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ABSTRACT Murine thymocytes induce the monokine in-
terleukin 1 upon in vitro coculture with a radioresistant Ia-
bearing accessory cell [murine Ia molecule is a class II major
histocompatibility complex (MHC) antigen]. The generation of
interleukin 1 is critically dependent on the function off-region
gene products on accessory cells. The induced interleukin 1
appears to allow the activation and proliferation of self-MHC-
specific thymocytes. Thus, in the absence of added exogenous
factors, there is an Ia-dependent thymocyte proliferation. This
selective activation of thymocytes is observed with both mature
and immature thymic T cells. This in vitro response results in
the selective amplification of developing T cells with self-MHC
specificity and could be of importance to the in vivo commit-
ment of T cells to MHC determinants that occurs in the thy-
mus.

The generation of functional mature T lymphocytes requires
a thymus (1, 2). In this organ, striking T-cell proliferation
and cell death are observed from which emerge functionally
mature cells with a highly selected range of specificities (2).
The T cells migrating from the thymus bear receptors that
recognize nominal antigens in association with self-major
histocompatibility complex (MHC) molecules (3, 4). This T-
cell MHC specificity is determined by the allelic MHC gene
products expressed in the thymus prior to a T-cell's experi-
ence with nominal antigen (4, 5). The mechanism underlying
this commitment to self-MHC specificities is unknown.

It is generally accepted, nevertheless, that thymic specifi-
cation involves the selective expansion of T cells with speci-
ficity for self-MHC molecules (6-8). Therefore, we investi-
gated the signals required for the proliferation of developing
T cells. We found that thymocytes recognize self-Ia mole-
cules (I-region-associated murine class II MHC antigen) on
accessory cells and are driven to expand in the presence of
the monokine interleukin 1 (IL-1) (9). Thymocytes, relative
to mature peripheral T cells, are uniquely reactive to these
signals in the absence of foreign antigens. The existence of
such a response in the thymus could be of importance in the
commitment of T cells to MHC determinants that occurs in
this organ. It was of interest, therefore, to analyze whether
such a self-restricted expansion would occur spontaneously
without added monokine. Such an analysis is the subject of
this report.

MATERIALS AND METHODS
Mice. C3H/Hej and C3H/Fej mice were purchased from

The Jackson Laboratory.
Monoclonal Antibodies (Mabs). MAb-containing culture

supernatant was obtained from the hybridomas MKD6 (10)
(anti-I-Ad), 10.2.16 (11) (anti-I-Ak), and JIID (12) as de-
scribed (9, 13).

Cell Preparation. Thymocytes were fractionated with pea-
nut agglutinin (PNA) lectin into cortical and medullary popu-
lations as described by Kruisbeek and Astaldi (14). Corti-
sone-resistant thymocytes were obtained 48 hr after in vivo
i.p. administration of 1.5 mg of cortisone acetate. Spleen and
thymus were fractionated on discontinuous bovine serum al-
bumen gradients by the method of Steinman and Cohn (15)
and were exposed to 1660 R of y-irradiation. Antibody-plus-
complement treatment of cell populations was performed as
described (16).

Cell Culture. Cultures were prepared in a final volume of
200 ,ul or 1 ml of RPMI 1640 medium supplemented as de-
scribed (13) but also containing 0.25 ,uM indomethacin. Thy-
mocytes or thymocyte subpopulations were cultured with or
without X-irradiated density-fractionated cell populations.
The specific number of each cellular component is indicated
in the respective experimental protocols. Cultures were in-
cubated at 37°C for the indicated length of time; the superna-
tant was removed and/or incorporation of [3H]thymidine
into DNA was assessed as described (17).
Assay of Cytokines. IL-1 was assayed by the method of

Mizel et al. (18). IL-2 was assayed as described (13). IL-2
was selectively removed from culture supernatant by the
method of Smith (19).

