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CD4*CD25*Foxp3™ regulatory T (Treg) cells are generated during
thymocyte development and play a crucial role in preventing the
immune system from attacking the body’s cells and tissues. How-
ever, how the formation of these cells is directed by T-cell receptor
(TCR) recognition of self-peptide:major histocompatibility complex
(MHQ) ligands remains poorly understood. We show that an agonist
self-peptide with which a TCR is strongly reactive can induce a com-
bination of thymocyte deletion and CD4*CD25*Foxp3* Treg cell for-
mation in vivo. A weakly cross-reactive partial agonist self-peptide
could similarly induce thymocyte deletion, but failed to induce Treg
cell formation. These studies indicate that CD4*CD25*Foxp3* Treg
cell formation can require highly stringent recognition of an agonist
self-peptide by developing thymocytes. They also refine the “avid-
ity” model of thymocyte selection by demonstrating that the quality
of the signal mediated by agonist self-peptides, rather than the
overall intensity of TCR signaling, can be a critical factor in directing
autoreactive thymocytes to undergo CD4*CD25*Foxp3* Treg cell
formation and/or deletion during their development.
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D4* and CD8* T cells use the o/ T-cell receptor (TCR) to

recognize peptides (which can be derived from foreign or self-
peptides) as complexes with molecules of the major histocompati-
bility complex (MHC) (1). A key feature of this recognition is the
ability of the TCR to distinguish between subtle structural varia-
tions in peptide:MHC ligands; thus, rather than acting as a binary
“on-off” signal, the TCR can interpret differences between optimal
and suboptimal ligands that substantially affect the intracellular
signaling pathways that are activated (2). For effector CD4* and
CD8* T cells, foreign peptides that stimulate robust proliferation
and additional effector functions (e.g., cytokine production) when
present at low concentrations are typically termed agonist peptides.
Partial agonists (which usually differ from the agonist by one or
a few amino acid substitutions) require higher concentrations to
induce proliferation and/or induce only a subset of effector func-
tions, and antagonist peptides specifically inhibit the response(s)
that can be induced by an agonist (2). This capacity of the TCR to
transmit distinct signals in response to peptide:MHC complexes
also plays a pivotal role in directing thymocyte development.
Seminal studies using TCR transgenic mice and in vitro thymocyte
culture systems showed that positive selection of CD4~CD8*
(CDS8SP) thymocytes could be induced by low doses of agonist and/
or antagonist peptides, whereas higher doses of agonist peptides
led to thymocyte deletion (3-5). These studies led to the “avidity”
model of thymocyte selection, which has been extended in recent
years to characterize an affinity threshold that can direct positive
selection versus deletion of CD8SP thymocytes through activation
of distinct signaling pathways (6). Similar approaches have been
used to identify endogenous self-peptides that can promote positive
selection of TCR transgenic CD8SP and CD4*CD8~ (CD4SP)
thymocytes in vitro (7). However, it has also become clear that
thymocytes can undergo selection to become CD4*CD25* Foxp3*
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regulatory T (Treg) cells (8, 9), and how signaling through the TCR
induces the formation of Treg cells is not yet understood.

Firm evidence that TCR interactions with self-peptides can
induce Treg cell formation came from studies using transgenic
mice expressing a TCR that recognizes a MHC class Il-restricted
peptide from the influenza hemagglutinin (HA) and coexpress-
ing the HA as a self-antigen (10). A large proportion of the HA-
specific CD4SP thymocytes and CD4* T cells in such mice were
initially found to express CD25 and to exert regulatory function
in vitro and were subsequently shown to also express the tran-
scription factor Foxp3, which is closely associated with Treg cell
formation and function (9, 11). The formation of self-antigen—
specific Treg cells has since been described in additional mice
expressing HA as a self-antigen (12-14) and in mice coexpressing
an ovalbumin-specific TCR and ovalbumin as a self-antigen (15,
16). A notable feature of these experimental systems has been
that the self-peptide that induces Treg cell formation is recog-
nized by the TCR as an agonist; agonist peptides are typically
associated with strong signals through the TCR, and in the
avidity model of thymocyte development, such signals might be
expected to induce thymocyte deletion. Indeed, it has been dif-
ficult to place Treg cell formation within this avidity model; one
idea has been that Treg cell formation might be induced by TCR
signals that lie in an affinity/avidity range below that necessary to
induce thymocyte deletion, but above that necessary for positive
selection (17). However, this model has received little direct
experimental analysis, and how distinct or overlapping signals
transmitted by the TCR in response to self-peptides might direct
thymocyte deletion and/or Treg cell formation remains to be
determined.

