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Bone marrow-derived precursor T cells differentiate intrathymically into mature
T cells under selective forces that are largely unknown. Thymic differentiation is
believed to require both “negative” and “positive” selection (1-3). The TCR is clearly
involved in the process of negative selection or tolerance induction (1, 4-6). Recently,
results from a variety of experimental systems demonstrated that tolerance induc-
tion, at least for certain self-antigens expressed in the thymus, occurs through clonal
deletion of T cells with self-reactive TCRs (1, 5, 6). Such T cells with TCR specificity
for self-antigen appear to be deleted after the double-positive stage (CD4*/CD8*)
of thymocyte development (7-9).

One proposed model used to describe the process of positive selection argues that
only T cells with low avidity for self-MHC glycoproteins expressed in the thymus
are allowed to become functional and to be exported to the periphery; thus, posi-
tively selected (2, 3). This model is largely based on studies with radiation-induced
bone marrow chimeras and thymus-engrafted mice, which, given the complexities
of such experimental systems, have generated some controversy with respect to the
model of positive selection (10, 11).

Additional support for this model came from in vivo studies in neonatal mice that
demonstrated that MHC glycoproteins play a crucial role during T cell develop-
ment. CD4"* T cells failed to develop in anti-class [I-suppressed mice (12); whereas
CD8* T cells failed to develop in anti-class I-suppressed mice (13). Thus, differen-
tiation of precursor T cells into mature T cells involves selection on the basis of their
MHC specificity. Subsequent studies in F; neonatal mice (Ia-k/Ia-b) established
that the appearance of Th cell precursors restricted by either Ia-k or Ia-b is specifically
inhibited by treatment with anti-Ia-k or anti-Ia-b antibodies, respectively (14). These
results were consistent with the notion that TCR-MHC interactions mediate the
recognition events necessary for positive selection (14). Other experimental support
for this notion was provided by studies in transgenic mice (9, 15, 16), and by studies
in anti~class I mAb-treated mice (17, 18), or anti-TCR-treated mice (19).

While TCR-MHC interactions are indeed crucial in the positive selection pro-
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cess, other interactions, such as those between MHC antigens and accessory mole-
cules (20, 21), may be essential as well. The present study analyzes the possible role
of CD4-ligand interactions in early T cell development. The role of CD4 in T cell
activation is by no means clear, but its contribution to the process of T cell selection
is suggested by the observation that CD#4 is involved in aiding class Il MHC-re-
stricted recognition of antigen by mature (CD4*) T cells; either through a direct
binding of class II MHC (22-26), or by providing an additional signal (27-31).

The concept that CD4 participates at least in negative selection is supported by
the recent observation that blocking of CD#4 allowed self-reactive T cells to escape
clonal deletion at the CD4*/CD8"* stage, thus permitting the generation of CD8*
cells with self-reactive TCRs, which otherwise would not have survived (7, 8). Fur-
ther evidence for the involvement of accessory molecules during negative selection
comes from experiments using transgenic mice, in which autoreactive T cells were
shown to be deleted at the double-positive stage (9). Our recent findings show that
engagement of the CD4 molecule on thymocytes results in the modulation of the
expression of CD3/TCR (32), suggesting a function for CD4 as a signal-transducing
molecule in thymocytes. Both avidity enhancement and signal transduction func-
tions of the CD4 molecule may add to the selective forces that T cells encounter
during their journey through the thymus.

This paper examines the role of the interactions between CD4 and its ligand in
the generation of the T cell repertoire. To this end, the effects of blocking CD4 with
an anti-CD4 mAb during T cell development were analyzed in vivo and in vitro.
The in vivo experiments involved the treatment of pregnant mice with anti-CD4
mAb, while the fetal thymus organ culture (FTOC)! system was used to further
analyze the developmental function of the CD4 molecule during intrathymic selec-
tion in vitro by comparing the effects of monovalent and divalent anti-CD4 mAbs.
The results from these studies indicate that treatment with intact, bivalent, or monova-
lent anti-CD4 mAbs prevent the generation of CD4*/CD8" T cells; thus, strongly
indicating that CD4 molecules are involved in the positive selection of the T cell
repertoire.

Materials and Methods

Mice. Timed pregnant C57BL/6 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). The day of observation of a vaginal plug was designated as day 0 of embryonic
development. Pregnant female mice were killed by cervical dislocation and embryos dissected
from the uterus. Thymus lobes were dissected from the embryos using a dissecting micro-
scope and fine watchmaker’s forceps.

