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Developing T cells form an immunological synapse
for passage through the β-selection checkpoint
Amr H. Allam1,2, Mirren Charnley1,2, Kim Pham1,2,3, and Sarah M. Russell1,2,3,4

The β-selection checkpoint of T cell development tests whether the cell has recombined its genomic DNA to produce a
functional T cell receptor β (TCRβ). Passage through the β-selection checkpoint requires the nascent TCRβ protein to mediate
signaling through a pre-TCR complex. In this study, we show that developing T cells at the β-selection checkpoint establish
an immunological synapse in in vitro and in situ, resembling that of the mature T cell. The immunological synapse is dependent
on two key signaling pathways known to be critical for the transition beyond the β-selection checkpoint, Notch and CXCR4
signaling. In vitro and in situ analyses indicate that the immunological synapse promotes passage through the β-selection
checkpoint. Collectively, these data indicate that developing T cells regulate pre-TCR signaling through the formation of an
immunological synapse. This signaling platform integrates cues from Notch, CXCR4, and MHC on the thymic stromal cell to
allow transition beyond the β-selection checkpoint.

Introduction
Mature T cells each express a unique T cell receptor (TCR) to
enable binding and response to specific antigens (Smith-Garvin
et al., 2009; Turner et al., 2006). The TCR is created by genomic
recombination during T cell development in the thymus
(Mallick et al., 1993; Pardoll et al., 1987). To ensure that its TCR
is fit for purpose, the developing T cell must survive a series of
tests. The first of these tests, termed the β-selection checkpoint,
assesses whether the developing T cell has recombined its TCRβ
gene appropriately (Carpenter and Bosselut, 2010). Much has
been learned about the signaling and cell fate decisions that
depend upon correct TCRβ recombination at this stage (Chann
and Russell, 2019). At the β-selection checkpoint, the T cell still
lacks a recombined TCRα but pairs with the pre-TCRα (pTα)
chain (Groettrup et al., 1993; Raulet et al., 1985). The nascent
TCRβ paired with pTα is termed a pre-TCR and shares many
characteristics with the TCR of mature T cells, including asso-
ciation with CD3 and associated cell surface receptors and
triggering of similar signaling cascades (Saint-Ruf et al., 2000;
von Boehmer, 2005).

The vast literature on mechanisms of action of the TCR in
mature cells has provided a platform for understanding the
mechanisms of pre-TCR signaling, but not all characteristics are
shared between the two TCR types (Gascoigne et al., 2016). The

most profound differences relate to the impact of ligand binding
on higher-order organization of signaling. In a mature T cell,
interaction of the TCR with antigen presented via major histo-
compatibility complex (MHC) triggers a highly orchestrated
spatial reorganization (Alcover et al., 2016; Mart́ın-Cófreces
et al., 2011). This reorganization involves assembly of a dy-
namic structure termed the immunological synapse, which
enables control over the intensity and duration of the antigen
presentation signal during T cell activation and T cell–mediated
killing of target cells (Dustin et al., 2010; Lee et al., 2002, 2003).
A similar structure has not been considered in developing
T cells, in part because the lack of a genomically rearranged
TCRα chain at the β-selection checkpoint means that the cell
cannot undergo canonical binding to peptide–MHC complexes
(Mallick et al., 1993). In place of ligand binding and formation of
an immunological synapse, models for activation of the pre-TCR
initially relied upon the notion that dimerization of TCRβ with
pTα stabilizes the protein, paving the way for lipid-raft–based
clustering to initiate signaling (Saint-Ruf et al., 2000). However,
a number of studies showed that the cysteine residue in the pTα
cytoplasmic domain, which is involved in the palmitoylation site,
is not required for the transition from double negative (DN; cells
lack CD4 and CD8 surface expression) to double positive (DP;
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cells acquired CD4 and CD8 surface expression) stages (Aifantis
et al., 2002). Moreover, CD3ε dimerization was sufficient for
progression beyond β-selection even when there was no raft
localization (Levelt et al., 1995; Shinkai et al., 1995). Later studies
showed that the pTα extracellular domain undergoes self-
oligomerization via four charged amino acids that are required
for initiation of the pre-TCR signaling and progression beyond
the β-selection (Pang et al., 2010; Yamasaki et al., 2006). On the
other hand, signal initiation of the pre-TCR does not require
oligomerization but rather depends on regulating the surface
expression of the pre-TCR complexes and their abundance
(Mahtani-Patching et al., 2011). Thus, there is not yet a clear
consensus as to what triggers productive signaling through the
pre-TCR.

It is becoming apparent that signaling through the pre-TCR
might be more akin to signaling through the TCR of mature
T cells than had previously been considered. Recent findings
indicate that the pre-TCR can bind peptide–MHC complexes and
that signaling from the peptide–MHC complex can influence
T cell development (Das et al., 2016; Mallis et al., 2015). The
affinity of the interaction is lower than that of the αβ TCR
(Mallis et al., 2015), suggesting the possibility that binding of the
pre-TCR might require facilitation by other molecules. We and
others have previously found that the interaction between
stromal cells and developing T cells at the β-selection checkpoint
involves recruitment of the microtubule organizing center
(MTOC), a hallmark of initiation of the immunological synapse
(Charnley et al., 2019; Mart́ın-Cófreces et al., 2008; Pham et al.,
2015). This finding, combined with the interaction between pre-
TCR and stromal cell MHC, opened the possibility that an
immunological synapse might facilitate TCR signaling during
β-selection.

Here, we demonstrate that the developing T cell indeed does
form an immunological synapse upon interaction with stromal
cells during β-selection. We characterize the synapse in in vitro
T cell cultures and in situ in an intact mouse thymus. We further
show that establishment of the synapse relies upon cooperation
between pre-TCR and two key signaling pathways, Notch and
CXCR4 signaling, which are essential for robust progression
beyond the β-selection (Ciofani et al., 2004; Janas et al., 2010;
Maillard et al., 2006; Trampont et al., 2010; Wolfer et al., 2002).
Finally, we demonstrate that the immunological synapse is a
prerequisite for proliferation following the β-selection checkpoint.

Results
DN3 cells make an immunological synapse in vitro and in situ
Our previous observation that the MTOC was recruited to the
interface with the stromal cell (Charnley et al., 2019; Pham et al.,
2015), reminiscent of an immunological synapse in mature cells
(Alcover et al., 2016; Dustin and Baldari, 2017), led us to assess
whether developing T cells might also form an immunological
synapse. Flow cytometry confirmed that pre-TCR components,
including the pTα chain, TCRβ chain, LCK, LAT, and PKCθ, were
expressed in DN3 cells. Phosphorylation of the TCR-associated
kinase LCK (pLCK394 and pLCK505 [active and inactive forms,
respectively]) and ZAP70 (pZAP70) in DN3 cells indicated active

signaling through the pre-TCR (Fig. S1). To assess the localiza-
tion of pre-TCR components, we incubated in vitro–generated
DN3 cells with OP9-DL1 stromal cells and analyzed conjugates by
immunofluorescence. Blinded scoring indicated that pTα and
TCRβ were polarized in most conjugates (61.4% and 84.6% re-
spectively; Fig. 1, A and B). Engagement of the TCR in mature
T cells initiates downstream signal transduction with polariza-
tion of its downstream signaling molecules and phosphorylation
of the immunoreceptor tyrosine–based motifs (Alarcón et al.,
2011; Alcover et al., 2016; Gaud et al., 2018). Similarly for the
developing T cells, the majority of conjugates showed polariza-
tion of total LCK (86.5%), pLCK394 (71.6%), pLCK505 (86.8%),
pZAP70 (52.1%), and LAT (75.6%). Interestingly, and in contrast
to mature T cells, PKCθwas rarely found to be polarized (28.3%).
Together, these findings indicate that developing T cells cluster
TCR components at the interface with the stromal cells during
the TCRβ checkpoint.

