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SUMMARY

Thymic selection requires signaling by the protein
tyrosine kinase Lck to generate T cells expressing
ab T cell antigen receptors (TCR). For reasons not
understood, the thymus selects only abTCR that
are restricted by major histocompatibility complex
(MHC)-encoded determinants. Here, we report that
Lck proteins that were coreceptor associated
promoted thymic selection of conventionally MHC-
restricted TCR, but Lck proteins that were corecep-
tor free promoted thymic selection of MHC-indepen-
dent TCR. Transgenic TCR with MHC-independent
specificity for CD155 utilized coreceptor-free Lck to
signal thymic selection in the absence ofMHC, unlike
any transgenic TCR previously described. Thus, the
thymus can select either MHC-restricted or MHC-in-
dependent abTCR depending on whether Lck is cor-
eceptor associated or coreceptor free. We conclude
that the intracellular state of Lck determines the
specificity of thymic selection and that Lck associa-
tion with coreceptor proteins during thymic selection
is the mechanism by which MHC restriction is
imposed on a randomly generated abTCR repertoire.

INTRODUCTION

Antigen receptors on cells of the adaptive immune system must

be capable of recognizing existing pathogens as well as new

pathogens that will arise in the future. To do so, T and B lympho-

cytes use gene recombination to randomly generate antigen

receptors with hugely diverse recognition specificities (Davis

and Bjorkman, 1988). Although generated by the same recombi-

nation machinery, antigen receptors on mature T and B lympho-

cytes recognize fundamentally different types of antigenic
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ligands. Antigen receptors on B lymphocytes recognize confor-

mational epitopes on native antigenic proteins and glycolipids,

as do antigen receptors on the minor subset of T cells bearing

gd T cell antigen receptors (TCR) (Chien and Konigshofer,

2007). However, antigen receptors on the major subset of

T cells bearing abTCR do not recognize conformational antigenic

epitopes but instead recognize linear peptide fragments of anti-

genic proteins bound to major histocompatibility complex

(MHC)-encoded determinants, the feature of antigen recognition

referred to as MHC restriction (Davis and Bjorkman, 1988). MHC

restriction is unique to abTCR and allows identification of cells

containing intracellular pathogens, foreign proteins, or genetic

mutations. As a result, MHC restriction is critical for T lymphocyte

recognition and function, but how it is imposed on a randomly

generated abTCR repertoire remains a major unsolved problem.

Two different explanations have been proposed for the exclu-

sive expression of MHC-restricted abTCR onmature T cells. The

germline model of MHC restriction proposes that MHC restric-

tion is intrinsic to germline-encoded abTCR structural elements

(Feng et al., 2007; Garcia et al., 2009; Marrack et al., 2008;

Scott-Browne et al., 2009). According to the germline model,

specific amino acids in the complementary determining regions

(CDR) 1 and 2 of TCRa and TCRb have been conserved during

evolution because they contact MHC chains and impose MHC

specificity on abTCR recognition. Consequently, abTCR are

limited by germline imposed structural constraints to be MHC-

specific and to bind only to MHC-dependent ligands, with the

exception of a few exceedingly rare abTCR that cross-reactively

bind an MHC-independent ligand with very low affinity (Barnd

et al., 1989; Hanada et al., 2011; Rao et al., 1984). In contrast

to the germline model, the selection model of MHC restriction

proposes that MHC restriction is the result of TCR-signaled

thymic selection and is not an intrinsic feature of abTCR structure

(Collins and Riddle, 2008; Tikhonova et al., 2012; Van Laethem

et al., 2007, 2012). According to the selection model, abTCR

are randomly generated in the thymus so that preselection

CD4+CD8+ (double positive, DP) thymocytes express abTCR
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with a huge diversity of recognition specificities. However, only

MHC-restricted abTCR signal DP thymocytes to undergo thymic

selection because CD4 and CD8 coreceptors on DP thymocytes

sequester the signaling protein tyrosine kinase (PTK) p56lck (Lck)

(Haughn et al., 1992) so that only abTCR with the same MHC

specificity as either CD4 or CD8 coreceptor proteins can access

Lck (Doyle and Strominger, 1987; Norment et al., 1988).

Lck is a Src family PTK that is expressed in all T lineage cells

and inserts in the inner leaf of their plasma membrane as a result

of being myristoylated or palmitoylated at its amino terminus

(Paige et al., 1993). Membrane Lck initiates TCR signal transduc-

tion by first phosphorylating signaling motifs in the TCR complex

and then phosphorylating ZAP-70 PTK molecules that are re-

cruited into the TCR complex by the phosphorylated signaling

motifs (Abraham et al., 1991; Acuto and Cantrell, 2000; Chan

et al., 1992; Gascoigne and Palmer, 2011; Nika et al., 2010).

Although p59fyn (Fyn) can also initiate TCR signaling, Lck is the

PTK that initiates TCR signaling in the vast majority of developing

thymocytes (Palacios andWeiss, 2004). Notably, membrane Lck

has two cytosolic cysteines that mediate noncovalent interac-

tions with cysteines in the cytosolic tails of CD4 and CD8

(Rudd et al., 1988; Shaw et al., 1989; Turner et al., 1990; Veillette

et al., 1988). As a result, membrane Lck can be either coreceptor

associated or coreceptor free if it is not bound to CD4 or CD8. In

preselection DP thymocytes, membrane Lck is overwhelmingly

coreceptor associated because of the large quantities of both

CD4 and CD8 coreceptors expressed, with the result that abTCR

signaling in DP thymocytes is only initiated by coengagement of

TCR with coreceptor proteins (Wiest et al., 1996).

The selection model of MHC restriction predicts that MHC-

independent abTCR would signal thymic selection and generate

an MHC-independent peripheral abTCR repertoire if preselec-

tion thymocytes contained coreceptor-free Lck instead of

coreceptor-associated Lck. This prediction was tested in

Quad-KO mice that were simultaneously both MHC-deficient

(b2m�/�H2-Ab1�/�) and coreceptor-deficient (Cd4�/�Cd8�/�)
because Quad-KO thymocytes contained Lck that was neces-

sarily coreceptor free (Van Laethem et al., 2007). Thymocytes

in Quad-KO mice were found to be signaled in vivo and many

thymocytes were signaled intensely enough to undergo clonal

deletion. Bcl-2 transgene (Bcl-2Tg) expression prevented clonal

deletion in Quad-KO mice and resulted in large numbers of

peripheral T cells expressing abTCR with MHC-independent

recognition specificities (Tikhonova et al., 2012; Van Laethem

et al., 2007). Two MHC-independent abTCR were cloned from

Quad-KO.Bcl-2Tg mice and displayed antibody-like recognition

properties that fundamentally differed from conventionally MHC-

restricted TCR. The two MHC-independent abTCR did not

recognize peptide/MHC (pMHC) complexes but instead bound

to conformational epitopes on the membrane protein CD155,

and they did so independently of MHC with an affinity that

resembled that of primary antibodies (Tikhonova et al., 2012).