Fetal Thymus Organ Culture. Intact fetal thymus lobes were removed from day 15 embryos
and placed in organ culture as previously described (33, 34). Briefly, four to six individual
fetal thymus lobes (~2-4 mm in between each lobe) were placed on the surface of 0.8-um
Nucleopore filters (Thomas Scientific, Philadelphia, PA), that had been boiled for 30 min
in distilled water before use. Filters were supported by a Gelfoam gelatin sponge (sterile, size
20 x 60 x 7 mm; Upjohn Co., Kalamazoo, MI). Each sponge was placed in a well of a tissue
culture plate (No. 3506; Costar, Cambridge, MA) (six wells/plate) and soaked in 3 ml of cul-
ture medium. The culture medium used was Dulbecco’s modified Eagle’s medium sup-
plemented with 10% FCS, 2 mM glutamine, 10 U/ml penicillin, 100 pg/ml streptomycin,
100 pg/ml gentamicin, 0.11 mg/ml sodium pyruvate, 5 x 10~* M 2-ME, and 10 mM Hepes.

! Abbreviation used in this paper: FTOC, fetal thymus organ culture.



ZUNIGA-PFLUCKER ET AL, 2087

Cultures were incubated for 7-9 d at 37°C in a humidified incubator containing 7.5% CO;
in air. At the end of the culture period, the thymic lobes were mechanically disrupted by
placing them on a fine nylon mesh and were squeezed by scraping the nylon mesh surface
with the tip of a syringe plunger. The cell suspension was passed through a second fine nylon
mesh to ensure a single cell suspension; cells released were free of connective tissue. After
washing in cold PBS, cells were resuspended for FACS analysis. Viability of cell suspensions
was determined by the trypan blue exclusion test.

Antibodies and Treatments. The anti-CD4 mAb, GKL1.5 (35), and the anti-class IT mAb,
Y 3P specific for Ia-b (36), were purified from nude mice ascites by ammonium sulfate precipi-
tation and size separation. For in vitro treatments, either intact, F(ab'); or Fab anti-CD4
mAb, or intact anti-class II mAb were added every day during the culture period, in a final
volume of 30 ul applied on top of the lobes at a concentration of 0.2-2 mg/ml, depending
on the experiment (see legends). F(ab); fragments were prepared as previously described
(37), and Fab fragments were prepared according to standard papain digestion protocols (38).
The F(ab'); and Fab fragment preparations of anti-CD4 mAb were analyzed by SDS-PAGE
and shown to contain no detectable intact anti-CD4. Anti-CD4 activity of the fragments was
demonstrated by their ability to block staining with FITC- or biotin-conjugated anti-CD4
mADb. Absence of intact anti-CD4 mAb was further demonstrated by the failure of the F(Ab')
fragments to cause depletion of CD4*/CD8~ T cells when injected into adult mice, in a
regimen leading to depletion when intact anti-CD4 mAb is used (data not shown; see also
references 37 and 39). Finally, Fab fragments were shown to be also “functionally” free of
intact anti-CD4, by their inability to cause modulation of cell surface CD4; intact anti-CD4,
in contrast, causes rapid modulation of CD4 at 37°C (data not shown; see also reference 30).

Controls consisted of saline, once it had been demonstrated that equal doses of irrelevant
rat mAb had no effect (data not shown). For in vivo treatments with anti-CD4 mAb, preg-
nant mice were treated from day 15 of pregnancy with a daily dose of 1 mg GK1.5, i.p., and
thymocyte suspensions from babies were analyzed on the day of birth. Controls consisted
of saline, once it had been demonstrated that irrelevant rat mAb had no effect (data not shown).

Sorting for CD4*/CD8" T Cells. Thymic cell suspensions were enriched for T cells ex-
pressing CD4*/CD8* by three cycles of panning with mAbs to CD4 and CD8 absorbed onto
a plastic dish surface, as previously described (40); adherent cells (CD4*/CD8"; >98% pu-
rity) were analyzed by flow cytometry for the coexpression of CD4 and CD8.

Fluorescence Staining.  Cell suspensions were prepared in HBSS (without phenol red) con-
taining 1% BSA and 0.1% sodium azide (FACS buffer). Cells (106100 pl buffer) were in-
cubated on ice for 30 min with 10 gl of the appropriate antibody, and washed twice after
each incubation. Control staining of cells, either stained with irrelevant antibody or with
second antibody alone, were used to obtain background fluorescence values. The samples
were analyzed on a FACS 440 (Becton Dickinson & Co., Mountain View, CA) interfaced
to a PDP 11/24 computer as previously described (12). Data were collected on 50,000 cells
and are shown as contour diagrams, with a three-decade log scale of green fluorescence on
the x-axis, and a three-decade log scale of red fluorescence on the y-axis. Reagents used for
direct staining were FITC- or biotin-conjugated anti-CD3 (41), -CD4 (35), -CD8 (42), and
-CD5 (43). For indirect staining, FITC-conjugated goat anti-rat-IgG was used as described
(32).

