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SUMMARY

Overtly self-reactive T cells are removed during
thymic selection. However, it has been recently es-
tablished that T cell self-reactivity promotes protec-
tive immune responses. Apparently, the level of
self-reactivity of mature T cells must be tightly
balanced. Our mathematical model and experimental
data show that the dynamic regulation of CD4- and
CD8-LCK coupling establish the self-reactivity of
the peripheral T cell pool. The stoichiometry of the
interaction between CD8 and LCK, but not between
CD4 and LCK, substantially increases upon T cell
maturation. As a result, peripheral CD8" T cells are
more self-reactive than CD4* T cells. The different
levels of self-reactivity of mature CD8* and CD4*
T cells likely reflect the unique roles of these subsets
in immunity. These results indicate that the evolu-
tionary selection pressure tuned the CD4-LCK and
CD8-LCK stoichiometries, as they represent the
unique parts of the proximal T cell receptor (TCR)
signaling pathway, which differ between CD4* and
CD8* T cells.

INTRODUCTION

T cells are involved in most adaptive immune responses. The
hallmark of T cell responses is the variability of T cell receptors
(TCRs) among individual T cell clones. The interaction between
the TCR and its cognate antigen (i.e., a peptide bound to major
histocompatibility complex class | [MHCI] or MHCII molecules)
on the surface of an antigen-presenting cell (APC) leads to the
activation of the T cell and the initiation of the immune response.

There are two basic types of T cells, MHCI-restricted CD8*
T cells and MHClI-restricted CD4* T cells. CD8" T cells are
involved in direct killing of infected cells, whereas CD4" T cells
orchestrate immune responses by acting on other immune cells.
Invariant coreceptors CD4 and CD8 bind to MHCI and MHCII,
respectively, to promote the TCR signaling. One of the major
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roles of the coreceptors is to recruit a kinase LCK to the TCR
signaling complex, which, in turn, leads to the phosphorylation
of the TCR-associated chains and the initiation of the down-
stream signaling (Artyomov et al., 2010; van Oers et al., 1996;
Rudd et al., 2010; Veillette et al., 1988; Barber et al., 1989).
The interaction between the coreceptor and LCK regulates the
sensitivity of T cells to the antigen (Erman et al., 2006; Stepanek
et al., 2014; Drobek et al., 2018).

Besides their key role in protective immunity, T cells can
induce harmful autoimmunity, depending on whether they
respond to foreign or self-antigens. A central mechanism estab-
lishing self-tolerance is the negative selection of highly self-reac-
tive T cells during their maturation in the thymus. However, a
certain level of self-reactivity of mature T cells is required
because only the self-pMHC-restricted pool of T cells can effi-
ciently recognize foreign antigens. This is achieved by positive
selection of developing T cells with moderate reactivity to self-
antigens in the thymus. The stoichiometry of the coreceptor-
LCK interaction sets up the “selection window” by establishing
the thresholds for positive and negative selection of developing
T cells (Erman et al., 2006; Stepanek et al., 2014).

There is an increasing amount of evidence showing that the
actual level of self-reactivity largely determines T cell responses
to foreign cognate antigens. It has been shown that the level of
self-reactivity correlates with the ability of T cells to recognize
foreign antigens with high affinity (Mand| et al., 2013). A compar-
ison of two CD4* T cell clones with identical affinity for the
cognate antigen revealed that the less self-reactive clone
expanded more in the primary response, whereas the more
self-reactive clone dominated the recall response (Weber et al.,
2012; Persaud et al., 2014). Other studies showed that priming
of T cells by self-antigens enhances their subsequent responses
to foreign antigens and that highly self-reactive T cells have an
advantage over weekly self-reactive T cells in this respect (Fulton
etal., 2015; Swee et al., 2016; Stefanova et al., 2002). Overall, the
self-reactivity of T cells is beneficial forimmune protection, but at
the same time, it represents the risk for the onset of autoimmu-
nity. Apparently, there is an optimal level of self-reactivity that
balances these two counteracting phenomena. This optimal
level of self-reactivity can be established by correct setting of
the thresholds for positive and negative selection in the thymus




and/or by eventual changes in the sensitivity of the TCR signaling
machinery during T cell maturation. Considering fundamental
differences in the roles of CD8"* and CD4* T cells, it is very plau-
sible that the optimal levels of self-reactivity might substantially
differ between these two populations.

We and others showed that CD4-LCK and CD8-LCK binding
stoichiometry is a limiting factor for signaling induced by subop-
timal self-antigens in immature thymocytes (Erman et al., 2006;
Stepanek et al., 2014). Moreover, we have recently revealed
that the CD8-LCK binding frequency regulates tonic TCR
signaling in peripheral T cells and the generation of virtual mem-
ory T cells from relatively highly self-reactive CD8* T cells (Dro-
bek et al., 2018). However, the stoichiometry of CD4-LCK and
CD8-LCK interactions in mature T cells has not been addressed
in detail.

In this study, we observed that the stoichiometry of the CD8-
LCK, but not CD4-LCK, interaction is dynamically regulated dur-
ing development. The percentage of CD8 molecules carrying
LCK is substantially higher in mature T cells than in thymocytes
at the double positive (DP) stage, where the positive selection
and most of the negative selection takes place. Consequently,
CD8* T cells increase their responsiveness to antigens with sub-
optimal affinity upon maturation. Moreover, CD8" T cells are, on
average, more self-reactive than CD4* T cells. Our observation
seems to be a result of an evolutionary adaptation that took
advantage of the different use of coreceptors by MHCI- and
MHCII-restricted T cells to tune the optimal level of self-reactivity
for these two subsets independently.

RESULTS

CD8-LCK Coupling Frequency Is Dynamically Regulated
during T Cell Maturation

The stoichiometry of the CD4-LCK and CD8-LCK interactions
has been previously analyzed using a semiquantitative method
of immunoprecipitation followed by flow cytometry (FC-IP) in
preselection DP thymocytes (Stepanek et al., 2014). In this study,
we applied this method to mature peripheral T cells. This method
is based on of the immunoprecipitation of CD4 or CD8 by using
antibody-coated beads, followed by the detection of coreceptor
and LCK molecules by flow cytometry. We used NP-40S deter-
gent for cell lysis that extracted the vast majority of CD4, CDS8,
and LCK molecules from thymocytes and lymph node (LN) cells
(Figure S1A), excluding the possibility that our results are influ-
enced by a potential insolubility of these proteins. We used an
anti-CD8p antibody for pull down and anti-CD8a. for detection
to exclude eventual CD8ao. homodimers that do not promote
TCR signaling (Witte et al., 1999). For the pull down and detec-
tion of CD4, two non-competing antibody clones were used (Fig-
ures S1B-S1D). The concentration of the detection antibodies
was titrated to use saturating concentrations (Figure S1E).

In agreement with the previous study (Stepanek et al., 2014),
we observed a substantially higher frequency of LCK-coupled
CD4 coreceptors than CD8 coreceptors in DP thymocytes (Fig-
ure 1A). Interestingly, the difference between CD4-LCK and
CD8-LCK interactions was much less pronounced in mature pe-
ripheral T cells than in DP thymocytes (Figure 1A). Upon T cell
maturation, the CD8-LCK binding stoichiometry increased

~13-fold, whereas the percentage of CD4 molecules coupled
to LCK increased only ~2-fold (Figure 1A).

We addressed the relative changes of coreceptor-LCK bind-
ing stoichiometries between thymocytes and mature T cells by
using an independent technique. We performed conventional
immunoprecipitation from cell lauryl-maltoside lysates followed
by immunoblotting (Figures 1B and 1C). We observed differ-
ences in the apparent molecular weight of CD8a. between thy-
mocytes and peripheral T cells (Figure 1B). First, the apparent
molecular weight of CD8a. was lower in thymocytes than in pe-
ripheral T cells. This shift is caused by more intensive sialylation
of CD8 in peripheral cells than in thymocytes (Daniels et al., 2001;
Merry et al., 2003, Moody et al., 2001). Accordingly, the removal
of the sialic acid chains by neuraminidase normalized the
apparent molecular weight of CD8a but did not substantially
affect the relative intensities of the detecting antibodies in immu-
noblotting or flow cytometry (Figures S1F and S1G). Second,
there was an additional lower band detected exclusively in the
thymocytes (Figure 1B). This band corresponds to the truncated
isoform CD8a’ (Zamoyska et al., 1989; Zamoyska and Parnes,
1988). The analysis of the LCK to coreceptor ratio in this exper-
iment showed that upon T cell maturation, the CD8-LCK binding
stoichiometry increased ~9-fold, whereas the percentage of
CD4 molecules coupled to LCK increased only ~2-fold. Thus,
these results were in a good agreement with the FC-IP data.

The dramatic changes in CD8-LCK coupling frequency upon
maturation is most likely caused by two factors. First, we and
others observed that the truncated isoform CD8a’ devoid of
the LCK-binding site is present in thymocytes but not in periph-
eral T cells (Figure 1B). Interestingly, the expression of CD8a’ is
regulated post-transcriptionally, as there is almost no difference
in the CD8a’-encoding RNA levels between the two T cell stages
(Figure S1H) (Zamoyska and Parnes, 1988). However, CD8a’
constitutes only ~30% of the total CD8w. in thymocytes (Fig-
ure S1l), suggesting that there must be an additional mechanism
for the dynamic regulation of CD8-LCK coupling. Because the
vast majority of LCK molecules are coupled to CD4 or CD8 in
DP thymocytes (Van Laethem et al., 2007) and because CD4
has been shown to have higher affinity to LCK than CD8 has
in vitro (Kim et al., 2003), CD4 sequesters LCK from CD8 at the
DP stage, which does not occur in mature CD8" T cells.

We previously developed the “LCK come&stay/signal duration
model” to predict TCR signaling output by using a set of param-
eters including TCR density, antigen affinity, and coreceptor-
LCK stoichiometry (Stepanek et al., 2014). The model is based
on the kinetic proof-reading principle (McKeithan, 1995). It as-
sumes that LCK recruitment and phosphorylation of the TCR/
ZAP70 complex must be accomplished during the interaction
of the TCR with the pMHC to trigger the TCR. The model as-
sumes that the triggered TCR continuously transduces the signal
downstream as long as it is occupied by the antigen. This model
was the only one among a couple of constructed models that
could explain the importance of the coreceptor-LCK binding in
the antigen affinity discrimination in DP thymocytes, which was
observed experimentally (Stepanek et al., 2014). We use this
relatively simplistic model here to obtain testable predictions of
how the dynamics of CD4-LCK and CD8-LCK coupling regulates
the T cell responses to antigens. To assess how the differences
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Figure 1. The Dynamics of the Coreceptor-
LCK Coupling Predicts Self-Reactivity

(A) Mature T cells or DP thymocytes were lysed and
incubated with beads coated with antibodies to
CD4 (RM4-4) or CD8 (53-5.8). Beads were probed
with PE-conjugated antibodies to LCK (3a5), CD8a
(563-5.7), or CD4 (H129.19) and analyzed by flow
cytometry. Calculated CD4-LCK or CD8-LCK stoi-
chiometry for thymocytes and mature T cells is
shown. Mean + SEM; n = 3-5 mice in 3-4 inde-
pendent experiments.

(B and C) CD4 (H129.19) or CD8p (53-5.8) were
immunoprecipitated from lysates of thymocytes or
enriched peripheral CD8" and CD4* T cells from WT
mice, followed by immunoblotting using anti-CD4
(D7D2Z), anti-CD8a. (D4W22). and anti-LCK (3a5)
antibodies. (B) Representative experiments for
CD8p and CD4 immunoprecipitation. CD8a’ trun-
cated isoform is marked with an asterisk. (C) Ratio of
LCK-coupled coreceptors  (periphery/thymus).
Mean + SEM; n = 3-5 samples (pooled 2-3 mice) in
3-4 independent experiments.

(D) TCR signal intensity predicted by the “LCK co-
med&stay/signal duration model” (Stepanek et al.,
2014) induced by strong cognate or suboptimal
antigens (at the threshold for negative selection) in
MHCI- or MHClI-restricted DP or mature T cells. The
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(E) Schematic illustration of the prediction of the
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in the dynamics of CD4-LCK and CD8-LCK coupling influences
the TCR signaling, we used our experimental CD4- and CD8-
LCK stoichiometry data as well as the quantification of the per-
centage of phosphorylated LCK molecules, and the TCR levels
on mature CD4" and CD8" T cells (Figures S1J-S1M, Table
S1) as inputs for the LCK come&stay/signal duration model.
The model predicts that MHCI- and MHClI-restricted T cells
and DP thymocytes exhibit comparable responses to their
high-affinity cognate antigens (Figure 1D). However, the stoichi-
ometry of the coreceptor-LCK interaction was shown to be
limiting, specifically for signaling induced by suboptimal antigens
(Erman et al., 2006; Stepanek et al., 2014; Drobek et al., 2018).
We took advantage of the fact that the affinities to self-antigens
at the threshold for negative selection are known for both MHCI-
restricted and MHClI-restricted thymocytes (Daniels et al., 2006;
Naeher et al., 2007; Stepanek et al., 2014), and we used these
parameters in the mathematical model. The model predicts
that partial-negative-selecting antigens induce stronger TCR
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CD8* T cells have, on average, higher level of self-
reactivity than CD4" T cells.
See also Figure S1, Table S1, and Data S1.

signaling in CD8" mature peripheral T cells than in peripheral
CD4* T cells or in MHCI- and MHClI-restricted DP thymocytes
(Figure 1D). These results suggest that peripheral MHCI-
restricted CD8" T cells, but not MHClI-restricted CD4" T cells,
could be activated by positive selecting or only partial negative
selecting self-antigens.

CD8* T Cells Are More Reactive to Suboptimal Antigens
Than CD4* T Cells Ex Vivo
Based on the dynamics of the CD4- and CD8-LCK binding stoi-
chiometry and the predictions of the mathematical model, we hy-
pothesize that MHCl-restricted T cells, but not MHClII-restricted
T cells, increase their sensitivity to suboptimal antigens upon
maturation. We reasoned that CD8" T cells are, therefore, on
average more self-reactive than CD4* T cells (Figure 1E). In the
next steps, we addressed our hypothesis experimentally.

We used monoclonal mature T cells and thymocytes
from Rag2-deficient mice bearing either MHCI-restricted
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Figure 2. CD8" T Cells Are More Sensitive to Suboptimal Antigens Than CD4" T Cells In Vitro
LN T cells or thymocytes from OT-I mice (blue) or B3K508 mice (red) were stimulated by BMDCs loaded with indicated concentrations of indicated peptides

overnight.

(A and B) CD69 levels on T cells were analyzed by flow cytometry. EC5q concentrations of peptides are indicated (A). The ratio of the area under curve of the %
CD69" T cells in the periphery versus thymus (B). Mean + SEM; n = 4 mice in 4 independent experiments.

(C and D) The cells were stimulated by BMDCs loaded with a 10~°-M concentration of indicated peptides, fixed at indicated time points, and analyzed for
phosphorylation of ERK1/2 by flow cytometry. Mean + SEM; n = 6-10 independent experiments (C). The ratio of area under curve of % pERK1/2" T cells in the
periphery versus thymus. Mean + SEM, n = 6-10 mice in 6-10 independent experiments (D). Statistical analysis was performed using 2-tailed Mann-Whitney test.

See also Figure S2.

OT-I-transgenic TCR (specific to H-2KP-SIINFEKL; OVA) or
MHClI-restricted B3K508-transgenic TCR (specific to H-2A°-
FEAQKAKANKAKAVD; 3K) as our experimental model. The
advantage of these monoclonal models is that there is a wide
range of well-characterized cognate-altered peptide ligands
covering negative selectors, partial negative selectors, and pos-
itive selectors (Daniels et al., 2006; Huseby et al., 2006; Keck et
al., 2014; Stepanek et al., 2014; Figure S2A). TCR expression is
higher in B3K508 T cells than in OT-I T cells, mimicking the situ-
ation in polyclonal T cells (Figures S1M and S2B).

Upon overnight stimulation with bone-marrow-derived den-
dritic cells (BMDCs) pulsed with the cognate peptides or their
lower affinity variants, we measured the expression of an activa-
tion marker, CD69, in the monoclonal T cells and thymocytes

(Figures 2A, 2B, S2C, and S2D). We compared CD69 upregula-
tion in mature T cells and DP thymocytes by calculating the ratio
of the corresponding areas under curve for each antigen (Fig-
ure 2B) or the ratio of the maximal response (Figure S2D). The re-
sponses of OT-I and B3K508 mature T cells and DP thymocytes
to the high-affinity antigens (OVA and 3K, respectively) were
comparable. However, the mature OT-I T cells exhibited stron-
ger responses than DP thymocytes when stimulated with subop-
timal antigens T4 and Q4H7, a partial negative selector and a
positive selector, respectively (Figures 2A, 2B, S2C, and S2D).
In the case of B3K508 mice, the mature T cells and DP thymo-
cytes showed comparable responses to suboptimal antigens
P2A and P-1A, a relatively weak negative selector and a partial
negative selector, respectively (Figures 2A, 2B, S2C, and S2D).
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Figure 3. CD8" T Cells Are More Sensitive to Suboptimal Antigens
Than CD4" T Cells In Vivo

CFSE-loaded LN cells from OT-I mice and B3K508 mice were injected into
congenic Ly5.1 WT mice. The mice were infected with transgenic Lm ex-
pressing indicated peptides. Four days after the infection, viable splenic donor
T cells (gated as CD3" CD4* Va2* Ly5.2* for B3K508 T cells and CD3* CD8"
Va2* Ly5.2* for OT-I T cells) were analyzed for proliferation (CFSE) and CD25
expression by flow cytometry.

(A) Representative animals out of 6-8 per group.

(B) The percentage of donor cells among all splenic CD4* or CD8" T cells is
shown. n = 6-8 mice in 4 independent experiments. Statistical analysis was
performed using 2-tailed Mann-Whitney test.

See also Figure S3.

In a next step, we studied a proximal TCR signaling event, a
phosphorylation of kinases ERK1 and ERK2 (Figures 2C, 2D
and S2E-S2G). As the mature T cells and DP thymocytes had
distinct kinetics of ERK1/2 phosphorylation, we used the overall
response calculated as the area under curve (Figure 2D) or
maximal response (Figure S2G) for quantification. We calculated
the mature T cell/DP thymocytes ratio for each antigen. In the
case of OT-1 T cells, mature T cells showed an ~4.5-fold stronger
overall response than DP thymocytes to both the high-affinity an-
tigen OVA and the suboptimal antigen T4 (Figures 2C and 2D).
However, B3K508 mature T cells showed a substantially stron-
ger response to the high-affinity antigen than DP thymocytes
(~6.5-fold), but the responses of B3K508 mature T cells and
DP thymocytes to suboptimal antigens P2A and P-1A were com-
parable (Figures 2C and 2D).

Overall, CD69 upregulation and pERK1/2-phosphorylation
were in line with the mathematical model predicting that the re-
sponses to suboptimal antigens are augmented upon maturation
of MHCl-restricted, but not MHCII-restricted, T cells. However, it
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should be noted here that the responses of B3K508 T cells to
P2A (pERK1/2) and P-1A (both pERK1/2 and CD69) were
weak, which limits our conclusions.

CD8" T Cells Are More Reactive to Suboptimal Antigens
Than CD4* T Cells In Vivo

We next examined the activation of T cells in vivo. In this assay,
we took advantage of the fact that the ability of particular
antigens to induce negative selection in OT-I and B3K508 thy-
mocytes has been established previously (Daniels et al., 2006;
Huseby et al., 2006; Keck et al., 2014; Stepanek et al., 2014;
Wyss et al., 2016). Thus, we could monitor T cell responses to
high-affinity cognate antigens and partial-negative-selecting an-
tigens in the periphery. We transferred CFSE-labeled OT-I and
B3K508 peripheral T cells into congenic Ly5.1 mice. Subse-
quently, we infected the mice with Listeria monocytogenes
(Lm) expressing the cognate antigens for the transferred
T cells. We analyzed the expansion, proliferation, and CD25 up-
regulation in the donor T cells 4 days later. Both OT-I and
B3K508 T cells exhibited strong proliferation, expansion, and
CD25 upregulation upon infection, with Lm carrying the respec-
tive high-affinity cognate antigens (OVA and 3K) (Figures 3A and
3B; Figures S3A-S3D). In the case of OT-I T cells, Lm carrying
the partial-negative-selecting antigen T4 or even a positive-se-
lecting antigen Q4H7 induced substantial expansion, prolifera-
tion, and CD25 upregulation, whereas non-cognate empty Lm
did not induce a detectable response (Figures 3A and 3B; Fig-
ures S3A and S3B). In striking contrast to OT-I T cells, B3K508
T cells did not respond to Lm expressing the partial-negative-se-
lecting antigen P-1A (Figures 3A and 3B; Figures S3A and S3B).
Collectively, these data reveal that peripheral CD8* T cells show
a robust in vivo response to antigens with low affinity as partial
negative selectors or even positive selectors, whereas peripheral
CD4* T cells are not able to respond to partial-negative-selecting
antigens at all.

CD8"* T Cells Experience Stronger Homeostatic TCR
Signals Than CD4"* T Cells

The results of in vitro and in vivo assays using monoclonal MHCI-
and MHClI-restricted T cells corresponded well to the predic-
tions of the mathematical model. If we translate these findings
to the polyclonal repertoire, we can hypothesize that the CD8"
T cell population is, on average, more self-reactive than the
CD4* population because only the CD8" subset contains
T cells that are able to respond to the positive- and partial-nega-
tive-selecting self-antigens at the periphery.

The self-reactivity of peripheral T cells determines the intensity
of homeostatic signaling at the basal state. We generated and
analyzed LCK-deficient mice to (1) validate our tools for the
detection of proximal signaling intermediates of tonic signaling
by using phospho-specific antibodies by flow cytometry and
(2) to address the role of LCK in the homeostatic TCR signaling.
The Lck ™/~ thymocytes showed partial blocks in the B selection
and positive selection (Figure S4A), as previously reported (Mo-
lina et al., 1992). Reduced LCK levels in heterozygous Lck™'~ and
in Lck~’~ mice lead to a gradual decrease in TCR¢ and ZAP70
phosphorylation and overall tyrosine phosphorylation in both
CD4 and CD8 peripheral T cells (Figure 4A). These results
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mice were stained with antibodies to TCRp, CD4,
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show that LCK is a major factor regulating the strength of the ho-
meostatic TCR signaling in resting peripheral T cells, which is in
line with our model.

We examined the intensity of homeostatic TCR signaling to
compare the level of self-reactivity of polyclonal peripheral
CD4* and CD8* T cells. Higher levels of TCR¢ and ZAP70 phos-
phorylation and overall tyrosine phosphorylation in CD8* T cells
thanin CD4* T cells suggested that CD8" T cells receive stronger
homeostatic signals from self-antigens than CD4* T cells (Fig-
ures 4B and 4C). These observations were not substantially influ-
enced by the inclusion of CD4" regulatory T cells (Tregs), as the
comparison of CD8* T cells to conventional FOXP3~ CD4*
T cells showed similar results (Figures S4B and S4C). Moreover,
the higher intensity of basal TCR signaling in CD8* T cells than in
CD4* T cells was not caused by higher surface TCR levels in
CD8* T cells. On the contrary, CD8* T cells have a lower surface
TCR expression than CD4* T cells (Figure S1M). Overall, these
data supported the hypothesis that CD8" T cells are more self-
reactive than CD4* T cells.

The higher level of self-reactivity of CD8" T cells than of
CD4* T cells indicates that CD8" T cells might be more sus-

pTyr-PE

«WT
FOXP3-deficient

phosphorylation for each mouse. Mean; n = 5 mice in
4 independent experiments. Statistical analysis was
performed by one sample t test (hypothetical mean
value = 1) (C).

(D) The LN, mLN, and splenic T cells of Foxp3-defi-
cient mice and their WT littermates were analyzed by
flow cytometry. The ratio of CD8" to CD4* T cells is
shown. Mean; n = 4-5 mice from 2 experiments.
Statistical analysis was performed by 2-tailed Mann-
Whitney test.

(E) The peripheral LN T cells from Foxp3-DTR mice
after the administration of diptheria toxin, untreated
Foxp3-DTR mice, and WT mice after the adminis-
tration of diptheria toxin were analyzed. The ratio of
CD8" to CD4* T cells is shown. n = 6 mice in 3 in-
dependent experiments; mean. Statistical analysis
was performed by 2-tailed Mann-Whitney test.

See also Figure S4.

ceptible to hyperproliferation than CD4* T cells. To address
this hypothesis, we used Treg deficiency as a model for a
systemic breakdown of peripheral tolerance. We observed
that the ratio of CD8*/CD4"* T cells is significantly higher in
FOXP3-deficient 2- to 3-week-old mice devoid of Tregs
than in the healthy littermates (Figure 4D). In a complemen-
tary assay, we observed the effect of acute depletion of
Tregs by injecting diphtheria toxin (DT) into Foxp3-DTR
mice, expressing the DT receptor in FOXP3" T cells
(Kim et al., 2007). The CD8*/CD4* T cell ratio significantly
increased in adult Treg-depleted mice compared to un-
treated Fox3-DTR mice and to wild-type (WT) mice injected
with the DT (Figure 4E). These results are consistent
with the hypothesis that the polyclonal CD8" T cell population
receives stronger signals from self-antigens than the
CD4* T cell population and that CD8" T cells are more prone
to hyperproliferation than CD4* T cells when the Treg-medi-
ated tolerance fails. However, we cannot exclude that
additional differences between CD8" versus CD4" (e.g., differ-
ential expression of cytokine receptors) play a role in this
assay.
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Figure 5. Role of Coreceptor-LCK Coupling in Self-Reactivity of T
Cell Subpopulations

(A) CD4-LCK, CD8-LCK, or CD8.4-LCK stoichiometry in LN T cells of WT and
CD8.4 mice was analyzed. Mean + SEM; n = 4-9 mice from 4-8 independent
experiments. Statistical analysis was performed by 2-tailed Mann-Whitney
test. The CD4-LCK and CD8-LCK stoichiometries are the same as that shown
in Figure 1A.

(B) Ratio of MFI levels of pTCRY, pZAP70, and overall tyrosine phosphorylation
in CD8" versus CD4" peripheral T cells in WT and CD8.4 chimeric mice is
shown. Mean, n = 5 mice in 3 independent experiments. Statistical analysis
was performed by 2-tailed Mann-Whitney test. See Figure S5D for similar data.
(C and D) LN T cells from Nur77-GFP reporter mice were analyzed by flow cy-
tometry. The CD8* CD44~ CD62L" or CD8.4* CD44~ CD62L* T cells were
analyzed for the expression of the Nur77-GFP. The percentage of Nur77-GFP*
and Nur77-GFPH'®H cells is shown. Mean; n = 3-6 mice in 3-6 independent
experiments. Statistical analysis was performed by 2-tailed Mann-Whitney test.
See also Figure S5.

