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characterize thymocyte-thymocyte interactions that support
negative selectiona
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Abstract

Negative selection is one of the primary mechanisms that render T cells tolerant to self. Thymic
dendritic cells play an important role in negative selection, in line with their ability to induce
migratory arrest and sustained T cell receptor (TCR) signals. Thymocytes themselves display self-
peptide/MHC class | complexes, and while there is evidence that they can support clonal deletion,
it is not clear whether they do so directly, via stable cell-cell contacts and sustained TCR signals.
Here we show that murine thymocytes can support surprisingly efficient negative selection of
antigen-specific thymocytes. Further, we observe that agonist dependent thymocytethymocyte
interactions occurred as stable, motile conjugates led by the peptide presenting thymocyte, and in
which the trailing peptide-specific thymocyte exhibited persistent elevations in intracellular
calcium concentration. These data confirm that self-antigen presentation by thymocytes is an
additional mechanism to ensure T cell tolerance, and further strengthen the correlation between
stable cellular contacts, sustained TCR signals, and efficient negative selection.

Introduction

The importance of T cell tolerance is evidenced by the fact that its breakdown leads to
devastating autoimmune diseases. Thus, there exist several overlapping mechanisms to
ensure that self-reactive T cells are eliminated or held in check. Clonal deletion of auto-
reactive T cells in the thymus is a major component in the establishment of central tolerance.
Early studies showed that hematopoietic cells are important for efficient deletion of self-
reactive thymocytes, whereas thymic stromal cells, including thymic epithelial cells, are less
effective at inducing deletion (1-4). Of the hematopoietic cells in the thymus, it is clear that
dendritic cells (DCs) play a particularly important role in negative selection of self-reactive
thymocytes (5, 6). We have previously shown that thymic DCs bearing negative selecting
peptide provide cognate thymocytes with a strong “stop signal” and sustained TCR signaling
to induce cell death, whereas presentation of the same peptide by thymic stromal cells
provides a weaker “stop signal” correlating with less efficient negative selection (7). Other
hematopoietic cell types, including B cells and activated T cells, have also been implicated
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in negative selection, although the efficiency of negative selection and the nature of the
cellular interactions involved has not been addressed (8-13).

The most abundant cells in the thymus are thymocytes. Since murine thymocytes express
MHC class I, and human thymocytes express both MHC class | and 11, thymocytes
potentially present self-peptides to other thymocytes and participate in their selection
(14-17). It is well-established that thymocyte-thymocyte interactions promote the
development of certain T cell populations. For example, Natural killer T (NKT) cell
development relies on CD1d ligands expressed by cortical thymocytes (18-20). In addition,
expression of MHC class Il molecules by human thymocytes plays a role in positive
selection of other, non-conventional, PLZF-expressing CD4* T cells (21-24). While earlier
studies have also suggested that thymocyte-specific antigen can induce negative selection
(25-28), the mechanism of deletion and the cellular dynamics involved in this process have
not yet been addressed.

To explore the contribution of antigen-presentation by thymocytes to the development of
central tolerance, we determined the efficiency of negative selection when high affinity
antigen presentation is restricted to thymocytes and characterized the resulting thymocyte-
thymocyte interactions. Here we describe the rather efficient negative selection supported by
thymocytes bearing cognate peptide and the prolonged cell-cell contacts and sustained
calcium signaling that typify these interactions.

Materials and Methods

Thymocytes and thymic slices

Mice were housed in an American Association of Laboratory Animal Care approved facility
at the University of California, Berkeley, under specific pathogen-free conditions, and all
procedures were approved by the Animal Care and Use Committee. Thymus tissue was
harvested from wild-type, C57BI/6 mice (Jackson Labs), f2m~'~ mice (Taconic,
Germantown, NY), MHC class | and 11 deficient Ly5.1/Ly5.2 mice (MHCko, Abb-p2m=")
(Taconic), and OT1tg Rag2~'~ p2m™~ mice at 3-6 weeks of age or from radiation chimeras
at 5-12 weeks after reconstitution where 1-5x108 OT1tg Rag2~/~ Ly5.1 bone marrow was
transferred into lethally irradiated MHCKko hosts. Vibratome-cut thymic slices, 400-500um
thick, were prepared as described (29), and 1x10°8 cells of each thymocyte population were
added to each thymic slice as indicated. Thymic tissue was dissociated into single cell
suspensions with glass tissue homogenizers.

