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SUMMARY

The strength of interactions between T cell receptors
and the peptide-major histocompatibility complex
(pMHC) directly modulates T cell fitness, clonal
expansion, and acquisition of effector properties.
Here we show that asymmetric T cell division is an
important mechanistic link between increased signal
strength, effector differentiation, and the ability to
induce tissue pathology. Recognition of pMHC
above a threshold affinity drove responding T cells
into asymmetric cell division. The ensuing proximal
daughters underwent extensive division and differ-
entiated into short-lived effector cells expressing
the integrin VLA-4, allowing the activated T cell to
infiltrate andmediate destruction of peripheral target
tissues. In contrast, T cells activated by below-
threshold antigens underwent symmetric division,
leading to abortive clonal expansion and failure to
fully differentiate into tissue-infiltrating effector cells.
Antigen affinity and asymmetric division are impor-
tant factors that regulate fate specification in CD8+

T cells and predict the potential of a self-reactive
T cell to mediate tissue pathology.

INTRODUCTION

Most T lymphocytes in an individual have a history of self-reac-

tivity during positive selection in the thymus; they recognize

proteins encoded in the major histocompatibility complex (self-

MHC) and loaded with self-peptides, which are peptide frag-

ments derived from the body’s own proteins. Although positive

selection promotes the development of T cells with weak self-

reactivity, negative selection blocks the development of T cells

with strong self-reactivity (Goldrath and Bevan, 1999b; von

Boehmer et al., 1989). To generate a self-tolerant peripheral

T cell repertoire, developing CD8+ T cells use a specific affinity

threshold for T cell receptor (TCR) binding to self-antigens to

initiate negative selection (Daniels et al., 2006; Naeher et al.,

2007). Although thymocytes respond to peptides over a wide

range of affinities, the transition from positive to negative selec-
tion is extremely sensitive and occurs within an extremely narrow

affinity range.

The kinetics of two-dimensional TCR-pMHC interactions are

important for determining how a TCR signals (Huang et al.,

2010). Efficient negative selection in the thymus prevents most

self-reactive high-affinity T cells from entering the peripheral

repertoire but ligands at the affinity threshold induce negative

selection only when expressed at sufficient concentrations.

Thus, it is clear that some T cells escape thymic selection and

persist in the peripheral lymphoid organs. Although escaping

T cells have a threshold affinity for their target antigen and do

not generally cause spontaneous autoimmunity, disease can

be induced by activation with cross-reactive foreign antigens

(Gronski et al., 2004; Zehn and Bevan, 2006). TCR affinity for

foreign antigens is clearly a factor in the induction of autoimmu-

nity (Gronski et al., 2004), but how this affinity relates to the

selection threshold is not known. In addition, recent work by

Zehn, et al. has shown that T cells with weak self-reactivity can

be induced to divide and acquire effector functions after bacte-

rial infection (Zehn et al., 2009).

In this study, we wondered how much TCR affinity is neces-

sary for autoimmune pathology and, specifically, whether the

affinity threshold established during central tolerance induction

plays a role in maintaining peripheral tolerance. We found that

only higher affinity, ‘‘suprathreshold’’ antigens (above the

threshold for negative selection in the thymus) are able to induce

tissue pathology. Suprathreshold ligands promoted long-lasting

T cell:antigen-presenting cell (APC) contacts required for T cell

polarization and asymmetric T cell division, which generates

CD8hi proximal daughter and CD8lo distal daughter cells (Chang

et al., 2011; Chang et al., 2007). We further showed that proximal

daughters exhibited prolonged binding to antigen-loaded APCs

and that such prolonged binding resulted in sustained prolifera-

tion and differentiation of these daughter cells into short-lived

effector cells (SLECs). In contrast, distal daughters underwent

limited proliferation and had a reduced potential to induce tissue

pathology. Finally, CD8+ T cells activated by low-affinity,

‘‘subthreshold’’ ligands (below the threshold for negative selec-

tion in the thymus) primarily underwent symmetric division, re-

sulting in the production of progeny with shorter APC conjuga-

tion and reduced differentiation into SLECs. Taken together,

these data reveal that the establishment of T cell polarity is

dependent on TCR affinity and is required for the full differentia-

tion of T cell effectors capable of initiating tissue pathology.
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Figure 1. Incidence of Autoimmune Diabetes in RIP-OVA Mice after Immunization with High-Affinity OVA or Altered Peptide Ligands

(A) Diabetes was induced by adoptive transfer of 53 106 Rag-2-deficient OT-I cells into RIP-OVA mice and subsequent intraperitoneal immunization with 50 mg

OVA peptide (SIINFEKL) or the indicated altered peptide ligands and 25 mg LPS (n = 5, OVA; n = 5, Q4; n = 11, Q4R7; n = 12, T4; n = 11, Q4H7; n = 5, V4). Mice were

considered diabetic if urine glucose levels were R1000 mg/dl.

(B) Diabetes was induced as in Figure 1A with or without the addition of 1 3 106 allogeneic B6.C-H-2 bm12 B cells (n = 5, Q4R7; n = 10, T4; n = 11, Q4H7).

(C) Diabetes was induced by the adoptive transfer of 3 3 104 OT-I cells into RIP-OVA mice and subsequent infection with recombinant Lm-Q4R7 (n = 8) or Lm-

Q4H7 (n = 14). (see also Figure S1). Representative data are shown of n R 3 separate experiments.
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RESULTS