RESULTS
Thymocyte Induction of IL-1. Supernatant derived from

coculture of medullary thymocytes with irradiated accessory
cells was examined for mitogenic activity in an IL-1 assay. A
soluble mitogenic activity was measurable only upon inter-
action of the two cell populations (Fig. 1). No activity was
detectable in cultures of thymocytes or accessory cells cul-
tured separately (Figs. 1-3).
The IL-1 assay is sensitive to the two cytokines IL-1 and

IL-2. To assess the respective contribution of these factors
to the observed mitogenic activity, we also assayed the IL-2
content of the thymocyte culture supernatants. The IL-2 as-
say is insensitive to IL-1 and is more sensitive to IL-2 than is
the IL-1 assay (unpublished data). Several observations
show that IL-2 did not account for the activity detected in
our cultures. IL-2 was not always detectable in active super-
natants and, when present, was not found in sufficient
amounts to be detectable in the IL-1 assay (Fig. 2 and data
not shown). Further, when this low level of IL-2 was selec-
tively removed from the supernatant, activity was still de-
tectable in the IL-1 assay (Fig. 2). Therefore, IL-2 is neither
necessary nor sufficient to account for the activity present in
the thymocyte/accessory cell supernatants. By exclusion,
we conclude that IL-1 is present in our culture supernatants.

Direct Proliferation of Thymocytes. Addition of IL-1 into
thymocyte cultures results in proliferation that is maximal at

Abbreviations: MHC, major histocompatibility complex; IL-1 and
-2, interleukins 1 and 2; PNA, peanut agglutinin; MAb, monoclonal
antibody.
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FIG. 1. Thymocyte induction of IL-1. An IL-1 assay was per-
formed on a 1:4 dilution of supernatants from 200-.lI cultures (incu-
bated 120 hr) of 1 x 106 C3H/Fej cortisone-resistant thymocytes
with or without the indicated numbers of X-irradiated syngeneic
low-density (o) or high-density (o) splenic cells or from low-density
splenic cells cultured alone (A).

72 hr (9, 20). Because it appears that thymocytes are capable
of inducing IL-1 in culture, we examined whether thymocyte
proliferation ensued. Both IL-1 generation and thymocyte
proliferation were assayed on the same cultures as a function
of time. IL-1 was detectable after 96 hr of culture and subse-
quently was followed by thymocyte proliferation (Fig. 3).

Characteristics of the Interacting Cell Subsets. Both the
generation of IL-1 and the direct thymocyte proliferation re-
quire an accessory cell. The requisite accessory cell for both
responses is radioresistant and present only in the low-densi-
ty (p < 1.082) cell fractions from spleen (Figs. 1 and 4). This
cell fraction (2-5% of the initial cell population) is greatly
enriched for macrophages and dendritic cells. The relevant
accessory cell is also present in normal thymus (Fig. 5).
The nature of the thymocyte capable of proliferating upon

interaction with accessory cells was characterized with re-
spect to its maturity. Both cortical (immature) and medullary
(mature) thymocytes proliferated upon coculture with acces-
sory cells (Fig. 5). Medullary thymocytes proliferated to a
much greater extent than did cortical cells, whose response
was the same as that of unfractionated thymocytes. This
greater response of the mature cells was not attributable to
the lectin exposure during cell fractionation, as cells isolated
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FIG. 3. Kinetics of IL-1 generation and thymocyte proliferation.
PNA- C3H/Fej thymocytes, (5 x 105) and X-irradiated low-density
splenocytes (4 x 105) were cultured by themselves (A, o, respective-
ly) or together (s) in 200 Al. At the indicated times, 50 /4l of superna-
tant was removed and tested for IL-1 activity (-), and the prolifera-
tion in the same culture wells was measured (----). The culture super-
natant was assayed at a 1:4 final dilution.

on the basis of steroid resistance were similarly responsive
(Fig. 1; unpublished data). The weaker response of cortical
cells is not due to contamination of this cell fraction with
medullary thymocytes, as the responding cell in such cul-
tures bears an immature cell marker as assessed by treat-
ment with the JIID MAb and complement (ref 12; data not
shown). This pattern of activity exactly paralleled the re-
sponsiveness of these subpopulations to exogenous IL-1 (9).
The Role of MHC Gene Products in IL-1 Induction and