Cell labeling and antigen loading

Cells were loaded with Indo-1LR (TEFLabs), a ratiometric calcium indicator dye, for 90
min at 37°C, washed, and incubated an additional 60 min at 37°C prior to addition to thymic
slices. Thymocytes were loaded with 2uM SNARF (Life Technologies), 1uM Cell
Proliferation Dye eFluor 670, or 2uM Cell Proliferation Dye eFluor 450 (eBioscience), for
10 min at 37°C and washed three times in cDMEM. Thymocyes were incubated in the
presence or absence of 1nM OV Ass7.064 peptide (Anaspec) for 20 min at 37°C and washed
three times to remove unbound peptide prior to addition to thymic slices.
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Flow cytometry

Two-photon

Results

Single cell thymocyte suspensions were incubated with a fixable viability dye eFluor506 in
PBS and subsequently stained with anti-mouse antibodies to: Ly5.1-PE, Ly5.2-FITC, CD4-
PE-Cy7, CD8-eFluor450, CD69-PerCP, CD24-APC (eBioscience). Data were acquired on
an LSRII flow cytometer (BD biosciences) and analyzed with FlowJo software (Tree Star).
Statistical significance between groups was determined by performing one-way ANOVA
and Tukey post-hoc tests using Prism software.

microscopy

Thymic slices were adhered to glass coverslips with tissue glue and maintained in
oxygenated, phenol-red free DMEM media at 37°C during imaging on a custom-built
upright two-photon microscope with a 20x/0.95 Olympus objective and Spectra-Physics
MaiTai laser tuned to 750nm. Fluorescent signals were separated with 440 and 510nm
dichroic mirrors and 400/45, 480/50, and 605/75 bandpass filters. Images were acquired
every 20 sec for 20 min with 3um z-steps over an area of 172 x 143ym using custom
software. Imaging volumes were recorded at a depth of > 70pum beneath the cut site. Cell
coordinates and fluorescence intensity parameters were processed using Imaris software
(Bitplane Scientific Software), and data converted to flow cytometry-like files using custom
DICit software for further analysis with FlowJo software (Tree Star) (30). For analysis of
intracellular calcium levels ([Ca2*;]), the ratio of Ca2* bound to unbound dye intensity was
calculated.

Thymocytes can serve as peptide presenting cells to support efficient negative selection

To determine if thymocytes presenting agonist peptide support negative selection, we
examined the development and behavior of thymocytes in the presence of antigen-bearing
thymocytes within thymic slices. Thymic slices maintain the three-dimensional architecture
of the thymus including an intact cortex and medulla and chemokine gradients that direct
added thymic subsets to their appropriate niche (31, 32). We mixed labeled pre-selection
OT1 TCR transgenic Rag2™/~ (herein called OT1tg) CD4*CD8* (double positive, DP)
thymocytes with labeled p2m~~ thymocytes (to serve as an internal control) on non-
selecting ($2m~") thymic slices and allowed them to migrate into the tissue (Fig. 1A).
Subsequently, we added wild type (WT, p2m*/*) thymocytes that had been pre-loaded with
the agonist OVA,57.064 (OVA) peptide to serve as antigen presenting cells (APCs). WT
thymocytes without added peptide served as a control. After 3 hours, substantial CD69 up-
regulation was apparent on OT1tg thymocytes in the presence of OVA-loaded thymocytes,
indicative of TCR signaling (Fig. 1B). However, no significant upregulation of CD69 was
detected in the presence of WT thymocytes without added peptide, though they presumably
express low-affinity endogenous peptides. Moreover, no CD69 upregulation was observed
when thymocytes were loaded with low potency OVA peptide variant Q7, implying that
recognition of peptide on thymocytes requires high affinity TCR binding (data not shown).
By 24 hours, there was a significant decrease in the proportion of OT1tg cells cultured with
OVA-loaded thymocytes (Fig. 1C). By comparing the number of OT1tg thymocytes
remaining in the slice relative to the internal reference population, we estimate that ~80% of
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OT1tg DP thymocytes had been deleted by 24 hours (Fig. 1D). No deletion was evident
when p2m™~ thymocytes were used as APCs, confirming that negative selection was not
due to carry over of OVA peptide and presentation by residual MHC class | on thymic slice-
resident DCs (Fig. 1D). Surprisingly, the extent of deletion induced using thymocytes as
APCs is similar to previous reports using DCs as APCs with high affinity ligands (7). The
purity of the overlaid thymocyte populations suggests that the observed levels of negative
selection are not due to antigen-loaded DC contamination (Fig. 1E). Thus, thymocytes can
serve as APCs to present negative selecting ligands to other thymocytes on non-selecting
(B2m~"") thymic slices.

