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Abstract

Modulation of the strength of signals from the TCR determines the outcome of positive and
negative selection in thymocyte development. Previous studies have demonstrated that SHP-1
plays a role in determining signal strength from the TCR. Here, we have taken a genetic approach
to test whether SHP-1 plays a role in T cell selection in the thymus. Experiments in which a
dominant negative mutant of SHP-1 was expressed in the BYDP hybridoma cell line confirmed that
SHP-1 regulated TCR signaling in a cell-autonomous manner and suggested that Lck is one of its
targets. To examine the role of SHP-1 in T cell development, we crossed the ovalbumin-specific
DO11.10 TCR transgene onto the motheaten background, which lacks SHP-1 expression. Analysis
of the progeny of these crosses provided evidence that SHP-1 regulates thymocyte selection: (i)
flow cytometric analyses revealed alterations in the percentages of thymocyte subpopulations in
the me/me background; (ii) ex vivo deletion experiments demonstrated that me/me:Tg thymocytes
undergo negative selection at lower concentrations of OVA peptide compared to �/�:Tg
thymocytes; and (iii) ex vivo proliferation analyses indicated that me/me:Tg thymocytes were
hyper-sensitive to stimulation by the specific OVA peptide. Our observation that the absence of
SHP-1 leads to altered selection of TCR transgenic thymocytes demonstrates that SHP-1 regulates
the strength of TCR-mediated signals in vivo and, in turn, helps to set the threshold for thymocyte
selection.

Introduction

Tyrosyl phosphorylation and dephosphorylation of proteins Upon receptor engagement with antigen, several CD3 chains,
most notably the ζ chain, become heavily tyrosyl phosphoryl-comprise key regulatory events in many signal transduction

pathways leading to proliferation and differentiation. In T cells, ated which, at least in part, is catalyzed by Lck. A similar
effect can be evoked by antibody cross-linking of the receptor.the TCR signals via the activation of protein tyrosine kinases

(PTK). The TCR is composed of antigen-specific α and β The resulting phosphotyrosyl residues provide docking sites
for recruitment of several SH2 domain-containing proteins,chains along with several invariant chains of the CD3 complex,

the γ, δ, ε and ζ chains (reviewed in 1,2). Upon antigen including the PTK Zap-70. The subsequent activation of
Zap-70 leads to downstream tyrosyl phosphorylation of cellu-presentation by MHC molecules, the αβ TCR binds to the

antigen and intracellular signals are propagated via the lar proteins.
TCR-initiated signaling pathways play a critical role incytoplasmic tails of the CD3 chains. MHC molecules also

serve as ligands for the co-receptors CD4 and CD8 on T determining thymocyte fate during development. The major
developmental stages of immature T cells in the thymus arecells. These co-receptors (along with their associated PTK

Lck) are concomitantly activated through their interaction with defined by the cell surface expression of the TCR and the
co-receptors CD4 and CD8. Immature pre-thymocytes (whichthe same MHC molecule as the one recognized by the TCR.
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originate in the bone marrow) colonize the thymus and no obvious phenotype has been reported for heterozygotic
(me/�) mice.first differentiate into ‘triple-negative’ thymocytes that do not

We and others have previously implicated a role for SHP-1express the TCR, CD4 or CD8. These cells then acquire low
in TCR-mediated signaling. In an earlier study, we showedlevels of TCR expression without the expression of CD4 or CD8
that SHP-1 becomes rapidly tyrosyl phosphorylated upon[double-negative (DN)]. Via a TCR�CD4–CD8low transitional
cross-linking of the TCR (14). Recent studies (20,21) havestage, DN thymocytes differentiate into a double-positive (DP)
demonstrated that, compared to thymocytes from normalstate, in which both CD4 and CD8 are co-expressed with the
mice, me/me thymocytes are hyper-responsive to TCR stimu-TCR. DP thymocytes undergo either positive selection (which
lation, which is manifested by increased IL-2 production andleads to further maturation and proliferation of selected cells),
hyper-proliferation in response to TCR cross-linking. A similarculminating in the production of CD4� or CD8� single-positive
hyper-sensitivity of TCR-mediated signaling was demon-(SP) cells, or negative selection (which leads to cell death).
strated by overexpression of dominant negative forms ofIn addition to these major stages in T cell differentiation, a
SHP-1 in Jurkat T cells, which also resulted in enhancednumber of intermediate states of thymocyte development
IL-2 production (22). The precise target(s) of SHP-1 remainhave also been defined based on the expression of other
controversial. Plas et al. suggested Zap-70 as the directsurface molecules (reviewed in 3,4).
target of SHP-1 (22). In contrast, our data showed thatThe different stages of T cell maturation in the thymus have
me/me thymocytes display a prolonged activation of Lck andbeen elegantly studied in TCR transgenic mice (TCR Tg)
Fyn kinases and increased intracellular tyrosyl phosphoryla-carrying specific TCR α and β chains (reviewed in 5). The
tion of several substrates (20). Regardless of the directintroduced TCR genes, which are expressed on almost all
target(s), the above data suggest that SHP-1 is a negativeimmature T cells, as well as on the majority of the mature T
regulator of TCR-mediated signaling and that a lack of SHP-1cells, provide a convenient approach for following the fate of
causes increased strength of TCR-mediated signals.thymocytes and mature T cells during development. Current

Since SHP-1 is implicated in negative regulation of TCR-models suggest that the TCR of an immature thymocyte
mediated signaling and the strength of the signal transmittedinteracts with a putative endogenous antigen (presented by
from the TCR influences T cell maturation, we tested thethymic epithelial cells) and that the avidity of this T cell–antigen
hypothesis that regulation of TCR-mediated signals by SHP-1interaction determines the fate of the maturing thymocyte.
influences thymocyte development by controlling the thresh-Immature T cells with TCR that have a negligible or low avidity
olds for positive and/or negative selection perceived bywill die due to ‘neglect’. Thymocytes that express TCR of
thymocytes. We hypothesized that a thymocyte expressing amoderate avidity will be positively selected for further matura-
TCR of low avidity, which, due to a weak TCR signal, wouldtion, while those expressing TCR of high avidity for the
normally be ‘neglected’, in the absence of SHP-1, might signal

endogenous antigens will be negatively selected (‘deleted’)
with sufficient strength to be positively selected. Similarly, a

(6–8).
thymocyte bearing a TCR of moderate avidity, which would

Mice with specific defects in signaling molecules have normally be positively selected, might be deleted in the me/
provided powerful tools to examine the function of these me background due to enhanced signals via the TCR. Thus,
molecules in T cell development, in particular when crossed in the me/me mouse, the ‘perceived’ thresholds for thymic
with TCR Tg mice. For example, mice with targeted disruption positive and negative selection would be ‘leftward-shifted’
of the genes encoding Lck (9) or the tyrosine phosphatase with respect to antigen dose/avidity.
CD45 (10), which regulates Lck, display blocks in thymocyte Although, we and others have failed to observe any abnor-
development, indicating the importance of these molecules malities (as assessed by surface marker expression) in overall
as positive regulators of T cell maturation. Conversely, crosses thymocyte composition in me/me mice (20,21,23,24), it is
between the TCR Tg and CD5-deficient mice identified CD5 important to note that analyses of a me/me thymus may not
as a negative regulator of thymocyte selection process (11). show abnormalities in a steady state since the thymocyte

Although much is known about the initiation of the TCR- selection process per se is not perturbed, but rather the TCR
mediated signaling events, very little is known about mechan- that are selected have different avidities. If SHP-1 controls
ism(s) by which TCR signaling is terminated. The tyrosine signaling thresholds, the average positively selected me/me
phosphatase SHP-1, which is expressed predominantly in T cell might express a TCR with lower avidity than the average
hematopoietic cells, has been implicated in negative regula- in a normal mouse. Such an effect would not easily be revealed
tion of signaling events induced by receptors for cytokines, in me/me mice expressing a large variety of unidentified TCR.
growth factors and antigens (12,13). SHP-1 is composed of However, a role for SHP-1 in thymocyte selection might be
a central catalytic domain, two Src-homology 2 (SH2) domains detectable if the majority of the thymocytes express a single
at its N-terminus and a C-terminus with tyrosyl phosphorylation TCR of a defined affinity (e.g. in a TCR transgenic mouse).
sites (14). The best evidence for a critical role for SHP-1 Based on this rationale, we adopted a genetic approach,
in vivo has come from the motheaten mouse, a naturally which allowed us to follow the fate of thymocytes in a controlled
existing genetic model for SHP-1 deficiency (15–17). Mice fashion by monitoring thymocyte populations in which the
homozygotic for the motheaten (me/me) mutation at the SHP-1 majority of cells express a specific Tg TCR, in wild-type (�/
locus express no detectable SHP-1 protein. These mice have �), heterozygotic (me/�) or homozygotic motheaten (me/me)
proven to be a valuable tool for genetic studies to probe the backgrounds. We crossed DO11.10 TCR transgenic mice,
in vivo functions of SHP-1 (18,19). The me/me mice display which express a TCR specific for chicken ovalbumin (OVA)

peptide (25) onto the motheaten background. Analyses ofa multitude of disorders in all hematopoietic lineages. To date,
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thymocytes from the progeny of these mice demonstrates 10 mM NaF) containing leupeptin (10 µg/ml), aprotinin (1 µg/
ml), pepstatin A (1 µg/ml), antipain (1 µg/ml) and PMSF (20that SHP-1 regulates both positive and negative selection.