The Self-Reactivity of CD8* T Cells Is Regulated by the
Dynamics of the CD8-LCK Coupling

The previous experiments and the prediction of the mathemat-
ical model show substantial differences between CD8" and
CD4* T cells in terms of their response to suboptimal antigens
and the basal signaling. In a next step, we addressed the link be-
tween the coreceptor-LCK coupling and the self-reactivity of
mature T cells directly. We took advantage of a previously devel-
oped CD8.4 knockin mouse model (Drobek et al., 2018; Erman
et al.,, 2006; Stepanek et al., 2014). In this mouse, MHCI-
restricted T cells express a chimeric CD8.4 coreceptor that has
the intracellular domain of CD8u replaced by the intracellular
domain of the CD4 coreceptor. The coupling of CD8.4 corecep-
tor to LCK is comparable to CD4 both in the thymus and at the
periphery (Stepanek et al., 2014) (Figure 5A). The basal phos-
phorylation of TCR¢ in CD8.4 T cells was significantly lower
than in CD8* T cells, and the difference in the ZAP70 phosphor-
ylation was close to significant (Figure 5B), indicating that periph-
eral CD8* T cells are, on average, more self-reactive than CD8.4*
T cells. We obtained similar results when we repeated this key
experiment in a different animal facility (Figure S5D). Because
the phosphorylation of ZAP70 and TCR¢ and overall tyrosine
phosphorylation were only slightly increased in CD8.4*
compared with CD4* T cells, we concluded that the changes
in coreceptor-LCK stoichiometry during development are a ma-
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jor cause of the differences in basal TCR signaling between CD8*
and CD4* T cells.

Expression of an orphan nuclear receptor, Nur77, is very sen-
sitive even to weak TCR signaling. For this reason, the Nur77-
GFP reporter mouse has been used to study TCR signals
induced by self-antigens (Moran et al., 2011). The Nur77-GFP
signal is stronger in CD4* than in CD8" T cells (Moran et al.,
2011) (Figures S5A and S5B), suggesting that CD4* T cells might
have stronger TCR signaling than CD8" T cells. Because these
results are contradictory to our analysis of basal TCR signaling
(Figures 4B and 4C), we addressed it in a greater detail. We
compared GFP expression in CD8* Nur77-GFP and CD8.4*
Nur77-GFP T cells. We observed a significantly higher frequency
of GFP* and GFPH'®" cells among CD8* than among CD8.4*
T cells (Figures 5C and 5D; Figure S5C), supporting our previous
data that the dynamics of the coreceptor-LCK stoichiometry sets
the level of T cell self-reactivity. In the light of these data, we sug-
gest that the previously reported higher expression of Nur77 in
CD4* T cells than in CD8" T cells reflects a differential regulation
of this gene in these two very different T cell types rather than the
differences in basal TCR signaling per se.

The sizes of CD4, CD8, and CD8.4 naive T cells are comparable
interms of cellular dry mass (Figure S5E) and forward scatter signal
(Figure S5F). The TCR levels are the highest in CD4 T cells and
comparable in CD8 and CD8.4 T cells (Figures STM and S5G).
The expression level of ZAP70 is comparable among these cell
types (Figure S5H). Thus, we could exclude the possibility that
the cell size variation or TCR or ZAP70 expression is responsible
for the observed differences in the homeostatic TCR signaling.

Altogether, our data indicate that the stoichiometry of the
CD4- and CD8-LCK interactions and their changes during
T cell development establish the level of self-reactivity of mature
T cells. The dynamic regulation of the CD8-LCK stoichiometry
causes CD8* T cells to be, on average, more self-reactive than
CD4" T cells.

DISCUSSION

Our results show that the developmental dynamics of CD4-LCK
and CD8-LCK stoichiometries differ substantially in mice. Arela-
tively high number of CD4 molecules are coupled to LCK in
developing DP thymocytes (Stepanek et al., 2014), and this
coupling is only mildly increased during the maturation of CD4*
T cells. In contrast, CD8-LCK stoichiometry is relatively low in
DP thymocytes (Stepanek et al., 2014) when positive selection
and most of the negative selection occurs. The number of CD8
molecules carrying LCK dramatically increases upon maturation.
This is partially caused by the expression of the truncated CD8a
variant (Zamoyska et al., 1989). CD8q’ is expressed only on the
surface of thymocytes but not of mature T cells (Zamoyska
and Parnes, 1988). However, the major mechanism causing
the low CD8-LCK coupling in DP thymocytes is the preferential
sequestering of LCK (Van Laethem et al., 2007) by CD4, which
has a higher affinity for LCK than CD8 (Kim et al., 2003).

The stoichiometry between the coreceptors and LCK is a
limiting factor for triggering the TCR signaling by suboptimal an-
tigens (Stepanek et al., 2014). Our mathematical model (Stepa-
nek et al., 2014) made two interesting predictions: (1) mature



peripheral CD8" T cells, but not CD4* T cells, are more sensitive
to suboptimal cognate antigens than DP thymocytes with the
same specificity and (2) mature CD8* T cells are more self-reac-
tive than mature CD4* T cells. Our experimental data using well-
defined monoclonal MHCI- and MHClI-restricted T cells as well
as polyclonal murine T cells supported the predictions of the
model. The experiments using T cells expressing the chimeric
CD8.4 coreceptor showed that the higher self-reactivity of
CD8* T cells compared to CD4* T cells is at least partially caused
by the differential developmental kinetics of the CD8-LCK versus
CD4-LCK stoichiometries.

One of the key mechanisms of self-tolerance is the removal of
overtly self-reactive T cell clones during negative selection in the
thymus. However, the self-reactivity of positively selected
mature T cells is beneficial for their survival and immune re-
sponses (Mandl et al., 2013; Fulton et al., 2015; Swee et al.,
2016; Stefanova et al., 2002). These two counteracting mecha-
nisms generate a pressure for an optimal level of self-reactivity
of mature T cells. Because the effector roles of CD4* and
CD8" T cells in the immune responses are very different, it is
very likely that the optimal level of self-reactivity differs between
these two populations. However, the proximal TCR signaling
pathway is identical in CD8" and CD4" T cells, which limits the
possibilities of tuning the optimal level of self-reactivity for
CD4" and CD8* T cells individually by evolutionary processes.
The coreceptors represent the exceptional part of the TCR
signaling machinery that differs between CD4* and CD8*
T cells, and thus, it represents the ideal target for the evolutionary
tuning of optimal self-reactivity of CD4* and CD8* T cells sepa-
rately. The increase in CD8-LCK, but not CD4-LCK, stoichiom-
etry during the maturation contributes to setting the higher level
of self-reactivity of mature CD8" T cells than of mature CD4*
T cells. Because CD4* helper T cells modulate immune re-
sponses by acting on many other leukocytes, an autoimmune
response of a CD4* T cell might be more harmful than an auto-
immune response of a CD8" T cell. This might explain why we
observed a buffering gap between the self-antigen affinity
required for negative selection and affinity required for inducing
an immune response in CD4* T cells. In contrast, CD8" T cells
are able to induce a robust response to partial negative selectors
and even to positive selectors. In the case of CD8" T cells, the
benefit from having a higher level of self-reactivity might over-
come the risk of inducing autoimmunity.

Our findings were surprising because previous studies often
suggested the opposite, i.e., that mature peripheral T cells are
less sensitive to antigens than DP thymocytes (Ebert et al.,
2009; Li et al., 2007; Lucas et al., 1999) and that peripheral
CD4* T cells are more self-reactive than CD8* T cells (Moran
etal., 2011).

Our data highlight the role of CD8-LCK stoichiometry as the
main cause of the increase in the responsiveness to suboptimal
antigens, including self-antigens, upon maturation of CD8*
T cells. Moreover, pre-selection DP thymocytes exhibit substan-
tially lower levels of surface TCR than mature T cells, which might
also contribute to their lower sensitivity. In contrast, multiple
mechanisms selectively enhancing the responses of thymocytes
or suppressing the signaling in mature T cells were proposed (re-
viewed in Gaud et al., 2018). These mechanisms include sialya-

tion of CD8 in peripheral T cells (Starr et al., 2003) and higher
expression of positive regulators of TCR signaling, a voltage-
gated sodium channel (Lo et al., 2012), Themis (Choi et al.,
2017; Fu et al., 2009; Johnson et al., 2009), TESPA1 (Wang
et al,, 2012; Liang et al., 2017), and miRNA-181a (Li et al,,
2007; Ebert et al., 2009) in thymocytes than in mature T cells.

Because our data concerning MHClI-restricted T cells do not
show substantial differences between the immature and mature
T cells, they are not in dramatic contrast to previous studies
(Ebert et al., 2009; Li et al., 2007; Lucas et al., 1999). However,
our data showing that CD8" T cells increase their sensitivity to
suboptimal antigens upon maturation are contradictory to
some previous reports (Davey et al., 1998; Starr et al., 2003).
Most likely, differences in the experimental ex vivo protocols
caused the discrepancy. For instance, the expression of costi-
mulatory and inhibitory ligands on the APCs might selectively
regulate responses of thymocytes and/or mature T cells. Thus,
the usage of different cells as APCs could be the source of the
inconsistencies among different studies. For this and other rea-
sons, we believe that the in vivo data are more relevant than the
ex vivo experiments. We showed that partial-negative-selecting
and positive-selecting antigens are able to trigger a significant
activation of CD8", but not CD4* T cells, in vivo. These experi-
ments are in a very good agreement with previously published
in vivo studies (Keck et al., 2014; King et al., 2012; Koehli et al.,
2014; Zehn et al., 2009; Enouz et al., 2012), although a side-
by-side comparison of CD8" and CD4* T cells has not been car-
ried out previously.

The higher self-reactivity of CD4* T cells than CD8* T cells
has been suggested based on the higher expression of
Nur77-GFP and CD5 in CD4* T cells than in CD8" T cells (Moran
et al., 2011; Hogquist and Jameson, 2014). However, it is
possible that the transcription of these reporter genes is regu-
lated in a cell-type-specific manner (Moran et al., 2011). In
such scenario, the markers are not reliable for a comparison
between different T cell subsets. To avoid comparing apples
and oranges, we examined CD8" T cells and CD8.4* T cells ex-
pressing a chimeric coreceptor, recapitulating the dynamics of
CD4-LCK, but selecting MHCI-restricted T cells. CD8.4* T cells
showed lower basal expression of Nur77-GFP than CD8*
T cells. These results indicate that the changes in the corecep-
tor-LCK stoichiometry during maturation determine the self-
reactivity of T cells. Moreover, the data suggest that the
Nur77-GFP reporter is most likely differentially regulated in
CD8" and CD4" T cells. To avoid artifacts caused by unique
gene expression programs in CD4" and CD8" T cells, we
focused on the basal TCR-dependent phosphorylation of
TCR{ and ZAP70. We believe that this analysis of the proximal
TCR signaling is the most reliable approach for the comparison
of basal TCR signaling among different T cell subsets. It should
be noted here that we cannot formally exclude that, besides
LCK, other potential interacting partners of CD4 and/or CD8
might contribute to the differences between the CD8WT* and
CD8.4* T cells.

Data about the coreceptor-LCK coupling in human immature
and mature T cells are not available. Moreover, the level of
self-reactivity of human CD4* and CD8" T cells has not been ad-
dressed. These parameters can be very different from mice.
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However, the principle of tuning the self-reactivity by the regula-
tion of coreceptor-LCK stoichiometry could be very general
because it represents an ideal target to set up the optimal self-
reactivity of CD4" and CD8" T cells separately. Subsequent
work should focus on the link between self-reactivity and core-
ceptor-LCK stoichiometry in human T cells.

Mice with point mutations disabling the CD8-LCK and/or CD4-
LCK interactions would be required for a thorough understand-
ing of the role of the coreceptor-LCK interaction in the T cell
biology. However, our data suggest that targeting the CD4-
and CD8-LCK interactions might reduce T cell self-reactivity.
Thus, these interactions represent a potential target for the ther-
apy of autoimmune diseases.
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Fig. S1. Related to Figure 1.

(A) Soluble and insoluble fraction of lysate (1% NP-40S) from full LN and thymus were analyzed by immunoblotting. The membranes
were stained with antibodies specific for CD4 (D7D2Z), CD8a (D4W2Z), LCK (3a5), CD3¢ (goat polyclonal), GAPDH (rabbit polyclonal),
LAMIN B1 (119D5-F1) (B-D) The LN T cells were stained first with FITC-conjugated antibodies (H129.19 or RM4-4). After the antibody
was washed out the cells were stained with PE-conjugated antibodies specific for CD4 (H129.19 or RM4-4) in all 4 combinations. To
address whether these two antibody clones compete with each other, we compared the fluorescence intensities from single stained
cells, cell stained sequentially with the same antibody clone coupled to two different fluorophores, and cells stained sequentially with
two different clones coupled to two different fluorophores. (B) A representative experiment out of 3 independent experiments. (C) gMFI
levels of FITC. Mean + SEM, n = 3 mice (D) gMFI levels of PE. Mean + SEM, n = 3 mice. (E) Titration of antibodies used for the
analysis of FC-IP experiments. A representative experiment out of 2 independent experiments is shown. (F) Thymocytes and peripheral
T cells were treated with neuraminidase or not and analyzed by immunoblotting. The membranes were probed with antibodies specific
for CD8a (D4W2Z) and LCK (3a5). Change in the anti-CD8a signal (normalized to LCK expression) relative to non-treated controls is
indicated. Representative experiment out of 4 independent experiments. (G) Thymocytes and LN cells were treated with neuraminidase
or not and analyzed by flow cytometry. The cells were stained with a saturating concentration of anti-CD8B-APC (4 ug/ml, clone 53-
5.8), together with anti-CD8a-AlexaFluor488 (clone 53-6.7) at a saturating concentration of 20 pg/ml or a non-saturating concentration
of 32 ng/ml. The CD8a signal on CD8B+ cells is shown. A representative experiment out of 2 in total. (H) Quantitative PCR analysis
was performed on total thymocytes vs peripheral CD8* T cells. Mean + SEM, n = 3 mice () Quantitative analysis of surface CD8a"
protein level in thymus and in peripheral CD8* T cells form experiments in Fig.1B-C. Mean + SEM, n = 5 mice in 4 independent
experiments. (J-L) LCK was immunoprecipitated from lysates from non-treated (NT) or 20 yM PP2-treated B3K508 or OT-| peripheral
LN T cells. Phosphorylation of LCK was analyzed by immunoblotting using simultaneous staining with antibodies specific for
phosphorylated or non-phosphorylated Y394. The membrane was re-probed with antibody to total LCK. (J) Representative image out
of 4 independent experiments is shown. (K) Signal of phospho-LCK to total LCK for B3K508 and OT-I T cells is shown. Data were
normalized to B3K508 in each experiment. n = 4. (L) Percentage of phosphorylated LCK molecules in B3K508 and OT-| peripheral T
cells was calculated for each experiment. For B3K508, two calculations led to negative values that were excluded from the final
calculation, because such values make no biological and mathematical sense and were apparently caused by the error in the
measurement. The average of the remaining 6 values was used for the estimation of the percentage of phosphorylated LCK molecules.
(M) The peripheral CD4* and CD8* T cells were analyzed for their expression of CD3/TCR by flow cytometry.
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Fig. S2. Related to Figure 2.

(A) List of ligands to corresponding transgenic TCR used in Fig. 2A-D. The measured dissociation constant *(Stepanek et al., 2014)
#(Huseby et al., 2006) and their ability to induce the thymic selection is denoted. (B) TCRB expression on CD8* CD44" OT-| and CD4*
CD44 B3K508 T cells. A representative experiment out of 4 in total. (C) Representative data from experiments shown in Fig. 2A are
shown. (D) The ratio of maximum activation (% of CD69* cells) of the T cells in periphery vs. thymus. Mean + SEM, n = 4 mice in 4
independent experiments. (E-F) Alternative analysis of experiments shown in Figure 2. Representative data from experiments shown
in Fig. 2C are shown. (G) The ratio of maximum activation (% of CD69* cells) of the T cells in periphery vs thymus. Mean + SEM. n =
6-10 mice in 6-10 independent experiments.
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Fig. S3. Related to Figure 3.

(A-B) Quantification of % CD25* monoclonal T cells from experiment in Fig.3A-B. Statistical analysis was performed using Kruskal-
Wallis test with Dunn's Multiple Comparison post-tests (* p<0.05, ** p<0.01). (C-D) Gating strategy for the experiments in Fig.3A-B. (C)
Initial gating strategy used for all samples. (D) Additional gating strategy for B3K508 (Lm-3K) or OT-I (Lm-T4) cells. The CFSE signals
on donor cells are shown as histograms.
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Fig. S4. Related to Figure 4.

(A) Flow cytometry analysis of thymocytes from Lck* and Lck” mice using indicated antibodies and LIVE/DEAD near-IR staining. A
representative experiment out of 3 in total. (B-C) Fixed and permeabilized LN T cells from Foxp3-GFP mice were stained with antibodies
to CD4, CD8, TCRB, pTCR{, pZAP70, and overall tyrosine phosphorylation and analyzed by flow cytometry. Only GFP-negative cells
are shown. A representative experiment out of 3 mice in 2 independent experiments in total.
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Fig. S5. Related to Figure 5.

(A) Representative data from the CD4* and CD8* T cells gated for Nur77-GFP*. Data out of 5 independent experiments are shown. (B)
Representative data on Nur77 expression of the CD4* and CD8* T cells. The data are the same as in Fig. S5A. (C) Representative
data from CD8 WT and CD8.4 naive T cells gated for Nur77-GFP* and Nur77-GFPHH. (D) Independent repetition of experiment in
Fig.5B performed in Prague. Statistical significance was calculated using paired T test. n = 3 mice in 3 independent experiments. (E)
Peripheral LN T cells from C57BI/6J and CD8.4 mice were analyzed on Tescan Q-Phase microscope. Dry mass of individual
populations is displayed. Mean. n = 3 mice in 3 independent experiments. (F) Peripheral LN T cells from C57BI/6J and CD8.4 mice
were analyzed by flow cytometry and gated as CD44° CD4* or CD44" CD8* cells. The relative size (JMFI of FSC-A) of CD8* or CD8.4*
cells to CD4* cells is displayed. Mean. n = 4-5 mice in 4-5 independent experiments. (G) Relative expression (gMFI) of Zap70in CD8*
or CD8.4* T cells compared to CD4* T cells is shown. Mean. n = 3 mice in 3 independent experiments.



Table S1. Related to Fig. 1: Parameters for the mathematical model related to Fig.1C.

Parameter diffusion | coreceptor-MHC | lattice spacing | coreceptor-MHC | pLck coupling | number of Area | k K phospho |
(D) offrate (Ku) 0] onrate (Kb) f) TCRs/3 (T) °" | "P| rylation

Units um?s’ s’ pm s’ % pm? |pm’s| s

CD4 DP thymocytes 0.08 200 0.01 1000 0.051 697 26.18[ 0.1 5 5

CD4LNTcells 0.08 200 0.01 1000 0.108 27861 26.18| 0.1 5 5

CD8 DP thymocytes 0.08 20 0.01 1000 0.0054 697 26.18| 0.1 5 5

CD8 LN T cells 0.08 20 0.01 1000 0.072 17203 26.18| 0.1 5 5




Data S1 Related to Fig.1: Source code for ‘Lck come&stay/signal duration’ model (MatLab).
% Main script

% calculates Come%Stay model from given parametes using essentially 4
% conditions (can vary in coupling), the result are 4 matrices where X is
% DOSE and Y is dwell time)

%dwelltimes=zeros(100,100);

%for i=1:10 % makes an array of dwell times, always in columns from 0.05 to 20 in 0.025 steps, 1000 columns (all are the same)
%dwelltimes(:,i)=i*0.1;

%end

%antigens=zeros(100,100); %makes an array of antigen numbers from 1 to 1000, 800 rows (all are the same)
%for j=1:100

%antigens(j,
%end

antigens=1:250;

sourcedata1=fopen(‘comenstaydata_5_6_P.txt','r"); %opens file with source data (dataDIAOTI.txt) and calls it sourcedata1
Dat=fscanf(sourcedata1,'%f", [10,4]) % reads data from the file

Cordata=Dat.";
Data1=Cordata
Data2=Cordata
Data3=Cordata
Data4=Cordata

1,:) % condition 1
2,:); % condition 2
3,:); % condition 3
4,:); % condition 4

dw1=0.86; % antigen dwell time (CD4s) 0.2 for threshold Ag, 0.86 FOR 3K
dw2=10.5; % antigen dwell time (CD8s) 0.9 for threshold Ag, 10.5 for OVA (approx. for thymus)

res1=dataprocess
res2=dataprocess
res3=dataprocess
res4=dataprocess

Data1, dw1, antigens
Data2, dw1, antigens
Data3, dw2, antigens
Data4, dw2, antigens

; % calls data process function for datasets 1-4

semilogy(antigens,res1, 'red:', 'LineWidth',2.5)
set(gca,'FontSize',17);

hold on % to draw all lines to the same graph
semilogy(antigens,res2, 'red, 'LineWidth',2.5)
semilogy(antigens,res3, 'blue:’, 'LineWidth',2.5)
semilogy(antigens,res4, 'blue’, 'LineWidth',2.5)
xlabel('Number of antigens',fontsize', 15, 'FontWeight','bold')
ylabel('# TCRs triggered','fontsize', 15, 'FontWeight','bold")
hold off



% Functions

function [lam] = markovchain ( D, Ku, I, Kb, f)

% Gives lambda parameter from an analytical Markov Chain solution
% lambda is the rate of Lck recruitment to the TCR via coreceptors
% Describes output of the coreceptor scanning mechanism

% D is a diffusion coefficient for membrane proteins, std 0.08 um*2
% x s-1

% cor_Koff is the correceptor Koff from the MHC molecule, std 20s-1 for
% CD8, 200s-1 for CD4

% lis a lattice spacing of the model, std 0.01 um

% cor_Kon is on-rate of the coreceptor-MHC interaction, std 1000s-1
lam = (f.*D.*Ku)./(D+./2.*Kb);

end

function [hotTCR] = dataprocess( dataValues, dwelltimeValue, antigenNumber )
% uses input data in a horizontal vector (reading from a file) and

% calculates the output of the comenstay, i.e. calculates lambda and then

% number of triggered and occupied TCRs

lambda=markovchain(dataValues(1,1), dataValues(1,2),dataValues(1,3), dataValues(1,4),dataValues(1,5))
hotTCR=comenstay(lambda, antigenNumber, dataValues(1,6), dataValues(1,7), dwelltimeValue, dataValues(1,8), dataValues(1,9), dataValues(1,10));

end
function [ R] = comenstay( la, L, T, A, t, kon, kp, n)

%Gives abverage number of occupied and triggered TCRs at the equillibrium
% from Stepanek et al. Cell 2014

% la is lambda (rate of Lck recruitment, calculated by markov chain model)
% L is number of antigen (PMHC) molecules) in the contact area, varied

% T is number of TCRs in the contact area

% A'is the area of the T cell/APC inteface, std 26 um"2

% tis dwell-time, i.e. half-life (varied)

% kon is the on-rate of the antigen, std 0.1 um”2s-1

% kp is the phosphorylation rate, std 5s-1

% n is the required number of phosphorylation steps

%la=ones(100)*la1; %to have it in matrices (optional), change THE INPUT
%variables accordigly

%T=ones(100)*T1;

%A=ones(100)*A1;

%kon=ones(100)*kon1;

%kp=ones(100)*kp1;

%n=ones(100)*n1;



af=log(2)./(kon.*t); % Affinity, to simplify the final equation In2/(kon x t)
koff=log(2)./t; % koff calculated

ProbTrig=la./(la+koff).*(kp./(kp+koff)).An; %probability that a single TCR/MHC interaction leads to the TCR triggering
OccTCRs = (L/A+T/A+af-((L./A+T./A+af).A2-4*L.*T./A*2).70.5)/2.*A; %average number of antigen occupied by MHC antigens in equillibrium, . removed when not
necessary

R= ProbTrig.*OccTCRs; % number of triggered and occupied TCRs at the equilibrium, OUTPUT of the Come&Stay model
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Abstract:

The kinase LCK and CD4/CDS co-receptors initiate T-cell receptor (TCR) signaling, leading to
key T-cell fate decisions. Despite decades of research, the importance of CD4- and CD8-LCK
interactions for TCR triggering remains largely unknown. In this study, we generated animal
models expressing modified LCK to uncover whether and how coreceptor-bound LCK drives TCR
signaling. We show that CD4-coupled LCK is crucial for proper development and responses of
helper T cells largely in a kinase-independent manner, whereas its catalytic activity is required
only for signaling induced by weak antigens. Conversely, CD8-coupled LCK relies on its kinase
activity completely to fine-tune the development and effector response of cytotoxic T cells to
suboptimal antigens. Our findings reveal differential mechanisms of CD4-LCK and CD8-LCK in
promoting T-cell responses.

One-Sentence Summary:

The LCK kinase associated with T-cell co-receptors has kinase-dependent and kinase-
independent roles in T-cell activation.

Main Text:

T-cells use their antigen receptor (TCR) to mediate adaptive immune responses to infection and
cancer, but also to trigger autoimmunity. Cytotoxic CD8" and helper CD4" T cells have different
functions in the immune system, but their TCR signaling pathways are very similar. One notable
difference is the usage of CD8 or CD4 invariant coreceptors recognizing MHCI and MHCI],
respectively. Both coreceptors interact with a Src-family kinase, LCK, which initiates the TCR
signal transduction inside the cells by phosphorylating tyrosine motifs in the TCR complex.
Although CD8 and CD4 have different affinities for MHCI/II and different stoichiometry of the
interaction with LCK [1, 2], they are supposed to play largely analogical roles in the TCR
triggering [3].

It has been proposed that the interaction of coreceptors with LCK increases the sensitivity of TCR
signaling [1, 2, 4], sets the threshold for negative and positive selection [2], mediates the selection
of self-MHC-restricted T cells [5], and defines the productive antigen docking polarity [6].
However, the mechanism of how coreceptor-LCK contributes to TCR triggering is unclear. The
original and intuitive model is that a coreceptor recruits LCK to the antigen-engaged TCR and this
LCK subsequently phosphorylates the TCR/CD3 complex [2, 7, 8]. An alternative model proposes



that this phosphorylation is preferentially carried out by ‘free’ LCK [9, 10]. In this scenario,
coreceptor-bound LCK physically stabilizes the TCR:antigen interaction from inside the cell [11].

In this study, we developed and characterized mouse models tailored to resolve the function of the
coreceptor-LCK interaction in the development and immune responses of T cells. We generated
knock-in mouse strains with C20A/C23A (CA) or K273R (KR) amino acid substitutions in LCK
together with Lck*?%C mice (Fig. S1A-C). LCK® does not interact with CD4 and CDS [5, 12]
(Fig. SID-E), whereas LCKX® lacks enzymatic activity [13]. To uncouple the putative catalytic
and adaptor roles of LCK, we produced Lcek“%® compound heterozygotes expressing one pool of
active LCK“* unable to bind to coreceptors and a pool of kinase-dead LCKX® interacting with
coreceptors (Fig. S1F).