The studies herein examined the ability of an agonist versus
a partial agonist self-peptide to induce thymocytes expressing
MHC class Il-restricted TCRs to undergo Treg cell selection
in vivo. We provide evidence that Treg cells can be selected on
the basis of highly stringent recognition of an agonist self-peptide
and suggest that the quality of the TCR signal that is delivered by
agonist versus partial agonist self-peptide(s) can play a critical
role in determining whether autoreactive thymocytes undergo
deletion and/or Treg cell formation during their development.
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Results
Partial Agonist Self-Peptide Induces Thymocyte Deletion Without
Foxp3 Induction. To examine how specificity for self-peptides
directs thymocyte development, we used TS1 mice, which ex-
press a transgenic TCR (detected with the monoclonal antibody
6.5) that was isolated from an influenza virus PR8-infected
BALB/c mouse (18). The TS1 TCR recognizes the major I-E*-
restricted CD4™ T-cell determinant of PR8 HA termed S1 (19)
and reacts with a synthetic S1 peptide with a sensitivity (1/2.x =
~0.1 pM) that is typical of agonist peptides (20) (Fig. 14).
Synthetic peptides may not fully recapitulate the range of pep-
tides that can be processed and presented from protein mole-
cules (21), and CD4™ T cells from TS1 mice also react strongly
with splenocytes presenting naturally processed S1-related pep-
tide(s) derived from the intact PR8 HA molecule (Fig. 14). By
contrast, CD4* T cells from TS1 mice are more weakly cross-
reactive with splenocytes presenting peptides derived from the
SW strain of influenza virus, which contains an analog of the S1
peptide, termed S1(SW), which differs from the S1 peptide by
two amino acid substitutions (19) (Fig. 14). Collectively, these
data indicate that the TS1 TCR recognizes naturally processed
S1 and S1(SW) determinants generated from intact PR8 and SW
HA molecules with relative reactivities that are typical of agonist
and partial agonist peptides, respectively.

When TS1 mice were mated with additional lineages of trans-
genic mice that express the PRS HA as a self-antigen, 6.5"CD4SP

thymocytes underwent both deletion and selection to become
6.5MCD4SPFoxp3™ thymocytes in response to the S1 self-peptide
(14). Thus, TS1 x HA28 and TS1 x PevHA mice each coexpress
the TS1 TCR and the PR8 HA [driven by SV40 promoter/en-
hancer (10) and p-globin locus control region sequences (22), re-
spectively], and each contained both significantly lower numbers
of 6.5"'CD4SP thymocytes and significantly higher numbers of
6.5MCD4SPFoxp3* thymocytes than were present in TS1 mice
(Fig. 1B). The lymph nodes (LNs) of TS1 x HA28 and TS1 x
PevHA mice also contained significantly higher numbers of
6.5"CD4* Foxp3*CD25™ T cells than were present in TS1 mice
(Fig. 1C), and 6.5"CD4*CD25" LN cells from these mice sup-
pressed the proliferation of a bystander CD4* T-cell population
in vitro (Fig. S1).