The above findings suggest that developing T cells form the
equivalent of an immunological synapse. To ensure that these
findings were not an artifact of the OP9-DL1 stromal system, we
assessed the localization of TCR components in an intact thymus.
We used six-color immunofluorescence imaging to investigate
polarization of pTα, and pLCK394 in the DN3 population (Fig. 1,
C–E). As previously found (Charnley et al., 2019; Pham et al.,
2015), the cytokine receptor CD25 was not polarized (Fig. 1 C).
However, pTα was polarized in 58.6% and pLCK394 in 62.6% of
DN3 cells in the thymus. These data suggest that developing
T cells form a structure at the interface with stromal cells that is
similar to the immunological synapse of mature T cells. This
structure involves clustered pre-TCR and associated signaling
molecules and is observed both in DN3a cells docking onto OP9-
DL1 stromal cells and in situ in an intact thymus.

The DN3 immunological synapse is stable for up to 2 h and
involves reorientation of MTOC coincident with recruitment
of LAT
To assess the dynamics of the clustering at the interface, we used
fluorescence time-lapse microscopy. We stained purified DN3a
cells for F-actin using the SiR-Actin live dye, and we used con-
focal microscopy to image DN3a cells docking onto OP9-DL1 in
real time. Migrating T cells form uropods at their rear, which are
characterized by accumulation of F-actin (Pham et al., 2013).
Indeed, migrating DN3a cells formed uropods with accumulation
of F-actin at the rear of the migrating cell. Once the DN3a cell
docks onto OP9-DL1 cells, F-actin relocates to the front of the cell
and stabilizes at the interface (Fig. 2 A and Video 1). These
findings are similar to observations of F-actin polarization in the
formation of an immunological synapse by mature T cells (Ryser
et al., 1982). We assessed the stability of F-actin polarization at
the interface between DN3a and OP9-DL1 cells in real time for
3–4 h. Our results showed that polarization of F-actin at the
interface was stable for an average period of 83 min (minimum,
36 min; maximum, 144 min; n = 22). In addition, DN3a cells that
left the OP9-DL1 lost their F-actin polarization. These data sup-
port our fixed imaging data and provide evidence that DN3a cells
form a stable immunological synapse interaction with OP9-DL1
stromal cells.
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Figure 1. Polarization of pre-TCR components in DN3 cells in vitro and in situ. (A and B) DN3 cells were incubated with OP9-DL1 cells for 14 h and fixed
and stained for α-tubulin to mark the MTOC and a TCR-associated protein (as shown). Z-stack images were acquired using confocal microscopy, and rep-
resentative images are shown as maximum projections (A). After triaging for cells in which the MTOC was recruited to the interface with an OP9-DL1 cell, the
percentage of cells in which the TCR component was polarized to the interface (white asterisks) with the OP9-DL1 cell was determined by blind scoring (B). The
total number of scored conjugates per marker is 75 (25 cells per biological replicate). (C) DN3 cells in a section of an intact thymus were stained for CD25 only
as a nonpolarized control. (D and E) DN3 cells were stained for CD25 and either pTα (C) or pLCK394. Images were acquired using widefield fluorescent
microscopy (Vectra 3 automated quantitative pathology imaging system), and representative images of polarized (top row) and nonpolarized (bottom row) are
shown. Total number of scored cells: n = 156 (pTα) and n = 134 (pLCK394). Scale bars represent 5 µm (A) and 10 µm (C–E). Error bars (B) represent SEM.
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To assess the relationship of this stable interaction with
markers of an immunological synapse, we transduced develop-
ing T cell precursors with the T cell signaling protein LAT (GFP-
tagged) and mCherry-tagged α-tubulin to mark the MTOC. We
sorted double-transduced DN3a cells and further stained for
F-actin using SiR-Actin (Lukinavičius et al., 2014). We then co-
cultured DN3a cells with OP9-DL1 stromal cells and used con-
focal microscopy to monitor the movement of these cells and the
three fluorescent markers in real time. Upon DN3a docking onto
OP9-DL1, LAT, MTOC, and F-actin are recruited to the interface
and remained there for an average period of 82 min (minimum,
40 min; maximum, 130 min; n = 14; Fig. 2 B and Video 2).

Thus, an immunological synapse containing activated pre-
TCR signaling molecules is assembled upon docking of the
DN3a cell onto stromal cells, can endure for over 1 h, and is
present in T cells undergoing β-selection both in vitro and
in situ. These findings suggest that an immunological synapse
provides an alternative means of activating pre-TCR compared
with the autonomous activation that has previously been pro-
posed (Pang et al., 2010; Yamasaki and Saito, 2007). The findings
also lend weight to an alternative proposal that pre-TCR

signaling can be facilitated by weak interactions with
peptide-bound MHC (Mallis et al., 2015).

Notch1 and CXCR4 are required for immunological synapse
formation in vitro and in situ
Given that the pre-TCR has only limited affinity for MHC–
peptide complexes, we speculated that the recruitment of pre-
TCR components to the interface with the stromal cell might
depend upon other receptors. The fate determinant Notch1 and
the chemokine receptor CXCR4 play essential roles in driving
T cell development at the β-selection checkpoint (Maillard et al.,
2006; Trampont et al., 2010; Charnley et al., 2019), cooperate
with pre-TCR signaling (Garbe et al., 2006; Zhao et al., 2019),
and are localized at the DN3-OPL-DL1 stromal cell interface
(Pham et al., 2015; Fig. S2). Staining of DN3 cells conjugated to
OP9-DL1 showed that pTα copolarized with Notch1 (68.4%) and
CXCR4 (80%; Fig. 3, A and B). We investigated whether this
copolarization could be observed in an intact mouse thymus
using five-color immunofluorescence imaging. Almost all DN3
cells in the intact thymus were polarized for Notch1 and CXCR4,
so we selected DN3 cells that were clustered for pTα and scored

Figure 2. DN3a cells form a stable immunological synapse. (A) Sequential frames from time-lapse confocal microscopy of a DN3a cell docking onto OP9-
DL1 cells (arrowheads indicate the cell of interest). F-actin (stained using SiR-F-actin dye) is shown in red and overlaid onto transmitted light images. Numbers
on the bottom right of each panel indicate time in minutes. The entire movie is shown in Video 1. The scatter plot represents the time for which actin po-
larization was maintained at the interface upon docking of DN3a cells onto OP9-DL1 (each data point represents a single cell, total n = 22). (B) A single frame
from time-lapse confocal microscopy of a DN3a cell docking onto OP9-DL1 (differential interference contrast [DIC]), showing polarization of α-tubulin (cyan),
LAT (magenta), and F-actin (white). The entire movie is shown in Video 2. Scatter plot represents time periods in which α-tubulin (αTub), LAT, and F-actin
polarized at the interface between DN3a and OP9-DL1 (each data point represents a single cell, total n = 14). Error bars (A and B) represent SEM.
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Figure 3. Notch and CXCR4 recruit pre-TCR components to the stromal interface. (A and B) DN3 cells were incubated with OP9-DL1 cells for 14 h and
fixed and stained for α-tubulin to mark the MTOC, Notch1, CXCR4, and pTα chain (as shown). Z-stack images were acquired using confocal microscopy, and
representative images are shown as maximum projection. Asterisks indicate the interface between DN3 cells and OP9-DL1 cells. After triaging for cells in which
the MTOCwas recruited to the interface with an OP9-DL1 cell, the percentage of cells in which the pTα chain was polarized with either Notch1 or CXCR4 to the
interface with the OP9-DL1 cell was determined by blind scoring. The total number of scored conjugates per marker is 75 (25 cells per biological replicate).
(C and D) DN3 cells in an intact thymus were stained for CD25 as a nonpolarized control, pTα as a marker for pre-TCR, and either Notch1 (C) or CXCR4 (D).
Images were acquired using widefield fluorescent microscopy (Vectra 3 automated quantitative pathology imaging system), and representative images of
Notch1-pTα (C) and CXCR4-pTα (D) coclustering in situ are shown. The total number of scored cells is 150 (C) or 100 (D). (E) DN3 cells were incubated with
OP9-DL1 cells for 14 h in the presence or absence of either Notch inhibitor (DBZ) or CXCR4 inhibitor (AMD3100) and then fixed and stained for α-tubulin to
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for whether the pTα cluster colocalized with Notch1 and CXCR4.
pTα was coclustered with Notch1 (65.3%) of these cells and with
CXCR4 (59.5%; Fig. 3, C and D). These data indicate that Notch1
and CXCR4 assemble with the TCR signaling platform and raise
the possibility that they facilitate the establishment of the im-
munological synapse.