As reported previously [14], Lek % mice showed partial developmental blocks at CD4" CDS§
double negative (DN) 3 and CD4" CD8" double positive (DP) stages (Fig. 1A, S2A-D). LckXF&R
showed even more severe phenotype, suggesting that LCKXR is a dominant negative variant
preventing the phosphorylation of the TCR complex by other kinases, such as Fyn [14]. As
expected, Lck““ mice did not show the block at the DN stage, documenting the normal activity
of this kinase in T cells without coreceptors (Fig. S2A-C). Lck“~A mice had a partial block in the
positive selection, which was more pronounced in mature single positive (mSP) CD4" than in mSP
CD8" thymocytes (Fig. 1A, S2A,D). Lck“/®® mice showed higher numbers of mSP CD4" than
Lck®YCA mice, but the numbers of mSP CD8* thymocytes were comparable in these two strains
(Fig. 1A, S2D). These observations suggested a kinase-independent role of coreceptor-bound LCK
in CD4"* T cells, but not in CD8" T cells.

The numbers of mature CD4* and CD8" T cells in the periphery reflected their maturation in the
thymus (Fig. 1B, S2E). The exception was comparable numbers of mature CD8" T cells in
Lck“VC and LekV™™ T mice, probably because homeostatic proliferation of peripheral T cells
compensated for the moderately decreased thymic output of Lck““* mice.

To study the intrinsic role of LCK variants in the development of CD4" and CD8" T cells, we
generated mixed bone marrow (BM) chimeras. We transferred BM cells from congenic WT Ly5.1
mice and from indicated Lck variant strains (Ly5.2) at 1:1 ratio into Ly5.1/Ly5.2 host mice. We
observed reduced numbers of peripheral Lck“/“* CD4* and CD8* T cells in comparison to WT
cells (Fig. 1C, S2G-H). The coreceptor-bound kinase-dead LCK in Lck“ % background partially
rescued this developmental defect in CD4" T cells, but not in CD8" T cells (Fig. 1C, S2G-H).

We assessed the Lck variant mice for their anti-viral and anti-tumor immune protection abilities,
which are largely mediated by cytotoxic CD8" T cells. Lk ® mice cleared Lymphocytic
choriomeningitis virus (LCMV) inefficiently (Fig. 1D). Lck“V%® showed higher LCMV titers than
WT mice as well, whereas and Lck“/“! mice were comparable to Lek””"”. The fastest growth of
implanted MC-38 carcinoma [15] was detected in Lek"¥*® followed by Lck*?%C and Lek“/ R mice
(Fig. 1E, S2I). Lck“/“4 mice showed slightly reduced, but not significant, anti-tumor effects than
WT mice (Fig. 1E, S2I). Overall, the heterozygous Lck““*® mice showed impaired anti-tumor and
anti-viral responses in comparison to Lck””" " and Lek““! mice, suggesting that the CD8-coupled
kinase-dead LCK blocks, not promotes, TCR activation.

To study roles of CD4- and CD8-bound LCK separately, we crossed Lck variant strains to MHCI-
restricted and MHClI-restricted transgenic TCR Rag2¥®° mice. First, we analyzed the effect of
LCK variants in CD8" OT-I T cells specific to ovalbumin-derived K®>-SIINFEKL antigen (OVA).
LckX %0 and Lek*™ER OT-I mice showed a severe developmental impairment, whereas Lk "7,
Lk and Lek“Y ® mice did not have an apparent block in T-cell maturation (Fig. S3A-D).

We activated OT-I T cells with antigen presenting cells loaded with OVA peptide or its lower
affinity variants (Q4R7, Q4R7, T4, G4, E4, El) ex vivo and measured }he magnitude of the
antigenic response as the percentage of CD69* positive OT-I1 T cells. Lck““ OT-I T cells showed



a normal response to a high-affinity antigen, OVA, but a weak response to low-affinity OVA
variants (Fig. 2A), which was in line with our previous reports that the CD8-LCK interaction
facilitates signaling induced particularly by suboptimal antigens [2]. Lck“® OT-I T cells
exhibited even weaker responses than Lck“YA OT-I T cells (Fig. 2A), documenting the inhibitory
role of kinase-dead CD8-bound LCK.

In the next step, we adoptively transferred Lck variant OT-I T cells into congenic Ly5.1 mice
followed by infection with transgenic Listeria monocytogenes (Lm) expressing OVA or its lower
affinity variants (T4, G4). The expansion of OT-I T cells on day 5 post-infection followed the
hierarchy LekVTWT> LekCACA> LekCARR (Fig, 2B). Again, the differences were more pronounced
upon stimulation with low-affinity antigens.

We examined the ability of Lck variant OT-I T cells to hamper tumor progression upon their
adoptive transfer into T-cell deficient CD3&™ mice bearing small MC-38 OV A tumors. The anti-
tumor activity of OT-I cells followed the hierarchy Lck™"WT > LckCACA > LckCV*R again (Fig.
2C, S3E).

Overall, these ex vivo and in vivo experiments documented that the catalytic activity of CD8-bound
LCK enhances signaling by suboptimal antigens, such as antigens with low affinity or antigens
presented in weak immunogenic conditions such as anti-tumor responses. In contrast, the
interaction of CD8 with kinase dead LCK inhibits TCR signaling. It has been proposed that CD8-
LCK interaction might stabilize the antigen binding [11]. We assessed the role of CD8-LCK in
antigen avidity using three different assays. Whereas the K*-OVA and K®-T4 tetramer staining
(Fig. S3F) and the on-cell kofr measurement [16] (Fig. S3G) indicated that CD8-LCK indeed
stabilizes the TCR:antigen interaction, 2D affinity measurements using the antigen nested in a
lipid bilayer did not reveal substantial differences (Fig. 3H). Although the results from these assays
were not conclusive and require further investigation, the potential CD8-LCK-mediated
stabilization of the TCR:antigen binding does not explain the differences in our functional assays,
because Lck“ 8 OT-I T cells showed intermediate antigen binding, but the weakest antigenic
responses.

To study the role of the CD4-LCK interaction in CD4" T-cell antigenic responses, we crossed our
collection of Lck variant mice with I-AP-3K-specific B3K508 T cells [17]. LckX?%C and Lok ™<*
B3K508 thymocytes showed a developmental block, whereas Lek” ™7, Lek®“, and Lek“V R had
normal T-cell maturation (Fig. S4A-D). Lck“/“ B3K508 T cells exhibited weaker ex vivo
antigenic responses to the cognate 3K peptide and its intermediate- and low-affinity variants (PSR
and P2A, respectively) than WT B3K508 T cells (Fig. 3A). Lck“/® B3K508 T cells partially
rescued defective responses to high-affinity 3K and intermediate-affinity PSR antigens, but not to
low-affinity antigen P2A (Fig. 3A). Accordingly, we observed weaker response of Lck¢
B3KS508 T cells to Lm expressing 3K or low-affinity P2A in vivo (Fig. 3B). Lck“Y*® rescued the
responses to Lm-3K, but not to P2A (Fig. 3B). These data indicated that CD4-coupled LCK has a
kinase-independent role and, at the same time, the response to low-affinity antigens require the
catalytic activity of CD4-bound LCK.

To address the kinase-independent role of CD4-LCK in T-cell development (Fig. 1) and antigenic
responses (Fig. 3A-B), we focused on the role of LCK in CD4 localization. We observed that LCK
stabilizes surface expression of CD4 in a kinase-independent manner whereas CD8 levels were
less affected by the absence of LCK or its inability to interact with coreceptors (Fig. 3C, S4E-G).
We noticed that LCK*? Jurkat cell line [18] expresses very low CD4 surface levels (Fig. S4H).
Expression of LCK"" or LCK*®, but not LCK™, substantially increased surface CD4 in LCK*
Jurkat cells (Fig. 3D). The down-regulation of CD4 in the absence of LCK coupling was mediated
by protein kinase C (PKC), as the treatment of CD4* T cells isolated from Lck“V“, but not
Lk or Lek““ R mice with PKC inhibitor elevated CD4 levels (Fig. 3E, Fig. S4I). We
hypothesized that the absence of the CD4-LCK interaction regulates the localization of CD4



within the plasma membrane. The analysis of CD4 membrane distribution by electron microscopy
revealed that LCK is present in clusters in Lck“Y“* CD4" T cells, but is relatively uniform in
Lek"™"TCD4* T cells (Fig. 3F-G).

Opverall, our data indicate that the interaction of LCK with the coreceptors is required for proper
T-cell development and immune responses, although the defects observed in mice with disrupted
CDS8- and CD4-LCK interactions were more subtle than in mice deficient in LCK or expressing
kinase dead LCK. Our experiments with monoclonal TCR transgenic mice revealed that the
interactions of LCK with CD8 and CD4 are not essential for maturation of conventional MHCI/II-
restricted T cells, but it is still plausible that they give a selective advantage to these T cells over
T cells expressing MHC-independent TCRs.

The roles of CD8-LCK and CD4-LCK interactions differ. CD8-LCK facilitates TCR responses of
CD8" T cells only to suboptimal stimulation (i.e., low-affinity antigens, low immunogenic
environment), in a kinase-dependent manner. Lck“/*® CD8" T cells with kinase-dead LCK
interacting with CD8 show impaired responses ex vivo and in vivo, although they possess another
pool of kinase active LCK unable to bind to CDS8. Overall, our data do not reveal the putative
kinase-independent adaptor role of CD8-bound LCK in TCR triggering for T-cell biology.

In contrast, CD4-LCK interaction has both kinase-dependent and kinase-independent roles. CD4*
T cells depend on coreceptor-LCK binding more than CD8" T cells. Maturation and activation of
CD4" T cells can be largely restored with a pool of CD4-interacting kinase-dead LCK. The kinase-
independent role of LCK is coupled with the stabilization of surface CD4 and promoting its
homogenous distribution in the plasma membrane. The regulation of CD4 stability and trafficking
by LCK was reported in cells lines previously [19, 20], but its importance for T-cell biology was
not investigated before. The responses to low-affinity antigens still require the kinase activity of
CD4-bound LCK analogically to CD8" T cells.

Overall, our study resolves the enigmatic roles of coreceptor-LCK interactions in T-cell biology.
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Figure 1. Coreceptor-bound LCK promotes T-cell development and anti-tumor protection.



Indicated Lck variant mouse strains were analyzed. (A) mSP4 (TCRB" CD24 CD4"' CD8«) and
mSP8 (TCRB* CD24 CD4 CD8a') thymocytes were quantified by flow cytometry. n=25
Lek™™T 13 Lek %0 11 Lek ™8R 18 Lok, 11 Lek/%R mice. (B) CD4* (viable TCRB* CD4*
CD8a’) and CD8" (viable TCRB" CD4 CD8a") T cells in lymph nodes were quantified by flow
cytometry. n=25 Lck"™"7, 13 LckXO%0, 11 Lek®™ R 18 Lek® ) 10 Lek“VY R mice. (C) Bone
marrow cells from indicated Lck variant strains mixed with bone marrow cells from congenic
Ly5.1 WT mice were transplanted into Ly5.1/Ly5.2 WT mice at 1:1 ratio. n= 13 Lck"™"7, 14
Lek®4) 13 Lek™® R mice from 3 independent experiments. The ratio of lymph node CD4" or
CD8" T cells derived from Ly5.1 and Ly5.2 bone marrow 8 weeks after transplantation. (D)
Indicated Lck variant mice were infected with LCMV and the viral titres in the spleens were
determined on day 5 or 6 post-infection by RT-qPCR. n= 16 Lk, 15 Lek®4, 13 Lek /KR,
13 Lek ™5 mice in 6 independent experiments on day 5, n= 12 Lek™"™, 11 Lek“Y, 13 Lek/%,
10 Lek ™ R mice in 5 independent experiments on day 6 after infection. (A-D) Results from
individual mice and medians are shown. Statistical significance was calculated using Mann-
Whitney test. (E) 0.5x10° MC-38 carcinoma cells were injected into indicated mice
subcutaneously and the tumor growth was monitored. The percentage of mice with a tumor smaller
than 500 mm® in time is shown. n =15 Lck”™"7, 20 Lek““, 16 Lek™*%, 8 Lek* %0, 6 Lek*<*
mice in 2 (Lck*®*® mice) or 4 (other strains) independent experiments. The statistical significance
was tested using Long-rank (Mantel-Cox) Test (all groups) and Gehan-Breslow-Wilcoxon test
(individual groups).
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Figure 2. Kinase activity of CD8-bound LCK is drives responses to suboptimal antigens.

T cells were isolated from lymph nodes of indicated Lck variant OT-1 Rag2” mice and
characterized. (A) T cells were activated ex vivo with T2-Kb cells loaded with OVA peptide or its
variants with decreasing affinity (OVA>Q4R7>T4>G4>E4>El) overnight and analyzed for
expression of CD69 by flow cytometry. Mean values + SEM are shown. n = 3 independent
experiments for OVA and Q4R7, n=4 independent experiments for T4, G4, E4 a E1. Differences
in the slope and/or maximum of the fitted curves were tested using extra sum-of-squares F test.
(B) T cells were transferred into LyS.1 congenic mice followed by infection with Lm expressing
OVA, T4, or G4. Expansion of OT-I T cells was measured as their percentage among total CD8"
T cells on day 5 post-infection by flow cytometry. Results for individual mice and medians are
shown. Statistical significance was calculated using Mann-Whitney test. n= 15 Lck"™"7, 17
Lk 10 Lek“ ® mice in 4 (Lck“/ ") or 6 (other strains) independent experiments for Lm-
OVA challenge. n= 15 Lck”™"7, 14 Lk, 14 Lek“Y%® mice in 4 independent experiments for
Lm-T4 challenge. n= 12 Lck"™7, 12 Lek, 14 Lek/ R mice in 3 independent experiments for
Lm-G4 challenge. (C) 0.5x10° MC-38 carcinoma cells were injected into CD3g” mice
subcutaneously. 0.2x10° OT-1 T cells were adoptively transferred into these mice 5 days later and
the size of the tumor was measured. The percentage of mice with a tumor smaller than 500 mm?



in time is shown. The statistical significance was tested using Long-rank (Mantel-Cox) Test (all
groups) and Gehan-Breslow-Wilcoxon test (individual groups).
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Figure 3. CD4-bound LCK has both kinase-dependent and kinase-independent roles in TCR
signaling.

(A-B) T cells were isolated from lymph nodes of indicated Lck variant B3K508 Rag2” mice and
functionally characterized. (A) T cells were activated ex vivo with splenocytes from Ly5.1 mice
loaded with 3K peptide or its variants with decreasing affinity (3K > P5R > P2A) overnight and
analyzed for expression of CD69 by flow cytometry. Mean values + SEM are shown. Number of
independent experiments: 7 (Lck“V%®) or 8 (other strains) for 3K; n=5 for P5R; 6 (Lck“V%%) or 8
(other strains) for P2A. Differences in the slope and/or maximum of the fitted curves were tested
using extra sum-of-squares F test. (B) T cells were transferred into Ly5.1 WT mice followed by
infection with Lm expressing 3K or P2A. Expansion of B3K508 T cells was measured as their
percentage among total CD4" T cells on day 5 post-infection by flow cytometry. Results for
individual mice and medians are shown. Statistical significance was calculated using Mann-
Whitney test. n =8 Lek””"7, 11 for Lek“Y, 10 for Lek“Y%F mice from 3 independent experiments
for Lm-3K, n =12 Lck"™WT, 13 for Lek“V, 13 for Lek“VA® mice from 3 independent experiments
for Lm-P2A. (C) Relative CD4 surface levels on CD4" T cells isolated from indicated Lck variants
were determined by flow cytometry. Individual mice and medians are shown. n=25 Lck"""7, 13
LekKO%0 11 LekMMER 18 Lek™“ and 10 Lek“Y R mice. (D) Normalized surface CD4 levels on
LCKXO Jurkats cells transduced or not with indicated LCK variants were determined by flow



cytometry. Individual experiments and means are shown. n= 3 independent experiments. (E)
Lymph node T cells of indicated Lck variants were incubated with PKC inhibitor overnight. CD4
expression was analyzed by flow cytometry. n= 7 individual experiments for Lck"”"" and
Lk n= 6 for Lck“%R. Individual experiments and means are shown. (F-G) CD4 on lymph
node CD4" T cells from Lk """ or Lek™/“ B3K508 Rag2” was visualized with gold-labelled
antibodies using transmission electron microscopy. (F) Representative cells are shown. The
arrows indicate CD4 molecules. (G) Normalized pair correlation function values for CD4
clustering (clusters of 0-50 nM) were calculated for each cell. Individual values and medians +
SD are shown. n= 358 Lck"™"" and 422 Lck®/“ cells from 3 independent experiments. The
statistical significance was tested using Mann-Whitney test.
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Supplementary Materials:

Materials and Methods:
Mice

All mice had C57BL/6J background. For the isolation of thymi for immunoblotting 4-8 weeks old
mice were used. In other experiments, 6-12 weeks old mice were used. Both males and females
were used for experiments. Mice were bred in our SPF facility (Institute of Molecular Genetics)
in accordance with the laws of the Czech Republic. Animal protocols were approved by the Czech
Academy of Sciences, Czech Republic. The used strains were: Ly5.2, Ly5.1 [21], Cd3s” [22],
OT-1 Rag2™” [23, 24] , B3K508 Rag2” [17], Lck” [1]. Mice were kept in the animal facility with
12 hours of light and dark cycle with food and water ad libitum.

Lck®#4 and Lek®?7® knock-in mice and Lek” mice were generated on C57BL/6N background
in the Czech Centre for Phenogenomics, Institute of Molecular Genetics, ASCR. The mice were
generated by pronuclear microinjection of Cas9 mRNA and gRNA  (Lck@04:
TTGCTGTCCAGTGGGACTAT GGG; Lck****: CTACAACGGACACACGAAGG TGG) at
concentration 100 ng/ml, together with ssODN templates
(Lck®?*:GTGTCTGCAGCTCAAACCCTGAAGATGACTGGATGGAGAACATTGACGTG
2ccGAAAACgECtCAtTAcCCtATcGTgCCACTGGACAGCAAGATCTCGGTAAGAGGAAG;
Lk AGGCGTCGGGGGACATGCTCCCTTGTTTCAGACTCCGCACGGCGACCTTCGT
GTGGCCGTTGTAGTACCCTGATGGGGTACG) into one-cell-stage murine embryos as
described previously [25]. The founders were back-crossed on C57BL/6J background for at least
5 generations. Genotyping primers used for detection of the mutations were as follows:

Common FW primer 5~ AGGTAGTCCCCCAAAGGAGG paired with RV primer for Lck™T 5°-
GGGATAGTGGCAGTTTTCACA or RV primer for Lk 5-
AGGGTAATGAGCGTTTTCGGC.

Common FW primer 5°>-ACAAAGTTGAGCCGTCCTTGC paired with RV primer for Lck™T 5°-
TTCAGACTCTTCACCGCCAC or RV primer for Lek*7**5°- CAGACTCCGCACGGCGA

Cell counting and cell culture

Cells were counted using Z2 Coulter Counter Analyzer (Beckman Coulter) or Cytek Aurora flow
cytometer (Cytek).

Primary T cells were cultured in IMDM. Jurkat cells were cultured in RMPI. Media were
supplemented with 10% FBS (GIBCO), 100 U/ml penicillin (BB Pharma), 100 mg/ml
streptomycin (Sigma Aldrich), 40 mg/ml gentamicin (Sandoz).

The LCK-deficient human leukemic Jurkat T cell line with murine OT-I TCR [26] was transduced
with human LCK variants (LCK"7[26], LCK“?"#*4, LCK*?"*®) containing C-terminal FLAG tag in
retroviral vector pMSCV-IRES-LNGFR.

Ex vivo activation assay

Human lymphoblast T2-Kb cell line expressing murine H2-K® [27] was used for antigen
presentation to OT-I T cells. Splenocytes from Ly5.1 mice were used for activation of B3K508 T



cells. The antigen-presentation cells were pulsed with indicated concentrations of indicated
peptides and co-cultured with isolated T cells at 1:2 ratio overnight. CD69 expression was
detected by flow cytometry analysis. The results were fitted with log(agonist) vs. response (i.e.,
percentage of CD69" T-cells) function (least squares method) using PRISM (GraphPad Software).

Flow cytometry analysis

Live cells were stained with relevant antibodies and LIVE/DEAD Near-IR viability dye
(ThermoFisher) on ice. For the analysis of murine thymocytes and T cells, following antibodies
were used: anti-CD4 (clone RM4-5), anti-CDS5 (clone 53-7-3), anti-CD8a (clone 53-6.7), anti-
CD8p (clone YTS156.7.7), anti-CD24 (clone M1/69), anti-CD25 (clone PC61), anti-CD44 (clone
IM7), anti-CD45.1 (clone A20), anti-CD45.2 (clone 104), anti-CD49d (clone R1-2), anti-CD69
(clone H1.2F3), anti-TCRp (clone H57-597). For analysis of Jurkat cell lines anti-CD4 (clone
MEM-241), anti-CD8 (clone MEM-31), and anti-CD271 (clone ME20.4) were used. Antibodies
were conjugated with various fluorophores and used according manufacturer instructions
(Biolegend, BD Pharmingen). The samples were analyzed using a Cytek Aurora or BD
FACSSymphony flow cytometers.

PKC inhibition assay

Live cells were incubated with PKC inhibitor Ro-32-0432 (Sigma Aldrich, cat# 557525) at
concentration SpM/ml overnight. The CD4 expression was analyzed by flow cytometry (antibody
clone RM4-5).

Surface coreceptor immunoprecipitation and immunoblotting

Total thymocytes were used for immunoprecipitation. 2-3 x 107 of live cells were stained with
biotinylated anti-CD8B (53-5.8) or purified anti-CD4 (GK1.5 or H129.19) antibodies. Cells were
lysed in 1 mL lysis buffer (1% Lauryl-B-D-maltoside (Thermo Fisher Scientific), 30 mM Tris, 120
mM NaCl, 2 mM KCI, 10% glycerol, complete protease inhibitors (Roche), phosphoSTOP
phosphatase inhibitors (Roche)), lysate was cleared by centrifugation and supernatant was
incubated with Streptavidin Mag Sepharose (GE Healthcare) or Protein A/G Plus Agarose (Santa
Cruz) for 2 hr at 4°C. Washed beads were lysed in Laemmli sample buffer. Samples were
subjected to immunoblotting with murine anti-LCK (3A5, Santa Cruz) and rabbit mAb anti-CD8a
(D4W2Z, Cell Signaling) or anti-CD4 (D7D2Z, Cell Signaling).

For determination of endogenous LCK expression, 107 thymocytes or LN T cells were lysed in
100 pl of lysis buffer, incubated 30 min on ice, cleared by centrifugation and diluted in Laemli
sample buffer. Samples were subjected to immunoblotting with murine anti-LCK (3A5, Santa
Cruz), rabbit anti- actin (4967, Cell Signaling) and rabbit polyclonal anti-LAT antiserum [28].

Both immunoprecipitation samples and lysates were visualized with goat anti-rabbit or goat anti-
mouse antibodies conjugated with horse-radish peroxidase (Jackson ImmunoResearch Labs) on
Azure c200 (Azure Biosystems) or Fusion Solo S (Vilber).

Bone marrow chimeras

Bone marrows were isolated from 6-8 week old mice bearing Lck wild-type or two knock-in
variants and mixed with supporting bone marrow cells from Ly5.1 mice in 1:1 ratio. Two million
cells were transferred to lethally irradiated Ly5.1/Ly5.2 heterozygous donor mice. The mice



received dose of 6 Gy in X-RAD 225XL Biological irradiator (Precision X-Ray). T-cell
development was analyzed 8 weeks after transplantation by flow cytometry.

Listeria infection

LN T cells were isolated from B3K508 and OT-I mice. The cells were adoptively transferred to
Ly5.1 congenic host mice. The mice were injected with 5000 CFU of transgenic Listeria
monocytogenes (Lm) expressing OVA, T4, G4, 3K, P5R, and P-2A antigens as described
previously [29-31]. Expansion of the responsive cells was analyzed by flow cytometry.

Lymphocytic choriomeningitis virus (LCMYV) infection

LCMV (Armstrong) was obtained from Prof. Daniel Pinschewer (European Virus Archive
Global). For batch production, hamster BHK-21 cells were infected at MOI=0.01 and virus
containing supernatant was harvested 48 hours after infection. Mice infections were done by
intraperitoneal (i.p.) injection of 2x10° plaque-forming units (PFU). Detection of LCMYV in tissues
was performed by qPCR and quantified against standard curve from cloned S-segment of LCMV.

(Primers: c¢DNA synthesis: 5’-AAGAACTGATGTCTCTTG; LCMV-gPCR FWD: 5’-
CGCTGGCCTGGGTGAATTG; LCMV-qPCR REV: 5’-GTGAAGGATGGCCATACATAGC)

Tumor growth

Murine MC-38 cell line derived from C57BL/6 colon adenocarcinoma [15] was transduced with
ovalbumin protein via retroviral vector pMSCV-IRES-LNGFR. 500,000 cells were injected
subcutaneously (s.c.) to the left side of the mouse. When Cd3¢” mice were used as hosts, 200,000
OT-I cells were injected intravenously (i.v.) 5 days after tumor injection. The endpoint was tumor
volume exceeding 500 mm® or the end of the experiment (day 22 post MC-38 injection for
polyclonal mice, day 31 for Cd3s” mice).

Flow cytometry-based TCR-ligand kos-rate assay

TCR-ligand kog-rate experiments were performed as described previously [32]. Briefly, samples
from Lck variant OT-I mice were multiplexed by combination of staining with PE- and PerCP-
Cy5.5-conjugated CDA45.2 antibodies. The cells were then stained with Streptactin (IBA
lifesciences, Cat.No. 6-5010-001) multimerized with Alexa Fluor 488-conjugated pMHC I K®-
OVA molecules [33]. Samples were measured at 5 °C and after 30 s of measurement, the same
volume of cold 2 mM D-biotin was added. Dissociation of the antigen was measured for additional
10 min. For analysis, Streptactin and monomer fluorescence values of CD8" OT-I T cells were
exported from FlowJo to PRISM (GraphPad Software). The ti,» was calculated by fitting one phase
exponential decay curve.

Tetramer binding

Tetramers were produced in house by refolding biotinylated monomers using streptavidin-
phycoerythrin conjugate in molar ratio 1:3. Streptavidin was added in three doses with 20 min
incubation on ice after each step. Peripheral T cells were isolated from OT-I Rag2” mice,
incubated with phycoerythrin-cojungated tetramers containing SIINFEKL (OVA) or SIITEKL
(T4) peptide for 20 min on ice. The supernatant was replaced with PBS + 2% FBS and cells were
immediately analyzed using a sample cooling system.