Data obtained from expression of a dominant negative mutant µg/ml). Cell lysates were clarified by centrifugation for 30 min
at 100,000 g at 4°C. Then 3 µg of affinity-purified polyclonalof SHP-1 in the BYDP hybridoma cell line confirm that SHP-1

helps to control TCR responsiveness in a cell-autonomous rabbit anti-SHP-1 antibodies (14) was added to cleared
lysates for 2 h at 4°C. Immune complexes were collected bymanner and suggest that one way SHP-1 negatively regulates

TCR signaling might be via the regulation of Lck activity. adding 50 µl of Protein A–Sepharose (Amersham Pharmacia
Biotech, Piscataway, NJ) for 30 min at 4°C, followed by five
washes with lysis buffer. Samples were resolved by SDS–Methods
PAGE and electroblotted onto Immobilon P (Millipore, Bedford,
MA). Immunoblots were blocked for 1 h at room temperatureCell culture and generation of cell lines
with 5% dry milk in TBST (10 mM Tris–HCl, pH 8.0, 150 mMBYDP cells (26) and A20 cells (obtained from T. Braciale,
NaCl and 0.05% Tween 20) before primary antibodies (anti-University of Virginia) were grown in RPMI 1640 medium
SHP-1, polyclonal serum) were added at 1:1000 dilution forsupplemented with 10% FCS, 5�10–5 M 2-mercaptoethanol,
1 h. After three washes in TBST, secondary antibodies (1:75002 mM L-glutamine, and antibiotics (complete medium). Stable
dilution; anti-rabbit-horseradish peroxidase; Amersham Phar-cell lines were generated by co-transfecting BYDP cells with
macia Biotech) were added for 1 h. After another five washes,the expression vector pEBG alone or pEBG constructs, into
immunoblots were developed using enhanced chemilumines-which wild-type or mutant SHP-1 had been inserted, together
cence (ECL; Amersham Pharmacia Biotech).with the plasmid pMHneo (27), which confers G418 resistance.

pEBG (28) drives expression of glutathione-S-transferase Lck kinase assays
(GST)-tagged proteins under the control of the elongation

BYDP cells (5�106) were stimulated as described previouslyfactor 1-α promoter. Wild-type SHP-1 (SHP-1 wt) and a mutant
(14) with anti-CD3 (1 µg/ml) plus anti-CD4 (1 µg/ml) antibodiesof SHP-1 containing a deletion in its phosphatase domain
for the indicated times. Stimulated cells were lysed in 0.3 ml(amino acids 451–475) [SHP-1 ∆P] (29) were subcloned from
Brij 96 lysis buffer (50 mM Tris–HCl, pH 7.6, 150 mM NaCl,pGEX2T-SHP-1 (30) [BstBI (5�) and AvrII (3�)] into pEBG
10 mM sodium pyrophosphate, pH 7.6, 1% Brij 96, 1 mM[BstBI (5�) and SpeI (3�)]. The parental pEBG expression
Na3VO4 and 10 mM NaF) containing leupeptin (10 µg/ml),vector was used as a control. Clones were selected for G418
aprotinin (1 µg/ml), pepstatin A (1 µg/ml), antipain (1 µg/ml)resistance (1.5 mg/ml) and expression of exogenous SHP-1
and PMSF (20 µg/ml). CD4-associated Lck was immunopre-was confirmed by immunoprecipitation followed by immunob-
cipitated from clarified lysates, prepared as described above,lotting. At least five independent clones were generated for
by adding 50 µl of Protein A–Sepharose for 1 h. The immuneeach construct, three of which were analyzed in detail and
complexes were washed 3 times in wash buffer (20 mMdisplayed similar phenotypes. Data for a representative set
HEPES, pH 7.4, 150 mM NaCl, 1 mM Na3VO4 and 5 mM NaF)of clones are shown in Fig. 1.
and once in kinase reaction buffer (5 mM HEPES, pH 7.4, 5

Mice mM p-nitrophenyl phosphate and 10 mM MnCl2). Kinase
reactions were performed in a total volume of 25 µl of kinaseC57BL/6 me/� (originally obtained from the Jackson Laborat-
buffer containing 5 µCi of [γ-32P]ATP for 10 min at 30°C.ory, Bar Harbor, ME) and DO11.10 TCR transgenic BALB/c
Reaction products were resolved by SDS–PAGE, transferred(generously provided by M. McDuffie, University of Virginia)
onto Immobilon P as described above and subjected tomice were bred in our colony. Genotypes were determined
autoradiography.by PCR, using the primer pairs: 5�-GGTGACTTCTCCCTCTCA-

GTCAG-3� and 5�-GTGGGGTCCGAGCAGTTCAGTG-3� for
IL-2 assaythe me allele, and 5�-TGGCTCTACAGTGAGTTTGGT-3� and
Ninety-six-well plates were coated with the appropriate con-5�-CAGGAGGGATCCAGTGCCAGC-3� for the DO11.10 TCR.
centrations of anti-CD3 antibody overnight at 4°C and washedDO11.10 TCR Tg mice (�/�:Tg) were intercrossed with mice
3 times with PBS. BYDP-derived cell lines were plated inheterozygotic for the me allele (me/�). F1 me/� mice carrying
triplicate at 5�104/well in 200 µl complete medium andthe TCR transgene (me/�:Tg) were backcrossed to DO11.10
incubated for 24 h. Supernatants (125 µl) were harvested andTCR Tg mice to obtain mice homozygotic for the H-2d

immediately frozen at –70°C. IL-2 bioassays were performedhaplotype. F2 me/�:Tg mice were then either intracrossed to
by using IL-2-dependent CTLL cells. CTLL cells were washedobtain six possible genotypes for further analysis (�/�:non-
4 times in PBS, plated in 96-well plates (5�103/well in 50 µlTg, me/�:non-Tg, me/me:non-Tg, �/�:Tg, me/�:Tg and
complete medium), treated with 50 µl of BYDP supernatantme/me:Tg) or successively backcrossed to DO11.10 TCR Tg
(undiluted, 1:2, 1:4, 1:8, 1:16 and 1:32 dilutions in completemice to obtain mice that were increasingly congenic. After
medium) for 20 h and then pulsed for 4 h with 1 µCi ofeach round of backcrossing, mice containing the desired
[3H]Thymidine. [3H]Thymidine incorporation was measuredgenotype were either intracrossed or backcrossed. All geno-
as described above. All assays were performed in triplicate.types were obtained in the expected Mendelian distribution.

Mice aged 15–19 days were used throughout the study.
Flow cytometric analysis

Immunoprecipitation and immunoblotting Total thymocytes (2�106) were stained with antibodies to the
indicated surface markers in PBS supplemented with 3% BSACells (3.5�106) were lysed in 0.35 ml lysis buffer (50 mM

Tris–HCl, pH 7.6, 150 mM NaCl, 0.5 % NP-40, 1 mM Na3VO4, and 0.1% sodium azide (FACS juice). All antibodies were
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Fig. 1. Dominant negative SHP-1 confers hyper-sensitivity to TCR stimulation. (A) Generation of BYDP cell lines expressing GST, GST-SHP-1
wt or GST-SHP-1 ∆P. BYDP cells (3.5�106) stably transfected with the indicated constructs were lysed and immunoprecipitated with polyclonal
anti-SHP-1 antibodies. Immunoprecipitates were resolved by 8% SDS–PAGE and subjected to anti-SHP-1 blotting. The positions of endogenous
SHP-1 and the GST-fusion proteins are marked. (B) IL-2 bioassay. BYDP cells stably transfected with GST, GST-SHP-1 wt or GST-SHP-1 ∆P
were stimulated with the indicated concentration of anti-CD3 and the amount of IL-2 produced was measured by CTLL proliferation. The data
are presented as percentage of maximal IL-2 production at the highest anti-CD3 concentration. Error bars represent SEM. Where no error
bars are visible, the error was smaller than the symbol for that point. (C) Lck kinase assay. BYDP cells (5�106) were stimulated with anti-CD3
plus anti-CD4 for the indicated times and CD4-associated Lck activity (autophosphorylation) was measured by immune complex kinase assay.
(D) Quantitation of Lck activity. The intensities of the Lck autophosphorylated bands (from C) were quantitated by densitometry and their levels
relative to their individual maximal phosphorylation (at 5 min) are indicated.

used at 2 ng/ml. CD4–phycoerythrin, CD8–FITC, Vβ8–biotin scatter. For ex vivo deletion assays, 30,000 events were
collected and analyses were carried out on gated live thymo-(clone MR5-2), CD69–biotin and streptavidin–CyChrome were

purchased from PharMingen (San Diego, CA); CD3–biotin cytes (15–20%).
and anti-mouse–FITC were purchased from Southern Biotech-

