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Abstract

Peripheral T cells can be polarized towards type 1 or type 2 cytokine immune responses during TCR engagement. Because T cell
selection by peptide plus self-MHC in the thymus requires TCR engagement, we hypothesized that type 1 cytokines may polarize
developing T cells. We cultured thymi from BBDR rats in adult thymus organ cultures (ATOC) under type 1 cytokine conditions
in the absence of exogenous antigen. Type 1 cytokine-conditioned ATOC generated cells that spontaneously secreted high levels of
IFN�, but not IL-4. A second exposure to type 1 cytokines further increased IFN� secretion by these cells, most of which were blasts
that expressed the activation markers CD25, CD71, CD86, and CD134. Studies using blocking antibodies and pharmacological
inhibitors suggested that both IL-18 and cognate TCR–MHC/ligand interactions were important for activation. Blocking anti-MHC
class I plus anti-MHC class II antibodies, neutralizing anti-IL-18 antibody, and the p38 MAP-kinase inhibitor SB203580 each
reduced IFN� production by w75–80%. Cyclosporin A, which prevents TCR signaling, inhibited IFN� production by w50%. These
data demonstrate that exposure to type 1 cytokines during intrathymic development can polarize differentiating T cells, and suggest
a mechanism by which intrathymic exposure to type 1 cytokines may modulate T cell development.
� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A key determinant of the response of CD4+ and
CD8+ effector T cells to antigen is the cytokine environ-
ment they encounter during cognate engagement of the
TCR [1–3]. IL-12 polarizes T cells towards a type 1
cytokine profile characterized by high IFN� and low
IL-4 secretion, whereas IL-4 polarizes T cells towards a
type 2 cytokine profile characterized by high IL-4 and
low IFN� secretion [4]. Type 1 polarized T cells are
effective at controlling intracellular pathogens [5] and
have been implicated in some T cell-mediated auto-
immune disorders [6,7]. Type 2 polarized T cells are

effective at controlling extracellular pathogens, such as
helminths [8,9] and also promote humoral immunity,
including IgE-mediated allergic responses [10]. Ex vivo
exposure of T cells to type 1 or type 2 cytokine environ-
ments during cognate TCR interaction with MHC plus
antigen rapidly polarizes their cytokine secretion profile.

It is not known which cells produce the IL-4 needed
to generate type 2 responses in vivo. NK T cells,
basophils, mast cells, and T cells themselves are all
candidate sources [11,12]. The IL-12 that promotes type
1 cytokine responses in vivo is produced primarily by
dendritic cells and macrophages; IL-12 is secreted
rapidly in response to infection by many intracellular
pathogens [5,13–15]. Microbial LPS, bacterial DNA
containing CpG motifs, and Leishmania antigen are also
potent inducers of IL-12 in phagocytic cells [5]. The
response of the innate immune system to some infectious
agents and microbial products is vigorous enough to
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increase levels of circulating IL-12. For example,
infection with murine cytomegalovirus [13,16] or Toxo-
plasma gondii [17], or exposure to LPS [18] or the
dsRNA viral mimetic polyinosinic:polycytidylic acid
(poly I:C) [19] markedly increases circulating IL-12
levels in vivo in mice. Activation of APCs by pathogens,
causing them to secrete IL-12 could, therefore, have
systemic effects on T cells. IL-12 is also produced, in the
absence of infection, by dendritic cells after cognate
interaction with T cells [20,21] and in the thymus [22,23].

The role of polarizing cytokine environments in regu-
lating peripheral T cell responses has been studied
extensively, but it is not known if T cells differentiating
in the thymus are also susceptible to polarization. Be-
cause positive and negative selection by self-peptide–
MHC complexes during thymocyte development
requires engagement of the TCR [24–26], we hypoth-
esized that thymic T cells can be polarized. To test this
hypothesis, we used rat adult thymus organ cultures
(ATOC) to examine the effect of exposure to a type 1
cytokine environment on T cell development. We chose
to study thymi from BBDR rats because we have shown
previously that BBDR rat ATOC recapitulate normal
thymocyte development, and generate normal ratios of
functional CD4+ and CD8+ single positive TCRhi cells
[27,28]. The BBDR rat is phenotypically normal and
disease-free, but can be induced to develop autoimmune
diabetes by environmental perturbants, including viral
infection [29–31]. Diabetes in these animals is associated
with a type 1 immune response [32].

We report that exposure of BBDR rat ATOC to a
type 1 cytokine environment generated activated T cells
that spontaneously secreted high levels of IFN�. Using
blocking antibodies and pharmacological inhibitors, we
further documented that both TCR–MHC/ligand inter-
actions and endogenous IL-18 were important for acti-
vation. Both pre-selection CD4+ and CD8+ thymocytes
and CD4 and CD8 single positive thymocytes were
polarized to increased IFN� production. These data
document that developing rat thymocytes, like periph-
eral T cells, are susceptible to the polarizing effects of
type 1 cytokines.

2. Materials and methods

2.1. Animals

Viral antibody-free BBDR rats were purchased from
BRM, Inc. (Worcester, MA) and used between 8 and 10
weeks of age. All sentinel animals screened during these
studies were certified to be serologically free of Sendai
virus, pneumonia virus of mice, sialodacryoadenitis
virus, rat corona virus, Kilham’s rat virus, H-1, mouse
poliovirus (GD7), Reo-3, Mycoplasma pulmonis, lym-
phocytic choriomeningitis virus, mouse adenovirus,

Hantaan virus, and Encephalitozoon cuniculi. All ani-
mals were housed in a viral-antibody-free facility and
provided with sterile food and water ad libitum. Animals
were maintained in accordance with recommendations
in the Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, National
Research Council, National Academy of Sciences, 1996)
and the guidelines of the Institutional Animal Care
and Use Committee (IACUC) of the University of
Massachusetts Medical School.

