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Self-reactivity in thymic double-positive
cells commits cells to a CD8aa lineage with
characteristics of innate immune cells

Tetsuya Yamagata, Diane Mathis & Christophe Benoist

Thymocytes displaying self-reactive T cell receptors usually undergo negative selection in the thymus. Here we demonstrate that
agonist peptides can promote positive selection of immature double-positive thymocytes into distinct lineages, varying with the
agonist concentration and the animal’s age. Microarray gene expression analyses showed broad transcriptional alterations in a set
of transcripts associated with the innate immune system, as well as silencing of CD8[3 expression. The resulting CD8aa T cells
showed a rapid effector cytokine response. Hence, T cells displaying self-reactive receptors can have the gene expression profile

and phenotypic characteristics of innate immune cells.

The constellation of self peptides that differentiating T lymphocytes
encounter in the thymus is essential in shaping the preimmune reper-
toire. The consensus, based mainly on results from studies of TCR-
transgenic systems, is that immature thymocytes that interact strongly
with cognate self peptide in the context of appropriate major histocom-
patibility complex (MHC) molecules (agonist) are negatively selected,
resulting in deletion of self-reactive clones. Those thymocytes whose
TCRs bind to MHC molecule-self peptide complexes with moderate
affinities are positively selected for further maturation, and quantitative
differences in the strength of the positively selecting signal may condi-
tion the choice of lineage toward the CD4" or CD8" compartment!.

There have been exceptions to this view, however, in reports of
involvement of agonist peptides in thymocyte positive selection. Early
studies using fetal thymic organ culture (FTOC) showed that low
doses of agonist peptide promoted positive selection of CD8 single-
positive (SP) T cells in MHC class I-restricted TCR-transgenic sys-
tems>?3, although the functional relevance of the cells thus elicited was
later questioned*~°. Later experiments produced analogous results in
an MHC class II-restricted TCR-transgenic system’, and there have
been similar findings in vivo with animals that expressed TCRs recog-
nizing neoantigens®. In addition, correlations have been made
between thymocyte recognition of agonist ligands in the thymus and
the adoption of a regulatory phenotype (CD4*CD25" ‘regulatory’ T
cells or natural killer (NK) T cells)®-11,

Despite such reports, positive selection by agonist peptide remains
intrinsically difficult to comprehend. Why would the immune system
accept the danger of maintaining potentially harmful self-reactivity?
The dogma has been that thymocytes capable of reacting strongly to
MHC-self peptide complexes must be eliminated or silenced in the

thymus to avoid autoimmune pathology in the periphery. Indeed, the
purging of self-reactive T cells through strong TCR engagement is a
basic tenet of central tolerance!?4, and recent findings with mice
defective in thymic expression of ‘peripheral” organ-specific antigens
have re-emphasized the importance of central tolerance in avoiding
organ-specific autoimmune diseases!>.

Here we undertook a series of experiments to explore the influence
of agonists on differentiation programs. We found that strong agonist
ligands of TCRs could promote thymocyte maturation along diver-
gent pathways of differentiation to cells of conventional or innate-like
characteristics as a function of agonist dose.

RESULTS

Agonist positively selects HY TCR-bearing CD8 SP cells

We initially designed experiments to investigate the early events that
unfold after immature CD4*CD8* double-positive (DP) thymocytes
encounter selecting MHC molecules on the surfaces of thymic stromal
cells (TSCs). We used a reaggregation thymic organ culture (RTOC)
system!® whose input was preselected DP cells derived from TCR-
transgenic mice mixed with TSCs from deoxyguanosine-treated
embryonic thymi. To achieve monoclonality, we bred mice with the
TCR transgenes onto a recombination activating gene (RAG)-
deficient background, and to ensure their ‘ignorance’ of selection sig-
nals, we propagated the HY TCR-transgenic line (H-2P-restricted and
reactive to a male-specific peptide of Smcy) on a nonselecting H-24/d
background. In this genetic context, neither positive nor negative selec-
tion of HY TCR—transgenic thymocytes occurs, as their maturation is
completely blocked at the DP stage!”. Positive selection into the CD8 SP
compartment can be synchronously initiated by the addition of TSCs
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Figure 1 Agonist peptide restores positive
selection in defective thymi from HY
TCR-transgenic female mice. (a) RTOC of
unselected DP cells (boxed) from HY Rag2-
H-2d thymi mixed with ‘gender-sorted’ fetal TSCs
(cultured in deoxyguanosine). Reaggregated
lobes were cultured for 4 d and were analyzed

by flow cytometry; profiles are representative
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bracketed section. (d) CD8 SP cells from male RTOC (day 8) were sorted and stimulated with Smcy peptide presented by B6 splenocytes, and proliferation
was measured as thymidine incorporation at 48 h. Female HY spl, splenocytes from female HY mice. (e) As described in d, but with purified male or female
DCs as stimulators; stimulation was measured as proliferation or release of IFN-y into the supernatant (enzyme-linked immunosorbent assay).

that present appropriate MHC-peptide complexes. When highly puri-
fied DP thymocytes from H-29/d HY TCR-transgenic RAG2-deficient
mice were reaggregated with TSCs from H-2"® mice, the TSCs from
female mice elicited very little positive selection; in contrast, TSCs from
male mice selected a robust cohort of CD8 SP cells (Fig. 1a). Total cell
yields were equivalent in both cultures. The selection of CD8 SP cells by
TSCs from male mice was not due to coreceptor crosslinking by the
antibodies used for cell sorting, as such cells were also generated from
unsorted thymocytes (data not shown). Selection by TSCs from male
mice did not depend on the presence or absence of residual CD45"
antigen-presenting cells (APCs; data not shown). In contrast to pub-
lished data'®, pre-exposure to APCs ‘loaded’ with agonist ligand did
not influence the outcome (data not shown).

