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Human Natural Killer Cell Committed Thymocytes
and Their Relation to the T Cell Lineage
By Maria Jose Sanchez, Hergen Spits, Lewis L. Lanier,
and Joseph H. Phillips

From the DNAX Research Institutefor Molecular and Cellular Biology, Department of
Immunology, Palo Alto, California 94304

Summary

Recent studies have demonstrated that mature natural killer (NK) cells can be grown from human
triple negative (TN; CD3- ,CD4 - ,CD8-) thymocytes, suggesting that a common NK/T cell
precursor exists within the thymus that can give rise to both NK cells and T cells under appropriate
conditions. In the present study, we have investigated human fetal and postnatal thymus to determine
whether NK cells and their precursors exist within this tissue and whether NK cells can be
distinguished from T cell progenitors . Based on the surface expression of CD56 (an NK
cell-associated antigen) and CD5 (a T cell-associated antigen), three phenotypically distinctive
populations of TN thymocytes were identified . CD56+,CD5 - ; CD56 - ,CD5 - , and CD56`,
C135 + . The CD56+,CD5- population of TN thymocytes, although displaying a low cytolytic
function against NK sensitive tumor cell targets, were similar in antigenic phenotype to fetal
liver NK cells, gave rise to NK cell clones, and were unable to generate T cells in mouse fetal
thymic organ cultures (mFTOC) . This population of thymocytes represents a relatively mature
population of lineage-committed NK cells . The CD56- ,CD5 - population of TN thymocytes
were similar to thymic NK cells in antigenic phenotype and NK cell clonogenic potential. Clones
derived from this population of TN thymocytes acquired CD56 surface expression and NK cell
cytolytic function . CD56 - ,CD5 - TN thymocytes thus contain a novel population of NK
cell-committed precursors . The CD56 - ,CD5 - population of TN thymocytes also contains a
small percentage of CD34+ cells, which demonstrate no in vitro clonogenic potential, but
possess T cell reconstituting capabilities in mFTOC. The majority of TN thymocytes do not
express CD56, but coexpress CD34 and CD5. These CD56- ,CD5+,CD34+ cells demonstrate
no NK or T cell clonogenic potential, but are extremely efficient in repopulating mFTOC and
differentiating into CD3+,CD4+,CD8+ T cells. The results of this investigation have identified
NK cells and NK cell precursors in the human thymus and have shown that these cell types
are unable to differentiate along the T cell lineage pathway. Thus, while a common NK/T cell
progenitor likely exists, once committed to the NK cell lineage these cells no longer have the
capacity to develop along the T cell developmental pathway.

H uman T cell development involves a series of intrathymic
events during which fetal liver and/or bone marrow-de-

rived progenitor cell populations migrate to the thymic an-
lage, and undergo a poorly understood process ofdifferentia-
tion (1-4) . It is generally accepted that the earliest T cell
precursors in the thymus lack the expression of CD3, CD4,
and CD8 and are thus referred to as triple negative (TN)l
thymocytes (5-10) . It has recently been demonstrated that
the majority of these human TN thymocytes express the pro-
genitor cell-associated antigen CD34 (11) and are capable of

t Abbreviations used in this paper: mFTOC, mouse fetal thymic organ
culture; TN, triple negative.

developing into mature T cells in human thymic organ cul-
tures (12) . CD34+ fetal liver and bone marrow progenitors
have also been shown to reconstitute human fetal thymic im-
plants in the SCID/Hu mice (13) .
NK cell differentiation, however, is at present poorly un-

derstood, primarily due to the lack of a specific organ for
maturation and a defined antigen receptor on these cells . The
differentiation and development of NK cells and their rela-
tionship to the T cell lineage remains controversial. Although
it has been described that NK cells are present in both the
human (14) and the mouse thymus (15), it is generally be-
lieved that the development of NK cells is independent of
the thymic microenvironment, particularly since NK cells
develop normally in athymic mice (16), and differentiated NK
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cells are present during human fetal development before the
appearance of the thymic anlage (17) . Nevertheless, different
subsets of human T and NK cells share lytic activity (18)
and express many membrane antigens in common, including
CD2, CD7, CD8, CD16, and CD56 (19) . It has also been
reported that NK cells can express cytoplasmic CD3 proteins
(19, 20) and nonfunctional transcripts for the TCR chains
(21) . Despite these similarities, NK cells do not express the
T cell-associated antigen CD5 or rearrange the TCR genes
(17, 22) .
Due to these phenotypic and functional similarities, it has

been proposed that NK cells are related to the T cell lineage
and may indeed share a common T/NK cell-committed pro-
genitor. This hypothesis has been supported by the ability
of human total thymocytes (23-26) and TN thymocytes to
generate NK and T cells under appropriate in vitro condi-
tions (27, 28) and by the ability of murine FcyRII/III+ TN
thymocytes to generate NK cells and T cells in vivo (29) .
The identification of a common T/NK cell progenitor re-
mains elusive, since previous studies have employed hetero-
geneous populations of thymocytes that may contain several
distinctive lineage-committed progenitor populations .

In the present study, we have attempted to clarify the rela-
tionship between NK cells and T cells in the thymus by pheno-
typically dissecting human TN thymocytes and determining
the capacity of various subpopulations to generate NK cells
in vitro and T cells in thymic organ cultures. Our results
show that CD56 +,CD5 - ,CD34- and CD56- ,CD5 - ,CD34-
TN thymocytes include NK and NK cell-committed pre-
cursors, respectively, incapable of generating T cells in mouse
fetal thymic organ cultures (mFTOC) . CD34+ TN thymo-
cytes, on the other hand, are incapable ofgenerating NK cells
using in vitro cloning conditions, while efficiently differen-
tiating to T cells in mFTOC.

Materials and Methods
Cell Preparations.