Electron microscopy



LN cells were stained with anti-CD4 antibody (clone RM4-5, Biolegend), washed and stained with
6 nm Colloidal Gold-AffiniPure Goat Anti-Rat antibody (Jackson ImmunoResearch) on ice. Prior
to processing, cell suspensions were diluted in 20% BSA and rotated at 1180 rpm for 5 minutes in
cooled centrifuge. Subsequent cryofixation was done using Leica EM ICE high-pressure freezer.
Approximatelly 1 ul of each cell suspension variant was put into each of 4 type A 3mm HPF
carrier sandwiches, which were rapidly frozen and then dehydrated using Leica EM AFS2
automatic freeze substitution unit under temperature slowly increasing from -90°C to 0°C over 4
days in 100% acetone enriched with 0,2% uranyl acetate, 0,2% glutaraldehyde, 0,01% osmium
tetroxide and 5% water. Samples were then removed from AFS2, infiltrated with 100% ethanol
on ice and then with Quetol 651 resin diluted in 100% ethanol at 4°C. Afterwards, cells were
embedded in Quetol - NSA resin. After polymerization for 72 hours at 60 °C, resin blocks were
cut into 80 nm ultrathin sections using Leica UC6 Ultra microtome with a diamond knife (Diatome
Ltd.), collected on copper slots with formvar membrane and air dry. After additional contrasting
with 2% uranyl acetate in water, sections were examined in JEOL JEM-1400Flash transmission
electron microscope operated at 80 kV equipped with Matataki Flash sCMOS camera (JEOL Ltd.).

Electron microscopy images were analyzed using open access application Pattern
(pattern.img.cas.cz) developed by Electron Microscopy Core Facility at Institute of Molecular
Genetics, Prague. Images were analyzed using 1D analysis, where ROI was manually traced along
the membrane. Size calibration was defined as 1.189 nm in 1px. Clustering of golden particles
was determined as pair correlation function (PCF) value. Values were normalized to predicted
maximum standard deviation of simulated PCF value for analyzed density of individual cell
staining.

Ensemble FRET measurements

Functionalized lipid bilayers were prepared as described previously [34]. Shortly, small
unilamellar vesicles (97.5 mol-% 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine, 2 mol-% 1,2-
dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl], 0.5 mol-%
PEG5000-DOPE (= 18:1 PEG5000 PE)) were used to form the bilayers on plasma-cleaned
coverslips glued to 8-well chambers. K°>-OVA conjugated with AF647 (1.5 ng/well) and ICAM-1
(0.1 ng/well) proteins were added to the bilayers. Only ICAM-1 was added to the control bilayers.
The KP-OVA molecular density of 40-80 molecules per um? was determined by dividing the
fluorescence signal per pixel by the single molecule brightness recorded at the same settings,
considering the effective pixel width of 160 nm. The Kb-OVA, and ICAM-1 were produced as
previously described [35, 36].

Fresh LN T cells were incubated with TCRB-reactive scFV of the H57-597 conjugated with AF555
(0.25 mg/ml) [36]. The cells were added to the lipid bilayers and FRET efficiencies were
determined using donor recovery after acceptor photobleaching. For this, an image of the donor
channel was recorded before and after acceptor photobleaching, and the pixel-averaged
fluorescence signal fir. (before bleaching) and fios (after bleaching), respectively, was calculated
for each cell. The FRET efficiency was then given by E=(fyos—fpre)/(frosi-camera background).
Bleaching time was 250 ms. Illumination time was 50 ms, with 18 ms delay. Time lag between
images of donor before and after bleaching was 550 ms.

In the microscopy system, excitation was achieved by coupling a 532 nm (OBIS LS, Coherent)
and a 640 nm (iBeam smart, Toptica Photonics) laser line into a Ti-E inverted microscope (Nikon,
Japan) via a dichroic mirror ZT405/488/532/640rpc (Chroma) into a 100x objective (SR Apo



TIRF, Nikon) in an objective-based TIR setting. Emission was split using an Optosplit II (Cairn
Research) equipped with a 640 nm dichroic mirror (ZT640rdc, Chroma) and emission filters
(ET575/50, ET655LP, Chroma) and simultaneously imaged on an Andor iXon Ultra 897 EM-
CCD camera (Andor Technology). Device was controlled by MetaMorph imaging software
(Molecular Devices).

Statistical analysis

Statistical analysis was calculated using PRISM 5 (GraphPad Software). For comparison of
individual groups, Mann-Whitney test was used. For multirank comparison of survival curves for
tumor growth, Long-rank (Mantel-Cox) Test was used, for comparison of individual survival
curves, Gehan-Breslow-Wilcoxon Test was used. For multirank comparison of CD69-
upregulation curves, extra sum-of-squares F test was used to test differences in the maximum
and/or EC50 values of the non-linear regression fits.
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Supplemental Figure 1. Generation of Lck variant mouse models

(A) Scheme of targeting of the Lck locus for the generation of the Lk allele by CRISPR/Cas9.
Resulting Lck (repaired via homologous recombination according to the DNA template) and
Lckk® (non-homologous end joining causing a short deletion) alleles and the respective LCK
protein sequences are shown. (B) Scheme of targeting of the Lck locus for the generation of the
Lck*® allele by CRISPR/Cas9. Resulting Lck*® (repaired via homologous recombination according
to the DNA template) allele and the respective LCK protein sequence are shown. (C) LCK protein
levels in thymi and lymph nodes of Lck variant mice were detected by immunoblotting showing



the comparable expression of Lck in these strains. -actin detection was used as a loading control.
LAT detection was used as control for thymocyte derived proteins in the lysates. (D-E)
Immunoprecipitation of CD8f (D) or CD4 (E) followed by detection of LCK by immunoblotting
documents that LCKY" and LCK*®, but not LCKA, interacts with coreceptors. (F) Schematic
representation of Lck variant strains including Lek““% % compound heterozygote.
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Supplemental Figure 2. Characterization of the T-cell compartment in Lck variant mice

(A-D) Thymocytes from indicated Lck variant mice were analyzed by flow cytometry. Expression
of indicated markers is shown. (A, D) Representative mice for Figure 1A. (B) Percentage of cells
at the DN3 stage (CD44- CD25%) out of all DN (viable CD4  CD8a) thymocytes is shown.



Individual values and medians are shown. n=21 LckW7WT 12 LekX9%0 11 Lk %R 17 LekVeA,
11 Lek““ R mice. (E-F) Lymph node cells from indicated Lck variant mice were analyzed by flow
cytometry. Expression of indicated markers is shown. Representative mice for Figure 1B. (G-H)
Analysis of mixed bone marrow chimeric mice described in Figure 1C. (G) Representative mice.
(H) Ratio of CD4" /CD8" T cells derived from bone marrow of Lek"™"", Lk, and LekV%®
donors. Individual values and medians are shown. (I) Tumor growth in individual mice for Figure
1D is shown.
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Supplemental Figure 3. Characterization of CD8" T-cell responses of Lck variant mice.

(A-B) Thymi of OT-1 Rag2”~ Lck variant mice were analyzed by flow cytometry. (A) Expression
of CD4 and CD8a in representative mice. (B) Numbers of mSP8 (viable CD4- CD8a" CD24-
TCRBY) T cells. n = 22 LekY™WT, 12 LekXO%O, 14 Lek ™8R 13 Lek™“ and 11 Lek™ R mice.
Individual mice and medians are shown. (C-D) Lymph nodes of OT-I Rag2”* Lck variant mice
were analyzed by flow cytometry. (D) Numbers of CD8* T cells. n = 23 LckV"WT, 12 LckKO%0,
14 LekS KR 13 Lek““ and 11 Lek*® mice. Individual mice and medians are shown. (E) Tumor



growth in individual mice for Figure 1E is shown. (F) CD8" T cells from OT-I Rag2” Lck variant
mice were stained with a dilution series of fluorescently labeled K>-OVA and K°-T4 tetramer.
Tetramer binding was measured by flow cytometry. Mean values + SEM are shown. (G) CD8* T
cells from OT-I Rag2” Lck variant mice were stained with KP-OVA-streptactin multimers.
Dissociation of K*>-OVA monomer after the addition of free biotin was measured by flow
cytometry. Individual experiments and means are shown. (H) CD8" T cells from OT-I Rag2” Lck
variant mice were stained with fluorescently labeled anti-TCRp Fab fragment and added to lipid
bilayer containing ICAM-1 molecules and fluorescently labeled K>-OVA monomers. Relative
TCR occupancy was measured as a fluorescence resonance energy transfer between the
fluorophores. Lek””""OT-1 Rag2” T cells adhered to the lipid bilayer without K>-OV A monomers
were used as a negative control. Individual cells and medians are shown.
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Supplemental Figure 4. Characterization of CD4" T-cell responses of Lck variant mice.
(A-B) Thymi of B3K508 Rag2"~ Lck variant mice were analyzed by flow cytometry. (A)
Expression of CD4 and CD8o in representative mice. (B) Numbers of mSP4 (viable CD4- CD8a"



CD24" TCRB) T cells. n = 24 LckW"WT, 12 LekX9%0, 13 Lek*¥ %, 19 Lek™“, 10 Lek™ F mice.
Individual mice and medians are shown. (C-D) Lymph nodes of B3K508 Rag2” Lck variant mice
were analyzed by flow cytometry. (D) Numbers of CD4* T cells. n = 26 LekWT™T, 11 LckX9%0,
13 LekX®R 20 Lek“Y“ and 10 Lek“S® mice. Individual mice and medians are shown. (E) Surface
levels of CD4 on lymph node CD4" T cells in indicated Lck variant mice. A representative
experiment for Figure 3C. (F-G) Surface levels of CD8a on lymph node CD8" T cells in indicated
Lck variant mice. (F) A representative experiment. (G) Relative surface levels. n= 25 LekVTWT,
13 LekXO%0 18 Lek™ ' mice. Individual mice and medians are shown. (H) CD4 surface levels on
WT Jurkat and LCK*? Jurkat cells were analyzed by flow cytometry. A representative experiment
out of 3 in total. (I) A representative experiment showing CD4 surface levels on CD4" T cells
upon overnight treatment with PKC inhibitor in Fig. 3E is shown.
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Abstract

Virtual memory T cells are foreign antigen-inexperienced T cells that
have acquired memory-like phenotype and constitute 10-20% of all
peripheral CD8" T cells in mice. Their origin, biological roles, and rela-
tionship to naive and foreign antigen-experienced memory T cells
are incompletely understood. By analyzing T-cell receptor repertoires
and using retrogenic monoclonal T-cell populations, we demonstrate
that the virtual memory T-cell formation is a so far unappreciated
cell fate decision checkpoint. We describe two molecular mecha-
nisms driving the formation of virtual memory T cells. First, virtual
memory T cells originate exclusively from strongly self-reactive T
cells. Second, the stoichiometry of the CD8 interaction with Lck regu-
lates the size of the virtual memory T-cell compartment via modulat-
ing the self-reactivity of individual T cells. Although virtual memory T
cells descend from the highly self-reactive clones and acquire a
partial memory program, they are not more potent in inducing
experimental autoimmune diabetes than naive T cells. These data
underline the importance of the variable level of self-reactivity in
polyclonal T cells for the generation of functional T-cell diversity.
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Introduction

Immunological memory is one of the hallmarks of adaptive immu-
nity. During infection, pathogen-specific naive T cells differentiate

into short-lived effector and memory T cells. The latter facilitate
long-standing protection against a secondary infection of the same
pathogen. CD8" CD44" CDG62L" central memory (CM) T cells have
the capability of expansion, self-renewal, and generation of cyto-
toxic effector T cells upon repeated encountering of their cognate
antigen (Graef et al, 2014).

Interestingly, some T cells with an apparent memory phenotype
are specific to antigens which the host organism has not been
exposed to (Haluszczak et al, 2009; Su et al, 2013). There are two
possible explanations of their origin: (i) They could be cross-reactive
T cells that have encountered another foreign cognate antigen previ-
ously (Su et al, 2013) or (ii) they are generated via homeostatic
mechanisms independently of the exposure to any foreign antigens
(Haluszczak et al, 2009). The strong evidence for the role of homeo-
static mechanisms in generation of CD8"* memory-like T cells was
provided by the detection of these cells in germ-free mice. Since
these T cells had limited prior exposure to foreign antigens, they
were called virtual memory (VM) T cells (Haluszczak et al, 2009).

Generation and/or maintenance of VM T cells depends on tran-
scription factors Eomes and IRF4, type I interferon signaling, IL-15
and/or IL-4 signaling, and CD8« " dendritic cells (Akue et al, 2012;
Sosinowski et al, 2013; Kurzweil et al, 2014; Tripathi et al, 2016;
White et al, 2016). It has been shown that VM T cells express
slightly higher levels of CD122 (IL-2RB) and lower levels of CD49d
(integrin o4, a subunit of VLA-4) than true (i.e., foreign antigen-
experienced) CM T cells (Sosinowski et al, 2013). Based on these
markers, VM T cells constitute for a majority of memory-phenotype
CD8" T cells in unimmunized mice and around 10-20% of total
CD8™ T cells in lymphoid organs. Moreover, it has been proposed
that memory-phenotype T cells, that accumulate in aged mice, are
VM T cells (Chiu et al, 2013). However, with the notable exception
of the very initial study that identified CD44" CD62L" CM T cells in
germ-free mice (Haluszczak et al, 2009), all other published
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experiments used specific pathogen-free (SPF) mice that have signif-
icant exposure to microbial antigens. There are three major hypo-
thesis of how virtual memory T cells might be formed in a
homeostatic manner: (i) The differentiation into VM T cells occurs
purely on a stochastic basis, (ii) lymphopenic environment in
newborns induces differentiation of the first wave of thymic
emigrants into VM T cells (Akue et al, 2012), or (iii) the VM T cells
are generated from relatively highly self-reactive T cells that receive
strong homeostatic TCR signals at the periphery (White et al, 2016).
However, none of these hypotheses has been addressed in detail.

Although VM T cells form a large CD8" T cell population, their
biological role is still unknown. VM T cells share some functional
properties with true CM cells, including rapid production of IFNy
upon stimulation with a cognate antigen or cytokines (Haluszczak
et al, 2009; Lee et al, 2013). On a per cell basis, ovalbumin-specific
VM T cells provide a protection to ovalbumin-expressing Listeria
monocytogenes (Lm), comparable to true CM T cells, and surpass
naive T cells with the same specificity (Lee et al, 2013). In addition,
it has been proposed that VM T cells are capable of by-stander
protection against infection, i.e., independently of their cognate anti-
gen exposure (Chu et al, 2013; White et al, 2016). Altogether, these
data pointed toward the superior role of VM T cells in protective
immunity to infection. In a marked contrast to the above-mentioned
findings, Decman et al showed that CD44™ CD8" T-cell receptor
(TCR) transgenic T cells isolated from unprimed mice (i.e., putative
VM T cells) expand less than CD44~ CD8" T cells expressing the
same TCR upon antigenic stimulation in vivo (Decman et al, 2012).
Likewise, VM T cells from aged mice were shown to be hyporespon-
sive to their cognate antigens in comparison with their naive coun-
terparts, mostly because of their susceptibility to apoptosis (Decman
et al, 2012; Renkema et al, 2014).

As VM T cells develop independently of infection, the under-
standing of mechanisms that guide their development is critical in
order to elucidate their biological roles. One hint is the observation
that levels of CD5 (a marker of self-reactivity) on naive T cells corre-
late with their ability to differentiate into VM T cells (White et al,
2016). In this study, we demonstrate that virtual memory T cells
originate exclusively from relatively highly self-reactive T-cell clones
and acquire only a partial memory gene expression program. More-
over, the interaction between CD8 and Lck (and possibly the overall
intrinsic sensitivity of the TCR signaling machinery) determines the
size of the virtual memory compartment. These data highlight the
virtual memory T-cell formation as a T-cell fate decision checkpoint,
when the intensity of TCR signals induced by self-antigens plays a
central role in the decision-making process. Although virtual
memory T cells show augmented responses to their foreign cognate
antigen in some experimental setups in comparison with naive T
cells, the potency of VM T cells to induce pathology in an experi-
mental model of autoimmune diabetes is not higher than that of
naive T cells.

Results
Strong homeostatic TCR signaling induces virtual memory T cells

In this work, we aimed to understand why some mature CD8" T
cells differentiate into VM T cells and some maintain their naive
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phenotype. The peripheral T-cell pool of polyclonal mice consists of
clones with different level of self-reactivity. To test the hypothesis
that the level of self-reactivity plays a role in the formation of virtual
memory T cells, we took advantage of previous observations that
coupling frequency (or stoichiometry) of CD8 coreceptor to Lck
kinase is a limiting factor for the TCR signaling in thymocytes
(Erman et al, 2006; Stepanek et al, 2014). We used T cells from
CD8.4 knock-in mouse strain, that express a chimeric CD8.4 core-
ceptor, consisting of the extracellular portion of CD8x fused to the
intracellular part of CD4 (Erman et al, 2006). In comparison with
WT CD8o, the chimeric CD8.4 coreceptor is more strongly binding
Lck, a kinase initiating the TCR signal transduction. As a conse-
quence, higher fraction of CD8.4 coreceptors molecules than CD8
coreceptors are loaded with Lck (Erman et al, 2006; Stepanek et al,
2014). Because the self-antigen triggered TCR signaling is stronger
in CD8.4 T cells than CD8WT T cells (Park et al, 2007; Kimura
et al, 2013; Stepanek et al, 2014), we use the CD8.4 T cells as a
model to address the role of self-reactivity in virtual memory T-cell
formation.

First, we compared monoclonal F5 Rag T cells (henceforth
CD8WT F5) and CD8.4 knock-in F5 Rag’/’ T cells (henceforth
CD8.4 F5) from unimmunized animals. The F5 TCR is specific for
influenza NP68 and has been shown to have a very low level of
self-reactivity (Ge et al, 2004; Hogan et al, 2013). We observed
that CD8.4 F5 T cells had lower levels of CD8 and TCR and
elevated levels of CD5 and IL-7R in comparison with CD8WT F5 T
cells (Fig EV1A). Because the downregulation of CD8 and expres-
sion of CDS and IL-7R correlate with the intensity of homeostatic
TCR signaling (Park et al, 2007), we could conclude that CD8.4
indeed enhances homeostatic TCR signaling. However, we did not
detect upregulation of memory markers, CD44, CD122, and LFA-1
on CD8.4 F5 T cells (Figs 1A and EV1A). CD8.4 F5 T cells showed
slightly stronger antigenic responses, measured as CD25 and CD69
upregulation, than CD8WT F5 T cells in vitro upon activation with
the cognate antigen, NP68, or a lower affinity antigen, NP372E
(Shotton & Attaran, 1998; Fig 1B). Accordingly, CD8.4 F5 T cells
expanded more than CD8WT F5 T cells after the immunization
with NP68 peptide (Fig 1C). Infection with transgenic Listeria
monocytogenes expressing NP68 (Lm-NP68) induced stronger
expansion and formation of larger KLRG1'IL-7R™ short-lived
effectors and KLRG1IL-7R*  memory-precursor subsets in
CD8.4 F5 than in CD8WT F5 T cells (Figs 1D and EV1B). Collec-
tively, these data showed that CD8-Lck coupling frequency sets
the sensitivity of peripheral T cells to self-antigens during homeo-
stasis and to foreign cognate antigens during infection. However,
supraphysiological CD8-Lck coupling in CD8.4 F5 T cells does not
induce differentiation into memory-phenotype T cells in unimmu-
nized mice.

Whereas the level of self-reactivity of FS T cells is very low,
transgenic OT-I T cells, specific for chicken ovalbumin (OVA),
exhibit a relatively high level of self-reactivity (Ge et al, 2004;
Hogan et al, 2013). We tested whether a combination of a relatively
highly self-reactive OT-I TCR and supraphysiological CD8-Lck
coupling is sufficient to induce VM T cells. For this reason, we
compared monoclonal OT-I Rag™~ T cells (henceforth CD8WT OT-
1) and CD8.4 knock-in OT-I Rag’/’ T cells (henceforth CD8.4 OT-I)
from unimmunized animals. As expected, CD8.4 OT-I T cells exhib-
ited signs of stronger homeostatic TCR signaling than CD8WT OT-I

/-
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CD8-Lck induces differentiation into VM T cells in a clone-specific manner.

LN cells isolated from CD8WT F5 and CD8.4 F5 mice were analyzed by flow cytometry (gated as viable CD8*CD4 ). A representative experiment out of 4 in total.

A

B LN cells isolated from CD8WT F5 and CD8.4 F5 mice were stimulated with antigen-loaded DCs overnight and CD69 or CD25 expression was analyzed by flow
cytometry. Mean + SEM. n = 7 independent experiments. *P < 0.05.

C 2 x 10° CD8WT F5 or CD8.4 F5 LN T cells were adoptively transferred into Ly5.1 WT host 1 day prior to immunization with NP68 peptide and LPS or LPS only. Three
days after the immunization, donor Ly5.2* Ly5.1~ CD8" T cells from LN of the host mice were analyzed by flow cytometry and counted. Median =+ interquartile
range. n = 8-13 mice from seven independent experiments.

D 1 x 10° CD8WT F5or CD8.4 F5 LN T cells were adoptively transferred into Ly5.1 WT hosts and immunized with WT Lm (empty) or Lm-NP68. Six days after the
immunization, the percentage of donor Ly5.2* Ly5.1~ CD8" T cells among all CD8" T cells was determined. Median + interquartile range. n = 3-5 mice from three
independent experiments.

E,F LN cells isolated from CD8WT OT-I, CD8.4 OT-I, and heterozygous D84 mice were analyzed by flow cytometry (gated as viable CD8* CD4"). Percentages of

naive (CD44~ CD62L") and memory (CD44~ CD62L") CD8" T cells were determined. n = 6-18 mice per group from at least five independent experiments.

G Expression of Eomes and Tbet in CD8* LN T cells isolated from CD8WT OT-I and CD8.4 OT-I mice was determined by flow cytometry. A representative experiment
out of 3 in total.
H  Relationship between relative CDS5 levels (CD5 on CD8WT OT-I was arbitrarily set as 1) percentage of VM T cells (CD44* CD62L") using the data from indicated TCR

transgenic strains. Mean value of n = 5-8 mice per group from at least five independent experiments.

Irradiated Rag2 ™~ host mice were transplanted with B-cell and T-cell depleted bone marrow from Ly5.1 C57B/6 together with CD8.4 OT-I or CD8WT OT-I bone
marrow in 1:1 ratio (first two datasets) or, with bone marrow from CD8.4 OT-l and CD8WT OT-I mice in 1:1 ratio (last two datasets). Eight weeks later, LN cells
were isolated and analyzed by flow cytometry. n = 6 mice per group from three independent experiments.

Data information: Statistical significance was determined using two-tailed Wilcoxon signed-rank test (B) and Mann-Whitney test (C, D, I).
Source data are available online for this figure.

T cells, including downregulation of TCR, CD8, and increased levels
of CD5 and CD127 (Fig EV1C and D). Interestingly, the majority of
the CD8.4 OT-I T cells exhibited CM phenotype including CD44 "
CD62L" double positivity, increased levels of CD122 and LFA-1,
increased forward-scatter signal, and expression of transcription
factors Tbhet and Eomes (Figs 1E-G and EV1C), which was in a strik-
ing contrast with analogical experiments with CD8WT/CD8.4 F5 T

© 2018 The Authors

cells (Figs 1A and EV1A). The CD8"'/ P84 heterozygous OT-I T
cells showed an intermediate frequency of memory T cells (Fig 1F).
Because CD8.4 OT-I T cells exhibited features of memory T cells
without encountering their foreign cognate antigen, we concluded
that CD8.4 induced a differentiation of OT-I T cells into VM cells.
When we compared monoclonal T cells from all four transgenic
mouse strains tested, we identified a relationship between surface
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levels of CD5, a commonly used marker of self-reactivity, and the
frequency of VM T-cell formation. However, the dependency was
not linear, but showed a threshold behavior, indicating that only the
most self-reactive T cells have the potential to develop into VM T
cells (Figs 1H and EV1E).

To address whether CD8.4 induces VM T-cell formation in OT-I T
cells in a T-cell intrinsic manner, we generated mixed bone marrow
chimeric animals where both CD8.4 and CD8WT populations were
present. We transplanted bone marrow cells from Ly5.1 WT mouse
together with bone marrow cells from either Ly5.2 CD8WT OT-I or
Ly5.2 CD8.4 OT-I mice into an irradiated Rag2 /" recipient. CD8.4
OT-I T cells generated substantially more VM T cells than CDSWT
OT-IT cells (Fig 1I). In an alternative setup, we cotransferred mixed
bone marrow cells from LyS.1 CD8WT OT-I and Ly5.2 CD8.4 OT-I
animals into an irradiated Rag2 ™/~ recipient to compare these two
subsets in a single mouse. Again, CD8.4 OT-I T cells generated
significantly more VM T cells than CD8WT OT-I T cells (Fig 1I).
These experiments showed that CD8.4 OT-I T cells intrinsically trig-
ger the memory differentiation program.

CD8-Lck coupling frequency regulates the size of virtual memory
compartment in polyclonal repertoire

In a next step, we addressed how the CD8-Lck stoichiometry regu-
lates the size of virtual memory compartment in a polyclonal T-cell
pool. Interestingly, CD8.4 polyclonal mice showed significantly
higher frequency of VM CD8" T cells than CD8WT control animals,
although most CD8.4 T cells still showed a naive phenotype (Fig 2A
and B). Thus, CD8.4 induced the VM T-cell formation only in a
subset of polyclonal CD8" T cells, implying that enhanced CD8-Lck
coupling has clone-specific effects. The VM T cells from both
CD8WT and CD8.4 mice rapidly produced IFNy after stimulation
with PMA/ionomycin, showing that CD8WT and CD8.4 VM T cells
are indistinguishable in this functional trait, typical for memory T
cells (Fig EV2A). Importantly, the analysis of mice in germ-free
condition showed elevated frequency of CD44" and Tbet/Eomes
double-positive T cells in CD8.4 mice when compared to CDSWT
(Fig 2C and D), demonstrating that supraphysiological CD8-Lck
coupling indeed promotes formation of VM T cells independently of
the exposure to foreign antigens.

Although the VM and true CM T cells are very similar in many
aspects, VM T cells were previously reported to express lower levels
of CD49d and slightly higher levels of CD122 than true CM T cells
(Haluszczak et al, 2009; Chiu et al, 2013; Sosinowski et al, 2013;
White et al, 2016). However, CD49d as a marker discriminating VM
and true CM T cells has not been validated using T cells from germ-
free animals. For the first time, we could show that CD49d~ and
CD49d™ T cells within the CD44" compartment of SPF and germ-
free mice occur at comparable frequencies (Fig 2E). Only the
CD49d™ CD44*, but not the CD49d " CD44 ", subset was expanded
in the CD8.4 mouse, indicating that these subsets are not related
(Fig 2E). Accordingly, CD122"' CD49d~ CD44" T cells, but not
CD122"°W CD49d* CD44" T cells, were more abundant in germ-
free CD8.4 mouse than in germ-free CD8WT mouse (Figs 2F and G,
and EV2B). Collectively, these data implied that CD122"" CD49d~
memory T cells represent the CD8* VM T-cell population, which
originates from naive T cells with a relatively strong level of self-
reactivity independently of foreign antigens.
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Virtual memory T cells use distinct TCR repertoire than
naive T cells

Based on the previous data, generation of VM T cells can be under-
stood as a fate decision checkpoint of individual naive T cells (stay-
ing naive vs. becoming VM), where the decision is based on the
level of self-reactivity of the T cell’s TCR. This hypothesis predicts
that naive and VM T-cell compartments should contain different
T-cell clones with distinct TCR repertoires. We analyzed the TCR
repertoires by using a VPS5 transgenic mouse with fixed TCRf from
the OT-I TCR (Fink et al, 1992). The advantage of this mouse is that
it generates a polyclonal population of T cells, but the variability
between the clones is limited to TCRa chains. Moreover, pairing of
TCRa and TCRP upon repertoire analyses is not an issue in this
model. Last, but not least, this mouse has a relatively high
frequency of oligoclonal T cells that recognize the ovalbumin anti-
gen (Zehn & Bevan, 2006).