The generation in Quad-KO mice of peripheral T cells bearing

MHC-independent abTCR fulfilled predictions of the thymic

selection model and contradicted requirements of the germline

model. Nevertheless, central issues related to MHC-indepen-

dent thymic selection were not resolved, including the ligand-

dependence of thymic selection by coreceptor-free Lck.
C

We undertook the present study to evaluate the impact of Lck

availability on thymic selection and to assess the differentiation

of MHC-independent abTCR in the thymus. We now report

that generation of an MHC-independent abTCR repertoire only

required mutation of the two cysteines in Lck’s N-terminal region

that promote association with CD4 and CD8 coreceptors in the

thymus. We also demonstrate that, unlike coreceptor-associ-

ated Lck that promoted thymic selection of MHC-restricted

abTCR, coreceptor-free Lck preferentially promoted thymic

selection of MHC-independent abTCR. Moreover we charac-

terize thymic selection of two MHC-independent transgenic

abTCR specific for different epitopes on the self-protein

CD155. Thymic selection of these twoMHC-independent abTCR

was signaled by coreceptor-free Lck upon engagement of

CD155 ligands, even in MHC-deficient mice. Thus, this study

demonstrates that thymic selection of either MHC-independent

or MHC-restricted abTCR depends on the presence or absence

of coreceptor-free Lck, and it is Lck’s association with CD4/CD8

coreceptor proteins during thymic selection that is responsible

for thymic selection of an exclusively MHC-restricted abTCR

repertoire.

RESULTS

Signaling and Selection in the Thymus by Coreceptor-
free Lck
MHC restriction is the cardinal feature of abTCR selected in the

thymus but its basis remains uncertain. The Lck sequestration

model of thymic selection (Van Laethem et al., 2007) proposes

that MHC restriction is not intrinsic to abTCR structure but is

the result of thymic selection (Figure S1 available online).

According to this hypothesis, abTCR specific for MHC-indepen-

dent ligands fail to transduce positive selection signals because

Lck is bound to the cytosolic tails of CD4/CD8 coreceptor pro-

teins that sequester Lck away from all TCR except those that

engage peptide-MHC (pMHC) ligands together with CD4/CD8

coreceptor proteins (Figure S1). A prediction of the Lck seques-

tration model is that coreceptor-free Lck would promote

signaling by MHC-independent TCR in the thymus and selection

of MHC-independent abT cells in the periphery.

To determine if coreceptor-free Lck promoted thymic selec-

tion of MHC-independent abTCR, we constructed hCD2-driven

transgenes encoding either wild-type Lck proteins (Lckwt) or

mutant Lck proteins (Lckmut) whose cysteines at positions 20

and 23 were converted to alanines to impair binding to corecep-

tor proteins (Figure 1A) (Turner et al., 1990). Both Lck transgenes

were introduced into LckKO (Lck�/�) mice to generate mice

referred to as LckwtTg and LckmutTg mice, respectively. Immu-

noblotting of thymocyte lysates revealed that LckmutTg thymo-

cytes contained Lck in amounts that were intermediate between

B6 and LckwtTgmice (Figure 1B). Immunoprecipitation of thymo-

cyte lysates with coreceptor-specific antibodies further revealed

that Lckmut proteins bound neither CD4 nor CD8, unlike Lckwt

proteins that bound to both CD4 and CD8 (Figure 1B). Neverthe-

less, CD5 surface expression was restored in LckKO mice by

both Lckmut and Lckwt transgenic proteins, with LckmutTg thymo-

cytes expressing higher CD5 levels as an indication of stronger

in vivo signaling by Lckmut Tg transgenic proteins (Figure 1C).
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To assess the function of Lck transgenic proteins in thymic

selection, we examined gd and ab T cell generation (Figures

1D and 1E). gdTCR arise at the DN stage of thymocyte develop-

ment when CD4/CD8 coreceptors are not expressed, so Lckwt

and Lckmut proteins would both be available to gdTCR. Indeed

gdT cell generation that was reduced in LckKOmice was restored

by both Lckmut and Lckwt transgenic proteins, although signifi-

cantly more gdT cells were present in Lckmut transgenic mice,

another indication of stronger in vivo signaling by Lckmut trans-

genic proteins (Figure 1D).

Unlike gdTCR, abTCR are expressed at the DP stage of thymo-

cyte differentiation when CD4/CD8 coreceptor proteins are pre-

sent that bind Lck. Interestingly, abT cell generation that was

abrogated in LckKOmice was only poorly restored by Lckmut pro-

teins compared to Lckwt proteins, with significantly fewer periph-

eral abT cells and SP thymocytes in LckmutTg mice (Figures 1E

and 1F). Impaired abT cell generation by Lckmut proteins con-

trasted markedly with robust gdT cell generation in the same

mice and raised the possibility that abT cells might have been

signaled so strongly by coreceptor-free Lck that they underwent

clonal deletion. However, introduction of the prosurvival Bcl-2Tg

to impair in vivo clonal deletion (Pobezinsky et al., 2012) revealed

that LckmutTg.Bcl-2Tgmice still contained fewer abT cells and SP

thymocytes than LckwtTg.Bcl-2Tg mice (Figures S2A and S2B).

Consequently, coreceptor-free Lckmut proteins signaled the gen-

eration of fewer ab T cells than coreceptor-associated Lck pro-

teins despite stronger in vivo signaling.

We then assessed the specificity of peripheral abT cells gener-

ated in LckmutTg mice in in vitro mixed lymphocyte reactions.

Unlike B6 and LckwtTg abT cells that only reacted against

MHC-expressing stimulator cells, Lckmut abT cells reacted

vigorously against both MHC-deficient and MHC-expressing

stimulator cells (Figure 1G). That is, abT cells generated by

coreceptor-free Lck in LckmutTg mice expressed abTCR that

recognized ligands independently of MHC on MHC-deficient

stimulator cells that were also present on MHC-expressing stim-

ulator cells. These results demonstrate that coreceptor-free Lck

during thymic selection is all that is required to generate an

MHC-independent abTCR repertoire.