TCR Affinity Regulates the Induction of Tissue
Pathology
To determine the level of self-reactivity necessary for the induc-

tion of tissue pathology, we evaluated the role of TCR affinity in

mediating autoimmune diabetes. RIP-OVA mice express oval-

bumin in the b cells of the pancreatic islets under the control of

the rat insulin promoter (RIP) (Blanas et al., 1996). Although

adoptive transfer of high numbers of naive OT-I TCR transgenic

CD8+ T cells specific for Kb-OVA is insufficient to induce disease,

immunization with OVApeptide after OT-I T cell transfer results in

rapid b cell destruction and diabetes (Behrens et al., 2004). After

adoptive transfer of OT-I T cells and immunization with OVA

peptide or various peptide variants (Figure S1A in the Supple-

mental Information available with this article online), we

observed 100% diabetes induction only in response to supra-

threshold (i.e., above the threshold for negative selection) anti-

gens (Figure 1A). Diabetes induction was not simply due to the

activation of high numbers of antigen-specific T cells because

as few as 1.5 3 105 OT-I T cells were sufficient to induce dia-

betes after administration of the above-threshold peptide

Q4R7 (Figure S1B). Similar to its effect in fetal thymic organ

culture (Daniels et al., 2006), the T4 peptide variant exhibited

threshold properties and induced diabetes in 25% of mice (Fig-

ure 1A). The below-threshold peptidesQ4H7 and V4were unable

to induce diabetes in this model. These findings indicate

a striking threshold effect in light of the fact that the OT-I

TCR’s affinity for Q4R7-Kb is only marginally higher (<2-fold)

than its affinity for Q4H7-Kb (Figure 1A) (Daniels et al., 2006).

Because antigen dose and length of presentation can affect

the efficiency of CD8+ T cell activation, we attempted to further

boost the initial priming of transferred OT-I T cells. However,

repeated immunization with the below-threshold peptide Q4H7

was unable to sufficiently immunize OT-I T cells to generate

autoimmune diabetes (data not shown). Mice receiving a

10-fold higher dose of Q4H7 (500 mg) exhibited a transient

increase in urine glucose, which recovered to baseline within

2 weeks. This finding suggests that activation with subthreshold
710 Immunity 37, 709–720, October 19, 2012 ª2012 Elsevier Inc.
antigen was unable to promote sustained effector responses

(Figure S1C). Although diabetes development in RIP-OVA mice

can occur independently of help fromCD4 T cells, it has been re-

ported that fewer antigen-specific CD8+ T cells are required to

induce disease when help from CD4 T cells is abundantly avail-

able (Hernández et al., 2002; Kurts et al., 1997). To determine

whether CD4+ T cell activation would enable subthreshold

ligands to induce diabetes, we coinjected RIP-OVA mice with

1 3 106 B6.C-H-2-bm12 B cells, which are allogeneic for host

CD4+ T cells (McKenzie et al., 1979). Provision of robust CD4+

T cell helper responses, however, was inefficient in converting

subthreshold peptides into disease-promoting ligands (Fig-

ure 1B). In contrast, the presence of CD4+ T cells increased

disease incidence in T4 immunized mice (25% without versus

80% with CD4+ T cell help), which highlights the threshold prop-

erties of this peptide.

To eliminate potential effects from T cell competition and to

more closely mimic an endogenous T cell response, we trans-

ferred 3 3 104 OT-I T cells into RIP-OVA recipients and then

induced infection with recombinant Listeria monocytogenes ex-

pressing either Q4R7 or Q4H7 (Lm-Q4R7 or Lm-Q4H7) (Zehn

et al., 2009). Despite the presence of a highly inflammatory

bacterial infection, presentation of subthreshold Q4H7 was inef-

ficient in inducing diabetes (2/14 versus 8/8 for the above-

threshold Q4R7, Figure 1C). Taken together, these data indicate

that the sharp affinity threshold characteristic of central toler-

ance (Daniels et al., 2006; Naeher et al., 2007) is utilized by

peripheral CD8+ T cells with respect to the generation of periph-

eral-tissue pathology.

TCR Affinity Dictates the Magnitude of Effector T Cell
Activation
Because Lm-Q4H7 infection was previously shown to induce

T cell expansion and effector responses (Zehn et al., 2009), we

next examined the ability of OVA variant peptides to activate

OT-I T cells in vivo. Q4R7 peptide administration induced rapid

and high surface expression of CD25, CD69, LFA-1 (CD11a),

and CD8 and resulted in a vigorous proliferative response

(Figures 2A–2C). In contrast, Q4H7 immunization led to much



Figure 2. Characterization of In Vivo OT-I T Cell Responses after Immunization with Supratheshold or Subthreshold Peptide Ligands

RIP-OVA mice were injected with Rag-2-deficient OT-I cells, and immunization with peptide and LPS followed.

(A) Surface expression of CD25, CD69, LFA-1 (CD11a), and CD8 on lymph node OT-I T cells after 8 hr (n = 4 per peptide).

(B) CFSE dilution profiles of lymph nodeOT-I T cells 3 days after peptide immunization (n = 3 per peptide). The numbers of recovered OT-I donor cells from spleen

and lymph nodes were equal to 2.2 ± 0.3 3 106 and 0.7 ± 0.1 3 106 for Q4R7 and Q4H7 immunized mice, respectively.

(C) Total numbers of splenic OT-I T cells in mice adoptively transferred with 33 104 OT-Is and 1 day later infected with Lm-Q4R7 or Lm-Q4H7 (two experiments,

five mice per peptide).

(D) IFN-g production by OT-I T cells restimulated for 5 hr with OVA peptide in vitro (n = 6 per peptide).

(E) CTL activity from OT-I T cells. OVA (CFSEhi) and VSV (CFSElo) peptide-pulsed splenocytes were mixed at a 1:1 ratio and injected into RIP-OVA mice 3 days

after peptide immunization. Target cell lysis was analyzed from splenocytes 5 hr after cell transfer. CTL activity from unimmunized mice was <10% (n = 7, Q4R7;

n = 6 Q4H7). Representative data are shown for n R 2 separate experiments. Error bars denote standard error of the mean (SEM).
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Figure 3. T Cell Differentiation and Tissue Infiltration after Immunization with Suprathreshold or Subthreshold Peptide Ligands

(A and B) OT-I T cells were adoptively transferred into C57BL/6 mice, and infection with Lm-Q4R7 or Lm-Q4H7 followed. (A) Representative flow-cytometry plots

of SLEC and MPEC cells at days 6, 7, and 8 after infection. Numbers on the axes represent the log10 of fluorescence.