2.2. Antibodies and cytokines

For flow microfluorometry of surface antigens,
fluorochrome- or biotin-conjugated mAbs directed
against the �� TCR (clone R73), CD25 (IL-2R�, clone
OX-39), CD71 (transferrin receptor, clone OX-26), CD4
(clone OX-35), CD8� chain (clone OX-8), CD8� chain
(clone 341), CD134 (clone OX-40), CD45RC (clone
OX22), CD80 (clone 3H5), CD86 (clone 24F), CD3
(clone G4.18), CD62L (clone HRL1), IL-4 (clone OX81,
and IFN� (clone DB-1) were purchased from BD Bio-
sciences (San Diego, CA). Isotype control mAbs mouse
IgG1, mouse IgG2a, rat IgG2b, hamster Ig, and PE-
or CyChrome�-conjugated streptavidin were also
purchased from BD Biosciences. Antibodies were used
either directly conjugated with FITC, PE, or Cy-
Chrome�, or were used as biotin conjugates and
developed for visualization by PE- or CyChrome�-
streptavidin.

Mouse anti-rat IL-4 mAb (OX81), anti-rat MHC
class II (OX6), anti-rat MHC class I (OX18), and
isotype control anti-dengue virus mIgG1 (3H5-1) anti-
bodies were produced in our laboratory and purified
using Protein G-Plus affinity chromatography columns
(Calbiochem, San Diego, CA). A purified neutralizing
rabbit antibody against rat IL-18 has been described in
Ref. [33] and was generously provided by Dr Nathan
Karin (Technion, Haifa, Israel). Purified polyclonal
rabbit antibody to irrelevant peptide was used as an
isotype control. Purified polyclonal rabbit anti-rat
IFN� (Torrey Pines, La Jolla, CA) and anti-ART2.1
antibodies were used as biotin-conjugated antibodies
[34].

2.3. Culture of ATOC and lymph node cells

ATOC were established from BBDR rat thymi as
described in Ref. [27]. Thymic fragments were cultured
for 5 days in a humidified incubator in an atmosphere of
7% CO2 and air at 37 (C. In some experiments, syn-
geneic BBDR rat serum was substituted for fetal bovine
serum. To expose developing BBDR thymocytes to type
1 cytokines, ATOC were cultured in 10 ng/ml mouse
IL-12, 10 ng/ml human IL-2, and 25 µg/ml of anti-rat
IL-4 mAb. Cells were harvested after 5 days of culture,
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and in some experiments were incubated in type 1
cytokines in secondary cultures at 1�106 cells/ml with
10 ng/ml IL-12, 10 ng/ml IL-2, and 10 µg/ml of anti-rat
IL-4 mAb for an additional 5 days. Throughout this
report, the term ‘secondary suspension culture’ is used to
describe secondary cultures of thymocytes in type 1
cytokines following a primary ATOC in the presence of
type 1 cytokines.

Primary cultures of BBDR cervical and mesenteric
lymph node cell suspensions were cultured in type 1
cytokines as previously described for secondary thymus
cultures. Cells recovered from cultures were washed
three times in HEPES buffered-RPMI (Gibco,
Rockville, MD). Viable cells were counted by the
method of Trypan blue exclusion using a hemo-
cytometer.

Randomly selected supernatants from cultures were
tested and confirmed to contain <0.5 EU of endotoxin
per milliliter (Endosafe, Charles River Laboratories,
Charleston, SC).

2.4. Flow microfluorometry

Two and three-color flow microfluorometry analyses
were performed as described in Ref. [27]. Briefly, 1�106

viable cells were first incubated with biotin-conjugated
mAbs for 30 min on ice. Cells were then washed
and incubated for an additional 30 min on ice with
FITC-conjugated, PE-conjugated, and CyChrome�-
conjugated antibodies, or fluorochrome-conjugated
streptavidin to visualize biotinylated mAbs. FITC-,
biotin-, PE-, and CyChrome�-conjugated isotype con-
trol immunoglobulins were used for all analyses. Stain-
ing for detection of intracellular IFN� was performed
on BBDR ATOC cultured at 37 (C under various
conditions for 5 days, or cultured in ATOC for 5 days
followed by re-stimulation under the same conditions in
secondary cultures for an additional 5 days. Cells from
both sets of cultures were harvested, counted, and
re-cultured in the day 5 supernatant at 1�106 cells/ml in
the presence of GolgiPluge for 5–6 h. Cells were then
reacted with antibodies to surface proteins, washed, and
fixed and permeabilized overnight at 4 (C using Cytofix/
Cytoperme reagent (BD Biosciences). Intracellular
cytokine staining was performed using a 2 h incubation
on ice with FITC-anti-rat IFN� or FITC-mouse IgG1
isotype control mAb.

Cells were washed, fixed with 1% paraformaldehyde,
and analyzed using a FACScan� instrument (Becton
Dickinson, Sunnyvale, CA). Lymphoid cells were iden-
tified electronically by their forward and side light-
scatter characteristics. For surface staining alone, 10,000
events were analyzed. For combined staining for intra-
cellular cytokines and surface markers, 50,000 events
were analyzed in most samples.

2.5. ELISA and ELISPOT assays

ELISA assays for rat IFN�, TNF�, and IL-10 were
initially performed using commercial kits according to
manufacturer’s directions (BioSource International,
Camarillo, CA). Later studies used commercially avail-
able antibodies (BD Biosciences, San Diego, CA; Torrey
Pines, La Jolla, CA) and recombinant rat cytokines as
standards. Recombinant mouse IL-12, human IL-2, rat
IFN�, rat TNF�, and rat IL-10 were purchased from
R&D Systems (Minneapolis, MN). ELISAs were devel-
oped using a detection system of avidin-peroxidase and
OPD substrate. Absorbance was read at 490 nm using
an ELISA plate reader (Molecular Devices, Sunnyvale,
CA). ELISPOT assays for IFN� and IL-4 were per-
formed as previously described [35].