To examine how interactions with the cross-reactive S1(SW)
partial agonist self-peptide can shape 6.5MCD4SP thymocyte de-
velopment, we generated Pev(SW)HA mice, which express the SW
HA as a self-antigen driven by the same p-globin locus control
region sequences used to direct PR8 HA expression in PevHA
mice. 6.5"CD4SP thymocytes were significantly less abundant in
TS1 x Pev(SW)HA mice than in TSI mice; indeed, the average
frequency of 6.5"CD4SP thymocytes in TS1 x Pev(SW)HA
mice was similar to that in TS1 x PevHA mice, indicating that
thymocytes expressing the 6.5 TCR undergo a comparable degree
of deletion in response to both agonist S1 and partial agonist S1
(SW) self-peptides (Fig. 1B). Notably, however, there was no in-
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Fig. 1. The partial agonist S1(SW) peptide induces 6.5"" thymocyte deletion but not Treg cell formation. (A) Proliferation of 6.5"'CD4* T cells from TS1 mice
incubated with graded doses of S1 peptide (Left) or with graded numbers of HAU of PR8 virus (circles) or SW virus (triangles) (Right) shown as means + SEM.
n = 3. (B) Representative histograms show 6.5 and Foxp3 expression by CD4SP thymocytes from TS1 x HA28 (n = 5), TS1 x PevHA (n = 6), and TS1 x Pev(SW)HA
(n = 6) mice (black lines) overlaying thymocytes from TS1 (n = 11) mice (filled), with mean percentages in gate indicated. Graphs show numbers of 6.5"CD4SP
and 6.5"'CD4SPFoxp3* thymocytes, with bars denoting means and individual values shown. **P =< 0.05, ***P < 0.01. (C) Same as in B except showing 6.5,
CD25, and Foxp3 expression by CD4* LN cells. (D) Representative histograms show Foxp3 expression on 6.5"CD4SP thymocytes from chimeras of Pev(SW)HA
(n = 6) or PevHA (n = 6) mice (black lines) overlaying filled histograms from BALB/c (n = 6) mice (shaded) reconstituted with BM from TS1 [RAG™~ mice. Mean
percentages in indicated gates are shown. Graph shows numbers of thymocytes with bars denoting means and individual values shown. **P < 0.05. All data
are representative of at least three independent experiments.
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crease in the frequency of 6.5"CD4SPFoxp3* thymocytes or of
6.5"CD4 " Foxp3*CD25" T cells in TS1 x Pev(SW)HA mice rel-
ative to TS1 mice, sharply contrasting the substantial increases that
were observed in both TS1 x PevHA and TS1 x HA28 mice SFig.
1, B and C). We had previously produced TS1.RAG™™ —
HAZ28 radiation bone marrow (BM) chimeras to confirm that
6.5MCD4SPFoxp3™ thymocyte formation is based on the specificity
of the 6.5 TCR for the S1 self-peptide (10). As predicted from
these earlier results, we found significantly increased 6.5"CD4SP-
Foxp3* thymocyte formation in TSI.RAG ™~ — PevHA relative to
TS1.RAG~~— BALB/c chimeras, but notably, not in TSL.RAG™~
— Pev(SW)HA chimeras (Fig. 1D). Thus, both the agonist S1 and
partial agonist S1(SW) self-peptides could induce deletion of
6.5"CD4SP thyrnocxtes, but only the agonist S1 self-peptide
caused increased 6.5"CD4* Foxp3™ T-cell formation.