Signaling of MHC-Independent abT Cells in the Thymus
To further characterize MHC-independent abTCR selection and

signaling in the thymus, we examined thymocytes from so-called

QuadKOmice thatwereMHC-deficient aswell as deficient in both

CD4 and CD8 coreceptors (Cd4�/�Cd8�/�b2m�/�H2-Ab1�/�)
(Van Laethem et al., 2007). Endogenous Lck proteins in QuadKO

thymocytes were necessarily coreceptor free because corecep-

tor proteins were not expressed. As indicated by CD5 surface
Figure 1. Effect of Coreceptor-free and Coreceptor-Associated Lck on

(A) hCD2-driven transgenic constructs encoding wild-type (top) and C20A/C23A

(B) Abrogation of Lck binding to coreceptor proteins. Thymocyte lysates were prec

Lck band intensities relative to B6 (set equal to 1.0). Data represent four experim

(C) CD5 levels on thymocytes relative to control B6 mice (mean ± SE, n = 7 mice

(D and E) Numbers of gd (D) and ab (E) LN T cells (mean ± SE, n = 9 mice/group

(F) Numbers above profiles indicate thymus cellularity (mean ± SE, n = 10 mice/g

(G) Ligand specificity of abT cells in mixed lymphocyte reactions as assessed b

centage of cells that underwent at least one division. Data represent 3 experime

****p < 0.0001; ***p < 0.001; **p < 0.01. See also Figures S1 and S2.

C

expression levels, coreceptor-deficient QuadKO thymocytes

were strongly signaled in vivo whereas coreceptor-sufficient

MHCKO thymocytes were not (Figure 2A). Importantly, MHC-

independent in vivo signaling of QuadKO thymocytes required

abTCR and Lck proteins, as deficiency in TCRa, RAG2, or Lck

reduced or abolished CD5 upregulation (Figure 2A).

Lck Sequestration by Coreceptor Proteins on
Developing Thymocytes
Because MHC-independent TCR signaling of QuadKO thymo-

cytes was transduced by coreceptor-free Lck, we wished to

determine biochemically if CD4/CD8 coreceptors, by binding

Lck, would sequester Lck away from abTCR. To do so, we intro-

duced hCD2-driven CD4 transgenes encoding either full-length

(444) or tailless (44T) CD4 proteins (Van Laethem et al., 2007)

into QuadKO mice to generate 444.QuadKO and 44T.QuadKO

mice whose endogenous Lck proteins bound to 444 but not

44T proteins as revealed by anti-CD4 immunoprecipitation of

thymocyte lysates (Figures 2B and 2C). Most importantly,

endogenous Lck could also be immunoprecipitated by anti-

TCRb but only in thymocytes in which Lck was not bound to

CD4 coreceptor proteins (Figure 2C), biochemically document-

ing that Lck binding to CD4 prevented Lck association with TCR.

Lck Sequestration Impairs Coreceptor-Independent
TCR Signaling
To determine the impact of Lck sequestration on thymocyte

signaling, we compared TCR signaling in 444.QuadKO and

44T.QuadKO thymocytes. By in vitro assessment, 44T.QuadKO

thymocyteswith coreceptor-free Lck could be triggered tomobi-

lize intracellular calcium by anti-TCR crosslinking alone

(Figure 2D, top), whereas 444.QuadKO thymocytes lacking core-

ceptor-free Lck required anti-TCR/CD4 cocrosslinking (Fig-

ure 2D, bottom). These in vitro results demonstrated that Lck

sequestration markedly impaired coreceptor-independent TCR

signaling. By in vivo assessment, TCR signaling in MHC-defi-

cient thymi was greater in 44T.QuadKO than 444.QuadKO thymo-

cytes as revealed by dramatically higher CD5 expression,

greater TCRz phosphorylation, and greater amounts of TCR-

associated ZAP-70 proteins (Figures 2E and 2F). These in vivo

results reveal that Lck sequestration markedly impairs TCR

signaling in MHC-deficient thymi.

Thymic Selection of MHC-Independent TCR
To better understand abTCR signaling of thymic selection in the

absence of MHC, we generated TCR transgenes encoding

abTCR from two T cell clones that were derived from Quad-
KOBcl-2Tg mice with specificity for an MHC-independent ligand
Thymic Selection

mutant (bottom) Lck proteins.

ipitated with anti-CD4 or anti-CD8a and blotted for Lck. Numbers indicate total

ents.

/group).

).

roup).

y proliferation-induced CFSE dye dilution on day 4. Numbers represent per-

nts.
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Figure 2. Lck Sequestration and TCR

Signaling in the Thymus

(A) CD5 on thymocytes relative to B6 (set at

100%). Mean ± SE, n = 3 mice/group.

(B) hCD2-driven transgenic constructs encoding

wild-type (444) and tailless (44T) CD4 proteins

named for their extra-cellular, transmembrane,

and cytosolic domains. (C) Lck is sequestered

away from TCR on thymocytes by the cytosolic tail

of coreceptor proteins. Thymocyte lysates were

precipitated by anti-CD4 or anti-TCRb and blotted

for Lck or TCRz. Data represent three experi-

ments.

(D) In vitro TCR induced calcium mobilization.

Thymocytes were loaded at 31�C with Indo-1 and

coated with biotinylated anti-TCR (5 mg/ml) either

alone or together with biotinylated anti-CD4

(1 mg/ml). Crosslinking by avidin (black arrow) and

addition of ionomycin (red arrow) are indicated.

Data represent two experiments.

(E) In vivo signaling of thymocytes. CD5 on thy-

mocytes is shown relative to control B6 mice

(mean ± SE, n = 10 mice/group).

(F) In vivo signaling of thymocytes assessed bio-

chemically. Lysates were precipitated with anti-

TCRz and blotted for phospho-zeta, ZAP70, or

TCRz. Data represent two experiments.

****p < 0.0001; ***p < 0.001.
(Figure S3A) (Tikhonova et al., 2012). The T-hybridoma cells were

derived fromQuadKOmice expressing the Bcl-2Tg that protected

strongly signaled MHC-independent abTCR from clonal deletion

(Van Laethem et al., 2007). Three hCD2-driven TCR transgenes

were constructed from the A11 and B12 T-hybridoma cell lines

described previously (Tikhonova et al., 2012) and are referred

to as A11, B12A, and B12F. The A11 TCR was TCR-Va8Vb8,

whereas B12A and B12F TCR were identically TCR-Va4Vb3

but with different VaJa-encoded CDR3 sequences (Figure S3B).

A11 and B12A TCR recognized different conformational epi-

topes on the self-ligand CD155, the murine analog of the human

polio virus receptor, and bound to CD155 proteins indepen-

dently of MHC with affinities that were unusually high for abTCR

(Tikhonova et al., 2012). However, the B12F TCR displayed no

known ligand specificity (Figure S3C). In vivo, all three TCR trans-

genes (A11, B12A, and B12F) induced TCR expression on devel-

oping thymocytes (Figure 3A).