Ex vivo deletion assay and Annexin V stainingnology (Birmingham, AL). KJ1-26 was kindly provided by M.
McDuffie, University of Virginia. To analyze stained thymo- Ex vivo deletion assays were performed following a previously

described protocol (31). Briefly, thymocytes (1�106) were co-cytes, 25,000 events were collected on a FACSCalibur instru-
ment calibrated with CaliBRITE beads using CellQuest cultured with 1�105 A20 B cells in the presence of the

indicated concentrations of OVA peptide in complete medium.software for collection and subsequent analyses (Becton
Dickinson, Mountain View, CA). Analyses were carried out on After 20 h, cells were harvested into FACS juice and analyzed

by flow cytometry. For direct assessment of OVA peptide-live thymocytes (�95%) as defined by forward and side angle



SHP-1 sets TCR signaling thresholds 2003

induced apoptosis, cells were harvested after 8 h, stained tested whether this was reproduced in our model system and
could therefore be attributed to a hyper-sensitivity of the TCR–with PE-labeled Annexin V (PharMingen) and analyzed by

flow cytometry. Gates for the analyses were set so that all CD4 co-receptor signaling pathway. BYDP cells expressing
the different SHP-1 constructs were co-stimulated with anti-thymocytes were included but A20 cells excluded.
CD3 plus anti-CD4 and CD4-associated Lck kinase activity

Proliferation assay was assayed. All three cell lines showed a similar pattern of
Lck activation within 5 min following stimulation. However, theProliferation assays were performed as described previously
inactivation profile was strikingly different between these lines.(20). Briefly, for antibody stimulations, 96-well plates were
In GST alone- or GST-SHP-1 wt-expressing BYDP cells, Lckcoated with the indicated concentrations of anti-CD3 antibody
kinase activity was significantly diminished (by ~50%) within(145-2c11; Southern Biotechnology, Birmingham, AL) over-
10 min of stimulation. In contrast, the dominant negative GST-night at 4°C and washed 3 times with PBS. Thymocytes were
SHP-1 ∆P-expressing cells showed sustained Lck activity (Fig.plated in triplicate at 5�104/well in 200 µl complete medium,
1C and D). This result is similar to our previous observation thatsupplemented with 30 U IL-2/ml and incubated for 72 h before
thymocytes from me/me mice show prolonged Lck activationthey were pulsed with 1 µCi of [3H]Thymidine for 18 h.
upon TCR–CD4 stimulation (20). Since expression of a domin-[3H]Thymidine incorporation was measured using a cell har-
ant negative mutant of SHP-1 directly causes TCR hyper-vester (Skatron, Sterling, VA). The same procedure was used
sensitivity in a cell-autonomous manner, these results suggestfor antigen stimulation except that the indicated concentra-
that the primary defect in me/me thymocytes with respect totions of OVA peptide (ISQAVHAAHAEINEAGR, synthesized at
TCR stimulation is at the level of TCR signaling itself.the Biomolecular Research Facility, University of Virginia; 10

ng/ml � 5.6 nM) were added directly to thymocytes on 96-well
Evidence that SHP-1 plays a role in thymocyte development byplates without pre-coating and without addition of IL-2. For
influencing the thresholds for positive and negative selectionproliferation assays with added antigen presenting cells
To assess whether the negatively regulatory effect of SHP-1(APC), 2�106 irradiated (2000 rad) total splenocytes (from a
on TCR signaling translates into a role for SHP-1 in thymocyteDO11.10 TCR transgenic BALB/c mouse) per well were added
development, we examined the progeny of crosses betweento the thymocytes, along with the indicated concentrations of
DO11.10 TCR Tg and me/� mice. DO11.10 mice express aovalbumin (Sigma, St Louis, MO).
transgenic TCR specific for a fragment of chicken ovalbumin
peptide (amino acids 323–339) in the context of I-Ad. Because

Results the antigen specific for the DO11.10 TCR is well defined,
dose–response studies on thymocytes expressing the trans-

SHP-1 is a cell-autonomous negative regulator of TCR gene can be performed to monitor TCR responsiveness either
signaling in vivo or ex vivo. We noticed that some of the early generation

me/�:Tg and me/me:Tg mice showed several inconsistentWe have previously shown that, when assayed for proliferation
and IL-2 production, thymocytes from me/me mice are hyper- and unusual phenotypes with respect to their thymocyte

composition (data not shown). However, in later generations,responsive to TCR stimulation compared to normal thymocytes
(20), suggesting hyper-sensitive TCR signal transduction as mice became increasingly congenic, the phenotypes of

different animals bearing the same genotype were quitepathways. To directly assess whether there is a cell-autonom-
ous hyper-sensitivity of TCR signaling in the absence of consistent. The observed inconsistent phenotypes in early

generations were most likely due to segregating modifier locifunctional SHP-1, we utilized the BYDP hybridoma line, which
has been shown to mimic various aspects of thymocyte in the C57BL/6 background (present in the me/� mouse used

for the initial cross). Therefore, all data presented here aresignaling (26). We previously used this line to define biochem-
ical events involving SHP-1 following TCR stimulation (14). derived from mice of F5 or later generations (four rounds

of backcrossing; theoretically, �3% genetic contribution byBYDP cell lines stably expressing GST-tagged versions of
either wild-type SHP-1 (SHP-1 wt) or a phosphatase-inactive, C57BL/6).
dominant negative mutant of SHP-1 (SHP-1 ∆P) were gener-

Effects in homozygotic me/me TCR Tg miceated. The wild-type and mutant GST-SHP-1 constructs were
expressed at levels ~5-fold higher than endogenous SHP-1, Thymocytes from the various mice derived from intracrosses

were analyzed for their surface marker expression (Fig. 2 andas assessed by immunoblotting (Fig. 1A). Data of one clone
for each line are shown here as a representative of at least Table 1). As expected from previous studies (20,21,23,24),

thymuses from �/�:DO11.10 TCR Tg (�/�:Tg) mice showedthree independent clones. Each line was stimulated with
a range of concentrations of anti-CD3 antibody and IL-2 a normal composition with respect to the percentages of DN

(CD4–CD8–), DP (CD4�CD8�) and SP (CD4�CD8– and CD4–production was measured. As shown in Fig. 1(B), an ~2-fold
lower concentration of anti-CD3 was sufficient to evoke half- CD8�) subpopulations (Fig. 2A). A similar (normal) composi-

tion was observed for non-Tg thymi, independent of theirmaximal IL-2 production by the line expressing dominant
negative SHP-1 compared to the lines expressing GST-SHP-1 genotype at the SHP-1 locus (Fig. 2D and bottom half

of Table 1). These data are consistent with our previousor GST alone.
In our previous study, we showed that when stimulated by observation that me/me mice have overall normal thymocyte

subpopulations (20). However, in our analyses of a largeco-cross-linking of the TCR together with CD4, thymocytes
from me/me mice displayed prolonged activation of the src number of mice, we observed that in the presence of the

DO11.10 transgenic TCR, thymocytes from me/me micefamily kinase Lck compared to normal thymocytes (20). We
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Fig. 2. Flow cytometric profiles. Representative flow cytometric analyses of thymocytes from littermates (fifth backcross generation) carrying
the indicated genotypes. Thymocytes were triple-stained with CD4–PE, CD8–FITC and CD3–(biotin–streptavidin)–CyChrome (A–H) or with
CD4–PE, CD8–FITC and Vβ8–(biotin–streptavidin)–CyChrome (I–M). (A–D) CD4 versus CD8 profiles. Profiles from non-Tg me/� or me/me
thymocytes are very similar to the presented profile (D) of non-Tg �/� thymocytes (data not shown, but see Table 1). Numbers represent the
percentage of cells in the different regions. (E–H) CD4 versus CD3 profiles. Note that the CD4�CD3low population in �/�:non-Tg mice, which
is absent in the Tg mice, reflects CD4�CD8�TCRlow–med thymocytes, a normal population in thymocyte development, which is missing in TCR
Tg mice due to their pre-arranged TCR. (I–M) CD4 versus Vβ8 profiles. The boxed regions of CD3high or Vβ8high thymocytes correspond to the
CD4� SP population. Numbers represent the percentages of cells in each indicated region.

revealed abnormalities, manifested as the following unusual to positive selection, instead is now perceived as a high-
avidity antigen causing deletion. These data indicate thatphenotypes.

Decreased number of DP cells. Compared to �/�:Tg mice SHP-1 helps to set the threshold for negative selection.
Relative increase of CD4�CD8– SP cells. Consistently, we(n � 32), me/me:Tg mice (n � 38) showed a dramatic

decrease in the number of total thymocytes [1.5�108 (�/�) observed that in me/me:Tg mice, there was a 2- to 4-fold
increase in the percentages of CD4� SP cells (Table 1, andversus 0.36�108 (me/me), ~24%] (Table 1). Flow cytometric

analyses revealed that this reduced cellularity was almost Fig. 2A and C), as compared to �/�:Tg mice. Selection of
CD4� SP cells is consistent with the MHC class II specificityentirely due to a dramatic loss of DP cells (Table 1, and Fig.