2.6. Western blot analysis and pharmacological
inhibitors

Western blots for rat IL-18 used recombinant rat
IL-18 as a standard, purified goat anti-rat IL-18 anti-
body, and secondary biotin-conjugated rabbit anti-goat
IgG antibody (R&D Systems). Frozen and thawed
cell pellets (2.5�105) from the indicated cultures
were applied to each lane. Gels were developed
using streptavidin-horseradish peroxidase (Vector
Labs) and ECLe Western blotting chemiluminescent
detection reagent (Amersham Pharmacia Biotech Inc.,
Piscataway, NJ).

In some experiments, antibodies were added to type 1
cytokine polarized cultures as follows. Neutralizing
purified rabbit anti-rat IL-18 antibody (10 µg/ml) [33] or
irrelevant purified rabbit Ig (10 µg/ml) was added to
both the ATOC and secondary cultures. Purified anti-
MHC class I and anti-MHC class II mAb (50 µg/ml
each), or an irrelevant isotype control mAb (at an
equivalent amount of protein, either 50 or 100 µg/ml),
was added on day 0 of secondary culture. Antibodies
were not added to the ATOC cultures because anti-
MHC antibodies would have interfered with T cell
selection [36]. IFN� production was measured in the
supernatants from day 5 secondary suspension cultures
by ELISA assays.

For analyses of pharmacological inhibitors, adult
BBDR rat thymi were first cultured for 5 days in the
presence of type 1 cytokines as previously described. The
ATOC were harvested and the cells were then incubated
at a concentration of 1�106 cells/ml either on anti-CD3
mAb coated plates (5 µg/ml), or in the presence of IL-12,
IL-2, and anti-IL-4 mAb as previously described.
Pharmacological inhibitors were added on day 0 of
secondary cultures, and were dissolved in sterile DMSO
to 1000� stocks just prior to use. The specific com-
pounds tested were the calcineurin inhibitor Cyclosporin
A (100 ng/ml) [37], the p38 map kinase inhibitor
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Fig. 1. Cytokine production and phenotype of cells generated in ATOC. Panel A: Adult BBDR thymi were cultured in the absence of cytokines
(uppermost three bars), in the presence of type 1 cytokines (middle three bars), or in ATOC followed by suspension culture, both in the presence of
type 1 cytokines (lowest three bars), as described in Section 2. Supernatants were harvested and the concentrations of IFN�, TNF�, and IL-10 were
measured by ELISA. Each data point represents the mean�1 SD of 3–12 independent trials. Cytokine concentration is shown on a logarithmic scale.
*Concentration of IFN� in each of the three culture conditions is statistically different from that in the other culture conditions (p<0.01). **The
concentration of TNF� in the control culture is significantly higher than the other two culture conditions (p<0.025). ***IL-10 concentration in the
combined ATOC and suspension culture is significantly higher than in both other culture conditions (p<0.001). No other paired comparisons were
statistically significant. Panels B and C: BBDR thymi were cultured in ATOC in the absence of cytokines (gray bars) or in ATOC in the presence
of type 1 cytokines followed by suspension culture with type 1 cytokines (black bars). Cells were analyzed by flow microfluorometry for expression
of differentiation (Panel B) and activation (Panel C) markers. Each data point represents the mean percentage of cells with the indicated phenotype
(�1 SD) from three to five independent replicates. Percentages obtained using isotype control antibodies were uniformly <1% and were not
subtracted from the values shown. *p<0.01 vs. control, untreated cultures.
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SB203580 (5 µM) [38], tyrphostin A1 (5 µM), which is
used as a control for inhibitors of protein tyrosine
kinases [39] and DMSO, which was the vehicle for each
reagent. Inhibitors were purchased from Calbiochem
(San Diego, CA). IFN� production was measured in the
supernatants on the days indicated by ELISA assays.

2.7. Statistics

Parametric data are presented as arithmetic means�1
standard deviation (SD). Groups of three or more
means were compared by one-way analysis of variance
and the least significant differences procedure for a
posteriori contrasts [40]. Where required, data were log
transformed before analysis to account for broad
variances. Pairs of means were compared using two-
tailed t-tests with separate variance estimates and the
Bonferroni adjustment for multiple comparisons was
applied as necessary [41].

3. Results

3.1. Cells generated in BBDR rat ATOC exposed to
type 1 cytokines secrete increased amounts of IFN�

BBDR rat ATOC were used to determine whether
exposure of differentiating T cells to type 1 cytokines
during intrathymic development would alter their cyto-
kine production or activation state. We quantified
cytokine production by cells generated in untreated
ATOC, in ATOC exposed to type 1 cytokines, and in
ATOC exposed to type 1 cytokines and then re-exposed
to these same conditions in secondary suspension cul-
tures. (Throughout the results, ‘secondary suspension
culture’ refers to cultures performed with the addition of
type 1 cytokines.)

As shown in Fig. 1 (Panel A), cells cultured in the
presence of type 1 cytokines in ATOC produced large
amounts of IFN�. Addition of a secondary suspension
culture containing type 1 cytokines further increased the
amount of IFN� produced. In both cases, the concen-
tration of IFN� in the culture supernatant was >103-fold
greater than in control cultures. The increase in the
amount of cytokine secreted into the culture super-
natant in the experimental groups was associated
with a progressive increase in the number of cells that
stained positively for IFN� in the ELISPOT assay
(Table 1).