	

Fetal thymic and liver tissue were obtained
from elective therapeutic abortions . Gestation age was determined
by crown-ramp length and ranged from 13 to 24 wk . Newborn
thymic tissue was obtained from normal pediatric subjects under-
going median stemotoray and corrective cardiovascular surgery.
Mononuclear cells were prepared from fetal liver by standard Ficoll-
Hypaque procedures, followed by magnetic bead depletion of
erythroblasts (glycophorin A positive cells), as previously described
(17) . Thymocyte cell suspensions were prepared, and separation of
different thymic populations was performed by a combination of
magnetic bead depletion and cell sorting, as previously described
(11). Newborn and fetal thymic tissue were used interchangeably
in this study, since similar results were obtained in all experiments
regardless of the maturational stage of the thymic tissue .

mAlx

	

mAbs against the following antigens were used : CDIa
(T6 ; Coulter Corp., Hialeah, FL) ; CD2 (Leu 5b) ; CD3 (Leu 4) ;
CD4 (Leu3a+b, L77) ; CD5 (Leu 1, UCHT2; PharMingen, San
Diego, CA) ; CD7 (Leu 9) ; CD8 (Leu 2a); CD10 (Calla) ; CD11a
(1,7) ; CD11b (Leu 15) ; CD11c (Leu-M5) ; CD13 (Leu-M7) ; CD14
(Leu-M3) ; CD16 (Leu 11a) ; CD18 (1,130) ; CD19 (Leu 12) ; CD20
(heu-16); CD28 (1,293) ; CD33 (Leu-M9) ; CD34 (HPCA-2) ; CD38
(Leu 17); CD45 (FILE, H130, PharMingen) ; CD45RA (Leu 18) ;
CD56 (Leu 19 and 1,185) ; glycophorin A (10F7Mn; American Tissue
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Culture Center, Rockville, MD); and mouse CD45 (30F11 .1, Phar-
Mingen) . mAbs were generously provided by Becton Dickinson
Immunocytometry System (San Jose, CA), unless otherwise indi-
cated . Fluorochrome conjugated mouse Ig isotype-specific controls
were from Becton Dickinson Immunocytometry System and Phar-
Mingen . Cy-ChromeTM conjugated streptavidin was purchased
from PharMingen .

Immunofluorescence, Flow Cytometry, and Cell Sorting.

	

Methods
ofimmunofluorescence staining and cell sorting have been described
previously (17, 30) . Enrichment ofselected thymic populations was
performed by incubation with specific mAb followed by magnetic
bead depletion (Dynal Inc., Oslo, Norway) as previously described
(11) . This procedure was repeated two or three times until the pu-
rity ofthe cells, monitored by staining with FITC goat anti-mouse
Ig (Caltag Labs ., So . San Francisco, CA) was >90% . Three-color
immunofluorescence was performed with PE, FITC, and Cy-
chromeTM fluorochrome-conjugated mAbs, followed by flow cyto-
metric analysis . A gate was set on each subpopulation according
to the expression of CD56 and CD5 and the percentage of cells
bearing the third differentiation Ag was determined . Appropriate
fluorochrome-conjugated isotype-matched control Igs were used
in all experiments. Samples were analyzed using a FACScan® (Becton
Dickinson Immunocytometry System) . In some experiments, bead
depletion was performed with FITC-conjugated mAbs to ensure
the purity of the cell subpopulations. Thus, any cell not removed
by magnetic bead depletion would be subsequently detected and
excluded by flow cytometry.

For cell sorting, thymocytes were depleted of CD4+, CD8+,
and glycoprotein A+ cells by two rounds of magnetic bead treat-
ment . Three-color cell sorting was performed by excluding FITC
positive cells. FITC-conjugated anti-CD3,-CD4,-CD8,-CD14,
and -CD19 mAbs were used in cell sorting experiments to prepare
TN thymocytes.

Cloning ofTN Thymic Populations.

	

After magnetic bead deple-
tion of CD4+ and CD8` cells, thymocytes were stained with
FITC-conjugated anti-CD3, -CD4, -CD8, -CD14, and -CD19,
PE-conjugated anti-CD56 mAb and Cy-ChromeTM-conjugated
anti-CD5 mAb. Thymocytes from each population were cloned
at one cell per well in 96-well plates (Costar Corp ., Cambridge,
MA) using a single cell deposition system ofthe FACStar Plus® flow
cytometer. Clones were established using culture conditions previ-
ously described (31) with minor modifications. Briefly, cells were
seeded in culture plates containing 5 x 104 irradiated peripheral
blood mononuclear cells (PBMC) and 5 x 103 irradiated JY (EBV
transformed B cells) as feeder cells and 0 .1 ug/ml PHA (Burroughs
Wellcome Co., Research Triangle, NC) in 200 p.l of Yssel's media
supplemented with 10% FCS (1R Scientific, Woodland, CA) and
2% human AB serum (Pel-Freez, Brown Deer, WI). 7 d later IIr2
(DNAX Research Institute) was added (100 U/ml) . Clones were
analyzed for the expression of CD56, CD3, and CD16 after 2-3
wk of culture. The antigenic phenotype and lytic activity was de-
termined weekly. Clones were fed every 3 d with 11,2 and restimu-
lated every week with irradiated feeder cells .

Cell-mediated Cytotoxicity.

	

Cytotoxic activity was measured in
a standard 4-h 5'Cr radioisotope release assay (32) using NK-
sensitive K562 erythroleukemia cells as targets.

Thymic Organ Culture.

	

For the in vitro T cell development of
human TN thymocytes we used the mouse fetal thymic organ cul-
ture system previously described by Fisher et al . (33), with minor
modifications . Briefly, thymuses were removed from embryos of
BALB/c mice on day 15 of gestation and treated with 1.35 mM
2'-deoxyguanosine (dGu) (Sigma Chemical Co., St . Louis, MO)
for 5 d. Human CD45+ thymic TN populations were sorted to



>95% purity. The thymic lobes were cocultured with sorted human
thymic TN population in Iscove's ModifiedDulbecoo Media (IMDM).
(GIBCO Laboratories, Grand Island, NY), containing 2% human
AB serum, as previously described (33, 34) . The mice lobes with
the human cells were placed on nucleopore filters (0.8 lim, Costar
Corp.) over gelfoam rafts (Upjohn Company, Kalamazoo, MI) and
cultured for 15 d. At the end of the incubation periods, thymic
lobes were homogenized in PBS and analyzed . Three-color im-
munofluorescence was performed by incubating the cells with Cy-
ChromerM-conjugated anti-human CD45 mAb, PE anti-CD8,
FITC anti-CD3, and FITC anti-CD4 . In some experiments anti-
mouse CD45 mAb was used to detect residual mouse leukocytes.