Results and Discussion

Class II Suppression in FTOC. The FTOC system allows for the in vitro differenti-
ation of immature, CD37/CD47/CD8", day 15-16 murine fetal thymocytes into T
cells with a mature phenotype (Fig. 1; control FTOC as compared with fresh thymus;
see also reference 44). To analyze whether T cell development in FTOC is subject
to selective forces similar to those affecting T cell development in vivo, we examined
the effects of blocking class II MHC antigens in vitro. Neonatal class II suppression
in vivo results in the failure to generate CD4*/CD8™ mature T cells (12). FTOCs
treated with anti~class II mAb also fail to develop the CD4 single-positive mature
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Ficure 1. Two-parameter flow cytometry analysis of cell surface CD4 vs. CD8 expression ou
FTOC treated with anti~class I mAb. Left, untreated young adult thymus; middle, control (un-
treated) FTOC; right, anti~class II-treated FTOC. Day 15 fetal thymuses from C57BL/6 mice
were cultured for 8 d; anti-class II-treated cultures received daily additions of 30 ul of a solution
of 2 mg/ml purified antl-Ia(b) mADb (final concentration 20 pug/ml); control cultures received ir-
relevant mAb.

T cell population (Fig. 1). These results show a perfect correlation with the results
previously obtained in in vivo anti-class II-treated mice (12); that is, only the
CD4*/CD8" T cells fail to mature, and the generation of the other main T cell
subsets (CD47/CD8~, CD47/CD8", and CD4*/CD8") remains intact.

Anti-CD4 Treatment of FTOC.  The above observations raise the question of whether
these results are a reflection of blocked TCR-~class II interaction, blocked CD4-class
II interaction, or both. To test the possible contribution of CD4-ligand interactions
to T cell development, the effect of anti-CD4 treatment in vitro was analyzed. Con-
trol FTOCs give rise to bright CD5*(Ly1)/CD8" T cells (Fig. 2), which correspond
to the presence of CD4*/CD8" cells (45). In contrast, organ cultures treated with
anti-CD4 mAb fail to develop the bright CD5*/CD8" T cell population (Fig. 2).
Direct staining for CD4 is complicated by the presence of anti-CD4 mAb in

Ficure 2. Two-parameter flow
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FTOC. Day 15 fetal thymuses
from C57BL/6 mice were cul-
tured for 8 d; anti-CIDD4-treated
cultures received daily additions
of 30 pl of a solution of 1 mg/ml
purified anti-CD4 mAb (final
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the FTOC, but still reveals identical findings: no effects on the generation of
CD47/CD8* and CD4*/CD8* cells are observed. Indirect staining demonstrated
the presence of the CD4*/CD8"* subset, in which CD# is both blocked and down-
modulated due to the presence of the mAb; indirect staining also showed the ab-
sence of the CD4*/CD8" subset (data not shown). Anti-CD4-treated, as well as
control, FTOCs contain a dull CD5*/CD8" population that corresponds to CD4~/
CD8" T cells (45). Additionally, CD5*/CD8* cells, corresponding to CD4*/CD8"*
T cells, and CD57/CD8* (CD4~/CD8" single positive), are also present in both con-
trol and treated FTOC. It therefore appears that the anti-CD4 treatment selectively
blocks the development pf only the CD4 single-positive T cells. Anti-CD8 mAb treat-
ment has no effect on the generation of CD4*/CD8" cells (data not shown), and
its effect on other parameters of T cell development is currently being investigated.
Selective removal of CD4*/CD8" cells by the anti-CDD4 mAb seems an unlikely ex-
planation for the present results, since CD4*/CD8" cells bind the mAb equally well,
yet their generation was not affected.

Anti-CD4 F(ab'); or Fab Treatment of FTOC. We next examined the mechanisms
by which the anti-CD4 mAb might exert its effects. First, the possible contribution
of Fc-mediated processes needed to be considered. The Fc portion may be respon-
sible for the direct activation of the complement system, or removal by macrophages
activated through their Fc receptors. The use of F(ab'); fragments would exclude
these possibilities. Second, the possible contribution of CD4 crosslinking can be tested
by comparing the effects of intact vs. Fab mAbD treatment. Effective treatment with
Fab fragments could not easily be achieved in vivo because the antibody fragment
was rapidly cleared before accomplishing its function (data not shown); the FTOC
system allowed us to specifically overcome this problem.