Unimmunized VB5 mice have a frequency of memory CD8" T
cells around 10-15% which is comparable to wild-type mice
(Fig 3A). When we analyzed the frequency of VM vs. naive T cells
among particular T-cell subsets defined by the expression of particu-
lar TCRVa segments, we observed that TCRVa3.2" T cells are
comparable to the overall population, TCRVa2™ T cells are slightly
enriched for the VM T cells, and TCRVu8.3" T cells have lower
frequency of VM T cells than the overall population (Fig 3A). These
data suggested that naive and VM T cells might have distinct TCR
repertoires. However, the differences between the subsets were only
minor, most likely because particular TCRVa subsets had still signif-
icant intrinsic diversity. To further reduce clonality in our groups,
we gated on KP-OVA-specific TCRV&3.2", TCRVo2®, and
TCRVe8.3" T cells (Fig 3B). Interestingly, around 50% of OVA-
specific TCRVa2™ clones exhibited VM phenotype, whereas vast
majority of OVA-specific TCRVa8.3" T cells were naive and OVA-
specific TCRVa3.2" T cells had intermediate frequency of VM T
cells in peripheral LN, mesenteric LN as well as in the spleen
(Fig 3B and C). Accordingly, the frequency of TCRVa2™ T cells is
almost 10-fold higher in VM than in naive OVA-specific T-cell popu-
lation, whereas the frequency of TCRVa8.3 ™ T cells is slightly lower
in VM than in naive OVA-specific T cells (Fig EV3A). Similar dif-
ferences between total and OVA-specific TCRVa3.2", TCRVo2™,
and TCRV«8.3" CD8" T cell subsets were observed in germ-free
V@5 mice (Fig 3D and E), confirming the VM identity of memory-
phenotype T cells in the VB5 mice. In addition, OVA-specific
TCRVe2™" had higher levels of CDS than TCRV#8.3"* (Fig EV3B and
C), suggesting that OVA-specific TCRVa2™ clones are on average
more self-reactive than TCRVa8.3 " clones. This explains why more
OVA-specific TCRVa2 ™ T cells than TCRVa8.3" T cells acquire the
VM phenotype in VB5 mice.

Based on the analysis of particular TCRVa subsets, we hypothe-
sized that naive and VM T cells would contain different TCR clono-
types. We cloned and sequenced genes encoding for TCRa chains
from OVA-reactive CD8" VM and naive T-cell subsets from germ-
free VBS5 mice using primers specific for TRAV14 (TCRVa2) and
TRAV12 (TCRVa8) TCR genes (Table EV1). The distribution of the
clonotypes as well as TRAJ usage was significantly different
between VM and naive subsets (Figs 3F and EV3D). We observed
essentially two types of clonotypes that were captured in more than
1 experiment (Fig 3F). One type of clonotypes, called “VM clones”,
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Figure 2. CD8-Lck coupling is a limiting factor for the size of the virtual memory T-cell compartment.
A B Percentages of naive (CD44~ CD62L"), central memory (CD44* CD62L"), and effector/effector memory (CD44" CD62L") (A) and Eomes" Tbet" (B) CD8" LN T cells
isolated from CD8WT and CD8.4 mice were determined by flow cytometry. Representative experiments out of seven (A) or five (B) in total.

C-|

-

LN cells and splenocytes were isolated from germ-free polyclonal CD8WT, CD8.4, and heterozygous CD8"4 mice and CD8" T cells were analyzed by flow

cytometry. (C) Percentage of CD44* T cells among CD8" LN cells and splenocytes. Mean + SEM. n = 9-14 mice per group from four independent experiments. (D)
Percentage of Tbet* Eomes* double-positive T cells. Mean =+ SEM. n = 7-12 mice per group from three independent experiments. (E) Percentage of CD44" CD49d ™~
VM and CD44" CD49d" true memory T cells in the spleen. A representative experiment out of four in total. (F) Absolute numbers of CD8* CD44* CD49d~ VM and
CD8" CD44* CD49d"* true memory T cells in LN and the spleen were quantified. Mean + SEM. n = 9-14 mice from four independent experiments.

G Percentage of CD122"' CD49d~ VM and CD122"°" CD49"* true CM cells among CD8* CD44* CD62L* CM T cells isolated from LN. A representative experiment out of

three in total.

Data information: Statistical significance was determined using two-tailed Mann-Whitney test.

Source data are available online for this figure.

was enriched among VM T cells and was also present in naive T
cells. The other type, “naive clones”, was almost exclusively
detected in naive T cells. These data demonstrate that naive and VM
T-cell population contain different T-cell clones.

To directly investigate whether TCR is the main factor that deter-
mines whether a particular T cell has the potential to differentiate
into VM T cells, we established a protocol to generate monoclonal
T-cell populations using transduction of a particular TCRa-encoding
gene in a retrogenic vector into immortalized hematopoietic stem
cells (Ruedl et al, 2008). We transduced immortalized VB5 RagZ’/’
hematopoietic stem cells with expression vectors encoding for two
VM TCRa clones (V14-C1 and V14-C2), three naive TCRa clones
(V14-C6, V14-C7, and V14-C17), or OT-I TCRa as a control
(Fig EV3E). At least 8 weeks after the transplantation of the progen-
itors into a Ly5.1 recipient, we analyzed the cell fate of the donor
monoclonal T-cell populations. T cells expressing VM TCR clones
formed a significant VM T-cell population, whereas T cells express-
ing naive TCR clones formed a homogenous naive population
(Figs 3G and EV3F). These data demonstrate that the virtual

© 2018 The Authors

memory T cells are formed only from certain T-cell clones and that
the TCR sequence determines whether a T cell differentiates into a
VM T cell or stays naive.

In a next step, we addressed whether “VM clones” are more
self-reactive than “naive clones”. We compared levels of CD5, a
commonly used reporter for self-reactivity, on naive (CD44°)
populations of retrogenic monoclonal T cells. “VM clones”
expressed significantly higher CD5 levels than “naive clones”, indi-
cating that “VM clones” are indeed T cells with a relatively high
level of self-reactivity (Figs 3H and EV3G). Interestingly, retrogenic
OT-I T cells represented an intermediate VM population, which
corresponds to their level of self-reactivity (Figs 1H, 3G, and EV3F
and G). Moreover, the relative size of retrogenic OT-I VM popula-
tion well corresponded to the frequency of VM T cells in conven-
tional transgenic OT-I TCR mice (Fig 1E and H), indicating that
the protocol for generation of retrogenic monoclonal T cells itself
does not have a strong effect on VM formation. Overall, these
results document that only relatively highly self-reactive clones
form VM T cells.
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Figure 3.

Virtual memory T cells represent an intermediate stage between

naive and memory T cells

The relationship of the differentiation programs of naive, VM, and
true CM T cells is unclear. So far, CD49d and, to a lesser extent,
CD122 were the only known markers discriminating between true

6 of 17 The EMBO Journal ~ €98518 | 2018

CM memory and VM T cells (Haluszczak et al, 2009; Chiu et al,
2013; Sosinowski et al, 2013; White et al, 2016). To compare their
gene expression profiles, we performed deep RNA sequencing of the
transcripts from sorted CD8" naive (CD44 CD62L") and VM
(CD44™ CDG62L" CD49d™) T cells isolated from germ-free animals
and from true antigen-specific CM T cells (TM) (K>-OVA* CD44*

© 2018 The Authors
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A LN cells isolated from VPS5 mice were stained for CD8, CD4, CD44, CD62L, and Va2 or Vo83 or Va3.2. CD8" T cells were gated as CD8" CD4~ and then the
percentage of CD44* CD62L" memory T cells among CD8* V2" or CD8* Vai8.3* or CD8* Va3.2* T cells was determined by flow cytometry. Mean, n = 8 mice from

eight independent experiments.

B, C Cells isolated from peripheral LN (B, C), mesenteric LN (C), and the spleen (C) were stained as in (A) with the addition of OVA tetramer. The OVA-reactive Va-specific
CD8" T cells were gated and the percentage of CD44* CD62L" memory T cells was determined by flow cytometry. n = 9-10 mice from five independent

experiments.

D The same experiment as in (A) was performed using germ-free V5 mice. Mean, n = 7-9 mice from four independent experiments.
E The same experiment as in (B, C) was performed using a mixture of T cells isolated from LNs and the spleen from germ-free VB5 mice. Mean, n = 7-9 from 2 to 3

independent experiments.

F RNA was isolated from memory (CD44°CD62L*) and (CD44*CD62L") K>-OVA* 4mer” T cells sorted from LNs and the spleen of germ-free VB5 mice. TCRa encoding
genes using either TRAV12 (corresponding to Va8) or TRAV14 (corresponding to Voi2) were cloned and sequenced. 12-20 clones were sequenced in each
group/experiment. Clonotypes identified in at least two experiments are shown. Mean frequency + SEM, n = 4 independent experiments. Statistical significance
was determined by chi-square test (global test) and paired two-tailed t-tests as a post-test (individual clones). CDR3 sequences of clonotypes enriched in naive or

VM compartments are shown in the table.

@
T

Retroviral vectors encoding selected TCR. clones were transduced into immortalized Rag2 /'~ V5 bone marrow stem cells. These cells were transplanted into an

irradiated Ly5.1 recipient. (G) At least 8 weeks after the transplantation, frequency of virtual memory T cells among LN donor T cells (CD45.2* CD45.1 GFP*) was
analyzed. Mean + SEM; n = 10-21 mice from 2 to 7 independent experiments. Statistical significance was tested using Kruskal-Wallis test. (H) CD5 levels on naive
monoclonal T cells were detected by flow cytometry. Representative mice out of 9-14 in total from two to four independent experiments.

Data information: (A, C—E) Statistical significance was determined by two-tailed Wilcoxon signed-rank test.

Source data are available online for this figure.

CD62L"), generated by infecting VBS mice with Lm expressing OVA
(Lm-OVA). The data showed that naive, VM, and TM T cells repre-
sent three distinct T-cell populations (Fig EV4A and B). We identi-
fied genes differently expressed in VM T cells in comparison with
naive or TM T cells (Tables EV2-EVS). Based on previously
published data (Kaech et al, 2002; Luckey et al, 2006; Wherry et al,
2007), we established lists of memory signature and naive signature
genes. As expected, memory signature genes were enriched in TM T
cells and naive signature genes were enriched in naive T cells
(Figs 4A and EV4C). Interestingly, VM T cells exhibited an interme-
diate gene expression profile (Figs 4A and EV4C). Pairwise rotation
gene set tests revealed the hierarchy in the enrichment for memory
signature genes and for naive signature genes as TM > VM > naive,
and naive > VM > TM, respectively (Fig 4B). VM T cells also
showed an intermediate expression of cytokine and chemokine
encoding genes (Figs 4C and EV4D). The transcription of genes
encoding for cytokine and chemokine receptors in VM T cells
seemed to be also somewhere half-way between naive and true CM
T cells (Fig EV4E and F).

We further investigated selected differentially expressed genes
between VM and true CM cells on a protein level. RNA encoding for
CX3CR1 and NRP1 showed enrichment in TM vs. VM T cells. For this
reason, we compared surface levels of CX3CR1 and NRP1 on naive
and VM T cells from unprimed mice and on TM and effector/effector
memory T cells from LM-OVA infected mouse during the memory
phase (Fig 4D and E). In contrast to VM T cells, a significant percent-
age of effector and TM T cells expressed CX3CR1 and NRPI, con-
firming the transcriptomic data and suggesting that VM T cells can
be characterized as CX3CR1 and NRP1 negative.

Differentiation into virtual memory T cells does not
break self-tolerance

VM T cells provide better protection against Lm than naive T cells
and respond to proinflammatory cytokines IL-12 and IL-18 by
producing IFNy (Haluszczak et al, 2009; Lee et al, 2013; White et al,
2016). Moreover, VM T cells express higher levels of several killer
lectin-like receptors than naive T cells (Table EV4 and White et al,

© 2018 The Authors

2016). The combination of a hyperresponsive differentiation state
with the expression of highly self-reactive TCRs suggests that VM
CD8™ T cells could be less self-tolerant than naive T cells and might
represent a risk for inducing autoimmunity. We used CD8WT OT-I T
cells (mostly naive) and CD8.4 OT-I T cells (mostly VM) for a func-
tional comparison of naive and VM T cells with the same TCR speci-
ficity. VM CD8.4 OT-I T cells, but not naive OT-I T cells, rapidly
produced IFNy after the stimulation by PMA/ionomycin or cognate
antigen (Fig 5A), supporting the idea of an autoimmune potential of
VM T cells. We directly tested this hypothesis using an experimental
model of autoimmune diabetes (King et al, 2012). We transferred
CDS8WT OT-I or CD8.4 OT-I T cells into RIP.OVA mice expressing
OVA under the control of rat insulin promoter (Kurts et al, 1998) and
primed them with Lm-OVA or Lm-Q4H7 (King et al, 2012). Q4H7 is
an antigen that binds to the OT-I TCR with a low affinity and does
not negatively select OT-I T cells in the thymus (Daniels et al, 2006;
Stepanek et al, 2014). Thus, Q4H7 resembles a self-antigen that posi-
tively selected peripheral T cells might encounter at the periphery.
Surprisingly, CD8.4 OT-I T cells were not more efficient in inducing
the autoimmune diabetes than CD8WT OT-I T cells in any tested
condition (Figs 5B and EVS5A). Adoptively transferred naive OT-I,
CD8.4 OT-1, and even TM OT-I T cells did not promote clearance of
Lm-Q4H7 in this experimental setup (relatively low number of
injected CFUs, low antigen affinity; Fig EVSB), excluding the possi-
bility that the bacterial burden differs between experimental groups.

To further analyze the functional responses of VM T cells, we
stimulated CD8.4 OT-I and CD8WT OT-I T cells with dendritic cells
loaded with OVA or suboptimal cognate antigens T4 or Q4H7
ex vivo. No significant difference in the upregulation of CD69 or
CD25 between naive and VM cells was observed in the case of high-
affinity OVA stimulation. However, the responses to antigens with
suboptimal affinity to the TCR differed between these two cell types.
Interestingly, although CD8.4 OT-I T cells showed stronger CD69
upregulation than naive T cells when stimulated with low antigen
dose, when the antigen dose was high, the response of VM T cells
was lower than that of naive T cells (Fig 5C). Upregulation of CD25
was lower in CD8.4 OT-I T cells than in naive T cells, when acti-
vated with the low-affinity antigens (Fig 5D).
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Figure 4. Virtual memory T cells rep an inter stage b naive and true memory T cells.

A-C Transcriptomes of naive (n = 4), VM (n = 4), and TM (n = 3) CD8" T cells were analyzed by deep RNA sequencing. (A) Enrichment of CD8* memory signature genes
(as revealed by previous studies) in naive, virtual memory, and true memory T cells. (B) Pairwise comparisons between naive, VM, and TM CD8" cells for the overall
enrichment of the memory signature and naive signature gene sets by a method ROAST. The thick end of the connecting line between the populations indicates
the population with the overall relative enrichment of the gene set, the percentage of the genes from the gene set that are more expressed in the indicated

m

population (z-score > sqrt(2)) over the opposite population is indicated. (C) The relative enrichment of chemokine encoding transcripts in the samples is shown.
Surface staining for CX3CR1 (D) and NRP1 (E) was performed on naive (gated as CD62L*CD44~CD49d"°") and VM (CD62L*CD44*CD49d'*") K°-OVA-4mer* CD8* T

cells isolated from unprimed VB5 mouse and on true CM memory (gated as CD62L*CD44*CD49d"e") and effector/effector memory (CD62L-CD44*CD49d™e" Kb-
OVA-4mer* CD8" T cells isolated from VB5 mouse 30-45 days after Lm-OVA infection. A representative experiment out of five (D) or four (E) in total is shown. Mean
percentage + SEM of CX3CR1* and NRP1* cells within the particular population is shown. (D) n = 10 immunized mice and five unprimed mice from five
independent experiments. (E) n = 8 immunized mice and four unprimed mice from four independent experiments. Statistical analysis was performed by two-tailed

Mann-Whitney test.

Source data are available online for this figure.

Next, we examined antigenic responses of naive and VM T cells

in vivo. CD8WT and CD8.4 OT-I T cells show comparable expansion
when primed by Lm-OVA or Lm-Q4H7 (Fig EV5C). However, CD8.4
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OT-I formed significantly less memory precursors (IL-7R *KLRG17),
more IL-7R"KLRG1 " double-positive cells, and slightly more short-
lived effector cells (IL-7R"KLRG1") than CD8WT OT-I T cells upon
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Figure 5.

priming with Lm-OVA (Figs SE and EVSC). Interestingly, upon
priming with low-affinity Lm-Q4H7, VM T cells formed less short-
lived effector cells and more IL-7R*KLRG1* double-positive cells
(Figs SE and EV5C). Moreover, CD8.4 OT-I T cells did not upregu-
late CD49d (a subunit of VLA-4) to the same extent as CD8WT OT-I
upon immunization with Lm-Q4H7 (Fig SF). Collectively, VM T
cells exhibited several signs of hyporesponsiveness in comparison
with naive T cells upon low-affinity antigenic stimulation: lower

© 2018 The Authors

upregulation of CD25 in vitro, lower frequency of short-lived
effector cells, and lower CD49d upregulation.

Subsequently, we compared responses of VM CD8.4 T cells to
naive and true memory OT-I T cells in vivo. True memory showed
stronger upregulation of KLRG1 and CD25 than VM T cells upon
Lm-OVA challenge (Fig 5G). Importantly, true memory OT-I T cells
were more potent in inducing the autoimmune diabetes in our
RIP.OVA model (Figs SH and EVSD). Collectively, these data
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Figure 5. Virtual memory T cells are as self-tolerant as naive T cells.

A

CD

LN cells isolated from CD8WT OT-I and CD8.4 OT-I mice were stimulated with PMA and ionomycin or OVA peptide in the presence of BD GolgiStop for 5 h and the
production of IFNy was analyzed by flow cytometry (gated as CD8"). A representative experiment out of four in total.

Indicated number of CD8WT OT-I or CD8.4 OT-I T cells were adoptively transferred into RIP.OVA hosts, which were infected with Lm-OVA or -Q4H7 1 day later. The
glucose in the urine was monitored for 14 days. The percentage of non-diabetic mice in time is shown. Differences between OTI-I and CD8.4 were not significant
by log-rank test. n = 5-11 (indicated) mice per group in 3-6 independent experiments.

CD8WT OT-I or CD8.4 OT-I LN T cells were stimulated ex vivo with dendritic cells loaded with varying concentrations of OVA, Q4R7, Q4H7 peptides overnight and
the expression of CD69 (C) and CD25 (D) on CD8" T cells was analyzed. Mean + SEM. n = 3-5 independent experiments. Statistical significance was determined
paired two-tailed Student’s t-test (C, D). *P < 0.05, **P < 0.01.

CD8WT OT-I or CD8.4 OT-I LN T cells were adoptively transferred to polyclonal Ly5.1 host mice, which were infected 1 day later with transgenic Lm-OVA or -Q4H7.
Six days after the infection, splenocytes from the hosts were isolated and analyzed for the expression of IL-7R, KLRG1 (E) or CD49d (F). (F) A representative
experiment out of four (7-9 mice per group in total). (E) n = 7 (Lm-OVA) or 9 (Lm-Q4H?) from four independent experiments. Statistical significance was
determined using a one-value two-tailed t-test (for the ratio of CD49d MFI between the subsets). Normality of the data was tested using Shapiro-Wilk normality
test (passing threshold P < 0.01).

1 x 10* naive CD8WT OT-I, VM CD8.4 OT-I, or true memory OT-I T cells loaded with 5 uM CellTrace Violet were injected into Ly5.1 recipients followed by
immunization with Lm-OVA 1 day later. Five days after the immunization, splenocytes were isolated and donor cells were examined for the expression of KLRG1
and CD25 by flow cytometry. n = 6 from three independent experiments. Statistical significance was performed by Kruskal-Wallis test, and selected pairs of groups
were compared by Mann-Whitney test.

Indicated number of CD8.4 OT-I or true memory OT-I T cells were adoptively transferred into RIP.OVA hosts, which were infected with Lm-Q4H7 1 day later. The
glucose in the urine was monitored for 14 days. The percentage of non-diabetic mice in time is shown. Statistical significance was calculated by log-rank test.

n =11 (1 x 10* transferred cells) or 13 (2 x 10* transferred cells) mice per group in four independent experiments.

Source data are available online for this figure.

suggest that virtual memory T cells are less efficient in their
responses to the antigen in vivo and in inducing the autoimmune
tissue pathology than true memory T cells.

We wondered whether CD8.4 OT-I T cells do respond to endoge-
nous self-antigens Catnb and Mapk8 that were previously proposed
as positive selecting antigens for OT-I T cells (Santori et al, 2002).
In agreement with previous reports (Salmond et al, 2014; Oberle
et al, 2016), we could not detect a substantial response of peripheral
OT-IT cells to these antigens in vitro using antigen-loaded dendritic
cells and in vivo using Lm-Catnb (Fig EVSE and F). CD8.4 OT-I T
cells showed no significant response to these self-peptides as well
(Fig EVSE and F). Although we could see that Lm infection induced
proliferation of VM CD8.4 T cells (probably via cytokines), expres-
sion of the positive selecting self-antigen Catnb in the Listeria did
not enhance this response at all (Fig EVSF). These experiments
suggest that VM T cells are tolerant to self-antigens that have previ-
ously triggered their conversion to VM T cells.

Retrogenic T cells as a model for functional differences between
naive and VM T cells

To complement our data from CD8.4 OT-I VM model, we used
sorted naive and VM T cells from the OVA-specific clones V14-C1
and V14-C2 (Fig 3F-H). The advantage of this approach is that both
naive and VM express the same TCR and CD8 coreceptor and any
differences between these populations can be attributed solely to
their different developmental programs. We adoptively transferred
these cells into RIP.OVA mice followed by infection with Lm-OVA.
Naive T cells were more efficient in inducing the autoimmune
diabetes than VM T cells in case of both clones, but only the clone
V14-C1 showed a statistically significant difference (Fig 6A). When
we adoptively transferred naive or VM T cells expressing V14-C1 or
V14-C2 TCRs into Ly5.1 recipients followed by immunization with
dendritic cells loaded with OVA or lower affinity antigen Q4R7, we
observed that VM clones showed significantly lower level of upregu-
lation of CD49d, a subunit of VLA4 important for tissue infiltration
(Fig 6B). These observations were in agreement with the results
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obtained with the CD8.4 OT-I model of monoclonal VM T cells,
demonstrating that VM T cells are not inherently less self-tolerant
than naive T cells.

Although others and we showed that VM T cells elicit stronger
responses than naive T cells in some assays (Fig SA and Lee et al,
2013), they do not show a stronger potency than naive T cells to
induce autoimmune pathology in our diabetic model. Most likely
VM T cells acquire mechanisms to suppress their responses to anti-
gens, infiltration of the tissue, and/or their effector functions. One
such mechanism, contributing to the self-tolerance of VM T cells,
can be lower expression of CD49d and CD25 upon activation.
Collectively, these data establish that relatively strongly self-reactive
T-cell clones differentiate into VM T cells and trigger a specific
developmental program that enables them to efficiently response to
infection, but does not increase their autoimmune potential (Fig 7).

Discussion

We observed that CD8-Lck coupling frequency regulates intensity of
TCR homeostatic signals. For the first time, we showed that the
intrinsic sensitivity of the TCR signaling machinery sets the
frequency of VM CD8" T cells. We also showed that only relatively
strongly self-reactive T-cell clones have the potential to form VM T
cells. We identified the gene expression profile of VM T cells and
showed that they represent an intermediate stage between naive
and true CM T cells. Although the combination of relatively strong
self-reactivity and acquisition of the partial memory program could
represent a potential risk for autoimmunity, we observed that VM T
cells are not more potent than naive T cells in a model of experi-
mental type I diabetes.

It is well established that some memory-phenotype T cells
respond to an antigen, and they have not been previously exposed
to (Haluszczak et al, 2009; Lee et al, 2013; Sosinowski et al, 2013;
Su et al, 2013; White et al, 2017). Some researchers call these cells
as VM T cells and propose that they were generated in the absence
of a foreign antigenic stimulation (Haluszczak et al, 2009; White

© 2018 The Authors
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Figure 6. Comparison of naive and VM subsets generated from retrogenic T-cell clones.

A 5 x 10° FACS-sorted naive (CD44~) or VM (CD44") T cells from V14-C1 or V14-C2 T cells generated via bone marrow transfer (Fig EV3E) were adoptively transferred
into RIP.OVA mice followed by immunization with Lm-OVA 1 day later. Glucose concentration in the urine was monitored for 14 days. Statistical significance was
tested using log-rank test. n = 12-14 mice per group in 4-5 independent experiments.

@

FACS-sorted naive (CD44 ) or VM (CD44") T cells from V14-C1 or V14-C2 T cells generated via bone marrow transfer (Fig EV3E) were adoptively transferred into

RIP.OVA mice followed by immunization with OVA- or Q4R7-loaded bone marrow-derived dendritic cells. The number of adoptively transferred T cells was 1 x 10°
and 3 x 10° for OVA- and Q4R7-loaded dendritic cells, respectively. n = 11-27 mice per group in 5-6 independent experiments. Mean is indicated. Statistical

significance was tested using Mann-Whitney test.

Source data are available online for this figure.
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Figure 7. Schematic representation of the role of self-reactivity in major cell fate decisions of conventional CD8" T cells.
Ourresultsestablish a novel T-cell fate decision checkpoint, differentiation of positively selected T-cell clone with a relatively high level of self-reactivity into virtual memory T cells.

et al, 2017). The main argument supporting this hypothesis is that
germ-free mice, with low levels of foreign antigenic exposure,
contain comparable levels of CM-phenotype T cells as control mice
(Haluszczak et al, 2009). However, in mice with normal microbiota,
which were used for the subsequent characterization of VM T cells,
it is difficult to exclude the existence of cross-reactive memory T

© 2018 The Authors

cells that were previously exposed to another foreign antigen (Su
et al, 2013). Importantly, we show that CD8.4 knock-in mice with
enhanced homeostatic TCR signaling exhibit larger VM compart-
ment than CD8WT T cells in SPF and germ-free conditions. We con-
firmed that VM T cells have lower expression of CD49d than
antigen-experienced cells using germ-free mice and confirmed that
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antigen-inexperienced VM T cells can be defined as CD49~CD122"!