(B) Total splenic OT-I T cell numbers of SLEC and MPEC cells at day 6 after infection. Representative data are from two separate experiments; n = 5 mice per

peptide; statistical analysis was performed with an unpaired two-tailed Student’s t test. Error bars denote SEM.

(C–F) T cell infiltration and diabetes induction mediated by VLA-4 upregulation on proliferating T cells. CFSE-labeled congenic OT-I T cells (53 106) were injected

into RIP-OVA recipients, and peptide immunization and LPS followed. (C) Surface expression of VLA-4 and CFSE dye dilution on LN T cells was determined at

day 3. Numbers on the axes represent the log10 of fluorescence. Representative data are from two separate experiments; n = 4 mice per peptide. (D) Repre-

sentative immunohistochemistry for CD8 (yellow), insulin (red), and DAPI (blue) on pancreatic sections taken 3 days after immunization; images aremagnified 403

(n = 3). (E and F) Mice were treated with anti-VLA-4 (500 mg, clone PS2) or isotype control (500 mg, IgG2b) at days 0 and 2. (E) Urine glucose (n = 8) and (F)

immunohistochemistry (n = 3) were examined at day 4.
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lower expression of these activationmarkers and stimulated less

proliferation. Despite their reduced proliferation, Q4H7-stimu-

lated OT-I T cells were able to produce interferon-g (IFN-g) in

response to re-stimulation with OVA peptide in vitro and ex-

hibited efficient CTL function in vivo (Figures 2D and 2E) consis-

tent with the observations of Zehn, et al. (Zehn et al., 2009).

Importantly, the magnitude of Q4R7- or Q4H7-induced effector

T cell responses directly correlates with the ability of these

peptides to induce T cell expansion.

T Cell Differentiation and Tissue Infiltration
High expression of CD25 promotes the development of IL-7Ralo

KLRG1hi short-lived effector cells (SLECs) and drives effector

T cell proliferation later in the immune response (Obar et al.,

2010). Indeed, Il2ra�/� CD8+ T cells exhibit impaired differentia-
712 Immunity 37, 709–720, October 19, 2012 ª2012 Elsevier Inc.
tion of SLECs despite initial robust expansion. To investigate the

effect of TCR affinity on SLEC differentiation in vivo, we exam-

ined the expression of IL-7Ra and killer cell lectin-like receptor

G1 (KLRG1) by flow cytometry. At the peak of T cell proliferation

after Listeria infection (day 6), the frequency of SLECs (IL-7Ralo

KLRG1hi) was higher in T cells activated by the suprathreshold

peptide Q4R7 than in T cells activated by the below-threshold

antigen Q4H7 (Figure 3A). This increased frequency of SLECs

in Lm-Q4R7-infected mice became even more prominent at

days 7 and 8 after infection, when T cell contraction has begun

to occur (Figure 3A). In contrast, the frequency of memory-

precursor (MP) effector cells (IL-7RahiKLRG1lo) was decreased

in mice infected with Lm-Q4R7 as compared to mice infected

with Lm-Q4H7 (Figure 3A). These shifts in frequency primarily re-

flected an increase in SLEC numbers as a consequence of



Immunity

Asymmetric Division and Tissue Pathology
stimulation with suprathreshold Q4R7 antigen, although MPEC

numbers were somewhat increased as well (Figure 3B).

The suprathreshold peptide Q4R7 also induced the upregula-

tion of VLA-4 (also called CD49d or a4 integrin), which wasmaxi-

mally expressed on CD8+ T cells that had undergone more than

five divisions (Figure 3C). Q4H7 activated T cells did not undergo

as vigorous proliferation, although the few T cells that had pro-

gressed beyond five divisions also showed increased VLA-4

expression. Interaction of VLA-4 with VCAM-1 expressed on

pancreatic endothelium has been shown to regulate T cell infil-

tration into the pancreas (Hänninen et al., 2007). Indeed, immu-

nization with the suprathreshold peptide Q4R7 resulted in signif-

icant islet infiltration by CD8+ T cells, whereas no significant

infiltration by subthreshold, Q4H7-activated T cells was

observed (Figure 3D). Q4H7 induced minor infiltration late in

the response at day 6, but this did not lead to any b cell loss

(data not shown). Previous studies have shown that treatment

with anti-VLA-4 can inhibit the homing and infiltration of

antigen-specific T cells in several autoimmune models (Burkly

et al., 1994; Yednock et al., 1992). To determine whether

Q4R7-mediated VLA-4 upregulation was responsible for islet

infiltration in RIP-OVA mice, we treated immunized mice with

mAb to VLA-4 at the onset of Q4R7 priming. All control mice

developed diabetes and exhibited substantial islet infiltration

by CD8+ T cells, whereas anti-VLA-4-treated mice remained

healthy (Figures 3E and 3F). These data indicate that, despite

the ability of Q4H7 to induce effector T cell responses, the scar-

city of T cells expressing VLA-4 reduces islet infiltration and is

therefore a limiting factor in disease development.

TCR Affinity Regulates T Cell-APC Conjugation
We wondered how the marginal affinity difference (�1.5 fold)

between the Q4R7 and the Q4H7 APLs can result in such

different phenotypic and functional outcomes. One of the impor-

tant factors governing T cell activation is the ability of T cells to

form long-lasting conjugates with APCs (Iezzi et al., 1998). Sple-

nocyte APCs pulsed with the suprathreshold Q4R7 formed 10-

fold more conjugates with OT-I T cells than did Q4H7-pulsed

splenocytes (Figure 4A), which is consistent with Q4R7’s ability

to promote enhanced T cell proliferation. Higher concentrations

of Q4H7 did not lead to increased conjugate formation (Fig-

ure 4B) or maximal expression of CD25 (Figure 4C) on OT-I

T cells, even though T cell proliferation was enhanced. Despite

their inability to form long-lasting interactions with APCs, OT-I

T cells stimulated with subthreshold ligands are able to enter

the cell cycle. They do not, however, maintain a high level of

CD25 expression, which probably limits their capacity for sus-

tained expansion (van Stipdonk et al., 2003). In contrast,

above-threshold ligands such as Q4R7 induce stable conju-

gates, high CD25 expression, and sustained proliferation

(Figures 2B, 2C, and 4A–4C).