A time course analysis showed that the CD8 SP cells were generated
from DP cells, with a gradual and mostly synchronous shift of the CD4
and CD8 staining patterns and a progressive reduction of the CD24
‘immaturity marker’ (Fig. 1b). This ruled out the possibility that the
CD8 SP cells originated from expansion of a minor pre-existing
contaminant population, a conclusion confirmed by fluorescence
labeling of input DP cells: less than half of the cells had cycled by day 4,
and most of them did so for one cycle only (data not shown). Thus,
HY TCR~-transgenic DP thymocytes that are blocked in differentiation
can be positively selected by high-affinity agonist.

Further analysis of cell surface markers confirmed the mature phe-
notype of the CD8 SP cells selected by RTOC with agonist ligand:
upregulation of TCR and H2-K9 molecules and loss of peanut agglu-
tinin—binding glycosylation occurred (Fig. 1c). Published results
have indicated that thymocytes selected by agonist peptide in full
FTOC were anergized*®. Here, purified CD8 SP cells retained the
ability to respond to APCs loaded with Smcy peptide, with a higher
optimum peptide concentration than HY splenocytes from female
mice (Fig. 1d). Similarly, and in response to a more physiological li-
gand, CD8 SP cells proliferated and produced interferon-y (IFN-y)
when confronted with agonistic dendritic cells (DCs) from male, but
not female, mice (Fig. le). These data show that CD8 SP cells
selected by agonist ligand presented on RTOC epithelial cells are
phenotypically mature and antigen responsive.

Different agonist concentrations select different phenotypes
We tested the sensitivity of the positive selection process induced by
agonist by supplementing TSCs from female mice with graded doses
of the agonist Smcy peptide (Fig. 2a). The selection of TCRM CD8 SP
cells was very efficient at 10 nM peptide, which compares favorably
with the optimum 1 UM concentration for stimulation of mature HY
splenocytes (Fig. 1d). From 10 nM to 1 UM peptide, the selected cells
showed a ‘tight’ profile of CD8 expression, but above 1 UM their den-
sity of surface CD8 was reduced and became more heterogeneous.
Only at 100 pM did negative selection set in. Costaining with anti-
body to CD8a (anti-CD8a) and anti-CD8[3 showed that with 100 nM
peptide, almost all selected CD8 SP cells expressed the CD8af3 het-
erodimer; higher peptide concentrations resulted in the loss of CD83,
leaving the cells expressing exclusively the CD8aa homodimer. Thus,
low-dose agonist selects CD80 cells, whereas a higher dose selects
CD8aa cells. The last results are reminiscent of the enhanced selec-
tion of CD8aa intraepithelial lymphocytes (IELs) in the H-Y male
mice!*?! and of agonist-supplemented FTOC?2724,

Positive selection by agonist ligand in vivo

The inability of TSCs from female mice and potent ability of TSCs
from male mice to promote positive selection of DP thymocytes from
HY TCR-transgenic mice seems at odds with the common perception
of these mice as the archetype of clonal deletion. There is, however,
some precedent for poor positive selection in young female mice?>
and ‘escape’ of clonotype-positive cells in male mice?®. Thus, we re-
examined the thymi of HY TCR-transgenic mice (H-2P-selecting
background) of different ages. The adult female thymus contained
many CD8 SP cells, but these were mostly absent in the first weeks of
age (Fig. 2b, top), consistent with published results?®. In contrast, the
male HY thymus contained greater numbers of mature cells at early
ages (Fig. 2b, bottom, 1-2 weeks). As in the RTOC, many of these
cells lacked CD8p and displayed the CD800 homodimer. With age,
the thymi of HY males showed a persistence of some mature CD8 SP
cells but an increase in double-negative cells?’. Thus, positive selec-
tion of mature CD8 SP cells by male antigen and loss of CD8f both
occur preferentially in young mice, as also found in the RTOC system.
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MHC class-independent selection of CD8aa cells

We next sought to determine whether the agonist-induced selection
of DP cells into the CD8af3 and CD8aa SP compartments was a
‘quirk’ of HY thymocytes. We reaggregated DP cells expressing two
other TCRs on a nonselecting background (RAG-deficient mice also
deficient in transporter associated with antigen processing, with a
nonselecting MHC) with TSCs displaying the appropriate MHC
molecules, and supplemented cultures with various doses of the rele-
vant agonist peptides. The OT-1 TCR recognizes an ovalbumin pep-
tide presented by H-2K molecules, and thymocytes expressing this
receptor are positively selected to become CD8af SP cells when
reaggregated with H-2® TSCs. With the addition of 10 pM ovalbu-
min peptide to the culture, CD8 SP cells retained CD8f3 expression,
but at a higher concentration (100 pM) the cells became CD80a
(Fig. 3a). We noted a similar phenotypic switching with the MHC
class II-restricted 5CC7 TCR that recognizes moth cytochrome ¢
peptide in the context of H-2EX (ref. 28); its selection requires H-2E¥
and the set of peptides normally loaded in the presence of the invari-
ant chain. When nonselected (H-2%) 5CC7 DP thymocytes were
reaggregated with TSCs prepared from H-2X invariant chain-null
mice, the cells remained mostly double positive in the culture
because of limited peptide presentation on invariant chain—deficient
TSCs (Fig. 3b, left). The addition of 1 nM moth cytochrome ¢ pep-
tide agonist peptide induced selection into both the CD8af3 SP and
CD4 SP compartments (Fig. 3b, middle). At a higher dose, however,
CD4 SP cells disappeared, and the only CD8 SP cells that remained
had extinguished CD8[ expression. (Fig. 3b, right). Thus, in three
different TCR transgenic systems, CD80f3 SP cells are produced at

