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ABSTRACT

Thymocyte 3-selection and positive-selection depend on TCR signaling via the immune adaptors SLP-76 and LAT. Gads bridges
the recruitment of SLP-76 to LAT, yet is not required for the maturation of single positive (SP) thymocytes. To illuminate this
paradox, we performed tamoxifen-induced ablation of Gads (Gads™®), accompanied by the expression of tdTomato, and compared
the development of Gads-expressing (Tom~) and Gads-ablated (Tom*) thymocytes within the same mouse. Gads*° (Tom*)
thymocytes exhibited impaired 8- and positive-selection, yet 5-selection was not affected. While susceptible to apoptosis ex vivo, the
marked accumulation of self-MHC nonresponding (CD5~) Gads'*° DP thymocytes suggested the possibility of impaired death by
neglect in situ. Further supporting this notion, Gads’*© CD5"° DP thymocytes exhibited reduced apoptosis in situ and reduced CDS8-
induced apoptosis ex vivo. Most Gads’*® CD4 SP thymocytes were positively selected, yet a distinct population of unselected (CD5~
TCRB/°Y CCR7"° CD24"") CD4 SP thymocytes was seen only in the absence of Gads. This unselected population did not include
Treg or TCRyS subsets; rather, it encompassed CD44"° CD25* cells, resembling pre-B-selection thymocytes. Our results suggest
that Gads promotes passage through key TCR-driven developmental checkpoints while repressing the progression of unselected

DN and DP thymocytes.

1 | Introduction

At every stage of their life cycle, T cell development, differenti-
ation, and function are tightly controlled by signaling through
the clonotypic T cell antigen receptor (TCR). This principle is
most clearly exemplified by thymocyte development, in which
the strength of TCR signaling controls multiple developmental
checkpoints [1-4].

Conventional thymocyte development proceeds through three
main stages, known as double negative (DN, CD4~CD8"), double
positive (DP, CD4*CD8%), and single positive (SP, either CD4*

or CD8%). The DN compartment is further divided into four
substages, based on the expression of surface markers that define
DNI (CD44*CD257), DN2 (CD44*CD25%), DN3 (CD44~CD25%),
and DN4 (CD44-CD257) [5].

As thymocytes pass through the DN compartment, productive
rearrangement of TCRf is required for expression of the pre-
TCR. Signals emanating from the pre-TCR trigger f-selection,
which is characterized by rapid thymocyte proliferation and
upregulation of CD5, along with the passage of DN3 thymocytes
through DN4 and into the DP compartment [6-8]. In parallel,
TCRyd rearrangement triggers roughly analogous events, known

Rose Shalah and Manal Marzouk contributed equally to the revision of this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work

is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 The Author(s). European Journal of Immunology published by Wiley-VCH GmbH

European Journal of Immunology, 2025; 55:€202451000
https://doi.org/10.1002/¢ji.202451000

10f22


https://doi.org/10.1002/eji.202451000
https://orcid.org/0000-0003-2979-0440
mailto:debya@technion.ac.il
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1002/eji.202451000

as J-selection, resulting in the differentiation of y8 T cells
[9,10].

The mature a8 TCR is first expressed during the DP stage, where
its ability to recognize self peptide-MHC (p-MHC) can be assessed
by following activation markers, including CD69, CD5, and
surface TCRf [8, 11-13]. Low expression of CD5 identifies DP cells
that fail to recognize self-p-MHC [11]; these cells may be removed
through a process called “death by neglect” [14, 15]. Evidence
suggests that 80-90% of DP thymocytes may undergo death by
neglect [14-16], yet the precise mechanisms triggering this process
are still unknown. On the other hand, strong recognition of
self-p-MHC triggers death by negative selection.

Between these two extremes, weak self-recognition triggers
positive selection and transition to the SP compartments [17].
Positively selected SP cells transiently express CD69, moreover,
they are typically TCRA" and CD5" and follow a maturation
trajectory, during which expression of CCR7 transiently increases
and CD24 decreases, prior to their exit from the thymus as naive
peripheral T cells [13, 18, 19]. Taken together, the ability of T
cells to correctly interpret the strength of TCR ligation profoundly
shapes thymocyte development, eventually allowing T cells to
distinguish between self and foreign antigens [1-4].

TCR ligation triggers a cascade of tyrosine kinases [20, 21],
initiated by a Src-family kinase, Lck, which activates a Syk-family
kinase, ZAP-70. ZAP-70 phosphorylates two adaptor proteins,
LAT and SLP-76 [22-28], triggering the SH2-mediated binding of
multiple signaling proteins to the adaptors (reviewed in [29, 30]).

Gads is an evolutionarily conserved, Grb2-family adaptor,
expressed mainly in T cells and mast cells, and required for
optimal antigen receptor signaling in these cell types [31]. Like
Grb2, Gads consists of a central SH2 domain flanked by two SH3
domains but also includes a unique unstructured linker. Gads C-
SH3 domain binds constitutively to SLP-76 [32-34], whereas its
SH2 domain mediates the cooperative binding of Gads to two
LAT phospho-sites, pY171 and pY191 [25, 33, 35]. Through these
interactions, Gads bridges the TCR-induced recruitment of SLP-
76 and its associated signaling proteins to phospho-LAT [36-40],
where adaptor-associated enzymes trigger downstream responses
[29, 31, 41]. Among the most important and best-understood
downstream pathways, SLP-76-associated Itk phosphorylates
LAT-associated PLC-y1, triggering the production of second
messengers that increase intracellular calcium and activate the
Ras-MAPK pathway.

Since the best-understood function of Gads is to bridge the
TCR-induced recruitment of SLP-76 to LAT, it is surprising
that germline deletion of these adaptors results in distinct
phenotypes. Both SLP-76 and LAT are essential for thymocyte
development beyond the DN3 stage [42-44]. In contrast, Gads-
deficient mice exhibit incomplete blocks at multiple thymic
checkpoints, associated with a marked reduction in thymic size.

Despite prominent impairment of S-selection, Gads is not
required for the transition of DN thymocytes into the DP popu-
lation [45]; indeed, germline Gads-deficient thymocytes progress
through the DP compartment and into the SP compartments
[46-48]. Moreover, the development of peripheral CD4 and CD8

T cell populations demonstrates that T cell development is at
least partially Gads-independent [46, 47]. This paradox raises
many questions about the mechanism by which potentially
unselected or suboptimally selected cells may progress to and
through the DP compartment [48]. One possibility that was
not previously addressed is that Gads may be required for the
apoptotic removal of unselected cells. Another possibility is that
Gads may differentially affect different thymic populations [45].
Whereas previous studies on transgenic backgrounds support a
role for Gads in positive selection [46, 48], this question has not
been addressed on a diverse TCR background.

We hypothesized that Gads fine-tunes TCR responsiveness and
thereby may affect multiple developmental checkpoints. To test
our hypothesis, we established a genetic model that enabled us to
compare the development of Gads-expressing and Gads-ablated
thymocytes, side by side in the same mouse. This approach
revealed multiple points at which Gads influences thymocyte
development. Gads was required for efficient S-selection and
optimal p-MHC-induced expression of CD69 and CD5, important
correlates of positive selection. On the other hand, Gads was
required for efficient death by neglect of MHC-nonresponsive
DP thymocytes; in its absence, unselected, CD5~ thymocytes
progressed as far as the CD4 SP compartment. This observation
sheds light on the unexpected involvement of TCR signaling
elements in the regulation of death by neglect.

2 | Results

2.1 | A Mouse Model for Inducible Deletion of
Gads, Accompanied by the Expression of tdTomato

To better distinguish Gads-dependent and Gads-independent
developmental pathways, we developed a mouse model system
for the inducible deletion of Gads. This model is comprised
of two “floxed” genes, Gads™ and Tom™s°P (Figure 1A), both
controlled by a ubiquitously-expressed tamoxifen-inducible Cre
recombinase, UBC-Cre-ERT2 [50].

The Grap2 (Gads) gene comprises 7 coding exons, of which exons
1-2 encode the N-SH3 and exons 3-7 encode the SH2, linker,
and C-SH3 domains [46]. Cre-mediated removal of Gads exon
2 creates a frameshift mutation that alters the protein sequence
after K26, resulting in a premature stop codon that disrupts the
N-SH3 and removes all downstream domains (Figure 1B).

2.2 | Prior to Cre-Mediated Ablation, GadsFL
Supports Wild-Type Functionality

For initial validation of our model, we verified that prior to its
Cre-mediated ablation, Gads™ supports wild type functionality.
To this end, we compared thymic development in mice of three
genotypes: Gads™* (wild-type), Gads™ ", and Gads™~/~ (germline
Gads-deficient mice), while using a dump gate to exclude non-T
cell lineages as well as NK1.1* and TCRyd" thymocytes.