T cells. Altogether these data established that the strength of homeo-
static signals provided to T cells is a major factor leading to forma-
tion of VM compartment independently of stimulation with cognate
foreign antigens.

It has been observed that IL-15 availability is a limiting factor
regulating the size of the VM subset (Sosinowski et al, 2013; White
et al, 2016). In this study, we showed that the intrinsic sensitivity of
the TCR signaling machinery (specifically the CD8-Lck coupling
frequency) is another major factor that sets the frequency of VM
CD8" T cells in the secondary lymphoid organs. It has been
suggested that the level of CDS, a marker of self-reactivity, is linked
with the T-cell ability to form VM T cells (White et al, 2016). We
investigated individual T-cell clones using transgenic cells with
normal and hypersensitive TCR signaling machinery, comparing
TCR repertoires of naive and VM T cells, and analyzing retrogenic
monoclonal T-cell populations. These complementary approaches
revealed that VM T-cell formation absolutely depends on the level
of self-reactivity of a particular T cell and exhibits a threshold
behavior. Relatively highly self-reactive T cell clones frequently dif-
ferentiate into VM T cells (~ 40-50%), whereas weakly self-reactive
T cells completely lack this property. This finding characterizes the
formation of VM T cells as a previously unappreciated T-cell fate
decision check point, where the intensity of homeostatic TCR
signals is the critical decisive factor. Our data also explain a previ-
ous observation that VM T cells are formed exclusively from T cells
expressing endogenous recombined TCR chains in OT-I Rag” mice
during aging (Renkema et al, 2014). Some of the T-cell clones that
replaced the OT-I TCR with a variable endogenous one are probably
more self-reactive than OT-I T cells, which drives their differentia-
tion in VM T cells.

The functionality of a T-cell subset is determined by its gene
expression profile. Whereas it is clear that VM T cells substantially
differ from naive T cells (Haluszczak et al, 2009; Lee et al, 2013;
Sosinowski et al, 2013; White et al, 2016), the CD49d and CD122
were the only markers that can distinguish VM T cells from true
memory (TM) T cells. In this study, we characterized gene expres-
sion of VM T cells and compared it to naive T cells from germ-free
mice and foreign antigen-specific TM T cells. Analysis focusing on
previously established naive and memory T-cell signature genes
revealed that VM T cells have an intermediate gene expression pro-
file between naive and TM T cells. Accordingly, expression of
chemokines and cytokines was generally lower in VM T cells than
in TM T cells. These data suggest that VM T cells trigger a partial
memory program. Alternatively, TM CD8" T cells might represent a
heterogeneous population of two or more subsets with different
degrees of similarity to VM T cells, as suggested by heterogeneous
expression of CX3CR1 and NRP1, two genes that showed a large dif-
ference between TM and VM T cells. Indeed, CX3CR1 has been
proposed as a marker that discriminates different subsets of
memory T cells (Bottcher et al, 2015; Gerlach et al, 2016). Single-
cell gene expression profiling would show whether immune
responses to foreign antigens generate any TM T cells identical to
VM T cells.

VM T cells share some phenotypic traits with stem-like memory
(SCM) T cells, including higher expression of CD122, CXCR3, and
dependency on IL-15 (Zhang et al, 2005). However, unlike VM cells,
SCM T cells are derived from CD44'" population and human SCM
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T-cell counterparts are derived from the CD45RA™ population
(Gattinoni et al, 2011). Furthermore, SCM T cells express Sca-1
stemness marker which is not upregulated in the VM T cells as
revealed by our RNAseq data. Thus, VM and SCM T cells represent
two distinguishable subsets of CD8" T cells. However, because
SCM T cells give rise to central memory, effector memory, and
effector CD8™" T cells (Gattinoni et al, 2011), we cannot exclude that
VM T-cell population preferentially arise from SCM T cells.

VM T cells were shown to surpass naive T cells in their
response to inflammatory cytokines IL-12 and IL-18 (Haluszczak
et al, 2009), in the rapid generation of short-lived effectors (Lee
et al, 2013), rapid IFNy production, and in the protection against
Lm both in antigen-specific (Lee et al, 2013) and in by-stander
manners (Wu et al, 2010). We demonstrated that VM T cells
develop from relatively strongly self-reactive T-cell clone. Both the
hyperresponsivness and self-reactivity of VM T cells might poten-
tially enhance their capacity to break self-tolerance. We addressed
the potency of VM T cells to induce experimental autoimmune
pathology by using two monoclonal models for comparing naive
and VM T cells with the same TCR specificity. We observed that
VM T cells were not more efficient than naive T cells in inducing
the experimental autoimmune diabetes on a per cell basis. This
can be at least partially explained by the fact that VM T cells show
lower upregulation of CD25 and VLA-4 than naive T cells when
activated with a suboptimal antigen. VLA-4 has been previously
shown to be essential for the induction of the tissue pathology in
the mouse experimental model of type I diabetes (King et al,
2012). We propose that VM T cells surpass naive T cells in some
kind of responses to promote rapid immunity to pathogens (Lee
et al, 2013; White et al, 2016), but they also develop compensatory
mechanisms that make these cells self-tolerant to an extent compa-
rable to naive T cells. We used an experimental model of auto-
immune diabetes, a prototypic autoimmune pathology that involves
self-reactive CD8" T cells. The important aspect of our model is
that the adoptively transferred neoself-reactive T cells developed in
the absence of the neoself antigen. We cannot exclude the possibil-
ity that VM T cells represent a major risk in other types of auto-
immune diseases/conditions.

Based on pilot studies in the field (Pihlgren et al, 1996;
Curtsinger et al, 1998; London et al, 2000), it was generally
accepted that one feature of immunological memory is that a
memory T cell elicits a faster and stronger response to cognate
antigens than a naive T cell. However, recent evidence showed
that, at least under certain conditions, the response of naive T cells
to an antigen is stronger than the response of memory T cells
(Knudson et al, 2013; Mehlhop-Williams & Bevan, 2014; Cho et al,
2016). We showed that true memory T cells surpass virtual
memory T cells in the upregulation of KLRG1, CD25, and in their
potency to induce experimental autoimmune pathology. These data
correspond to a previous study showing stronger responses of TM
T cells in comparison with lymphopenia-induced memory T cells
(Cheung et al, 2009), suggesting that virtual memory and
lymphopenia-induced memory T cells might have similar functions.
The physiological role of VM T cells needs to be further investi-
gated, but it seems plausible that VM T cells have unique type of
responses to pathogens and thus contribute to functional diversity
of T-cell immunity, which might be required for efficient immune
protection.

© 2018 The Authors
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Recently, it has been proposed that human innate Eomes* KIR/
NKG2A™ CD8" T cells (Jacomet et al, 2015) represent counter-
parts of murine VM T cells, although expression of some markers
including CD27 and CD5 substantially differed between these two
subsets (White et al, 2016). It would be interesting to elucidate
whether the human Eomes® KIR/NKG2A® CD8" subset shows
similar gene expression pattern as mouse VM T cells, whether they
originate from relatively highly self-reactive clones, and whether
these cells acquire tolerance mechanisms as murine VM CD8* T
cells do.

Materials Methods
Antibodies and reagents

Antibodies to following antigens were used for flow cytometry:
CD69 (clone H1.2F3), CD11a (LFA-1) (clone M17/4), CD25 (PC61),
CD3 (145-2C11), IFNy (XMG1.2), TCRB (H57-597), TCR Vo2
(B20.1), TCR V8.3 (B21.14), TCR Va3.2 (R3-16), CD49d (R1-2),
CD5 (53-7.3) (all BD Biosciences), Thet (4B10), Eomes (Danllmag),
CD8a (53-6.7), CD8P (H35-17.2), CD127 (A7R34) (all eBioscience)
CD44 (IM7), CD4 (RM-45), CD62L (MEL-14), CD122 (TM-betal),
KLRGI1 (2F1), PD-1 (RMP1-30), CD19 (6D5) (all Biolegend), pErk1/2
(D13.14.4E, Cell Signaling). The antibodies were conjugated with
various fluorescent dyes or with biotin by manufacturers. K°-OVA
PE tetramer was prepared as described previously (Stepanek et al,
2014). Peptides OVA,s; 264 (SIINFEKL), Q4R7 (SIIRFERL), Q4H7
(SIIRFEHL), NP68 (ASNENMDAM), NP372E (ASNENMEAM),
Mapk8,47 274 (AGYSFEKL), and Catnbsyg 335 (RTYTYEKL) were
purchased from Eurogentec or Peptides&Elephants. Proliferation dye
CellTrace Violet was purchased from ThermoFisher Scientific
(C34557).

Flow cytometry and cell counting

For the surface staining, cells were incubated with diluted antibod-
ies in PBS/0.5% gelatin or PBS/2% goat serum on ice. LIVE/DEAD
near-IR dye (Life Technologies) or Hoechst 33258 (Life Technolo-
gies) was used for discrimination of live and dead cells. For the
intracellular staining, cells were fixed and permeabilized using
Foxp3/Transcription Factor Staining Buffer Set (eBioscience, 00-
5523-00). For some experiments, enrichment of CD8"* T cells was
performed using magnetic bead separation kits EasySep (STEMCELL
Technologies) or Dynabeads (Thermo Fisher Scientific) according to
manufacturer’s instructions prior to the analysis or sorting by flow
cytometry. Cells were counted using Z2 Coulter Counter (Beckman)
or using AccuCheck counting beads (Thermo Fisher Scientific) and
a flow cytometer. Flow cytometry was carried out with a FACSCan-
toll, LSRIL, or a LSRFortessa (BD Bioscience). Cell sorting was
performed using a FACSAria III or Influx (BD Bioscience). Data were
analyzed using FlowJo software (TreeStar).

Experimental animals
All mice were 5-12 weeks old and had C57Bl/6j background.

RIP.OVA (Kurts et al, 1998), OT-I RagZ’/’ (Palmer et al, 2016),
CD8.4, F5 Ragl’/’ (Erman et al, 2006), and VPS5 (Fink et al, 1992)
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strains were described previously. Mice were bred in our facilities
(SPF mice: University Hospital Basel and Institute of Molecular
Genetics; germ-free mice: University of Bern, Switzerland) in accor-
dance with Cantonal and Federal laws of Switzerland and the Czech
Republic. Animal protocols were approved by the Cantonal Veteri-
nary Office of Basel-Stadt, Switzerland, and Czech Academy of
Sciences, Czech Republic. Transfer into germ-free conditions was
performed using time-mating followed by transferring 2-cell
embryos into germ-free foster mothers.

Males and females were used for the experiments. Age- and sex-
matched pairs of animals were used in the experimental groups. If
possible, littermates were equally divided into the experimental
groups. The randomization for adoptive transfer experiments was
done by assigning the experimental conditions to recipient mouse
ID numbers by an experimenter who had no prior contact with the
mice. Other experiments were not randomized. The experiments
were not blinded since no subjective scoring method was used.

RNA sequencing

RNA was isolated using Trizol (Thermo Fisher Scientific) followed
by in-column DNase treatment using RNA clean & concentrator kit
(Zymo Research). The library preparation and RNA sequencing by
HiSeq2500 (HiSeq SBS Kit v4, Illumina) were performed by the
Genomic Facility of D-BSSE ETH Zurich in Basel. Obtained single-
end RNAseq reads were mapped to the mouse genome assembly,
version mm9, with RNA-STAR (Dobin et al, 2013), with default
parameters except for allowing only unique hits to genome (outFil-
terMultimapNmax = 1) and filtering reads without evidence in
spliced junction table (outFilterType = “BySJout”). All subsequent
gene expression data analysis was done within the R software (R
Foundation for Statistical Computing, Vienna, Austria). Raw reads
and mapping quality were assessed by the qQCreport function from
the R/Bioconductor software package QuasR (version 1.12.0;
Gaidatzis et al, 2015). Using RefSeq mRNA coordinates from UCSC
(genome.ucsc.edu, downloaded in July 2013) and the qCount func-
tion from QuasR package, we quantified gene expression as the
number of reads that started within any annotated exon of a gene.
The differentially expressed genes were identified using the edgeR
package (version 3.14.0; Robinson et al, 2010). We generated lists
of naive and memory signature genes based on previously
published studies [gene sets M3022, M5832, M3039 for memory,
and M3020, M5831, M3038 for naive T cells in the Molecular Signa-
ture Databases (Kaech et al, 2002; Subramanian et al, 2005; Luckey
et al, 2006; Wherry et al, 2007)]. In our memory and naive signa-
ture gene lists, we included only genes that were listed at least in
two out of the above-mentioned three respective gene sets. For the
global comparison of the expression of the signature genes in naive,
VM, and true CM T cells, we used self-contained gene set enrich-
ment test called Roast, which is available in edgeR package (Wu
et al, 2010).

DNA cloning and production and viruses

RNA was isolated using Trizol reagent (Thermo Fisher Scientific)
and RNA clean & concentrator kit (Zymoresearch, R1013). Reverse
transcription was performed using RevertAid (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. TCR sequences
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were amplified using cDNA from sorted T cells by PCR using
Phusion polymerase (New England Biolabs) and following primers:
TRACrev (EcoRI) 5'-TCAGACgaattcTCAACTGGACCACAGCCTCA,
TRAV14for (Xhol) 5 GTAGCTctcgagATGGACAAGATCCTGACA
GCA, TRAV12for (Xhol) 5" GTAGCTctcgagATGCGTCCTGDCACCTG
CTC and ligated into pBlueScript vector using T4 ligase (New
England Biolabs) and sequenced by Sanger sequencing using T7
primer 5 TAATACGACTCACTATAGGG. Selected clones were
cloned into MSCV-GFP vector via EcoRI and Xhol (New England
Biolabs).

Coding sequence of SCF, IL-3 and IL-6 was obtained from
bone marrow ¢cDNA with Phusion polymerase using these primers:
SCFfor 5-TTGGATCCGCCACCATGAAGAAGACACAAACTTGGATT
ATC, SCFrev 5-AACTCGAGTTACACCTCTTGAAATTCTCTCTCTTTC,
IL-3for 5-TTGAATTCGCCACCATGGTTCTTGCCAGCTCTACCACCAG,
IL3rev 5'-AACTCGAGTTAACATTCCACGGTTCCACGGTTAGG, IL-6
for 5-"TTGAATTCGCCACCATGAAGTTCCTCTCTGCAAGAGACTT, IL6
rev 5 AACTCGAGCTAGGTTTGCCGAGTAGATCTCAAAGTG. cDNA
was cloned into pXJ41 expression vector using BamHI or EcoRI and
Xhol restriction sites and sequenced. Cytokines were produced in
HEK293 cells transfected with pXJ41 using polyethylenimine (PEI)
transfection in ratio 2.5 pl PEI to 1 pg DNA). Supernatant was
harvested 3 days after transfection. Titration against commercial
recombinant cytokines of known concentration and their effect on BM
cell proliferation in vitro was used to determine biological activity of
cytokines in supernatant. Dilution of supernatant corresponding to
concentration of 100 ng/ml SCF, 20 ng/ml IL-3 and 10 ng/ml IL-6
was used for cultivation of immortalized bone marrow cells.

Retroviral MSCV and pMYs particles were generated by transfec-
tion of the vectors into Platinum-E cells (Cell Biolabs) by PEI as
described above.

Ex vivo activation assay

For the analysis of IFNy production, T cells (1 x 10°/ml in RPMI/
10% FCS) were stimulated with 10 ng/ml PMA and 1.5 uM iono-
mycin or 1 uM OVA peptide in the presence of BD Golgi Stop for
5 h. For the CD69 and CD25 upregulation assay, dendritic cells dif-
ferentiated from fresh or immortalized bone marrow stem cells
were pulsed with indicated concentration of indicated peptides,
mixed with T cells isolated from LNs in a 1:2 ratio, and analyzed
after ~ 16 h of coculture as described previously (Palmer et al,
2016).

Bone marrow chimeras

Bone marrow cells were isolated from long bones of indicated
mouse strains and lymphocytes were depleted using biotinylated
antibodies to CD3 and CD19 and Dynabeads biotin binder kit
(Thermo Fisher Scientific). In total, 6 x 10° cells (always a 1:1
mixture from two different donor strains) in 200 pl of PBS were
injected into irradiated (300 cGy) Rag?f/’ host mice i.v. The mice
were analyzed 8 weeks after the transfer.

Monoclonal retrogenic T cells

Generation of immortalized bone marrow was described previously
(Rued! et al, 2008). Briefly, VpB5 RagZ’/’ mice were treated with
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100 mg/kg 5-fluorouracil and bone marrow cells were harvested
5 days later. Cells were cultivated in complete IMDM (10% FCS)
supplemented with SCF, IL-3, and IL-6. After 2 days, proliferating
cells were virally transduced with a fusion construct NUP98-
HOXB4 in a retroviral vector pMYs. Viral infections were
performed in the presence of 10 pg/ml polybrene by centrifugation
(90 min, 1,250 g, 30°C). The transduced cells were selected for
2 days in puromycin (1 pg/ml). Selected immortalized cells were
subsequently virally transduced with MSCV vector containing s
TCRo-encoding gene and GFP as a selection marker. Two days
after the transduction, GFP" was FACS-sorted and transplanted
into irradiated (7 Gy) congenic Ly5.1 recipients. At least 8 weeks
after the transplantation, the recipient mice were sacrificed and
donor LN T cells were used for cell fate analysis by flow cytometry
or for adoptive transfers.

In vivo activation and a model for autoimmune diabetes

Indicated numbers of T cells were adoptively transferred into a host
mouse i.v. On a following day, the host mice were immunized with
indicated peptide (50 pg) and LPS (25 pg) in 200 pl of PBS i.p. or
with 5,000 CFU of Lm. Lm strains expressing OVA, Q4R7, and
Q4H7 have been described previously (King et al, 2012; Oberle
et al, 2016). Lm expressing NP68 was produced by adding the
ASNENMDAM epitope to ovalbumin encoding gene and introduced
to Lm as previously described (Zehn et al, 2009). Dendritic cells for
in vivo experiments were generated from full bone marrow isolated
from long bones of 6- to 10-week-old mice. Cells were cultured for
10 days in complete Iscove’s modified Dulbecco’s medium (10%
FCS) conditioned with 2% GM-CSF supernatant (Lutz cells).
Medium was refreshed for new on day 4 and 7. Differentiated DCs
were pulsed with corresponding peptide (10~ M) in the presence
of LPS (100 ng/ml) for 3 h and 1 x 10° antigen-loaded DCs were
used for i.v. immunization. In the experimental model of autoim-
munity, we monitored glucose in the urine of RIP.OVA mice on a
daily basis using test strips (Diabur-Test 5000, Roche or GLUKO-
PHAN, Erba Lachema, Czech Republic). The animal was considered
to suffer from lethal autoimmunity when the concentration of
glucose in the urine reached > 1,000 mg/dl. We also measured
blood glucose by contour blood glucose meter (Bayer) on day 7
post-infection. In the diabetic experiments, mice that died before
the end of the monitored period (14 days) and before they reached
1,000 mg/dl glucose levels in the urine were excluded. Only one
mouse in total was excluded based on this pre-established
criterium.

Generation of true memory T cells

True memory T cells were generated by infecting VB5 mice
with 5,000 CFU of Lm-OVA. After 60-90 days (for RNAseq) or
30-50 days (for FACS staining), CD8" Kb-OVA tetramer™
CD49d" CD44* CD62L" from LNs and the spleen were sorted
(or gated). TM OT-I T cells were generated by adoptive transfer
of 1x10° T cells from OT-I Rag2~/~ mouse into Ly5.1 recipient
and subsequent infection with 5,000 CFU of Lm-OVA. At least
30 days after infection, CD8™ Ly5.2" cells from LNs and the
spleen were sorted and adoptively transferred into recipient
mice.
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Listeria clearance

FACS-sorted 1 x 10% naive CDSWT OT-I, CD8.4 OT-I (VM), sorted
true memory OT-I T cells, or no T cells were adoptively transferred
into Ly5.1 C57Bl/6j mice followed by infection with 5,000 CFU Lm-
Q4H?7. The recipient mice were sacrificed on day 3 and 5 post-infec-
tion, and the spleen was homogenized and lysed in PBS with 0.1%
Tergitol (Sigma-Aldrich). 1/20 of splenic lysate was plated onto
brain-heart infusion agar (BHI, Sigma-Aldrich) plates with 200 pg/
ml streptomycin and incubated at 37°C. The resulting number of
colonies was quantified the following day.

Statistics

Statistical analysis was carried out using Prism (V5.04, GraphPad
Software) or MS Excel. The statistical tests are indicated for each
experiment. Whenever possible, we used nonparametric statistical
tests. In one case, we use one-value t-test after the data passed
Shapiro-Wilk normality test. In the ex vivo activation assays, we
used paired Student’s t-test (pairs = individual experiments). In this
case, we tested the normality of differences using Shapiro-Wilk test,
using pooled differences from two highest concentrations of
peptides for each condition (because of too few data points for each
peptide concentration). For comparing the abundance of individual
TCR clones in different subsets, we use paired t-test as a post-test
after using global chi-square test. Because of the very low n = 3, we
could not test the normality of differences. All statistical tests were
two-tailed.

Data availability

The data RNAseq data are deposited in the GEO database
(GSE90522).

Expanded View for this article is available online.
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Figure EV1. Analysis of CDBWT and CD8.4 monoclonal T cells, related to Fig 1.

@ >

CD8WT F5 and CD8.4 F5 T cells primed by Lm-NP68 (Fig 1D) were

Expression of indicated surface markers on CD8WT F5 and CD8.4 F5 LN T cell was analyzed by flow cytometry. A representative experiment out of four in total.

examined by flow cytometry. Absolute numbers of KLRG1* IL-7R™ short-lived effector cells and

KLRG1™ IL-7R* memory precursors were determined. Mean = SEM. n = 4 mice per group from two independent experiments. Statistical significance was determined

by two-tailed t-test. The data do not seem to be strongly deviated
could not test the normality/equal variance rigorously.

o

experiment out of 10 in total.

o

experiment out of three in total.

m

EV1l The EMBO Journal ~ e98518 | 2018

from the normal distribution and seem to have equal variance. However, because of the low n, we

Expression of indicated markers on CD8WT OT-I and CD8.4 OT-I LN T cell and their size estimated by FSC signal was analyzed by flow cytometry. A representative
Expression of CD5 on CD44~ (naive) and CD44" (memory subsets) of CD8WT OT-I and CD8.4 OT-I LN T cells was analyzed by flow cytometry. A representative

Expression of CD5 on T cells isolated from LN of indicated mouse strains by flow cytometry. A representative experiment out of two in total.
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Figure EV2. Analysis of CD8WT and CD8.4 polyclonal T cells, related to Fig 2.

A LN cells isolated from polyclonal CD8WT and CD8.4 mice were stimulated with 10 ng/ml PMA and 1.5 pM ionomycin or left untreated for 5 h in the presence of BD
Golgi Stop and the percentage of IFNy-producing cells was determined by flow cytometry. The cells were gated as CD8* and further divided into CD44* and CD44~

populations. Mean + SEM. n = 4 independent experiments.

B Quantification of the frequency of CD122"' CD49d~ VM and CD122'°"Y CD49" true memory cells among CD8* CD44* CD62L* CM T cells isolated from LN is shown.

Mean, n = 9-15 mice per group from four independent experiments. Statistical significance was determined using two-tailed Mann-Whitney test.
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Figure EV3. Differences in TCR repertoires between naive and VM T cells, related to Fig 3.

A
B, C

EV3

Alternative gating strategy for the same samples as shown in Fig 3B-D (T cells from VB5 mice). A representative experiment out of eight in total.

The expression of CD5 on CD8* K®-OVA-4mer* CD8" Va2" or Va8.3* cells or total CD8" K®-OVA-4mer* isolated from LN and the spleen was determined by flow
cytometry. Relative MFI CD5 levels were quantified (CDS levels on CD8* K®-OVA-4mer* V83" were arbitrarily set as 1). Mean + SD, n = 3 independent experiments.
Statistical significance was determined using two-tailed one-value t-test.

TCRo sequences from Fig 3F were analyzed for TRAJ usage. Means + SEM. n = 4 independent experiments. Statistical significance was determined by chi-square
test.

Schematic representation of the generation and analysis of retrogenic monoclonal T-cell subsets.

Frequency of VM T cells among monoclonal populations expressing TCR clones V14-C2, V14-C7, and OT-I generated as in Fig 3G.

CD5 levels on naive monoclonal T cells expressing V14-C2, V14-C7, and OT-I. Representative mice out of 9-14 in total from two to four independent experiments.
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Figure EV4. Gene expression analysis of naive, VM, and TM T cells, related to Fig 4.

Transcriptomes of naive (n = 4), VM (n = 4), and TM (n = 3) CD8" T cells were analyzed by deep RNA sequencing.
A Correlation of the gene expression between individual samples.

B PCA analysis between the samples.

C-F Enrichment of CD8" naive signature genes (as revealed by previous studies) (C), cytokine encoding genes (D), chemokine receptor encoding genes (E), and cytokine
receptor encoding genes (F) in naive, VM, and true CM T cells.
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Figure EV5.
A

Functional characterization of naive, VM, and TM T cells, related to Fig 5.
Indicated number of CD8WT OT-I or CD8.4 OT-I T cells were adoptively transferred into RIP-OVA hosts, which were infected with Lm-OVA or -Q4H7 1 day later. Blood

glucose was measured 7 days after the infection. n = 5-11 mice per group in 3-6 independent experiments. These are the same experiments as in Fig 5A. Mean is

indicated.

@

FACS-sorted 1 x 10* naive CD8WT OT-I, CD8.4 OT-I (VM), sorted true memory OT-I T cells or no T cells were adoptively transferred into Ly5.1 C57BI/6 mice followed

by infection with 5000 CFU Lm-Q4H?7. Total Lm-Q4H7 CFU counts in the spleen were quantified on day 3 and day 5 post-infection. n = 6 mice in two independent

experiments.

o

Quantification of the experiment shown in Fig SE and F. Percentage of donor OT-I and CD8.4 OT-I T cells among all CD8" T cells is shown. Percentage of short-lived

effector cells (IL-7R~ KLRG1*), memory precursors (IL-7R* KLRG1 ™), and double-positive cells IL-7R* KLRG1* among the donor cells are shown. Statistical significance
was calculated using Mann-Whitney test. n = 7 (CD8.4 OT-I + Lm-OVA) or 9 (the other three experimental conditions) in four independent experiments.

o

Indicated number of CD8.4 OT-I or true memory OT-I T cells were adoptively transferred into RIP-OVA hosts, which were infected with Lm-Q4H7 1 day later. The

glucose in the blood was measured on day 7 post-infection. Statistical significance was calculated using Mann-Whitney test n = 11 (1 x 10 transferred cells) or 13
(2 x 10* transferred cells) mice per group in four independent experiments. These are the same experiments as in Fig 5H.

m

OT-1 or CD8.4 OT-I was cocultured with bone marrow dendritic cells that were pre-loaded or not with 10 pM putative endogenous positive selecting peptides for OT-

I T cells (Mapk8, AGYSFEKL; Cantb, RTYTYEKL) or with 0.1 uM OVA peptide. Blocking of the MHCI by adding anti-H2-K® antibody (clone Y3, 10 pg/ml) was used as a
negative control. Percentage of CD69" T cells in the overnight stimulation was quantified by flow cytometry. Mean + SEM. n = 2 (MHC-I blocking) or 3 (all the other

experimental conditions) independent experiments.