The formation of T cell-APC conjugates is critically dependent

on the TCR’s ability to activate LFA-1 (Scholer et al., 2008). To

examine the contribution of TCR affinity to LFA-1 activation,

we incubated OT-I T cells with Kb-Q4R7 or Kb-Q4H7 tetramers

and measured T cell adhesion to plate-bound purified mouse

ICAM-1, the ligand for activated LFA-1. Kb-Q4R7 stimulation

generated 3-fold more ICAM-1-adherent OT-I cells than stimula-

tion with subthreshold Kb-Q4H7 (Figure 4D). This increase was
mediated by LFA-1 because adhesion could be inhibited with

an antibody blocking LFA-1 function. Given the importance of

LFA-1-ICAM interactions for generating sustained T cell-APC

contacts (Scholer et al., 2008), we next examined the effect of

antigen affinity on the duration of conjugation by using time-lapse

videomicroscopic imaging to track individual DC-T cell pairs. As

expected, OT-I T cells formed more conjugates with Q4R7-

loaded DCs than with Q4H7-loaded DCs (11.7 ± 2.5% for Q4R7

versus 2.3 ± 0.7% for Q4H7, p < 0.005). In addition, OT-I-

Q4R7-loaded APC conjugates were of much longer duration

than OT-I -Q4H7 loaded APC conjugates (Figure 4E and Movie

S1). This difference is conspicuous given the minimal difference

between Kb-Q4R7 and Kb-Q4H7 in affinity for the OT-I receptor.

TCR Affinity Regulates Asymmetric Cell Division
Sustained synapses between T cells and APCs were also shown

to be required for the asymmetric division of CD8+ T cells re-

sponding to bacterial infection (Chang et al., 2011; Chang

et al., 2007). After T cell activation, CD8 and LFA-1 redistribute

to the immune synapse, and the resulting polarization sets the

stage for asymmetric division, where one daughter cell (proximal

[P] to the synapse) recruits greater amounts of CD8 and LFA-1

than the other (distal [D] to the synapse) (Chang et al., 2007; Dus-

tin and Chan, 2000; Oliaro et al., 2010). To determine whether

stimulation with the suprathreshold Q4R7 resulted in more

asymmetric division than that with Q4H7, we transferred

CFSE-labeled naive OT-I T cells into congenic recipients and fol-

lowed this by immunization with peptide and LPS. After 24 to

36 hr, undivided T cells were sorted and either used directly for

confocal analysis (Figure 5A) or cultured in vitro for several hours

(Figure 5B) (Chang et al., 2007). A polarized distribution of CD8

was observed in Q4R7-activated mitotic T cells, which could

be identified by the presence of two oppositely facing microtu-

bule organizing centers (MTOCs). Most CD8 colocalized with

only one of the MTOCs (Figure 5A, rows 1 and 2). In addition,

Q4R7-generated conjoined daughter cellsmaintained this asym-

metry; one daughter cell inherited the majority of CD8 and LFA-1

(Figures 5B and 5C). Analysis of evolutionarily conserved polarity

proteins also revealed an asymmetric distribution, in that

Scribble segregated to the putative proximal daughter and

PKC2 segregated to the distal daughter. In addition, Numb,

which is an inhibitor of Notch signaling and has a conserved

role in asymmetric cell division (Betschinger and Knoblich,

2004), was preferentially localized in proximal daughter cells

(Figures 5B and 5C). These findings are in agreement with the

previously reported asymmetric localization of these proteins

after T cell activation (Chang et al., 2011; Chang et al., 2007).

In contrast, Q4H7-activated T cells exhibited more-uniform

CD8 staining prior to division (Figure 5A, rows 3 and 4), and

the majority of conjoined daughter cells contained equivalent

levels of synaptic proteins (CD8, LFA-1), polarity proteins

(Scribble, PKCz), and Numb (Figures 5B and 5C). A similar

symmetric pattern of staining has been reported for T cells

undergoing homeostatic proliferation in Rag�/� mice which is

driven by low affinity self antigens, i.e., those that induce positive

selection in the thymus (Chang et al., 2007; Ernst et al., 1999;

Goldrath and Bevan, 1999a). Although Q4H7 was originally

described as a strong positive selector in OT-I fetal thymic organ

culture (Daniels et al., 2006), it is capable of inducing peripheral
Immunity 37, 709–720, October 19, 2012 ª2012 Elsevier Inc. 713



Figure 4. Conjugate Formation between OT-I T Cells and APCs Pulsed with Suprathreshold or Subthreshold Peptide Ligands

(A) APCs (C57BL/6 splenocytes) were incubated with 1 3 10�8 M peptide and LPS and mixed with congenic (CD45.1) OT-I lymphocytes. Conjugate formation

was determined after antibody staining and flow cytometry. Numbers on the axes represent the log10 of fluorescence. Representative data are from four

independent experiments.

(B) Splenocytes were pulsed with the indicated concentration of peptide and cultured together with OT-I T cells.

(C) Proliferation (CFSE dye dilution) and CD25 expression was assessed after 48 hr. Numbers on the axes represent the log10 of fluorescence.

(D) Adhesion of OT-I T cells to mouse ICAM-1 was determined after no stimulation or after incubation with tetramer (Kb-Q4R7 or Kb-Q4H7) or PMA (Mueller et al.,

2004). Results are expressed as the mean percentage of adherent cells from triplicate wells ± SD. Representative data are from three independent experiments.

(E) Bone-marrow-derived dendritic cells were labeled with PKH-26 and incubated with 13 10�8 M peptide and LPS. After 4 hr, CMAC-blue-labeled OT-I T cells

were added, and individual T cell-DC conjugates were tracked over a 12 hr period by time-lapse videomicroscopy. The horizontal bars indicate the average

conjugation time ± SEM. Statistical analysis was performed by an unpaired two-tailed Student’s t test. (see also Movie S1 and Movie S2).
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T cell proliferation ( Figure 2B). However, this proliferation ismore

likely to result in symmetric divisions (Figures 5B and 5C) that do

not fully promote effector differentiation (Figure 3).