Consistent with previous reports [46, 47], Gads™~ mice had
markedly reduced thymic cellularity (Figure S1A), and an altered
distribution of thymocyte subsets (Figure S1B-E). The partial
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FIGURE 1 | A mouse model for inducible deletion of Gads, accompanied by the expression of tdTomato. The Gads'¥® mouse model comprises two
“floxed” genes, whose expression is controlled by UBC-Cre-ERT2, a ubiquitously expressed tamoxifen-inducible Cre recombinase [50]. (A) Prior to Cre
activity, LoxP sites flank exon 2 of Grap2, the gene that encodes Gads. Within the Rosa26 locus, a second set of LoxP sites flank an in-frame stop codon
that prevents the expression of a fluorescent marker, tdTomato [49]. (B) Cre-mediated recombination removes exon 2 of Grap2, creating a frameshift
mutation that alters the protein sequence after K26 and results in a premature stop codon after 29 amino acids. (C) Experimental workflow for tamoxifen-
inducible ablation of Gads. Created with BioRender.com. (D) One week after starting tamoxifen treatment, peripheral blood leukocytes (PBL) were
stained for surface markers and intracellularly for Gads. Top: representative result for CD4" T cells. Bottom: Frequency of Gads* and Tom™ phenotypes
in CD4* peripheral blood T cells. n = 13 Cre* mice. Pearson correlation coefficient (r) was calculated using Prism. (E) 3.5 weeks after starting tamoxifen
treatment, thymocytes were stained for surface CD4 and CD8 and intracellularly for Gads. In this experiment, a mixture of FITC-labeled surface-staining
antibodies (anti-mouse NK1.1, TER-119, Gr-1, CD11b, and B220) was employed to create a dump gate to exclude NK1.1" thymocytes, as well as erythrocyte,
granulocyte, macrophage, monocyte, and B cell lineages. A representative result is presented while gating on Dump”®® live (Zombie™®8) thymocytes. (F)
Correlation between the frequency of Tom™* DN thymocytes and the frequency of Tom™ PBLs observed four days earlier in the same mice. Thymi were
collected 2 weeks after starting tamoxifen.
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block at the DN to DP transition was reflected in an increased
frequency of DN thymocytes (Figure S1C) and a reduced fre-
quency of DP and CD4 SP thymocytes (Figure S1ID-E). Within the
DN compartment, Gads™'~ thymocytes exhibited the previously
reported [46, 47] partial block at the DN3 to DN4 transition
(Figure SIF), resulting in a markedly increased ratio of DN3
(CD44~ CD25%) to DN4 (CD44-CD25") cells (Figure S1G).

In all of these parameters, we observed statistically significant
differences between Gads-expressing and Gads-deficient thy-
mocytes, but no significant differences were observed between
thymocytes expressing wild type and floxed Gads (Figure S1A,
C-E,G). This result was independent of the number of alleles of
Gads present; thus, Gads™/~ mice were not statistically different
from Gads*/~ mice, and both were statistically different from
Gads™~ mice (data not shown). Together, these observations
provide strong evidence that the LoxP sites surrounding Gads
exon 2 do not impair the expression or function of Gads.

2.3 | The tdTomato Marker Reliably Identifies
Gads'¥0 Peripheral T Cells and Thymocytes

For inducible deletion of Gads, we administered tamoxifen
for five consecutive days to UBC-Cre-ERT2* Gads™/~Tom"-stp
mice; in parallel, we tamoxifen-treated an equal number of
control Cre~ Gads™/~Tom"™s'? littermates (Figure 1C). We delib-
erately chose a genetic configuration in which one allele of
Gads is germline deleted and the other is floxed so that Cre-
mediated recombination at a single floxed allele would suffice
to render a cell Gads-deficient (Gads'®?). Concomitantly, Cre-
mediated removal of the TomF*°P in-frame stop codon renders
the cell Tom* [49]. By requiring only a single genetic change at
each locus, this experimental design should promote maximal
correlation between Tom expression and Gads deficiency.

The use of a ubiquitous Cre construct allowed for the deletion
of Gads throughout the mouse, both in the thymus and in
the periphery. Tom* peripheral blood T cells were reproducibly
observed 1 week after the initiation of tamoxifen treatment; how-
ever, their frequency varied between mice. The rapid appearance
of Tom™* peripheral T cells suggests that they derive from Cre
activity in pre-existing peripheral populations.

To more directly detect ablation of Gads, we stained PBLs
intracellularly with a fluorescently-labeled anti-Gads antibody
and analyzed the results while gating on CD4* or CD8* T cells.
Tom* peripheral CD4" and CD8* T cells were uniformly Gads-
negative (Figure 1D, top and data not shown). A tight correlation
between the Tom™ and Gads'®° phenotypes was apparent as soon
as 1 week after the initiation of tamoxifen treatment (Figure 1D,
bottom) and remained intact as long as 5 weeks after the initiation
of tamoxifen treatment (data not shown).

To test whether Tom* can likewise serve as a marker for Gads-
deficient thymocytes, we employed a dump gate to exclude non-T
cell lineages, including NK1.1* thymocytes, B cells, macrophages,
dendritic cells, and red blood cells. Dump™® Tom* thymo-
cytes were uniformly Gads-negative in all thymic compartments
(Figure 1E), thus establishing Tom®* as a marker that reliably
identifies Gads™© thymocytes in our experimental system.

Thymocyte development begins in the DN quadrant, which
is first populated by bone-marrow-derived common lymphoid
progenitors [51]. While variable between mice, the frequency of
Tom* DN thymocytes strongly resembled the frequency of Tom*
PBLs in the same mouse (Figure 1F). This observation suggests
that tamoxifen triggered UBC-Cre-ERT2-mediated recombina-
tion with comparable efficiency in thymic progenitor cells and in
preexisting peripheral T-cell compartments.

As discussed in further detail below, the inherently chimeric
nature of our experimental system allows us to highlight Gads-
dependent developmental transitions by performing in-mouse
comparisons of Tom* (Gads’®°) and Tom~ (Gads-expressing)
thymocytes, developing side by side within the same thymic
environment. To best reflect intra-thymic competition between
Gads-expressing and -ablated cells, we prefer to perform in-
mouse comparisons in cohorts of Cre* mice in which no more
than 80% of DN thymocytes are Tom*. On the other hand,
the chimeric nature of our model confounds the calculation of
the absolute number of thymocytes per compartment, due to
the presence of the opposite genotype that partially occupies
each thymic niche. To bypass this difficulty, we restricted the
calculation of absolute cell numbers to cohorts of Cre* mice in
which greater than 95% of DN thymocytes were Tom™.

As a representative illustration of the in-mouse comparison
approach, we note that the frequency of Tom* Gads'X© thy-
mocytes was highest in the DN compartment (Figure 1E,
bottom left). As DN thymocytes progressed to the DP and
SP compartments, the frequency of Tom* Gads'X° thymocytes
markedly decreased (Figure 1E, upper panels and bottom right).
This simple experiment therefore provides preliminary insight
into the impaired developmental progression of Gads®® DN
thymocytes, relative to wild-type thymocytes within the same
mouse.

2.4 | Cell-Autonomous Phenotypes of Gads¥©
(Tom™) Thymocytes

Following tamoxifen treatment, the contemporaneous develop-
ment of Tom* (Gads'™®®) and Tom™~ (Gads-expressing) thymocytes
within the same mouse provided an opportunity to assess the
cell-autonomous effects of Gads on thymocyte development. To
implement this strategy, we chose cohorts of Cre* mice in which
60-80% of DN thymocytes were Tom®. In practice, we chose
the cohort based on the frequency of Tom* PBLs observed in
a test bleed, as this measure correlated quite strongly to the
frequency of Tom* DN thymocytes (Figure 1F). To focus on
conventional T cell development, we used a dump gate to exclude
non-T cell lineages, as well as NK1.1* and TCRy§* thymocytes.
We followed thymic progression within the dump™ population
while gating separately on Gads-expressing (Tom™~) and Gads'¥©
(Tom™) thymocytes (Figure 2A).

Tom* (Gads™®©) thymocytes exhibited a partial block at the DN
to DP transition compared with Cre~ thymocytes (Figure 2A).
This developmental block was reflected in a marked, statisti-
cally significant increase in the frequency of DN thymocytes
(Figure 2B, left) and reduced frequency of CD4 SP thymocytes
(Figure 2B, middle), whereas the frequency of CD8 thymocytes
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FIGURE 2 | Cell autonomous developmental phenotypes of Gads’X® thymocytes. Mice were tamoxifen-treated as in Figure 1C, and thymi were

collected 2-2.5weeks after starting tamoxifen. We assessed developmental markers in live thymocytes while employing a mixture of FITC-labeled surface-
staining antibodies (anti-mouse NX1.1, TCRy/8, TER-119, Gr-1, CD11b, and B220) to exclude NK1.1* and TCRyS* thymocytes, as well as erythrocyte,
granulocyte, macrophage, monocyte, and B cell lineages. (A-D) To facilitate within-mouse comparisons, we analyzed a cohort of Cre™ mice in which
60-80% of PBLs were Tom™. n = 8 Cre~ and 6 Cre* mice. (A) Representative distribution of CD4 and CD8 surface markers within the live, dump®®®
population, assessed while gating separately on Tom~ (Gads™ ~) and Tom* (Gads'®©) thymocytes. (B) The frequency of thymocytes found within each
of the indicated subpopulations, defined in (A). (C) Representative progression through DN substages was assessed while gating on live, dump™®® Tom*
and Tom™ DN (CD4~CD8") thymocytes. (D) The DN3 to DN4 ratio was calculated based on the gating strategy shown in C. (E) Reduced thymic cellularity
in Gads'¥© mice. Total thymic cellularity is plotted as a function of the frequency of Tom* PBLs. Cre™ mice are plotted on the Y-axis. A linear regression
confirmed a tendency to reduced thymus size with increased frequency of Tom™* cells. To increase the number of data points, this panel combines data
from multiple experiments in which the thymus was collected 1.5-2.5 weeks after starting tamoxifen. n = 13 Cre~ and 14 Cre™ mice. (F, G) To enable
accurate accounting of total thymocytes per compartment, we analyzed a cohort of Cre* mice in which greater than 95% of PBLs were Tom*. n = 3
mice of each genotype. (F) The absolute number of thymocytes within each of the indicated populations. (G) The absolute number of DN3 and DN4
thymocytes. The legend relates to all bar graphs: Cre~ (Gads™ =), open bars; Cre* Tom™~ (Gads™ ~), grey bars; Cre*Tom* (Gads'¥), striped bars. Error
bars indicate the standard deviation. Statistical significance was determined by a one-way ANOVA, Tukey’s multiple comparison test (B, D), or by a

two-way ANOVA, Sidak’s multiple comparisons test (F, G).
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was unchanged (Figure 2B, right). Within the DN compartment,
Gads™®© thymocytes exhibited a partial block at the DN3 to
DN4 transition (Figure 2C), leading to a marked increase in
the ratio of DN3 to DN4 cells (Figure 2D). In all of these
traits, Gads™° thymocytes closely resemble the germline Gads
KO (compare Figure 2A-D with Figure SIB-G). In contrast,
Cre*Tom~ thymocytes, developing within the same thymic
environment, phenocopied Cre~ thymocytes, and both were
statistically different from Gads™® thymocytes (Figure 2A-D).