2A and C). Moreover, the remaining DP population in the me/ of the DO11.10 TCR, suggesting specific positive selection
of these thymocytes in me/me:Tg mice. The observed relativeme:Tg mice displayed decreased levels of CD4 and CD8

surface expression. The dramatic decrease in DP thymocytes, increase could be fully accounted for by the decreased total
cellularity due to the dramatic loss of DP cells. Although theconcomitant with the relatively constant cell numbers of the

other thymic subpopulations and additional ex vivo deletion absolute number of CD4� SP cells was ~70% in a me/me:Tg
mouse compared to a �/�:Tg mouse, after normalizing forstudies (see below, Fig. 4), support the conclusion that the

me/me:Tg mice display increased negative selection even the decreased body mass of the motheaten mouse (about
two-thirds that of its normal littermate), the number of CD4�without exposure to specific antigen. This is consistent with

our initial hypothesis that in the absence of SHP-1, an antigen SP cells was actually constant between a �/�:Tg and a me/
me:Tg mouse. This was interesting given that me/me:Tg micerecognized with moderate avidity, which ‘normally’ would lead
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Table 1. Summary of flow cytometric data

Genotype Thymocyte subpopulation �/� me/� me/me

% N % N % relative to % N % relative to
�/� �/�

DO11.10 Tg no. of analyzed animals n � 32 n � 85 n � 38
CD4�CD8� 80 � 2 12.0�107 71 � 2 9.2�107 77 49 � 3 1.8�107 15
CD4–CD8– 9 � 1 1.4�107 14 � 1 1.8�107 129 28 � 3a 1�107a

CD4�CD8– 7 � 1 1.0�107 12 � 1 1.6�107 160 19 � 2 0.7�107 70
CD4–CD8� 4 � 1 0.6�107 3 � 1 0.4�107 67 4 � 1 0.1�107 17

total thymic cell no. 1.5 � 0.1�108 1.3 � 0.1�108 87 0.36 � 0.1�108 24

Non-Tg no. analyzed animals n � 6 n � 12 n � 11
CD4�CD8� 85 � 1 14.5�107 85 � 1 12.8�107 88 80 � 2 8.0�107 55
CD4–CD8– 4 � 1 0.6�107 4 � 1 0.6�107 100 6 � 1 0.6�107 100
CD4�CD8– 10 � 1 1.7�107 10 � 1 1.5�107 88 13 � 1 1.3�107 76
CD4–CD8� 1 � 1 0.2�107 1 � 1 0.1�107 1 � 1 0.1�107

total thymic cell no. 1.7 � 0.1�108 1.5 � 0.1�108 88 1.0 � 0.1�108 59

Thymocytes from mice carrying the indicated genotypes were analyzed for CD4 and CD8 surface expression. The relative (%) and absolute
numbers (N) of thymocytes displaying the indicated phenotype are shown. Errors represent the SEM. For easier comparison, the cell numbers
of me/� and me/me mice relative to the cell numbers of �/� mice are shown in the last column of each panel.

aThe majority of the CD4–CD8– population in the me/me:Tg mice were CD3� and Vβ8� (Fig. 3G and L) indicating that this population is
different from the DN populations in mice of other genotypes.

exhibit a big loss of DP cells, some of which would ‘normally’ surface expression was then lost during further maturation.
At the time point that thymic compositions were analyzedgive rise to CD4� SP cells. It was therefore conceivable that

we would also observe a loss of CD4� SP cells. Indeed, this (15–19 days post-natal), the majority of the DN cells in me/
me:Tg expressed the TCR and was therefore part of thiswas the case for the small population of non-transgenic TCR

expressing CD8� SP cells. unusual subpopulation, only a relatively small fraction of
thymocytes were ‘true’ DN cells.To further characterize the thymocyte subpopulations, thym-

ocytes were triple-stained for CD4, CD8 and CD3 (CD4 versus To analyze the thymocytes not only for expression of the
transgenic Vβ8 chain, but also for expression of the completeCD3; Fig. 2E–H). The majority of the CD4� SP thymocytes in

the �/�:Tg as well as the me/me:Tg mice were CD3high (and transgenic TCR (α and β chain), cells were stained with
KJ1-26, a clonotypic anti-DO11.10 TCR antibody (Fig. 3). ForCD69high, data not shown), indicating that these are indeed

mature, positively selected thymocytes. Analyses of TCR β �/�:Tg thymocytes, staining with KJ1-26 overlapped the Vβ8
staining (Fig. 3A), indicating that all of the cells express bothexpression on these CD4� SP cells showed that they express

the transgenic Vβ8 chain (CD4 versus Vβ8; Fig. 2I–M) (see the α and β chain of the transgenic TCR. With respect to Vβ8
staining per se, me/me:Tg thymocytes showed an increasebelow for comparison with staining by KJ1-26, a clonotypic

anti-DO11.10 TCR antibody which recognizes the transgene- in Vβ8high and a decrease in Vβ8med staining (Fig. 3B and C).
This is consistent with the increase in CD4� SP and thespecific α and β chains of the TCR).

Our results suggest that, in addition to helping to set the decrease in DP cells caused by the enhanced negative
and ‘leftward-shifted’ positive selection in me/me:Tg mice. Inthreshold for negative selection, SHP-1 also plays a role in

setting the threshold which determines whether a cell is general, me/me:Tg mice also displayed similar staining for
Vβ8 and KJ1-26. We observed some variation in different mice‘neglected’ or positively selected. In the absence of SHP-1,

both thresholds are lowered leading to enhanced negative with the me/me:Tg genotype, most likely due to slight genetic
variations. About 50% of the me/me:Tg mice showed anselection and ‘leftward-shifted’ positive selection.

TCR� DN cells. In addition to the relative increase in CD4� almost identical profile for Vβ8 and KJ1-26 staining (Fig. 3B),
whereas the other half displayed a small decrease of KJ1-SP cells, thymocytes from me/me:Tg mice also showed an

~3- to 5-fold increase in the percentage of DN cells, which 26med staining compared to Vβ8med (Fig. 3C), indicating that
a small portion of thymocytes from these mice expressedlack both CD4 and CD8 expression (Fig. 2 C). Interestingly,

we found that, unlike in normal mice, the majority of these medium levels of a TCR composed of the transgenic β chain
paired with endogenous α chains.DN thymocytes in me/me:Tg mice were CD3� and Vβ8� (Fig.

2G and L). These data indicated that these cells were not
Effects seen in heterozygotic me/� TCR Tg mice‘typical’ DN cells or NK cells arising in the me/me background.

Since TCR expression on these cells was medium to high Interestingly, heterozygotic me/�:Tg mice displayed a pheno-
type intermediate between �/�:Tg and me/me:Tg mice withand they were also CD69high (data not shown), it is likely that

these TCR� DN thymocytes were positively selected or at an absolute increase in CD4� SP cells (�50%) and a 25%
loss of DP cells (Table 1). This suggested that even a 50%least had been stimulated via the TCR, either in the absence

of co-receptors or in the presence of CD4 and CD8 whose reduction of SHP-1 caused a change in the threshold for
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responsiveness to various dosages of OVA peptide. We chose
not to administer peptide in vivo by injection since the
increased numbers of macrophages in the me/me mouse
would add uncontrollable variables to the experiment, such
as clearance, delivery and presentation of the peptide.
Instead, we performed ex vivo assays using primary thymo-
cytes from mice of the various genotypes.

Previously, it has been shown that exposure of immature
thymocytes to their specific antigen ex vivo leads within a
day to deletion due to negative selection (31). We hypothes-
ized that if SHP-1 plays a regulatory role in this process, the
critical concentration of antigen needed for negative selection
should be lowered in the absence of SHP-1. Thymocytes from
�/�:Tg and me/me:Tg mice were incubated with increasing
concentrations of OVA peptide in the presence of A20 cells
as APC and thymic composition was examined the following
day. In the absence of A20 cells, no deletion was observed
at concentration �100 nM. As described previously (31) in
the presence of A20 cells, there was ‘spontaneous deletion’
even in the absence of antigen; ~40–50% in the me/me:Tg
and 30–40% in �/�:Tg thymocyte populations. Since this
slightly increased deletion of me/me:Tg thymocytes is
dependent on the presence of the antigen presenting A20
cell, it might have been caused by stimulation with a peptide
derived from the A20 cells. In the hyper-sensitive me/me
background, this stimulation could have been strong enough
to cause enhanced negative selection. As shown in Fig. 4(A
and B), thymocytes from �/�:Tg mice (top row of each panel
in Fig. 4A) do not show deletion of the immature CD4�CD8�

DP population �7.5–10 nM OVA peptide, consistent with
the previous report (31). In contrast, me/me:Tg thymocytes
(bottom row of each panel in Fig. 4A) displayed significant
OVA-specific deletion even in the 1–7.5 nM range. In this
assay, negative selection can be observed not only as a
decrease in the DP subpopulation, but also as a shift within