The dependence of asymmetric division on LFA-1-ICAM inter-

actions (Chang et al., 2007) and the inability of subthreshold

ligands to induce strong LFA-1 activation, efficient conjugation,

or asymmetric division (Figures 4 and 5) indicate a role for

long-lasting T cell-APC contacts in regulating T cell polarity. To

investigate whether prolonged T cell-APC contacts induced

by high-affinity peptides are a factor in initiating asymmetric

division, we examined the subcellular localization of PKCz in

dividing OT-I T cells activated by Q4R7 pulsed DCs. After 4 or

24 hr of coculture, T cell-APC conjugates were mechanically

disrupted, and T cells were further cultured with LPS-activated

DCs in the absence of peptide for an additional 44 or 24 hr,

respectively. In-vitro-activated OT-I T cells undergoing pro-
714 Immunity 37, 709–720, October 19, 2012 ª2012 Elsevier Inc.
longed coculture with Q4R7-loaded APCs exhibited asymmetric

distribution of PKCz (16/19 asymmetric cells, Figure 5D).

Asymmetric division correlated with higher expression of CD25

at 72 hr (Figure S2). In contrast, T cells cocultured for only 4 hr

with Q4R7-pulsed DCs primarily exhibited symmetric distribu-

tion of PKCz and correspondingly lower levels of CD25 (4/16

asymmetric cells, Figure 5D; see also Figure S2). Taken together,

these data reveal a requirement for sustained contact between

T cells and APCs for the establishment of T cell polarity and

asymmetric division.

AsymmetricDivisionPromotes SLECDifferentiation and
Tissue Infiltration
Asymmetric T cell division results in the generation of putative

proximal and distal daughter cells with high and low amounts

of CD8, respectively. The CD8 coreceptor plays a role in



Figure 5. Assessment of Asymmetric Cell Division in OT-1 T Cells Responding to Supratheshold or Subthreshold Peptide Ligands

CFSE-labeled OT-I T cells were transferred into C57BL/6 mice, and immunization with LPS and either Q4R7 or Q4H7 followed. After 24 to 36 hr, undivided

(brightest CFSE peak) OT-I T cells were sorted and analyzed by confocal microscopy for (A) b-tubulin and CD8 localization on single T cells or (B) b-tubulin, CD8,

LFA-1, Scribble, Numb, and PKCz on conjoined daughter cells (Chang et al., 2007; Oliaro et al., 2010; Suzuki and Ohno, 2006). Proximal (defined as the cell with

a majority of CD8 expression) and distal daughters are marked with ‘‘P’’ and ‘‘D,’’ respectively. (C) Quantification of asymmetric protein distribution in conjoined

daughter T cells shown in (B). The number of conjoined daughter cells analyzed for each stain is indicated in parentheses as follows (nr Q4R7, nr Q4H7): CD8

(72, 67), LFA (15, 15), Numb (23, 18), Scribble (14, 18), and PKCz (20, 16). *p% 0.02; **p% .001. Statistical analysis was performed by a two-tailed Student’s t test.

(D) CFSE-labeled T-1 T cells were cultured for 4 or 20 hr with Q4R7-pulsed DCs and LPS. After mechanical disruption of conjugates, T cells were purified on

a magnetic column and recultured with unloaded, LPS-treated DCs for an additional 24–44 hr. Mitotic T cells were analyzed by confocal microscopy for

distribution of PKCz and CFSE (n = 19 cells, Q4R7, n = 16 cells, Q4H7) (see also Figure S2).

Immunity

Asymmetric Division and Tissue Pathology
stabilizing TCR-pMHC interactions, and CD8 binding is required

for efficient conjugation between OT-I T cells and antigen-pulsed

APCs (Jiang et al., 2011; Potter et al., 2001). To investigate

whether differential expression of CD8 after asymmetric division

has an effect on the subsequent binding of T cells to APCs, we

sorted proximal (CD8hi) and distal (CD8lo) daughter cells from

mice primed in vivo (Figures S3A, S3B, and S3C) and cultured

the sorted daughter cells with peptide-pulsed DCs. Compared

to distal daughters, proximal daughters formed twice as many

conjugates with 10�8 M peptide-pulsed APCs, a difference

that increased to 6-fold at lower (10�10 M) antigen concentra-

tions (Figure 6A). This suggests that proximal daughters might

have a competitive advantage over distal daughters when

antigen becomes limiting or when T cell competition increases,

as might occur during the later expansion phase of an immune

response. To examine the proliferation and phenotype of prox-

imal and distal daughter T cells in vivo, we injected sorted prox-

imal and distal daughter cells separately into Lm-Q4R7-infected

mice that had been infected 1 day or 3 days previously. Priming

of CD8+ T cells in response to Listeria has been shown to bemost

efficient one day after bacterial inoculation (Pamer, 2004). Donor
T cells were analyzed at days 4 and 6 after transfer. In mice in-

fected with Lm-Q4R7 for 1 day before T cell transfer, proximal

daughters exhibited a �2.5-fold increased accumulation com-

pared to that of distal daughters after 6 days (Figure 6B).

Accumulation in proximal daughters was further increased to

approximately 8-fold more than that of distal daughters in mice

that had been infected with Lm-Q4R7 for 3 days prior to T cell

transfer (Figure 6B). Thus, the increased accumulation of prox-

imal daughter T cells in mice that had been infected longer

(3 days) prior to T cell transfer suggests that proximal daughters

continue to expand even as antigen concentrations are

decreasing from the time of T cell transfer (3 days after infection)

to the end point of the experiment 6 days later. In this sense, they

exhibit an increased competitive fitness over distal daughters.

To examine potential alterations in T cell differentiation, we iden-

tified SLEC and MPEC populations by expression of IL-7Ra and

KLRG1. Six days after transfer, the ratio of SLECs toMPECswas

much higher in mice that had received proximal donor T cells

than in mice receiving distal donor T cells (Figures 6C and 6D).