We considered the possibility that selective impairment of
Gads'®© thymocytes may allow for compensatory progression
of Tom~ thymocytes, which would crowd out their Tom*
counterparts. Since Gads-deficient mice are characterized by a
small thymus (Figure S1A and [46, 47]), we reasoned that cell-
autonomous effects of Gads would result in a small thymus
whereas the compensatory progression of Tom™~ thymocytes may
maintain normal thymic cellularity. Thymic cellularity substan-
tially decreased in tamoxifen-treated Cre* mice, relative to Cre~
littermates, and this trend was most apparent in mice with the
highest frequency of Tom* PBLs (Figure 2E).

It is interesting to calculate the absolute number of cells within
each thymic compartment. To avoid interference from the oppo-
site genotype, we performed this calculation in a cohort of
Cre* mice in which greater than 95% of DN thymocytes were
Tom™*. Despite the profound reduction in thymic cellularity (see
Figure 2E), the number of DN cells was only moderately reduced
(Figure 2F). Further consistent with a profound block in §-
selection, the absolute number of DN3 cells was not significantly
changed, but the DN4 cell number was reduced by more than 15-
fold (Figure 2G). Further along the developmental pathway, CD4
and CD8 SP thymocytes decreased by approximately 60- and 30-
fold, respectively (Figure 2F). These results mirror the published
characterizations of a germline Gads-deficient mouse model [45,
47], and provide confidence that our inducible deletion model
faithfully recapitulates the phenotypes associated with deletion
of Gads.

Taken together, our results suggest that the phenotypic effects
of deleting Gads are predominantly cell-autonomous, with Tom~
thymocytes largely following normal developmental pathways,
while Tom* (Gads™®®) thymocytes within the same mouse
phenocopy germline Gads-deficient thymocytes.

2.5 | Three Metrics for the Identification of
Gads-Dependent Developmental Junctions

251 |
Cells

Competitive Developmental Progression of Tom™*

The chimeric nature of Gads'*° mice suggested a simple strategy
to identify developmental junctions at which Gads exerts its
effects. We posited that the frequency of Tom* thymocytes should
decrease as cells pass through Gads-dependent developmental
junctions. Conversely, the frequency of Tom* thymocytes may

remain the same or even increase in Gads-independent lineages.

Consistent with the established impairment of Gads-deficient
thymocytes at the -selection checkpoint [46, 47], the frequency of

Tom™ cells dropped substantially as thymocytes passed into DN4
(Figure 3A). To facilitate statistical comparisons between mice,
we normalized the frequency of Tom* cells in each compartment
to their frequency in the DN1 compartment of the same mouse.
The marked drop in the normalized frequency of Tom* (Gads™©)
thymocytes at the transition from DN3 to DN4 confirmed a
profound impairment of -selection (Figure 3B).

Following progression to the DP compartment, af-TCR-mediated
recognition of self-peptide-MHC antigens may induce positive
selection and consequent passage to the SP compartments. We
discerned a drop in the relative frequency of Tom™* cells at the DP
to CD4 SP boundary, suggesting a mild impairment of positive
selection; however, it did not reach statistical significance in this
analysis (Figure 3B). This discrepancy raised questions about
the mode of developmental progression. Are Gads™© cells fully
capable of undergoing positive selection? Or might they progress
through the developmental compartments as unselected cells?

2.5.2 | Developmentally-Associated Upregulation of
CD69 and TCRf

To better address the role of Gads in positive selection, we turned
to additional markers. In a previously described approach [12],
five sequential stages of thymic development are distinguished
by the abundance of surface TCR and CD69, as outlined in
Figure 3C, bottom right. Thymocytes begin their development as
TCR™ CD69~ cells (population 1), with TCRf expression increas-
ing moderately following the generation of a mature af-TCR*
(population 2). Positive selection triggers transient expression
of CD69 (populations 3 and 4), along with a marked increase
in surface TCR (population 4). TCR expression subsequently
remains high, whereas CD69 decreases upon maturation of SP
thymocytes (population 5).

Upon ablation of Gads, the frequency of population 1 thymocytes
markedly increased, whereas populations 2 and 4 decreased
(Figure 3C,D). These changes appeared to be cell-autonomous,
as Tom™~ thymocytes from the same Cre* mice closely resembled
Gads-expressing thymocytes from Cre™ mice (Figure 3C).

To assess how Gads affects the absolute number of thymocytes
per group, we compared a cohort of Cre™ mice to a cohort of Cre*
mice in which greater than 95% of DN thymocytes were Tom™.
Given the low thymic cellularity of the Cre* mice (see Figure 2E),
we observed statistically significant decreases in the cellularity of
all five populations (Figure 3E). This type of analysis is therefore
not a useful way to distinguish Gads-dependent junctions.

To more robustly identify Gads-dependent junctions, we per-
formed in-mouse comparisons to determine the relative advance-
ment of Tom* (Gads'*?) and Tom~ (Gads-expressing) thymocytes
through each of the five stages (Figure 3F). This analysis is
not affected by thymic cellularity, as cells of both genotypes
compete within the same thymic environment. To facilitate
statistical analysis, we normalized the frequency of Tom™ cells in
each population to their frequency in population 1 of the same
mouse. The relative frequency of Tom™ thymocytes decreased
significantly at two junctions, first between populations 1 and 2,
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mice. (B) To facilitate statistically valid comparisons between mice, the frequency of Tom™ cells in each population was normalized to their frequency in
the DN1 compartment of the same mouse. (C-I) 2.5-3.5 weeks after starting tamoxifen treatment, surface expression of CD69 and TCRf was assessed in
the indicated populations. n = 8 mice of each genotype, of which 4 Cre™ and 3 Cre* mice (with %Tom™ DN thymocytes >95%) were used for calculating
total cell numbers. (C) Representative result, obtained while gating on total live thymocytes. (D, E) The frequency (D) and absolute number (E) of cells
within each of the populations defined in (C). (F) The relative frequency of Tom™ thymocytes within each of the populations shown in (C). To facilitate
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an ANOVA, Sidak’s multiple comparisons test, either one-way (panels B and F), two-way (panels D-E), or by unpaired t-test (panels H-I).

7 of 22



and then again between populations 3 and 4 (Figure 3F). This
analysis provides strong evidence that Gads™© thymocytes exhibit
two distinct developmental defects: impaired 3-selection at the
population 1 to 2 boundary, and impaired positive selection at the
population 3 to 4 boundary.

As a representation of the earliest stages of thymic development,
population 1 (TCRB~ CD69") cells are usually restricted to the DN
and DP quadrants [12]. We were therefore surprised to observe a
high prevalence of population 1 cells within the Gads’® CD4 SP
compartment (Figure 3G). Both the frequency and the number
of Gads™® population 1 CD4 SP cells far outnumbered their
prevalence among Cre~ CD4 SP thymocytes (Figure 3H,I).

Taken together, this analysis suggests that in Gads-deficient mice,
reduced positive selection, reflected in the reduced frequency of
group 4 Tom* thymocytes (Figure 3C-F), is accompanied by the
aberrant progression of group 1, unselected Tom* thymocytes as
far as the CD4 SP compartment (Figure 3G-I).

2.5.3 | Developmentally-Associated Upregulation of
CD5 and TCRB

To further illuminate the developmental progression of Gads'*®
thymocytes, we assessed the expression of CD5 in conjunction
with surface TCRB. CD5 is a valuable marker of TCR respon-
siveness that can be used to assess multiple developmental
transitions, as it is first expressed at S-selection, and further
increases upon positive selection [8]. Whereas CD69 is transiently
expressed [12], high expression of CD5 stably marks positively
selected thymocytes. Most importantly, considerable evidence
suggests that the cell surface abundance of CD5 reflects the
intensity of intrathymic responsiveness to self-peptide-MHC [4,
8].

In a previous study, overexpression of a dominant negative allele
of Gads moderately reduced the expression of CD5 within the
DN compartment [52]; however, this marker was not followed
through subsequent developmental stages. Moreover, to the best
of our knowledge, CD5 expression patterns were never described
in Gads-deficient mice. Thus, the role of Gads in mediating CD5
expression is largely unknown.

To focus on conventional T cell development, in Figures 4A-K
we measured the surface expression of TCRS, CD5, and other
markers, while employing a strict dump gate to exclude TCRyd*
and NK1.1* thymocytes as well as multiple non-T cell lineages.
In this experiment, we also used an isotype control to discern
the boundary between TCRB~ and TCRB" (data not shown).
Consistent with an early block in thymic development, Gads'*®
thymocytes were profoundly skewed toward a CD5 TCRS™
phenotype and exhibited a steep drop in the frequency of
CD5"TCRBM thymocytes (Figure 4A,B). The absolute number of
Gads'*© CD5"TCRB~ thymocytes did not significantly increase,
but the absolute number of Gads’*® CD5MTCRE" thymocytes
decreased by more than 50-fold (Figure 4C).