The coclustering of Notch1 and CXCR4 with pTα led us to
suspect that Notch1 and CXCR4 might regulate pTα polarization.
Indeed, scored DN3 conjugates treated for 14 h with pharma-
cological inhibitors of Notch signaling (dibenzazepine [DBZ]) or
CXCR4 signaling (AMD3100) showed 47% and 41% pTα chain
polarization, respectively, compared with 63.6% in the untreated
sample (Fig. 3 E).We saw a similar reduction in pTα polarization
after 3 h of signaling inhibition, suggesting that this effect is a
direct rather than an indirect consequence of phenotypic
changes induced by Notch or CXCR4 signaling (Fig. S3). These
data suggest that Notch1 and CXCR4 act as recruiters of the pTα
chain to the interface as a part of the de novo assembly of the
immunological synapse.

The requirement for Notch1 and CXCR4 in passing the
β-selection checkpoint is circumvented by replacing the
immunological synapse with pharmacological mimicry of TCR
signaling
Both Notch and CXCR4 cooperate with pre-TCR signaling to
facilitate progression beyond the β-selection checkpoint (Chann
and Russell, 2019), but the mechanisms by which these signaling
pathways interact is not known. We assessed whether the in-
fluence of Notch1 and CXCR4 signaling on β-selection might, at
least in part, reflect their influence on the formation of the
immunological synapse. It is well established that the β-selection
checkpoint requires Notch1 and CXCR4 signaling (Ciofani et al.,
2004; Janas et al., 2010; Maillard et al., 2006; Trampont et al.,
2010; Yashiro-Ohtani et al., 2009), and we confirmed the impact
of inhibiting Notch and CXCR4 signaling in the OP9-DL1 co-
cultures, where the survival of DN3a cells cocultured with the
Notch inhibitor DBZ or the CXCR4 inhibitor AMD3100 was not
affected, but fewer cells differentiated to DN3b and DP com-
pared with the untreated coculture (Fig. 4 A). We assessed
whether the impact of these inhibitors on differentiation cor-
relates with an immediate downstream marker of pre-TCR
signaling, pLCK394. 3 h after addition of Notch and CXCR4 in-
hibitors, pre-TCR signaling was reduced, as indicated by
pLCK394 levels (Fig. 4 B). The effectiveness of each inhibitor was
confirmed by the reduction in expression of Hes1 and CXCR4
(readouts of Notch and CXCR4 signaling, respectively; Azab
et al., 2009; Kageyama et al., 2007; Lee et al., 2013). Thus, the
long-term impact on differentiation correlated with a short-
term impact on pre-TCR signaling. In addition, these results
support our previous findings that suggest that the impairment
of pre-TCR clustering at the surface is due to Notch and CXCR4

inhibition. Indeed, our results are consistent with synapse dis-
ruption upon inhibition of pLCK394 downstream TCR signaling
in mature T cells (Tsun et al., 2011). In addition, the partial effect
of each of the inhibitors is entirely consistent with the model
that this signaling platform requires contributions from pre-
TCR–MHC interactions, Notch, and CXCR4.

The above results demonstrate functional interactions among
Notch1, CXCR4, and proximal pre-TCR signaling but do not in-
dicate whether these interactions occur via assembly of the
immunological synapse. To avoid confounding the results with
cells that had already assembled an immunological synapse, we
sorted DN3a cells for the presence or absence of surface TCRβ.
As previously published, the cell surface expression of TCRβ
dramatically alters subsequent fate of the cell populations (Klein
et al., 2019). After 5 d of coculturing on OP9-DL1, TCRβ+ cells
yielded more than double the cells yielded by TCRβ− cells, with
commensurate differences in CFSE dilution, indicating higher
cell division rates (Fig. 5 A). TCRβ+ cells produced increased
numbers of DP cells compared with TCRβ− cells, and fewer DN3a
cells remained in the culture (Fig. 5, B and C). In addition, An-
nexin V and propidium iodide (PI) staining showed that TCRβ+

DN3a yielded fewer apoptotic and necrotic cells (Fig. 5 D). Thus,
the presence and assembly of the pre-TCR is associated with
increased differentiation and proliferation, and TCRβ− cells
should represent TCR signaling–naive cells appropriate for
comparing pre-TCR signaling in the presence or absence of
an immunological synapse.

To create a synapse-independent condition, we turned to a
pharmacological mimic of TCR signaling, PMA, which bypasses
the need for a signaling platform in mature T cells by directly
activating PKCθ (Felli et al., 2005; Tahara et al., 2009).
To compare synapse-dependent and synapse-independent re-
sponses to Notch and CXCR4 inhibition, we therefore sorted for
TCRβ− DN3a cells (providing an initial population with no pre-
assembled immunological synapse) and compared their differ-
entiation in the presence (no PMA) or absence (with PMA) of an
immunological synapse. A time course of response to incubation
on OP9-DL1 cells revealed that TCRβ− DN3a cells remain viable
and proliferate over 48 h (data not shown), but show very little
progression through the differentiation stages, with most of the
cells remaining as DN3a, suggestive of multiple cycles of self-
renewal (Fig. 6 Ai, enumerated in Fig. 6 Aii). As expected, the
addition of PMA caused differentiation through DN3b and DN4
(Fig. 6 A). Remarkably, Notch inhibition had no or a small in-
hibitory effect on differentiation from DN3a without PMA
treatment but substantially increased differentiation from DN3a
to DN3b and DN4 in the PMA-treated cells. The effects of Notch
inhibition on differentiation were not related to cell death (Fig.
S4 A). Inhibition of CXCR4 also showed a differential effect on
differentiation in untreated versus PMA-treated cells, albeit to a
lesser extent than inhibition of Notch (Fig. S4 B). These results

mark the MTOC and pTα chain as a marker of pre-TCR (as shown). After triaging for cells in which the MTOC was recruited to the interface with an OP9-DL1
cell, the percentage of cells in which pTαwas polarized to the interface with the OP9-DL1 cell was determined by blind scoring (as shown by column-bar plot).
The total number of scored conjugates per condition is 75 (25 cells per biological replicate). Scale bars represent 5 µm (A and E) and 10 µm (C and D). Statistics
by one-way ANOVA test. Untreated vs. DBZ: **, P = 0.019; untreated vs. AMD3100: **, P = 0.001. Error bars (A, B, C, D, and E) represent SEM.
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combined indicate that although both Notch and CXCR4 are
required for differentiation in response to pre-TCR signaling,
they are not required for differentiation in response to PMA
signaling. Combined with our previous finding that Notch1 and
CXCR4 are required for synapse formation and proximal TCR
signaling, these results support the notion that rather than di-
rectly impacting upon differentiation, the major role for Notch1
and CXCR4 during β-selection is in de novo assembly of the
immunological synapse.