As an Agonist, the S1(SW) Self-Peptide Induces Treg Cells. The pre-
ceding studies suggested that the specificity of the TCR for self-
peptides can be an important factor in directing Treg cell for-
mation, but it was also possible that some unknown characteristic
of the Pev(SW)HA lineage renders the S1(SW) self-peptide in-
capable of inducing Foxp3™ T-cell formation. To examine whether
the S1(SW) self-peptide can induce Treg cell formation when it is
recognized as an agonist, we used TS1(SW) mice, which express
a transgenic Va8.3*/VB10* TCR obtained from a SW virus-
immunized mouse (10). Va8.3*CD4™ T cells from TS1(SW) mice
recognize both a synthetic SI1(SW) peptide and naturally pro-
cessed S1(SW) peptide(s) derived from SW virus as agonists and
are weakly cross-reactive with PRS8-derived S1 peptide(s) (Fig.
24). When TS1(SW) mice were mated with Pev(SW)HA mice to
produce TS1(SW) x Pev(SW)HA mice, there was a modest in-
crease in the frequency of Va8.3¥ CD4SPFoxp3™ thymocytes rel-
ative to either TS1(SW) or TS1(SW) x PevHA mice (1 ver-
sus 0.2%, respectively) (Fig. 2B). Moreover, the number of
Va8.3"CD4*Foxp3*CD25* LN cells was significantly higher in
TS1(SW) x Pev(SW)HA mice than in either TS1(SW) or TS1
(SW) x PevHA mice (Fig. 2C), and Va8.3"CD4*CD25" LN cells
from these mice suppressed the proliferation of a bystander CD4*
T-cell population in vitro (Fig. S2). We also generated radiation
chimeras in which BM from TS1(SW).RAG ™~ mice was trans-
planted into lethally irradiated BALB/c, PevHA, and Pev(SW)HA
recipients. There was an ~30-fold increase in the number of
Va8.3¥CD4SPFoxp3* thymocytes in TS1(SW).RAG™~— Pev
(SW)HA chimeras relative to TS1(SW).RAG™~— BALB/c chi-
meras, but no such increases were found in TS1(SW).RAG™~
—PevHA chimeras (Fig. 2D). Thus, the S1(SW) self-peptide in
Pev(SW)HA mice can induce Foxp3 up-regulation among CD4SP
thymocytes and CD4™" T cells, but only when it is recognized as an
agonist peptide by the TS1(SW) TCR.

Precursor Frequency Affects Agonist-Induced Foxp3* Thymocyte
Formation in TS1(SW) x Pev(SW)HA Mice. The finding that agonist-
induced Foxp3"CD4" T-cell formation occurred less efficiently in
mice expressing the TS1(SW) TCR than the TS1 TCR was notable
because the TS1(SW) TCR is expressed by a higher proportion of
thymocytes (~80% versus ~25% of CDA4SP thymocytes, re-
spectively). CD4SPFoxp3* thymocyte formation can be impaired
under conditions of high precursor frequency (23, 24), and we
examined whether reducing the frequency of thymocytes express-
ing the TS1(SW) TCR might enhance the representation of
Va8.3"CD4SPFoxp3™ thymocytes in mice expressing the S1(SW)
self-peptide. In Pev(SW)HA radiation chimeras that had received
TS1(SW) BM cells diluted 1:10 with BALB/c BM cells (and that
therefore contained a reduced frequency of Va8.3"CD4SP thy-
mocytes), 16% of the Va8.3*CD4SP thymocytes were Foxp3*
(Fig. 2E). We also mated TS1(SW) mice with HACII mice, which
express high levels of PR8 HA driven by a MHC class II promoter
(25); in TS1(SW) x HACII mice, Va8.3"CD4SP thymocytes were
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subjected to substantial deletion by the partial agonist S1 peptide,
but little or no Va8.3"CD4SPFoxp3™ thymocyte formation oc-
curred (Fig. S3). Thus, decreasing the frequency of thymocytes
expressing the TSI(SW) TCR could accentuate the formation of
Va8.3"CD4SPFoxp3™ thymocytes in response to the agonist S1
(SW) self-peptide, whereas enhanced deletion mediated by high
levels of the partial agonist S1 could not.