Consistent with the expression of CD5 upon f-selection and
its further increase upon recognition of self-peptide-MHC, most

Gads-expressing DP cells were CD5". CD5 expression was
markedly lower in Gads™® DP thymocytes (Figure 4D) and both
the frequency and number of CD5 - TCRS" cells were markedly
increased (Figure 4E,F). Curiously, CD5"TCRB~ Gads'*° DP thy-
mocytes exhibited a CD44°CD25* phenotype (Figure 4G), which
is reminiscent of DN thymocytes undergoing f-selection. This
observation supports the possibility that Gads*© thymocytes may
experience an uncoupling of developmental progression from the
completion of -selection, resulting in aberrant progression of
thymocytes from DN to DP, in the absence of 5-selection.

The aberrant progression of CD5"TCRB~ Gads™®® thymocytes
continued into the CD4 SP compartment. Whereas wild-type
CD4 SP thymocytes were overwhelmingly CD5" and TCRAM,
the Gads'’*® CD4 SP compartment also included a prominent
CD5 TCRf~ subpopulation (Figure 4H). Indeed, both the fre-
quency and the number of Gads*® CD5 TCRB~ CD4 SP cells
far outnumbered their prevalence among Cre~ CD4 SP thy-
mocytes (Figure 41,J). As in the DP compartment, the vast
majority of Gads™®°® CD5-TCRB~ CD4 SP thymocytes exhibited
a CD44°CD25* phenotype (Figure 4K), again reminiscent of
DN thymocytes undergoing f-selection, and providing further
evidence that Gads™° thymocytes may experience an uncoupling
of developmental progression from the completion of both 8- and
positive-selection.

Despite its atypical phenotype, the CD5~ CD4 SP population was
clearly part of the T cell lineage, as demonstrated by its strong
intracellular staining with TCRg (Figure 4L), and by its exclusion
from the strict dump gate that was used in Figures 4A-K.

A similar CD5~ TCRB"¢'°CD4 SP population was found in
germline Gads-deficient mice (Figure 4M). Both the prevalence
and the absolute number of CD5 TCRB"#° CD4 SP thymo-
cytes were markedly increased in germline Gads-deficient mice
as compared with age-matched wild-type mice (Figure 4N,O).
This result suggests that an atypical CD5 TCRB"¢™ popula-
tion that progresses as far as the CD4 SP compartment is a
conserved feature of Gads-deficient thymocyte development.
An additional, aberrant population of CD5"TCRg™&!° CD4
SP thymocytes was reproducibly observed in germline Gads-
deficient mice (Figure 4M) but was not further character-
ized.

Taken together, our results identify three developmental pro-
cesses that are impaired in the absence of Gads: [1] 8-selection, [2]
positive selection, and [3] the obligatory coupling of developmen-
tal progression to the above events. These results encouraged us
to closely examine the developmental state of Gads'*° thymocytes
within each compartment while using CD5 as a marker for
signaling competence.

2.6 | Divergent - and y5-TCR Signaling
Competence in Gads'’*® DN Thymocytes

The developmental progression of DN thymocytes is driven
by signaling events that are initiated either by the pre-TCR,
triggering 5-selection, or by the y§ TCR. CD5 expression within
the DN compartment is markedly reduced upon TCR signaling
pathway impairment [8], thus establishing CD5 as a useful marker
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FIGURE 4 | Developmental progression of TCR-inexperienced Gads'X© thymocytes. (A-K) 2.5 weeks after starting tamoxifen treatment, we
assessed surface markers, while employing a strict dump gate (anti-mouse NK1.1, TCRy/d, TER-119, Gr-1, CD11b, CD1lc, B220, CD19, and FCeRIx)
to exclude NK1.1" and TCRyS* thymocytes, as well as non-T cell lineages. n = 3 mice of each genotype; comprising a cohort of Cre* mice in which >95%
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of pre-TCR signaling in situ. Here we used the CD5 and CD25
markers to explore how Gads affects TCR responsiveness and
TCR-driven developmental progression in the context of 8- and
d-selection.

To identify DN thymocytes that may be experiencing TCR
signaling, we gated on the CD44° DN population, which
encompasses both DN3 and DN4 (DN3+4 gate, Figure 5A, top),
while using intracellular staining to distinguish cells that had
rearranged either the 8 or y§ chains of the TCR (Figure 5A,
bottom). This experiment was conducted while using a dump
gate to exclude non-T cell lineages and NK1.1* DN thymocytes.
Among Gads™® DN3+4 thymocytes, the frequency of TCRB*
cells decreased, whereas the frequency of TCR™¢ cells increased
and the frequency of TCRyd* cells did not significantly change
(Figure 5B).

To obtain additional insight, we used the CD5 and CD25
markers to discern TCR responsiveness and developmental pro-
gression within each subpopulation. As expected, the TCR"®
(TCRB"TCRyd~) DN3+4 population, which is necessarily TCR-
inexperienced, was overwhelmingly CD25" and CD5-, both in
the presence and in the absence of Gads (Figure 5C, top panels).
This result establishes the baseline to which TCR-expressing DN
thymocytes should be compared.

Consistent with ongoing f-selection, Gads-expressing, TCRB*
DN3+4 thymocytes were found on a trajectory of increased
CD5 and decreased CD25. We defined two gates of interest
along this trajectory. The post-g-selection gate (Figure 5C, mid-
dle panels) encompasses TCRB*' cells that have responded to
pre-TCR signaling, as evidenced by their expression of CD5,
and transited into DN4, as evidenced by their loss of CD25.
The incomplete -selection gate encompasses TCRB" cells that
reduced CD25 to a variable extent, without upregulating CD5
(Figure 5C, middle panels). In the absence of Gads, the frequency
of incomplete -selection increased dramatically, with a corre-
sponding decrease in the frequency of post-g-selection DN3+4
thymocytes (Figure 5D, left). A different developmental pat-
tern was observed among TCRyd-expressing DN3+4 thymocytes.
The vast majority of these cells attained the post-&-selection,
CD25 CD5" state, irrespective of Gads expression (Figure 5C,
bottom panels).

To determine the effect of Gads on the absolute number of
post-B- or d-selection DN cells per thymus, we analyzed a
cohort of Cre* mice in which greater than 95% of DN thy-
mocytes were Tom*. The absolute number of post-3-selection
DN3+4 cells per thymus was profoundly reduced upon abla-
tion of Gads (Figure 5D, right). In contrast, neither the fre-
quency nor the number of post-§-selection (CD25-CD5%) y8
DN3+4 cells was significantly altered by ablation of Gads
(Figure 5E). Our results are consistent with the findings
of Zeng et al.,, who noted a profound impairment in the
transition of germline Gads-deficient TCRfS-expressing thy-
mocytes from DN3 to DN4, whereas Gads-deficient TCRyS-
expressing DN thymocytes were less affected [45]. Further
extending this paradigm, our examination of CDS5 expres-
sion suggests that pre-TCR signaling strongly depends on
Gads whereas TCRy§ signaling appears to be relatively Gads-
independent.

2.7 | TCR-Induced Progression Through the DP
Compartment Depends on Gads

Despite prominent impairment of S-selection, Gads-deficient
thymocytes populate the DP compartment (see Figure 2A and
Figure S1B). Several investigators have estimated TCR-driven
progression through the DP compartment by subdividing it
according to the surface expression of CD5 and TCRp [11, 53].
In a similar fashion, we subdivided the DP compartment into
nonresponding (CD57), low-responding (CD5™*TCRB™), and
high-responding cells (CD5"TCRAM) (Figure 6A). When detected
by intracellular staining, TCR expression was comparable in
Gads™®© and Gads-expressing DP thymocytes (Figure 6B). Never-
theless, Gads™© (Tom*) DP thymocytes were significantly more
likely to be nonresponding and less likely to be low or high-
responding (Figure 6C). The DP subset distribution was similarly
skewed in germline Gads-deficient mice (Figure 6D), suggesting
that a predominantly CD5~ (nonresponding) DP phenotype is
a previously unreported, core characteristic of Gads-deficient
thymocytes.

The predominantly nonresponding phenotype of Gads*°® DP
thymocytes provides evidence for a TCR signaling defect. Never-
theless, a small population of Gads'’*® DP thymocytes expressed
CD5 (Figure 6A), raising the possibility that a subset of Gads™®
DP thymocytes may be TCR signaling-competent. To test this
notion, we measured TCR-induced calcium flux, using an ex vivo,
flow cytometry-based assay, while gating on CD5* (presumptively
signaling competent) DP thymocytes, as defined in Figure 6E.
Intracellular staining verified that Tom* DP cells within the CD5*
gate were indeed Gads-deficient (Figure 6F, right), moreover,
surface TCRf expression was well matched between CD5*" Tom*
and CD5" Tom~ cells (Figure 6F, left). To measure calcium, a
mixture of Tom* and Tom™ thymocytes was fluorescently labeled
with anti-CD4, anti-CDS8, and anti-CD5, along with biotinylated
stimulatory antibodies. As a control for cell viability and intact
calcium stores, ionomycin-induced calcium flux was not affected
by Gads (Figure 6G, bottom panels).

After measuring baseline calcium at 37°C, cells were triggered
by streptavidin-mediated co-cross-linking of CD3, CD4, and CDS,
to mimic co-receptor-dependent recognition of MHC. Intracel-
lular calcium increased in Gads-expressing (Tom~) CD5* DP
thymocytes, but this response was blunted in Gads'’*® CD5* DP
thymocytes (Figure 6G, top panels). When analyzed on a single-
cell basis, the frequency of responding CD5" DP thymocytes was
reduced 6.8-fold in the absence of Gads (Figure 6H). These data
confirm a profound TCR signaling defect in Gads-deficient DP
thymocytes, even within the CD5%, potentially responsive gate.