The coassembly of Notch1, CXCR4, and pre-TCR into a single
signaling platform is correlated with progression through the
β-selection checkpoint in situ
It is well established that signaling through the pre-TCR during
β-selection promotes cell proliferation (Miyazaki et al., 2008;
Petrie et al., 2000). Therefore, we hypothesized that formation
of the immunological synapse could be required for cell

proliferation after β-selection. Hence, we investigated the cor-
relation between the coclustering of Notch1 and CXCR4 with
pLCK394 and proliferation of DN3 cells in situ. We established a
six-color multiplex panel, where we validated the specificity of
each used antibody by single staining (Fig. 7 A) and then used the
HALO software region classifier module to distinguish among
medullary, cortical, and subcapsular zones using the panel (Fig. 7
B). We focused on the subcapsular zone, where the DN3 cells
reside (Love and Bhandoola, 2011), with Ki67 as a proliferation
marker. Notch1 was coclustered with pLCK394 in 63.3% of the
scored cells in the subcapsular zone, where DN3 cells reside.
Interestingly, 70.9% of the cells that showed copolarization of
Notch1 and pLCK394 in the subcapsular zone expressed Ki67
compared with 16.2% of these that did not show copolarization
(Fig. 8, A and C). Similarly, CXCR4 was coclustered with pLCK394

in 68% of the scored cells in the subcapsular zone. As with
Notch1, 80.4% of the cells that showed copolarization of CXCR4

Figure 4. Notch and CXCR4 signaling regulate the pre-TCR downstream signaling and are required for progression beyond β-selection. (A) DN3a cells
were cocultured with OP9-DL1 cells in the presence or absence of either Notch inhibitor (DBZ) or CXCR4 inhibitor (AMD3100). After 5 d, flow cytometry was
used to assess the effect on Notch and CXCR4 inhibition on DN3a cell progression and differentiation. The effect of either Notch or CXCR4 inhibition on survival
was assessed using PI intensities (as shown by bottom row histograms). (B) To assess the effect of Notch or CXCR4 inhibition on pre-TCR downstream
signaling, purified DN3a cocultures were treated with either Notch inhibitor (DBZ) or CXCR4 inhibitor for 3 h and then fixed, and levels of pLCK394 were
assessed as a marker of pre-TCR downstream signaling (as shown by histograms). Hes1 and CXCR4 (top row) were stained to assess the effectiveness of
inhibition of Notch and CXCR4, respectively. The results are representative of three independent biological replicates.
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and pLCK394 in the subcapsular zone expressed Ki67 compared
with 37.4% of these that did not show copolarization (Fig. 8, B
and D). To be certain that Notch1 and CXCR4 copolarization with
pLCK394 is essential for proliferation and not due to pLCK394

clustering, we scored cells that showed clustering of pLCK394

only. Strikingly, pLCK394 clustering did not correlate with Ki67
expression in the subcapsular zone (Fig. 8 E). These data strongly

support the hypothesis that Notch1 and CXCR4 are required for a
proper assembly of the pre-TCR immunological synapse, which
in turn propagates signaling via pLCK394 to promote prolifera-
tion. These data together indicate that proliferation at the
β-selection checkpoint is associatedwith formation of a signaling
platform at the stromal interface, comprising Notch1, CXCR4,
and the pre-TCR complex.

Figure 5. Pre-TCR assembly at DN3a is critical for transition beyond the β-selection checkpoint. Purified TCRβ+ and TCRβ− DN3a cells were cocultured
with OP9-DL1 for 5 d. (A) Cellularity was assessed by measuring fold increase in both cocultures (as shown in the column-bar plot), and proliferation was
assessed using the intensity of CFSE (as shown in histogram, bottom left). (B) Flow cytometry was used to assess the differences between TCRβ+ and TCRβ−

DN3a cocultures progression and differentiation to subsequent developing stages (as shown by flow cytometry plots). (C) The percentages of DN3a, DN3b, and
DP cells from three independent biological replicates were expressed as a ratio (TCRβ+/TCRβ−) as shown by dot-plot (top right). (D) Purified TCRβ+ DN3a
(indicates assembled pre-TCR) and TCRβ− DN3a (lacks pre-TCR) cells were cocultured with OP9-DL1 for 5 d. Annexin V dye was used to assess apoptosis, and
PI dye was used to assess cell death as shown by the histograms. The data are representative of three independent biological replicates with similar results. **,
P = 0.004 (unpaired t test). Error bars (A and C) represent SEM.
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MHC plays a role in pTα chain clustering and the establishment
of the pre-TCR immunological synapse
In mature T cells, the establishment of the immunological syn-
apse is ligand dependent (Dustin et al., 2010). Although the pre-
TCR signaling does not require interaction with ligand, it was
shown recently that the pre-TCR can interact with peptide–MHC
complexes to influence T cell development (Mallis et al., 2015).
Therefore, we assessed whether a physical association of MHC
and pre-TCR took place in an intact thymus. Using six-color
immunofluorescent staining, we first assessed the proximity
of DN3 cells to MHC class II (which we refer to as MHC)–
expressing cells in intact thymic lobes. MHC showed patchy

staining consistent with it being variably expressed on the
surface of some stromal cells. We made use of the variability in
MHC expression to ascertain whether proximity to MHC cor-
related with pre-TCR clustering. We randomly picked five dif-
ferent regions of the same size the in thymic lobe (two thymic
lobes from different mice, with a total of 322 scored cells) and
scored cells for being either adjacent to or distant fromMHC.We
found that 52% of DN3 cells were adjacent to detectable MHC
(Fig. 9 A). pTα was clustered in a higher proportion of DN3 cells
adjacent to the MHC (87.8%) as compared with DN3 cells distant
from the MHC (61.4%; Fig. 9 B). This finding is particularly
striking given that the MHC might occur above or below the

Figure 6. The effect of inhibition of Notch signaling on progression beyond β-selection indicates a role in immunological synapse assembly. (Ai)
Purified TCRβ− DN3a cells were cocultured on OP9-DL1 cells in the presence or absence of either of the following drug combinations: Notch inhibitor (DBZ), a
pharmacological mimic of pre-TCR downstream signaling (PMA), and PMA with Notch inhibitor. Cocultures were stopped after 48 h and analyzed by flow
cytometry to assess progression and differentiation (as shown by flow cytometry dot plots). (Aii) Scatter plot represents the percentages of DN3a, DN3b, and
DN4 from three independent biological replicates (each experiment is color coded [purple, blue, and orange]) in the presence of PMA, DBZ, and PMA + DBZ.
Flow cytometry plots are representative of three independent biological replicates. ns, not significant; ****, P < 0.0001 (two-way ANOVA). Error bars (Aii)
represent SEM.
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Figure 7. Automated region classification of thymic lobes. (A) A thymus lobe slice of 4 µm thickness was stained and multiplex imaged using a 20× air
objective. Each marker of the multiplex thymus panel was stained with TSA dye (yellow), followed by DAPI staining to mark the nucleus (blue). Images were
acquired using widefield fluorescent microscopy (Vectra 3 automated quantitative pathology imaging system), and representative images are shown.
(B) Thymus lobes were stained with a six-color multiplex panel. Images were spectrally dissected and then stitched together using HALO Indica Laboratories
software. Random regions of the subcapsular (yellow), cortical (green), and medullary (red) regions and blood vessels (blue) were marked as reference regions
and stored in the software library (ii). An automated classification of entire tissue using reference regions library was performed (iii). Using CD4, CD8, CD44,
and CD25 surface expression with regions classification, we could identify DN3 cells in the cortex (top zoomed image) or subcapsule (bottom zoomed image).
Scale bars represent 50 µm (A), 5 µm (A, zoomed image), 1 mm (Bi), 100 µm (Biii a and b, zoomed images) and 10 µm (a and b, zoomed images).
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Figure 8. The coassembly of Notch1, CXCR4, and pre-TCR into a single signaling platform is strongly associatedwith proliferation at the subcapsular
zone in situ. (A and B) Multiplex imaging on sections of an intact thymus was performed, followed by automated tissue classification using HALO software.
DN3 cells in the subcapsular zone were identified and analyzed for CD25 as a nonpolarized control. The percentages of cells showed coclustering of pLCK394 as
a marker of pre-TCR signaling with either Notch1 (A) or CXCR4 (B) was determined as shown by the column-bar plots. The total number of scored cells is 100
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focal plane of imaging where it could not be detected, so not all
cells in the 61.4% will be distant from the MHC.Moreover, of the
DN3 cells adjacent to the MHC and with clustered pTα, the
clustered pTα was oriented toward the MHC in 82.7% (Fig. 9 B).
These data suggest that the pre-TCR can interact with the MHC
in the intact thymus, supporting previous published work,
suggesting that interactions with peptide-bound MHC fosters
expansion of cells that can recognize self-MHC (Mallis et al.,
2015). Moreover, these results suggest that MHC interactions
are associated with the establishment of an immunological
synapse during β-selection.