Interestingly, T cells derived from a distal daughter also exhibited

a large proportion of cells expressing both KLRG1 and IL-7Ra,
Immunity 37, 709–720, October 19, 2012 ª2012 Elsevier Inc. 715



Figure 6. Phenotypic and Functional Characterization of CD8hi and CD8lo Daughter T Cells

CFSE-labeled OT-I T cells were injected into congenic mice, and immunization with peptide and LPS followed. After 24 hr (Q4R7), once-divided T cells (2nd CFSE

peak), were sorted into CD8hi (proximal daughter) and CD8lo (distal-daughter) populations by FACS.

(A) Sorted T cells were cocultured with antigen-pulsed DCs, and conjugation was assessed by flow cytometry after 20 min incubation (n = 3 experiments). *p <

0.005 by an unpaired two-tailed Student’s t test. Results are expressed as the mean percentage of conjugated cells ± SD.

(B–D) Sorted T cells were adoptively transferred into congenicmice that had been infectedwith Lm-Q4R7 1 or 3 days previously (three experiments, n = 3mice per

group). *p < 0.005. (B) Total splenic OT-I T cell numbers at days 4 and 6 after T cell transfer. (C) Representative FACS plots of KLRG1, IL-7Ra, and VLA-4 6 days

after T cell transfer into mice that had been infected 72 hr prior to transfer. Numbers on the axes represent the log10 of fluorescence. (D) Total splenic OT-I T cell

numbers of SLEC andMPEC cells at day 6 after infection (three experiments, n = 3mice per group). *p < 0.001 (unpaired two-tailed Student’s t test). Results in (B)

and (D) are expressed as the mean number of cells from triplicate mice ± SD.

(E) Sorted proximal or distal daughters were injected into RIP-OVA mice that had been infected with Lm-Q4R7 1 day previously. Diabetes development was

assessed as in Figure 1 (see also Figures S3D and S3H).
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although the function of these cells is not known (Figure 6C).

In addition, a higher proportion of the progeny of proximal

daughters expanding in Lm-Q4R7-infected mice had increased

expression of VLA-4 (Figure 6C).

To determine whether Q4R7-induced asymmetric cell division

led to daughter cells with different potentials to induce tissue

pathology, we sorted proximal (CD8hi) and distal (CD8lo) daugh-

ters and adoptively transferred them into RIP-OVAmice that had

been infected 1 day previously with Lm-Q4R7. Although 104

naive OT-I T cells are less than the numerical threshold required

to induce diabetes, the same number of proximal daughter cells

induced diabetes in 90% (13 of 14) of Lm-Q4R7-infected mice

(Figure 6E). In contrast, 104 distal daughter cells did not cause

disease in similarly infected mice (1 of 16). It should be noted

that distal daughters were able to cause disease in Lm-Q4R7-in-

fected mice, but 5- to 10-fold higher numbers of transferred

distal daughters were required to generate a similar frequency

of diabetes (Figure 6E). Similarly, smaller numbers of distal

daughters were sufficient to induce disease in mice infected

with Lm-OVA (Figure S3D), which induced stronger and more

sustained proliferation (Figure S3E).

Proximal daughters responding to Q4R7 in vitro exhibited both

more proliferation and higher expression of CD25 than did distal

daughters (Figure S3F). Given the importance of IL-2 signaling in

SLEC differentiation, it’s possible that the efficiency in SLEC

differentiation shown by proximal daughters responding to

Q4R7 stimulation in vivo is a result of higher CD25 expression,

which in turn influences the extent of T cell proliferation. Proximal

daughters responding toOVApeptide in vitro also exhibitedmore

proliferation than distal daughters; however, CD25 expression,

SLEC/MPEC ratios, and VLA-4 expression were similar in both

populations (Figures S3F and S3G). It’s conceivable that distal

daughters can re-enter the proliferating T cell pool and differen-

tiate into SLECs if they encounter an even higher-affinity antigen.

Taken together, these data highlight the importance of T cell

expansion in causing diabetes. Although proximal daughters

have a clear advantage over distal daughters in their ability to

expand, transferring higher numbers of distal daughters or

exposing distal daughters to the highest-affinity antigen, Lm-

OVA, which elicits stronger and more sustained proliferation

(Zehn et al., 2009), are sufficient to induce diabetes.

In summary, these data show that suprathreshold antigens

lead to long T cell-APC contacts, asymmetric division, and the

generation of polarized proximal daughter T cells. CD8hi prox-

imal daughters are significantly better able to make conjugates

with antigen-bearing APCs, expand, and differentiate into SLECs

expressing VLA-4, a molecule required for T cell infiltration into

peripheral tissues. Consistent with these observations is our

finding that OT-I T cells primed with suprathreshold Q4R7 in

ICAM-deficient (Icam1�/�) hosts, which are unable to support

asymmetric division (Chang et al., 2007), were less efficient at

inducing disease after transfer into Lm-Q4R7-infected RIP-

OVA mice (Figure S3H).

DISCUSSION

The experiments presented here show that an antigen affinity

threshold determines the differentiated state of a responding

T cell. Previous work revealed that the boundary between posi-
tive and negative selection occurs across a very sharp TCR

affinity threshold (Daniels et al., 2006), but whether this affinity

threshold is similarly used by peripheral CD8+ T lymphocytes

for the maintenance of peripheral tolerance was not previously

known. Our results demonstrate that only antigens above the

negative selection threshold are able to fully promote the devel-

opment of effector T cells capable of infiltrating the pancreas and

efficiently causing b cell destruction. It’s striking that the

disease-promoting ligand Kb-Q4R7 has only a marginally higher

(�1.5 fold) affinity for OT-I cells than does Kb-Q4H7 (Daniels

et al., 2006), which is inefficient at causing diabetes in RIP-

OVA mice. This emphasizes the importance of this affinity

threshold for peripheral CD8+ T cell responses. That Q4R7 is

an efficient negative selector (Daniels et al., 2006) underscores

the importance of central tolerance in preventing highly self-

reactive thymocytes from entering the peripheral repertoire.