-

CellTrace violet-loaded OT-I or CD8.4 OT-I T cells were adoptively transferred into Ly5.1 C57BI/6 donors followed by infection with Lm-OVA (1 x 10* transferred cells),

Lm-Catnb, or empty Lm (both 1 x 10° transferred cells) 1 day later. Expression of activation marker CD25 and dilution of the proliferation dye in donor cells was
examined on day 5 post-infection. Representative mice out of seven in total from three independent experiments are shown. The cells from the Lm-OVA infected mice

are the same as used for the analysis in Fig 5G.
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CD4 and CD8 mark helper and cytotoxic T cell lineages, respectively, and serve as cor-
eceptors for MHC-restricted TCR recognition. How coreceptor expression is matched with
TCR specificity is central to understanding CD4/CD8 lineage choice, but visualising cor-
eceptor gene activity in individual selection intermediates has been technically challenging. It
therefore remains unclear whether the sequence of coreceptor gene expression in selection
intermediates follows a stereotypic pattern, or is responsive to signaling. Here we use single
cell RNA sequencing (scRNA-seq) to classify mouse thymocyte selection intermediates by
coreceptor gene expression. In the unperturbed thymus, Cd4+Cd8a™ selection intermediates
appear before Cd4-Cd8a™ selection intermediates, but the timing of these subsets is flexible
according to the strength of TCR signals. Our data show that selection intermediates dis-
criminate MHC class prior to the loss of coreceptor expression and suggest a model where
signal strength informs the timing of coreceptor gene activity and ultimately CD4/CD8
lineage choice.
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principal T cell lineages in the mammalian immune sys-

tem. Although distinct in phenotype and function, CD4
and CD8 T cells arise in the thymus from bi-potential, CD4*
CD8* double-positive (DP) progenitors. CD4/CD8 lineage choice
is critical for the generation and selection of the T cell receptor
(TCR) repertoire, and represents one of the most intensely stu-
died and enigmatic examples of a binary lineage decision. TCR
rearrangement is fundamentally stochastic, and the functional
properties of the newly generated TCR repertoire are established
empirically during positive and negative selection. CD4 and CD8
act as coreceptors for TCR recognition restricted by major his-
tocompatibility complex (MHC) class II or class I, respectively.
Competing models have been proposed for how coreceptor
expression is matched with TCR specificity, and differ with
respect to the mode of lineage branching and the role of TCR
signal strength in MHC class discrimination. One class of models
envisage symmetric branching of the CD4 and CD8 lineages
where lineage choice is either instructive! or stochastic?3. Alter-
natively, kinetic signalling models posit that CD4/CD4 lineage
choice occurs in a series of sequential steps whereby TCR-
signalled thymocytes initially downregulate Cd8 to audition
for the CD4 lineage, and switch coreceptor expression from
Cd4+Cd8~ to Cd4~Cd8" only if they experience a loss of CD8-
dependent TCR signalling®-8. MHC class discrimination by signal
strength is critical in instructive models!, but entirely dispensable
in stochastic/selective models of CD4/CD$ lineage choice?>.
Proposals of CD4/CD8 lineage choice driven by signal strength
and duration®~14 have been largely superseded by the idea that
MHC class discrimination is based solely on signal continuity
during sequential expression of coreceptors®67-15:16,

Lineage commitment occurs at the level of individual pro-
genitor cells, and is therefore inherently difficult to study at the
population level. The expression of Cd4 and Cd8 coreceptor
genes by individual selection intermediates is central to under-
standing CD4/CDS8 lineage choice, but has never been observed
directly. Previous single-cell RNA-seq studies of the thymus
have largely ignored cells in transition from bipotential pro-
genitors to the CD4 SP or the CD8 SP stages!’~!%, in part
because such selection intermediates are rare and make up only
a few percent of cells in the thymus. High throughput scRNA-
seq approaches may profile gene expression by large numbers of
cells lack often the depth required to unambiguously assign Cd4
and/or Cd8 expression to individual selection intermediates,
while scRNA-seq approaches that deliver sufficient depth have
limited throughput.

Here we address this challenge by prospective isolation of
selection intermediates combined with scRNA-seq of full length
transcripts. This approach provides a direct view of Cd4 and
Cd8a coreceptor gene activity in individual selection inter-
mediates within a framework of maturation, activation and
lineage specification during CD4/CD8 lineage choice. The
resulting data are broadly in line with models of sequential
lineage determination by kinetic signalling, albeit with sub-
stantial refinements and modifications. In the unperturbed
thymus, the order of coreceptor gene expression states is Cd4*
Cd8at followed by Cd4t Cd8a~ and later by Cd4~ Cd8a™,
providing direct support for sequential coreceptor gene expres-
sion during CD4/CD8 lineage choice. Interestingly, however,
perturbation experiments reveal that selection intermediates
discriminate between MHC classes prior to the loss of Cd4 or
Cd8 coreceptor expression, and accelerate their transition to the
Cd4—Cd8a™ state in response to weaker TCR signals in the
absence of MHC class II. These findings suggest a model that
links signal strength and the timing of coreceptor gene
expression.

C D4 helper T cells and CD8 cytotoxic T cells are the two

2 RE IMUNI

Results

scRNA-seq of CD4 CDS8 lineage choice and differentiation. We
performed scRNA-seq of normal thymocytes from unmanipu-
lated adult mice at steady-state. To address patterns of coreceptor
gene activity and associated gene expression programs, we opted
for deep sequencing of full-length transcripts by SMART-seq.
This approach identifies thousands of transcripts per cell at suf-
ficient depth to reliably call coreceptor expression by individual
selection intermediates (see below). To capture sufficient num-
bers of selection intermediates, we isolated single cells repre-
senting thymocytes before (CD69~ DP), during (CD69" DP,
TCRPM DP, CD4* CD8!W), and after lineage choice and differ-
entiation (CD4 SP, TCRBM CD8 SP) from wild-type C57BL/6
mice (Supplementary Fig. 1). Full-length single-cell RNA-seq
libraries were prepared and sequenced, identifying thousands of
transcripts per cell (Supplementary Table 1, see Methods). We
identified highly variable genes (Supplementary Data 1) and
removed Cd4, Cd8a/bl for later use in the classification of
selection intermediates (see below). Principal component analysis
(PCA) showed that PC1, PC2 and PC3 accounted for 44.66%,
21.60% and 13.79% of differential gene expression among the first
five PCs (Fig. 1a). The first principal component, PCI, positioned
sorted thymocyte subsets in order of maturity: pre-selection
thymocytes (CD69~ DP, red) on the left, CD4 SP (green) and
CD8 SP (blue) on the right. Selection intermediates (CD69+ DP,
orange, TCRM DP, grey, and CD4* CD8low, yellow) were in the
centre of PC1 (Fig. la). The observed patterns were highly
reproducible between replicates (Supplementary Fig. 2).

scRNA-seq captures maturation, activation and lineage iden-
tity as the first three principal components of CD4/CD8 line-
age choice and differentiation. To validate the approach, we
examined differentially expressed genes with well-defined
expression patterns during CD4/CD8 lineage choice and differ-
entiation (Supplementary Fig. 3a and Supplementary Data 2).
Ragl and Dntt are active in pre-selection DPs where they con-
tribute to the somatic rearrangement of the Tcra/d locus. scRNA-
seq found highly correlated Ragl and Dntt expression in indivi-
dual cells (R=0.75, P<2.2e—16; Supplementary Fig. 3b). The
expression of genes that are highly active in pre-selection DP
thymocytes (e.g. Ragl, Dntt, Cd24a) progressively decreased
along PC1 (Fig. 1b). The expression of genes associated with
thymocyte maturation such as Ccr7, II7r B2m and the MHC class
I genes H2-DI and H2-KI progressively increased along PCl
(Fig. 1c). Ragl and Dntt are silenced by TCR signals, and their
expression is superseded by activation markers such as Cd69.
Ragl and Cd69 were anti-correlated in individual cells by scRNA-
seq (R= —0.27, P = 1.7e—09, Supplementary Fig. 3c). Maturation
markers such as Ccr7 and II7r were positively correlated in
individual cells (R =0.38, P <2.2e—16, Supplementary Fig. 3d).
Genes that showed non-linear behaviour during thymocyte dif-
ferentiation featured strongly in the second principal component,
PC2, which reflects the transient induction and repression of
genes by TCR signalling such as Cd69, Cd5, Tox, Cd28 and Itm2a
(Fig. 1c). Cd4 and Cd8a were co-expressed in pre-selection DP
but mutually exclusive in CD4 and CD8 SP (Supplementary
Fig. 3e). Cd4, Cd8a and other markers of the CD4 and CD8
lineages segregated in the third principal component PC3, which
showed a branched trajectory from the pre-selection DP stage
(CD69~ DP) through intermediate CD69" DP and CD4*
CD8loW stages towards CD4 and CDS$ single-positive populations
(Fig. 1d). Although maturation, activation and lineage identity are
recognised as central components of lineage choice and differ-
entiation in the thymus, our analysis quantifies the relative con-
tribution of each (maturation, activation and lineage identity) to
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were transiently up- or downregulated between the CD69~ DP
stage and the CD4 and CD8 SP stages of differentiation (P < 0.05,

n=>524), and CD4 and CD8 lineage genes as genes that were

we identified
ion and CD4/
seq for use as
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differentially expressed between CD69~
CD8SP (P<0.05, n=2344; Supplementary Data 3). We then
calculated the enrichment of activation genes and lineage genes.
PC1 was not enriched for activation (P = 0.327, Fisher Exact test,
top 1000 highly correlated genes with PC1) and moderately

CD4SP and TCRh
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Fig. 1 scRNA-seq capt i i and lineage identity as principal components of CD4/CD8 lineage choice and differentiation.

a Highly variable genes in the scRNA-seq data were identified and principal component analysis (PCA) was performed, excluding Cd4, Cd8a and Cd8b1. PC1
versus PC2 (left) and PC1 versus PC3 (right) are shown, and the percentage of variance explained by each PC is indicated as a percentage of the first five
PCs. PC4 and PC5 explained 11.45% and 8.50% of variance within the first five PCs and 5.82% and 4.32% of total variance, respectively. Sorted subsets
are coloured as indicated in the key. Cell numbers are shown in Supplementary Table 2. Source data are provided as a Source Data file. b PC1 reflects
progressive thymocyte maturation. A two-colour dot plot projected onto a map of PC1 versus PC2 shows expression of Ragi(red), which was confined to
pre-selection thymocytes, and Ccr7, which was acquired during maturation. A heat map of key thymocyte maturation genes (right) shows how markers of
immature thymocytes are progressively lost along PC1 and markers of mature thymocytes are progressively gained along PC1. Source data are provided as
a Source Data file. € PC2 reflects transient thymocyte activation. Expression of the activation marker Cd69 (green) projected onto a map of PC1 versus PC2.
Heat maps of key thymocyte activation genes (right) show how markers of thymocyte activation are progressively gained along PC2. The same markers
show non-linear behaviour along PC1, as they are first gained and then lost during thymocyte maturation. Source data are provided as a Source Data file.
d PC3 reflects CD4/CD8 lineage identity. Expression of Cd4 (red) and Cd8a (green), as a two-colour dot plot projected onto a map of PC1 versus PC3. A
heat map of CD4- and CD8 lineage-specific genes (right) shows how PC3 segregates markers of the CD4 and CD8 lineages. Source data are provided as a
Source Data file.
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Fig. 2 scRNA-seq reliably detects the coreceptor transcripts Cd4 and Cd8a. a scRNA-seq detection frequencies of Cd4 (red) and Cd8a (orange) in sorted
CD69~ DP, CD4 SP and CD8 SP wild-type thymocytes. Bars of the same colour represent independent biological replicates. Cell numbers are listed in
Supplementary Table 2. Source data are provided as a Source Data file. b Representation of Cd4+Cd8a*, Cd4+Cd8a~ and Cd4~Cd8a™* coreceptor gene
expression patterns in by CD69~ DP, CD69+DP, TCR" DP, CD4TCD8!°W, CD4 SP and CD8 SP wild-type thymocytes. ¢ Cells (columns) are grouped by
developmental stage (pre-selection, selection intermediates and post-selection) and cell surface phenotype. CD69~ DP represent pre-selection
thymocytes, pooled CD69+DP, TCRBN DP and CD4+CD8!o" represent selection intermediates, CD4 SP, TCRB" CD8 SP represent post-selection
thymocytes. Selection intermediates are classified into Cd4+Cd8at, Cd4+Cd8a— and Cd4—Cd8a* based on scRNA-seq detection of Cd4 and Cd8a. The data
shown are for replicate 2. See Supplementary Table 7 for cell numbers.

enriched for CD4/CD8 lineage (P = 3.00e—06, Fisher Exact test,
top 1000 highly correlated genes with PC1). PC2 was strongly
enriched for activation (P = 2.22e—12, Fisher Exact test, top 1000
highly correlated genes with PC2), and only weakly for CD4/CD8
lineage (P = 0.0021, Fisher Exact test, top 1000 highly correlated
genes with PC3). Finally, PC3 was strongly enriched for CD4/
CD8 lineage (P=1.15e—9, Fisher Exact test, top 1000 highly
correlated genes with PC3), and only weakly for activation (P =
0.0055, Fisher Exact test, top 1000 highly correlated genes with
PC3). This analysis validated that PC2 and PC3 reflect activation,
and CD4/CD8 lineage identity, respectively.

Classification of selection intermediates by Cd4 and Cd8a
coreceptor gene expression. We next examined the ability of
scRNA-seq to reliably detect coreceptor transcripts in pre- and
post-selection thymocytes. scRNA-seq found expression of both
Cd4 and Cd8a (Cd4 and Cd8a) in 93.5% (93.5% Cd4+ Cd8at,
replicate 1) and 98.8% (98.8% Cd4t Cd8a*t, replicate 2) of
individual pre-selection DP thymocytes. scRNA-seq detected Cd4
but not Cd8a in 98.6% (98.6% Cd4+ Cd8a—, replicate 1) and
96.2% (96.2% Cd4+ Cd8a~, replicate 2) of CD4 SP and Cd8a but
not Cd4 in 92.1% of CD8 SP (92.1% Cd4~ Cd8a™, replicates 1
and 2, Fig. 2a). These data indicate that scRNA-seq detects
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appropriate constellations of coreceptor transcripts in the vast
majority of pre- and post-selection thymocytes, and can therefore
be used to classify selection intermediates into Cd4* Cd8a*,
Cd4+ Cd8a—, and Cd4~ Cd8a™ (Fig. 2b). This allowed us to
identify transcriptional programs of individual selection inter-
mediates of defined coreceptor status (Fig. 2¢, see Supplementary
Data 4 for an analysis of differential gene expression between
selection intermediates classified by coreceptor status and Sup-
plementary Fig. 4 for a heatmap of gene expression by individual
selection intermediates in MHC class 1=/~ thymus).

Expression of TCR and cytokine signalling genes by selection
intermediates of defined coreceptor expression status. Kinetic
signalling models predict that selection intermediates that ter-
minate Cd8 expression react to a loss of CD8-dependent TCR
signalling by increased responsiveness to cytokines, which results
in the expression of Runx3 and the reversal of coreceptor gene
expression?. In contrast to models where the differentiation of
selection intermediates towards the CD8 lineage following CD4 to
CD8 coreceptor reversal is exclusively driven by cytokine sig-
nals?0, the expression of TCR-driven activation genes such as
Cd69, Egrl, Nrdal and Itm2a was significantly higher in Cd4*
Cd8at, Cd4+ Cd8a— and Cd4~ Cd8at selection intermediates
than in pre-selection DP (Fig. 3a). Cd4~Cd8a™ selection inter-
mediates expressed slightly less Cd69, Egrl and Itm2a, (but not
Nr4al) than Cd4tCd8a~ selection intermediates, but differences
in TCR signalling gene expression between subsets of selection
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intermediates were minor compared to the highly significant
changes from pre-selection DP to selection intermediates
(Fig. 3a). IPA pathway analysis indicated significant activation of
pathways downstream of the TCR and of CD3 in both Cd4*
Cd8a~ and Cd4~Cd8a™ selection intermediates (Fig. 3b, left),
again with minor differences between Cd4- andCd8a-defined
subsets of selection intermediates (Fig. 3b, right). Together, these
data indicate active TCR signalling in both Cd4* Cd8a~ and
Cd4~ Cd8a selection intermediates.

Expression of the II7r gene was significantly elevated in Cd4*
Cd8at, Cd4T Cd8a— and Cd4~ Cd8at selection intermediates
compared to pre-selection DP (Supplementary Fig. 5a). Con-
versely, expression of Socs1, the gene encoding the suppressor of
cytokine signalling SOCS1, was significantly reduced in Cd4+
Cd8a~ and Cd4~ Cd8at selection intermediates compared to
pre-selection DP (Supplementary Fig. 5a). The expression of
Gimap genes, which are targets of IL7R signalling, was also
significantly elevated in Cd4™ Cd8a™, Cd4* Cd8a~ and Cd4~
Cd8a™t selection intermediates compared to pre-selection DP
(Supplementary Fig. 5a). Members of the JAK and STAT families
and a range of cytokines showed evidence for activation
(Supplementary Fig. 5b), and so did TGFB/SMAD and IFNy,
which are among the cytokines that can support the differentia-
tion and/or survival of CD$ lineage thymocytes?? (Supplementary
Fig. 5b). Significant activation scores downstream of STATs and
IFNy in Cd4~ Cd8a™ selection intermediates and of JAKs, TGFp/
SMAD and other cytokines in both Cd4* Cd8a~ and Cd4~
Cd8a™ subsets suggest that cytokine signalling pathway activity is
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Fig. 3 Expression of TCR signalling genes by selection intermediates of defined coreceptor gene expression status. a Expression of TCR activation
genes Cd69, Egrl, Nr4al and Itm2a by selection intermediates of the indicated coreceptor status. Means and standard errors are shown. P-values are

derived by two-sided Wilcoxon rank-sum test. Cell numbers are listed in Sup

plementary Tables 2 and 3. Source data are provided as a Source Data file.

b IPA analysis of pathway activity downstream of the TCR and of CD3. Activation z-scores above 2 and below —2 are considered significant. Selection

intermediates versus CD69~ DP is shown on the left. Where available, comp
Source data are provided as a Source Data file.
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Fig. 4 Lineage-specific expression of Zbtb7b but not Runx3. a Differential expression of transcriptional regulators in Cd4+Cd8a*t (left), Cd4+Cd8a—
(middle) and Cd4~Cd8a" selection intermediates (right) compared to CD69~ DP. Shown are log2 fold-changes and adjusted P-values (two-sided
Wilcoxon rank-sum test). Zbtb7b and Runx3 are highlighted. Source data are provided as a Source Data file. b Differential expression of transcriptional
regulators in Cd4+Cd8a~ versus Cd4—Cd8at selection intermediates. Shown are log2 fold-changes and nominal P-values (two-sided Wilcoxon rank-sum
test). Zbtb7b and Runx3 are highlighted. Source data are provided as a Source Data file. € The frequency of Zbtb7b (left) and Runx3 expression (right) in the
indicated thymocyte subsets is shown for wild-type replicate 2. Black: ‘lineage-appropriate’ expression. Red: ‘lineage-inappropriate’ expression. Source data
are provided as a Source Data file. d The expression of Zbtb7b by selection intermediates of the indicated coreceptor gene expression status for different
PC1 ranges in wild type (left) and MHC class 11/~ thymus (right). Source data are provided as a Source Data file.

not restricted to Cd4~ Cd8a' selection intermediates, and
therefore not strictly linked to coreceptor reversal2!-23,

Lineage-specific expression of Zbtb7b but not Runx3. The
transcription factors Zbtb7b and Runx3 are central to CD4 and
CDS8 lineage specification, respectively?4-27. In wild-type selection
intermediates, Zbtb7b was significantly upregulated in the Cd4+
Cd8a~ subset, while Runx3 was significantly upregulated in the
Cd4~ Cd8a*t subset of selection intermediates (Fig. 4a).
Accordingly, Zbtb7b and Runx3 were differentially expressed

6 RE COMMUNI

between Cd4+ Cd8a~ versus Cd4~ Cd8a selection intermediates
(Fig. 5b). Zbtb7b was expressed in Cd4" Cd8at and Cd4* Cd8a~
selection intermediates and CD4 SP thymocytes (Fig. 4c, d), but
was completely absent from pre-selection DP, Cd4~ Cd8a*t
selection intermediates, and CD8 SP thymocytes (Fig. 4c). Zbtb7b
was almost completely absent from selection intermediates in
MHC class II-deficient thymi (Fig. 4d), indicating that MHC class
IT was required for the expression of Zbtb7b by selection inter-
mediates?8. Hence, Zbtb7b expression was restricted to the CD4
lineage, and its induction required MHC class II, consistent with

| (2021)12:99 | https://doi.org/10.1038/541467-020-20306-w | www.nature.com/naturecommunications
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its role as a CD4 lineage-specifying transcription factor42528, In
contrast, Runx3 transcripts were detected not only in CD8 lineage
cells, but also in CD4 SP, Cd4* Cd8at and Cd4t Cd8a— selection
intermediates (Fig. 4c). These Runx3 transcripts originated pre-
dominantly from the distal Runx3 promoter. Runx3 expression in
CD4 lineage cells (CD4 SP and Cd4* Cd8a~ selection inter-
mediates) was significantly more frequent (63/419) than Zbtb7b

expression in CD8 lineage cells (0/245 CD8 SP and Cd4~ Cd8a™
selection intermediates, P = 4.58e—14, two-sided Fisher’s Exact
test for count data). According to kinetic signalling models, the
expression of Runx3 is linked to coreceptor reversal from Cd4+
Cd8a~ to Cd4~ Cd8a* and to CD8 lineage differentiation. The
presence of Runx3 in Cd4t Cd8a™ and Cd4" Cd8a~ selection
intermediates and CD4 SP thymocytes indicates that Runx3
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Fig. 5 CD4 and CD8 lineage characteristics are established at different times during CD4/CDS8 lineage choice and differentiation. a Expression of Cd4,
Zbtb7b and Cd40Ig by selection intermediates of the indicated coreceptor status. Means and standard errors are shown. P-values are derived by two-sided
Wilcoxon rank-sum test. Cell numbers are listed in Supplementary Tables 2 and 3. Source data are provided as a Source Data file. b Expression of Cd8a,
Runx3 and Nkg7 by selection intermediates of the indicated coreceptor status. Means and standard errors are shown. P-values are derived by two-sided
Wilcoxon rank-sum test. Cell numbers are listed in Supplementary Tables 2 and 3. Source data are provided as a Source Data file. ¢ Co-expression of the
activation marker Itm2a with the CD4 lineage marker Zbtb7b and of Cd40lg (R = 0.30, P=3.2e—11 and R= 0.40, P< 2.2e—16, respectively). See
Supplementary Fig. 6a for a depiction of the positive correlation between Itm2a and the CD4 lineage markers Zbtb7b and Cd40lg. Source data are provided
as a Source Data file. d Lack of co-expression of the activation marker [tm2a with the CD8 lineage markers Nkg7 and Itgae (R = —0.27, P=2.4e—09 and
R=-0.28, P=4.2e—10, respectively). See Supplementary Fig. 6b for a depiction of the negative correlation between Itm2a and the CD8 lineage markers
Nkg7 and Itgae. Source data are provided as a Source Data file. @ Mean expression of Cd40lg, involved in T cell help, and the cytotoxic T cell marker Prfl in
selection intermediates with distinct coreceptor gene expression. Means and standard errors are shown. P-values are derived by two-sided Wilcoxon rank-
sum test. Cell numbers are listed in Supplementary Tables 2 and 3. Source data are provided as a Source Data file. f Mean expression of H2-K7 and B2m in
selection intermediates with distinct coreceptor gene expression. Means and standard errors are shown. P-values are derived by two-sided Wilcoxon rank-
sum test. Cell numbers are listed in Supplementary Tables 2 and 3. Source data are provided as a Source Data file.

expression is not strictly lineage-specific, and that the induction
of Runx3 is not linked to coreceptor reversal.

CD4 and CDS8 lineage characteristics are established at differ-
ent times during CD4/CDS8 lineage choice and differentiation.
Gene expression in Cd4T Cd8a~— and Cd4~ Cd8a™t subsets of
selection intermediates showed a modest (R=0.17) but highly
significant correlation with CD4 SP and CD8 SP populations,
respectively (Supplementary Table 4) with overall coherence in
the direction of regulation (P <2.2e—16, Asymptotic Linear-by-
Linear Association Test). Cd4t Cd8a— selection intermediates
showed higher expression of the CD4 lineage marker Zbtb7b and
of Cd40lg than Cd4~ Cd8a™ selection intermediates (Fig. 5a). By
contrast, Cd4~ Cd8a™t selection intermediates showed higher
expression of Runx3 and the CD8 lineage marker Nkg7 (Fig. 5b).
These data indicate that Cd4t Cd8a~ selection intermediates
have features of CD4 lineage cells, and Cd4~ Cd8a™ selection
intermediates have features of CD8 lineage cells.

To address the temporal relationship between thymocyte
activation and lineage specification, we examined the dynamics
of CD4 and CD8 lineage marker gene expression at the single-cell
level. We found that the CD4 lineage marker Zbtb7 and also
Cd40lg were frequently expressed alongside activation markers, as
illustrated by Itm2a (Fig. 5c). The expression of Zbtb7b and
Cd40lg was positively correlated with Itm2a (Fig. 5c and
Supplementary Fig. 6a). In contrast, CD8 lineage markers such
as Nkg7 and Itgae were upregulated largely after the expression of
Itm2a had subsided, and the expression of Nkg7 and Itgae was
negatively correlated with Itm2a (Fig. 5d and Supplementary
Fig. 6b). Cd40lg (CD154) is a mediator of T cell help?’, and
acquired by Cd4TCd8a~ selection intermediates (Fig. 5e).
Granzyme B (Gzmb) and perforin (Prfl) mediate cytotoxic T
cell functions. While Gzmb expression is acquired by CD8 T cells
post-thymically, Prfl expression was largely restricted to CD8 SP
(Fig. 5e). The same was seen for Itgae (CD103), which forms a
heterodimer that interacts with E-cadherin and facilitates
cytotoxic functions®*3!. Hence, the CD4 lineage characteristics
examined here were acquired concomitantly with activation
during CD4/CD8 lineage choice and differentiation, whereas CD8
lineage characteristics were acquired largely subsequent to
activation. To ask how patterns of coreceptor expression relate
to maturation state, we compared the expression of H2-KI and
B2m between Cd4t Cd8a~ and Cd4~ Cd8a™ selection inter-
mediates. H2-KI and B2m were more highly expressed in Cd4~
Cd8a™ than in Cd4t Cd8at or Cd4™ Cd8a~ selection
intermediates (Fig. 5f), suggesting that Cd4~ Cd8a™ selection
intermediates are more mature than the Cd4t Cd8a™ or Cd4+
Cd8a~ subsets.