ARTICLES

low doses of agonist peptide, and CD8aa cells are produced at
higher doses. We found less clonal deletion here than was found in
earlier studies using FTOCs>*2° that were subject to negative selec-
tion at the DN or DN - DP stages.

Microarrays show broadly distinct differentiation programs

The data presented above indicate that positive selection can occur
when TCR-transgenic thymocytes encounter agonist MHC-peptide
ligand in the thymus, producing cells of two apparently different phe-
notypes depending on peptide concentration. These findings raise
two important questions. Although they seem phenotypically normal
(Figs. 1 and 2), are the CD8d SP cells that are selected by agonist
MHC-peptide different from those normally selected on MHC-self
peptide ligands? And is the CD8p chain downregulation found at
higher agonist doses isolated or does it denote a true lineage shift? To
address these, we did a microarray analysis of cell populations elicited
by the three distinct conditions (natural ligands, low-concentration
agonist and high-concentration agonist).

We prepared RNA from the CD8af3 and CD8aa cells that
emerged from HY DP cells after the addition of low- and high-dose
agonist (100 nM and 10 UM Smcy, respectively; Fig. 2a). CD80 cells
generated from OT-1 DP cells in RTOC without peptide addition
represented cells selected by natural ligands (Fig. 3a, left). In all
cases, we sorted input DP thymocytes from mice carried on the non-
selecting background, permitting a ‘clean’ analysis of events occur-
ring after TCR engagement by ligands displayed on the surfaces of
TSCs. We sorted positively selected CD8 SP cells from four indepen-
dent RTOC:s at day 6 of culture.
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Data are representative of three or more experiments for most (only two
for ineffective peptide doses). Numbers in dot plots indicate the cell
counts per lobe and numbers in histograms indicate MFI within bracketed
section. (h) Thymi from female (F) or male (M) HY Rag2”/~ (H-2P) mice of
different ages (above dot plots) were analyzed by flow cytometry. Mature
thymocytes identified as H-2KN, HSA® were analyzed for CD4 CD8a (top
row) or CD8aCD8p (bottom row). Numbers in dot plots indicate the cell
counts of mature thymocytes per thymus.
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Figure 3 Mature CD8aa cells of other TCR
specificities are elicited by their cognate
peptide. Unselected DP cells from two different
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(ovalbumin peptide (OVAp) or moth cytochrome
c peptide (MCCp), respectively). The cultures
were stained for CD4 CD8 or CD8a CD8p after
4 d in culture. Results are representative of
three or more experiments. Numbers in dot
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We did four independent hybridizations to Affymetrix Mu74Av2
chips. All raw data sets have been deposited, and processed values and
complete gene lists and tables are available (Supplementary Table 1
online). Raw hybridization data were processed with the MAS
(Affymetrix) or RMA?® algorithm and normalized, and composite
expression values were calculated for each of the 12,488 genes on the
chip (averaging after outlier elimination; DISTILL software). We did
many bioinformatic analyses of the data sets. Here we call CD8 cells
selected on natural ligands ‘O cells’, agonist-selected CD8a cells ‘AB
cells’ and agonist-selected CD8aat cells ‘AA cells’

The data obtained substantiate the validity and accuracy of the
analysis (Fig. 4a). We plotted relative expression differences for all
12,488 genes on the microarray, comparing the AA and AB popula-
tions relative to O as a common frame of reference (plotting AA/O
versus AB/O ‘fold changes’). Many of the genes that appeared as
differentially transcribed represent internal controls (Fig. 4a, green
dots). For example, HY and OT-1 TCR-transgenic thymocytes
were consistently obtained from female and male donors, respec-
tively, and this was reflected by high AA/O and AB/O ratios for Xist
(X-inactivating transcript) and low AA/O and AB/O ratios for
Ddx3y (previously known as Dby) and Eif2s3y (Y chromosome
genes). Values for MHC molecules or TCR variable (V) regions also
matched the patterns expected from the cells’ genotypes. These
‘controls’ were excluded from all subsequent analyses. Also con-
forming to prediction was Cd8b, not expressed by the AA popula-
tion (Fig. 4a, red dot).

plots indicate cell counts per lobe.