Results
NK Cells Are Present in the Human Thymus and Do Not

Differentiate to T Cells. Thymocytes from fetal (13-23 wk
of gestation age) and neonatal thymuses were examined for
the expression of the NK cell-associated antigen CD56 and
the T cell-associated antigen CD5. CD5 is expressed during
all differentiation stages of human T cell development, in-
cluding Thmocytes and circulating T cells (11, 35) and has
never been observed on fetal or adult NK cells (17) . Thus,
analyzing the expression of CD56 and CD5 on TN thymo-
cytes allows for the dissociation of NK cells (CD56+,
CD5 - ) from T cells (CD56 - ,CD5+) . A minor population
of CD56+,CD5 - cells (<0.05%) was detected in neonatal
thymus and fetal thymus after 20 wk of gestation (Fig. 1
B) . At earlier developmental stages (13-20 wk of gestation),
the CD56+,CD5 - population comprised a greater per-
centage (0.4-0.1%) of CD45+ thymocytes . The CD56+,
CD5 - Thmocytes were primarily contained within the
CD3 - ,CD4- ,CD8 - population. Therefore, to enrich for
CD56+,CD5- cells, Thmocytes were depleted of T cells
(CD3+,4+,8+), B cells (CD19+), and monocytes (CD14+).
The resulting cell population, which will subsequently be
referred to as TN thymocytes, comprised 5-10% of total
Thmocytes, and contained 3-15% CD56+,CD5- cells (Fig .
1 C) .
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Figure 1 .

	

CD56 and CD5 expression on total and TN thymocytes.
Human fetal thymocytes and TN thymocytes from an 18-wk gestation
fetus were prepared as described in Materials and Methods and analyzed
by three-color flow cytometry for the expression ofCD56, CD5, and CD45
antigens. Two-color contour maps of CD45+-gated cells were divided into
quadrants based on >95% of the cells residing in the lower left quadrant
after staining with isotype control mAbs (A) . Of total CD45+ thymo-
cytes, CD56+ CD5- cells comprised <0.05% of the total thymocytes (B).
Three cell populations were observed in TN thymocytes preparations (C);
CD56+,CD5 - (range 3-15%) ; CD56 - ,CD5- (range 1-10%) ; and
C]356- ,CD5+ (range 75-96%) .

Figure 2 .

	

Comparative phenotype of fetal liver NK cells and CD56',
CD5 - TN thymocytes . Fetal liver mononuclear cells (open ban) and TN
thymocytes (black ban) wereisolated from 15-20-wk-gestation-age fetuses
as described in Materials and Methods and were stained by three-color
immunofluorescence using mAbs against CD56, CD5, and a panel of leu-
kocyte antigens. By setting a gate on CD56*,CD5 - cells, it was possible
to determine the proportion of cells within each subset that expressed the
third differentiation Ag. Thepercentages shown are averages based on anal-
ysis of at least three tissue samples.

A comparison of CD56+, CD5' TN Thmocytes to fetal
liver NK cells revealed remarkable similarities. Analysis of
cell surface antigen expression showed that both CD56+,
CD5 - TN Thmocytes and fetal liver NK cells expressed
CD7, CD11a, CD18, and high surface density CD38, CD45,
and CD45RA antigens (Fig . 2) . CD2, CD11b, CD11c, and
CD16 antigens were expressed on variable percentages ofboth
CD56+,CD5 - TN thymocytes and fetal liver NK cells. In
addition, thymic CD56+,CD5 - TN cells and fetal liver NK
cells did not express the thymic T cell-associated antigen CD1a;
the B cell-associated antigen CD20; the monocytic/myeloid-
associated antigens, CD13, and CD33; or the progenitor cell-
associated antigens CD34 and CD10. Unlike fetal liver NK
cells, however, the majority of CD56+,CD5 - TN thymo-
cytes did not express the T cell-associated antigen, CD28
(Fig. 2) .
To determine the cytolytic capabilities of fetal thymic

CD56+,CD5 - TN cells these cells were sorted to greater
than 98% purity and assayed for cytolytic activity against
the NK sensitive tumor cell target K562 (Fig. 3) . CD56+,
CD5 - TN Thmocytes demonstrated measurable levels of
NK cell-mediated cytotoxicity, albeit lower than that medi-
ated by freshly isolated fetal liver NK cells .
CD56+,CD5 - TN thymocytes were cloned from fetal

and neonatal thymus using cellular cloning techniques that
have been previously shown to be optimal for expansion of
NK and T cells (17, 31) . The cloning frequency of CD56+,
CD5 - TN Thmocytes ranged from 1/25 to 1/100 and were
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Cytotoxic activity offreshly isolatedTN thymic populations .
CD56+,CD5 - , CD56- ,CD5 - , and CD56 - ,CD5+ TN thymocytes were
sorted to >95% purity and assayed for cytotoxic activity against the NK
cell-sensitive tumor cell target, K562, in a 4-h s3 Cr release assay. Effector
to target ratio = 25 :1. Representative results from three experiments are
presented . Fresh fetal liver NKcells were used as a control for comparison .

comparable to the cloning frequencies observed for fetal liver
NK cells . In most experiments, however, neonatal thymic
CD56+,CD5 - TN cells displayed higher cloning frequen-
cies than those observed for fetal CD56+,CD5 - TN thymo-
cytes . Over 200 fetal and neonatal thymic NK clones were
established from more than 10 thymic tissue samples and ana-
lyzed for cytolytic function and cell surface antigenic pheno-
type. All clones established from thymic CD56+,CD5- TN
thymocytes maintained a typical NK cell antigenic pheno-
type (CD56+,mCD3 - ) (Fig . 4) . 40-80% of these NK
clones expressed the low affinity IgG Fc-receptor, CD16 (not
shown) . These clones also demonstrated potent cytolytic ac-
tivity against the NK-sensitive tumor target, K562 (Fig . 4) .

Phenotypic, functional, and cloning experiments clearly
indicated that thymic CD56+,CD5 - TN cells were com-
mitted to the NK cell lineage, however, in order to deter-
mine if these cells possessed any T cell differentiation capac-
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Phenotypic and functional activity of clones derived from
CD56+,CD5 - TN thymocytes . Clones were established as described in
Materials and Methods from CD56+,CD5 - TN thymocytes . The expres-
sion of CD56 and surface CD3 (mCD3) was analyzed after 1 mo in cul-
ture (A, representative clone) . All the clones established from this popula-
tion were CD56+,mCD3 - . Clones were assayed for cytotoxic activity
against K562 in 4-h S'Cr release assay (ET = 5:1) . The cytolytic func-
tion of six representative clones is displayed (B) .
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ity, CD56+,CD5 - TN thymocytes were introduced into
mFTOC, a system that has previously been shown to sup-
port human T cell differentiation and maturation (33) . Freshly
sorted thymic CD56+,CD5 - and CD56 - ,CD5+ TN thy-
mocytes were introduced into mouse thymic lobes and cocul-
tured for 15 d . After culture, the number ofviable cells was
determined together with the expression of human CD4,
CD8, and CD45 surface antigens . Large numbers of viable
cells were recovered from lobes seeded with CD56- ,CD5+,
TN thymocytes (16-30-fold cell expansion) . Most ofthe he-
matopoietic cells isolated from the mouse thymic lobes were
of human origin (>90% hCD45+) . 50% of them were
CD3+, and 60-90% coexpressed CD4 and CD8 antigens
(Fig . 5, A and B) . In contrast, thymic CD56+,CD5 - TN
thymocytes failed to reconstitute these organs (Fig . 5, C and
D) and the few cells that were recovered were stained with
anti-mouse CD45 mAb.
The extremely effective reconstitution capacity of the