Organ-cultured fetal thymic lobes treated with F(ab"); fragments (>95% purity
as determined by SDS-PAGE analysis) did not give rise to single-positive CD4 T
cells (Fig. 3). The results were analogous to those obtained with the intact anti-CD4
mAb (Fig. 2); therefore, Fc-mediated mechanisms cannot be responsible for the ab-
sence of the CD4" T cells. Most importantly, the F(ab'); fragments used did not
cause depletion of CD4*/CD8~ T cells when injected into adult mice (data not
shown), in keeping with reports by others (37, 39). Thus, these results indicate that
the effects of the anti-CD4 treatment are either due to the engagement or blocking
of CD4, rather than to the direct removal of CD4*/CD8~ T cells, and are compat-
ible with the observation that CD4*/CD8" cells are not removed (see above).

Furthermore, FTOC treatment with Fab fragments of anti-CD4, containing no
detectable intact anti-CD4 (>99% purity by SDS-PAGE), generates a population
of thymocytes in which the CD4*/CD8" are likewise lacking (Fig. 3). The use of
Fab fragments precludes the possible effects generated by CD#4 crosslinking; indeed,
Fab fragments did not modulate CD4, while intact anti-CD4 did (not show). These
observations also provide further functional evidence for the lack of contaminating
intact anti-CD4 mAb in the Fab fragment preparations. Taken together, these ob-
servations suggest that blocking of CD4 results in the failure to generate CD4 single-
positive T cells. Also, the observed effects are not related to crosslinking, but, rather,
to steric hindrance of crucial interactions requiring the CD4 molecule. Such inter-
actions might involve either an activation-induced physical association between the
CD4 molecules and the CD3/TCR complex (27-29, 31), or binding of CD4 to class



Ficure 3. Two-parameter flow
cytometry analysis of cell sur-
face CD4 (left) or CD5 (right)
vs. CD8 expression on FTOC
treated with anti-CD4 F(ab'),
or Fab mAb fragments. 7op pan-
els, control ¥FTOC; middle pan-
els, anti-CD4-F(ab')s-treated

FTOC; bottom panels, anti-CD4-
A oe ™% Bab-treated FTOC. Day 15 fetal
thymuses from C57BL/6 mice
were cultured for 8 d; anti-CD4-
treated cultures received daily
additions of 30 ul of a solution
of 1 mg/ml purified anti-CD4
F(ab'); or Fab mAb fragments
(final concentration 10 pg/ml);

CONTROL FTOC

CD4
cDs

ANTI CD4-Fab

FTOC control cultures received irrele-
vant mAb.
) ()
cos cos

IT MHC (22-26). Our results suggest that anti-CD4-induced inhibition of the ap-
pearance of CD4*/CD8" cells is related to the anti-CD4 mAbD’s effect on the func-
tion of the CD4 molecule during T cell development. This may result not only in
a decrease in avidity between T cells and selecting elements, but also lead to an
interference with other yet unknown signals that affect the selection process. While
the present data does not distinguish between prevention of positive signals or in-
duction of negative signals, it is clear that such signaling would not require cross-
linking. Effects of monovalent anti-CD4 may reflect the prevention of an activation-
induced physical association between CD4 and the TCR complex (27-29, 31). Re-
gardless of the mechanism for the observed perturbation in the development of
CD4*/CD8" cells, these findings provide strong evidence for the conclusion that
interactions requiring the CD4 molecule are crucial to the generation of mature
single-positive CD4 T cells.

Anti-CD4 Treatment of Pregnant Mice. The above results strongly suggest that en-
gagement of the CD4 molecule plays a major role in the positive selection of
CD4*/CD8™ T cells in vitro. To address the veracity of these in vitro results, preg-
nant mice were subjected to anti-CD4 treatment.

Clearly, in vivo anti-CD#4 treatment generated results similar to those obtained
with the FTOC system (Fig. 4, compared with Figs. 2 and 3). Pregnant mice treated
with anti-CD4 mAb gave birth to neonates that lacked CD4 single-positive or bright
CD5*/CD8™ T cells in their thymi (Fig. 4); the other phenotypes remained un-
changed. Again, it should be emphasized that double-positive T cells develop nor-
mally in the treated mice. Together with the observation that, as with the FTOC,
F(ab'), fragments had identical effects as intact anti-CD4 mAbs (data not shown),
these findings exclude the possible effects of Fc-mediated events. Since F(ab'), frag-
ments, when injected into adult mice, do not deplete CD4*/CD8™ T cells (see
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above); these results indeed demonstrate that the absence of CD4 single-positive T
cells in fetal thymi subjected to anti-CD4 treatment is not due to depletion, but rather,
is caused by a failure of positive selection, attributable to blocked CD4-ligand inter-
actions.

Our results indicate that, in vitro and in vivo, the CD4 molecule 1s critically in-
volved in the selection process that leads to the development of mature CD#4 single-
positive T cells.