For an overall assessment of the relationships between the differ-
ently selected populations, we estimated the overall distance between
them as an aggregate of expression differences across many genes
(Euclidian distance; Fig. 4b); we calculated the distances for genes that
showed ‘fold changes’ greater than 3 or 6 in any one comparison, to
avoid confounding ‘noise’ generated by the large number of genes that
show background variation only. We compared the values obtained
with those derived by parallel calculations done on mock data sets
generated by random permutation between sample types obtained to
model the experimental noise inherent to the multiple sampling of
microarray experiments. Based on the distances calculated in this way,
we drew triangles showing the relationships between the three popula-
tions (Fig. 4b). Two points can be made from this representation of
the data: the distance between the O and AB populations was not sig-
nificantly greater than that found with randomized data (P = 0.17),
and the AA population was significantly different from the other two
(P < 107%). The triangles ‘leaned’ to the right, suggesting that AA was
slightly closer to AB than to O. These distances reflected the input from
a large number of genes and, although it showed the most notable
change in expression, Cd8b made only a minor contribution to the
overall distance (data not shown). These distance metrics suggest that
the CD8af3 SP cells elicited by agonist ligands were not substantially
different from natural CD8 SP cells, as the agonist peptide and self pep-
tide signals induced very similar profiles of global gene expression; and
that CD8aa cells stem from an altered gene expression program, one
much more profound than the simple downregulation of CD8[.

Figure 4 CD8aa cells have a distinct gene

. : A a b c
expression profile. (a) Validation of the 100 AA Clust1 n=111 Clust2 n =42
microarray analysis. Agonist-selected CD8aa Xist -
(AA), CD8af (AB) or naturally selected CD8af 151 J| |\
(O) populations were purified by cell sorting, and © . WHY[fCRa
the resulting RNA was used to probe Affymetrix ° " [ ¥H-2D 13.1 Clust3 n=50 Clust4 n=30
Mu74Av2 chips. Expression values were 3 /i‘
calculated as the average in four independent o, o AB
experiments, with outlier elimination. Data 5 8.8 CIUSLS n=44 Clusté n =35
compare the AA/O and AB/O ratios of expression FC>3(n=145) = =
values; each dot represents an independent o1 AA A |i’|
feature (gene) of the chip. Green dots, ‘control’ 95
genes (specific for gender, TCR or MHC allele) - 74 Clust7 n=41 Clust8 n=22
whose expression was expected to be different, 001 Vis-2 4CD8p o AB
given the origin of the cells; orange and red dots, 0.01 01 1 10 100 4.4
CD8a and CD8 genes, respectively, whose ABJO ratio FC>6(n=31) O AB AA O AB AA

variations were also expected on the basis of cell

surface phenotypes. (b) Analysis of ‘distance’ between populations. Euclidian distance between AA, AB and O populations, calculated from ‘means-
normalized’ expression values, restricted to genes having an expression value of 10 (range, 1-5,000) to limit noise (which is very high in low expression
ranges after processing with MAS 5.0 software) and a ‘fold change’ (FC) of at least 3 or 6 (top and bottom, respectively) in any one comparison. Thin
lines represent the random data sets. (¢) Cluster analysis of gene expression. The ‘cor’ function in S-Plus was used to group genes that show correlated
expression profiles in the O, AA and AB populations (vertical axis, relative expression value, calculated as the expression value in each population divided

by the ‘gene-wise’ means). Clust, cluster.
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We then applied correlation analysis to identify the actual genes
underlying these global distances. To reduce background noise, we
focused the analysis on a set of 375 ‘informative’ genes (that is, filtered
on expression levels greater than 3 in any one population and on
showing a ‘fold change’ greater than 3 in any one comparison). This
analysis yielded eight dominant clusters (Fig. 4c). The main cluster
represented 111 genes more highly expressed in AA than in AB or O
(Fig. 4c, Clust 1). With its ‘mirror image’ (Fig. 4c, Clust 2), it
accounted for 40.6% of the informative genes (153 of 375), consistent
with the distance calculations (Fig. 4b). Other clusters were smaller
and were not dissimilar in number to ‘pseudo-clusters’ obtained with
the randomized data sets (data not shown).

We also obtained a more detailed view of those genes specifically
overexpressed in AA (Fig. 5a, highlighted). There was a high occur-
rence of genes normally associated with innate immune system cells,
in particular NK cells (Fig. 5a). These include genes encoding cell
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surface molecules first identified in NK cells (2B4 and NCRp1-a3!);
signal transduction molecules (DAP12 and FceRy) and transcrip-
tion factors (Id2 and Ets-1) essential for NK cell differentiation3233;
and diverse molecules that are shared among multiple cell types of
the innate immune system (CCL5, CCR5, XDH and Pglyrp)31:3+33,
The ‘NK-related’ transcripts represent 6 of the 30 most-induced
genes, whereas the entire ‘NK-related’ component of the Mu74Av2
chip includes only 29 of its 12,488 elements (identified by annota-
tion and literature search; P < 10710, chi-squared test). We then
extracted the data for all of the NK cell-related genes on the chip
(Fig. 5b, sorted by AA/AB ratio). The induced genes encoded
mainly NK ‘stimulatory’ molecules involved in either NK cell differ-
entiation or active natural killing, whereas those genes specifying
NK ‘inhibitory’ molecules were for the most part unaltered or not
expressed at all (Fig. 5b). Thus, a strong agonist signal induces thy-
mocytes to activate genes involved in innate responses.
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Figure 5 Integrated set of genes involved in innate or NK function induced by agonist in TCRaf
T cells. (a) Genes over-represented in AA relative to AB and O sets are ordered by AA/AB ratio.
Data include the ‘distilled’ expression value (RMA algorithm, which produces individual values
less contaminated by noise from ‘mismatched probe’ signals), the AA/AB ratio, the uncorrected
Pvalue of the AA/AB comparison (Welch's t-test), the gene product identity and the Affymetrix ID
(AffylD). As RMA normalization tends to underestimate ‘fold changes’, the AA/AB ratio from MAS

Orange, involved in innate or NK cell differentiation and function. (b) The

induction of NK-related genes in CD8aa cells involves only stimulatory (orange), not inhibitory
(blue), genes. This annotation list of all NK-related genes represented on the Mu74Av2 chip
(including surface receptors, transcription factors, or transduction molecules) was prepared from
data on the Affymetrix or TIGR websites. Data are presented as described in a, with correlated
expression plots (as described in Fig. 4c) shown for stimulatory or inhibitory genes (right).