Thymocytes bearing negative selecting peptide support stable interactions

We have previously shown that high affinity peptide presentation by DCs, but not cortical
thymic epithelial cells (CTECs), supports stable thymocyte interactions, sustained TCR
signaling, and efficient negative selection (7). To investigate the nature of cellular
interactions when thymocytes serve as peptide presenting cells, we directly examined these
interactions using two-photon time-lapse microscopy in the cortex of thymic slices. We
labeled OV A-loaded WT thymocytes (the APC population) with a vital dye, and OT1tg
thymocytes with a ratiometric calcium indicator prior to addition to thymic slices and
imaged 2-4 hours after addition of OVA loaded thymocytes. In the absence of OVA peptide,
both thymocyte populations migrated freely and no thymocyte-thymocyte interactions were
observed (0/199 OT1tg cell tracks). However, when WT thymocytes were pre-loaded with
OVA peptide, we observed ~5% of OT1tg thymocytes (13/265) forming stable, motile
conjugates with OVA-bearing thymocytes. In these conjugates, the OVA-bearing thymocyte
migrated in the lead, apparently dragging an OT1tg thymocyte behind (Fig. 2A and Supp.
Video 1). These interactions are reminiscent of examples of mature T-B cell contacts and
cytotoxic T lymphocyte-target B cell conjugates observed within intact lymph nodes
(33-35), and suggest that the OT1tg thymocytes are “arrested” in tight contact with the
peptide-presenting thymocytes, while the peptide-presenting thymocytes continue to
migrate.

Out of the 13 examples of OT1tg thymocytes in conjugates that we observed, 9 remained in
contact during the entire time that they remained in the imaging volume (7-20 minutes),
whereas 4 OT1tg thymocytes encountered a peptide-loaded thymocyte and formed a
conjugate during the imaging run (Fig. 2B). We did not observe any examples of conjugate
dissociation. The observation that thymocytes presenting agonist peptide support sustained
interactions with cognate thymocytes and result in negative selection adds to our previous
data to suggest that stable cell-cell interactions support efficient negative selection (7).

Given that only 5% of OT1tg thymocytes engaged with peptide bearing thymocytes at the
2-4 hour time point, it is surprising that 80% of OT1tg thymocytes are deleted by 24 hours.
However, because the OT1tg thymocytes and the peptide presenting thymocytes each make
up fewer than 1% of thymocytes in this system, the low number of interactions observed
during this time period may simply reflect that time is needed for the OT1tg thymocytes to
“find” peptide bearing thymocytes. This is consistent with the finding that 4/13 conjugates
formed, whereas 0/13 dissociated, during the time of imaging.

J Immunol. Author manuscript; available in PMC 2016 February 01.
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Encounter with thymocytes bearing negative selecting peptide leads to sustained, low-
level TCR signaling

As we have previously shown that efficient negative selection is associated with
monogamous interactions and sustained TCR signaling (7), we characterized TCR signaling
in individual cells engaged in thymocyte-thymocyte interactions. We observed subtle, but
consistent increases in [Ca2*;] in OT1tg thymocytes engaged in conjugates as compared
with non-interacting OT1tg thymocytes (Fig. 3A). The OT1tg DP cells engaged in these
long-lived thymocyte-thymocyte interactions exhibited modest, but persistent elevated
[CaZ*] relative to non-interacting OT1tg thymocytes (Fig. 3B), and the increase in cytosolic
Ca?* levels was observed shortly after initial engagement (Fig. 3B, track I). Together, these
results suggest that negative selection is associated with stable interactions and sustained
TCR signals.