CD3/TCR Modulation in Anti-CD#4-ireated FTOC and Pregnant Mice. The observed
effects of anti-CD4 mAb may reflect either its ability to decrease the avidity of the
interaction between developing thymocytes and class II MHC-expressing cells (22-27),
and/or reflect its ability to provide additional signals upon exposure of thymocytes
to anti-CD4. Whether CD4 can also function as a signaling molecule in developing
thymocytes is unknown, but our recent findings (reference 32 and below) suggest
that it may.

Occupancy of the CD4 molecule by an anti-CD4 mAb results in a substantial
increase in CD3 expression in treated fetal thymic organ cultures (Fig. 5 a). The
CD3 upregulation occurs also in vivo; in pregnant mice, anti-CD4 treatments lead
to an increased expression of both CD3 and the TCR-a/f (data not shown; see ref-
erence 32) in the thymus of the fetus, indicating once more that the FTOC and
in vivo systems correlated well. Expression of several other cell surface molecules
(CD8, Thy-1, and J11D) was not affected, in keeping with our recent report on anti-
CD¥4 effects in neonatal mice (32). As reported before, the increase in CD3 expres-
sion occurs primarily in the double-positive (CD4*/CD8") cells (data not shown;
see reference 32).

We next investigated whether this increase in CD3 is a reflection of a “feedback”
mechanism operating to compensate for the loss of bright CD3*/CD4*/CD8~ T
cells. Failure to generate CD4*/CD8™ T cells can be achieved either by anti-class
II mADb treatment (Fig. 1, and reference 12), or by anti-CD4 mAb treatment (Figs.
2 and 3). However, treatment with anti-class II mAb did not result in a significant
change in CD3 expression (Fig. 5 d), while treatment with anti-CD4 mAb does up-
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Ficure 5. Flow cytometry analysis of cell surface CD3 expression on FTOC. (¢) Anti-CD4-
treated FTOC (solid line), control FTOC (dashed line); (b) anti-CD4 F(ab')e-treated FTOC (solid
liné), control FTOC (dashed line); () anti-CD4 Fab-treated FTOC (solid line), control FTOC (dashed
line); (d) anti-class II-treated FTOC (solid line), control FTOC (dashed line). (a-d) Dotted line
indicates staining with irrelevant mAb. Day 15 fetal thymuses from C57BL/6 mice were cultured
for 8 d; cultures were treated with 30 pl of a solution of purified mAb (see Figs. 1-3).

regulate CD3 (Fig. 5 a). Thus, the upregulated CD3 expression is not a consequence
of the removal of CD4*/CD8" T cells or blocking of thymocyte-class II MHC in-
teractions by anti-class II mAb. Rather, these results indicate that the upregulated
CD3 expression is a direct consequence of the binding of anti-CD4 mAb to double-
positive thymocytes.

Finally, we compared the effects of intact F(ab); and Fab fragments of anti-CD4
mAb on CD3/TCR upregulation in FTOC. Absence of intact anti-CD4 mAb in
these fragments was verified by SDS-PAGE analysis, and by the inability of these
preparations to cause depletion of CD4*/CD8™ T cells through repeated adminis-
trations of the fragments to adult mice (data not shown; see also references 37 and
39). Surprisingly, we observed that not only the bivalent anti-CD4, F(ab’);, mAb,
but also the monovalent anti-CD4, Fab, mAb (Fig. 5, b and ¢) caused CD3/TCR
upregulation. This effect was seen with three different preparations of anti-CD#4 Fab
fragments, all of which contained no detectable intact anti-CD4 mAb, and did not
modulate CD4 expression (data not shown). Thus, the CD3/TCR upregulation does
not require crosslinking of CD4, but appears to be solely a consequence of blocked
CD4-ligand interactions. Alternatively, monovalent (noncrosslinking) engagement
of CD4 transduces a signal resulting in CD3 upregulation. Studies are currently
in progress to determine whether other parameters reflecting CD4 signaling require
crosslinking.

A role for CD4 as a signaling molecule in mature T cells was already suggested



ZUNIGA-PFLUCKER ET AL. 2093

in previous studies (27-31); it has now been extended to neonatal (32) and prenatal
(present study) T cells. To what extent this upregulated TCR/CD3 level contributes
to the failure to generate CD4 cells is not clear. If the TCR/CD3 complex is func-
tional, one can postulate that CD4*/CD8" T cells are not generated because pre-
cursors with high levels of TCR/CD3 are “negatively selected” Alternatively, the
failure to generate CD4*/CD8" T cells may be solely a consequence of the blocked
physiological CD4-class Il interactions, and occurs regardless of the increased TCR
level. In this interpretation, the immature CD4*/CD8* T cells have upregulated
their CD3/TCR (after CD4 engagement by the mAb), yet it would appear that this
response is insufficient and cannot override the lack of CD4-class II interactions,
resulting in a failure to positively select the CD4*/CD8" subset. Our data also sug-
gest that positive selection is a consequence of coordinate signalling through a
TCR/CD3-CD4 complex. If either component of the complex is blocked (i.e., with
anti-TCR, -class I1, or -CD4), positive selection fails to occur. Either hypothesis would
argue that CD4 signals are crucial to T cell development, and that positive selection
is not solely a consequence of TCR-MHC interactions with an appropriate affinity.