(c,d) Verification of the gene expression data. Expression of several upregulated genes in CD8aa
(shaded) or CD8ap (dotted lines) cells was verified by flow cytometry (c) or by quantitative real-
time PCR (d; gene products, left margin) with CD8ap or CD8aa thymocytes sorted from female or
young male HY-TCR Rag2~~ (H2P) mice. Values are expressed relative to CD8ap; Hypoxanthine
guanine phosphoribosyl transferase transcripts (Hprt) were quantified as an internal standard.
Values in parentheses (d) indicate ‘fold changes’ in the microarray data.
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We did several experiments to confirm the microarray observa-
tions. Flow cytometric analyses confirmed the presence of 2B4,
NK1.1, ¢-Kit and CD94 at the surface of CD8 SP cells from agonist-
stimulated RTOC (Fig. 5¢), although in much lower amounts than
in mature NK or IELs stained with the same reagents (data not
shown). We also verified that the innate profile exists in vivo by sort-
ing CD8aa SP cells from neonatal HY male thymi (as in Fig. 2b)
and analyzing their RNA by real-time quantitative PCR (Fig. 5d).
All 11 transcripts tested showed a notable increase relative to that of
conventional CD8af SP cells from thymi of adult female mice. The
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‘fold induction’ between CD80a and CD8af reproduced the chip
results, albeit with far greater ‘fold changes’ (ranging from 8- to
300-fold; this higher differential was expected, as DNA chips are
known to substantially under-represent ‘fold changes’).

To confirm that the apparent innate characteristics of the
CD8aa cell transcriptional program, we did a multipopulation
computational analysis. We grouped microarray data sets from sev-
eral experiments done in similar conditions in the laboratory,
defining typical adaptive (B2-B, CD4" and CD8" lymphocytes) and
innate (dendritic and NK cells) cell groups. We classified innate-
like genes and adaptive-like genes as those showing consistent dif-
ferential expression in every pairwise comparison between
members of innate or adaptive groups (that is, those overexpressed
in both DC and NK cells relative to all lymphocytes); 50 and 29
genes, respectively, matched these definitions. We then compared
their expression in CD8aa and CD8af cells (Fig. 6). Although the
differences were not ‘all-or-none’, there was a very distinct skewing
of the innate-like genes, which were over-represented in the
CD8aa cells (P < 0.02, two-tailed paired t-test), whereas adaptive-
like genes were over-represented in CD8af cells (P < 0.007, aggre-
gate unpaired t-test). With the exception of the gene encoding 2B4,
none of the innate-like genes would be considered typical NK genes
(Fig. 6b, filtered on AA/BB ‘fold changes’ > 1.3). The presence of
Id2 in this list is ‘comforting), given its function in both DC and NK
cell but not T cell development?23¢. These results further support
the contention that the downregulation of Cd8b is not an isolated
event to allow escape from negative selection but represents true
lineage and transcriptional pattern shifts.

Figure 7 The density of TCR triggering in developing thymocytes
engages an innate or an adaptive differentiation program. (a) IFN-y
production elicited by culture of sorted CD8aa or CD8af thymocytes
(from young HY-transgenic male or female mice, respectively),
stimulated with plate-bound anti-NK1.1. (h) Thymocytes (sources

as described in a) were stimulated with plate-bound anti-CD3g,

and then IL-2 or IFN-y production was measured at different times
after stimulation. Top, total amount of cytokines produced; bottom,
hourly release of the cytokines measured every 3 h. Results are
representative of three or more experiments. o, HY CD8aq; m,
HYCD8ap; A, B6 CD8ap. (c) RNA was prepared from cultures similar
to those in b, and IFN-y or IL-2 mRNA was quantified by real-time
PCR, relative to hypoxanthine guanine phosphoribosyl transferase
transcripts used as a standard.
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Innate-like responses of CD8aa thymocytes

These observations suggested that CD8aa thymocytes are endowed
with properties to equip them to participate in the innate immune
response. To test this, we first examined the functional competence
of NKI.1 molecules on the surface of CD8aa thymocytes. We
sorted CD8aa or CD8af thymocytes from male or female HY
TCR-transgenic mice as mature TCRMHSA! cells to exclude prese-
lected immature thymocytes. Crosslinking of NK1.1 induced secre-
tion of IFN-y from CD8ad but not from CD8af thymocytes,
indicating that the surface NK1.1 molecule whose expression was
detected in the microarray analysis was indeed functional (Fig. 7a).

Innate immune responses are characterized by an immediate effec-
tor function®’, whereas adaptive immunity normally requires several
days of priming before full effector activity and cytokine production
are manifest. Thus, we obtained HSA® CD8ap or CD8aa thymo-
cytes derived from adult female or young male HY TCR—transgenic
mice, or from thymi of control B6 mice, simulated these cells with
anti-CD3 and examined the kinetics of secretion of IFN-y and inter-
leukin 2 (IL-2). CD80aa thymocytes rapidly secreted IFN-y and IL-2,
with a first secretion peak around 6-9 h, followed by a secondary
surge after 24 h for IFN-y secretion (Fig. 7b). In contrast, IFN-y and
IL-2 production by CD80f3 thymocytes was slow and progressive.