2.8 | Gads Facilitates Death by Neglect Within the
TCR-Nonresponding DP Population

The af3-TCR repertoire is profoundly shaped by clonal cell death.
Whereas strong recognition of self-peptide-MHC antigen triggers
negative selection, peptide-MHC nonresponsive DP thymocytes
are candidates for death by neglect [15]. In both cases, cells die by
apoptosis; but whereas negative selection is more likely to occur
in highly responsive (CD5™) cells, death by neglect occurs in low-
responding (CD5"&1°) cells [11].
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The marked accumulation of CD5~ Gads™© DP thymocytes raised
the question of whether Gads may influence the process of death
by neglect. To test this notion, we identified early apoptotic
DP cells by measuring annexin V staining, while gating on
four distinct live (Zombie™®®) DP populations, distinguished by
their expression of CD5 (Figure 7A). Among these, the CD5Y
gate encompasses a population of low-responding cells that is
common to Tom* and Tom~ DP cells (Figure 7A). Within the
CD5" live DP gate, Gads'*® thymocytes exhibited a markedly
lower frequency of annexin V positivity compared with Gads-
expressing cells, whether from the same Cre* mouse or a Cre~
mouse (Figure 7B).

Since death-inducing signals may derive from the thymic environ-
ment, we conducted a within-mouse, paired comparison of the
rates of early apoptosis in Gads*© (Tom*) and Gads-expressing
(Tom™) live DP thymocytes. The frequency of early apoptotic
cells was markedly reduced in Gads™® CD5"% and CD5" live
DP thymocytes, compared with Tom~ thymocytes from the same
gate and mouse (Figure 7C, two left panels). The reduction
in apoptosis was much less prominent among Gads*°® CD5"
thymocytes, and no significant reduction was observed in Gads™©
CD5™¢d DP thymocytes (Figure 7C, two right panels).

The mild reduction in early apoptosis among CD5" DP thymo-
cytes is consistent with a previous study in which Gads was
required for negative selection on a TCR transgenic background
[46]. This impairment likely reflects the TCR signaling defect
of Gads-deficient cells (see Figure 6G,H). Nevertheless, negative
selection is difficult to assess on a polyclonal TCR background,
due to potential skewing of the TCR repertoire among positively
selected Gads™© thymocytes.

The reduction in early apoptosis among CD5"8™° cells was more
pronounced and surprising, as these cells are TCR inexperienced.
Indeed, it is not clear why the death of TCR-inexperienced
cells should depend on TCR signaling machinery. One possible
explanation is that many Gads'X© thymocytes appear to pass
into the DP compartment prior to completing -selection (see
Figure 4G). We therefore consider the possibility that completion
of 5-selection may be a prerequisite for susceptibility to death by
neglect.

To more directly explore the susceptibility of Gads™® DP thymo-
cytes to death by neglect, we modeled this process by culturing
thymocytes in the absence of input from thymic stroma, as
previously described [54]. Given the difficulty of accurately dis-
tinguishing tomato expression in dead cells, we chose to quantify
DP cells that remained alive after one or two days in culture. To
this end, we cultured Cre™ and Cre* thymocytes separately, in the
presence of reference microbeads, which we used to normalize
the live cell count at each time point. The gating strategy used to
identify live, DP, Cre"Tom™ or Cre*Tom* thymocytes is depicted
in Figure S2A. To calculate survival, we normalized the number
of live DP cells at each time point to the number that were present
at time zero. Gads'®° DP thymocytes were fully capable of death
in this experimental model; indeed, the survival of GadsX® DP
cells was significantly lower than the survival of Cre~ (Gads-
expressing) cells (Figure 7D). Taken together, these experiments
suggest that despite an intrinsic capability to undergo death by
neglect ex vivo (Figure 7D); Gads'*® DP thymocytes exhibit a

lower rate of death by neglect within the thymic environment
(Figure 7C, left two panels).

The intrathymic trigger of death by neglect is multifactorial and
not yet well understood. Although TCR-mediated recognition of
self-MHC can rescue DP thymocytes from death, Grebe et al. [55]
suggested that death by neglect may be triggered upon ligation of
CDS8 by class I MHC, in the absence of TCR ligation. Consistent
with this hypothesis, Grebe et al. developed an experimental
system in which the death of preselection (CD5'°) DP thymocytes
can be induced by cross-linking CD8 [55].

To validate this model in our hands, we incubated wild-type
thymocytes at 37°C with avidin beads that were either uncoated
or coated with CD8- or CD4-biotin antibodies. Annexin V and
DAPI staining were then assessed while gating on bead-bound
DP cells, as defined in Figure S2B. We posited that bead-bound
cells would be the best candidates for ligation-induced apoptosis.
Within the bead-bound DP population, we gated on a CD5" gate
that is common to Tom* and Tom~ DP cells (Figure 7E) and
corresponds to cells that are susceptible to death by neglect. We
chose a1h time point to maximize the detection of early apoptotic
cells (DAPI~ Annexin V*), while minimizing dead cells (DAPI*
Annexin V*). Under these conditions, CD8-biotin beads induced
a marked increase in the frequency of early apoptotic cells, but
no such increase was observed when thymocytes were incubated
with CD4-biotin beads (Figure 7F).

To further explore potential reasons for the in vivo accumulation
of nonresponding Gads™®© DP thymocytes, we explored their
relative susceptibility to CD8-induced death. To this end, we incu-
bated a mixture of Tom* and Tom™~ thymocytes with uncoated or
CD8-biotin-coated beads and analyzed the results while gating
on the CD5" bead-bound DP population. Consistent with their
lower rate of death by neglect in vivo (Figure 7B,C), Gads'X©
(Tom*) CD5° DP thymocytes exhibited a lower frequency of
early apoptotic cells following their incubation with control,
uncoated beads (Figure 7G, lower panels). CD8 crosslinking
induced a marked increase in the frequency of early apoptotic
cells (Figure 7G, upper panels); however, fewer apoptotic cells
were observed in the absence of Gads.

Next, we repeated the experiment using beads coated with
increasing amounts of anti-CD8 and calculated the induced
death index. This measure depicts the net CD8-induced increase
in the early apoptotic population, expressed as a fraction of
the population that was live at baseline. The induced death
index increased with increasing CD8 cross-linking; however, this
index was substantially and significantly decreased in Gads™®
thymocytes at all levels of stimulation, suggesting that Gads plays
an important role in this model of CD8-induced death by neglect
(Figure 7H).

Taken together, our data suggest two ways by which Gads
regulates progression through the DP compartment. First, Gads
is required for optimal responsiveness of DP thymocytes to self-
peptide-MHC. This requirement is evidenced by the failure of
Gads'®© DP thymocytes to upregulate CD5 in vivo (Figures 6A-
D), and by their markedly reduced TCR responsiveness ex
vivo (Figure 6G,H). This interpretation is further reinforced
by the reduced upregulation of CD69 in the absence of Gads
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FIGURE 7 | Gads facilitates death by neglect within the unselected DP population. (A-C) in situ death within the DP compartment. Mice were
harvested 2 to 2.5 weeks after starting tamoxifen. (A) CD5 expression gates were used to distinguish DP populations of interest. (B) Annexin V staining
within the live CD5!° DP population. Gate indicates annexin V* (early apoptotic) cells. Results are representative of 8 Cre™ and 7 Cre* mice. (C) Within-
mouse comparison of early apoptotic frequency in Cre™, Tom~, and Tom™ DP populations of interest. Statistical significance was determined by a paired
t-test. n = 6 Cre* mice, within which 50-85% of DN thymocytes were Tom*. (D) To assess death induced by deprivation of thymus-derived survival
signals, Cre* and Cre™ total thymocytes were cultured separately. At the indicated times, live Cre"Tom™ or CretTom™ DP thymocytes were identified
using the gating strategy shown in Figure S2A. To calculate the relative number of live DP in each sample, we normalized the number of live DP cells
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(Figure 3C,D). Second, Gads is required to promote death by
neglect in CD5"&"° DP thymocytes, both in vivo and in an ex
vivo model of induced death (Figure 7). These twin defects likely
explain the accumulation of CD5~, nonresponding, Gads™° DP
thymocytes.

2.9 | Parallel Progression of Selected and
Unselected Gads'X© Thymocytes into the CD4 SP
Compartment

To better understand the cell autonomous role of Gads in
regulating thymocyte progression to the SP compartment, we
performed in mouse-comparisons, using cohorts of Cre* mice
in which < 85% of DN thymocytes were Tom*. Consistent with
positive selection, the vast majority of Gads-expressing CD4 SP
thymocytes were found within a TCRBMCD3" gate. (Figure 8A,
left panels). Most Gads'’*© (Tom*) CD4 SP thymocytes were
likewise found within the TCRAMCDS5" gate (Figure 8A, right
panel). Finally, nearly all CD8 SP thymocytes, whether Gads-
expressing or Gads'*°, were found within the TCRE"CD5" gate
(Figure S3).

To illuminate the origins of the Gads®© TCRB"CD5" CD4 SP
population, we examined two additional markers of positive
selection: increased expression of CCR7 and decreased expression
of CD24 [18, 19]. Whether Gads-expressing or Gads™°, CD5*
CD4 SP thymocytes were found on a trajectory of increasing
CCR7 and decreasing CD24, compared with the DP popu-
lation from which they derived (Figure 8B, black and gray
populations). In contrast, the unusual TCRB°CD5~ Gads'k®
CD4 SP population lacked signs of positive selection, as it
remained CD24" and CCR7"° (Figure 8B, orange population).
These markers provide additional evidence that CD5* Gads'*®
SP thymocytes derive from TCR-driven positive selection, while
a distinct subset of CD5~ Gads™®® thymocytes progresses to
the CD4 SP compartment without undergoing positive selec-
tion.