Fig. 3. Vβ8 and KJ1-26 profiles. Representative flow cytometric the DP profile from CD4highCD8high towards CD4lowCD8low as
analyses of thymocytes from littermates carrying the indicated a transitional stage towards death (31). We then confirmedgenotypes. Panels (B) and (C) show the profiles of two different mice

that the observed loss of DP thymocytes reflected actualrepresenting the observed variation within the me/me:Tg population.
negative selection of these thymocytes, rather than a down-Thymocytes were either stained for Vβ8 (shaded area) or for α:β

transgenic TCR (KJ1-26) (black line) surface expression. Areas of modulation of the co-receptors CD4 and CD8 caused by
TCR low, medium or high expression are marked. stimulation of the TCR (33). Thymocytes from �/�:Tg and me/

me:Tg mice were incubated with increasing concentrations of
OVA peptide presented by A20 cells and induced cell death
was measured directly by Annexin V staining. Again, me/thymocyte selection. In the case of the me/� mice, the

absolute increase in CD4� SP cells was most likely due to me:Tg thymocytes were hyper-responsive and exhibited cell
death due to negative selection at much lower concentrationthe only slightly reduced number of DP cells serving as

precursors. In contrast in the me/me mice, the number of DP of OVA peptide than �/�:Tg thymocytes (Fig. 4C). These
results, showing increased negative selection in the me/methymocytes was so strongly reduced that even a ‘leftward-

shifted’ positive selection generated only a limited number of background confirm that SHP-1 acts in a cell-autonomous
manner to set the threshold for negative selection and that inCD4� SP cells.
the absence of SHP-1, a decreased dose of antigen is needed

Thymocytes from me/me mice execute negative selection at to induce cell death, i.e. a ‘leftward-shift’ in the dose response
lowered antigen concentrations is observed. These ex vivo deletion data are fully consistent

with the increased negative selection observed in vivo.The above data on DO11.10 TCR Tg mice suggested that
there was a change in positive and negative thymocyte

Hyper-sensitive proliferative response of thymocytes fromselection thresholds in me/me progeny compared with �/�
me/me TCR Tg to specific antigenmice, which was observable even in the absence of the TCR-

specific OVA peptide. To further test the hypothesis that SHP- The differences in thymocyte composition between �/�:Tg
and me/me:Tg mice suggested that negative and maybe1 helps control positive/negative selection by regulating the

strength of TCR-mediated signals, we analyzed thymocyte positive selection are affected by the absence of SHP-1
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Fig. 4. Thymocytes from me/me mice exhibit lowered threshold for negative selection. (A) Flow cytometric analyses of thymocytes from �/
�:Tg (top row of each panel) and me/me:Tg (bottom row of each panel) mice incubated with the indicated concentrations of OVA peptide in
the presence of A20 B cells as APC. Harvested thymocytes were stained with CD4–PE and CD8–FITC. Numbers represent percentages of
CD4�CD8� DP thymocytes. At concentrations of 	100 nM OVA peptide, some (10–20%) deletion occurred in the me/me without addition of
A20 cells. (B) Graphical representation of the percentages of CD4�CD8� DP thymocytes deleted (derived from data in A) relative to the
population, which was not subjected to OVA peptide-induced deletion (0 nM OVA peptide; 49 for �/� and 42 for me/me). (C) Graphical
representation of percentages of thymocytes which showed OVA peptide-induced staining with Annexin V. Numbers show percentages above
background staining (incubation without OVA peptide: 20% for �/�:Tg and 18% for me/me:Tg). (B and C) The data shown are representative
of at least three independent experiments. No error bars are shown because the absolute numbers are varying between experiments,
dependent on the initial percentages of DP thymocytes. However, the dose–response curves are similar.

as well as a possible hyper-proliferation of the CD4� SP response to anti-CD3 stimulation. Similar to our previous
observations using thymocytes from non-Tg mice (20), wesubpopulation. To test the responsiveness of mature, posit-

ively selected thymocytes, we measured their proliferative observed hyper-sensitivity of the me/me thymocytes com-
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Fig. 5. Thymocytes from me/me DO11.10 mice are hyper-sensitive to TCR stimulation. Proliferative response of �/�, me/� and me/me
thymocytes from DO11.10 transgenic mice to increasing amounts of (A) anti-CD3 antibody (145-2c11) in the presence of IL-2 (30 U/ml) or (B)
OVA peptide. The data shown are representative of experiments repeated 8–10 times, each of them consisting of five to 10 mice. Error bars
represent SEM. Where no error bars are visible, the error was smaller than the symbol for that point. To facilitate the evaluation of these
experiments, the EC50s of the presented dose–response curves are shown as bar graphs. For comparisons with previous experiments,
concentrations of used OVA peptide are indicated as ng/ml and as nM.

pared to the �/� or me/� thymocytes, which was manifested and TCR loci provides additional genetic evidence that the
two proteins act in the same pathway.by an ~1.5- to 2-fold lower EC50 (~250 versus 400 ng/ml)

(Fig. 5A). The data are presented as percentage of maximal Since the above proliferation assays had been performed
with total thymocytes, intrinsic dendritic cells and macro-stimulation, since the absolute values also depend on the

number of responding cells. Based on the flow cytometric phages had functioned as APC for the OVA peptide.
Therefore, the possibility remained that the observed hyper-profiles (see above), this number is expected to differ between

mice of the various genotypes. In general, thymocytes from sensitivity of me/me thymocytes to OVA peptide was due
to differences in antigen presentation, rather than actualme/me mice incorporated 1.5–2.5 times more radioactivity

than �/� or me/� thymocytes. We then asked how these hyper-sensitivity of the TCR in the me/me background.
To address this possibility, we measured proliferation ofthymocytes respond to their specific antigen, the OVA peptide.

Total thymocytes were incubated with increasing amounts of thymocytes in response to specific antigen presented by
the same, defined wild-type APC. Total splenocytes fromOVA peptide and proliferation was measured (Fig. 5B). As in

the case of anti-CD3 stimulation, me/me:Tg thymocytes were �/�:Tg mice were irradiated and added as APC to the
transgenic thymocytes, along with increasing amounts ofhyper-sensitive compared with �/�:Tg thymocytes, with an

~2- to 2.5-fold lower EC50 observed (~285 versus 675 ng/ whole ovalbumin rather than OVA peptide. Whole ovalbumin
was chosen as the antigen since thymocyte preparationsml). Interestingly, in contrast to anti-CD3 stimulation where �/

� and me/� thymocytes were indistinguishable, thymocytes were not able to respond to it, most likely due to their
limited numbers of intrinsic APC (J. D. Carter and U. Lorenz,from me/� mice showed an intermediate responsiveness to

OVA peptide with an EC50 between me/me and �/�. This unpublished observation). Thus, proliferative responses seen
in this experiment were wholly dependent on added APCdosage-dependent epistatic interaction between the SHP1
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Fig. 6. Intrinsic hyper-sensitivity of TCR expressed on thymocytes from me/me DO11.10 mice. Proliferative response of �/�, me/� and me/
me thymocytes from DO11.10 transgenic mice to increasing amounts of whole ovalbumin, presented by irradiated splenocytes from normal
mice. Without addition of splenocytes, no thymocyte proliferation in response to ovalbumin could be detected. The data shown are representative
of experiments repeated 7 times, each of them consisting of five to 10 mice. Error bars represent SEM. Where no error bars are visible, the
error was smaller than the symbol for that point. To facilitate the evaluation of these experiments, the EC50s of the presented dose–response
curves are shown as bar graphs.

derived from mice expressing wild-type SHP-1. Hyper- enced by the signal strength mediated via the TCR led us to
hypothesize that SHP-1 might play a role in this process bysensitivity of me/me thymocytes compared to �/� or me/

� thymocytes (EC50s of 550 versus 1600 and 2250 ng/ml) affecting the signaling thresholds for positive and negative
selection. To test our hypothesis in vivo, we used a geneticwas again observed under these conditions (Fig. 6),

indicating that the antigenic stimulation of the TCR leads model and crossed the motheaten mutation into the DO11.10
transgenic TCR background. Flow cytometric analyses ofto an increased signal in the absence of the negative

regulator SHP-1. It is interesting that the hyper-sensitivity progeny from these crosses revealed a number of alterations
in the thymocyte phenotypes in me/me:Tg mice compared toof the me/me thymocytes was more pronounced in the

presence of defined wild-type APC than in the presence �/�:Tg mice. First, there was a greatly reduced cellularity
which is at least to a large part due to a dramatic loss of DPof the intrinsic dendritic cells and macrophages (cf. Figs

5B and 6). This may indicate a less effective antigen thymocytes in the me/me:Tg mice. A decreased number of
DP cells can have five possible reasons. (i) Thymocytes arrestpresentation by me/me APC or a lower number of potential

APC in me/me mice. at the DN stage before they mature to DP cells. However, in
this case, we would expect an increase in the absolute
number of DN cells, which we did not observe. In contrast, the

Discussion DN population was diminished (see below). (ii) Thymocytes do
not expand at the DP stage. A failure to proliferate would beBased on recent studies comparing the responsiveness of

thymocytes from normal and me/me thymocytes to TCR followed by a similar decrease in the number of SP cells.
However, this was not detected in the me/me:Tg mice; if atstimulation (20,21,34), SHP-1 has been suggested to be a

negative regulator of TCR signaling. To address whether all, me/me thymocytes seemed to hyper-proliferate (see
below). (iii) A decrease in thymic precursor cells causing anthe observed hyper-sensitivity to TCR stimulation was cell-

autonomous and directly due to the lack of SHP-1 activity, we overall diminished thymic cellularity. However, since this would
affect all thymocytes the ratios between the different subpopul-generated T cell lines which stably express wild-type or a

dominant negative mutant of SHP-1. Functional studies of ations (DN, DP, CD4� SP and CD8� SP) would not be
changed. (iv) Failure to express CD4 and CD8 during thethese lines showed that the observed regulatory role of SHP-