We then sought to determine whether accelerated cytokine secre-
tion by CD8aa cells stimulated with anti-CD3 was due to release of
intracellular stores or to fast transcriptional induction. We prepared
RNA from cultures of sorted HY CD8af or CD8ad thymocytes at
different times after anti-CD3 stimulation to measure IFN-yand IL-2
mRNA by real-time quantitative PCR (Fig. 7c). CD8aa thymocytes
showed a very rapid accumulation of IFN-y and IL-2 message, peak-
ing at 3—6 h after stimulation. Thus, the cytokine genes in agonist-
selected CD8a0r thymocytes are poised for immediate transcriptional
response to TCR triggering. In contrast, CD80f thymocytes show
minimal responsiveness of cytokine genes.

DISCUSSION

Potentially autoreactive lymphocytes with self-reactive receptors arise
inevitably from the combinatorial rearrangement of somatically vari-
able TCR and B cell receptor genes, but this is the ‘price’ that the adap-
tive immune system must ‘pay’ for adaptability. The dogma has been
that such cells must be destroyed or inactivated in the thymus before
they have the opportunity to wreak havoc in the periphery!>!3.
However, observations made over the last 15 years have been inconsis-
tent with this simple view. The results described here provide strong
support for the idea that recognition of agonist peptide by immature
DP thymocytes can modify primary transcription programs.

We applied microarray testing of gene expression, a potentially
powerful approach for ‘dissecting’ elaborate cell differentiation pro-
grams, to analyze thymocyte positive selection, using an RTOC sys-
tem that circumvents several theoretical difficulties. Using DP cells
from a strictly nonselecting background and inducing their differen-
tiation with known exogenous peptide provides very synchronous
and homogeneous populations, more suitable for microarray analysis
than those provided by the heterogeneous maturation states and
selecting peptides of in vivo populations.

Self peptide at doses equivalent to those that optimally stimulate
splenic T cells elicits an alternate differentiation program: in addition
to Cd4, Cd8b was shut off, and a set of genes typical of innate or NK
cell differentiation and activity was turned on. At first glance these
findings may seem discordant with the prevailing view of the HY
TCR-transgenic system as a paradigm for clonal deletion of thymo-
cytes bearing self-reactive TCRs; in fact, they are consistent with
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many previous observations. Many HY TCR-bearing T cells can
escape elimination in male thymi!®27-38-40, Such escapees have been
attributed either to a dampened reactivity mediated by coreceptor
downmodulation or to inappropriate expression of the transgene-
encoded HY TCR by cells of the yd lineage?*. It has also been
reported that gut IELs are abundant in HY TCR-transgenic male
mice!®2%. Our data show that the nature of these survivors varies over
time: in young mice, they are CD80 cells similar to those elicited by
RTOC, whereas in adults they show dull expression of the CD8af3
coreceptor and are most likely those ascribed to misrouting into the
ydlineage®®. CD8aa thymocytes do derive from DP cells through a
positive selection process, with the usual kinetics and acquisition of
maturation markers. Therefore, they do not result from an early
branching off from DN precursors and do not belong to the ydlin-
eage, as confirmed by the lack of induction of TCRy® expression in
the microarray data. Furthermore, this type of lineage commitment is
independent of the MHC restriction element, an observation proba-
bly related to the increase in MHC class II-restricted CD8 SP cells
noted in agonist-stimulated FTOC?.

Downmodulation of CD8pB in FTOC systems supplemented with
agonist to unselected DP cells has also been reported, and this was
interpreted as a ‘tuning’ of signaling intensity that allowed maturing
T cells to survive or was attributed to a deviation along a yd-like path-
way?2~24, Our analyses indicate that a broader programmatic change
takes place, rather than a simple ‘dodge’ of negative selection.

It is this overall pattern of gene expression changes that gives the
most fascinating glimpse into the possible function of the differentia-
tive program generated in this way. Two elements seem key. The shut-
off of CD83 gene expression, in a single molecular switch, eliminates
the CD8a coreceptor required for effective signaling ‘downstream’ of
classical TCR-MHC class I molecule engagements and brings out the
CD8aa coreceptor, a TCR-independent ligand for the nonclassical
MHC class I molecule TL!. Moreover, a broader programmatic
change activates a panel of genes typical of the innate immune system,
ranging from cell surface receptors to signaling molecules or tran-
scription factors, several of which are essential to the differentiation
and function of innate immune system cells: NK receptors (NCRs),
DAP12, FceRy, c-Kit and so on. Most provocative is the strong induc-
tion of Id2, a member of the ‘inhibitor of DNA binding’ family and a
key factor for NK cell and DC development??%¢, The 1d2 overexpres-
sion in CD8aa cells is accompanied by a downregulation of E2A,
which has an effect exactly the opposite to that of Id2 on the NK cell-T
cell balance*2. 1d2 and E2A might be the direct downstream targets of
strong TCR engagement and might control the other changes.