To explore the cell-autonomous role of Gads in driving each type
of progression, we examined the frequency of Tom™* cells in the
positively selected (TCRB"CD5") and unselected (TCRB°CD5™)
CD4 SP populations. Given the inherently chimeric nature
of Gads*© mice, the frequency of Tom* thymocytes should
decrease as cells pass through Gads-dependent developmental
junctions. The frequency of Tom* cells dropped significantly, as
DP cells passed into the CD5* TCRB" CD4 SP population, while
increasing dramatically as cells passed into the CD5~ TCRB®
population; indeed, this latter population was composed almost

entirely of Tom™* cells (Figure 8C). Taken together our results
suggest a dual function of Gads at the border between the DP
and CD4 SP compartment: on the one hand, Gads is required to
promote positive selection, and on the other hand, it appears to be
required to prevent the developmental progression of unselected
thymocytes.

Given the low TCR-responsiveness of CD5* Gads'’® DP cells
(Figure 6G,H), the presence of positively selected Gads™®® CD4
SP cells presents something of a conundrum. To address this
contradiction, we sought to assess the TCR signaling competence
of positively selected Gads'’¥® CD4 SP thymocytes, by stimulating
thymocytes ex vivo and measuring the induced phosphorylation
of ERK, while gating on the CD5* CD4 SP population. Phospho-
ERK was not detected in unstimulated cells (Figure 8D, left),
but was clearly detected following 2 min of stimulation with
PMA and ionomycin (Figure 8D, right); moreover, the response to
this stimulus was Gads-independent at all time points examined
(Figure 8E, right). To induce efficient activation of the TCR
signaling pathway, we co-cross-linked CD3 and CD4. At the
2 min time point, Gads expressing CD5* CD4 SP cells were
predominantly pERK*, whereas Gads™® CD5* CD4 SP cells
were predominantly pERK™ (Figure 4D, middle panel). While
some degree of TCR-responsiveness was apparent, Gads’© CD5*
CD4 SP thymocytes exhibited markedly impaired TCR-mediated
induction of pERK over the entire time course of 1-5 min of
stimulation (Figure 8E, left panel). These results provide evidence
for impaired TCR responsiveness, even among positively selected
Gads'®° thymocytes.

The weak TCR responsiveness of positively selected Gads'¥©
CD4 SP cells raised the possibility that they may belong to the
Treg lineage; however, the vast majority of positively selected
Gads'®° CD4 SP cells were found within the CD25-FoxP3~ (non-
Treg) gate (Figure 8F). Despite a mild increase in the frequency
of CD25*FoxP3* CD4 SP thymocytes upon ablation of Gads
(Figure 8G, left), their absolute number decreased (Figure 8G,
right). To better understand whether Gads promotes the positive
selection of Tregs, we examined the frequency of Tom™ cells
within each compartment. To facilitate comparisons between
mice, we normalized the frequency of Tom™ cells within each
compartment to their frequency in the DP compartment of the
same mouse. The frequency of Tom* Tregs did not significantly
differ from the frequency of Tom™ cells in the DP compartment
of the same mouse, yet Tom* cells were markedly reduced within
the population of positively-selected non-Tregs (Figure 8H).
These results suggest that Gads does not markedly influence the
positive selection of Tregs, but is required for the positive selection
of conventional CD4 SP thymocytes.

n = 4 technical repeats. Statistical significance was determined by a two-way ANOVA, Sid4k’s multiple comparisons test. (E-H) To assess CD8-induced

apoptosis, a mixture of Tom* and Tom™ thymocytes was incubated for 1 h at 37°C with uncoated, aCD4- or «CD8-coated beads, and then stained with

cell surface markers, annexin V and DAPIL. Bead-bound DP thymocytes were identified using the gating strategy shown in Figure S2B. (E) CD5!° bead-

bound DP cells, as defined by this gate are candidates for CD8-induced apoptosis. (F) The representative result depicts wild-type (Cre” Tom™) thymocytes

within the bead-bound CD5' DP gate. Early apoptotic cells are found in the annexin V* DAPI~ quadrant (G) Representative result within the Tom™~

and Tom™* bead-bound CD5'° gate. (H) Dose response of CD8-induced early apoptosis, in the presence and absence of Gads. Beads were coated with

0, 0.2, 0.5, 1.5, or 3 ug/mL CD8-biotin. The induced death index was calculated as described in Materials and Methods. n = 4 technical repeats, error

bars indicate standard deviation, and similar results were obtained in at least two independent experiments. Statistically significant differences between

Tom* and Tom™ samples were determined using an unpaired ¢-test.
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in Figure 2A. Thymi were harvested 2.5 weeks after starting tamoxifen treatment. (A) Representative expression of TCRS and CD5. (B) Representative
expression of CD24 and CCR?7, within the indicated DP and CD4 SP subpopulations. (C) Frequency of Tom* thymocytes within each of the indicated
gates. n = 4 Cret mice, within which 50-85% of DN thymocytes were Tom™*. Statistical significance was determined by one-way ANOVA and Dunnett’s
multiple comparisons test. (D-E) TCR responsiveness of CD5" CD4 SP thymocytes. Four weeks after starting tamoxifen treatment, a mixture of Tom™*
and Tom™~ thymocytes was stained with fluorescent surface markers and biotinylated stimulatory antibodies (CD3 and CD4), and left unstimulated or
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We have not been able to definitively define the nature of the
distinct CD5~Gads'*® CD4 SP population. These cells belong to
the T cell lineage, as evidenced by their exclusion from a strict
dump gate (Figure 4H) and by their intracellular expression of
TCRg (Figure 4L). Yet they are not conventional SP thymocytes,
as they are unselected (Figure 8B). Additional staining panels
revealed that CD5 Gads'™®© CD4 SP thymocytes do not belong
to the Treg lineage (Figure 8I) nor do they belong to the TCRyd
lineage (Figure 8J).

Taken together, our data demonstrate two parallel pathways of
CD4 SP development in the absence of Gads. On the one hand,
CD5* Gads™®® SP thymocytes appear to result from positive
selection. On the other hand, CD5~ Gads®° may derive from
unselected DP thymocytes that did not undergo death by neglect;
rather progressing as far as the CD4 SP compartment. We do
not have any evidence that this population exits the thymus,
and believe it may be a “dead end” thymic population that
accumulates in the absence of Gads.

3 | Discussion

Despite years of research, the regulatory roles of Gads in thymic
development are not fully understood. To illuminate this issue, we
developed a mouse model in which ablation of Gads is driven by
a ubiquitously-expressed, tamoxifen inducible Cre recombinase,
with tamoxifen administered 2-4 weeks prior to harvesting thymi.
Based on this timeline, the thymic populations that we analyzed
most likely derive from progenitor cells that underwent ablation
of Gads prior to entering the thymus.

An important advantage of our model is that it allows in-
mouse comparison of Gads-deficient and Gads-expressing thy-
mocytes developing side by side, in a chimeric environment
that is unperturbed by radiation or other dramatic treat-
ments. Within this context, Gads-ablated thymocytes resembled
germline Gads-deficient thymocytes, whereas Gads-expressing
thymocytes within the same mouse phenocopied wild type
thymocytes. By choosing to analyze mice in which the efficiency
of recombination was 50-85%, we were able to follow the relative
progression of Gads-deficient cells at any given developmental
checkpoint. As thymocytes pass through Gads-dependent check-
points, the frequency of Tom™ cells decreases; conversely, as
cells undergo developmental transitions that are favored in the
absence of Gads, the frequency of Tom™ cells may increase.

The marked drop in the frequency of Tom® cells at the DN3
to DN4 boundary validated this approach while confirming the
previously-described requirement for Gads at the (-selection
checkpoint [46, 47].

Whereas Gads-deficient DN thymocytes fail to respond to anti-
CD3 stimulation in vivo [46], this treatment does not reflect
physiologic levels of stimulation. To gain further insight, we
developed an approach to assess physiologic pre-TCR signaling
in vivo, based on the established relationship between pre-
TCR signaling and CD5 expression [8]. This approach revealed
that Gads is required for the pre-TCR-induced increase in the
expression of CD5; in contrast, as previously suggested [45], Gads
was not required for §-selection.

In addition to its role in 3-selection, Gads promotes the positive
and negative selection of TCR-transgenic thymocytes [46, 48].
We extended these studies to a polyclonal TCR repertoire by
using CD69, TCRB and CD5 as physiologic markers of TCR-driven
developmental progression in vivo [8, 11-13]. A substantial drop in
the frequency of Tom™ cells at the boundary between population
3 (TCRB™4CD69™Y) and population 4 (TCRB"CD69M) provides
evidence for profound impairment of TCR-driven positive selec-
tion in the absence of Gads. Further supporting this conclusion,
the frequency of Tom™ cells decreased as DP cells transited into
the positively selected CD5*TCRB" compartment. Indeed, both
the frequency and absolute number of CD5MTCRBM thymocytes
profoundly decreased in the absence of Gads.

The defect in positive selection appears to originate in the
DP compartment, as most Gads-deficient DP thymocytes failed
to upregulate CD5, suggesting impaired TCR-mediated respon-
siveness to self-MHC. Nevertheless, the residual progression of
CD5* Gads™© thymocytes to the SP compartment suggests a
degree of Gads-independent TCR responsiveness. Indeed, several
lines of evidence suggest that Gads is not essential for TCR
responsiveness, but rather appears to regulate the probability of
response to low intensity TCR signals [39, 47, 56].