Taken together, our results indicate that the effects of the anti-CD#4 treatment are
twofold; a selective failure to develop CD4* single-positive T cells, under conditions
where direct depletion of CD4*/CD8" T cells can be excluded, and a CD3 upregu-
lation in double-positive T cells. These results extend the evidence for CD4 as an
avidity-enhancing and signal-transducing molecule in mature T cells to a crucial
role in the differentiation of immature T cells and the selection of the T cell repertoire.

Summary

We examined the possible role of CID4 molecules during in vivo and in vitro fetal
thymic development. Our results show that fetal thymi treated with intact anti-CD4
mAbs fail to generate CD4 single-positive T cells, while the generation of the other
phenotypes remains unchanged. Most importantly, the use of F(ab')s and Fab anti-
CD4 mADbD gave identical results, i.e., failure to generate CD4*/CD8" T cells, with
no effect on the generation of CD4*/CD8" T cells. Since F(ab'); and Fab anti-CD4
fail to deplete CD4*/CD8" in adult mice, these results strongly argue that the ab-
sence of CD4*/CD8™ T cells is not due to depletion, but rather, is caused by a lack
of positive selection, attributable to an obstructed CD4-MHC class 11 interaction.
Furthermore, we also observed an increase in TCR/CD3 expression after anti-CD4
(divalent or monovalent) mAb treatment. The TCR/CD3 upregulation occurs in
the double-positive population, and may result from CD4 signaling after mAb en-
gagement, or may be a consequence of the blocked CD4-class II interactions. One
proposed model argues that the CD3 upregulation occurs in an effort to compensate
for the reduction in avidity or signaling that is normally provided by the interaction
of the CD4 accessory molecule and its ligand. As a whole, our findings advocate
that CD4 molecules play a decisive role in the differentiation of thymocytes.

We thank Fran Haussman and David A. Stephany of the NIAID Flow Cytometry Labora-
tory for FCM analysis, and Dr. Dom de Luca for his advice on the fetal thymus organ culture
system.

Recerved for publication 19 January 1989 and in revised form 13 March 1989



2094 ROLE OF CD4 IN THYMOCYTE SELECTION AND MATURATION

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

References

. Kappler, J. W,, N. Roehm, and P. C. Marrack. 1987. T cell tolerance by clonal elimina-

tion in the thymus. Cell. 49:273.

. Bevan, M. J. 1977. In radiation chimera, host H-2 antigens determine the immune re-

sponsiveness of donor cytotoxic cells. Nature (Lond.). 269:417.

. Zinkernagel, R. H., G. N. Callahan, A. Althage, S. Cooper, P. A. Klein, and J. Klein.

1978. On the thymus in the differentiation of H-2 self-recognition by T cells: evidence
for dual recognition? J. Exp. Med. 147:882.

. Kappler, J. W,, T. Wade, J. White, E. Kushnir, M. Blackman, J. Bill, N. Roehm, and

P. C. Marrack. 1987. A T cell receptor V-beta segment that imparts reactivity to a class
II major histocompatibility complex product. Cell. 49:263.

. Kappler, J. W.,, U. Staerz, J. White, and P. C. Marrack. 1988. Self-tolerance eliminates

T cells specific for Mls-modified products of the major histocompatibility complex. Na-
ture (Lond.). 332:35.

. MacDonald, H. R., R. Scheider, R. K. Lees, R. C. Howe, H. Acha-Orbea, H. Festen-

stein, R. M. Zinkernagel, and H. Hengartner. 1988. T cell receptor V-beta use predicts
reactivity and tolerance to Mls(a)-encoded antigens. Nature (Lond.). 332:40.

. Fowlkes, B. J., R. H. Schwartz, and D. M. Pardoll. 1988. Deletion of self-reactive thymo-

cytes occurs at a CD4*CD8" precursor stage. Nature (Lond.). 334:620.

. MacDonald, H. R., H. Hengartner, and T. Pedrazzini. 1988. Intrathymic deletion of

self-reactive cells prevented by neonatal anti-CD4 antibody treatment. Nature (Lond.).
335:174.

