan blue
exclusion test, more than 93 Â±3% of the lymphocytes (n = 6,
s.e.m.) remained viable at concentrations of cobalt up to 1 mM,
which is far beyond the concentrations of divalent cobalt used
in the radiolabeling experiments. When incubated for 3 days
only at the high concentration of 10 \iM CoCl2, the incorpora-

% " Co uptake
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FIGURE 1. Time course of accumulation of radioactive cobalt in lympho
cytes. Expressed are the percentage of radioactivity bound to cells as
compared with that Â¡nthe medium. Note that lymphocytes are incubated in
1 ml buffered medium. Mean of three experiments. The s.e.m. is within the
squares.

tion of [3H]thymidine diminished (Table 1). The addition of any

concentration of cobalt according to the same procedure used
for labeling did not affect viability. In the LTT, essentially no
inhibition of [3H]thymidine incorporation in DNA (103 Â±4;

mean and s.e.m. three experiments) was found at cobalt
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FIGURE 2. Uptake of the tracer 57Co (top half) and the absolute amount of

divalent cobalt (bottom half) after incubation of lymphocytes for 30 min under
the same conditions as described in Figure 1. The radioactivity is expressed
as the percentage when only 57Co was present; the absolute amount of

cobalt was derived from the top half of the graph by taking into account the
decreasing specific activity at increasing divalent cobalt concentrations
(carrier). There is only a weak saturable part in the curve below 10 nmol/liter.
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TABLE 1
pHJTritium-Labeled Thymidine Incorporation with Increasing CoCI2

Concentration in Culture Medium

ConcentrationNo

CoCI2
added

0.1 Â¡Â¡MCoCI2
1 fiM CoCI2PHA5

(%)100

Â±2104

Â±9
76 Â±14PHA10

(%)100

Â±588Â±2

65 Â±6aCD28/Â«CD3

(%)100

Â±45142

Â±73
131 Â±41

23 Â±0.4 24 Â±7 102 Â±16

pHJthymidine radioactivity of lymphocytes cultured for 3 days in a me
dium containing the indicated concentrations CoCI2 in the presence of the
indicated mitogens compared with cobalt-free medium (mean Â±s.e.m.; the

number of experiments was three per CoCl^mitogen).

concentrations up to 1.5 ^M (Fig. 3). We noticed, however, that
this isolation procedure had an adverse effect on viability, as
tested with LTT, with about 25%.

Distribution In Vivo
Lymphocytes were incubated in a minimal volume (about 6

Â¡il"CoCl2 were added to 5 X IO6cells) for 60 min, washed and

injected into the tail vein of rats. The dose was 179.08 Â±34.78
MBq (4.84 Â±0.94 /iCi; s.e.m., six rats). The distribution of
radioactivity was determined 24 hr later. The results shown in
Figure 4 indicate a major uptake of radioactivity (expressed per
milligram of tissue) in the spleen, followed by the liver, lung
and kidney. The uptake per organ was as follows: In the spleen
1.5 Â±0.11% of the injected radioactivity accumulated, whereas
in the liver 16.7 Â±2.1% (s.e.m., six rats) and in the lungs
0.67 Â± 0.05% (s.e.m., six rats) of the dose (s.e.m., six
observations) were present 24 hr after injection. This pattern of
distribution differed from that observed when the label was
injected as free cobalt. In these experiments, radioactivity
(expressed per milligram of tissue) was found predominantly in
the liver and kidney (Fig. 4). With either label, little uptake was

dps LTT of rat lymphocytes after incubation
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RGURE 3. LTT: Relative toxicity of cobalt with the mitogens phytohemag-
glutinin at 5 or 10 /xg/ml (PHA5 and PHA10) or JJ319 in combination with R73
(oCD28/oCD3). Dps: pH] radioactivity as the result of the incorporation of
radioactive thymidine per 5 x 104 lymphocytes. Various amounts of cobalt

were added essentially as in the experiments of Figure 2. Values are the
mean Â±s.e.m. (three experiments).

ratio organ/heart Cobalt uptake
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spleen liver kidney lung

FIGURE 4. Biodistribution of radioactive lymphocytes (24 hr after labeling
with 57Co in a small volume and intravenous reintroduction) and of free
57CoCI2. Note the significant differences in the spleen and lung. Bars Â±
s.e.m. of six or seven experiments. **p < 0.01; *p < 0.05 free versus

lymphocyte cobalt.

observed in the adrenal glands, brain or bone of the skull (not
shown).