Discussion
The β-selection checkpoint is the stage at which the developing
T cell tests whether it has effectively recombined the gene for
TCRβ (Bednarski and Sleckman, 2012; Rothenberg et al., 2008).
Cells that fail this test will die, and cells that can signal through
the pre-TCR downstream will pass the test and survive, prolif-
erate, and differentiate (Kreslavsky et al., 2012; Michie and
Zúñiga-Pflücker, 2002). In this study, we show that this test
of pre-TCR signaling involves the establishment of an immu-
nological synapse, resembling the immunological synapse of
mature T cells (Fig. 10). The immunological synapse provides a
platform for downstream signaling and progression beyond the
β-selection checkpoint. Differing from that of mature T cells, the
β-selection immunological synapse is facilitated by Notch1 and
CXCR4 signaling.

The immunological synapse in a mature T cell is character-
ized by the polarization of the TCR components toward the
antigen-presenting cell (Dustin et al., 2010; Mart́ın-Cófreces
et al., 2008; Mittelbrunn et al., 2011). In a similar manner, we
find that the MTOC polarizes at the interface between DN3 and
OP9-DL1 stromal cells (Pham et al., 2015), along with pre-TCR
structural and signaling components such as Lck and LAT. Time-
lapse imaging also indicates that cells stop moving for tens of
minutes coincident with formation of the synapse, analogous to
the slowing observed as mature T cells form an immunological
synapse (Ludford-Menting et al., 2005) and the cessation of
movement observed in more mature thymocytes undergoing
negative selection (Le Borgne et al., 2009). Time-lapse imaging
within an intact thymus will be required to test whether similar
cessation of movement is observed in DN3a cells during
β-selection in vivo. We also show polarization in situ in the
intact thymus of both pTα (a component of the pre-TCR com-
plex) and pLCK394 (an indicator of signaling downstream of the
pre-TCR). These results indicate that a signaling platform akin to

the well-characterized immunological synapse seen in mature
T cells occurs during β-selection.

An intriguing aspect of the β-selection immunological syn-
apse is the differences implied by incorporation of the pre-TCR
rather than the αβ TCR. In the mature T cell immunological
synapse, signaling and polarization are driven by TCR engage-
ment with peptide-bound MHC (Fooksman et al., 2010). The
possibility of the pre-TCR binding to peptide-bound MHC has
only recently been indicated based upon interactions with pu-
rified proteins (Mallis et al., 2015). In support of a physiological
relevance for binding to the MHC, the pre-TCR–MHC interac-
tion was correlated with elevated levels of calcium influx, in-
dicating active signaling (Das et al., 2016; Mallis et al., 2015).
Although this interaction is clearly not essential for T cell de-
velopment (Irving et al., 1998; Koller et al., 2010), Mallis and
colleagues showed that it plays a critical role in encouraging the
preferential proliferation of cells whose pre-TCR can bind self-
MHC (Mallis et al., 2015). This is thought to skew the repertoire
toward TCRβ repertoires before undergoing TCRα rearrange-
ment (Mallis et al., 2015). Our findings that the MHC and pre-
TCR cocluster toward each other suggest that the binding has
functional relevance in the intact thymus. The formation of an
immunological synapse also provides a potential mechanism
for overcoming the weak binding between the pre-TCR and
peptide-bound MHC, particularly before expression of the co-
receptors CD4 and CD8. Together, these observations suggest
that although the β-selection immunological synapse does not
depend on peptide-bound MHC for its assembly, the synapse
might promote pre-TCR signaling in response to peptide pre-
sented by adjacent thymic stromal cells.

Notch1 and CXCR4 are included in the β-selection immuno-
logical synapse in vitro and in situ, and their signaling is re-
quired for optimal assembly. These findings are compatible with
our previous observations that Notch1 and CXCR4 polarize at the
interface between the DN3 cell and OPL-DL1 (Pham et al., 2015).
Others have identified a functional interaction between the pre-
TCR and either Notch (Ciofani et al., 2004; Yashiro-Ohtani et al.,
2009) or CXCR4 (Trampont et al., 2010) and that Notch and TCR
are corecruited to the immunological synapse of mature T cells
and DP (CD4+CD8+) thymocytes (Anderson et al., 2005; Guy
et al., 2013). In mature T cells, TCR signaling enhances Notch
recruitment to the immunological synapse (Guy et al., 2013). In
contrast, our findings suggest that Notch and CXCR4 signaling
are required for optimal assembly of a pre-TCR–containing
immunological synapse. It is possible that the requirement for
Notch and CXCR4 reflects compensation for the weaker binding
of the pre-TCR to the MHC by creating a stable interface

(A) or 75 (B), with 25 cells per biological replicate. (C and D) DN3 cells were stained for CD25 as nonpolarizing control, pLCK394 as marker for pre-TCR
downstream signaling, Ki67 as a proliferation marker, and either Notch1 or CXCR4. Images were acquired using widefield fluorescent microscopy (Vectra 3
automated quantitative pathology imaging system), and representative images of highly expressed Ki67 when Notch1 (C) or CXCR4 (D) coclusters with pLCK394

or a lack of Ki67 expression when Notch1 or CXCR4 does not cocluster with pLCK394 in situ are shown. DN3 cells with coclustering or no coclustering of pLCK394

with either Notch1 (C) or CXCR4 (D) in the subcapsular zone were assessed for levels of Ki67 expression, as shown by column-bar plots. The total number of
scored cell is 75, with 25 cells per biological replicate. (E) DN3 cells in an intact thymic section were identified in the subcapsular zone, and the percentages of
cells expressing the proliferation marker (Ki67) were assessed in cells showed clustering or no clustering of pLCK394, as shown by column-bar plots. The total
number of scored cells is 75, with 25 cells per biological replicate. Scale bars, 10 µm. **, P = 0.0025; ***, P = 0.0008 (unpaired t test). Error bars (A, B, C, D, and
E) represent SEM.
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between cells that allows for formation of the immunological
synapse. These findings support the possibility that Notch and
CXCR4 signaling initiate polarization and the MTOC (a key
component of the immunological synapse) is recruited to the
interface in response to both Notch and CXCR4 signaling.