Discussion

Though a central role for DCs in negative selection of thymocytes is well established,
multiple other hematopoietic cell types including B cells, activated T cells, and even
thymocytes themselves are also thought to play a role in the deletion of autoreactive T cells
in the thymus (5, 8-13, 25-28). Despite the diversity of cells that can support negative
selection in the thymus, cTECs do not support deletion of self-reactive thymocytes even
when presenting high affinity antigen (1-4, 7). One striking difference between DCs and
CTECs is the inability of the later to provide a strong “stop signal” to promote stable
thymocyte-cTEC interactions (7). Whether stable conjugate formation is characteristic of
other cellular interactions that promote negative selection was not known. Here we show
that thymocytes presenting high-affinity antigen can support efficient negative selection that
is associated with stable thymocyte-thymocyte interactions and sustained Ca2* signaling.

Thymocytes lack many features of professional antigen presenting cells, including
expression of co-stimulatory ligands that can promote negative selection (36-40). Moreover,
when confronted by broadly distributed agonist peptide, cortical thymocytes preferentially
arrest adjacent to DCs, implying that DCs induce a more potent migratory stop signal
compared to other peptide presenting cells, including thymocytes, in the vicinity (7). In spite
of this, we find that thymocytes can support prolonged peptide-specific contacts with other
thymocytes presenting high affinity ligand and induce negative selection. Interestingly,
thymocytes express SLAM (Signaling Lymphocyte Activation Molecule) receptors, a family
of proteins that stabilize cellular contacts via homotypic interactions and play an essential
role in T cell-B cell interactions and thymocyte-driven selection of innate-like T cell subsets
(41-47). It is tempting to speculate that homotypic SLAM family interactions may help to
stabilize thymocyte-thymocyte contacts that drive negative selection.

Our data have relevance for the role of direct versus indirect antigen presentation during
negative selection. Thymic DCs are well equipped to directly present MHC class |
associated peptides derived from proteins expressed by the DCs themselves. However, for
thymocyte-specific proteins, it is unclear whether peptides are presented directly by
thymocytes, or whether protein or peptide-MHC complexes are transferred to DCs for
presentation. Although we cannot rule out the possibility that antigen-loaded thymocytes

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melichar et al.

Page 6

transfer peptide-MHC complexes to thymic DCs, the stability of thymocyte-thymocyte
interactions and persistent elevated Ca2* levels strongly support a direct presentation route
for thymocyte-driven negative selection in this system.

For MHC class Il associated antigens, direct presentation by thymocytes likely does not
occur in mice given that mouse thymocytes do not express detectable levels of MHC class
I1. Moreover, the tolerance of CD8, but not CD4, T cells to thymocyte / T cell-specific
expression of an MHC class | protein argues that neither efficient transfer of antigen to DCs,
nor direct presentation of class Il associated antigens by thymocytes occurs in the mouse
system (25-28). However, it is interesting to consider that in humans, direct presentation by
thymocytes, may play a role in both MHC class | and 1 tolerance, given that human
thymocytes express MHC class 11 (14-17).

Whether self-peptide presenting thymocytes share the burden of negative selection or act
more as a “safety net” during negative selection remains to be determined. Our results
indicate that thymocytes themselves can support efficient negative selection, and suggests
yet another layer of regulation to prevent self-reactive T cells from leaving the thymus. The
thymocyte-mediated negative selection we report here may be particularly relevant for
tolerance to thymocyte specific proteins, such as TCR. A number of different hematopoietic
cell subsets have now been identified that can support negative selection. These cells are
quite diverse and the characteristics that allow these hematopoietic cells, and not cTECs, to
support the stable interactions necessary to support efficient negative selection remain to be
determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank lvan Dzhagalov and Joanna Halkias for helpful comments on the manuscript. We also thank Paul
Herzmark, Seong-ji Han, Brian Weist, Nadia Kurd, and Hamlet Chu for technical assistance and suggestions.

a This work was supported by the California Institute of Regenerative Medicine post-doctoral training grant
TG2-01164 (to H.J.M.) and National Institutes of Health grant A1064227-07 (to E.A.R.).