Thymocyte Proliferation. We demonstrated that addition of
IL-1 to thymocyte cultures results in the activation of thy-
mocytes with specificity for self-Ia molecules (9). Because Ia
molecules may be involved in the induction of IL-1, we pos-
tulated that the autoamplification of cells with specificity for
autologous class II MHC molecules could occur. To test the
involvement of Ia molecules in thymocyte proliferation to
syngeneic accessory cells, we performed several experi-
ments. First, the requisite accessory cell was eliminated by
treatment with anti-Ia MAb and complement (data not
shown). Second, anti-Ia MAb was added directly to thymo-
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FIG. 2. IL-1 and IL-2 assays on thymocyte culture supernatants.
O, IL-2 absorbed; e, unabsorbed. Supernatants were generated from
96-hr, 1-ml cultures of 5 x 10' C3H/Hej PNA- thymocytes with 5 x
106 X-irradiated splenic low-density cells (e, o) or from either cell
population cultured alone (-, a). Supernatants were tested without
further manipulation (e, *) or after removal of IL-2 by bioabsorption
(a, a) in an IL-1 (-, *, a) or IL-2 (----) assay.
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FIG. 4. Direct proliferation of thymocyte T-cell subsets to syn-
geneic accessory cells. (A) Microcultures (200 ul) were prepared
with 1.5 x 105 C3H/Hej unfractionated thymocytes (o) or 5 x 105
PNA- thymocytes (o) with (-) or without (----) 4 x 105 X-irradiated
splenic low-density accessory cells. (B) Microcultures with 1.5 x

106 PNA+ C3H/Hej thymocytes with (-) or without (---) 4 x 105 X-
irradiated splenic low-density cells. Cultures were incubated for the
indicated length of time, and incorporation of [3H]thymidine into
DNA was assayed over the last 18 hr of culture. The results of cul-
tures with high-density cells were identical to those without accesso-
ry cells; therefore, the data points have been omitted for clarity.
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FIG. 5. Comparison of the accessory cell function of low-density
(e) and high-density (o) thymic accessory cells in the direct activa-
tion (proliferation) of thymocytes. Microcultures were prepared
with 5 x 105 PNA- thymocytes with the indicated numbers of X-
irradiated low- or high-density thymic accessory cells and incubated
for 135 hr as described in Fig. 4.

cyte cultures, and activation of thymocytes was specifically
blocked under these conditions (Fig. 6). Identical results
were seen with cultures of cortical thymocytes (unpublished
data). Third, the effect of anti-Ia MAb upon the thymocyte
induction of IL-1 was tested. Inclusion of anti-Ia MAb in
thymocyte-accessory cell cocultures specifically blocked the
generation of IL-1 (Fig. 7).

DISCUSSION

The major findings of this report are: (i) proliferation of self-
MHC class II antigen (Ta antigen)-specific thymocytes oc-
curs upon interaction with accessory cells in vitro; (ii) self-
Ia-specific thymocytes induce IL-1 in culture; (iii) after IL-1
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FIG. 6. The direct proliferative response (n) of PNA- thymo-
cytes (H-2k) to syngeneic accessory cells is blocked by anti-I-A
MAb. Microcultures were prepared with 106 C3H/Fej PNA- thy-
mocytes with or without 5 x 105 X-irradiated low-density splenic
accessory cells in the presence or absence of the indicated MAbs
(anti-I-Ak = 10.2.16; anti-l-Ad = MKD6) and incubated for 136 hr.
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FIG. 7. IL-1 production is inhibited by anti-I-A MAb. Superna-
tants from 120-hr incubations were generated as described in Fig. 2
except with 2.5 x 106 of each cell population in the absence (e) or
presence (0) of anti-I-Ad (MKD6) (B) or anti-I-Ak (10.2.16) (A)
MAb. The IL-i content of these supernatants were assayed with
both BALB/c (H-2d) and C3H/Hej (H-2k) cells (A and B, respective-
ly) so as to control for potential inhibition of the IL-1 assay by the
anti-I-A MAbs.

induction, thymocyte proliferation ensues; and (iv) Ia mole-
cules are criticaly involved in these processes.
The generation of IL-1 in this system requires a thymo-

cyte-accessory cell interaction. Culture of either cell alone
results in no detectable activity. Although IL-2 is measur-
able in some of the cultures, it is neither necessary nor suffi-
cient to account for the activity measured in the IL-1 assay.
We therefore refer to the activity detected as IL-1, although
molecular identity with that factor has not been proven for-
mally. IL-1 is a monokine and is presumably produced by
the accessory cells in our cultures. Supporting this interpre-
tation, we have observed similar levels of activity from par-
allel cultures of accessory cells with thymocytes or endotox-
in, a nonspecific IL-1-inducing agent (unpublished data).
Upon induction, IL-1 appears to be rapidly produced, be-