Differential Thymocyte Signaling by Agonist/Partial Agonist Self-
Peptides. To further analyze how TCR signaling in response to
self-peptides can direct thymocyte deletion and/or Treg cell for-
mation, we examined expression of Nur77, CD25, and Foxp3 at
different stages of thymocyte development. Previous studies have
demonstrated that Nur77 participates in thymoc?e deletion (26,
27). Consistent with this finding, immature 6.5"CD4SPCD24"
thymocytes from TS1 x HA28, TS1 x PevHA, and TS1 x Pev
(SW)HA mice (in which 6.5% thymocytes undergo self-peptide—
induced deletion) all expressed significantly higher levels of
Nur77 than were found in TS1 mice (Fig. 34). Notably, however,
only the 6.5"CD4SPCD24"™ thymocytes from TS1 x HA28 and
TS1 x PevHA mice exhibited up-regulation of CD25 (Fig. 3B),
which has been shown to identify CD4SP thymocytes that have
received an appropriate TCR signal for commitment to Treg cell
development and can differentiate into CD4SPFoxp3* thymo-
cytes in response to common y-chain cytokine signaling (28).
Indeed, the more mature 6.5"CD4SPCD24'°Y thymocytes from
TS1 x HA28 and TS1 x PevHA mice, but not those from TS1 x
Pev(SW)HA mice, also exhibited up-regulation of Foxp3 relative
to TS1 mice (Fig. 3B). As a result of these processes, there were
significant increases in the frequencies of 6.5"CD4SPNur77*
thymocytes in TS1 x HA28, TS1 x PevHA, and TS1 x Pev(SW)
HA mice relative to TS1 mice, but significantly increased fre-
quencies of 6.5MCD4SPFoxp3™ thymocytes were only found in
TS1 x HA28 and TS1 x PevHA mice (Fig. 3C). It is notable that
Nur77 levels were highest on thymocytes from TS1 x HA28 and
TS1 x PevHA mice, because studies with a Nur77 reporter mouse
containing otherwise unmanipulated TCR repertoires revealed
higher Nur77 expression on CD4SPFoxp3* thymocytes (29).
Thus, agonist S1 and partial agonist S1(SW) self-peptides in-
duced distinct phenotypic changes in thymocytes expressing the
TS1 TCR; both ligands activated a pathway(s) associated with
thymocyte deletion, but only the agonist S1 self-peptide induced
signals that lead to Foxp3 up-regulation.

Discussion

We have examined how specificity for self-peptides can instruct
autoreactive thymocytes to undergo deletion and/or differentia-
tion to become Treg cells. Previous studies in this and other
systems have shown that TCR recognition of agonist self-pep-
tides can promote Treg cell formation (10, 12-16); however,
interactions with self-peptides can also induce thymocyte de-
letion (7), and how signaling through the TCR might specify
these different fates has been unclear. The findings here support
a model of thymocyte development in which both agonist and
partial agonist peptides can induce thymocyte deletion, but de-
velopment into a Treg cell requires a TCR-mediated signal that
an agonist self-peptide is uniquely able to provide.