References

1. Takeuchi M, Iwasaki A, Nomoto K, Yoshikai Y. Rat Thymic Epithelium Positively Selects Mouse
T Cells with Specificity for Rat Mhc Class li Antigens but Fails to Induce Detectable Tolerance in
the Mouse T Cells to the Rat Mhc Antigens. Immunobiology. 1992; 186:421-434. [PubMed:
1286881]

2. von Boehmer H, Hafen K. Minor but Not Major Histocompatibility Antigens of Thymus Epithelium
Tolerize Precursors of Cytolytic T Cells. Nature. 1986; 320:626—628. [PubMed: 3486368]

3. Webb SR, Sprent J. Tolerogenicity of Thymic Epithelium. Eur J Immunol. 1990; 20:2525-2528.
[PubMed: 2123795]

4. van Meerwijk JP, Marguerat S, Lees RK, Germain RN, Fowlkes BJ, MacDonald HR. Quantitative
Impact of Thymic Clonal Deletion on the T Cell Repertoire. J Exp Med. 1997; 185:377-383.
[PubMed: 9053438]

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melichar et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 7

. McCaughtry TM, Baldwin TA, Wilken MS, Hogquist KA. Clonal Deletion of Thymocytes Can

Occur in the Cortex with No Involvement of the Medulla. J Exp Med. 2008; 205:2575-2584.
[PubMed: 18936237]

. Derbinski J, Kyewski B. How Thymic Antigen Presenting Cells Sample the Body's Self-Antigens.

Curr Opin Immunol. 2010; 22:592-600. [PubMed: 20832274]

. Melichar HJ, Ross JO, Herzmark P, Hogquist KA, Robey EA. Distinct Temporal Patterns of T Cell

Receptor Signaling During Positive Versus Negative Selection in Situ. Science Signaling. 2013;
6:ra92. [PubMed: 24129702]

. Kleindienst P, Chretien I, Winkler T, Brocker T. Functional Comparison of Thymic B Cells and

Dendritic Cells in Vivo. Blood. 2000; 95:2610-2616. [PubMed: 10753841]

. Agus DB, Surh CD, Sprent J. Reentry of T Cells to the Adult Thymus Is Restricted to Activated T

Cells. J Exp Med. 1991; 173:1039-1046. [PubMed: 2022918]

Tian C, Bagley J, Forman D, lacomini J. Induction of Central Tolerance by Mature T Cells. J
Immunol. 2004; 173:7217-7222. [PubMed: 15585843]

Webb SR, Sprent J. Induction of Neonatal Tolerance to Mlsa Antigens by Cd8+ T Cells. Science.
1990; 248:1643-1646. [PubMed: 1973003]

Frommer F, Waisman A. B Cells Participate in Thymic Negative Selection of Murine Auto-
Reactive Cd4+ T Cells. PL0oS One. 2010; 5:15372. [PubMed: 20976010]

Perera J, Meng L, Meng F, Huang H. Autoreactive Thymic B Cells Are Efficient Antigen-
Presenting Cells of Cognate Self-Antigens for T Cell Negative Selection. Proc Natl Acad Sci U S
A. 2013

Thulesen S, Jorgensen A, Gerwien J, Dohlsten M, Holst Nissen M, Odum N, Ropke C.
Superantigens Are Presented by and Activate Thymocytes from Infants. Exp Clin Immunogenet.
1999; 16:226-233. [PubMed: 10575276]

Gilhus NE, Matre R. Development and Distribution of Hla-Dr Antigens and Fc Gamma Receptors
in the Human Thymus. Acta Pathol Microbiol Immunol Scand C. 1983; 91:35-42. [PubMed:
6223487]

Marinova T, Altankova I, Dimitrova D, Pomakov Y. Presence of Hla-Dr Immunopositive Cells in
Human Fetal Thymus. Arch Physiol Biochem. 2001; 109:74-79. [PubMed: 11471074]

Park SH, Bae YM, Kim TJ, Ha IS, Kim S, Chi JG, Lee SK. Hla-Dr Expression in Human Fetal
Thymocytes. Hum Immunol. 1992; 33:294-298. [PubMed: 1639632]

Bendelac A. Positive Selection of Mouse Nk1+ T Cells by Cd1-Expressing Cortical Thymocytes. J
Exp Med. 1995; 182:2091-2096. [PubMed: 7500054]

Coles MC, Raulet DH. Nk1.1+ T Cells in the Liver Arise in the Thymus and Are Selected by
Interactions with Class | Molecules on Cd4+Cd8+ Cells. J Immunol. 2000; 164:2412—-2418.
[PubMed: 10679077]