To determine if these TCR could signal positive selection in the

absence of MHC, we expressed them in the same host mice

from which they were originally derived, i.e., QuadKOBcl-2Tg

mice, except that transgenic host mice were additionally
1330 Cell 154, 1326–1341, September 12, 2013 ª2013 Elsevier Inc.
RAG2-deficient to prevent endogenous

TCR rearrangements (Figure 3B). We

refer to QuadKORagKOBcl-2Tg mice sim-

ply as ‘‘transgenic host mice,’’ and we

observed that all three TCR reconstituted

thymus cellularity, an indicator of pre-

TCR signaling (Figure 3B). Despite absent

MHC and coreceptor expression, A11

and B12A TCR markedly upregulated

thymocyte expression of CD5, CD69,
and CCR7 that indicated positive selection signaling, whereas

B12F TCR only minimally upregulated CD5 expression consis-

tent with pre-TCR signaling (Figure 3B). The inability of B12F

TCR to markedly upregulate CD5, CD69, and CCR7 expression

in QuadKO thymocytes indicated that coreceptor-free Lck only

transduced positive selection signals by TCR that engaged an

intrathymic ligand. Indeed, coreceptor-free Lck in QuadKO thy-

mocytes did not transduce positive selection signals by either

MHC-II restricted AND TCR or MHC-I restricted P14 TCR whose

MHC ligands were not expressed in the thymus (Figure S3D).

Because A11 and B12A TCR signaled positive selection in the

absence of MHC, A11 and B12A TCR transgenic mice should

contain mature abT cells in the MHC-deficient periphery (Fig-

ure 3C). In fact, A11 and B12A TCR generated peripheral LNT

cells in huge numbers (50–80 million) in transgenic host mice

expressing Bcl-2Tg and in substantial numbers (10–20 million)

without Bcl-2Tg (Figure 3C). The LNT cells generated by A11

and B12A TCR displayed a CD44loCD62Lhi naive phenotype,

indicating that their huge numbers were due to extensive thymic

selection and not to extensive peripheral expansion (Figure 3D).

In contrast, MHC-restricted AND and P14 TCR did not generate
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mature T cells in MHC- and coreceptor-deficient mice

(Figure 3C).

To document that A11 and B12A transgenic TCR displayed

the same ligand specificity as the T-hybridomas from which

they were derived (Tikhonova et al., 2012), we examined the abil-

ity of A11 and B12A TCR to trigger lymphopenia-induced T cell

proliferation upon CD155 recognition. A11 and B12A LNT cells

from transgenic host mice that were not lymphopenic were

labeled with the intracellular dye CFSE and then transferred

into lymphopenic host mice (QuadKORagKO) that either ex-

pressed or lacked CD155 (Figures 3E and 3F). Assessed

1 week after transfer, both A11 and B12A T cells proliferated

vigorously in CD155+/+ but not CD155�/� lymphopenic hosts

(Figures 3E and 3F), documenting that both transgenic TCR

recognized CD155.

We conclude that A11 and B12A TCR transgenes encode

MHC-independent and CD155-specific TCR that are uniquely

capable of signaling positive selection in thymi that lack MHC

expression, unlike any abTCR previously identified.

Identification of the Thymic-Selecting Ligand
Having discovered transgenic abTCR that signaled positive

selection in MHC-deficient thymi, we wished to identify the

selecting ligand responsible. Because CD155 was recognized

by both A11 and B12A TCR and was a self-protein in host trans-

genic mice, we expressed A11 and B12A TCR in transgenic host

mice in which thymocytes would or would not encounter CD155.

Interestingly, A11 and B12A TCR signaled positive selection only

inCD155+/+ but not CD155�/� transgenic host mice as indicated

by CD5, CD69, and CCR7 upregulation (Figure 4A) and by

thymocyte differentiation into mature CD69-CCR7+ cells (Fig-

ure 4B). Moreover, A11 and B12A TCR generated peripheral

T cells only in CD155+/+ transgenic host mice, whereas

CD155�/� transgenic host mice were devoid of peripheral

T cells (Figure 4C). Thus CD155 is the thymic selecting ligand

for both A11 and B12A TCR.

It was then important to determine which cells in the thymus

expressed CD155. CD155 was expressed by all elements in the

thymus (i.e., cortical thymic epithelial cells [cTECs], medullary

thymic epithelial cells [mTECs], and thymocytes) but thymo-

cytes expressed the most (Figure 4D). To determine which

thymic cellular element(s) induced positive selection signaling,

we constructed four different mixed bone marrow (bm) chi-

meras in which CD155-deficient A11 thymocytes only encoun-

tered CD155 on other cells in the thymus. All four groups of

chimeras were constructed by injecting equal mixtures of donor

bm stem cells from A11 and B12F transgenic mice into irradi-
Figure 3. Thymic Selection of MHC-Independent abTCR in the Absenc

(A) TCR expression on thymocytes from transgenic host mice (QuadKORAG2KOBc

Numbers in panels indicate mean fluorescence intensity (MFI). Data represent fiv

(B) Thymocyte profiles from host transgenic mice expressing transgenic TCR. N

histograms indicate frequency of positive cells. Thymus cellularity is shown as m

(C) Numbers of ab LN T cells in TCR transgenic mice (mean ± SE, n = 5 mice/gro

(D) Expression of CD62L and CD44 on abT cells from TCR transgenic mice. Data

(E and F) Lymphopenia-induced proliferation triggered by A11 and B12A TCR is d

and injected (5 3 106 cells/mouse) into CD155+/+ or CD155�/� lymphopenic host

underwent at least two divisions and summarized in (F). Mean ± SE of three mic

****p < 0.0001; *p < 0.05. See also Figure S3.
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ated QuadKORagKO host mice. LNT cells in chimeric host

mice were examined 8–10 weeks later (Figure 4E). It should

be appreciated that B12F thymocytes could not contribute to

peripheral T cell numbers that resulted entirely from positive

selection by A11 TCR. We found the greatest numbers of

peripheral T cells resulted from CD155 expressed on both

bm-derived elements and TEC (Figure 4E, group 1), followed

by CD155 expressed only on bm-derived cells (Figure 4E,

group 3), followed by CD155 expressed only on TEC (Figure 4E,

group 2). Thus the number of peripheral A11 T cells corre-

sponded to the overall amount of CD155 expressed in the

thymus and did not correspond to CD155 expression on any

particular thymic element.

Because ligands on lymphoid elements in the thymus have

been shown to positively select innate-like abT cells that are

characterized by expression of the transcription factor PLZF

(Constantinides and Bendelac, 2013; Lee et al., 2011), we

assessed CD155-selected abT cells for expression of Zbtb16,

the gene that encodes PLZF, and for Sox13, a gene expressed

by many gd-lineage T cells (Melichar et al., 2007). However,

CD155-selected A11 and B12A T cells neither expressed

Zbtb16 nor Sox13 (Figure S4).

We conclude that CD155 is the thymic-selecting ligand for A11

and B12A TCR, and A11 and B12A peripheral T cells are neither

innate-like nor gd-like T cells.

Effect of Coreceptor Expression on MHC-Independent
Selection
Our results demonstrated that abTCR can engage MHC-inde-

pendent ligands in the thymus and can utilize coreceptor-free

Lck to signal positive selection. We then asked if thymocyte

expression of CD4 and CD8 coreceptor proteins would affect

selection signaling by MHC-independent transgenic TCR.