Because all cultures were performed in the presence of
bovine serum, it could be argued in theory that the
increase in IFN� concentration observed in the experi-
mental cultures was due to the activation of xenoreactive
T cells. To address this possibility, we performed an
additional set of experiments consisting of ATOC plus
type 1 cytokines followed by secondary suspension

culture using rat serum (N�4) or fetal bovine serum
(N�4). We observed that the concentration of IFN�
generated by both cultures was statistically similar
(42.7�17.9�105 pg/ml using rat serum and 82.1�
30.0�105 pg/ml using bovine serum). The latter value is
similar to that shown in Fig. 1 for the same conditions.
The result suggests that elevated IFN� secretion was not
due solely to xenogeneic T cell reactivity.

The secretion of TNF� was not increased by exposure
to type 1 cytokines. It was, in fact, higher in control
ATOC than in either of the culture conditions per-
formed in the presence of type 1 cytokines.

The secretion of IL-10 was similar in ATOC
performed with and without the addition of type 1
cytokines, but was significantly increased by re-exposure
to type 1 cytokines in secondary suspension culture. The
observation that IL-10 was increased in secondary
suspension cultures is consistent with published obser-
vations that IL-12, which was added to these cultures,
can induce T cells to produce IL-10 [42].

IL-4 could not be measured by ELISA, since anti-
IL-4 antibody was added to the cultures. ELISPOT data
shown in Table 1 indicate, however, that the number of
cells that were producing IL-4 was small in all of the
culture conditions.

3.2. Cells generated in BBDR rat ATOC exposed to
type 1 cytokines acquire an activated phenotype

We next defined the phenotype of thymocytes cul-
tured under the same three conditions. Consistent with
our previous report [27], the majority of cells recovered
from day 5 untreated BBDR rat ATOC were CD4+ or
CD8+ single-positive T cells (Fig. 1, Panel B). Many of
the cells expressed ART2.1, which is not expressed on
thymocytes [43], and CD45RC and CD62L, which are
expressed only at low levels in the thymus [44,45] (Fig. 1,
Panels B and C). On day 5 of untreated ATOC, 11–
21% of cells expressed the activation antigens CD25,

Table 1
Frequency of IFN� and IL-4 secreting cells in ATOC

Culture Condition IFN�
(spots/105

cells)

IL-4
(spots/105

cells)

1 Control ATOC 3, 21, 30 6, 12, 18
2 Type 1 cytokines in ATOC only 30, 80, 85 5, 8, 8
3 Type 1 cytokines in ATOC and in

secondary cultures
>500, >750,
1333

0, 2, 3

Adult BBDR rat thymocytes were cultured in the absence of
cytokines (condition 1) or in the presence of type 1 cytokines either
with (condition 3) or without (condition 2) a secondary suspension
culture as described in Section 2. The number of IFN� and IL-4
secreting cells was quantified by ELISPOT assay. Individual results
are shown from three independent trials.
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Fig. 2. Flow cytometry profiles of cells generated in ATOC. Adult BBDR thymi were cultured in the presence of type 1 cytokines followed by
secondary culture, again in the presence of type 1 cytokines (right panels), or in primary cultures in absence of cytokines and with no secondary
suspension culture (left panels). Cells were harvested and reacted with antibodies directed against the indicated surface antigens. Representative flow
cytometry profiles are shown; the complete dataset is presented in Fig. 1. Isotype controls are shown as insets and were less than 1% in all cases.
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CD134 (OX40), and CD71 (transferrin receptor) (Fig. 1,
Panel C).

The addition of type 1 cytokines to BBDR rat ATOC
had no effect on the percentage of day 5 cells that
expressed CD4 or CD8 or the activation markers CD25,
CD134 and CD71 (data not shown).

Cells harvested from secondary suspension cultures,
however, showed clear evidence of activation. The
majority of these cells expressed CD25 (95%), CD134
(70%), CD71 (87%), and CD86 (68%) (Fig. 1, Panels B
and C). Expression of CD45RC was reduced (Fig. 1,
Panel B), consistent with their being activated [46].
Most of the cells were large, again suggesting that they
were activated (Fig. 2). Compared to control ATOC,
cells from the secondary suspension cultures had a
smaller percentage of CD4+ single positive cells and
an increased percentage of CD4+CD8+ cells (Fig. 1,
Panel B). We observed, however, that the CD4+CD8+

cells were in fact CD4+CD8�+ cells with a TCRhi

phenotype (data not shown). Because activated CD4+

T cells in the rat express the CD8� chain [47], the data
suggest that the double positive cells were actually
activated CD4+ ‘single’ positive cells. Secondary sus-
pension culture was also associated with an increase in
the cell surface densities of CD25 and CD8� chain
(Fig. 2).

3.3. Both IL-18 and TCR/MHC-ligand interactions are
important for cell activation in ATOC incubated in the
presence of type 1 cytokines

3.3.1. Pharmacologic inhibitors
IL-18 can synergize with IL-12 to induce antigen-

independent activation of T cells [37,39,48,49]. It also
amplifies TCR-driven type 1 polarized responses [20,21].
To analyze the role of IL-18 in the activation of ATOC-
derived cells, Western blot analysis was performed on