CD56 - ,CD5+ TN thymocyte population to differentiate
into CD4+,CD8+ T cells in mFTOC substantiates the hy-
pothesis that these cells represent the major population of
T cell-committed progenitors in the thymus . Previous reports

Figure 5 .

	

Phenotype of human thymocytes recovered from mFTOC.
Three-color sorted CD56*,CD5- and CD56 - ,CD5+ TN cells were
cocultured with mouse fetal thymic lobes. 103 cells were seeded per lobe.
After 15 d in culture the recovered cells (10 lobes) were subjected to three-
color immunofluorescence analysis for the expression of human antigens
(Cy-ChromeTM conjugated anti-CD45, PE anti-CD8, and FITC anti-
CD4) . A and B show the surface antigen expression of recovered cells
from thymic lobes seeded with CD56- ,CD5+ TN thymocytes. More
than 90% are human CD45+ (hCD45) (A) . 70% of the hCD45+ cells
coexpressed human CD4 and CD8 (B) . C and D show the phenotype
of cells recovered from thymic lobes seeded with the CD56+,CD5 - TN
population . Less than 2% were CD45+ . The hCD45 - cells expressed the
mouse CD45 antigen, recognized by anti-mouse T200 mAb (not shown) .



have shown that CD34+ cells from human fetal liver, bone
marrow, and thymus contain T cell progenitors capable of
reconstituting thymic organ cultures (12, 13) . Consistent with
these studies, the majority of CD56- ,CD5+ TN thymo-
cytes coexpressed CD34, CD1, and CD28 antigens (Fig . 6)
and demonstrated no in vitro clonogenic potential . These
results clearly show that the CD56+,CD5 - and CD56- ,
CD5+ TN thymocyte populations are distinct, suggesting
that they represent independent NK and T cell-committed
thymocyte populations, respectively.
CD56 -,CD5- TN Thymocytes Include Distinct Precutsorsfor

T and NK Cell Lineages. In addition to the CD56+,CD5 `
cells, a significant percentage of TN thymocytes expressed
neither CD56 nor CD5 (Fig . 1 C) . These CD56- ,CD5'
TN thymocytes were compared by multiparameter flow
cytometry to the CD56+,CD5 - and CD56 - ,CD5+ TN
populations . As summarized in Fig. 6, CD56 - ,CD5- TN
thymocytes expressed CD45, indicating hematopoietic origin,
and displayed an antigenic profile very similar to the CD56+,
CD5' TN thymocytes, except for the expression of CD16.
CD16 was not expressed on a significant percentage of
CD56- , CD5 - TN thymocytes (<1%). Similar to
CD56+,CD5' TN thymocytes, CD1, CD28, and CD34
antigens were not expressed on the majority of
CD56- ,CD5- TN thymocytes (Fig . 6) . Interestingly, a very
small percentage of CD34+ cells (1-10%) was consistently
detected within the CD56- , CD5 ` TN population (Fig. 7).
Unlike the majority of CD56- ,CD5 - cells, these CD34+
cells coexpressed CD28 and low surface density CD45 (data

Figure 6 .

	

Comparative phenotype of CD56+CD5- , CD56- CD5 - ,
and CD56 -CD5+ TN thymocytes. TN thymocytes were prepared as de-
scribed in Materials and Methods and stained with mAbs against CD56,
CD5, and a selected panel of leukocyte antigens . CD56*,CD5- (black
ban), CD56-CD5 - (dashed bars), and CD56 - ,CD5+ (open ban) TN
populations wereanalyzed for the various antigens by sequentially setting
a gate on each population during analysis . The percentages shown are the
results of a single representative experiment . Similar results were obtained
from three thymuses . Asterisk indicates that the antigen is expressed at
a significantly lower surface density in CD56- ,CD5+ TN cells compared
with the other thymic cell subsets (as described in Results) .
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Expression ofCD34 on TN thymic populations . After mag-
netic bead depletion of CD4+,CD8+ thymocytes, three-color immuno-
fluorescence was performed on CD56+,CD5 - , CD56- ,CD5 - , and
CD56- ,CD5* TN population to determine the expression of CD34.
CD34+ cells comprise <1% of CD56+ CD5 - TN, 6% of CD56- ,
CD5 - TN, and 96% ofCD56 - ,CD5+ TN cells. Data from a represen-
tative experiment are shown . Histograms ofCD34 stained cells (open) are
superimposed over histograms ofisotype Ig control stained cells (black) .

not shown) . Similar to CD56+,CD5 - TN thymocytes,
freshly sorted CD56 - , CD5 - TN thymocytes demonstrated
poor cytolytic activity against the NK-sensitive tumor target,
K562 (Fig. 3) .

The majority of surface antigens expressed on CD56- ,
CD5 - TN thymocytes suggested that this population may
contain NK cell-committed precursors. To determine the NK
cell differentiation capacity of this thymocyte population,
CD56 - ,CD5 - TN cells were cloned using culture condi-
tions optimized for the growth ofNK and T cells . The cloning
efficiencies of both the CD56+,CD5 - and the CD56',
CD5 - TN thymocyte subsets were similar, ranging from
1/25 to 1/100 . The majority of clones (N70%) established
from the CD56- ,CD5 - TN population displayed typical
NK cell antigenic phenotype (CD56+,mCD3 -) and showed
strong cytolytic activity (Fig . 8, A and B) . Interestingly,
-30% of the clones established from the CD56- , CD5 -
TN population expressed variable levels of CD56 (Fig. 8, C
and E) . The majority of these clones expressed low surface
density CD56 (Fig . 8 C) and demonstrated lower cytolytic
activity than the typical high surface density expressing clones
(Fig . 8 D) . Since these clones were established from CD56 -
cells, the intermediate expression of CD56 on a proportion
of cells suggested that these clones may be in the process of
in vitro maturation .
A small percentage of the clones established from the

CD56- ,CD5 - TN thymocyte population expressed little if
any surface CD56 at the time of initial analysis (Fig . 8 E) .
These particular clones, likewise, showed no apparent cyto-
lytic activity against NK-sensitive tumor targets (Fig. 8 F) .
Despite the lack of CD56 expression and NK cell cytolytic
activity, these clones displayed a typical NK cell phenotype
with respect to a large panel of cell surface antigens (data
not shown) . In order to determine if these clones were capable
of NK cell maturation, several CD56- clones were sequen-
tially monitored for the expression of CD56 and the acquisi-
tion of NK cytolytic function . As demonstrated in Fig.