Comparison with Calcium
Incubation of lymphocytes for 15 min in a calcium- or

cobalt-containing medium resulted in a 30-fold proportionally
higher labeling of the lymphocytes with 57Co than with 45Ca.

Results are shown in Figure 5. Incubation in the presence of

nCi///CI106 cells

4"

3-

cobalt
calcium

control pma ionoph. combin.

FIGURE 5. Associationof radioactivityof cobalt or calcium to lymphocytes in
the presence of PMA, calcimycine (calcium ionophore) alone or combined.
Experimental conditions are the same as in Figure 2. In all the experiments,
significantly more radioactive cobalt was bound to the lymphocytes (p <
0.002). In the presence of the calcium ionophore (with or without PMA), more
cobalt or calcium was bound to the lymphocytes. The y-axis indicates the
radioactivity relative to that in the medium per 106 cells. The number of

observations was six (bars Â±s.e.m.). p < 0.02.
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TABLE 2
Influence of Calcium Concentration on the Labeling of Lymphocytes with Radioactive Calcium or Cobalt

Incubation 46Ca with calcium 45Ca without calcium 57Co with calcium 57Co without calcium

0.15 mM calcium
6.2 mM Mg2'
6.2 mM Mg2 ' 0.4 mM EGTA

0.50 Â±0.03
0.45 Â±0.04
0.42 Â±0.02

0.82 Â±0.14
0.64 Â±0.03
0.62 Â±0.07

16.87 Â±0.53
15.36 Â±0.10
11.09 Â±0.52*

16.30 Â±0.26
14.63 Â±0.44
6.20 Â±0.09*

*p < 0.0007 compared with cobalt labeling in the presence of magnesium or calcium only.
During loading of lymphocytes with 45Caor 57Co, incubation media with various concentrations of CaCI2 or MgCI2 and EGTA were used as indicated. With

or without calcium indicates the presence or absence of 0.5 mM CaCI2. In all conditions, the binding of radioactive cobalt was far stronger than that of calcium.
Except when EGTA and magnesium were combined, there was no significant effect on the binding of either label to lymphocytes. Values are expressed as
the percentage of labeling of 106 lymphocytes of the added radioactivity of 1 ml medium (Â±s.e.m. of six experiments). EGTA = egtazic acid.

PMA did not influence the labeling, whereas with the calcium
ionophore, more radioactivity accumulated in the lymphocytes
with either isotope. In absolute terms, the net increased uptake
of cobalt was about threefold that of calcium, although the
relative effect of the ionophore on the uptake of cobalt radio
activity was modest. When PMA and the ionophore were
combined, less radioactivity was accumulated with either tracer.
In the absence of calcium in the medium, but with an excess of
6.2 mM Mg, more calcium accumulated, whereas the effects on
cobalt binding were minimal. When all calcium was removed
from the medium by EGTA and with an excess of Mg, the
binding of calcium still was increased, but the accumulation of
radioactive cobalt now was significantly decreased (Table 2).

DISCUSSION
Results of this study show that divalent cobalt may serve as

a label to visualize and quantify the distribution of lymphocytes
in vivo over periods for more than 24 hr with PET or SPECT.
Here we focus on methodological aspects as determined with
rat lymphocytes; human lymphocytes are discussed later. A
particularly attractive feature is the low toxicity of the label.
Therefore, in the acute-exposure experiments, which were
similar to those used in the labeling procedure of the lympho
cytes, no toxic effects of cobalt were observed. When cobalt
was added during lymphocyte culture for 3 days, only at the
highest concentration of cobalt toxicity was observed. It should
be considered that because of the nearly linear accumulation of
cobalt over several hours, large amounts of cobalt were accu
mulated by the lymphocytes in the latter experimental condi
tion. In addition to the labeling described here, divalent 60Co

also may be used for autoradiographic localization studies in
animals (60Co is a predominantly beta emitter â€”99%-maximal

energy 0.314 MeV, half-life 5.27 yr). Previously, we assessed
the dosimetry of free 55Co2+ and 57Co2+ using whole-body

PET and distribution studies in rats (27). For Class II studies, as
defined by the World Health Organization, the dose has to be
limited to 18.5 MBq (0.5 mCi) and 11 MBq (0.3 mCi) of 55Co
and 57Co, respectively. In view of the distribution of the free

and the lymphocyte-bound cobalt in the rat, a similar dosimetry
can be expected in humans (perhaps except in the spleen).
Therefore, if the uptake of the label in inflamed tissue is of a
similar order of magnitude with either free or lymphocyte-
bound cobalt, the maximally allowed dose should be sufficient
for visualization with PET or SPECT.