Our data also highlight a requirement for an above-threshold

antigen affinity to generate sustained T cell-APC contacts in

order to maintain primary T cell expansion. ICAM-LFA-1 signals

are essential for long-lasting T cell-DC conjugates (Scholer et al.,

2008), and here we show that T cell activation with above-

threshold ligands induces sustained T cell-APC contacts medi-

ated by ICAM-LFA-1 interactions. Although we have not exam-

ined the morphology of OT-I -APC synapses, a recent study

(Schubert et al., 2012) demonstrates that low-affinity, autoreac-

tive CD4+ helper T cells exhibit atypical immune synapses. It

would be interesting to determine whether the synapse is orga-

nized differently when a CD8+ T cell recognizes a subthreshold

antigen. Although ICAM-1 appears to be dispensable for the

initial priming and differentiation of effector T cells, ICAM-1 defi-

ciency results in decreased accumulation of effector T cells at

later time points (Scholer et al., 2008). In addition, despite normal

acquisition of effector function, LFA-1-deficient T cells were

recently shown to have a specific defect in SLEC differentiation

(Beinke et al., 2010). Interestingly, we observed normal cytokine

production and cytotoxicity by T cells activated with below-

threshold ligands. Indeed, subthreshold antigen stimulation

has previously been shown to induce T cell proliferation and

effector function, but the magnitude of these responses is

reduced, and T cell contraction occurs earlier (Zehn et al.,

2009). The earlier contraction observed in response to

subthreshold activation most likely prevents the full accumula-

tion of SLECs that mediate pancreatic b cell destruction. In this

context, we observed decreased numbers of SLEC effector

T cells in response to subthreshold TCR stimulation. Of note,

although Il2ra�/� CD8+ T cells exhibit general defects in expan-

sion and survival after Listeria infection, the most significant

decrease is observed in the SLEC subset, indicating the depen-

dence of this population on IL-2 signaling. (Obar et al., 2010).

Importantly, our data reveal asymmetric division as an impor-

tant mechanistic link between increased signal strength and

T cell differentiation (Dustin and Chan, 2000). Previous work

demonstrated that short stimulation leads to decreased CD25

expression and abortive clonal expansion while long stimulation

promotes sustained proliferation and CD25 expression (Gett

et al., 2003; van Stipdonk et al., 2003). Our data expand on these

observations by showing that prematurely disrupting T cell-

APC conjugates prevents asymmetric division and a concomi-

tant increase in CD25 expression. In agreement with this,
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T cells primed with suprathreshold ligand in the absence of

ICAM-LFA-1 signals, which are essential for long-lasting DC

interactions as well as asymmetric division, are less efficient at

causing diabetes when transferred into RIP-OVA mice (Chang

et al., 2007; Scholer et al., 2008).

Asymmetric division results in the generation of CD8hi

daughter cells with greater capacity than CD8lo daughter cells

to bind antigen-loaded APCs. Higher expression of LFA-1 on

CD8hi proximal daughters is also likely to be a factor in their

enhanced conjugation with APCs (Chang et al., 2007). In vivo,

these CD8hi daughter cells undergo enhanced proliferation,

exhibit increased differentiation into SLECs and have a higher

proportion of cells expressing VLA-4, which is required for tissue

infiltration. Importantly, CD8hi proximal daughter cells are much

more efficient at infiltrating peripheral tissues and inducing target

cell destruction. The enhanced APC binding and differentiation

of CD8hi proximal daughter cells reveals the importance of

repeated T cell-APC encounters that occur after the onset of

T cell division (Celli et al., 2005). In contrast, CD8lo distal

daughter cells exhibited impaired accumulation of tissue-infil-

trating SLECs. Interestingly, a large proportion of T cells derived

from CD8lo distal daughters were double positive for both

KLRG1 and IL-7Ra. A similar population of double-positive cells

has been observed in SLP-76-deficient T cells (Smith-Garvin

et al., 2010), suggesting that lower levels of T cell activation

lead to incomplete or transient downregulation of IL-7Ra expres-

sion. Taken together, the data presented here suggest a scenario

in which above-threshold antigens activate LFA-1 on responding

T cells and lead to long-lasting conjugates and asymmetric cell

division. This sequence generates CD8hi proximal daughter

cells, which probably further upregulate CD25 expression,

leading to the cells’ sustained proliferation and differentiation

into tissue-infiltrating SLECs.

A similar requirement for T cell polarity in SLEC differentiation

was reported for both Pyk2-deficient and LFA-1 deficient

T cells, which exhibit impaired SLEC differentiation after

LCMV infection (Beinke et al., 2010). Interestingly, as antigen

concentrations decrease, CD8hi proximal daughters maintain

their ability to bind strongly to antigen-bearing DCs in vitro as

well as to proliferate in vivo. This contrasts with CD8lo distal

daughters, which exhibit decreased binding to antigen-bearing

DCs and decreased proliferation at lower antigen levels. These

findings raise the possibility that as T cell numbers and competi-

tion for antigen increases, only above-threshold ligands are able

to coordinate the polar distribution of effector fate determinants,

support continued T cell expansion, and induce the acquisition of

surface molecules that allow infiltration of peripheral tissues. Of

note, CD8lo distal daughter T cells were able induce disease

when 5- to 10-fold higher numbers of cells were transferred.

One possible explanation is a contamination of the sorted

CD8lo distal daughter population with a small number of CD8hi

proximal daughter cells capable of undergoing extensive prolif-

eration and differentiation into disease-inducing effectors.

Nevertheless, distal daughters can also cause disease when

transferred into RIP-OVA mice infected with Lm-OVA, which

induces more sustained T cell proliferation. CD8lo distal daugh-

ters might be better able to respond to OVA, given the OT-I

receptor’s higher affinity and lower CD8 dependence for binding

Kb-OVA than for binding Kb-Q4R7 (Daniels et al., 2006).
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Asymmetric division also results in the unequal partitioning of

the transcription factor T-bet (Chang et al., 2011; Chang et al.,

2007), which is known to repress IL-7Ra expression and drive

SLEC differentiation (Intlekofer et al., 2007; Joshi et al., 2007).