ing first detected at 96 hr at almost maximal levels. Prolifera-
tion follows at 115 hr and becomes maximal at 136-164 hr.
Of importance is the finding that the proliferation occurs in
the absence of exogenous added cytokines. Although in vitro
thymocyte autoproliferation has been reported, it has been
observed to occur only without added exogenous factors in
the neonate (21-24). It would appear that thymocytes are ca-
pable of inducing IL-1 and responding to it. Thymocyte pro-
liferation to added exogenous IL-1 peaks at 72 hr, which is
the approximate interval between the appearance of IL-1
and the maximal proliferation that is observed above. The
response to exogenous added factor is identical to the direct
proliferative response described here with respect to the na-
ture of the accessory cell requirement, the responsiveness of
the various thymic T-cell subsets, and specificity of the re-
sponse. Therefore, it seems probable that these responses
with and without factor represent the same phenomenon for
which IL-1 generation is rate-limiting. Such a limitation has
been suggested for other T-cell responses (17).
The thymocyte response to IL-1 is not a direct mitogenic

effect of this factor. Our previous studies have shown that
thymocytes recognize autologous class II MHC molecules
on syngeneic accessory cells and, in the presence of IL-1,
are driven to proliferate (9). MHC molecules also play a criti-
cal role in the induction of IL-1. Anti-Ia MAbs specifically
block the generation of IL-1 in culture. Based on these find-
ings, it is likely that the direct thymocyte proliferation is in-
hibited by such MAbs through blockage of the two required
activation signals.

This MHC-specific spontaneous thymocyte proliferation
is observed with both mature and immature thymocytes.
Therefore, the phenomenon occurs at ontogeneic stages at
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which the forces that shape the T-cell repertoire are thought
to act. The medullary thymocytes respond more strongly
than the cortical cells. The reason for this difference is not
defined by our data. There are many possible reasons that
could account for this observation, including precursor fre-
quency, receptor affinity or avidity, and functional matura-
tion. Because medullary thymocytes are derived from corti-
cal cells, these differences could reflect a selective expan-
sion.
We suggest that the thymocyte IL-1 response may be of

relevance to thymic specification of the T-cell repertoire (9).
It had previously been proposed that one of the major strate-
gies of this process is the selective expansion of thymocytes
on the basis of receptor specificity by an undefined mecha-
nism (4-8). Perhaps the most conservative biological mecha-
nism would be to utilize the same set of activation signals
that subsequently would be used by the mature cell. The re-
sults of this report, along with our previous observations,
suggest that the thymocyte and the mature post-thymic T
cell have similar activation requirements (9). Further, the os-
tensible receptor specificity in the thymus is for self-MHC
molecules. Because Ia molecules on accessory cells may
serve as an induction signal for IL-1, a linkage of required
activation signals could selectively amplify cells with self-
specificity (16, 25, 26). The system could start with T cells of
random specificity and, by activational constraints, generate
a self-restricted repertoire. Our finding that anti-Ia MAbs
block both IL-1 induction and thymocyte proliferation
shows that Ia molecules are involved in the generation of
both activation signals and is consistent with such a mecha-
nism. The result of the thymocyte-accessory cell interaction
appears to be an autoamplification of a selected specificity.
It is notable that the in vivo generation of the T-cell reper-
toire is strongly correlated with the MHC genotype of the
thymic accessory cells and is blocked by anti-Ia MAbs (27,
28).

Although this mechanism would fit the available data, it
remains to be proven formally that the requisite activation
signals are linked and that this autoreaction will generate
cells that will require restricted recognition of nominal anti-
gens. In this context, it is of interest that in vivo, self-restric-
tion appears to be acquired prior to experience with nominal
antigen, which is consistent with autorecognition being the
selection force (4). Further autoreactive cells are found in
the peripheral T-cell pool, and these cells also seem to be
antigen-specific (29). Alternate interpretations of our data
exist, including the possibility that we are solely measuring
high-affinity MHC self-specific cells, reactive with autolo-
gous antigens, that are not yet eliminated. The model is also
incomplete. It would require additional mechanisms to de-
lete the high-affinity MHC-specific cells that are generated.
Once these autoaggressive cells are eliminated, the remain-
ing lower-affinity cells, upon maturing, may no longer be
triggered by unmodified Ia but may require the corecognition
of Ia with a nominal antigen. A second mechanism for the
generation of class I MHC-restricted cells would be re-
quired. In vivo experiments have not correlated class I MHC

specification with thymic accessory cells (30). However, an
overall similar mechanism could operate for the class I
MHC-restricted repertoire, but presumably involving other
activation signals.
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