We introduced A11, B12A, and B12F TCR transgenes into cor-

eceptor-sufficient (Cd4+/+Cd8+/+) mice that were MHCKORAG-
KOBcl-2Tg (Figure 5A). Contrary to our expectation, A11 and

B12A transgenic TCR did signal positive selection in corecep-

tor-sufficient mice as indicated by marked upregulation of

CD5, CD69, and CCR7 (Figure 5A). Indeed, A11 and B12A

TCR signaled coreceptor-sufficient thymocytes to differentiate

into SP thymocytes that were mostly CD4SP (Figure 5A).

MHC-independent positive selection signaling by A11 and

B12A TCR also generated peripheral LN T cells in huge numbers

(70–100 million) with Bcl-2Tg and in substantial numbers (10–20

million) without Bcl-2Tg (Figure 5B). In contrast, AND and P14

MHC-restricted TCR did not generate T cells in MHC-deficient

mice despite CD4/CD8 coreceptor expression (Figure 5B).
e of Both MHC and Coreceptors

l-2Tg). Black lines indicate TCR expression, gray lines indicate control staining.

e experiments.

umbers in CD5 histograms indicate CD5 MFI. Numbers in CD69 and CCR7

ean ± SE (n = 5 mice/group).

up).

represent three experiments.

ependent on CD155 recognition. A11 and B12A abT cells were CFSE labeled

s for 1 week. Numbers in histograms (E) represent the percentage of cells that

e/group.
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To understand MHC-independent A11 and B12A TCR

signaling of thymocytes in coreceptor-sufficient mice, we

considered that transgenic abTCR differed from endogenous

abTCR in first being expressed on thymocytes at the DN stage

of differentiation when Lck was necessarily coreceptor free.

Consequently, we wondered if A11 and B12A transgenic TCR

initiated positive selection signaling at the DN stage of thymo-

cyte differentiation. To identify positive selection signaling in

TCR transgenic DN thymocytes, we decided on three criteria

that would distinguish positive selection from pre-TCR signaling:

(1) marked upregulation of both CD5 and CCR7, because pre-

TCR signaling minimally upregulates only CD5, (2) ligand-depen-

dence, because pre-TCR signaling is ligand-independent, and

(3) TCR specificity, because pre-TCR signaling is induced by

transgenic abTCR regardless of recognition specificity.

We observed that A11 and B12A TCR signaling in immature

HSAhiDN thymocytes markedly upregulated expression of both

CD5 and CCR7 (Figure 5C); such upregulation occurred in

CD155+/+ but not CD155�/� mice and was ligand-dependent

(Figure 5C). Such upregulation did not occur with B12F TCR

and so was TCR-specific (Figure 5D). Thus, A11 and B12A

TCR had indeed initiated positive selection signaling in DN

thymocytes. Interestingly, thymocytes signaled by A11 and

B12A TCR underwent progressive changes in CD4/CD8 and

CD69/CCR7 expression expected of thymocytes signaled to

undergo positive selection by conventional abTCR (Figure S5A).

Moreover, like peripheral CD4 and CD8 T cells selected by con-

ventional abTCR, A11 and B12A CD4 T cells expressed the help-

er-lineage genes Zbtb7b and Cd40l, whereas A11 and B12A

CD8 T cells expressed the cytotoxic-lineage genes Runx3d

and Tbx21(Figure S5B). Thus, thymocyte differentiation and line-

age specification signaled by MHC-independent abTCR resem-

bled that of conventional abTCR.

We think that positive selection signaling by A11 and B12A

TCR is initiated in DN thymocytes that had already been pre-

TCR signaled to differentiate into DP cells and that positive

selection signaling continues until coreceptor proteins are

expressed in sufficient amounts to sequester Lck away from

the TCR. As confirmation that positive selection signaling by

transgenic TCR was initiated in DN thymocytes, DP thymocytes

in B12A transgenic mice were not preselection CD5loCCR7�

cells as in unsignaled B12F transgenic mice, but instead were

CD5hiCCR7+ cells that had received positive selection signals

at their prior (i.e., DN) stage of thymocyte development (Fig-

ure 5D). As confirmation that Lck sequestration by coreceptor

proteins could inhibit early positive selection signaling by trans-

genic TCR, prematurely-expressed CD4 transgenes inhibited
Figure 4. Identification of CD155 as the Thymic Selecting Ligand

(A) In vivo positive selection signaling by A11 and B12A TCR requires CD155. Num

indicate frequency of positive cells. Thymus cellularity is shown as mean ± SE (n

(B) CD69 versus CCR7 profiles of A11 and B12A thymocytes. Numbers indicate

(C) Numbers of ab LN T cells (mean ± SE of 5 mice/group).

(D) CD155 expression by electronically sorted thymic elements by quantitative P

(E) Thymic elements that induce CD155-specific thymic selection. Four groups of

and B12F donor cells and injected into irradiated host (QuadKORAG2KO) mice that

after 8–10 weeks. Each circle represents one mouse (n = 4).

*p < 0.05; ****p < 0.0001; NS, not significant.

See also Figure S4.
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generation of mature (CCR7hiCD24lo) thymocytes in B12A trans-

genic mice (Figure 5E). Interestingly, early Lck sequestration by

444 CD4 transgenic proteins also inhibited gd T cell generation

in non-TCR transgenic mice (Figure S5C).

We conclude that positive selection signaling by MHC-

independent TCR is mediated by coreceptor-free Lck that, in

coreceptor-sufficient mice, is present in DN and early (i.e., core-

ceptor-low) DP thymocytes.

Lck Availability and the Specificity of Positive Selection
Because coreceptor-free Lck transduced positive selection sig-

nals by MHC-independent TCR, we wished to determine if core-

ceptor-free Lck also transduced positive selection signals by

MHC-restricted TCR. To do so, we first examined MHC-suffi-

cient mice whose thymocytes were coreceptor-deficient so

that endogenous Lck would be coreceptor-free (Figure 6A). Cor-

eceptor-deficiency did not interfere with peripheral T cell gener-

ation by A11 and B12AMHC-independent TCR, but it abrogated

peripheral T cell generation by MHC-restricted AND and P14

TCR despite Bcl-2Tg expression (Figure 6A, left). Note that

AND and P14 TCR did generate peripheral T cells in corecep-

tor-sufficient mice (Figure 6A, right). Thus, unlike positive selec-

tion signaling by MHC-independent TCR, positive selection

signaling by MHC-restricted TCR required coreceptor proteins.