In its simplest form, the avidity model of thymocyte de-
velopment posits that individual thymocytes interpret quantita-
tive differences in the TCR signals that accumulate during their
interaction either with specific self-peptides or with combina-
tions of self-peptides, and certain threshold levels of signaling
trigger discrete outcomes (3-5). Thus, low-intensity signaling
through the TCR has been found to promote thymocyte de-
velopment (positive selection), whereas more intense TCR sig-
naling can induce thymocyte death (deletion), and it has been
proposed that Treg cell formation may be induced by TCR sig-
nals above the threshold necessary for positive selection, but
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Fig. 2. The TS1(SW) TCR undergoes Treg cell formation in response to agonist S1(SW) peptide. (A) Va8.3*CD4* T cells from TS1(SW) mice incubated with
graded doses of S1(SW) peptide (Left) or with graded numbers of HAU of PR8 virus (circles) or SW virus (triangles) (Right), shown as means + SEM. n = 3. (B)
Representative histograms showing Va8.3 and Foxp3 expression by CD4SP thymocytes from TS1(SW) x PevHA (n = 5) and TS1(SW) x Pev(SW)HA (n = 5) mice
(black lines) overlaying thymocytes from TS1(SW) (n = 12) mice (filled), with mean percentages in gate indicated. Graphs show numbers of Va8.3*CD4SP and
Va8.3*CD4SPFoxp3* thymocytes, with bars denoting means and individual values shown. (C) Same as in B except showing Va8.3, CD25 ,and Foxp3 expression
by CD4* LN cells. ***P < 0.01. (D) Representative histograms showing V8.3 and Foxp3 expression by CD4SP thymocytes in chimeric Pev(SW)HA (n = 6) or
PevHA (n = 6) mice (black lines) overlaying filled histograms from BALB/c (n = 6) mice (shaded) reconstituted with BM from TS1(SW).RAG ™~ mice. Mean
percentages in indicated gates are shown. Graph shows numbers of thymocytes with bars denoting means and individual values shown. **P < 0.05. (E)
Representative histograms showing Va8.3 and Foxp3 expression by CD4SP thymocytes in chimeric BALB/c (filled) or Pev(SW)HA (black) mice reconstituted with
100% BM from TS1(SW) mice (n = 4) (Top), 10% BM from TS1(SW) mice plus 90% BM from BALB/c mice (n = 4) (Middle), or 100% BM from BALB/c mice (n = 4)
(Bottom). Mean percentages in indicated gates in BALB/c (gray) and Pev(SW)HA (black) recipients are shown. All data are representative of at least three
independent experiments.

below that which induces deletion (17). However, the data here  cells proliferate much more weakly when activated with S1(SW)
are difficult to fit into a simple model in which TCR signaling  versus S1 determinants (Fig. 14), and lower levels of Nur77 were
thresholds direct thymocyte deletion versus Treg cell de- expressed by 6.5*CD4SP thymocytes that had encountered the
velopment. It is clear that the TS1 TCR reacts more weakly with  partial agonist S1(SW) versus the S1 agonist (Fig. 34), consistent
the S1(SW) peptide than the S1 peptide; conventional CD4* T  with weaker TCR stimulation. Significantly, these low levels of
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HA (blue) (n = 4) mice are shown relative to TS1 (filled) (n = 4) mice. Mean fluorescent intensities (MFls) of Nur77 staining are shown + SEM. **P < 0.05, ***P <
0.01. (B) Representative (n = 4) dot plots showing Foxp3 versus CD25 expression by 6.5"'CD4SPCD24" (Upper) and 6.5"CD4SPCD24'°" (Lower) thymocytes from
TS1, TS1 x HA28, TS1 x PevHA, and TS1 x Pev(SW)HA mice. Mean percentages of cells in the indicated quadrants are shown. (C) Graph shows mean per-
centages + SEM of 6.5"CD4SP thymocytes that are Foxp3™* (open bars) or Nur77* (filled bars) in TS1 (n = 4), TS1 x HA28 (n = 4), TS1 x PevHA (n = 4), and TS1 x
Pev(SW)HA (n = 4) mice. **P < 0.05, ***P =< 0.01. All data are representative of at least three independent experiments.