Does this induction of typical innate response genes have func-
tional consequences? It is notable that the coordinated induction of a
subset of NK cell-specific genes seems to favor the stimulatory recep-
tors and other facilitators of NK cell function, rather than inhibitors.
However, some of the overexpressed genes, such as the gene encoding
2B4, can have opposite effects depending on their binding partners or
splicing forms. We have shown that some of these molecules are
indeed functional, but also that CD8aa cells have adopted the ‘hair-
trigger’ reactivity characteristic of innate response cells such as mast
or NK cells. This effect is manifest at the transcriptional level, and the
Infg locus may adopt in CD8aa cells a chromatin configuration dif-
ferent from that formed in conventional naive T cells.

CD8aa SP cells are endowed with a complex set of surface recep-
tors: a TCR-coreceptor complex with high affinity for an epithelial
cell ligand, but one that is ‘defused’ and unable to signal fully, a set of
NCRs and the CD8aa molecule. In this context, the self-reactive
TCR might provide survival signals, as for conventional CD8af3 T
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cells, consistent with the observation of short persistence of IELs
without their eliciting stimulus*®. Alternatively, stimulatory NCRs
may act in synergy with self-recognizing TCRs and with CD8aa to
sense quantitative variations in arrays of surface ligands on target
cells, modified by infection and/or stress, with the TCRs sensing
variation of MHC molecules secondary to inflammation** and the
NCRs responding to increases in MHC class I-like molecules (RAE-1
or H60, and MICA or MICB#?). The outcome of this stimulation
might then be defensive or regulatory.

There is an interesting parallel between the selection of CD8o
cells and the terminal differentiation of mature CD8" T cells into
memory phenotypes, which display NCRs and acquire rapid response
characteristics®. It has been proposed that NCRs on CD8 memory
cells serve to dampen secondary responses, but whether the broader
innate-like characteristics of CD8aa cells also extend to memory
populations remains to be determined.

Although we do not have direct evidence that the CD8oa SP thy-
mocytes we described using RTOC are thymic IEL precursors!, many
elements argue in favor of this contention. The CD80a phenotype,
expression of the FceRy signal transduction molecule and NK
cell-related transcripts were also detected by SAGE analysis of ITELs*7.
Most relevant here, the emergence of IELs from the thymus is driven
by agonist recognition?!43. The observation extended to several TCRs
and was also independent of MHC restriction, and it was proposed
that this selection pathway allows the immune system to preserve
TCRs with high affinity for self, partially inactivated by the absence of
CD8p. Our data suggest that the IEL pathway may branch off at the
DP stage, meaning that DP thymocytes have several options for dif-
ferentiation beyond the conventional CD4* and CD8" lineages. Our
data also suggest that IELs may be generated preferentially in the
post-natal period in normal mice, in the very first weeks of age, with a
shift away from the CD8a0t phenotype in adult mice.

CD8aa T cells elicited by expression of self antigen in the thymus
seem to join B-1 B cells and CD4* NK T cells®” to constitute a class of
unconventional lymphocytes with features in common: expression of
molecules characteristic of NK cells, recognition of self molecules and
anatomical locations other than the principal lymphoid organs.
Lymphocytes of the innate immune system often express germline-
encoded and inherently self-reactive antigen receptors, and there has
been some debate over whether their specialized phenotype predi-
cates their self-reactivity or vice versa. Our results demonstrate a
direct link, indicating that self-recognition is a primary trigger for
‘donning’ such characteristics.

In conclusion, the recognition of self antigens by members of the
adaptive immune system does not necessarily lead to their elimina-
tion, but can modify primary transcriptional programs. The high-
affinity receptor for self is reused, perhaps to monitor perturbations
of self by collaborating with NCRs. This might have been the ances-
tral function of the TCR-MHC couple before TCR gene rearrange-
ments brought variability and therefore adaptive potential.

METHODS

Mice. C57BL/6 mice were obtained from The Jackson Laboratory; HY-TCR
Rag2~~ mice on nonselecting B10.D2 and selecting C57BL/10 backgrounds
were obtained from Taconic Farms. The 5¢.c7-TCR Rag2~/~ mice on the non-
selecting H-2" background were provided by B.J. Fowlkes (National Institutes
of Health, Bethesda, Maryland), and OT1-TCR Rag2~~ mice deficient in
transporter associated with antigen processing were provided by J. Kirchner
and M. Bevan (University of Washington, Seattle, Washington). All mice were
bred and maintained in sterile barrier conditions at the Harvard Center for
Animal Resources and Comparative Medicine (protocol 2954) in accordance
with National Institutes of Health guidelines.

Thymic RTOC. The culture procedure mainly followed a published proce-
dure!®. Fetal thymic lobes at embryonic day 15 from C57BL/6 or invariant
chain—null mice were cultured for 5 d in 1.35 mM deoxyguanosine (Sigma),
and the gender of each embryo was determined by PCR genotyping for the
sex-determining region of chromosome Y (Sry) with primers 5'-GTTCAGC-
CCTACAGCCACAT-3" and 5'-CACTTTCGCCCTCCGATGAG-3". The lobes
were dissociated with 0.05% trypsin plus 1 mM EDTA for preparation of
TSCs. CD4*CD8" thymocytes (DP) from 2-week-old mice were purified to
>99% purity by magnetic sorting on either anti-CD4 or anti-CD8 beads
(MACS; Miltenyi Biotec). Reaggregates were formed by mixing of TSCs and
DP thymocytes at a cell ratio of 1:1 (5 x 10° cells each) and pelleting by cen-
trifugation (855¢ for 2 min), and the cell slurry (4 pl) was carefully applied
on the upper membrane of Transwell (Coaster) as a standing drop. The re-
aggregates were cultured for 4-8 d at 37 °C at 5% CO, in DMEM with 10%
FCS, 10 mM HEPES, 50 UM B-mercaptoethanol, 2 mM L-glutamine and
0.1 mM nonessential amino acids, plus penicillin and streptomycin, either
supplemented with peptide (Smcy, KCSRNRQYL; ovalbumin peptide,
SIINFEKL; moth cytochrome ¢ peptide, ANERADLIAYLKQATK; all high-
performance liquid chromatography grade from Peptron) or not; medium
and peptide were exchanged every day.