Figure 8.

	

Phenotype and lytic activity of clones derived from CD56- ,
CD5 - TN thymocytes . Clones were established as described in Materials
and Methods from CD56- ,CD5- TN thymocytes . Expression of CD56
and mCD3 was analyzed after 1 mo in culture, together with the lytic
activity against the NK cell-sensitive tumor cell target, K562 . Three general
types of clones were observed with varied CD56 expression (A, C, E).
The approximate percentage of clones with the indicated phenotype in
15 different cloning experiments was : CD56' bright, 50-100% ; CD56'
dim, 0-50% ; and CD56 - , 0-5% . Cells stained with isotype Ig controls
were negative (>95% in the lower left quadrant, not shown) .
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Figure 9.

	

In vitro maturation ofCD56- clones. CD56 -CD3- clones
derived from the CD56 - CD5 - TN thymocytes were maintained in
cloning culture conditions for at least 12 wk. At 4-wk intervals, the ex-
pression ofCD56 (top histograms) together with the lytic activity against
K562 (bottom bar histogram) was monitored . One representative clone is
displayed in this figure. Cytotoxicity was assayed against K562 at an ET
= 5 :1 . The solid bars represent lytic activity of a typical CD56+ bright
NK cell clone derived from the same thymic population . In the top panel,
histogram ofanti-CD56 stained cells were superimposed over histograms
of Ig control stained cells .
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9, many CD56- clones gradually acquired expression of
CD56. The acquisition ofCD56 was closely correlated with
the apparent increase in NK cell cytolytic activity. Very few
of the CD56 - clones remained CD56 - after extensive cul-
turing over several months (4 out of 200) . Interestingly, these
stable CD56 - clones demonstrated extremely high prolifer-
ation rates and no detectable cytolytic activity. Whether these
CD56- clones are related to the NK cell lineage is at present
unknown; however, they may represent stable NK cell pre-
cursor clones incapable of in vitro maturation .

Although the CD56 - ,CD5 - TN thymocyte population
contains NK cell precursors capable of in vitro maturation,
CD56- CD5 - TN cells may also be capable of T cell
differentiation in the thymic microenvironment . Using
mFTOC, sorted CD56 - ,CD5 - , and CD56- ,CD5+ TN
thymocyte populations were cocultured with mouse thymic
lobes and analyzed 15 d later. Surprisingly, both thymocyte
populations were capable ofreconstituting thymic organ cul-
tures, although the number of human CD45 + cells recov-
ered from each lobe was 5-10-fold greater in lobes seeded
with the CD56 - ,CD5+ TN thymocyte population (Fig .
10) . Since previous studies have shown that CD34+ TN

Figure 10 .

	

mFTOC reconstitution with CD56- ,CD5 - , TN thymo-
cytes. 143 sorted CD56- ,CD5+ TN cells (A and B), CD56- ,CD5 - TN
cells (C and D) and CD56- ,CD5 - TN thymocytes depleted of CD34+
cells (E and F), were cocultured with mouse fetal thymic lobes and subse-
quently stained for the indicated antigens (see Fig. 5, legend) . The per-
centage ofhuman cells was determined by the expression ofbCD45 (70%
hCD45+ cells in A ; 74% in C ; <2% in E) . CD4 and CD8 expression
was displayed for the gated hCD45+ cells. >95% cells stained with con-
trol Ig were in the lower left quadrant of B, D, and F (not shown).



thymocytes are primarily responsible for reconstituting thymic
organ cultures (12), we hypothesized that the small percentage
of CD34+ cells within the CD56- ,CD5 - , TN population
(Fig. 7) were responsible for the T cell reconstitution capacity
of this TN population . To test this hypothesis, reconstitu-
tion experiments were performed with sorted CD56 - ,
CD5 - TN thymorytes that were depleted of CD34+ cells .
As predicted, CD34 depleted CD56- ,CD5 - TN thymo-
cytes were no longer capable of reconstituting mFTOC (Fig.
10, E and F) . However, the CD34 - , CD56- , CD5 - TN
thymocyte population maintained in vitro NK cell clonogenic
capabilities . These results strongly support the contention
that the majority of the CD56- ,CD5 - TN thymorytes are
NK cell precursors incapable of T cell differentiation, while
the ability of T cell reconstitution of mFTOC is restricted
to CD34+ TN thymorytes. The CD34+,CD56- ,CD5 - TN
cells, although capable of T cell development in mFTOC,
showed no in vitro clonogenic potential using culture condi-
tions optimized for growth of NK cells and mature T cells.