Fig. 3. IL-18 generated in ATOC and secondary cultures. Adult BBDR thymi were cultured in the presence of type 1 cytokines for 5 days followed
by 1–4 days of secondary culture, again in the presence of type 1 cytokines. On the indicated days, cells were recovered and the analyzed for the
presence of IL-18 by Western blotting as described in Section 2. Both cleaved biologically active (18 kD) and uncleaved inactive precursor (24 kD)
forms of IL-18 were detected. The right-most lane was prepared using 5 ng of recombinant rat IL-18. Molecular masses were established with a panel
of markers (not shown).
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Fig. 4. IFN� production by thymocytes in the presence or absence of pharmacological inhibitors and antibodies. Panels A and B: Adult BBDR thymi
were cultured in the presence of type 1 cytokines for 5 days followed by secondary suspension culture performed either in the presence of plate-bound
anti-CD3 mAb (Panel A) or type 1 cytokines (Panel B). To individual secondary cultures was also added either cyclosporin A (black bars), the p38
map kinase inhibitor SB203580 (gray bars), tyrphostin A1 (white bars), or DMSO. Aliquots of supernatant were harvested from the same cultures
on days 2, 3, and 5 of the secondary culture and the concentration of IFN� was measured by ELISA. Results are expressed as percent of the IFN�
concentration present in the control cultures performed in the presence of the vehicle DMSO. Each data point represents the mean�1 SD of seven
to eight individual cultures from two independent trials. Panel C: Adult BBDR thymi were cultured in the presence of type 1 cytokines for 5 days
followed by secondary suspension culture with type 1 cytokines. Cultures were performed in the presence of antibodies directed against MHC class
I and/or MHC class II (secondary cultures only) or antibody against IL-18 (primary and secondary cultures), or isotype control antibody as
described in Section 2. The concentration of IFN� in the culture supernatants was measured by ELISA on day 5 of suspension culture. Results are
expressed as the mean percent of the IFN� concentration (�1 SD) present in the control cultures performed in the presence of the isotype control
antibody. Data for IL-18 blocking experiments are from six cultures performed in the course of three independent trials. Data for MHC class I and
class II blocking experiments are from seven cultures performed during two independent trials.
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lysates of cells obtained from ATOC. We detected both
the cleaved active form and the inactive precursor form
of rat IL-18 in cells recovered from both ATOC cultured
in type 1 cytokines and from secondary suspension
cultures (Fig. 3). The amount of the active form
decreased over time, and the amount of precursor in-
creased. This observation is probably due to the fact that
the active form is secreted into the medium, which was
not tested in this analysis.

The presence of IL-18 suggests that it may have been
involved in the antigen-independent activation of T cells
and the induction of IFN� secretion in this system [39].
Alternatively, it is possible that cell activation was
mediated by signaling through the TCR following inter-
action with MHC/self-peptides. We used pharmaco-
logical inhibitors to discriminate these possibilities. Cells
from ATOC incubated with type 1 cytokines were
recovered and then cultured in suspension in the pres-
ence of either type 1 cytokines or immobilized anti-CD3
mAb (a positive control for TCR-mediated signaling).
Both types of secondary culture were then treated with
either: (1) CsA, which inhibits TCR-mediated signaling,
but does not affect T cell activation mediated by IL-12
plus IL-18 [37]; (2) the p38 MAP-kinase inhibitor
SB203580, which inhibits IL-12 and IL-18-mediated, but
not TCR-mediated T cell activation [39]; (3) tyrphostin
A1, which reportedly does not inhibit either pathway
[39]; or (4) DMSO, the vehicle for each of the other
compounds. Concentrations of IFN� in supernatants on
days 2, 3, and 5 of secondary culture were quantified by
ELISA.

In comparison with DMSO control cultures, cyclo-
sporin A inhibited IFN� production induced by anti-
CD3 by >95% at all time points (Fig. 4, Panel A),
confirming published data [39]. As expected [39], neither
SB203580 nor tyrphostin A1 had any effect on anti-CD3
mAb induced IFN� production. In contrast (Fig. 4,
Panel B), T cell activation induced by type 1 cytokines
was inhibited w50% by CsA and w80% by SB203580 at
all time points. It was also inhibited by tyrphostin A1,
but to a much lesser extent, 15–30%. This effect of
tyrphostin A1 may represent its recently described abil-
ity to inhibit tyrosine kinase activity that is associated
with IL-12 signaling [50]. The inhibitor data suggest that
both TCR-mediated activation and cytokine signaling
pathways are involved in the activation of cells in ATOC
exposed to type 1 cytokines.

3.3.2. Studies with antibodies
To investigate TCR-mediated activation further, we

added antibodies against rat MHC class I, MHC class
II, or both to secondary suspension cultures performed
with type 1 cytokines. The anti-MHC mAbs were added
only at the time of secondary suspension culture in order
to permit intrathymic selection to occur during the
primary ATOC. We also tested antibody against rat

IL-18, in this case adding the antibody both to the
ATOC and to the suspension cultures.

In comparison with control cultures performed using
isotype control antibodies, IFN� production was re-
duced w50% by anti-MHC class I or anti-MHC class II
antibody alone, w75% by the combination of these two
antibodies, and w75% by neutralizing anti-IL-18 anti-
body (Fig. 4, Panel C). The results are consistent with
the inhibitor data and suggest that both TCR-mediated
and IL-18-mediated signaling are involved in the acti-
vation of ATOC-derived cells incubated in type 1
cytokines.

3.4. Requirements for type 1 cytokine polarization and
the cellular origin of IFN�

We next determined the relative contributions of
IL-12, IL-2, and anti-IL-4 in the production of IFN� by
rat ATOC. The standard conditions that we have used
to polarize rat cells (10 ng/ml IL-12, 10 ng/ml IL-2 and
25 µg/ml anti-IL-4 in ATOC) were assigned a value of
100% (123,844�30,540 pg/ml of IFN� on day 5 ATOC
in three to four independent trials). Fig. 5 (Panel A)
shows the levels of IFN� produced under different
treatment conditions as a percentage of the IFN� pro-
duction under the standard conditions. The combination
of IL-12 and IL-2 was the most effective. IFN� levels in
cultures that received 10 ng/ml IL-12 plus 10 ng/ml IL-2
averaged 58% of the levels observed in cultures where
anti-IL-4 was also included (standard conditions). How-
ever, anti-IL-4 alone was not sufficient to polarize the
cells.