A major argument to choose divalent cobalt as a label is its
similarity to calcium in several cellular processes as tested in
vitro. For instance, in neurons, the uptake of divalent cobalt can
be stimulated by excitatory amino acids and analogs through
specific calcium channels. Moreover, it may serve as a com
petitive inhibitor of calcium uptake in these and other cells. The
uptake of calcium in leukocytes, including lymphocytes, can be

increased by calcium ionophores such as calcimycine. Intracel-
lular calcium accumulation is enhanced by PMA, particularly
through the release of the cation from endoplasmic reticulum.
We showed that the uptake of radioactive cobalt was increased
by the calcium ionophore as well, but that PMA alone did not
affect the uptake of either cation. In combination with the
ionophore, PMA decreased the relative accumulation of both
cations, which again emphasized the similar behavior of the
cations in this preparation. It was also clear, however, that the
binding of cobalt to lymphocytes was more than ten times that
of calcium, both at baseline and stimulated conditions. In fact,
the relative amount of radioactive cobalt entering the lympho
cytes through the ionophore was more than three times that of
the calcium. Cobalt may bind to a variety of proteins, partly
nonspecifically to mercapto-moieties and, alternatively, specif
ically to calcium channels and transferrins. Under our in vitro
conditions, albumin was present, which might have limited the
amount of free divalent cobalt. Considering that the major
component was the nonspecific binding (Fig. 2), we assume that
most of the radioactive cobalt was adsorbed at the surface of the
lymphocytes and that only a small proportion was subject to
cellular uptake. The latter was substantially increased by the
introduction of a calcium ionophore. Our observations indicate
that cobalt uptake and binding to lymphocytes is both similar to
and different from that of calcium.

The in vivo distribution of the radioactive lymphocytes as
compared with divalent cobalt administered in the free form
was highly different. The significantly higher uptake of the
label in the spleen and the lungs is consistent with the notion
that a substantial proportion of radioactive cobalt still is
attached to the lymphocytes in vivo 24 hr after ex vivo labeling.
The biodistribution of cobalt radioactivity is similar to that of
leukocytes labeled with SPECT labels, such as '"in-oxine or
99mTc-HMPAO (5,6,16,18).

We emphasize that the free cations of both calcium and
cobalt bind rapidly to proteins, possibly transferrins and albu
min, once administered intravenously. To improve the labeling
procedure ionophores may be used, but thus far we have been
reluctant to use this approach because of the toxicity and the
obstacles encountered trying to obtain permission for their
clinical use. Another way to improve the labeling of lympho
cytes may be to use complexed cobalt instead of free cobalt.
Given the affinity of cobalt for proteins and compounds with
free mercapto groups, such an approach may well be feasible
for clinical applications. Alternative procedures for labeling
leukocytes using "C-methylation or FDG uptake have been

published (19,30). Of these labels, the methylation was pre
ferred because of the stability of the label. Radioactive FDG
diffuses out of the lymphocytes in vitro with a half-life of about
4 hr (Kroesen BJ, personal communication, 1995) and is thus
not well suited to monitor lymphocyte distribution for longer
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periods. Neither label allows one to monitor cells for 24 hr or
longer.

If the present approach appears to be successful in human
lymphocytes, the procedure will allow study of immunological
responses in identifying rejection after organ transplantation, in
tumor infiltration of lymphocytes during interleukin-2 treat
ments (31) and in identifying various lymphocyte-mediated
central or peripheral inflammatory reactions (32-34). Such
scanning could be helpful to optimize transplantation proce
dures, to suppress rejection or to slow down the progression of
autoimmune diseases by early drug intervention (1,8-12).

CONCLUSION
In view of the known dosimetry and the low toxicity of

cobalt, substantial amounts of radioactivity can be accumulated
in lymphocytes. Our approach has the potential to become a
highly sensitive method for in vivo study of lymphocyte
distribution in humans.
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