TCR stimulation induced by S1(SW) are sufficient to cause
6.5 CD4SP thymocyte deletion in TS1 x Pev(SW)HA mice, but
they fail to induce Foxp3 up-regulation. In light of this finding, it
is incongruous to propose that a higher signaling threshold alone
(such as can be provided by the agonist S1 peptide) is necessary
for Foxp3 induction in TS1 x HA28 and TS1 x PevHA mice,
because potential Treg cells would have been eliminated at the
signaling threshold that causes deletion. Instead, the data here
are more consistent with a model in which an agonist self-pep-
tide delivers a qualitatively distinct signal that can induce thy-
mocytes to develop along a Treg cell differentiation pathway.
Agonist-induced formation of CD4SPFoxp3™ thymocytes was
also observed in TS1(SW) x Pev(SW)HA mice, but only when the
frequency of thymocytes expressing the TS1(SW) TCR was re-
duced in mixed BM chimeras. Efficient suppression of endoge-
nous TCR gene rearrangement causes the TS1(SW) TCR to be
highly represented in mice expressing the Va8.3/VB10 transgenes,
and the inability to readily detect Vo8.3*CD4SPFoxp3* thymo-
cyte formation in intact TSI1(SW) x Pev(SW)HA mice resembles
recent studies showing that “niches” for Treg cell development
can be saturated under conditions of high precursor frequency (23,
24). In this regard, one possible explanation for the efficient for-
mation of 6.5"CD4SPFoxp3™ thymocytes in TS1 x HA28 and
TS1 x PevHA mice could be that S1-induced deletion lowers 6.5*
thymocyte precursor numbers and creates a niche for the forma-
tion of 6.57CD4SPFoxp3* thymocytes. However, 6.57CD4SP
thymocytes are subjected to a comparable degree of deletion by
the S1(SW) partial agonist in TS1 x Pev(SW)HA mice, but this
deletion does not in itself lead to increased 6.5 CD4SPFoxp3*
thymocyte formation. Similarly, elevated expression of the partial
agonist S1 self-peptide induced deletion of Va8.3"CD4SP thy-
mocytes without inducing Treg cell formation in TS1(SW) x
HACII mice, because partial agonist self-peptides fail to provide
an appropriate signal for Treg cell induction even though deletion
led to lower thymocyte frequencies. Another possible explanation
for the efficient formation of 6.57CD4SPFoxp3™ thymocytes in
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TS1 x HA28 and TS1 x PevHA mice could be that the presence
of a strong agonist peptide induces IL-2 expression from the
6.5 CD4SPFoxp3~ thymocytes and/or 6.5"CD4*Foxp3™~ effector
T cells that also develop in these mice, and this IL-2 in turn
promotes the formation of Treg cells. This is unlikely, however,
because elevated expression of IL-2 would be expected to act on
all Treg cells irrespective of TCR specificity, and no increases were
found in the numbers or percentages of 6.5 CD4SPFoxp3* thy-
mocytes, or of 6.5 CD4*Foxp3™ splenocytes, in TS1 x HA28 and
TS1 x PevHA mice relative to TS1 x Pev(SW)HA mice (although
both 6.5*CD4*Foxp3* and 6.5 CD4*Foxp3™ splenocyte num-
bers did increase in response to IL-2:anti-IL2 complex injection)
(Fig. S4).

The conclusion that qualitative differences in signaling events
induced by self- peptides can shape thymocyte development is
consistent with studies showing that CD8SP thymocytes that have
been positively selected by agonist versus antagonist self-peptides
can exhibit distinct phenotypes and have differing abilities to re-
spond to antigenic stimulation (30). It is likely that these phenotypes
are a reflection of variations in the TCR-proximal signaling events
that are induced by different peptide ligands, which in turn activate
distinct signaling pathways. Significantly, whereas the agonist S1
and partial agonist SI(SW) peptides could both induce Nur77 up-
regulation and deletion, only the agonist S1 peptide caused a sig-
nificant increase in the formation of 6.5"'CD4SPFoxp3~CD25*
thymocytes. The ability to induce CD25 up-regulation is noteworthy
because CD4SPFoxp3~CD25" thymocytes have been identified as
a precursor population that has received a TCR-mediated signal,
and that will differentiate into CD4SPFoxp3™ thymocytes in re-
sponse to IL-2 or IL-15 (28). The nature of the TCR signal that is
required to initiate CD25 up-regulation was not known, however,
and we have shown here that an agonist self-peptide is uniquely able
to activate signaling pathways that initiate the formation of
CD4SPFoxp3~CD25* thymocytes. This requirement for specific
recognition of a self-peptide in Treg cell formation also resonates
with recent evidence that positive selection of conventional CD4™*
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thymocytes can be mediated by TCR recognition of specific self-
peptides that can also act as coagonists for activation and/or ho-
meostasis of mature CD4* T cells in the periphery (31, 32). For
Treg cells, a requirement for specific recognition of agonist peptides
during thymocyte selection may play an important role in estab-
lishing a link between the formation of Treg cells in response to
tissue-specific antigens in the thymus and their activity at sites in the
periphery where the self-antigen is expressed.