We evaluated the doses of IL-12 that could effectively
polarize thymocytes to a type 1 cytokine profile in IL-12
dose titration studies. Five-fold and 25-fold lower con-
centrations of IL-12 were used together with IL-2 and
anti-IL-4. Fig. 5 (Panel A) shows that even at these very
low concentrations of IL-12, IFN� production still
averaged 64% of the levels observed with the standard
conditions of 10 ng/ml of IL-12.

The cellular origin of the IFN� in the ATOC was
determined by surface labeling for TCR, CD4, and
CD8, followed by intracellular staining for IFN�. Table
2 shows the distribution of IFN�+ cells within the TCR+

and TCR� compartments, and within the pre-selection
CD4+CD8+ population and the positively selected CD4
and CD8 single positive populations. On day 5 of the
ATOC, approximately one-third of total cells are CD4
CD8 double positive cells and approximately two-thirds
are single positive cells in all of the treatment groups
(data not shown). For the standard conditions of polar-
ization (ATOC treatment B), all of the IFN�+ cells were
TCR+, with a similar percentage of IFN�+ cells in the
immature CD4+CD8+, and the selected CD4 and CD8
single positive cells. IFN�+ cells were observed in both
CD4 and CD8 single positive populations at a ratio of
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Fig. 5. Requirements for type 1 cytokine polarization and the cellular origin of IFN�. Panel A: Requirements for type 1 cytokine polarization in day
5 ATOC. Type 1 cytokine polarization was measured by IFN� concentrations in the supernatants by ELISA assay. Results are expressed as the mean
percent of IFN� concentration (�1 SD) present in the cultures performed in the presence of 10 ng/ml IL-12, 10 ng/ml IL-2 and 25 µg/ml anti-IL-4
(‘standard conditions’). Data are from three to four independent trials. *IFN� levels are significantly different from standard conditions (p<0.05).
**IFN� levels are significantly different from standard conditions (p<0.005). Panels B and C: Requirements for type 1 cytokine polarization and
cellular origin of IFN� in day 5 secondary cultures. Cells were cultured under the indicated conditions for 5 days in ATOC. The IFN� production
by these ATOC are the data shown in Table 2 and in Fig. 5 (Panel A). ATOC were then harvested and re-cultured under the same treatment
conditions for an additional 5 days in secondary culture. Type 1 cytokine polarization was measured by the frequency of IFN�+ cells as determined
by intracellular staining. A mouse IgG1 isotypic control antibody was used to determine background staining, which is subtracted from the percent
values shown. Results shown are the mean frequency of IFN�+ cells (�1 SD) for three to four independent determinations. Panel B: Frequencies
of IFN�+ cells in TCR+ and TCR� populations on day 5 of secondary cultures. *IFN� levels are significantly different from standard conditions
shown in the uppermost bars (p<0.05). Panel C: Frequencies of IFN�+ cells in CD4+ and CD8+ populations on day 5 of secondary cultures. No
statistically significant differences were observed between the frequencies of IFN�+ cells in the CD4 or CD8 T cell compartments.
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1:4 (data not shown). Omission of the anti-IL-4 did not
significantly decrease the frequency of IFN�+ cells
(treatment C) relative to the standard conditions. Both
IL-12 and IL-2 appear to be necessary for optimal
induction of IFN� in day 5 ATOC (treatments D and F
vs. B and C). The frequency of IFN�+ cells was similar
between groups that received 10, 2, or 0.4 ng/ml of IL-12
(treatments B, G, and H).

The cellular origin of IFN� was also determined after
secondary culture under these same treatment con-
ditions. At this time, 10 days after the initiation of the
ATOC cultures, virtually all of the cells have a positively
selected phenotype with up-regulated ��TCR. Only the
��TCR+ cells T cells produced IFN� (Fig. 5, Panel B),
and they were equally divided between the CD4+ and
CD8+ TCR subsets for all of the treatment conditions
(Fig. 5, Panel C). As we observed for ATOC cultures,
IL-12 and IL-2 synergized in the induction of IFN�+

cells, and all doses of IL-12 induced comparable fre-
quencies of IFN�+ cells in secondary cultures. There was
no difference in the frequency of IFN�+ cells between
cultures that received anti-IL-4 and those that did not.
The effect of anti-IL-4 alone without cytokines could not
be determined because cells in this treatment group did
not survive in the secondary cultures.

3.5. Comparative analysis of BBDR lymph node T cells
cultured in type 1 cytokines

Because the polarization of adult rat thymocytes in
culture has not, to our knowledge, previously been
reported, we sought to compare the responses of these
cultures to more conventional cultures of peripheral
lymph node cells. BBDR rat lymph node cell suspen-
sions were cultured either in type 1 cytokines at the same
concentrations used for the culture of ATOC-derived
cells, or in the presence of the mitogen Con A. On day 5

(corresponding to the end of the ATOC), lymph node
cells cultured in type 1 cytokines secreted w10-fold more
IFN� than did cells from Con A stimulated cultures
(Fig. 6, Panel A, p<0.02). The concentration of IFN� in
supernatants of lymph node cultures performed with
type 1 cytokines was w65% of that found in ATOC
supernatants (Fig. 1, Panel A), but the data do not
permit any determination of the production of IFN� on
a per cell basis. Lymph node cells cultured in type 1
cytokines secreted wtwo-fold more IL-10 and TNF�
than did cells in Con A-activated cultures, but the
concentrations were low under both the conditions.

We also compared the cell surface phenotype of
lymph node cells cultured in the presence of type 1
cytokines with that of freshly isolated lymph node cells
(Fig. 6, Panels B and C). There was little evidence of
activation in freshly isolated lymph node cells. After
culture of lymph node cells in type 1 cytokines, small
populations (<30%) of cells expressing both CD4 and
CD8� chain, and the activation markers CD25 and
CD86 were detected.