Discussion
In the present report, we have attempted to clarify the rela-

tionship between NK cells and T cells in the thymus by pheno-
typically dissecting human TN thymocytes on the basis of
CD56, CD5, and CD34 surface antigen expression and de-
termining the capacity ofvarious subpopulations to generate
NK cells in clonogenic culture conditions and T cells in thymic
organ cultures. The CD5 antigen, although not restricted
to the T cell lineage, was employed in our studies to identify
thymorytes committed to the T cell lineage, since this an-
tigen is not expressed on fetal or adult NK cells . By contrast
most other T cell markers are shared between T and NK
cells. For example, although not on thymic NK cells, CD28
is constitutively expressed on NK cells from fetal liver. In
the thymus, both CD5 and CD28 antigens, however, are
prominently expressed on CD34+ TN thymocytes capable
of reconstituting thymic organ cultures (11, 12) . CD56+,
CD5- TN thymocytes were present in all thymuses ana-
lyzed and comprised 3-15% of TN thymocytes. Phenotypi-
cally, the CD56+,CD5 - TN thymocytes were very similar
to the fetal NK cells, including the expression of CD7 and
variable expression of CD16. The CD16 antigen was not ob-
served on a significant percentage of any other fetal or neo-
natal thymic population . Although thymic CD56+,CD5-
TN cells showed low levels of resting cytolytic activity, they
demonstrated an NK cell clonogenic capability similar to that
observed for fetal liver NK cells . Clones derived from the
CD56+,CD5- TN thymorytes expressed typical NK cell
function and antigenic phenotype, including high surface den-
sity CD56, variable expression ofCD16, and no surface CD3.
As was observed in fetal liver-derived NK cell clones (17),
a substantial proportion ofthese thymic NK clones expressed
cytoplasmic CD3 proteins (data not shown), clearly indicating
that detection of cytoplasmic CD3 proteins is no longer an
unambiguous marker for the T cell lineage even in the thymus
(17, 20) . The CD56+,CD5 - TN thymocyte population,
likewise, was unable to reconstitute mFTOC and thus con-
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tained no T cell lineage-committed progenitors . The charac-
teristics of the CD56+,CD5- TN thymocyte population are
consistent with the interpretation that these cells represent
a relatively mature population of NK cells. In contrast to
our findings, it was recently reported that a significant per-
centage of human CD3 - ,CD4 - thymocytes coexpressed the
CD16 and CD1 antigens without expressing the CD56 an-
tigen and that these cells could give rise to NK cell clones
(14) . We have been unable to verify these observations using
TN thymocyte populations . In our preparations, CD16 was
expressed primarily on NK cell-committed CD56+ cells.
Since the CD56 antigen is expressed at relatively low surface
density on fetal NK cells, these investigators probably failed
to detect CD56 expression due to inadequately sensitive mea-
surement techniques .

In addition to the CD56+,CD5- TN thymocyte popu-
lation, a significant percentage of TN thymocytes did not
express either the CD56 or CD5 antigens . At first we as-
sumed that these CD56 - ,CD5 - cells represented early T
cell thymic progenitors . A careful analysis of this population,
however, clearly indicated an antigenic phenotype strikingly
similar to the CD56+,CD5 - TN population, including
high surface density CD45 expression (a characteristic as-
sociated with mature lineage-committed cells (36) . Likewise,
the majority of these cells did not express the progenitor cell-
associated antigen, CD34 or the T cell-associated CD28 an-
tigen. Since the CD56`,CD5 - TN thymocyte population
showed no cytolytic activity and did not express the NK
cell-associated markers CD56 or CD16, we hypothesized that
these cells may represent a novel population of NK cell-com-
mitted precursors . Indeed, the majority of clones established
from the CD56 - , CD5 - TN thymocytes were typical NK
cell clones acquiring high surface density CD56 and potent
cytolytic activity. Although we have characterized the
CD56- ,CD5' TN thymocyte population as containing NK
cell precursors, based on the ability of these cells to acquire
NK cell cytolytic function and antigenic phenotype, it is also
possible that these cells may represent a unique subset of NK
cells with unusual characteristics. We cannot exclude the pos-
sibility that this population may also contain other precursor
cells capable of differentiation in appropriate conditions . In-
deed, although the majority of the CD56 - ,CD5- TN
population did not express the progenitor cell-associated an-
tigen CD34, a small percentage of CD34+ T cell progen-
itors were consistently observed within this population that
could efficiently repopulate mFTOC and differentiate into
CD3+,CD4+,CD8+ T cells. Removal of these CD34+ cells
from CD56- ,CD5 - TN thymocytes had no effect on the
NK cell clonogenic potential of this population. Our results,
in accordance with previous reports (12), clearly show that
the expression of CD34 on TN thymocytes is primarily re-
stricted to cells with T cell progenitor capabilities that do
not possess in vitro clonogenic capability in IL-2 (Table 1) .
The growth and differentiation of T cell precursors requires
the presence of thymic stromal cells as previously reported
(12, 13, 37, 38, 39). Although NK cell and NK cell precursors
are TN thymocyte populations distinct from the majority
of T cell progenitors, there could exist a T/NK common pro-
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Hypothetical model of early human thymocytes develop-
ment : a view from uncommitted thymocytes to mature T and NK cells.
The hypothetical earliest thymic immigrant would express high density
(++) of surface antigens CD34 and CD7, and lack the expression (-)
ofT and NK cell-associated surfacemarkers (stage A) . Under the influence
of the thymic microenvironment, CD34' + progenitors would differen-
tiate towards a committed T cell lineage by sequentially expressing CD28,
CD5, and CD1 and concomitantly down regulating (++ =~ + =* -)
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genitor that is incapable of in vitro differentiation/matura-
tion using our culture conditions. Indeed, a previous study
(40) has shown that NK cells can be generated from bone
marrow-derived CD34+ cells when cultured on appropriate
stromal cell lines. Based on our observations and those of
others (12, 41, 42), we are now able to propose a hypothet-
ical model that may reflect the sequence of phenotypic and
functional changes leading to the differentiation ofNK cells
and T cells in the thymus (Fig. 11) . According to our hypothet-
ical model, the most primitive hematopoietic progenitors to
enter the thymus would phenotypically resemble bone marrow
and fetal liver-derived hematopoietic progenitors (Fig . 11 A),
expressing high surface density CD34 and CD7 antigens, but
lacking the surface expression of CD5, CD28, CD56, and
other lineage-associated antigens . As differentiation under the
influence of the thymic microenvironmental proceeds, CD28
(Fig. 11 B) and CD5 (Fig. 11 C) expression is induced on
the high surface density CD34+ progenitor cells. Before the
expression ofCD5, we propose that the high surface density
CD34+ progenitor cells are uncommitted to the T cell lin-
eage and are thus capable of differentiation down the NK
cell pathway, resulting in the sequential loss of CD34 and
the gradual acquisition of CD56, CD16, and cytolytic func-
tion (Fig . 11, F-H) . We speculate that the high surface den-
sity CD34-expressing progenitor cells that do not coexpress
CD5 are the most likely candidates for a common T/NK pro-
genitor population . Establishment of high efficiency in vitro
cloning conditions that support the differentiation of NK
cells from thymic CD34+ population are required before we

the CD34 antigen (stages B, C, D, and F) . The uncommitted progenitor
populations (stage A and/or B) could differentiate towards the NK lin-
eage, resulting in the down regulation of CD34 and progressive expres-
sion of NK cell associated markers (stages F, G, and M.