. Kisielow, P,, H. Bluthmann, U. D. Staerz, M. Steinmetz, and H. von Boehmer. 1988.

Tolerance in T-cell-receptor transgenic mice involves deletion of nonmature CD4*8*
thymocytes. Nature (Lond.). 333:742.

von Boehmer, H., H. S. Teh, J. R. Bennink, and W. Haas. 1985. Selection of T cell
repertoire during ontogeny: precursor frequency and fine specificity analysis. In Recog-
nition and Regulation in Cell-mediated Immunity. J. D. Watson and J. Marbrook, editors.
Marcel Dekker, Inc.,, New York. 89-106.

Singer, A. 1988. Experimentation and thymic selection (commentary). J. Immunol.
140:2481.

Kruisbeek, A. M., J. J. Mond, B. J. Fowlkes, J. A. Carmen, S. Bridges, and D. L. Longo.
1985. Absence of the Lyt-27, L3T4"* lineage of T cells in mice treated neonatally with
anti-I-A correlates with the absence of intrathymic I-A-bearing antigen-presenting cell
function. J. Exp. Med. 161:1029.

Marusic-Galesic, S., D. Stephany, D. L. Longo, and A. M. Kruisbeek. 1988. Develop-
ment of CD4~ CD8* cytotoxic T cells requires interactions with class I-MHC deter-
minants. Nature (Lond.). 333:180.

Marrack, P. C., E. Kushnir, W. Born, M. McDuffie, and J. W. Kappler. 1988. The devel-
opment of helper T cell precursors in mouse thymus. J. Immunol. 140:2508.

Teh, H. S., P. Kisielow, B. Scott, K. Hiroyuki, Y. Uematsu, H. Bluthmann, and H. von
Boehmer. 1988. Thymic major histocompatibility complex antigens and the alpha/beta
T-cell receptor determine the CD4/CD8 phenotype of T cells. Nature (Lond.). 355:229.
Kisielow, P, H. S. Teh, H. Bluthmann, and H. von Boehmer. 1988. Positive selection
of antigen-specific T cells in thymus by restricting MHC molecules. Nature (Lond.). 355:730.
Marusic-Galesic, S., D. L. Longo, and A. M. Kruisbeek. 1989. Preferential differentia-
tion of T cell receptor specificities based on the MHC glycoproteins encountered during
development: evidence for positive selection. J. Exp. Med. 169:1619.

Zuhiga-Pflucker, J. C., D. L. Longo, and A. M. Kruisbeek. 1988. Positive selection of
CD47/CD8* T cells in the thymus of normal mice. Nature (Lond.). 338:76.

McDuffie, M., W. Born, P. C. Marrack, and J. W. Kappler. 1986. The role of the T



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

ZUNIGA-PFLUCKER ET AL. 2095

cell receptor in thymocyte maturation: effects of in vive anti-receptor antibody. Proc. Natl.
Acad. Sci. USA. 83:8720.

von Boehmer, H. 1986. The selection of the a,b heterodimeric T-cell receptor for an-
tigen. Immunol. Today. 7:333.

Janeway, C. A. 1988. T-cell development. Accessories or coreceptors? Nature (Lond.).
355:208.

Biddison, W. E., P. E. Rao, M. A. Talle, G. Goldstein, and S. Shaw. 1982. Possible in-
volvement of the. OKT4 molecule in T cell recognition of class II HLA antigens. Evi-
dence from studies of cytotoxic T lymphocytes specific for SB antigens. J. Exp. Med.
156:1065.

Greenstein, J. L., J. Kappler, P. Marrack, and S. J. Burakoff. 1984. The role of L3T4
in recognition of Ia by a cytotoxic H-2D(d)-specific T cell hybridoma. /. Exp. Med. 159:1213.
Doyle, C., and J. L. Strominger. 1987. Interactions between CD4 and class II MHC
molecules mediates cell adhesion. Nature (Lond.). 330:256.

Gay, D.,, S. Buus, J. Pasternak, J. Kappler, and P. Marrack. 1988. The T-cell accessory
molecule CD#4 recognizes a monomorphic determinant on isolated 1a. Proc. Natl. Acad.
Sci. USA. 85:5629.

Gay, D, P. Maddon, R. Sekaly, M. A. Talle, M. Godfrey, E. Long, G. Goldstein, L.
Chess, R. Axel, J. Kappler, and P. Marrack. 1987. Functional interaction between human
T-cell protein CD4 and the major histocompatibility complex HLA-DR antigen. Nature
(Lond.). 328:626.

Eichman, K., J. I. Jonsson, I. Falki, and F. Emmrich. 1987. Effective activation of resting
mouse T lymphocytes by cross linking submitogenic concentration of the T cell antigen
receptor with either Lyt-2 or L3T4. Eur J. Immunol. 17:643.