To determine if the requirement by MHC-restricted TCR for

coreceptor proteins reflected, at least partly, a requirement for

coreceptor-associated Lck, we introduced A11 and AND trans-

genic TCR into Lck�/� mice that expressed coreceptor proteins

as well as MHC. Relative to Lck+/+ mice, peripheral T cell gener-

ation by A11 and AND TCR were both significantly reduced in

Lck�/� mice (Figure 6B). The few peripheral T cells present in

Lck�/� mice were generated by Fyn, as A11 Lck�/�Fyn�/�

mice were essentially devoid of T cells (Figure 6B). We then re-

constituted A11.Lck�/� and AND.Lck�/� mice with coreceptor-

free Lckmut transgenic proteins (see Figures 1A and 1B) and

compared positive selection signaling by Lckmut and endoge-

nous Lck proteins as indicated by CD69 upregulation and

CD4SP thymocyte generation (Figure 6C). Coreceptor-free

Lckmut proteins were far more effective than endogenous

Lck+/+ proteins in transducing positive selection signals by

MHC-independent A11 TCR, whereas Lckmut proteins were far

less effective for MHC-restricted AND TCR (Figure 6C). In fact,

coreceptor-free Lckmut proteins fully restored peripheral T cell

generation in Lck�/� mice by A11 TCR (>95%), but only mini-

mally restored peripheral T cell generation by AND TCR

(<20%) (Figure 6D). Thus coreceptor-free Lck was optimal for

positive selection signaling by MHC-independent A11 TCR but
bers in CD5 histograms indicate MFI. Numbers in CD69 and CCR7 histograms

= 5 mice/group).

frequency of mature CD69�CCR7hi thymocytes (n = 5 mice/group).

CR (left panel) and surface protein expression (right panel). Mean ± SE (n = 3).

mixed donor bone marrow chimeras were constructed with 1:1 mixtures of A11

expressed or lacked CD155. Numbers of A11 abT cells in LN were determined
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was only minimally effective for positive selection signaling by

MHC-restricted AND TCR.

We conclude that coreceptor-free Lck preferentially promotes

positive selection signaling by MHC-independent TCR, whereas

coreceptor-associated Lck is required for positive selection

signaling by MHC-restricted TCR.

Structural TCR Constraints on MHC-Independent
Thymic Selection
The germline concept of MHC restriction proposed that germ-

line-encoded amino acid (aa) residues in CDR1 and CDR2 of

TCRa and TCRb have been evolutionarily conserved to engage

MHCmolecules and to impose MHC specificity on thymic selec-

tion (Garcia et al., 2009; Marrack et al., 2008; Scott-Browne

et al., 2009). A prediction of the germline concept is that evolu-

tionarily conserved CDR2 aa would not promote TCR selection

by MHC-independent ligands. To test this prediction, we con-

structed hCD2-driven transgenes in which the CDR2 region of

the A11 TCR-Vb8 chain contained a point mutation in an evolu-

tionarily conserved aa, either Y48 or E54. A11 TCR variants

(referred to as A11WT, A11Y48A, and A11E54A) were introduced

into MHC-deficient (MHCKORAGKOBcl-2Tg) host mice that were

CD155+/+ and all three TCR variants were expressed at compa-

rable surface levels (Figure 7A). All three TCR variants reconsti-

tuted the cellularity of host thymi and induced the generation

of DP thymocytes, indicative of pre-TCR signaling (Figure 7A).

However, positive selection signaling that was robust in A11WT

thymocytes was absent in A11Y48A and reduced in A11E54A thy-

mocytes (Figure 7A). A11Y48A thymocytes did not upregulate

CD5, CD69, or CCR7 (Figure 7A,middle panels), did not differen-

tiate into CD4SP cells (Figure 7A, left panel), and did not differen-

tiate into mature CD69�CCR7+ cells (Figure 7A, right panel).

Biochemical analysis revealed that in vivo TCR signaling was

absent in A11Y48A thymocytes as TCRz was neither phosphory-

lated nor associated with ZAP-70 (Figure 7B). In the lymphoid

periphery, peripheral T cells were absent in A11Y48A and reduced

in A11E54A transgenic mice (Figure 7C). These results reveal that

the evolutionarily conserved Y48 aa residue, and to a lesser de-

gree the E54 aa residue, contributed to CD155-specific positive

selection signaling by A11 TCR, even though MHC recognition

was not involved.

DISCUSSION

The present study demonstrates that thymic selection imposes

MHC-restriction on a randomly generated abTCR repertoire

that is not intrinsically MHC-specific. It was specifically Lck’s

availability during thymic selection that determined if the thymus
Figure 5. Positive Selection Signaling by MHC-Independent TCR in Co

(A) Thymocyte profiles. Numbers in CD4 versus CD8a plots indicate cell frequen

histograms indicate frequency of positive cells. Thymus cellularity is shown as m

(B) Numbers of ab LN T cells (mean ± SE, n = 6 mice/group).

(C) Positive selection signaling occurs in DN thymocytes and is ligand specific.

thymocytes (bottom). Data represent four experiments.

(D) Early positive selection signaling is TCR specific. CD5 and CCR7 expression

(E) Early positive selection signaling is inhibited by early CD4 expression. CCR7 an

Data represent four individual mice/group.

See also Figure S5.
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selected a mature abTCR repertoire that was MHC-restricted or

selected one that was MHC-independent. Coreceptor-associ-

ated Lck promoted thymic selection of conventionally MHC-

restricted abTCR, but coreceptor-free Lck preferentially

promoted thymic selection of MHC-independent abTCR. This

study also characterized two unique transgenic TCR, A11 and

B12A, that utilized coreceptor-free Lck to signal positive selec-

tion and to generatemature abT cells in the absence ofMHC, un-

like any abTCR previously described. The selecting ligand in the

thymus for both TCR was the self-ligand CD155 for which these

MHC-independent TCR had high affinity (Tikhonova et al., 2012).

Finally, the evolutionarily conserved and germline-encoded

TCR-Vb8 residues Y48 and E54 in CDR2b were shown to be

necessary for MHC-independent thymic selection of A11, sug-

gesting that these TCR residues might have been conserved

during evolution for reasons other than MHC recognition. Thus,

the thymus can select either MHC-restricted or MHC-indepen-

dent TCR, and it is Lck’s association with CD4/CD8 coreceptor

proteins on preselection thymocytes that limits the thymus to

selecting an exclusively MHC-restricted abTCR repertoire.