These findings point to a possible alternative explanation for
the cooperation among Notch, CXCR4, and pre-TCR at the
β-selection checkpoint: in addition to (or instead of) cooperating
at the level of downstream signaling, Notch and CXCR4 act to
promote pre-TCR signaling by enabling the assembly of the

immunological synapse. To test this theory, we took advantage
of a well-characterized surrogate for TCR signaling that does not
involve assembly of an immunological synapse, PMA (Felli et al.,
2005; Tahara et al., 2009). To compare PMA treatment with pre-
TCR signaling, we established a system in which cells prefer-
entially progressed either though the β-selection checkpoint via
PMA signaling (DN3a cells that had not yet expressed the pre-TCR)
or only via signaling through the pre-TCR (a mixed population of
DN3a cells both expressing and not expressing TCRβ that were not
treated with PMA). Consistent with recently published work (Klein

Figure 9. MHC plays a role in establishing the pre-TCR immunological synapse at DN3 stage in situ. (A) DN3 cells were identified in five randomly picked
regions of the same size in an intact thymus to assess their localization in relationship to MHCII. Images were acquired using widefield fluorescent microscopy
(Vectra 3 automated quantitative pathology imaging system) and are representative of DN3 cells adjacent (yellow arrowheads) or away (white arrowheads)
fromMHCII. DN3 cells were then scored as either adjacent to MHCII or away from it, as shown by the column-bar plot. The total number of scored cells is 322,
with 161 per biological replicate. (B) pTα clustering was assessed in DN3 cells adjacent to or away from MHCII, as shown in the stacked column-bar plot. DN3
cells adjacent to MHCII that showed pTα clustering were assessed for the localization of pTα clustering as compared with MHCII, as shown by column-bar plot.
Images were acquired using widefield fluorescent microscopy (Vectra 3 automated quantitative pathology imaging system), and representative images of DN3
cells adjacent to MHCII with clustering of pTα toward MHCII (I), clustering of pTα away fromMHCII (II), and with no clustering of pTα (III) are shown. Scale bars
represent 50 µm (A) and 10 µm (B).
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et al., 2019), DN3a cells that expressed cell surface TCRβ differen-
tiated faster and proliferated more than those that did not express
TCRβ, compatible with pre-TCR being a prerequisite for progres-
sion beyond the β-selection checkpoint. We used this system to
discriminate between a role for Notch and CXCR4 in immunological
synapse assembly compared with downstream signaling. The dia-
metrically opposed responses of the two forms of pre-TCR signaling
to inhibition of either Notch1 or CXCR4 suggest that at β-selection,
the effects of Notch1 and CXCR4 on pre-TCR signaling act via the
immunological synapse.

A hallmark of pre-TCR signaling is the onset of proliferation
(Aifantis et al., 2001; von Boehmer, 2005). Accordingly, we
tested whether the coclustering of Notch1 and CXCR4 with the
pre-TCR downstream active signaling marker pLCK394 corre-
lated with proliferation of DN3 cells. Remarkably, our in situ
multiplex imaging showed that coclustering of Notch1 and
CXCR4 with pLCK394 in DN3 thymocytes at the subscapular re-
gion had significantly higher expression of the proliferation
marker Ki67 compared with those that showed no coclustering.
This indicates that Notch1 and CXCR4 coclustering with pLCK394

is critical for the proliferative expansion onset following pre-
TCR signaling. Moreover, pLCK394 clustering itself did not show
a strong correlation with proliferation, which further supports
the essential role of Notch1 and CXCR4 in establishing this sig-
naling platform. Together, these findings suggest that assembly
of the pre-TCR into an immunological synapse is a precondition
for proliferation in response to β-selection.

In conclusion, we demonstrate the establishment of an im-
munological synapse that facilitates pre-TCR signaling during
the β-selection checkpoint. We show that this immunological
synapse is regulated cooperatively by Notch1 and CXCR4 sig-
naling. We propose that the β-selection immunological synapse
is critical for regulation of pre-TCR signaling and promotes
progression beyond the β-selection stage.

Materials and methods
Primary hematopoietic coculture
The OP9 stromal cell line transduced to express the Notch ligand
Delta-like1 (OP9-DL1; Schmitt and Zúñiga-Pflücker, 2002) was
cultured in Minimal Essential Medium Alpha Modification
(SAFC Biosciences, Sigma-Aldrich) supplementedwith 10% (vol/
vol) fetal calf serum, glutamine (1 mM; GIBCO-BRL), and 100 ng/
ml penicillin/streptomycin at 37°C, 10% CO2. Fetal liver cells
were extracted from embryonic day 14.5 C57 black 6 (C57BL/6)
mice and used as hematopoietic stem cell progenitors. OP9-DL1
stromal cells were seeded in 6-well plates and mouse fetal liver
cells were seeded onto them in a ratio 1:1 (2 × 105 cell/well). The
coculture was maintained at 37°C, 10% CO2 in Minimal Essential
Medium Alpha Modification (SAFC Biosciences, Sigma-Aldrich)
supplemented 10% fetal calf serum (vol/vol), glutamine (1mM),
β-mercaptoethanol (50 µM, Calbiochem), sodium pyruvate
(1 nM; GIBCO-BRL), Hepes (10 mM; GIBCO-BRL), 100 ng/ml
penicillin/streptomycin, 1 ng/ml mouse interleukin 7 (Peprotech),

Figure 10. A newmodel for the β-selection checkpoint that
incorporates an immunological synapse. In the proposed
model, contact of DN3a developing T cells with stromal cells in
the thymus (OP9-DL1 in in vitro) causes Notch1 and CXCR4 to
engage with their ligands (DL1/4 and CXCRL12, respectively).
Notch1 and CXCR4 engagement promotes the establishment of
the immunological synapse via the pre-TCR (pTα and TCRβ
chains). The immunological synapse is correlated with the po-
larization of MTOC, clustering of the CD3 complex clustering (ε,
δ, and γ chains), and proximity to the MHC on the stromal cell.
The immunological synapse then provides the signaling plat-
form required for downstream signal transduction through the
pre-TCR. Signaling via the pre-TCR promotes transition beyond
the β-selection checkpoint, followed by proliferation and dif-
ferentiation to the subsequent T cell developmental stages. IS,
immunological synapse.
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and 5 ng/ml mouse FMS-like tyrosine kinase 3 (Peprotech). Upon
hematopoietic confluency every 5–8 d, the coculture was har-
vested via pressure pipetting or gentle scrapping, and lympho-
cytes were separated from OP9-DL1 via pulse spin at 1,400 rpm
and seeded onto fresh OP9-DL1 stromal cells in six-well
plates. To investigate the effect of Notch1 and CXCR4 on
the differentiation of purified DN3a, DN3a cells were puri-
fied by flow cytometric sorting, cocultured on OP9-DL1
stromal cells, and differentiation monitored in the presence
and absence of Notch1 inhibitor (1 nM DBZ), CXCR4 inhibitor
(2 µg/ml AMD3100), and the pharmacological mimic of TCR
signaling, PMA (40 ng; Sigma-Aldrich).

Flow cytometry sorting and analysis
All antibodies were purchased from eBioscience or BD Phar-
mingen unless otherwise specified. DN1–DN4, DP, and single
positive thymocytes were distinguished using surface receptors,
where DN1 (CD25−/CD44+/CD4−/CD8−), DN2 (CD25+/CD44hi/
CD4−/CD8−), DN3 (CD25+/CD44lo/CD4−/CD8−), DN4 (CD25−

/CD44hi/CD4−/CD8−), DP (CD4+/CD8+), and single positive (CD4+

/CD8− or CD4−/CD8+). DN3a (early) and DN3b were discrimi-
nated using surface expression of CD28. We further discrimi-
nated late DN3a from early DN3b using TCRβ surface expression.
Viability of cells was analyzed using FITC-Annexin V and/or PI.
Refer to Table S1 for a list of all antibodies.