Ledbetter, J. A., C. H. June, PS. Rabinovitch, A. Grossman, T. T. Tsu, and J. B. Im-
boden. 1988. Signal transduction through CD#4 receptors: stimulatory vs. inhibitory ac-
tivity is regulated by CD4 proximity to the CD3/T cell receptor. Eur. J. Immunol. 18:525.
Haque, 8., K. Saizawa, J. Rojo, and C. A. Janeway. 1987. The influence of valence on
the functional activities of monoclonal anti-L3T4 antibodies. J. Immunol. 139:3207.
Veillette, A., M. A. Bookman, E. M. Horak, and J. B. Bolen. 1988. The CD4 and CD8
T cell surface antigens are associated with the internal membrane tyrosine-protein ki-
nase p56-lck. Cell. 55:301.

Rivas, A., S. Takada, J. Koide, G. Sonderstrup-McDevitt, and E. G. Engleman. 1988.
CD4 molecules are associated with the antigen receptor complex on activated but not
resting T cells. J. Immunol. 140:2912.

McCarthy, S. A., A. M. Kruisbeek, I. K. Uppenkamp, S. O. Sharrow, and A. Singer.
1988. Engagement of the CD4 molecule influences cell surface expression of the T-cell
receptor on thymocytes. Nature (Lond.). 336:76.

Robinson, J. H., and J. J. T. Owen. 1976. Generation of T-cell function in organ culture
of foetal mouse thymus. I. Mitogen responsiveness. Clin. Exp. Immunol. 23:347.
Mandell, T. E., and M. M. Kennedy. 1978. The differentiation of murine thymocytes
in vivo and in vitro. Immunology. 53:317.

Dialynas, D. P, Z. S. Quan, K. A. Wall, A. Pierres, J. Quintans, M. R. Loken, M,
Pierres, and F. W. Fitch. 1983. Characterization of the murine T cell surface molecule,
designated L3T4, identified by the monoclonal antibody GK1.5: similarity of L3T4 to
the human Leu-3/T4 molecule. J. Immunol. 131:2445.

Janeway, C. A, P. J. Conrad, E. A. Lerner, J. Babick, P. Wettstein, and D. B. Murphy.
1984. Monoclonal antibodies specific for Ia glycoproteins raised by immunization with
activated T cells. Possible role of T cell-bound Ia antigen as target of immuno-regulatory
cells. J. Immunol. 132:662.

Gutstein, N. L., and D. Wofsy. 1986. Administration of F(ab')2 fragments of monoclonal



2096 ROLE OF CD4 IN THYMOCYTE SELECTION AND MATURATION

38.

39.

40.

41.

42.

43.

44,

43.

antibody to L3T4 inhibits humoral immunity in mice without depleting L3T4* cells.
J. Immunol. 137:3414.

Mishell, B. B., and S. M. Shiigi. 1980. Selected Methods in Cellular Immunology. W. H.
Freeman and Co. New York. 284 pp.

Carteron, N. L., D. Wofsy, and W. E. Seaman. 1988. Induction of immune tolerance
during administration of monoclonal antibody to L3T4 does not depend on depletion
of L3T4+ cells. J Immunol 140:713.

Mage, M. G., L. L. McHugh, and T. L. Rothstein. 1977. Mouse lymphocytes with or
without surface immunoglobulin: preparative separation in polystyrene tissue culture
dishes coated with specifically purified anti-immunoglobulin. J. Immunol. Methods. 15:47.
Leo, O., M. Foo, D. H. Sachs, L. E. Samelson, and J. A. Bluestone. 1987. Identification
of a monoclonal antibody specific for a murine T3 polypeptide. Proc. Natl. Acad. Sci. USA.
84:1374.

Ledbetter, J. A., and L. A. Herzenberg. 1979. Xenogenic monoclonal antibodies to mouse
lymphoid differentiation antigens. Immunol. Rev. 47:63.

Ledbetter, J. A., R. V. Rouse, H. S. Micklem, and L. A. Herzenberg. 1980. T cell subsets
defined by expression of Lyt-1,2,3 and Thy-1 antigens. Two-parameter immunofluores-
cence and cytotoxicity analysis with monoclonal antibodies modifies current views. J.
Exp. Med. 152:280.

Ceredig, R. 1988. Differentiation potential of 14-day fetal mouse thymocytes in organ
culture. Analysis of CD4/CD8-defined single-positive and double-negative cells. J. Im-
munol. 141:355.

Fowlkes, B. J., L. Edison, B. J. Mathieson, and T. M. Chused. 1985. Early T lympho-
cytes. Differentiation in vivo of adult intrathymic precursor cells. /. Exp. Med. 162:802.