Coreceptor-associated and coreceptor-free Lck are alterna-

tive states of membrane Lck that were mutually exclusive in

preselection DP thymocytes. Association with CD4 and CD8

coreceptors physically sequestered membrane Lck away from

abTCR, documenting that membrane Lckmolecules in preselec-

tion DP thymocytes were present in insufficient amounts to bind

to coreceptor proteins as well as TCR complexes. Because

membrane Lck bound to the cytosolic tails of CD4 and CD8

coreceptors whose external domains interacted with MHC-II

and MHC-I determinants, respectively, DP thymocytes could

only be signaled by abTCR that engaged intrathymic pMHC

ligands together with one or the other coreceptor, whereas cor-

eceptor-free Lck was available to all abTCR. In fact, when pre-

selection thymocytes contained coreceptor-free Lck, either

because of mutation of Lck’s N-terminal domain cysteines that

eliminated coreceptor binding or because of absent coreceptor

protein expression, MHC-independent abTCR were able to

signal thymic selection and generate an MHC-independent

abTCR repertoire. Thus, this study establishes that MHC-inde-

pendent abTCR do exist in the thymus but are normally pre-

vented from signaling thymic selection by Lck sequestration.

This analysis leads to the insight that TCR gene rearrange-

ments may be specifically timed during normal development to

determine the recognition specificities of the TCR expressed

by mature gd and ab T cells. TCR-g, TCR-d, and TCR-b gene

loci rearrange at the DN stage of thymocyte differentiation but

TCR-a gene loci do not rearrange until the DP stage. As a result,

gdTCR and preTCR complexes (consisting of TCRb and invariant
receptor-Sufficient Mice Lacking MHC

cies. Numbers in CD5 histograms indicate MFI. Numbers in CD69 and CCR7

ean ± SE (n = 6 mice/group).

CD4 versus CD8a profiles (top) and CD5 and CCR7 expression on CD24hiDN

on gated DN and DP thymocytes. Data represent four experiments.

d CD24 expression on thymocytes from B12A and B12A.444 transgenic mice.
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preTa chains) are formed prior to CD4/CD8 coreceptor expres-

sion on DN thymocytes that contain coreceptor-free Lck,

whereas abTCR complexes are formed after CD4/CD8 corecep-

tor expression on DP thymocytes that contain coreceptor-asso-

ciated Lck. In fact, we suggest that the timing of endogenous gd

and ab TCR expression has specifically evolved to allow different

TCR complexes selective access to either coreceptor-free or

coreceptor-associated Lck so that ligand recognition by gdTCR

would be mainly MHC-independent and ligand recognition by

abTCR would be MHC-restricted.

This study also characterized two different transgenic abTCR

that signaled thymic selection in the absence of MHC, demon-

strating the existence of abTCR that do not require MHC for

thymic selection. Even though these TCR were MHC-indepen-

dent, thymic selection signaling by A11 and B12A TCR strictly

required engagement of a unique selecting ligand in the thymus

that we identified as the self-protein CD155. Identification of

CD155 as the unique thymic selecting ligand for A11 and B12A

TCR contrasts with the inability to identify unique thymic select-

ing ligands for all but one conventionally MHC restricted TCR (Lo

et al., 2009). We suspect this is because A11 and B12A bind to

CD155 with relatively high affinity—and therefore with a high de-

gree of specificity—as a result of their binding to ligand indepen-

dently of coreceptors. In contrast, we think that MHC-restricted

TCR bind to their thymic pMHC selecting ligands with extremely

low affinity—and therefore with a low degree of specificity—

because these TCR must co-engage those ligands together

with coreceptor proteins in order to access coreceptor-associ-

ated Lck molecules for transduction of thymic selection signals.

Affinity considerations also explain why coreceptor-free Lck

proteins preferentially promoted thymic selection of MHC-

independent rather than MHC-restricted TCR. Although core-

ceptor-free Lck was available to all abTCR, coreceptor-free

Lck promoted thymic selection signaling by MHC-independent

A11 TCR much more efficiently than MHC-restricted AND TCR.

In our view, coreceptor-free Lck is inefficient in promoting TCR

signal transduction because coreceptor-free Lck must be

passively captured within microclusters of ligand-engaged

abTCR, whereas CD4/CD8 coreceptors bring coreceptor-asso-

ciated Lck directly into microclusters of pMHC-engaged abTCR

(Holdorf et al., 2002). As a result, signaling by coreceptor-free

Lck requires abTCR with significantly higher ligand affinities

than signaling by coreceptor-associated Lck. In fact, the two

MHC-independent abTCR characterized in this study bind their

MHC-independent selecting ligand CD155 with high affinity

that is in the 150–200 nM range. Consequently, we think that cor-

eceptor-free Lck preferentially promotes thymic selection of

MHC-independent abTCR because MHC-independent abTCR

bind their selecting ligand in the thymus with relatively high affin-
Figure 6. Effect on Thymic Selection of Coreceptor-Associated and Co

(A) Numbers of ab LN T cells in coreceptor-deficient (left side) or coreceptor-suf

(B) Numbers of ab LN T cells in kinase-deficient mice (mean ± SE, n = 3 mice/ g

(C) Profiles of thymocytes with endogenous Lck (black lines) or Lckmut (colored

Numbers in CD69 histograms indicate frequency of positive cells and is summar

(D) Numbers of ab LN T cells in TCR transgenic mice with endogenous Lck (black

endogenous Lck proteins (set at 100%) is displayed in the right panel (mean ± S

*p < 0.05; **p <. 01; ***p < 0.001; ****p < 0.0001; NS, not significant.
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ity whereasMHC-restricted abTCR bind their selecting ligands in

the thymus with very low affinity.

Affinity considerations can also explain why coreceptor-free

Lck proteins generated fewer polyclonal abT cells than corecep-

tor-associated Lck proteins. This experimental observation may

appear discordant with the a priori expectation that coreceptor-

free Lck would promote signaling by abTCR with a broader

range of ligand specificities than coreceptor-associated Lck.

However, abTCR that bind thymic selecting ligands with suffi-

ciently high affinity to utilize coreceptor-free Lck would be less

frequent than abTCR that bind thymic selecting ligands with

the much lower affinity needed to utilize coreceptor-associated

Lck. Consequently, we do not think that the fewer polyclonal abT

cells generated by coreceptor-free than coreceptor-associated

Lck is indicative of the relative numbers of MHC-independent

and MHC-restricted abTCR expressed in the preselection

repertoire.

Positive selection signaling by MHC-independent abTCR in

the thymus resembled that of MHC-restricted abTCR in their

requirements for the evolutionarily conserved Y48 and E54 resi-

dues in the CDR2 region of Vb8 TCR (Feng et al., 2007; Garcia

et al., 2009; Marrack et al., 2008). Positive selection signaling

by a transgenic MHC-restricted Vb8 TCR was previously shown

to require Y48 and E54, arguably because of their roles as MHC

contact residues that promoted TCR engagement of pMHC

selecting ligands in the thymus and fulfilling a prediction of the

germline model of MHC restriction (Scott-Browne et al., 2009).

However, the current study showed that the transgenic MHC-

independent A11 Vb8 TCR also required Y48 and E54 for optimal

positive selection signaling, even though MHCwas not involved.