Wei DG, Lee H, Park SH, Beaudoin L, Teyton L, Lehuen A, Bendelac A. Expansion and Long-
Range Differentiation of the Nkt Cell Lineage in Mice Expressing Cd1d Exclusively on Cortical
Thymocytes. J Exp Med. 2005; 202:239-248. [PubMed: 16027237]

Choi EY, Jung KC, Park HJ, Chung DH, Song JS, Yang SD, Simpson E, Park SH. Thymocyte-
Thymocyte Interaction for Efficient Positive Selection and Maturation of Cd4 T Cells. Immunity.
2005; 23:387-396. [PubMed: 16226504]

Choi EY, Park WS, Jung KC, Chung DH, Bae YM, Kim TJ, Song HG, Kim SH, Ham DI, Hahn
JH, Kim J, Kim K, Hwang TS, Park SH. Thymaocytes Positively Select Thymocytes in Human
System. Hum Immunol. 1997; 54:15-20. [PubMed: 9154453]

Zhu L, Qiao Y, Choi ES, Das J, Sant'angelo DB, Chang CH. A Transgenic Tcr Directs the
Development of 11-4+ and Plzf+ Innate Cd4 T Cells. J Immunol. 2013; 191:737-744. [PubMed:
23776174]

Li W, Kim MG, Gourley TS, McCarthy BP, Sant'Angelo DB, Chang CH. An Alternate Pathway
for Cd4 T Cell Development: Thymocyte-Expressed Mhc Class li Selects a Distinct T Cell
Population. Immunity. 2005; 23:375-386. [PubMed: 16226503]

Jhaver KG, Chandler P, Simpson E, Mellor AL. Thymocyte Antigens Do Not Induce Tolerance in
the Cd4+ T Cell Compartment. J Immunol. 1999; 163:4851-4858. [PubMed: 10528186]

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melichar et al.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 8

Pircher H, Muller KP, Kyewski BA, Hengartner H. Thymocytes Can Tolerize Thymocytes by
Clonal Deletion in Vitro. Int Immunol. 1992; 4:1065-1069. [PubMed: 1390437]

Schonrich G, Strauss G, Muller KP, Dustin L, Loh DY, Auphan N, Schmitt-Verhulst AM, Arnold
B, Hammerling GJ. Distinct Requirements of Positive and Negative Selection for Selecting Cell
Type and Cd8 Interaction. J Immunol. 1993; 151:4098-4105. [PubMed: 8104994]

Schulz R, Mellor AL. Self Major Histocompatibility Complex Class | Antigens Expressed Solely
in Lymphoid Cells Do Not Induce Tolerance in the Cd4+ T Cell Compartment. J Exp Med. 1996;
184:1573-1578. [PubMed: 8879232]

Dzhagalov IL, Melichar HJ, Ross JO, Herzmark P, Robey EA. Two-Photon Imaging of the
Immune System. Curr Protoc Cytom. 2012 Chapter 12: Unit12 26.

Moreau HD, Bousso P. A Guide to in Vivo Cytometry. IntraVital. 2012; 1:27-31.

Ehrlich LI, Oh DY, Weissman IL, Lewis RS. Differential Contribution of Chemotaxis and
Substrate Restriction to Segregation of Immature and Mature Thymocytes. Immunity. 2009;
31:986-998. [PubMed: 19962328]

Halkias J, Melichar HJ, Taylor KT, Ross JO, Yen B, Cooper SB, Winoto A, Robey EA. Opposing
Chemokine Gradients Control Human Thymocyte Migration in Situ. J Clin Invest. 2013;
123:2131-2142. [PubMed: 23585474]

Azar GA, Lemaitre F, Robey EA, Bousso P. Subcellular Dynamics of T Cell Immunological
Synapses and Kinapses in Lymph Nodes. Proc Natl Acad Sci U S A. 2010; 107:3675-3680.
[PubMed: 20133676]

Mempel TR, Pittet MJ, Khazaie K, Weninger W, Weissleder R, von Boehmer H, von Andrian UH.
Regulatory T Cells Reversibly Suppress Cytotoxic T Cell Function Independent of Effector
Differentiation. Immunity. 2006; 25:129-141. [PubMed: 16860762]