Table 1 . Human Thymic TN Populations

NK cell-committed
CD34-

thymocytes T cell progenitor
CD34+

thymocytes

Characteristics CD56',CD5 - CD56- ,CD5 - CD56- ,CD5 - CD56 - ,CD5'

Antigenic CD1 - ,CD28 -, CD1-,CD28- , CD1-,CD28+, CD1+,CD28+,
phenotype CD45RA'+,CD45 + + CD45RA'+,CD45 + + CD45RA+,CD45' CD45RA - ,CD45'

Lytic function
(fresh) YES NO NO NO

NK cell clonogenic
potential YES YES NO NO

Thymic reconstitution
capability NO NO YES YES



can definitively identify the T/NK cell common progenitor.
Our model would also predict that T cell differentiation
would result in the progressive loss in CD34 expression on
CD28+,CD5+ TN thymocytes and the concomitant expres-
sion of CDl (Fig . 11 D) . This sequence of differentiation
events would thus signal irreversible commitment to the T
cell lineage.

In conclusion, although it is generally thought that human
TN thymorytes represent a relatively homogeneous popula-
tion of T cell progenitors, our results indicate that they can
be subdivided into two major populations : CD34- cells that
proliferate and generate NK cells in cloning culture condi-
tions but are unable to differentiate to T cells in mFTOC;
and CD34+ T cell progenitors that are unable to differen-
tiate to NK cells in our culture conditions (Table 1) . The

References

2 .

3 .

4.

5.

6.

7.

8.

9.

identification of an immature NK cell precursor population
within the thymic microenvironment raises the question
whether the thymus is indeed a site for NK cell differentia-
tion . We have previously reported that NK cells mature early
in human development, before the appearance of a thymic
anlage (17) . These studies together with the reports showing
normal development ofNK cells in athymic mice (16) would
argue against the thymus as the only site of NK cell differen-
tiation. Indeed, we have recently identified CD56 - ,CD5 - ,
CD7+ NK cell precursor populations in most fetal hema-
topoietic organs, suggesting that NK cell differentiation is
not restricted to any one tissue location . At present we do
not know if thymic NK cells and NK cell precursors play
a physiological role in normal T cell development.

We thank Dr. James Cupp, Ms. Josephine Polakoff, and Ms. Eleni Callas for expert
flow cytometry.

DNAX Research Institute is supported by Schering Plough Corporation .

Address correspondence to Joseph H. Phillips, DNAX Research Institute for Molecular and Cellular Bi-
ology, 901 California Avenue, Palo Alto, CA 94304. H. Spits's present address is The Netherlands Cancer
Institute, Antoni van Leeuwenhoek Huis, Amsterdam, The Netherlands.

Received for publication 15 June 1993 and in revised form 20 August 1993 .

Haynes, B.F., M.E . Martin,H.H . Kay, andJ. Kurtzberg. 1988 .
Early events in humanT cell ontogeny. Phenotypic character-
ization and immunohistologic localization ofT cell precursors
in early human fetal tissues . J. Exp Med. 168:1061 .
Haynes, B.F., S.M . Denning, K.H. Singer, and J. Kurtzberg.
1989 . Ontogeny of Tcell precursors. Immunol. Today. 10 :87 .
Fowlkes, B.J ., and D. Pardoll . 1989 . Molecular and cellular
events of T cell development . Adv. Immunol. 44:207 .
Strominger, J.L . 1989 . Developmental biology of T cell
receptors. Science (Wash. DC). 244:943 .
Campana, D., G. Janossy, E. Constant-Smith, P.L. Amlot, WE
Tian, S. Ip, and L. Wong. 1989 . The expression of Tcell
receptor-associated proteins during Tcell ontogeny in man.
J. Immunol. 142:57.
Mathieson, B.J ., and B.J . Fowlkes. 1984 . Cell surface antigen
expression on thymorytes : development and phenotypic
differentiation of intrathymic subsets. Immunol. Rev. 82 :141 .
Adkins, B., C. Muller, C. Okada, R. Reichert, I.L . Weissman,
and G.L . Spangrude. 1987 . Early events in Tcell maturation .
Annu . Rev. Immunol. 5:325 .
Scollay, R., A. Wilson, A. D'Amico, K. Kelly, M. Egerton,
M. Pearse, L. Wu, and K. Shortman . 1988 . Developmental
status and reconstitution potential of subpopulations of mu-
rine thymorytes . Immunol. Rev. 104:81 .
Haynes, B.F., K.H . Singer, S. Denning, andM.E . Martin. 1988.
Analysis ofexpression of CD2, CD3, andTcell antigenreceptor
molecules during early human fetal thymic development . J.
Immunol. 141:3776.

1865

	

Sanchez et al .

assistance with the

Toribio, M.L ., C. Martinez-A, M.A.R. Marcos, C. Marquez,
E. Cabrero, andA. de la Hera . 1986 . A role for T3+4-6-8-
transitional thymorytes in the differentiation of mature and
functional T cells from human prothymocytes . Proc Nad. Acad.
Sci. USA. 83:6985.
Hori, T., J. Cupp, N. Wrighton, F. Lee, and H. Spits. 1991 .
Identification of a novel human thymocyte subset with a pheno-
type of CD3 -CD4- CD8cx+a- . J. Immunol. 146:4078.
Galy, A., S . Verma, A. B3rcena, and H. Spits. 1993 . Precursors
of CD3+CD4'CD8+ cells in the human thymus are defined
by expression ofCD34 . Delineation of Early Events in Human
Thymic Development. J. Exp Med. 178:391 .
Peault, B., I.L . Weissman, C. Baum, J.M . McCune, and A.
Tsukamoto. 1991 . Lymphoid reconstitution of the human fetal
thymus in SCID mice with CD34 + precursor cells. J. Exp.
Med. 174:1283 .
Mingari, M.C ., A. Poggi, R. Biassoni, R. Bellomo, E. Cic-
cone, N. Pella, L. Morelli, S. Verdiani, A. Moretta, and L .
Moretta. 1991 . In vitro proliferation and cloning of CD3-
CD16+ cells from human thymocyte precursors.J. Exp. Med.
174:21.
GarniWagner, B.A ., P.L . Witte, M.M . Tutt, WA. Kuziel,
P.W. Tucker, M. Bennett, and V. Kumar. 1990. Natural killer
cells in the thymus : studies in mice with severe combined im-
mune deficiency. J. Immunol. 144:796 .
Herberman, R.B., M.E . Nunn, H.T. Holden, and D. Levin.
1975 . Natural cytotoxic reactivity of mouse lymphoid cells
against syngeneic and allogeneic tumors. II . Characterization



of effector cells . Int. J Cancer. 16:230.
17 . Phillips, J.H ., T Hori, A. Nagler,N. Bhat, H. Spits, and L.L.