Importantly, T-bet-deficient CD8+ T cells exhibit defective

effector T cell accumulation and are unable to mediate diabetes

in a RIP-LCMV system (Juedes et al., 2004). Thus, in addition to

differences in CD8 and LFA-1 expression, asymmetric division

most likely leads to differential expression of other fate-deter-

mining factors in proximal daughters, which also promote the

differentiation of tissue-infiltrating SLECs.

One general question we have not yet resolved is whether

above-threshold antigens principally drive extensive T cell prolif-

eration, which subsequently leads to asymmetric division and

differentiation. Alternatively, above-threshold antigens might

establish T cell polarity and asymmetric division early on in the

T cell response; this initial differentiating event might propel the

T cell to undergo extensive division and concomitantly acquire

a SLEC phenotype.

In summary, a TCR-pMHC affinity above the negative selec-

tion threshold (KD = 6 mM) is required for efficient induction of

asymmetric division, enhanced T cell proliferation, and differen-

tiation into SLECs capable of tissue infiltration and target cell

destruction. Antigens below this affinity threshold are much

less efficient at inducing asymmetric T cell division, sustaining

T cell proliferation, and inducing SLEC differentiation. Finally,

these data raise the question of whether autoimmunity arises

when failures in thymic selection allow a small number of high-

affinity, self-reactive T cells to enter the peripheral repertoire or

when there is chronic stimulation of below-threshold T cells. In

this respect, it’s interesting that Q4H7 induces asymmetry in

some OT-I T cells, which argues for the latter possibility.

EXPERIMENTAL PROCEDURES

Mice

All animal work was done in accordance with the Federal and Cantonal laws of

Switzerland. Wild-type C57BL/6, C57BL/6 Rag2�/�, CD45.1 congenic mice

and OT-I TCR transgenic mice recognizing OVA peptide 257-264/Kb were

bred in our colony. RIP-OVA mice (Behrens et al., 2004) were obtained from

Jackson Laboratories (Bar Harbor, ME).

Adoptive Transfers, Immunization, and Infection with Listeria

monocytogenes

For diabetes induction, 53 106 OT-I CD8+ T cells were adoptively transferred

intravenously into RIP-OVA mice 1 day prior to immunization with 50 mg

peptide and 25 mg LPS. Urine glucose was monitored daily. Alternatively,

RIP-OVA mice received 3 3 104 OT-I T cells 1 day prior to infection with

L. monocytogenes expressing Q4R7, Q4H7, or OVA (Zehn et al., 2009). The

bacteria were grown to mid-log phase, and 5,000 colony-forming units

(CFUs) were then injected intravenously into mice. For confocal microscopy

analysis, 5 3 106 CFSE-labeled OT-I T cells were transferred into C57BL/6

mice, and immunization with peptide and LPS followed. After 24–48 hr, undi-

vided T cells (brightest CFSE peak) were sorted from spleens and lymph node

and cultured as previously described (Chang et al., 2007).

T Cell Proliferation, Cytokine Production, and Killing Assays

OT-I CD8+ T cells were labeled with 5 mMCFSE and adoptively transferred into

RIP-OVAmice (53 106 CFSE+ T cells/mouse). One day later, micewere immu-

nized with 50 mg Q4R7 or Q4H7 and 25 mg LPS. At day 3 after immunization,

peripheral lymph nodes (axillary, inguinal, and cervical) and spleens were har-

vested, counted, and pooled. Fluorescence-activated cell sorting (FACS) anal-

ysis of CFSE dye dilution was used for assessment of proliferation. For the
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detection of intracellular cytokines, splenocytes from day-3-immunized RIP-

OVA mice were stimulated with OVA peptide in vitro in the presence of mon-

ensin for 4 hr at 37�C. For assessment of CTL function in vivo, splenic APCs

from CD45.1 congenic mice were labeled with 5 mM (CFSE hi) or 0.5 mM

(CFSElo) CFSE. CFSEhi and CFSElo cells were pulsed for 4 hr at 37�C with

2 mM OVA or VSV peptide, respectively. Cells were mixed at a 1:1 ratio, and

107 APCs were injected intravenously into recipients harboring activated

OT-I T cells. Surviving APCs were determined after 5 hr by flow cytometry.

T Cell Adhesion Assay

Adhesion of 13 106 OT-I T cells to mouse ICAM-1 was determined after stim-

ulation with 5 mg/ml tetramer (KbQ4R7 or KbQ4H7) or PMA (10 ng/ml) (Mueller

et al., 2004). LFA-1 blocking was carried out with 10 mg/ml CD11a mAb. T cells

were incubated at 37�C for 15 min on ICAM-1-coated plates and washed so

that nonadherent cells would be removed; adherent cells were then eluted

and counted by Trypan blue exclusion.

Confocal Microscopy

Cells were placed on poly-L-lysine-coated coverslips (BD PharMingen), fixed

with 4% formaldehyde (Polysciences), permeabilized with 0.3% Triton X-100

(Sigma) and blocked with 0.25% fish skin gelatin (Sigma) and 1% normal

mouse serum. Cells were stained with anti-b-tubulin (TUB 2.1, Sigma), anti-

CD8, anti-CD11a (BD PharMingen), anti-Numb, anti-Scribble, or anti-PKCz

(Santa Cruz Biotechnology). Sections of 10–15 Z stacks were acquired with

a LSM 780 confocal microscope (Zeiss). Z stacks were converted into two-

dimensional images, and voxel volume was calculated with Imaris Software

(Bitplane). Staining was considered asymmetric when one conjoined daughter

cell expressed 1.75-fold higher staining than the corresponding conjoined twin

daughter cell. For immunhistochemistry analysis, pancreas sections were

stained with CD8 (BD PharMingen) and insulin antibodies (Dako).
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