Okada T, Miller MJ, Parker I, Krummel MF, Neighbors M, Hartley SB, O'Garra A, Cahalan MD,
Cyster JG. Antigen-Engaged B Cells Undergo Chemotaxis toward the T Zone and Form Motile
Conjugates with Helper T Cells. PLoS Biol. 2005; 3:e150. [PubMed: 15857154]

Punt JA, Havran W, Abe R, Sarin A, Singer A. T Cell Receptor (Tcr)-Induced Death of Immature
Cd4+Cd8+ Thymocytes by Two Distinct Mechanisms Differing in Their Requirement for Cd28
Costimulation: Implications for Negative Selection in the Thymus. J Exp Med. 1997; 186:1911—
1922. [PubMed: 9382889]

Punt JA, Osborne BA, Takahama Y, Sharrow SO, Singer A. Negative Selection of Cd4+Cd8+
Thymocytes by T Cell Receptor-Induced Apoptosis Requires a Costimulatory Signal That Can Be
Provided by Cd28. J Exp Med. 1994; 179:709-713. [PubMed: 8294878]

Kishimoto H, Sprent J. Several Different Cell Surface Molecules Control Negative Selection of
Medullary Thymocytes. J Exp Med. 1999; 190:65-73. [PubMed: 10429671]

Kishimoto H, Sprent J. Negative Selection in the Thymus Includes Semimature T Cells. J Exp
Med. 1997; 185:263-271. [PubMed: 9016875]

McKean DJ, Huntoon CJ, Bell MP, Tai X, Sharrow S, Hedin KE, Conley A, Singer A. Maturation
Versus Death of Developing Double-Positive Thymocytes Reflects Competing Effects on Bcl-2
Expression and Can Be Regulated by the Intensity of Cd28 Costimulation. J Immunol. 2001;
166:3468-3475. [PubMed: 11207305]

Nichols KE, Hom J, Gong SY, Ganguly A, Ma CS, Cannons JL, Tangye SG, Schwartzberg PL,
Koretzky GA, Stein PL. Regulation of Nkt Cell Development by Sap, the Protein Defective in
Xlp. Nat Med. 2005; 11:340-345. [PubMed: 15711562]

Pasquier B, Yin L, Fondaneche MC, Relouzat F, Bloch-Queyrat C, Lambert N, Fischer A, de
Saint-Basile G, Latour S. Defective Nkt Cell Development in Mice and Humans Lacking the
Adapter Sap, the X-Linked Lymphoproliferative Syndrome Gene Product. J Exp Med. 2005;
201:695-701. [PubMed: 15738056]

Chung B, Aoukaty A, Dutz J, Terhorst C, Tan R. Signaling Lymphocytic Activation Molecule-
Associated Protein Controls Nkt Cell Functions. J Immunol. 2005; 174:3153-3157. [PubMed:
15749842]

Griewank K, Borowski C, Rietdijk S, Wang N, Julien A, Wei DG, Mamchak AA, Terhorst C,
Bendelac A. Homotypic Interactions Mediated by Slamfl and Slamf6 Receptors Control Nkt Cell
Lineage Development. Immunity. 2007; 27:751-762. [PubMed: 18031695]

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melichar et al. Page 9

45. Horai R, Mueller KL, Handon RA, Cannons JL, Anderson SM, Kirby MR, Schwartzberg PL.
Requirements for Selection of Conventional and Innate T Lymphocyte Lineages. Immunity. 2007;
27:775-785. [PubMed: 18031697]

46. Li W, Sofi MH, Rietdijk S, Wang N, Terhorst C, Chang CH. The Slam-Associated Protein
Signaling Pathway Is Required for Development of Cd4+ T Cells Selected by Homotypic
Thymocyte Interaction. Immunity. 2007; 27:763-774. [PubMed: 18031696]

47. Qi H, Cannons JL, Klauschen F, Schwartzberg PL, Germain RN. Sap-Controlled T-B Cell
Interactions Underlie Germinal Centre Formation. Nature. 2008; 455:764-769. [PubMed:
18843362]

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melichar et al.