Flow cytometry. Cell surface molecules were stained with anti-CD4 (RM4-5),
anti-CD8f (53-5.8) anti-TCRB (H57-597), anti-Vg8 (F23.1), anti-HAS
(M1/69), anti-CD244.2 (2B4), anti-CD94 (18d3), anti-NK1.1 (PK136; all from
PharMingen); anti-CD8a (CT-CD8a), anti-KP (CTKb; both from Caltag); anti-
CD117 (2B8; eBioscience); or fluorescein isothiocyanate—conjugated peanut
agglutinin (Sigma). Dead cells were excluded from analysis and sorting with
7-amino-actinomycin D (PharMingen) or Hoechst 33342 (Calbiochem) stain-
ing. Samples were analyzed on a Coulter XL cytometer with Expo32 software.

In vitro responses. CD8 SP cells from RTOCs at day 8 were sorted (5 x 10*
cells; MoFlo), were mixed with 5 % 10° stimulator splenocytes from B6
female mice plus ‘graded’ concentrations of Smcy peptide, and were cultured
for 48 h and pulsed with [*H]thymidine in the last 12 h before being col-
lected and counted. Alternatively, stimulators were splenic DCs from male or
female B6 mice. Whole splenocytes and DCs were irradiated with 2,000 rad
before use. For thymocyte stimulations, HSAI'TCRM CD8af thymocytes
were sorted from B6 or female HY TCR Rag2~/~ (H2) mice, and HSA!*TCRM
CD8aa thymocytes were sorted from young male HY TCR Rag2~/~ (H2b)
mice. Thymocytes were stimulated with plate-bound anti-NKI1.1 or anti-
CD3 and supernatants were collected at 48 h for NK1.1 stimulation or every
3 h for CD3 stimulation.

Enzyme-linked immunosorbent assay. IFN-y and IL-2 concentrations were
measured by sandwich enzyme-linked immunosorbent assay with purified
anti-mouse IFN-y (R4-6A2) or anti-mouse IL-2 (JES6-1A12) as capturing
antibody and biotinylated anti-mouse IFN-y (XMG1.2) or anti-mouse IL-2
(JES6-5H4) as detection antibody (Pharmingen), respectively. Recombinant
mouse IFN-y or IL-2 (Pharmingen) was used as control reference.

Microarray analysis. RNA preparation and chip hybridizations were done
as described!®. HY CD8aa*, HY CD8af* and OT1 CD8ap* cells from
RTOC at day 6 were purified by flow sorting. Total RNA from pooled cell
populations (from approximately 3 x 10* cells) was immediately prepared
with the High Pure RNA Isolation Kit (Roche) and was amplified for two
rounds with the MessageAmp aRNA kit (Ambion), followed by biotin label-
ing with the BioArray High Yield RNA Transcription Labeling Kit (Enzo
Diagnostics) and purification with the RNeasy Mini Kit (Qiagen). The
resulting cRNA (four independent data sets for each of the three sample
types) was hybridized to Affymetrix Mu74Av2 chips according to manufac-
turer’s protocol. The initial ‘reads’ were processed through Affymetrix
microarray Suite 5.0 software to obtain raw expression values. These were
normalized and averaged (with outlier elimination), and an approximate
measure of significance was calculated (Welch’s approximation #-test) with
custom ‘scripts’ (NORM and DISTILL; ref. 15) running on S-Plus software
(Insightful). For analysis of significance, control data sets approximating
the values and variances of the real data were generated by random reshuf-
fling of the data (random draws within rows) or by simulated data sets
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(random generation from gene-wise means and s.d.). Control genes (such
as those expected to show differences depending on the origin of the input
T cells, such as TCR V-region genes or chromosome X or chromosome Y
genes; Fig. 5a) were verified and were removed for subsequent analyses.
Informative gene sets were defined for noise reduction with thresholds on
expression levels (>3, on a scale of 1-4,000) and on ‘fold change’ ratios
(genes showing at least one ‘fold change’ greater than 2.5). Euclidian dis-
tances between populations were calculated (by SIMS script) for different
‘fold change’ thresholds as:

VEX-Y)?

from the real data and for random data sets; each P value was calculated as the
probability of the observed distances relative to the mean and variance of the
same distances in random data sets. Cluster analysis was done with the CORR
script (data not shown), a ‘supervised” method that groups genes based on cor-
relation across all sample types (expression values normalized to the gene-wise
expression mean, with a user-set correlation coefficient, set here at > = 0.95).

Quantitative RT-PCR. RNA was isolated with Trizol (Invitrogen) followed by
DNase treatment with DNA-free (Ambion). PCR was done with SYBR Green
or Tagman Master Mix (Applied Biosystems). PCR and signal detection used a
7700 Sequence Detector (ABI Prism). Primers used for the reactions are avail-
able in Supplementary Methods online.

GEO accession number. Raw data sets, GSE 1112.
Note: Supplementary information is available on the Nature Immunology website.
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