Retroviral transductions
Phoenix cells were used to produce virus via transfection with
5 µg Murine Stem Cell Virus plasmid (pMSCV) retroviral con-
structs, mCherry-α-tubulin, and GFP-LAT using calcium phos-
phate transfection (courtesy of Mandy Ludford-Menting and
Stephen Ting, Peter MacCallum Cancer Centre, Parkville, Vic-
toria, Australia). Viral supernatant was collected 48 h after
transfection virus and placed in a six-well plate (catalog no.
351146; Falcon, BD Pharmingen) that was precoated in 15 mg/ml
RetroNectin/r-Fibronectin (Takara), blocked in 2% bovine se-
rum albumin/phosphate buffer saline, and then spun at 2,000 g
for 1 h. Six-well plates were incubated for 2 h at 37°C and 10%
CO2. Supernatant was collected and discarded and thymocytes
(day 8–10 culture) were added and spun down for 1 h at 1,200 g.
Six-well plates were incubated overnight in culturingmedia at 37°C
and 10% CO2. Thymocytes were collected and cultured onto OP9-
DL1 cells in six-well plates. On days 14–15 of primary cocultures,
flow cytometry was used to sort DN3a cells for live imaging.

Confocal microscopy and immunofluorescence staining
OPL-DL1 stromal cells were seeded in each well of an 8-chamber
slide (Thermofisher) at 3 × 103 cell per well and incubated
overnight at 37°C and 10% CO2. 4–5 × 104 hematopoietic pre-
cursors were seeded upon the OP9-DL1 stromal cells in each well
with fresh media and then left in the incubator for 14 h. Cells
were then fixed with 3.7% (wt/vol) paraformaldehyde in
100 mM Pipes, 5 mM MgSO4, 10 mM EGTA, and 2 mM DTT (20
min, RT), washed twice, and permeabilized in 0.1% Triton X-100
in PBS without MgCl2 or CaCl2 (7 min, RT), and then washed
twice with PBS. All cells were blocked with 2% bovine serum
albumin (30 min; Sigma-Aldrich) and washed twice with PBS;

primary antibodywas added, and cells were left for 1 h at RT on a
rocker. Cell were washed twice with PBS, secondary antibodies
were added, cells were left for 1 h at RT on a rocker, and then
cells were washed twice with PBS and mounted using Prolong
Gold antifade (Molecular Probes). The slides were examined at
room temperature using a FluoView FV1000 BX61 confocal mi-
croscope (Olympus) using a 40× 1.2 NA oil-immersion objective.
9–12 Z-stack images were acquired at a distance 1 µm per step,
and then maximum intensity projections were generated using
ImageJ software. Refer to Table S1 for a list of all antibodies.

For time-lapse imaging, F-actin was stained by incubating
DN3a cells with SiR-Actin (1 µM; Cytoskeleton) for 2 h at 37°C
and 10% CO2. SiR-Actin-labelled DN3a cells were seeded onto
OP9-DL1 cells (3 × 103 of each cell type per chamber) in 35-mm
glass-bottom four-chamber slides containing 250 µl culturing
media. Multiple stage positions were acquired using confocal
microscope (Olympus FV1000) using a 60× 1.3 NA oil objective
every 2–4min for up to 3 hwith 10–12 z-stacks of 1 µm thickness.
Cultures were imaged in a temperature-controlled unit at 37°C
and 10% CO2. Acquired time lapses were processed using Cell-
Sens software.

Formalin-fixed paraffin-embedded tissue samples and
immunohistochemistry (IHC)
The thymi of 6-wk-old (C57BL/6) mice were extracted and
washed in PBS and then fixed in 10% formaldehyde buffer for
18 h at RT. Fixed tissues were washed twice in PBS and then
embedded in paraffin by a histologist. A serial section of 4 µm
thickness was cut, and slices were mounted on glass slides. After
deparaffinization, a heat antigen retrieval method using pres-
sure cooker was used, and slides were placed in a plastic con-
tainer filled with 1 mM EDTA (Sigma-Aldrich) antigen retrieval
buffer solution at pH 9.0. To validate the specificity and detec-
tion of primary antibodies, chromogenic IHC was performed for
each single antibody as follows; slides were blocked using 2%
BSA for 1 h at RT on a rocker. Primary antibodies were incubated
for 1 h at RT on a rocker and then washed twice with 1xTris-
buffered saline 0.5% Tween (TBST; 1 mM Tris Base, 1.8% NaCl,
and 0.5% Tween 20, pH 7.4). Endogenous peroxidase was
blocked by incubating the slides in 0.3% hydrogen peroxidase
for 10 min at RT, followed by washing twice in 1×TBST. HRP-
conjugated secondary antibodies (Vector Labs) was added for 1 h
at RT on a rocker, and then slides were washed twice with
1×TBST. Slides were incubated with a 3,39-DAB chromogen kit
(DAKO) for 10min at RT on a rocker and thenwashed twice with
1×TBST. Samples were counterstained with hematoxylin and
dehydrated with ethanol and xylene to prepare for mounting.
Slides were scanned using 20× air objective on Olympus V120
slide scanner (Fig. 5). The antibodies were used to build a thymic
multiplex antibodies panel (Table S2).

Opal multiplex immunofluorescence imaging of
thymic sections
Uniplex immunofluorescence validation
Following chromogenic detection, each of the assessed anti-
bodies was further titrated for Opal multiplex imaging. Mono-
color staining of each of the antibodies was performed using the
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Opal seven-color kit (PerkinElmer) following the same protocol
used for IHC; after incubation with the HRP-conjugated sec-
ondary antibodies, slides were incubated with individual tyr-
amide signal amplification (TSA)–conjugated fluorophores for
5–10 min at RT on a rocker and then washed three times with
1×TBST. Slides were then mounted with Citifluor Poly (vinyl
pyrrolidone) plus antifadent solution (Citifluor) and scanned at
RT using a 20× objective on the Vectra 3 automated quantitative
pathology imaging system (PerkinElmer; Fig. S5). Acquired
images were used to build spectral library of all the target pro-
teins using in Form Cell Analysis software (PerkinElmer).

Multiplex imaging
Following validating target antibodies and building the spectral
library described in the paragraph above, multiplex staining was
performed by following the same steps for uniplex staining.
After adding the first TSA dye, the slides were placed in plastic
container and microwaved for 1 min at 100°C and then micro-
waved for 10 min at 75°C to remove the primary and secondary
antibodies, leaving behind the TSA dye. The same steps were
then performed with each subsequent antibody up to a maxi-
mum of seven antibodies. After the last antibody, slides were
incubated with DAPI (1:1,000 in 1×TBST) stain (Spectral DAPI;
PerkinElmer) for 2–3 min at RT on a rocker and then washed
twice with 1×TBST. Slides were then mounted using Citifluor
Poly (vinyl pyrrolidone) plus antifadent solution, and the entire
tissue was imaged using a 20× objective on the Vectra 3 auto-
mated quantitative pathology imaging system.

inForm and HALO software
Acquired images were loaded to inForm cell analysis software,
and the spectral library built from uniplex staining of the target
antibodies was used to spectrally dissect multiplex images. Im-
ages were then exported as component .tiff files. Component .tiff
files were then uploaded to HALO image analysis software
(Indica Labs) and fused to build the thymic lobe. Using the HALO
Highplex FL region classifier module, the software was trained
to distinguish three main regions in the thymus (medulla, cor-
tex, and subcapsular region) by manually picking 5–10 regions
for each and then running automated classification on the entire
tissue to highlight these three regions (Fig. 7). DN3 cells were
identified either in the cortex or subcapsular zone using CD25+

CD44− CD4− CD8− surface expression.