Reciprocally, it was recently shown that an MHC-restricted TCR

repertoire could still be generated without evolutionarily

conserved germline-encoded CDR1 and CDR2 sequences

(Holland et al., 2012). We suggest that germline-encoded

CDR1 and CDR2 amino acid residues may have been conserved

in evolution for reasons unrelated to their role as MHC contact

residues but possibly related to their role inmaintaining the integ-

rity of the TCR combining site.

As thymic differentiation of MHC-independent abTCR has

not previously been characterized, it is worth noting that,

because transgenic MHC-independent abTCR are expressed

in DN thymocytes and signal in the absence of coreceptors,

transgenic MHC-independent abTCR initiated positive selection

signaling in thymocytes at the DN stage of differentiation. How-

ever, we think that DN thymocytes that were signaled to undergo

positive selection had already been signaled by their pre-TCR

to differentiate into DP thymocytes, in which case positive

selection signaling continued until coreceptor protein expres-

sion was high enough to sequester Lck and extinguish further
receptor-free Lck

ficient (right side) mice (mean ± SE, n = 3 mice/group).

roup). ND, not done.

lines) proteins. Numbers in CD4 versus CD8a plots indicate cell frequencies.

ized in right panels (mean ± SE, n = 3 mice/group).

bar) or Lckmut (gray bar) proteins. Reconstitution by Lckmut proteins relative to

E, n = 3 mice/group).



Figure 7. Role of Evolutionarily Conserved CDR2b Residues in Thymic Selection by an MHC-Independent TCR

(A) Thymocyte profiles from MHC-deficient mice expressing A11 TCR whose TCRb chain was wild-type or contained a point mutation in CDR2, either Y48A or

E54A. Numbers in TCRb and CD5 histograms indicateMFI. Numbers in CD69 andCCR7 histograms indicate frequency of positive cells. Numbers in CD69 versus

CCR7 plots indicate frequency of mature cells. Thymus cellularity is shown as mean ± SE (n = 4 mice/group).

(B) Assessment of in vivo signaling of thymocytes. Unstimulated thymocyte lysates were precipitated with anti-TCRz and blotted for phospho-zeta, ZAP70, or

TCRz. Data represent two experiments.

(C) LN abT cell numbers (mean ± SE, n = 4 mice/group).

*p < 0.05; ****p < 0.0001.
MHC-independent TCR signaling. Nevertheless, thymocytes

signaled by transgenic MHC-independent abTCR underwent

similar changes in CD4/CD8 and CD69/CCR7 expression in

the thymus as thymocytes signaled by conventional MHC-

restricted abTCR and gave rise to similar CD4/helper- and

CD8/cytotoxic-lineage T cells in the periphery. Thus, thymocyte
C

development and lineage-specification appear to progress iden-

tically regardless of the phenotypic stage in thymocyte differen-

tiation that abTCR-mediated positive selection signaling occurs.

In conclusion, this study has documented the existence of

MHC-independent abTCR in the thymus and identified the basis

for thymic selection of an MHC-restricted abTCR repertoire.
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This study has also demonstrated that generation of an uncon-

ventional MHC-independent abTCR repertoire expressed by

peripheral T cells requires the presence of coreceptor-free Lck

during thymic selection. As a result, TCR gene rearrangements

appear to be carefully timed during development in the thymus

so that gdTCR specifically encounter coreceptor-free Lck and

abTCR specifically encounter coreceptor-associated Lck so

that T cells expressing these different TCR complexes will pri-

marily recognize MHC-independent and MHC-restricted li-

gands, respectively.

EXPERIMENTAL PROCEDURES

Animals

C57BL/6 (B6), B2m�/�, Rag2�/�, Lck�/�, Fyn�/�, Tcra�/�, and Cd4�/� mice

were purchased from Jackson Laboratories. B10.A mice were obtained from

NCI. CD8a�/� and H2-Ab1�/� mice were bred in our own animal colony, as

were AND TCR transgenic mice (Kaye et al., 1989), P14 TCR transgenic

mice (Pircher et al., 1989), and hBcl-2 transgenic mice (Linette et al., 1996).

CD4 transgenic mice expressing full-length 444 or tailless 44T transgenic

CD4 proteins were generated as previously described (Van Laethem et al.,

2007), as were CD155�/� mice (Maier et al., 2007). Animal care was in accor-

dance with National Institutes of Health (NIH) guidelines.

New transgenic mouse strains constructed for this study were generated by

cloning gene-specific cDNAs into the human CD2 transgenic vector to achieve

T cell specific expression. For wild-type andmutant Lck transgenes, full-length

Lck cDNA was cloned from purified B6 abT cells in which residues C20 and

C23 were both mutated to alanine using the QuikChange XL site-directed

mutagenesis kit (Stratagene). cDNAs encoding Lckwt and Lckmut proteins

were each cloned into the transgenic vector and injected into B6 oocytes.

For TCR transgenes, full-length cDNAs encoding the rearranged TCRa and

TCRb chain of each TCR (A11, B12A, B12F) were separately cloned into

TCRa and TCRb vectors that were then injected together into B6 oocytes.

For A11 TCR transgenes with CDR2 mutations, residues Y48 and E54 in the

cDNA encoding the A11 TCRb chain were individually mutated to alanine,

cloned into transgenic vectors, and injected together with the A11 TCRa trans-

genic vector into B6 oocytes. At least two independent founder lines for each

transgene were generated and analyzed.

Antibodies and Reagents

For a detailed list see the Extended Experimental Procedures.

Flow Cytometry and Cell Sorting

See the Extended Experimental Procedures for details.

Calcium Mobilization and Protein Immunoblotting

Assays were performed as described (Van Laethem et al., 2007). For details

see the Extended Experimental Procedures.

T Cell Proliferation and Activation

To test T cell reactivity, purified ab LNT responder cells (1 3 105/well) were

labeled with CFSE and cocultured for 4 days with LPS-activated and irradiated

splenic B stimulator cells (2 3 105/well). For in vivo proliferation, 5–10 3 106

CFSE-labeled T cells were injected into unmanipulated lymphopenic host

mice. IL-2 production by T-hybridomas were measured by standard ELISA.

Construction of Mixed Bone Marrow Chimeras

Bone marrow stem cells (107 T cell-depleted) from each donor were injected

into sublethally irradiated (6 Gy) Rag2�/� host mice and analyzed 8–10 weeks

later.

Thymic Epithelial Cell Isolation

Thymi were teased apart to release all thymocytes and then treated with colla-

genase/DNase/dispase for four sequential digestions at 37�C for 10 min each

(Gray et al., 2008). Cells were then stained with mAb specific for EpCAM,

CD45, MHCII, Ly51, and UEA-1, to distinguish cortical and medullary thymic

epithelial cells.
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Statistical Analyses

Student’s t test with two-tailed distributions was used for statistical analyses.

P values of 0.05 or less were considered significant.
SUPPLEMENTAL INFORMATION
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