Materials and Methods

Viruses and Peptides. Influenza viruses A/Puerto Rico/8/34 (PR8) and A/Swine/
31 (SW) were propagated by growth in the allantoic cavity of hens’ eggs
and purified by sucrose gradient centrifugation. Virus titers were de-
termined by agglutination of chicken erythrocytes and expressed as
hemagglutinating units (HAU). Peptides S1 (SFERFEIFPKE), S1(SW) (SFEK-
FEIFPKT), and S2 (HNTNGVTAACSHE) were synthesized and purified by
HPLC (Genscript).

Mice. TS1, TS1(SW), HA28, PevHA, HACII, and TS2 mice have been described
previously (10, 11, 18, 22, 25). To generate Pev(SW)HA mice, a 770-bp
fragment encoding amino acids 38-294 of the HA1 domain of the PR8 HA
gene was removed from the construct used to generate PevHA mice and
replaced with the corresponding sequence from the SW HA gene. Trans-
genic mice were backcrossed at least six generations to BALB/c mice before
use. Mice were killed at 8-12 wk of age. BM chimeras were generated by
injecting 5 x 10® T-cell-depleted BM cells i.v. into 6- to 8-wk-old irradiated
(900 rad) mice and analyzed 8 wk later. All mice were housed under specific
pathogen-free conditions in the Wistar Institute Animal Facility. IL-2/anti-IL-
2 complexes were prepared and injected 5 d before sacrifice as described (33).
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Flow Cytometry. Single cell suspension of thymus, spleen, or LN were prepared
and stained with labeled antibodies by incubation on ice. Anti-clonotypic
antibody 6.5 (18) was biotinylated and detected with streptavidin-allophy-
cocyanin, and remaining antibodies were obtained from BD Pharmingen or
eBioscience. Intracellular staining for Foxp3 and Nur77 were performed
according to the eBioscience protocol for Foxp3 staining. For intracellular IFN-y
staining, cells were first stimulated with phorbol myristate acetate and ion-
omycin and incubated with brefeldin A, according to the eBioscience protocol.

In Vitro T Cell Assays. Proliferation assays used FACS-purified 6.5*CD4* or
Va8.3*CD4* T cells (2 x 10° cells/mL) incubated with BALB/c splenocytes (10°
cells/mL) and varying amounts of S1 or S1(SW) peptide or differing numbers
of HAU of either PR8 or SW virus. Assays were carried out in supplemented
Iscove’s modified Dulbecco’s medium at 37 °C in 5% CO, for 3 d, with the
addition of [3H]thymidine for the last 16 h. For suppression assays CD4* T
cells from TS2 mice were labeled with carboxyfluorescein succinimidyl ester
(CFSE) (Molecular Probes) and incubated for 4 d with FACS-purified
6.5*CD4*CD25* LN cells from TS1 x HA28 mice or with FACS-purified
Va8.3*VB10*CD4*CD25" LN cells from TS1(SW) x Pev(SW)HA mice (1 Treg:2
effector cells) and with either BALB/c splenocytes, 1 pM S2 peptide, and the
indicated amount of S1 or S1(SW) peptide or with 1 uM S2 peptide and
splenocytes from HACII mice.

Statistical Analysis. Unpaired, two-tailed t tests were used for data analysis
and the generation of P values.
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