Clustering and colocalization quantification
In vitro scoring and cell triaging
One of the hallmarks of the immunological synapse formation in
mature T cells is the polarization of the MTOC to the interface
(Mart́ın-Cófreces et al., 2008). Accordingly, we first identified
cell conjugates in vitro by relying on the polarization of the
MTOC to the interface with OP9-DL1 stromal cells. We took into
consideration that the MTOC and OP9-DL1 should be on the
same focal plane and only selected conjugates with visible flu-
orescence for the marker of interest. It should be noted that
almost all of the markers in this study showed clusters. We
scored for single marker clustering, where clustering at the in-
terface was given a score of 1 and no clustering was given a score

of 0. For double-marker scoring, we scored for conjugates
showing visible fluorescence intensity of both markers at the
same focal plane. We scored for the colocalization of both
marker clusters at the interface, where colocalized clusters at
the interface were given a score of 1 and no colocalization at the
interface was given a score of 0.

In situ scoring and cell triaging
Due to the technical difficulty of using MTOC polarization as a
guideline to identify conjugates in our in situ system, we only
scored for clustering and colocalizations of clustered markers of
interest. First, DN3 cells were identified either in the cortex
or subcapsular zone using CD25+ CD44− CD4− CD8− surface ex-
pression. For single-marker clustering, we only scored cells with
visible fluorescence intensity of the marker of interest and in
focus. These cells were scored as 1 when they were clearly
clustered, cells that showed clustering were given a score of 1,
and no clustering was given a score of 0. When comparing the
clustering of more than one marker, we scored cells with visible
fluorescence intensity of bothmarkers and in focus. We used the
following strategy to avoid confounding the results with colo-
calization of nonclustered protein: since almost all cells in situ
showed clustering of Notch1 (100% of cells) and CXCR4 (80–88%
of cells) but fewer cells showed clustering of pTα (53%) and
pLCK394 (61%), we only scored cells that showed clustering of
pTα and pLCK394. We then scored the clustered markers for
colocalization, where colocalized clusters were scored as 1 and
noncolocalized clusters were scored as 0.

Statistics
All data from flow cytometry, immunofluorescence staining, and
time-lapse microscopy were assumed to have normal distributions.
Unpaired Student’s t tests and one- or two-way ANOVA tests were
performed depending on the experiment.

Online supplemental material
Fig. S1 shows that DN3a cells express pre-TCR structural and
signaling molecules. Fig. S2 shows that Notch1 and CXCR4 po-
larize at the interface between DN3a and OP9-DL-1 in vitro. Fig.
S3 shows that inhibition of Notch1 and CXCR4 for 3 h disrupts
pTα chain polarization. Fig. S4 shows that inhibition of CXCR4
promotes defective progression of TCRβ− DN3a cells beyond
β-selection, indicating a role in immunological synapse assembly.
Fig. S5 illustrates chromogenic detection of the markers used in
establishing the six-color multiplex panel. Video 1 shows that
F-actin polarizes and stabilizes at the interface between DN3a and
OP9-DL1, indicating the establishment of an immunological syn-
apse. Video 2 shows MTOC, F-actin, and LAT polarization at the
interface between DN3a and OP9-DL1, indicating the establish-
ment of an immunological synapse. Table S1 lists antibodies used
in flow cytometry and immunofluorescence. Table S2 describes
the antibodies used in the thymus multiplex antibodies panel.
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Supplemental material

Figure S1. Early DN3 cells (DN3a) express pre-TCR structural and signaling molecules. Primary T cell precursors from mouse fetal liver were cocultured
for 9 d with OP9-DL1 stromal cells. DN3a cells were purified from the coculture and assessed for the levels of expression and phosphorylation of the pre-TCR
structural and signaling molecules, as shown by the histograms. The black line indicates Alexa Fluor 647 staining without primary antibody, and the red lines
are the pre-TCR–associated proteins. The results are representative of three independent experiments.

Figure S2. Notch1 and CXCR4 polarize at the interface between DN3a and OP9-DL1 stromal cells. DN3 cells were incubated with OP9-DL1 cells for 14 h
and then fixed and stained for α-tubulin tomark the MTOC and either Notch1 or CXCR4 (as shown). Maximum projection of z-stack images were acquired using
confocal microscopy, and representative images are shown. After triaging for cells in which the MTOC was recruited to the interface (indicated by asterisks)
with an OP9-DL1 cell, the percentage of cells in which Notch1 and CXCR4 were polarized to the interface with the OP9-DL1 cell was determined by blind
scoring (as shown by column-bar plot). The total number of scored conjugates per marker is 75 (25 cells per biological replicate). Scale bar, 5 µm. Error bars
represent SEM.
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Figure S3. Inhibition of Notch and CXCR4 for 3 h disrupts immunological synapse formation in vitro. Purified DN3a cells were incubated with OP9-DL1
cells for 3 h in the presence or absence of either Notch inhibitor (DBZ) or CXCR4 inhibitor (AMD3100) and then fixed and stained for α-tubulin to mark the
MTOC and pTα chain as a marker of pre-TCR (as shown). After triaging for cells in which the MTOC was recruited to the interface (white asterisks) with an
OP9-DL1 cell, the percentage of cells in which pTαwas polarized to the interface with the OP9-DL1 cell was determined by blind scoring (as shown by column-
bar plot). The total number of scored conjugates per condition is 50 (25 cells per biological replicate). Scale bar, 5 µm.
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Figure S4. The effect of inhibition of CXCR4 signaling on progression beyond β-selection indicates a role in immunological synapse assembly. (A)
Purified TCRβ− DN3a cells were cocultured on OP9-DL1 cells in the presence or absence of either of the following drug combinations: Notch inhibitor (DBZ),
CXCR4 inhibitor (AMD3100), a pharmacological mimic of pre-TCR downstream signaling molecule (PMA), PMA with Notch inhibitor, and PMA with CXCR4
inhibitor. Cocultures were stopped after 48 h, and PI was used to assess the effect of each treatment on survival (as shown by histograms). (B) Purified TCRβ−

DN3a cells were cocultured on OP9-DL1 cells in the presence or absence of either of the following drug combinations: CXCR4 inhibitor (AMD3100), a
pharmacological mimic of pre-TCR downstream signaling (PMA), and PMA with CXCR4 inhibitor. Cocultures were stopped after 48 h and analyzed by flow
cytometry to assess progression and differentiation (as shown by flow cytometry dot plots). The presented data are representative of three independent
biological replicates with similar results.
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Video 1. F-actin relocates to the front of DN3a cells upon docking onto OP-DL1. Time-lapse confocal microscopy showing DN3a cell stained with SiR-
Actin (red, top right frame) cocultured with OP-DL1 cells (green, top left). Top left: SiR-Actin polarizes and stabilizes at the interface between DN3 and OP-DL1
cells (green, top right frame) for a period of∼54min (n = 22). Bottom left: DIC of field of view; bottom right: merge of the SiR-Actin and DIC frames. Each frame
is 3 min, and playback is 3 frames per second.

Video 2. DN3a cells form an immunological synapse upon docking onto OP-DL1 cells. Time-lapse confocal microscopy showing polarization of the pre-
TCR components, including α-tubulin (cyan, top right), LAT (purple, top middle), and SiR-Actin (white, bottom middle) at the interface between DN3a and OP-
DL1 cells (n = 14). The top right frame shows a merge of α-tubulin (cyan) and LAT (purple) frames, the bottom left shows a DIC frame of the field of view, and
the bottom right shows a merge of LAT (cyan) and SiR-Actin (white). Each frame is 3 min, and playback is 3 frames per second.

Provided online are two tables. Table S1 lists antibodies used in flow cytometry and immunofluorescence. Table S2 lists antibodies
used in the thymus multiplex antibodies panel.

Figure S5. Chromogenic detection of markers used in Opal multiplex. Thymus lobe slices of 4 µm thickness were mounted on a glass slide, and chro-
mogenic detection (brown) of the multiplex thymus panel markers was performed, followed by counterstaining with hematoxylin to visualize the nucleus
(blue). Images were acquired using an Olympus V120 slide scanner, and representative images are shown. Scale bar, 100 µm (10 µm in zoomed images).
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