1 is indeed cell-autonomous and can be directly attributed to transition from DN to DP stage. It is possible that in the
absence of SHP-1, a thymocyte at the transition from DN toa decrease or lack of SHP-1 activity. Remarkably when

assayed for IL-2 production, the level of hyper-sensitivity DP (TCR� CD4–CD8low) perceives a signal mediated via the
TCR as strong enough to down-regulate surface expressionproduced upon expression of dominant negative SHP-1 in

BYDP cells (~2-fold) is comparable to the thymocyte hyper- of CD4 and CD8, thereby generating TCR� DN cells as
described for TCR cross-linking studies of TCR�CD4–CD8lowsensitivity observed comparing proliferation of me/me and

normal thymocytes (20). Furthermore, our data indicate that cells (32). Interestingly, a TCR� DN population was observed
in the me/me:Tg mice (see below). Since these cells neverthe regulation of Lck activity, specifically of CD4-associated

Lck, either directly or indirectly, is at least one mechanism by enter the DP stage, the DP population would be decreased
at the same time. However, the limited number of TCR� DNwhich SHP-1 acts as a negative regulator of TCR signaling

thresholds. cells (107) cannot by itself be the only reason for the dramatic
loss in the DP population [12�107 (�/�) versus 1.8�107 (me/These data and reports that thymocyte selection is influ-
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me)]. (v) Increased cell death of DP thymocytes due to down-regulate surface expression of CD4 and CD8. Such a
mechanism has been observed in ex vivo studies (32).negative selection.

The DP population remaining in the me/me:Tg mice showed Another possibility is that these cells were positively selected
but then down-regulated CD4 expression. Alternatively, in thea shift from CD4highCD8high towards CD4lowCD8low. There are

two possible causes for the appearance of such a population: absence of SHP-1, the TCR alone could send a signal of
sufficient strength to positively select cells which express(i) these thymocytes down-regulated their surface expression

of CD4 and CD8 in response to a TCR–CD4 stimulation as it neither CD4 nor CD8. Under normal conditions, TCR� DN
would not receive a signal of sufficient strength and bewas observed in the ex vivo deletion assays (Fig. 4A) or (ii)

because of their low surface expression of CD4 and CD8, neglected. It is also possible, that TCR� DN thymocytes
represent a distinct lineage in Tg mice that accumulatesthese cells escaped the increased ongoing negative selection

and are therefore enriched in the me/me:Tg mice. In contrast under these specific conditions, as seen previously in male
HY-TCR Tg mice (37). Further studies will be necessary toto the decreased number of DP cells, the absolute number

of CD4� SP thymocytes stayed relatively constant. Moreover, distinguish between these possibilities.
It is striking that the dramatic decrease of DP thymocytesan unusual TCR� DN population was observed. These data,

indicating increased negative selection in me/me:DO11.10 due to negative selection observed here was not detectable
in a non-Tg me/me mouse. There are two possible, notTg mice, together with studies showing that thymocytes from

these mice are hyper-sensitive to their specific antigen when mutually exclusive, reasons for this observation. (i) The num-
ber of potentially different TCR with their various avidities inexamined in ex vivo deletion assays support our hypothesis

that SHP-1 helps to set the threshold for negative selection a non-TCR Tg mouse might not allow us to uncover such an
effect because the deleted thymocytes would be continuouslyand that, in its absence, the threshold is lowered.

The lack of effect on the number of CD4� SP thymocytes replaced. In contrast, in TCR Tg mice in which a major fraction
of the thymocytes carry a TCR of the same avidity, an increasedespite the dramatic loss of DP thymocytes can have two

possible, not mutually exclusive, reasons. (i) A subpopulation in deletion would be more easily detected. (ii) One of the
differences between a Tg TCR and an endogenous TCR isof thymocytes which would have been neglected under normal

conditions (in a �/�:Tg) was positively selected. Since these the early expression of high levels of the Tg TCR as evidenced
by the absence of a TCRlow population (cf. Figs 2E–G andmature CD4� SP cells were observed without exposure to

the TCR-specific OVA peptide, positive selection in me/ 2H). It is conceivable that negative selection in a TCR Tg
mouse occurs at an earlier developmental state within the DPme:Tg mice must have, at least partially, occurred following

stimulation by endogenous peptide(s) of low avidity for the population compared to a non-TCR Tg mouse, causing a
greater apparent loss of DP thymocytes. It is important totransgenic TCR. Under normal conditions, such stimulation

would have led to neglect due to insufficient stimulation; stress that our data indicate that the ‘normal’ thymocyte
composition in me/me mice only reflects the ‘steady-state’however, in the absence of SHP-1, a lowered threshold for

positive selection would enable antigens with ‘normally’ too level of the overall thymocyte population, but does not imply
that TCR signaling with respect to thymocyte selection islow affinity to positively select thymocytes expressing the Tg

TCR. (ii) The CD4� SP thymocytes hyper-proliferated following normal in me/me mice. Instead our data predict the average
affinity of a TCR for its antigen in me/me mice is lower thanpositive selection leading to a selective expansion of this

subpopulation. Based on our ex vivo proliferation assays in normal mice. These differences are revealed only in the
sensitized background of TCR Tg mice.which showed a hyper-sensitivity of me/me:Tg thymocytes to

antigen-specific stimulation, it is conceivable that at least part In previous studies, we and others failed to observe any
abnormal/intermediate phenotype in heterozygotic me/�of the decreased DP population was compensated at the

CD4� SP stage by hyper-proliferation. However, cell cycle mice, indicating that one wild-type allele of SHP-1 is sufficient
to produce a normal phenotype. However in this study,studies showed that the percentages of CD4� SP thymocytes

in G0/G1, S and G2/M phase were similar between �/�, me/ we observed an intermediate phenotype for me/� mice
compared to �/� and me/me mice when analyzed for thymic� and me/me DO11.10 TCR Tg mice indicating comparable

in vivo proliferation (J.D.Carter and U.Lorenz, unpublished composition (Table 1 and Fig. 2), as well as when assayed
for proliferative response to its specific antigen (Figs 5 andobservation). Therefore, it is very likely that the threshold for

positive selection also was lowered in the absence of SHP- 6). This epistatic interaction between the SHP-1 and the TCR
loci provides further genetic evidence that SHP-1 and the1, especially in the light of two very recent reports showing

increased positive selection, one of which examined me/me TCR are part of the same signaling pathway. Detection of this
phenotype is most likely due to the sensitized backgroundmice expressing a MHC class I-restricted transgenic TCR

(35) and one of which used mice expressing a dominant provided by the use of a TCR transgene, which allows us to
reveal subtle differences in signal strengths. Similar dosagenegative mutant of SHP-1 in the context of a MHC class II-

restricted transgenic TCR (36). effects of signaling molecules on thymocyte selection have
been elegantly demonstrated by Perlmutter and colleaguesIn addition to the phenotypes described above, thymuses

from me/me:Tg mice contained an unusual population of using different copy numbers of an Lck transgene (38). This
is particularly interesting, since our previous studies (20) andTCR� DN thymocytes. There are several possible explanations

for the appearance of these cells. These cells might have data present here indicate that Lck might be at least one of
the targets by which SHP-1 exerts its regulatory function inbeen derived from a population (TCR�CD4–CD8low) in trans-

ition from DN to DP which, due to the absence of SHP-1, TCR signaling.
In addition, the fact that we observed an intermediatereceived a strong enough signal mediated via the TCR to
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phenotype for OVA peptide stimulation, but not for anti- phosphatase, CD45, has been shown to be necessary for
CD3 cross-linking, emphasizes the differences between non- activation of src family kinases (42,43). Interestingly, CD45
physiological antibody cross-linking and antigen-specific knock-out mice (10) display a phenotype almost the converse
stimulation by APC. CD3 cross-linking biases towards signals of the motheaten phenotype with a strong defect in thymocyte
delivered by TCR stimulation, whereas under physiological development and a minor defect in B cell development, the
conditions, signals are delivered by both the TCR and the latter detectable only in the sensitized context of B cell
CD4–MHC complex. The observed difference is of particular receptor transgenic mice (44). Since it has been shown that
interest since our data implicate the CD4-associated Lck as some of the B cell defects in motheaten mice can be rescued
a target for SHP-1. A similar distinction was noted previously by lack of CD45 (45), it is likely that regulation of antigen
in a CD45– T cell line which was reconstituted with different receptor signaling via the downstream src family kinases is
isoforms of CD45. Certain functional differences between determined both by SHP-1 and CD45.
these isoforms were revealed upon antigen-specific stimula- SHP-1-deficient mice exhibit an early involution of their
tion but not upon anti-TCR cross-linking (39). thymus, most notable in mev/mev mice. Transplantation experi-