Lanier. 1992. Ontogeny of human natural killer (NK) cells:
fetal NK cells mediate cytolytic function and express cytoplasmic
CD3e, S proteins . J. Exp. Med. 175:1055 .

18 . Heberman, R.B., CW Reynolds, and J.R . Ortaldo. 1986.
Mechanismofcytotoxicity by natural killer (NK) cells . Annu .
Rev. Immunol. 4:651 .

19 . Lanier, L.L., H. Spits, and J.H. Phillips . 1992 . The develop-
mental relationship between NK cells and T cells . Immunol.
Today. 13 :392 .

20 . Lanier, L.L ., C. Chang, H. Spits, and J.H. Phillips . 1992 . Ex-
pression ofcytoplasmic CD3e proteins in activated human adult
natural killer (NK) cells and CD3,y,S,e complexes in fetal NK
cells.J. Immunol. 149:1876 .

21 . Ritz, J., T.J . Campen, R.E . Schmith, H.D. Royer, T Her-
cend, R.E . Hussey, and E.L . Reinherz . 1985 . Analysis of T
cell receptor gene rearrangement and expression in human nat-
ural killer clones. Science (Wash. DC). 228:1540 .

22 . Lanier, L.L ., S. Cwirla, N. Federspiel, and J.H . Phillips. 1986 .
Human natural killer cells isolated from peripheral blood do
not rearrange T cell antigen receptor /3 chain genes. J. Exp.
Med. 163:209.

23 . Phillips,J.H ., and L.L . Lanier. 1987. Acquisition ofnon-MHC
restricted cytotoxic function by 11,2 activated thymocytes with
an "immature" antigen phenotype. J. Immunol. 139:683 .

24 . Ramsdell, FJ., and S.H. Golub. 1987 . Generation of lym-
phokine-activated killer cell activity from human thymocytes .
J. Immunol. 139:1446.

25 . Michon, J.M., M.A . Caligiuri, S.M . Hazanow, H. Levine, S.F.
Schlossman, and J. Ritz . 1988 . Induction of natural killer
effectors from human thymus with recombinant 11,2 . J. Im-
munol. 140:3660.

26 . Caligiuri, M.A ., C. Murray, H. Levine, J.A . Longtine, and
J. Ritz . 1989 . Clonal evidence for the induction of NKH1 on
activated human thymocytes. Functional changes associated
with antigen expression . Eur. -J Immunol. 19:1735 .

27 . Hori, TR., and H. Spits. 1991 . Clonal analysis of human
CD3-CD4-CD8- thymocytes highly purified from postnatal
thymus.J. Immunol. 146:2116 .

28 . Denning, S., D.M . Jones, R.E . Ware, K.J . Weinhold, M.B.
Brenner, andB.F. Haynes. 1991 . Analysis ofclones derived from
human CD7'CD4 -CD8-CD3-. Int. Immunol. 3:1015 .

29 . Rodewald, H.-R., P Moingeon, J.L . Lucich, C. Dosiou, P.
Lopez, and E.L . Reinherz . 1992 . A population of early fetal
thymocytes expressing FcyR1I/II contains precursors ofTlym-
phocytes and natural killer cells. Cell. 69:139.

1866

	

Thymic NK Cell Precursors

30. Lanier, L.L ., and D.J . Recktenwald . 1991. Multicolor im-
munofluorescence and flow cytometry. Methods:A Companion
to Methods Enzymol. 2:192 .

31 . Yssel, H., J.E . De Vries, M. Koken, M. van Blitterswijk, and
H. Spits. 1984 . Serum free medium for the generation and the
propagation of functional human cytotoxic and helper T cell
clones . .) Immunol. Methods. 72:219 .

32 . Lanier, L.L ., A.M. Le, J.H . Phillips, N.L . Warner, and G.F.
Babcock. 1983 . Subpopulations of human natural killer cells
defined by expression of the Leu-7(HNK7) and Leu-11(NK-
15) antigens . J Immunol. 131:1789.

33 . Fisher, A.G., L. Larsson, L.K . Goff, D.E . Restall, L.
Happerfield, and M. Merkenschlager. 1990 . Human thymo-
cyte development in mouse organ culture. Int. Immunol. 2:571 .

34 . Jenkinson, E.J., L.L . Franchi, R. Kingston, and J.J . Owen.
1982 . Effect ofdeoxiguanoxine on the developing thymus ru-
diment in vitro: application in the production of chimeric
thymus rudiment . Eur. J. Immunol. 12:583.

35 . Jones, N.H., M.L . Clabby, D.P. Dialynas, H.J.S . Huang, L.A.
Herzenberg, and J.L . Strominger. 1986 . Isolation of com-
plementary DNAclones encoding the human lymphocyte gly-
coprotein Tl/Leu-1. Nature (Lond.). 232:346 .

36 . Shah, VQ., C.I . Civin, and M.R . Loken. 1988 . Flow cyto-
metric analysis ofhuman bone marrow. IV Differential quan-
titative expression ofT-200 common leukocyte antigen during
normal hematopoiesis. J. Immunol. 140:1861.

37 . S£nchez, M.J., J.C . Gutierrez-Ramos, E. Fern£ndez, E.
Leonardo, J. Lozano, C. Martinez-A., andM.L. Toribio . 1993 .
Putative prethymicTcell precursors within the early human
embryonic liver : a molecular and functional analysis . .) Exp.
Med. 177:19 .

38 . De la Hera, A., W Marston, C. Aranda, M.L . Toribio, and
C. Martinez-A. 1989 . Thymic stroma is required for the devel-
opment of human Tcell lineages in vitro. Int. Immunol. 1:471 .
Jenkinson, E.J ., G. Anderson, andJ.JT Owen. 1992 . Studies
on T cell maturation on defined thymic stromal cell popula-
tions in vitro. J. Exp, Med. 176:845 .

40 . Miller, J.S., C. Verfaille, and M. Philip. 1992 . The generation
of human natural killer cells from CD34+/DR- primitive
progenitors in long-termbone marrow culture. Blood. 80:2182 .

41 . Tjon4ord, G.E., O.P Veiby, R. Steen, and T Egeland. 1993 .
T lymphocyte differentiation in vitro from adult human
prethymic CD34' bone marrow cells.J. Exp. Med. 177:1531.

42 . Terstappen, L., S. Huang, and L.J . Preker. 1992 . Flow cyto-
metric assessment of human T cell differentiation in thymus
and bone marrow. Blood. 79:666 .

39 .