To address these issues, we assessed TCR responsiveness, while
gating on potentially responsive (CD5%) DP and SP populations.
We found that even CD5* Gads™®© DP thymocytes exhibited
profoundly reduced TCR-induced calcium influx. Moreover,
even positively selected Gads™®® CD4 SP thymocytes exhib-
ited markedly reduced TCR-induced phosphorylation of Erk.
Together, these results suggest that a TCR-signaling defect under-

stimulated with 25 ug/mL streptavidin to co-cross link CD3 and CD4 (middle) or PMA and ionomycin to bypass TCR-proximal signaling events (right).
(E) Frequency of pERK*, CD5% CD4 SP thymocytes following stimulation for 1-5 min with CD3+CD4 cross-linking (left) or PMA and ionomycin (right).
Statistically significant differences between Tom™ and Tom™ cells were determined by unpaired two-tailed t-test. Error bars were too small to depict. This

experiment was done twice in triplicates with similar results. (F-I) Treg (CD25% FoxP3*) abundance within the CD4 SP population. Thymi were harvested

2.5-3.5 weeks after starting tamoxifen treatment. (F) Representative expression of CD25 and Foxp3 within the CD5* CD4* SP population. Populations of

interest are defined at the bottom right. (G) Frequency (left) and absolute number (right) of Treg cells within the CD5* CD4* SP population. Statistical

significance was determined by unpaired t-test. n = 4 Cre™ and a cohort of 3 Cre* mice with >95% Tom™ PBLs. (H) The frequency of Tom™ thymocytes

within each of the indicated populations of interest. To facilitate statistically valid comparisons between mice, the frequency of Tom™* cells in each gate

was normalized to their frequency in the DP compartment of the same mouse. Statistical significance was determined by a one-way ANOVA, Dunnett’s

multiple comparisons test. n = 4 Cret mice, with 70-90% Tom™ PBLs. (I) Representative expression of CD25 and Foxp3 within the Tom* CD5~ CD4*

SP population. (J) Representative intracellular staining for the - and y§-TCR, within the Tom* CD5~ CD4* SP population, while employing a dump
gate (anti-mouse NK1.1, CD8«, TER-119, Gr-1, CD11b, and B220) to exclude CD8" and NK1.1* thymocytes, and non-T cell lineages, as in Figure 4.
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lies the impairment of positive selection in Gads-deficient DP
thymocytes.

The observed pre-TCR and TCR signaling defects likely reflect
the role of Gads in mediating the TCR-induced recruitment
of SLP-76 to LAT. This task is facilitated by the high affinity
(low nanomolar) constitutive binding of Gads to SLP-76 [32].
Grb2 most likely cannot compensate for Gads, since its binding
to SLP-76 occurs at 1000-fold lower affinity [32]. Thus, TCR-
induced recruitment of SLP-76 to LAT is profoundly reduced
in the absence of Gads, but is not affected by deletion of other
Grb2-family members [39, 57].

Despite the dual impairment of 8- and positive selection, uns-
elected thymocytes progressed as far as the CD4 compartment.
This aberrant phenomenon was observed using two differ-
ent definitions of unselected thymocytes: TCRFCD69~ and
CD5 TCRfS~. Both the frequency and number of unselected
CD4 SP thymocytes far surpassed their prevalence among Gads-
expressing thymocytes; indeed, this population was composed
almost exclusively of Tom* cells. To rule out the inclusion of
transitional cells in our analyses, throughout this study, we
defined CD4 SP cells using a “tight” CD4" CD8" gate, as
illustrated in Figure 2A.

This population of CD5"TCRB~ Gads™®, unselected CD4 SP
thymocytes did not include yd or Treg cells, and lacked markers
of positive selection, as the cells remained in an immature,
CD24"TCRBCCR7"° state. Surprisingly, the cells tended to
express CD25; thus. resembling DN thymocytes undergoing
B-selection.

The CD5~ Gads'*° CD4 SP population likely corresponds to the
CD24MTCRB CD4 SP population that accumulates in TCR-
transgenic Gads-deficient mice [48]. A population of CD24"
CD8 SP thymocytes was likewise observed in cyclososporin A-
treated HY-transgenic female mice [58]. Together, these results
suggest that upon partial disruption of TCR signaling, unselected
thymocytes may advance to the SP compartments, while failing
to mature. Although Dalheimer et al. [48] interpreted their
results as an uncoupling of positive selection from developmen-
tal progression, we suggest that a failure of death by neglect
may underlie the aberrant developmental progression of Gads-
deficient cells to the CD4 compartment, in the absence of both
B- and positive-selection.

The reduced TCR signaling competence of Gads-deficient DP
thymocytes should result in a corresponding increase in death
by neglect, which occurs in MHC-nonresponsive wild-type
thymocytes [14, 15]. Consistent with this expectation, Gads'¥®
thymocytes underwent efficient apoptosis in tissue culture, a
common model for death by neglect. Yet, CD5~ Gads'*°© DP
thymocytes accumulated in vivo, in both the inducible and
the germline Gads-deficient models. This previously unreported
phenotype first suggested to us that Gads might be required to
induce the death of MHC-nonresponding DP thymocytes in situ.
This notion is supported by the reduced frequency of annexin V*
cells among CD5"¢¢!° Gads'™®° DP thymocytes.

Taken alone, the reduced frequency of death by neglect in situ
is difficult to interpret. One possibility is that, in the absence

of Gads, TCR signaling may be reduced to a level that is suffi-
cient for survival but insufficient for efficient positive selection.
Alternatively, our results may suggest a novel reinterpretation
of the process of death by neglect. Rather than constituting a
passive response to the absence of signaling events, the death of
MHC-nonresponsive DP thymocytes may be actively induced by
particular signaling pathways that depend on Gads. In particular,
it is possible that S-selection triggers a “time bomb” that induces
death within a certain time frame unless cells are rescued by
positive selection. Gads may be somehow required to trigger this
B-selection-associated death clock.

The notion that T cell-specific signaling pathways may be
involved in triggering death by neglect was first suggested by
Grebe et al. [55], who demonstrated that cross-linking of CD8
induced apoptotic death, specifically in CD5'°, but not in CD5M
DP thymocytes. This death could be prevented by co-crosslinking
CD8 and CD3 [55]. Based on these results Grebe et al. [55]
suggested that CD5"° DP thymocytes are able to detect signaling
through CD8 and that in the absence of concomitant signaling
through the TCR, the CD8-induced signaling pathway can trigger
a form of death that may be related to the phenomenon of death
by neglect. In support of their hypothesis, they note that early DP
thymocytes express a nonsialylated form of CDS, that binds with
high affinity to class I MHC [59, 60], and therefore may be able to
induce signaling events in the absence of TCR ligation.

We recapitulated the observation of CD8-induced death of CD5"
DP thymocytes, moreover, we extended this system to show
that death is specifically induced by ligation CD8, but not CD4.
Most importantly, we showed that Gads is required for optimal
CD8-induced death in this experimental model. These findings
suggest the possibility that, in addition to its role in mediating
TCR signaling, Gads may participate in a CD8-induced signaling
pathway.

To the best of our knowledge, our observation provides the first
evidence that signaling elements downstream of the TCR may
be involved in triggering the death of TCR-nonresponsive DP
thymocytes. Perhaps consistent with an involvement of Gads
in cell death, Gads contains a caspase 3 cleavage site [61, 62];
moreover, Gads-deficient T1 B cells were shown to be resistant to
BCR-induced apoptosis [63]. Taken together, our results suggest
a new paradigm in which Gads regulates the balance between
positive selection and death by neglect. Both processes are
reduced in the absence of Gads, resulting in the survival and
developmental progression of unselected thymocytes.

3.1 | DataLimitations and Perspectives

This study provides preliminary validation of a new mouse model
for studying Gads. The model provides a number of advantages
for future studies, first because of its intrinsically chimeric nature,
and second because it will provide a way to characterize the role
of Gads in developmentally normal T cells.

Gads is strongly implicated in the FceRi signaling pathway [35,
64], which plays an important role in type I allergic responses, yet
the development of Gads as a drug target has been hampered by
a lack of knowledge about the implications of Gads inhibition in
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developmentally-normal mature T cells. Germline Gads-deficient
mice are not suitable for this purpose, as they produce nonnaive,
innate-like peripheral T cells [47]; moreover, the TCR repertoire
of positively selected Gads-deficient thymocytes may be skewed
toward higher affinity receptors that are uniquely capable of
signaling in the absence of Gads. We expect that the model
described here will provide an appropriate experimental system
for addressing these questions.

4 | Materials and Methods

4.1 | Antibodies and Staining Reagents

Anti-mouse antibodies CD4-PerCP-Cy5.5, or -FITC, or -APC-
Cy7 (Clone RM4-4 and GK1.5), CD8a-APC-Cy7, or -APC, or
-FITC (Clone 53-6.7 or QA17A07), CD44-BV421 (Clone IM?7),
CD5-BV711 (Clone 53-7.3), CD25-APC (Clone PCe61), NK1.1-
FITC (Clone PK136), TCR y/6-FITC, or -PerCP-Cy5.5 (Clone
GL3), TCR f chain-BV605, or-PE-Cy7 (Clone H57-597), CD69-
KB520 (clone H1.2F3), FOXP3-AF488 (clone MF-14), pERK1/2
(T204/Y202)-APC (clone MILANSR), CD24-APC (clone M1/69),
CD197 (CCR7)-AF488 (Clone 4B12), Ly-6G/Ly-6C (Gr-1)-FITC
(clone RB6-8C5), CD45R/B220-FITC (clone RA3-6B2), TER-
119/erythroid cells-FITC (clone TER-119), CDI1b-FITC (clone
M1/70), FceRla-FITC (clone MAR-1), CD11c-FITC (clone N418),
CD19-FITC (clone 1D3/CD19), Zombie Aqua Fixable viability
kit (BioLegend, 423101), isotype control antibodies Armenian
hamster IgG-FITC, rat IgG2a,k-FITC, rat IgG2b,k-FITC, mouse
IgG2a,k-FITC and Armenian hamster IgG- PE/Cy7, and biotin-
conjugated anti-mouse CD3¢ (clonel45-2C11), CD4 (clone RM4-4)
and CDS8 (clone 53-6.7) were from Biolegend. Cleaved caspase
3-AF647 (Clone D3E9) was from Cell Signaling. Gads-AF647
(UW40) was from Santa Cruz Biotechnology. Unless noted
otherwise, all PBS used in this study is without calcium and
magnesium.