Interestingly, in two recent reports which addressed the ments of normal and mev/mev bone marrow suggested that a
role of SHP-1 in thymocytes development, SHP-1 seemed to homing defect of the pro-thymocytes was the cause for the
regulate only positive selection but no change in negative early involution observed in motheaten mice (46). However, our
selection was observed. Most likely, these differences are data suggest an alternative or additional reason. Due to the
due to the genetic background of the mice that were analyzed increased deletion in me/me mice, more thymocytes have to
and the different transgenic TCR that were used. For example, flux through the thymus to sustain a normal total thymocyte
Johnson et al. studied the progeny of C57BL/6J mice crossed number. Eventually, this would lead to a depletion of precursors
to C57BL/10 mice in the context of a MHC class I-restricted and, if the mouse lives long enough, result in an early involution
TCR (35), whereas Plas et al. analyzed progeny of cross of the thymus. This is consistent with our observation that there
between C57BL/6 and B6.AKR mice using a MHC class II- are very few ‘typical’ DN thymocytes in me/me:Tg mice.
restricted TCR (36). In our studies, we used a MHC class II- Although our data demonstrate a role for SHP-1 in regulating
restricted TCR in a �97 % congenic BALB/c background the thymocyte selection process, the precise molecular mech-
generated by at least five rounds of backcrosses. Since anism by which SHP-1 exerts such regulation is unclear. One
the endogenous antigens which ‘normally’ cause positive potential, previously described binding partner for SHP-1 at
selection of these transgenic TCR are unknown, it is impossible the cell surface is CD5 (21,47). Co-cross-linking of CD5 and
to identify the exact differences between the mice used in the TCR–CD3 complex compared to TCR–CD3 alone leads to
the three studies. However, it is conceivable that there are a decrease in tyrosyl phosphorylation of a number of substrates
differences in affinities which, in turn, affect the sensitivity of

(47). Moreover, CD5 has been implicated in negative regulation
the individual mouse to the loss of a negative regulator such

of TCR signaling, based on studies of TCR Tg mice in a CD5-
as SHP-1. Interestingly in a recent study, it was reported

deficient background. Indeed, such CD5-deficient mice showthat motheatenviable (mev/mev) mice, which carry a different
changes in their thymocyte selection profiles (11) that resemblemutated allele of SHP-1 encoding a protein with decreased
our observations of SHP-1-deficient mice. In this regard, thephosphatase activity, show increased deletion in response to
role of CD5 in T cells might be analogous to that of CD22 in Ban endogenous superantigen (40). Together with our studies,
cell signaling (48–51). Alternatively, it is well documented thatthis provides further evidence that SHP-1 is involved in setting
SHP-1 becomes tyrosyl phosphorylated rapidly following T cellthe threshold for negative selection. As discussed above, we
activation (14). This indicates its proximity to the PTKs thatobserved that the me/� mouse produces an intermediate
become activated upon TCR engagement and tyrosylphenotype between �/� and me/me mice with a more
phosphorylation might be a possible means of recruitment.detectable effect on positive than on negative selection (~50%
Our observations (20 and the data presented above) stronglyincrease of the number of CD4� SP cells compared to 25%
suggest that SHP-1 functions upstream of src family kinasesdecrease of DP cells; Table 1). In the Plas et al. study, the
such as Lck and Fyn. Since Zap-70 is downstream of Lck inloss of SHP-1 activity was generated by expression of a
the TCR signaling cascade, it is feasible that the previouslydominant negative mutant of SHP-1 in mice which, according
described regulation of Zap-70 activity by SHP-1 (22) is, into the authors, showed a 10 and 25% increase in total SHP-
fact, due to the regulation of Lck by SHP-1 with Zap-70 being1 expression. Therefore, it is possible that their observation
affected indirectly. Alternatively, both Lck and Zap-70 could bethat only positive selection was affected might be due a
direct targets of SHP-1. Given the previously established roledecrease but not a total loss in SHP-1 activity, thereby more
for Lck in regulating TCR-mediated events during thymocytemimicking a me/� mouse than a me/me mouse.
development, it is possible that SHP-1 may regulate thymocyteSHP-1 has an analogous function in B cells, where it sets
selection events by directly controlling activation of Lck. How-the threshold for B cell receptor signaling (41). In the me/me
ever, additional evidence addressing whether Lck is a directmouse, this signaling defect leads to a severe disruption of
or a downstream target remains to be supplied. Further studiesB cell development. In contrast, overall T cell development
will be necessary to identify the specific downstream molec-appears normal in me/me mice (20,22–24). It is well estab-
ule(s) through which SHP-1 exerts its regulation of the TCRlished that src family kinases play a major role in lymphocyte
signal strength during thymocyte development. Since thedevelopment (reviewed in 1,2) and our data strongly suggest
selection of an appropriate repertoire of T cells is critical forthat SHP-1 exerts its function as a negative regulator of

TCR signaling by regulating Lck activity. Another protein normal immune responses and for preventing autoimmune dis-



2012 SHP-1 sets TCR signaling thresholds
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mice: a step toward defining the roles of protein tyrosine

Acknowledgements phosphatases in the regulation of hemopoietic cell differentiation
and function. Clin. Immunol. Immunopathol. 73:168.We thank Drs Kodi Ravichandran, Marcia McDuffie and Kenneth Tung

16 Shultz, L. D., Schweitzer, P. A., Rajan, T. V., Yi, T., Ihle, J. N.,at the University of Virginia, Alfred Singer at the National Institutes for
Matthews, R. J., Thomas, M. L. and Beier, D. R. 1993. MutationsHealth, and Mark Exley at the Beth Israel Deaconess Medical Center,
at the murine motheaten locus are within the hematopoietic cellBoston, for helpful discussions, and we thank Ms G. Calabrese, Ms M.
protein phosphatase (HCPH) gene. Cell 73:1445.Tewari and Mr D. Mullinex for technical help. This work was supported

17 Tsui, H. W., Siminovitch, K. A., deSouza, L. and Tsui, F. W. L.by grants from the American Cancer Society (RPG-98-271-01-TBE to
1993. Motheaten and viable motheaten mice have mutations in theU. L.), the Jeffress Trust Fund (J-446 to U. L.) and the National Institutes
haematopoietic cell phosphatase gene. Nature Genetics 4:124.of Health (CA RO1 66000 to B. G. N.). J. D. C. is supported by a Training

18 Lorenz, U., Bergemann, A. D., Steinberg, H. N., Flanagan, J. G.,Grant (DHHS: T32 CA09109).
Li, X., Galli, S. J. and Neel, B. G. 1996. Genetic analysis reveals
cell type-specific regulation of receptor tyrosine kinase c-Kit by
the protein tyrosine phosphatase SHP1. J. Exp. Med. 184:1111.

Abbreviations 19 Paulson, R. F., Vesely, S., Siminovitch, K. A. and Bernstein, A.
1996. Signalling by the W/Kit receptor tyrosine kinase is negativelyAPC antigen-presenting cell
regulated in vivo by the protein tyrosine phosphatase Shp1. Nat.DP double positive
Genet. 13:309.DN double negative

20 Lorenz, U., Ravichandran, K. S., Burakoff, S. J. and Neel, B. G.GST glutathione-S-transferase
1996. Lack of SHPTP1 results in src-family kinase hyper-activationPTK protein tyrosine kinase
and thymocyte hyper-responsiveness. Proc. Natl Acad. Sci.SH2 Src-homology region 2
USA 93:9625.SP single positive

21 Pani, G., Fischer, K.-D., Mlinaric-Rascan, I. and Siminovitch, K.Tg transgenic
A. 1996. Signaling capacity of the T cell antigen receptor is
negatively regulated by the PTP1c tyrosine phosphatase. J. Exp.
Med. 184:839.

References 22 Plas, D. R., Johnson, R., Pingel, J. T., Matthews, R. J., Dalton, M.,
Roy, G., Chan, A. and Thomas, M. L. 1996. Direct regulation of1 Weiss, A. and Littman, D. R. 1994. Signal transduction by
ZAP-70 by SHP-1 in T cell antigen receptor signaling. Sciencelymphocyte antigen receptors. Cell 76:263.
272:1173.2 Chan, A. C., Desai, D. M. and Weiss, A. 1994. The role of protein

23 Greiner, D. L., Goldschneider, I., Komschlies, K. L., Medlock, E.tyrosine kinases and protein tyrosine phosphatases in T cell
S., Bollum, F. J. and Shultz, L. 1986. Defective lymphopoiesis inantigen receptor signal transduction. Annu. Rev. Immunol. 12:555.
bone marrow of motheaten (me/me) and viable motheaten (mev/3 Anderson, S. J. and Perlmutter, R. M. 1995. A signaling pathway
mev) mutant mice. J. Exp. Med. 164:1129.governing early thymocyte maturation. Immunol. Today 16:99.