We attempted to extend the comparison between
polarization of lymph node cell and thymocytes by
harvesting the lymph node cell cultures and performing
a secondary culture, as was done for thymocytes. We
found, however, that a secondary culture of lymph node
cells in type 1 cytokines led to the death of >90% of the
cells by day 2 of culture, presumably due to activation
induced cell death [51,52].

4. Discussion

Cytokine polarization of peripheral T cells during
TCR engagement is an important mechanism regulating
the type of immune response that is generated to foreign
antigens and to autoantigens [53,54]. In the present

Table 2
Cellular origin of IFN� producing cells in BBDR rat ATOC

ATOC treatment % IFN�+ cells in the
TCR+ population

% IFN�+ cells in the
TCR� population

% IFN�+ cells in the
CD4+CD8+ population

% IFN�+ cells in CD4 and CD8
single positive populations

A. No treatment 0.4�0.3 0�0 0.6�0.5 0.6�0.6
B. IL-12 (10 ng/ml) + IL-2 +
anti- IL-4

2.0�1.2 0�0 3.6�2.3 2.4�1.5

C. IL-12 (10 ng/ml) + IL-2 2.0�1.7 0�0 2.3�0.7 1.3�1.1
D. IL-12 0.6�0.4 0�0 1.2�0.8 0.6�0.1
E. Anti-IL-4 0.5�0.2 0�0 0.5�0.3 0.7�0.1
F. IL-2 0.8�0.2 0�0 0.8�0.3 0.9�0.2
G. IL-12 (2 ng/ml) + IL-2 +
anti-IL-4

2.5�2.0 0�0 3.4�1.3 2.4�1.3

H. IL-12 (0.4 ng/ml) + IL-2 +
anti-IL-4

1.4�0.8 0�0 1.4�0.2 2.0�0.9

ATOC were established on day 0 with the indicated treatments. On day 5, cultures were harvested and stained for surface markers and
intracellular IFN� as described in Section 2. Results shown are the mean�1 SD for three to four independent trials. The ratio of CD4+CD8+

cells to CD4 and CD8 single positive cells in these experiments was approximately 1:3 for all treatment conditions.
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Fig. 6. Cytokine production and cellular phenotype of BBDR lymph node cells. Panel A: BBDR lymph node cells were cultured in the presence of
Con A (5 µg/ml) or type 1 cytokines for 5 days. The concentrations of IFN�, TNF�, and IL-10 in the culture supernatant were determined by ELISA.
Each data point represents the mean�1 SD of four independent trials. There were no statistically significant differences between the two groups.
Panel B: BBDR lymph node cells cultured in type 1 cytokines for 5 days (black bars) and a sample of freshly isolated BBDR rat lymph node cells
(gray bars) were harvested and analyzed by flow cytometry for the expression of differentiation (Panel B), and activation (Panel C) antigens. Each
data point represents the mean percentage of cells (�1 SD) in the lymphocyte fraction expressing the indicated antigen in three to five independent
experiments. Percentages obtained using isotype control antibodies were uniformly <1% and were not subtracted from the values shown.
*p<0.01 vs. freshly isolated cells.
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study, we have demonstrated that exposure of thymo-
cytes to type 1 cytokines during intrathymic selection
also modulates T cell activation and cytokine produc-
tion. T cells derived from type 1 cytokine-conditioned
rat ATOC spontaneously produced large amounts of
IFN�. Re-exposure of these cells to type 1 cytokines
induced even more production of IFN� and was associ-
ated with T cell activation. These events occurred in the
absence of exogenous foreign antigen. The IFN� data-
sets suggest that the susceptibility of adult thymocytes to
polarization is qualitatively similar to that of peripheral
lymph node cells exposed to type 1 cytokines in the
absence of antigen.

The polarization of developing thymocytes by type 1
cytokines has not, to our knowledge, been reported
previously. Our data clearly document the secretion of
copious amounts of IFN� and of T cell activation
following exposure of ATOC to type 1 cytokines. Most
importantly, the data suggest that intrathymic polariz-
ation could be an important process in vivo as well as in
vitro. We note that IL-12, the principal agent of polar-
ization used in these studies, is synthesized in the thymus
[22,23] and circulates at high levels after exposure to
certain pathogens [5,13,16–18] [55,56] or following
administration of CpG DNA [57]. Nonlethal doses of
Toxoplasma gondii, Toxoplasma cruzi, MCMV or CpG
DNA given to mice result in circulating levels of IL-12
that range from 0.45 to 15 ng/ml, with persistence in the
serum from 36 h to 8 days. Ex vivo production of IL-12
by cells from mice given CpG DNA, T. gondii, or
Mycoplasma bovis range from 1–5 ng/ml in 24–48 h
cultures of spleen or lymph node cells, or cultures of
APCs [18,58,59]. Culture of human PBL or monocytes
with seven different species of gram positive bacteria or
Heliobacter pylori induces the production of w1–
4 ng/ml of IL-12 after 18–24 h in culture [59,60]. In
addition, virus infections in humans and mice can fur-
ther increase sensitivity to concurrent or subsequent
bacterial challenges by a mechanism that involves el-
evated serum levels of proinflammatory cytokines, in-
cluding IL-12 [61]. Circulating IL-12 levels following
exposure to certain pathogens are therefore comparable
to those able to polarize thymocytes in ATOC.

The detection of intrathymic polarization in vivo
would be a difficult undertaking due to the complex
kinetics associated with continuous influx of bone mar-
row immigrants, intrathymic death of most of those
immigrants, and efflux of maturing T cells. The key to
our discovery was the use of ATOC [27]. Thymocytes
survive poorly in cell suspension cultures, irrespective of
whether the cells are cultured in the presence or absence
of type 1 cytokines (B.J.W., unpublished observations).
In contrast, rat ATOC allows normal thymocyte devel-
opment and selection to occur in vitro. It overcomes the
problem of in vivo studies by allowing for analysis of T
cell development in the absence of seeding of the thymus

with thymocyte progenitors and in the absence of emi-
gration from the thymus [27]. Rat ATOC recapitulates
faithfully normal rat intrathymic T cell developmental
kinetics and phenotypes. It generates CD4 and CD8
single positive cells that up-regulate the TCR, as is
characteristic of peripheral T cells [27].