4.2 | Mice

Mice were on the C57BL/6 background. Gads-deficient (Gads™~)
mice [46] were generously provided by C. Jane McGlade (Uni-
versity of Toronto). Gads™ mice, in which LoxP signals flank
Grap2 (Gads) exon2, were generated for us by Cyagen/Taconic,
by using CRISPR/Cas9-mediated genome engineering on the
C57BL/6 background, to insert LoxP sites into the introns that
flank Grap2 exon 2 on chromosome 15. This modification permits
Cre-mediated deletion of a 592 bp region, including Grap2 exon
2. gRNA sequences were GCGCATCTAAGGAGGCCGGAGGG
and CCTATAACGAATGCAGTTGCAGG. The targeting vector
was generated by PCR using BAC clones RP23-61M17 and RP23-
453G11 from the C57BL/6 library as template. The insertion was
verified in F1 mice by southern blotting and by sequencing the
intended target site. To eliminate potential off target effects,
the five most-likely off target sites were sequenced. F1 Gads™
mice were backcrossed once onto the C57BL/6 background,
and further backcrossed during the course of cross-breeding to
Jackson Laboratory strain #007914 (Ail4), to incorporate a Cre-
dependent tdTomato (Tom™ $°P) reporter at the Rosa26 locus
[49]. The ubiquitously-expressed, tamoxifen-inducible UBC-Cre-
ERT2 Cre recombinase [50] was maintained in a hemizygous

state. To generate mice for experiments, Gads"/"-TomFL-stop/FL-stop
mice were bred to Gads-deficient Cre driver mice (Gads~/~UBC-
Cre-ERT2"), to generate Gads™ ~Tom""*'°P progeny, either Cre*
or Cre™.

4.3 | Tamoxifen-Inducible Deletion of Gads
Tamoxifen (Sigma, T5648) was dissolved at 10 mg/ml in fresh
corn oil by shaking at 37°C for 3-4 h. For tamoxifen-inducible
deletion of Gads, 6-7-week-old Gads™/~TomFs®P mice, either
UBC-Cre-ERT2* or Cre~, were treated with tamoxifen daily for
five days by intraperitoneal injection (75 pg/g mouse weight).
To assess the efficiency of Cre-mediated recombination, 200 ul
of blood was collected from the cheek into 1.5 mL Eppendorf
tubes containing 50 units of heparin. Blood samples were diluted
to 2 mL in PBS and underlayed with 2 mL of Histopaque-1083
(Sigma, 10831). Following centrifugation at 400 g for 30 min at
room temperature, leukocytes were collected from the interface,
and washed once in PBS and once in FACS buffer, prior to staining
for flow cytometry.

4.4 | Thymocyte Isolation and Staining

A single-cell suspension of thymocytes was generated by pressing
the thymus through a 40 pm Cell Strainer. Cells were washed
once with PBS supplemented with 2% FCS, PenStrep (Sartorius,
03-031-1B), and 1 mM EDTA, then washed and re-suspended in
10 mL PBS without FCS. Cells were stained for 30 min at RT
in the dark with Zombie Aqua Fixable Viability Kit. Staining
was terminated by washing cells with 2 mL FACS buffer (PBS,
supplemented with 2% FCS and 0.02% sodium azide). Cells were
then stained for 15-30 min at 4°C with a cocktail of fluorescently
labeled antibodies in FACS buffer, and processed as indicated
below. In most cases, stained cells were washed once with FACS
buffer and once with PBS, fixed for 20-40 min at RT in the dark
with a 1:1 dilution of fixation buffer in PBS (IC Fixation Buffer
Thermo Fischer Scientific, 00-8222-49), then washed in FACS
buffer. For intracellular staining of Gads or TCR, fixed cells were
washed twice with 1x Thermo Fischer Scientific permeabilization
buffer (Invitrogen, 00-8333-56), prior to intracellular staining
in the same buffer. For intracellular staining with FOXP3, we
used the True Nuclear Transcription Factor Buffer set (Biolegend
424401). Where indicated, unfixed, stained cells were washed
with Annexin V Binding Buffer (Biolegend, 422201), stained for
15 min at RT with annexin V-APC (Biolegend, 640919), and then
read immediately by flow cytometry.

4.5 | Flow Cytometry

Stained cells were read on a Fortessa II flow cytometer, using
single-stained cells or compensation beads as controls. Results
were analyzed with FlowJo Software while gating on live
(Zombie-negative) single cells. When indicated in figure legends,
a FITC-labeled dump gate was used to exclude some or all of
the following: NK1.1*, TCRyd*, and/or CD8" T cells, as well as
cells that stained positive for Ly-6G/Ly-6C (Gr-1), CD45R/B220,
TER-119, CD11b, FceRler, CD11c, and CD19.
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4.6 | ExVivo Models of Death by Neglect

Freshly isolated thymocytes were resuspended in Hepes-buffered
complete T cell medium (high glucose DMEM, supplemented
with 10% iron-fortified bovine calf serum, NEAA (nonessential
amino acids), 2 mM glutamax, 1 mM sodium pyruvate, 50 uM
B-mercaptoethanol, pen-strep, and 20 mM Hepes, pH7.3).

To assess CD8-induced death, avidin beads (Spherotech, SVP-
30-5) were preincubated with different concentrations of CD4-
or CD8-biotin, then washed and resuspended in a Hepes-
buffered complete T cell medium. To induce death, 0.25 x 10°
thymocytes were preincubated at 37°C for 15 min and then
mixed in a round-bottomed well with 1.25 x 10° precoated
avidin beads. After incubation at 37°C for 1 h, the cells were
washed once with cold FACS buffer, stained at 4°C with surface
antibodies for CD4, CDS8, and CD5, washed once with FACS
buffer and once with annexin V binding buffer, and stained
for 15 min at RT with annexin V and DAPI. To calculate
the induced death index, the net CD8-induced increase in the
early apoptotic population was expressed as a fraction of the
population that was live at baseline ((%annexinV*DAPI",, —
%annexinV* DAPI ™y, ine )/ %annexin V- DAPI . cuiine)-

To assess death induced by deprivation of thymus-derived sur-
vival signals, thymocytes were mixed with a fixed amount of
PKH26 reference microbeads (Sigma-Aldrich P7458), aliquoted
to flat-bottomed tissue culture wells, and incubated at 37°C and
10% CO,. At the indicated times, cells and beads from individual
wells were collected, washed once with PBS, and stained with
Zombie Aqua Fixable Viability Kit, followed by staining with
surface antibodies and fixation with IC Fixation Buffer Thermo
Fischer Scientific. Live (Zombie"®) Tom* or Tom~ DP cells were
counted by flow cytometry while normalizing to the number of
PKH26 reference beads counted in the same tube.

4.7 | Calcium Fluorimetry

Calcium flux was measured using a mixture of thymocytes from
tamoxifen-treated Cre* and Cre™ mice. Thymocytes were washed
with calcium staining buffer (RPMI supplemented with 1% FCS,
20 mM Hepes pH 7.3, and 2 mM glutamine), and incubated in the
dark for 30 min at 30°C, with 0.5 mL per each 5 million cells of
calcium staining buffer containing 4 uM indo-1 AM (eBioscience),
2 mM probenecid, fluorescent cell surface markers, including
CD4-FITC (clone GK1.5) and CD8-APC (clone QA17A07), and
biotinylated stimulatory antibodies: CD3, CD4 (clone RM4-4) and
CDS8 (clone 53-6.7), 3 ug/mL each. The stained cells were then
washed twice and resuspended in RPMI supplemented 20 mM
Hepes pH 7.3, and 2 mM Glutamine. Cells were stored on ice
and preheated to 37°C for 5 min prior to ratiometric calcium
fluorimetry, which was performed by flow cytometry, with the
temperature maintained at 37°C, and stimulation was induced at
the 60 s time point by adding streptavidin (Biolegend, 405150)
to a final concentration of 25 pg/mL, or ionomycin to a final
concentration of 1 uM. Excitation was at 355 nm and emission was
measured using the bandpass filters 405/20 (Ca-bound indo-1)
and 485/22 (free indo-1), with data presented as the ratio between
these two values. Data analysis was performed while gating on
CD5*, Tom*, or Tom~ DP thymocytes.

4.8 | TCR-Induced ERK Phosphorylation

A mixture of thymocytes from tamoxifen-treated Cre* and Cre~
mice was washed with calcium staining buffer and stained with
cell surface markers for 15 min at 4°C in the same buffer.
Staining antibodies included CD4-FITC (clone GK1.5), CD8-APC-
Cy7 (clone 53-6.7), CD5-BV711 (clone 53-7.3), along with 3 ug/mL
each of the biotinylated stimulatory antibodies: CD3 (clone 2C11)
and CD4 (clone RMA 4-4). The stained cells were washed twice
and re-suspended in stimulation buffer (RPMI with 20 mM Hepes
pH 7.3, and 2 mM Glutamine), and were preheated to 37°C for
10 min prior to stimulation. TCR stimulation was induced by
adding streptavidin to a final concentration of 25 ug/mL and was
terminated by the addition of an equal volume of IC Fixation
Buffer (Thermo Fischer Scientific) and incubated for 30 min at
RT, then cells were washed with FACS buffer and stored at 4°C.
Permeabilization was performed by resuspending the cell pellet
in cold 100% methanol, after incubation for lhr on ice, cells
were washed with FACS buffer and stained with phospho-ERK
antibody for 30 min at RT. Phospho-ERK staining was evaluated
by flow cytometry while gating on CD5" CD4 SP thymocytes.

4.9 | Statistical Analysis

All experiments in this study were performed two or more times
with similar results. Statistical analysis was performed using the
Prism software package. p-values were determined using the
statistical tests indicated in figure legends. The following symbols
were used to indicate statistically significant p-values: *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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