24 Davidson, W. F., Morse, H. C., III, Sharrow, S. O. and Chused, T.4 Tanaka, Y., Ardouin, L., Gillet, A., Lin, S.-Y., Magnan, A., Malissen,
M. 1979. Phenotypic and functional effects of the motheaten geneB. and Malissen, M. 1995. Early T-cell development in CD3-
on murine B and T lymphocytes. J. Immunol. 122:884.deficient mice. Immunol. Rev. 148:171.

25 Murphy, K. M., Heimberger, A. B. and Loh, D. Y. 1990. Induction by5 Kisielow, P. and von Boehmer, H. 1995. Development and
antigen of intrathymic apoptosis of CD4�CD8� TCRlo thymocytesselection of T cells: facts and puzzles. Adv. Immunol. 58:87.
in vivo. Science 250:1720.6 Hogquist, K. A. and Bevan, M. J. 1996. The nature of the peptide/

26 Ravichandran, K. S. and Burakoff, S. J. 1994. Evidence forMHC ligand involved in positive selection. Semin. Immunol. 8:63.
differential intracellular signaling via CD4 and CD8 molecules.7 Ashton-Rickardt, P. G., Bandeira, A., Delaney, J. R., Van Kaer, L.,
J. Exp. Med. 179:727.Pircher, H. P., Zinkernagel, R. M. and Tonegawa, S. 1994. Evidence

27 Hahn, W., Menzin, E., Saito, R., Germain, R. and Bierer, B. 1993.for a differential avidity model of T cell selection in the thymus.
The complete sequences of pFNeo and pMH-neo: convenientCell 76:651.
expression vectors for high level expression of eukaryotic genes8 Sebzda, E., Wallace, V. A., Mayer, J., Yeung, R. S., Mak, T. W.
in hematopoetic cell lines. Gene 127:267.and Ohashi, P. S. 1994. Positive and negative thymocyte selection

28 Tanaka, M., Gupta, R. and Mayer, B. 1995. Differential inhibitioninduced by different concentrations of a single peptide.
of signaling pathways by dominant negative SH2/SH3 adapterScience 263:1615.
proteins. Mol. Cell. Biol. 15:6829.9 Molina, T. J., Kishihara, K., Siderovski, D. P., van Ewijk, W.,

29 Timms, J. F., Carlberg, K., Gu, H., Chen, H., Kamatkar, S., Nadler,Narendran, A., Timms, E., Wakeham, A., Paige, C. J., Hartmann,
M. J. S., Rohrschneider, L. R. and Neel, B. G. 1998. IdentificationK.-U., Veillettte, A., Davidson, D. and Mak, T. W. 1992. Profound
of major binding proteins and substrates for the SH2-containingblock in thymocyte development in mice lacking p56lck. Nature
protein tyrosine phosphatase SHP-1 in macrophages. Mol. Cell.357:161.
Biol. 18:3838.10 Kishihara, K., Penninger, J., Wallace, V. A., Kundig, T. M., Kawai,

30 Plutzky, J., Neel, B. G. and Rosenberg, R. D. 1992. Isolation of aK., Wakeham, A., Timms, E., Pfeffer, K., Ohashi, P. S., Thomas,
novel SRC homology 2 (SH2) containing tyrosine phosphatase.M. L., Furlonger, C., Paige, C. J. and Mak, T. W. 1993. Normal B
Proc. Natl Acad. Sci. USA 89:1123.lymphocyte development but impaired T cell maturation in CD45-

31 Iwabuchi, K., Nakayama, K.-I., McCoy, R. L., Wang, F., Nishimura,exon 6 protein tyrosine phosphatase-deficient mice. Cell 74:143.
T., Habu, S., Murphy, K. M. and Loh, D. Y. 1992. Cellular and11 Tarakhovsky, A., Kanner, S. B., Hombach, J., Ledetter, J. A.,
peptide requirements for in vitro clonal deletion of immatureMuller, W., Killeen, N. and Rajewsky, K. 1995. A role for CD5
thymocytes. Proc. Natl Acad. Sci. USA 89:9000.in TCR-mediated signal transduction and thymocyte selection.

32 Takahama, Y. and Singer, A. 1992. Post-transcriptional regulationScience 269:535.
of early T cell development by T cell receptor signals. Science12 Neel, B. G. and Tonks, N. K. 1997. Protein tyrosine phosphatases
258:1456.in signal transduction. Curr. Opin. Cell Biol. 9:193.

33 Lucas, B. and Germain, R. 1996. Unexpectedly complex13 Tonks, N. K. and Neel, B. G. 1996. From form to function: signaling
regulation of CD4/CD8 coreceptor expression supports a revisedby protein tyrosine phosphatases. Cell 87:365.
model for CD4�CD8� thymocyte differentiation. Immunity 5:461.14 Lorenz, U., Ravichandran, K. S., Pei, D., Walsh, C. T., Burakoff,

S. J. and Neel, B. G. 1994. Lck-dependent tyrosyl phosphorylation 34 Plas, D. R., Johnson, R., Pingel, J. T., Matthews, R. J., Dalton, M.,



SHP-1 sets TCR signaling thresholds 2013

Roy, G., Chan, A. and Thomas, M. L. 1996. Direct regulation of proximal phosphatase domain is required for TCR signaling and
regulation. EMBO J. 13:4002.Zap-70 by SHP-1 in T cell antigen receptor signaling. Science

272:1173. 44 Cyster, J. G., Healy, J. I., Kishihara, K., Mak, T. W., Thomas, M.
L. and Goodnow, C. C. 1996. Regulation of B-lymphocyte negative35 Johnson, K. G., LeRoy, F. G., Borysiewicz, L. K. and Matthews,

R. J. 1999. TCR signaling thresholds regulating T cell development and positive selection by tyrosine phosphatase CD45. Nature
381:325.and activation are dependent upon SHP-1. J. Immunol. 162:3802.

36 Plas, D. R., Willians, C. B., Kersh, G. J., White, L. S., White, J. M., 45 Pani, G., Siminovitch, K. A. and Paige, C. J. 1997. The motheaten
mutation rescues B cell signalling and development in CD45-Paust, S., Ulyanova, T., Allen, P. M. and Thomas, M. L. 1999.

The tyrosine phosphatase SHP-1 regulates thymocyte positive deficient mice. J. Exp. Med. 186:581.
46 Haar, J. L., Popp, J. D. and Shultz, L. D. 1989. Defective in vitroselection. J. Immunol. 162:5680.

37 von Boehmer, H., Kirberg, J. and Rocha, B. 1991. An unusual migratory capacity of bone marrow cells from viable motheaten
mice in response to normal thymus culture supernatants. Exp.lineage of α/β T cells that contains autoreactive cells. J. Exp.

Med. 174:1001. Hematol. 17:21.
47 Perez-Villar, J. J., Whitney, G. S., Bowen, M. A., Hewgill, D. H.,38 Abraham, K. M., Levin, S. D., Marth, J. D., Forbush, K. A. and

Perlmutter, R. M. 1991. Delayed thymocyte development induced Aruffo, A. A. and Kanner, S. B. 1999. CD5 negatively regulates
the T cell antigen receptor signal transduction pathway:by augmented expression of p56lck. J. Exp. Med. 173:1421.

39 Novak, T. J., Farber, D., Leitenberg, D., Hong, S. C., Johnson, P. involvement of the SH2-containing phosphotyrosine phosphatase
SHP-1. Mol. Cell. Biol. 19:2903.and Bottomly, K. 1994. Isoforms of the transmembrane tyrosine

phosphatase CD45 differentially affect T cell recognition. 48 Smith, K. G. C., Tarlinton, D. M., Doody, G. M., Hibbs, M. L. and
Fearon, D. T. 1998. Inhibition of the B cell by CD22: a requirementImmunity 1:109.

40 Dautigny, N., Le Campion, A. and Lucas, B. 1999. Timing and for Lyn. J. Exp. Med. 187:807.
49 Nitschke, L., Carsetti, R. O., Kohler, B. G. and Lamers, M. C.casting for actors of thymic negative selection. J. Immunol.

162:1294. 1997. CD22 is a negative regulator of B-cell receptor signalling.
Curr. Biol. 7:133.41 Cyster, J. G. and Goodnow, C. C. 1995. Protein tyrosine

phosphatase 1C negatively regulates antigen receptor signaling in 50 Nadler, M. J., McLean, P. A., Neel, B. G. and Wortis, H. H. 1997.
B cell antigen receptor-evoked calcium influx is enhanced inB lymphocytes and determines thresholds for negative selection.

Immunity 2:1. CD22-deficient B cell lines. J. Immunol. 159:4233.
51 Cornall, R. J., Cyster, J. G., Hibbs, M. L., Dunn, A. R., Otipoby,42 Burns, C. M., Sakaguchi, K., Appella, E. and Ashwell, J. D. 1994.

CD45 regulation of tyrosine phosphorylation and enzyme activity K. L., Clark, E. A. and Goodnow, C. C. 1998. Polygenic
autoimmune traits: Lyn, CD22, and SHP-1 are limiting elementsof src family kinases. J. Biol. Chem. 269:13594.

43 Desai, D. M., Sap, J., Silvennoinen, J., Schlessinger, O. and of a biochemical pathway regulating BCR signaling and selection.
Immunity 8:497.Weiss, A. 1994. The catalytic activity of the CD45 membrane-