Our observation that rat ATOC generates single-
positive T cells was the basis of our hypothesis that
thymocytes might respond to the polarizing effects of
type 1 cytokines as a result of TCR engagement during
selection [24–26]. We also hypothesized that exposure of
ATOC to type 1 cytokines might lead to T cell activation
by an antigen-independent mechanism, as has been de-
scribed for mouse and human peripheral T cells cultured
in IL-12 and IL-18 [37,39,48,49]. The present data
confirm both of these hypotheses and suggest that both
antigen-dependent and antigen-independent mechan-
isms contribute to intrathymic T cell polarization.

With respect to the antigen-dependent mechanism,
we documented that anti-MHC mAbs, which block
TCR/MHC-ligand cognate interactions [62], reduced T
cell polarization. The participation of TCR engagement
was further confirmed by the use of cyclosporin A,
which blocks T cell activation mediated by TCR signal-
ing. We interpret these data to suggest that TCR–MHC-
ligand interactions play an important role in the
activation of the T cells that are cultured in type 1
cytokines. We recognized that xenogeneic reactivity
against bovine serum could have been an alternative
explanation for these results, but our control cultures
performed with rat serum largely excluded this
possibility.

With respect to the antigen-independent mechanism
of intrathymic polarization, we documented that both
neutralizing anti-IL-18 antibody and the p38 MAP-
kinase inhibitor SB203580 also reduced T cell polariz-
ation. These observations are consistent with the view
that a cytokine-driven antigen-independent pathway
participates in intrathymic polarization. We do recog-
nize, however, that IL-18 can synergize with IL-12
to activate T cells in the presence or absence of
antigen, implying that IL-18 could participate in both
antigen-dependent and antigen-independent polarizing
processes.

We demonstrated that the IFN� produced in ATOC
and in secondary cultures originates from T cells. In
ATOC, polarization occurs in both pre-selection
CD4+CD8+ and post-selection CD4 and CD8 single
positive thymocytes (Table 2). Polarization of double
positive thymocytes might be predicted from the obser-
vations that these cells show heightened sensitivity to
stimulation with low affinity peptide–MHC complexes
compared to mature T cells, even though their surface
TCR levels are lower [63,64]. After a secondary exposure
to type 1 cytokines, there is a substantial increase in the
percent of IFN�+ cells. Exposure of thymocytes to a
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type 1 cytokine environment can clearly ‘prime’ cells for
heightened responses on secondary exposure to these
conditions.

The combination of IL-12 and IL-2 is optimal for
type 1 cytokine polarization of both ATOC and second-
ary cultures (Table 2; Fig. 5). Anti-IL-4 by itself is not
sufficient to bias cells to a type 1 cytokine response, but
it was shown to facilitate IFN� production in the ATOC
but not in secondary cultures. We were unable to detect
IL-4 in day 5 ATOC by ELISA in cultures that received
IL-12 plus IL-2 (<8 pg/ml in four determinations), but it
is possible that IL-4 could have been produced earlier in
the ATOC and/or utilized by day 5. Based on our
observation that exposure of developing thymocytes to
polarizing conditions generates activated T cells, we
speculate that the exposure of thymocytes in vivo to
analogous conditions may represent a mechanism
underlying the generation and survival of self-reactive T
cells in genetically pre-disposed individuals. If polarizing
conditions were to be present in the thymus, self-
reactivity might result from interference with the nega-
tive selection of high affinity self-reactive T cells or from
the promotion of positive selection. Alternatively, self-
antigens might be cross-presented to T cells as a result of
cytokine induced maturation of APCs, a mechanism
that has been described for peripheral T cells [65,66].
Many self-antigens are expressed by thymic stromal
cells, and correlative studies suggest that intrathymic
self-antigen expression may play an important role in T
cell tolerance [67–71]. Self-antigens that are normally
expressed at levels too low to induce positive selection
might do so in the context of a pro-inflammatory
environment, up-regulated APC function [5,72], and a
lowered threshold for T cell activation [73,74]. The role
of type 1 cytokines in altering selection during intra-
thymic development is unknown, but perturbation of
intrathymic selection in experimental systems has been
shown to lead to the generation of autoreactive T cells
[75–77]. Environmental perturbation in general, and
infection in particular, have been implicated in the
pathogenesis of several autoimmune diseases [78,79].
Polarizing conditions within the thymus resulting from
high circulating levels of IL-12 generated by infection
could represent a mechanism linking genetic susceptibil-
ity to autoreactivity to the environmental ‘triggers’ of
autoimmune disease.

The hypothesis that intrathymic exposure to type 1
polarizing conditions could lead to a loss of self-
tolerance implies that the activated T cells derived from
BBDR rat ATOC exposed to type 1 cytokines should be
self-reactive. Preliminary studies using adoptive transfer
methods suggest that this is, in fact, the case (B.J.W.,
unpublished observations).

In summary, we have documented that developing
thymocytes exposed to type 1 cytokines in vitro become
polarized towards a type 1 cytokine profile through a

combination of antigen-dependent and cytokine-driven
mechanisms. We speculate that thymocytes in vivo could
be exposed to a type 1 cytokine environment as a result
of IL-12 produced endogenously or in response to
infection. The relative importance of intrathymic polar-
ization as a normal physiological response mechanism
and a pathophysiological process leading to autoimmu-
nity remains under study in our laboratory.
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