live cells

p2m* reference cells >

OT1tg

+WT thymocytes

2.2

CD69

live OT1tg cells

¥

CD8

CD4

+WT thymocytes
+ 1nM OVAp

[ 149
7 EE

ERES

(gated on live OT1tg DP thymocytes)

+WT thymocytes

+WT thymocytes
+ 1nM OVAp

28.9

CDs (gated on live OT1tg thymocytes)
ns
ns *
D f’ 815
L] L]
(@] § L] .
QE
2510 . o
w— £ [
o+ L]
o +
=R 05
=0
2% s
88 00— . . T
[
1inM OVAp: - + +
thymocyte APC:  p2m-/- WT
E WT OTitg
0.03 0.63
o
I
=

CD11c

(gated on live, Lin" cells)

Figure 1. Thymocytes bearing agonist peptide efficiently support negative selection
Preselection cell proliferation dye eFluor670 labeled OT1tg DP thymocytes were mixed 1:1

with cell proliferation dye eFluor450 labeled, p2m™~ thymocyte population as an internal
reference, overlaid on f2m~/~ thymic slices, and allowed to migrate into the tissue for 2
hours. Thymic slices were washed, and unlabeled WT or $2m~~ thymocytes pre-loaded
with or without 1nM OVA peptide were added. After an additional 2 hours, thymic slices
were washed, and thymocytes were harvested at either 3 or 24 hours after the addition of the
peptide-loaded thymocyte population. (A) Flow cytometry gating strategy to distinguish
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p2m~~ thymocyte internal reference cells versus OT1tg DP thymocytes from endogenous
cells. (B) Representative flow cytometry plots of CD24 and CD69 on live, OT1tg DP
thymocytes 3 hours after the addition of WT thymocytes with or without OVA peptide. (C)
Representative flow cytometry plots of live, OT1tg DP thymocytes 24 hours after the
addition of WT thymocytes with or without OV A peptide. Flow cytometry plots are
representative of triplicate samples from one experiment of at least two. (D) Normalized
ratio of live, OT1tg DP cells to internal control population 24 hours after addition of WT or
p2m~'~ thymocytes with or without OVA peptide. Each dot represents an individual thymic
slice, and lines represent the mean. Data from one representative experiment of at least two.
* indicates p < 0.05. ns, not significant (E) Representative flow cytometry plots of
thymocyte preparations prior to addition to thymic slices. CD11c and MHC 1l on live, Lin~
(CD4, CD3, TCRp, CD19, NK1.1) from indicated populations.
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Figure 2. Thymocytes engage in prolonged, stable interactions with thymocytes presenting
negative selecting peptide
(A) Pre-selection OT1tg DP thymocyte (yellow) were overlaid on p2m~~ thymic slices in

the presence of WT OV A-presenting thymocytes (aqua) and imaged by two-photon
microscopy. Images were recorded in the cortex as identified by the density of OT1
thymocytes and the proximity to the thymic capsule. Representative images from a time
series at the times indicated are shown. Top panels, fluorescent images. Bottom panels, lines
indicate cell tracks for the duration of the movie with spots overlaid to indicate the location
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of each cell at the time points indicated above the top panels. (B) Time line indicating the
duration of thymocyte thymocyte contacts of 13 interacting OT1tg thymocytes identified out
of 265 OT1 cell tracks, in 3 imaging runs.
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Figure 3. Thymocytes presenting negative selecting peptide support low, sustained TCR signals
(A) The frequency of time points plotted against the [Ca2*;] ratio of Indo-1-labeled

preselection OT1tg DP thymocytes incubated on $2m~ thymic slices in the presence of
WT thymocytes alone or loaded with 1nM OVA peptide from two independent imaging
runs. “Interacting” values are time points that were part of a thymocyte-thymocyte contact,
and derived from = 5 tracked OT1tg thymocytes. “Non-interacting” were values from all
OT1tg thymocytes from the same run that were not in a conjugate, and that had a similar
overall fluorescence value to the “interacting” tracks. (B) [Ca2*;] ratios over time from
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individual representative interacting OT1tg thymocyte tracks. Track labels correspond to
those in Fig. 2B. Line indicates average [CaZ*;] ratio of non-interacting cells with
comparable fluorescence intensity in the unbound Indo-1 channel of the interacting cell. For
track I, arrow indicates the timepoint in which the initial thymocyte-thymocyte contact
occurred.
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