Waves of coreceptor gene expression during CD4/CD8 lineage
choice and differentiation. To address the order and the timing
of coreceptor gene activity patterns during CD4/CD8 lineage
choice and differentiation, we projected the expression of Cd4
and Cd8a onto the principal components PCl versus PC2
(Fig. 6a), and PC1 versus PC3 (Fig. 6b). Visual inspection sug-
gested that Cd4™ Cd8a~ cells appear before Cd4~ Cd8a™t cells
along the maturation axis PCI1. This was supported by average
Euclidian distances between subsets of selection intermediates
and SP thymocytes (PC1 and PC3: Cd4" Cd8a~ selection inter-
mediates: 6.08 to CD4 SP, 6.93 to CD8 SP; Cd4— Cd8a™ selection
intermediates: 5.43 to CD4 and CD8 SP). To formally evaluate the
order of Cd4+Cd8at, Cd4tCd8a— and Cd4—Cd8at selection
intermediates, we plotted their frequencies and compared their
position along the PCI trajectory with that of pre-selection DP
(CD69~ DP), CD4 SP and CD8 SP thymocytes (Fig. 6¢c). We
found that early peaks of Cd4+ Cd8a* and Cd4+ Cd8a~ selection
intermediates were followed by a later peak of Cd4~ Cd8a*t
selection intermediates (Fig. 6d, P=135e—14, one-sided
Kolmogorov-Smirnov test, Supplementary Fig. 7).

As a complementary approach to gauge the order of coreceptor
activity patterns, we examined trajectories identified by the
Slingshot algorithm32 (Fig. 6e, left). Quantification of selection
intermediates along pseudotime (Fig. 6e, middle) supported
the conclusion that Cd4*Cd8a~ selection intermediates precede
Cd4—Cd8a™* selection intermediates (Fig. 6e, right, P = 1.18e—08,
one-sided Kolmogorov-Smirnov test).

If this order reflects an inherent program of coreceptor gene
expression in TCR-signalled thymocytes with fixed timing, the
same sequence of events would ensue even in a setting where all
TCR signals are triggered by engagement of MHC class I
Selection intermediates in MHC class II-deficient thymi provide a
simple test for this prediction. We therefore repeated the analysis
described above with thymocytes from MHC class II-deficient
mice. Unexpectedly, we found that Cd4+tCd8~ and Cd4~Cds*
selection intermediates arose simultaneously along PC1 when
TCR ligand availability was restricted to MHC class I (Fig. 6f, P =
0.79, one-sided Kolmogorov-Smirnov test). This conclusion was
corroborated by trajectory analysis (Fig. 6g, P = 0.77, one-sided
Kolmogorov-Smirnov test). These data suggest that the CD4 and
CD8 lineages arise sequentially, but that the timing of this
sequence is not hardwired.

MHC class discrimination by selection intermediates. Given
that the timing of coreceptor gene expression patterns was
determined by the availability of MHC class II, we next analysed
the expression of TCR activation genes as a proxy for TCR sig-
nalling in wild-type and MHC class II-deficient selection inter-
mediates. MHC class 11/~ Cd4+Cd8a™ selection intermediates
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showed significantly lower expression of Cd69, Cd5 and other
TCR activation genes than wild-type Cd47Cd8a*t selection
intermediates (Fig. 7a and Supplementary Fig. 8). The expression
of the inducible transcription factors Nr4al, Egrl and Nab2 (a
repressor of EGR transcription factors) and the inducible si)g-
nalling component Mapkl1 was also reduced in MHC class 11/~
Cd4+Cd8a selection intermediates (Fig. 7a). This indicates that
Cd4"Cd8a™ selection intermediates are capable of MHC class
discrimination. Reduced expression of TCR-induced genes was
also found in Cd4tCd8a*t selection intermediates that were
phenotypically CD4*CD8* (Fig. 7b). This indicates that MHC
class discrimination by selection intermediates was not
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Fig. 6 The temporal sequence of coreceptor gene exp by sel a PCA 1versus 2. The inset (far left) shows all cells coloured by
cell surface phenotype. Red dots show the position of cells that are Cd4+Cd8a™ (left), Cd4+Cd8a~ (centre) or Cd4~Cd8a (right). Source data are provided
as a Source Data file. b PCA 1 versus 3. The inset (far left) shows all cells coloured by cell surface phenotype. Red dots show the position of cells that are
Cd4+Cd8at (left), Cd4+Cd8a~ (centre) or Cd4~Cd8a™ (right). Source data are provided as a Source Data file. ¢ The temporal sequence of pre- and post-
selection wild-type thymocytes. The vertical axis shows the number of pre-selection DP, CD4 SP and CD8 SP expressed normalised to the maximal
number of cells detected for each population. The number of cells in each cell population is indicated. Source data are provided as a Source Data file. d The
temporal sequence of coreceptor gene expression by selection intermediates. The vertical axis shows the number of selection intermediates with the
indicated coreceptor gene expression normalised to the maximal number of cells for each gene expression pattern. The number of selection intermediates
with each coreceptor gene expression pattern is indicated. P-values: one-sided Kolmogorov-Smirnov test. See Supplementary Fig. 7 for individual biological
replicates. Source data are provided as a Source Data file. e Slingshot trajectory of wild-type Cd4+Cd8at, Cd4+Cd8a—, Cd4—Cd8a™ selection intermediates
based on PCA clustering (top), pseudotime analysis (middle) and quantification of coreceptor gene expression patterns along the pseudotime axis
(bottom). P-values: one-sided Kolmogorov-Smirnov test. The alternative Slingshot clustering options, MDS and t-SNE, gave equivalent results. f The order
of coreceptor gene expression patterns is not invariant. The position of MHC class II=/~ selection intermediates Cd4+Cd8a*t, Cd4+Cd8a~, Cd4—Cd8a*
along PC1. Note the difference between wild-type (d) and MHC class 11~/ (f). P-values: one-sided Kolmogorov-Smirnov test. Source data are provided as
a Source Data file. g Slingshot trajectory of MHC class 11/~ Cd4+Cd8a*t, Cd4+Cd8a~, Cd4—Cd8a™ selection intermediates based on PCA clustering (top),

pseudotime analysis (middle) and quantification of coreceptor gene expression patterns along the pseudotime axis (bottom). P-values: one-sided
Kolmogorov-Smirnov test. The alternative Slingshot clustering options, MDS and t-SNE, gave equivalent results.

of TCR signals affects the time spent at the Cd4*Cd8~ selection
intermediate stage. Convergence of signal strength and the timing
of coreceptor gene expression in selection intermediates unifies
key aspects of quantitative and kinetic signalling models®!3
(summarised in Fig. 7d discussed below).

Signal strength has the potential to subvert CD4/CD8 lineage
choice. Current kinetic signalling models posit that CD4/CD8
lineage choice is determined exclusively by signal continuity in
the face of sequential expression of CD4 and CD8 coreceptors,
and not by MHC class discrimination based on signal
strength®67:1516_ This view was supported by re-engineering of
Cd8a to encode the stronger signalling cytoplasmic tail of CD4
(CD8.4; ref. 19). Greater signal strength increased the number of
preselection thymocytes recruited into the selection process and
the efficiency of positive selection, but not CD4/CD8 lineage
choice in MHC class II-deficient thymocytes or in mice trans-
genic for the MHC class I-restricted F5 TCR (refs. 1633). To
further explore whether signal strength can affect lineage choice,
we examined the fate of thymocytes we opted for the MHC class
I-restricted OT-I TCR because this TCR drives a prominent
subset of CD4+CD8OW selection intermediates in the presence of
wild-type CD8, and our previous studies had shown that CD8.4
enhances TCR-proximal signalling in OT-I transgenic thymo-
cytes while retaining the requirement for MHC class I in positive
selection’>. We examined the generation of CD4 lineage cells in
CD8.4 Rag2~/~OT-I TCR transgenic mice and found substantial
numbers of CD4 SP thymocytes (Supplementary Fig. 9a) and
CD4 lymph node T cells (Supplementary Fig. 9b), indicating that
signal strength can undermine lineage choice.

Discussion

A major obstacle to understanding CD4/CD8 lineage choice and
differentiation has been that the expression of Cd4 and Cd8
coreceptor genes is not directly visible, and that the cell surface
phenotype of selection intermediates does not reliably indicate
coreceptor gene expression’®. scRNA-seq identified Cd4 and
Cd8a coreceptor gene transcripts in the great majority of pre- and
post-selection thymocytes, indicating very low dropout rates for
the coreceptor genes Cd4 and Cd8a in our scRNA-seq. The
detection of coreceptor transcripts was therefore a strong indi-
cator for the activity of coreceptor genes in individual cells, and
allowed the classification of selection intermediates based on
coreceptor gene expression. When combined with the position of
individual selection intermediates within the framework of
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maturation, activation and lineage specification, this provided a
direct view of the temporal order of coreceptor gene activity and
the associated gene expression programs.

In the unperturbed thymus, Cd4~Cd8*selection intermediates
appeared significantly later than Cd4* Cd8a~ selection inter-
mediates. Interestingly, the order and the timing of coreceptor
gene expression by selection intermediates was not hardwired, as
Cd4+Cd8~ and Cd4—Cd8* subsets arose simultaneously when
TCR ligand availability was restricted to MHC class L.

The expression of Zbtb7b was initiated relatively early in
Cd4TCd8a— selection intermediates, at a time when selection
intermediates still showed abundant expression of activation
markers. Zbtb7b expression was absolutely dependent on MHC
class II and highly CD4 lineage-specific. In contrast, Runx3 was
expressed in a substantial fraction of non-CD8 lineage cells. This
indicates that Runx3 is not strictly a CD8 lineage marker, and that
Runx3 expression is not directly linked to coreceptor reversal.

Cd4+Cd8~ and Cd4—Cd8™ selection intermediates expressed
TCR signalling-induced activation markers at significantly higher
levels than pre-selection DP thymocytes. This suggests that TCR
signalling continues in Cd4~Cd87 selection intermediates, even
though cytokine signalling is necessary for CD8 lineage differ-
entiation and/or survival?). These data disagree with predictions
by kinetic signalling models that termination of TCR signalling is
essential for CD8 lineage commitment?? and instead support the
view that continued TCR engagement and downstream signalling
contribute to CD8 lineage differentiation3>-37.

Early acquisition of CD4 lineage markers and mediators of
helper T cell function contrasted with late acquisition of CD8
lineage markers and mediators of CTL function. We did not find
co-expression of markers for both the CD4 and the CD8 cell
lineage by selection intermediates other than Cd4 and Cd8a. An
interesting interpretation is that CD4 and CD8 lineage programs
do not interfere with each other because they are implemented at
different times during differentiation.

The expression of TCR activation genes was reduced when
class II was absent, even in Cd4+Cd8at selection intermediates
that still expressed both CD4 and CD8 on the cell surface. Hence,
selection intermediates discriminate between MHC class I and -II,
and this discrimination does not require the loss of coreceptor
proteins or RNA. The absence of MHC class II also changed the
timing of coreceptor gene expression by selection intermediates.
We suggest a model that links signal strength and the timing of
coreceptor gene expression in selection intermediates. In this
scenario, the strength of TCR signals affects the time spent at the
Cd4+Cd8~ selection intermediate stage (Fig. 7d). This model
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links MHC class discrimination to coreceptor gene expression
where Cd4tCd8a™ selection intermediates can distinguish
between MHC classes before—and perhaps without—down-
regulation of Cd8 expression. Cytokine signals are implicated in
the expression of Runx3, which acts to repress Cd4 and to activate
Cd8a (refs. 2627). MHC class 11"/~ selection intermediates
showed a notable trend for increased expression of the IL7R
downstream gene Gimap3 as well as Runxl and Runx3 as

a cdsy
Cd4*Cdsat+ P =0.025

Cd5
Cd4*Cd8a* P = 3.05e-05

potential mediators of coreceptor switching from Cd4+Cd8a~ to
Cd4—Cd8at (refs. $20:22),

The ability of thymocytes to discriminate between MHC classes
based on signal strength was a cornerstone of instructive models
for CD4/CD8 lineage choice!, and an important feature of pro-
posals that lineage choice is based on signal strength and dura-
tion?~12. Lineage choice by signal strength subsequently fell out of
favour, largely because experiments with chimeric coreceptors
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Fig. 7 MHC class discrimination and Cd4 Cd8a coreceptor gene expression in selection intermediates. a Expression of TCR activation genes in CD69~
DP thymocytes and selection intermediates of the indicated coreceptor status in wild-type (black) and MHC class Il-deficient thymi (red). Means and
standard errors are shown. P-values (one-sided Wilcoxon rank-sum test) are for Cd4+Cd8a*t selection intermediates. Cell numbers are listed in
Supplementary Tables 2 and 3. Source data are provided as a Source Data file. b Expression of cell surface CD4 and CD8 (left) and activation markers,
transcription factors and signalling components (right) by CD69+DP and TCRN DP selection intermediates that retain expression of both Cd4 and Cd8a
coreceptors at the RNA level (wild-type n =73, MHC class Il-deficient n = 77). Themis is shown to illustrate that not all selection-related genes showed
differential expression between MHC class |l-deficient and wild-type selection intermediates. Means and standard errors are shown. P-values: one-sided
Wilcoxon rank-sum test. Source data are provided as a Source Data file. € Expression of Runx1, Runx3 and Gimap3 in CD69~ DP thymocytes and selection
intermediates of the indicated coreceptor status in wild-type (black) and MHC class Il-deficient thymi (red). Means and standard errors are shown. P-
values (one-sided Wilcoxon rank-sum test) are for Cd4+Cd8a~ selection intermediates. Cell numbers are listed in Supplementary Tables 2 and 3. Source
data are provided as a Source Data file. d A working model that combines key aspects of signal strength and sequential coreceptor models by proposing
that the signal strength is linked to the dynamics of coreceptor gene expression during CD4/CD8 lineage choice and differentiation. Boxed areas indicate
dependence on MHC class II. The emergence of Zbtb7b+Cd4+Cd8a~— selection intermediates requires MHC class Il (top). The strength of TCR signals
affects the time spent at the Cd4+Cd8~ selection intermediate stage (darker blue indicates stronger signals, bottom). Grey arrows indicate possible
transitions between coreceptor activity states that cannot be inferred directly from the data.

suggested that increased signal strength failed to subvert CD4/
CD8 lineage choice®16. Our own data show that the chimeric
CD8.4 coreceptor diverts thymocytes expressing the MHC class I-
restricted OT-I TCR differentiate to the CD4 lineage. We suggest
that weaker TCR signals downstream of MHC class I engagement
trigger accelerated transition to Cd4~Cd8a™t coreceptor status
and in this way minimise the risk of inappropriate lineage choice.

In summary, our single cell view of CD4/CD8 lineage choice
and differentiation shows that selection intermediates dis-
criminate MHC classes prior to the termination of Cd4 or CD8a
expression and adjust the timing of coreceptor gene expression
accordingly. These findings bring together key aspects of quan-
titative signalling models where differences between TCR/CD4/
MHC class II signals and TCR/CD8/MHC class I signals deter-
mine lineage choice and differentiation of DP thymocytes!3-38-40
and of kinetic signalling models where lineage choice is aided by a
program of sequential expression of coreceptors?. Signal strength
alone does not fully explain lineage choice®7: but contributes to
correct lineage outcome, as indicated by mismatches between
TCR specificity and lineage choice in settings where signal
strength is perturbed (e.g. ref. 1°, this study). We suggest that such
mismatches may be minimised by the strategy uncovered here,
which is to link transitions between coreceptor gene activity to
signal strength.

Methods
Flow cytometry and cell sorting. Thymocyte cell suspensions were stained for 20
min at room temperature with CD4-APC, CD8a-PE, TCRb-BV421 and CD69-
FITC (BD-Pharmingen). Single cells were sorted into 96-well plates containing lysis
buffer using a FACSAria Fusion flow cytometer (BD Biosciences) and the gates
depicted in Supplementary Fig. 1. Flow cytometry standard files were analysed with
DIVA (BD Biosciences) and FlowJo v10 (TreeStar Inc) analysis software.
C57BL/6 (C57BL/60laHsd, Envigo, UK) and Mice lacking MHC class 11
expression?! (JAX stock #003584) were maintained separately under specific
pathogen-free conditions under Project Licences issued by the Home Office, UK.
OT-I Rag2~/~ and CD8.4 OT-I Rag2~/~ mice*? were maintained together at the
Institute of Molecular Genetics of the Czech Academy of Sciences, Prague, in
accordance with laws of the Czech Republic. Six-week-old male or female mice
were killed by cervical dislocation, and thymocyte or lymph-node cell suspensions
were stained with CD4-APC, TCRb-FITC, CD69-BV421 (Pharmingen) or CD4-
Alexa Fluor 700, CD8a-PE or CD8a-BV421, TCRb-APC (Biolegend), and LIVE/
DEAD NIR (ThermoFisher). Data acquisition was on a Cytek Aurora flow
cytometer (Cytek Biosciences) and flow cytometry standard files were analysed
with FlowJo v10 (TreeStar Inc) analysis software. Data were further analysed using
GraphPad Prism v5.04 (GraphPad Software).

scRNA-seq libraries and sequencing. Wild-type replicate 1: Full-length single-
cell RNA-seq libraries were prepared using the Smart-seq2 protocol?? with minor
modifications. Briefly, freshly harvested single cells were sorted into 96-well plates
containing the lysis buffer (0.2% Triton-100, 1 U/ul RNase inhibitor). Reverse
transcription was performed using SuperScript IT (ThermoFisher Scientific) in the
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presence of 1 uM oligo-dT30VN (IDT), 1 uM template-switching oligonucleotides
(QIAGEN) and 1 M betaine. cDNA was amplified using the KAPA Hifi Hotstart
ReadyMix (Kapa Biosystems) and IS PCR primer (IDT), with 25 cycles of
amplification. Following purification with Agencourt Ampure XP beads (Beck-
mann Coulter), product size distribution and quantity were assessed on a Bioa-
nalyzer using a High Sensitivity DNA Kit (Agilent Technologies). A total of 140 pg
of the amplified cDNA was fragmented using Nextera XT (Illumina) and amplified
with Nextera XT indexes (Illumina). Products of each well of the 96-well plate were
pooled and purified twice with Agencourt Ampure XP beads (Beckmann Coulter).
Final libraries were quantified and checked for fragment size distribution using a
Bioanalyzer High Sensitivity DNA Kit (Agilent Technologies). Pooled sequencing
of Nextera libraries was carried out using a HiSeq2000 (Illumina) to an average
sequencing depth of 0.5 million reads per cell. Sequencing was carried out as
paired-end (PE75) reads with library indexes corresponding to cell barcodes.

Wild-type replicate 2 and MHC class IT~/~: Full-length single-cell RNA-seq
libraries were prepared using the SMART-Seq v5 Ultra Low Input RNA
(SMARTer) Kit for Sequencing (Takara Bio). All reactions were downscaled to one
quarter of the original protocol and performed following thermal cycling
manufacturer’s conditions. Cells were sorted into 96-well plates containing 2.5 pl of
the Reaction buffer (1x Lysis Buffer, RNase Inhibitor 1 U/ul). Reverse transcription
was performed using 2.5 pl of the RT MasterMix (SMART-Seq v5 Ultra Low Input
RNA Kit for Sequencing, Takara Bio). cDNA was amplified using 8 ul of the PCR
MasterMix (SMART-Seq v5 Ultra Low Input RNA Kit for Sequencing, Takara Bio)
with 25 cycles of amplification. Following purification with Agencourt Ampure XP
beads (Beckmann Coulter), product size distribution and quantity were assessed on
a Bioanalyzer using a High Sensitivity DNA Kit (Agilent Technologies). A total of
140 pg of the amplified cDNA was fragmented using Nextera XT (Illumina) and
amplified with double indexed Nextera PCR primers (IDT). Products of each well
of the 96-well plate were pooled and purified twice with Agencourt Ampure XP
beads (Beckmann Coulter). Final libraries were quantified and checked for
fragment size distribution using a Bioanalyzer High Sensitivity DNA Kit (Agilent
Technologies). Pooled sequencing of Nextera libraries was carried out using a
HiSeq4000 (Illumina) to an average sequencing depth of 0.5 million reads per cell.
Sequencing was carried out as paired-end (PE75) reads with library indexes
corresponding to cell barcodes.

Data analysis. Smart-seq2 and SMARTer sequencing data were aligned with
TopHat2 version 2.1.1 (ref. 43) that uses the bowtie2 version 2.3.4.3 for align-
ment*. We used the GRCm38 (mm10) mouse genome reference for alignment
and gene annotation from UCSC. Read counts for genes were calculated using
velocyto version 0.17 (ref. 4°), for SMARTer sequencing data cells with total read
counts <500,000 or >1500,000 were excluded, and the cell-gene count matrix
obtained was used for downstream analysis.

We performed Seurat v3 (ref. 4) pre-processing (log-normalisation using
variance stabilising transformation method), and identified highly variable (F-set)
genes individually for each wild-type replicate (Supplementary Data 1). The highly
variable genes from replicate 2 were selected and read counts from both replicates
were piped to Seurat v3 standard integration workflow in order to generate
integrated PCA for replicate 1 and replicate 2. We chose F-set from replicate 2
because replicate 2 scRNA-seq data were generated using the more sensitive
SMARTer protocol compared to replicate I WT Smartseq2 data.

Using read counts for F-set genes, we applied Seurat v3 standard integration
workflow for integrated analysis of replicate 1 WT Smartseq2 and replicate 2 WT/
MHC class IT-/~ SMARTer datasets. The pipeline identified shared cell states that
were present between replicate 1 and 2 by generating a batch-corrected expression
matrix for F-set genes in all cells and enabling them to be jointly analysed. We then
scaled the integrated data, ran PCA and visualised the results.
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To find differentially expressed genes between sorted thymocyte subsets and
between selection intermediates classified by coreceptor status, we applied Seurat
v3 FindMarkers function on replicate 2 WT using two-sided Wilcoxon rank-sum
test without cut-off threshold on log-fold-change. Heat maps were generated with
Seurat v3 DoHeatmap function using log-normalisation values for candidate genes.
FeaturePlot function with blend option was applied for visualisation of co-
expression of gene pairs.

To find genes that changed along PCI, PC2 and PC3, we tested the null
hypothesis of no change along PCs for each gene using the gam R package. Top
1000 genes by P-value were selected to create contingency tables with activation,
differentiation and lineage-specific gene markers for Fisher Exact test.

Slingshot (ref. 32) was used for trajectory inference and pseudotime analysis of
selection intermediates, based on a recent benchmark study of 57 trajectory
inference methods®.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

scRNA-seq data have been deposited at GEO under accession number GSE149207.
Population RNA-seq data has been deposited at GEO under accession number
GSE154670. All other data are included in the supplemental information or available
from the authors upon reasonable request. Source data are provided with this paper.

Code availability
Custom Rmd scripts used for generating figures are available from Github: https://github.
cnm/LMSBininformatics/ScRNAseq—SMAR'l‘er—Analysis.
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Supplementary Figure 1. Isolation of thymocyte subsets.
Plate layout was designed to represent each sorted population on each plate, enabling

analysis of plates as technical replicates. Cells were sorted directly into lysis buffer and
SMART-Seq? libraries were prepared for sequencing of full length transcripts.
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Supplementary Figure 2. PCA analysis of scRNA-seq data - reproducibility between
replicates

PCA was performed as in Fig. 2a. Reproducibility between replicates is shown. Source data
are provided as a Source Data file.
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Supplementary Figure 3. Key genes and correlations

a) Heatmap of key genes. See Supplementary Data 2 for an analysis of differential gene
expression between sorted thymocyte subsets.

b) Rag1 (red) and Dntt (green) as two-colour dot plots projected onto maps of PC1 versus
PC2 and -3. Rag1 and Dntt are expressed in pre-selection thymocytes and silenced by TCR
signaling. Source data are provided as a Source Data file.

c) Rag1 (red) and Cd69 (green) as two-colour dot plots projected onto maps of PC1 versus
PC2. Rag1 is expressed in pre-selection thymocytes and Cd69 is induced by TCR signaling
Source data are provided as a Source Data file.



d) Ccr7 (red) and lI7r (green) as two-colour dot plots projected onto maps of PC1 versus
PC2 and -3. Ccr7 and Ii7r expressed are induced during thymocyte maturation. Source data
are provided as a Source Data file.

e) Cd4 (red) and Cd8a (green) as two-colour dot plots projected onto maps of PC1 versus
PC3. Cd4 and Cd8a are co-expressed in pre-selection thymocytes, undergo expression
changes in selection intermediates, and are expressed in a mutually exclusive pattern in
CD4 SP and CD8 SP thymocytes. Source data are provided as a Source Data file.
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Supplementary Figure 4: Overview of gene expression by individual selection
intermediates in MHC class I’ thymus.

Expression

Loan

Cells (columns) were classified by Cd4 and Cd8a coreceptor gene expression status, with

pre- and post-selection thymocytes as comparators as in Fig. 3c. Cells are grouped by
developmental stage (pre-selection, selection intermediates and post-selection) and cell
surface phenotype. CD69" DP represent pre-selection thymocytes, pooled CD69* DP,

TCRp" DP and CD4* CD8"" represent selection intermediates, CD4 SP, TCRp" CD8 SP

represent post-selection thymocytes. Selection intermediates are further classified into
Cd4*Cd8a*, Cd4*Cd8a and Cd4 Cd8a* based on scRNA-seq detection of Cd4 and Cd8.
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Subset Surface phenotype  Number
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CD69* DP CD4* CD8* CD69* 58
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Supplementary Figure 5. Expression of genes related to cytokine signaling by
selection intermediates

a) Expression of lI7r, Socs1, and the targets of IL7R signaling Gimap3 and Gmap4 by
selection intermediates of the indicated coreceptor status. Means and standard errors are
shown. P-values are derived by two-sided Wilcoxon rank-sum test. Cell numbers are listed
in Supplementary Tables 2 and 3. Source data are provided as a Source Data file.

b) IPA analysis of pathway activity downstream of the indicated cytokines and cytokine
signaling molecules. Activation z-scores above 2 and below -2 are considered significant.
Selection intermediates versus CD69- DP is shown on the left. Where available,
comparisons between subsets of selection intermediates are shown on the right. Cell
numbers are listed in Supplementary Tables 2 and 3. Source data are provided as a Source
Data file.
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Supplementary Figure 6. Expression of activation versus lineage markers

a) Positive correlation of the activation marker /tm2a with the CD4 lineage markers Zbtb7b
and Cd40lg (R =0.30, P =3.2e-11 and R = 0.40, P < 2.2e-16, respectively). Source data are
provided as a Source Data file.

b) Negative correlation of the activation marker /tm2a with the CD8 lineage markers Nkg7
and /tgae (R =-0.27, P =2.4e-09 and R = -0.28, P = 4.2e-10, respectively). Source data are
provided as a Source Data file.
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Supplementary Figure 7. The order of coreceptor gene expression by wild-type
selection intermediates in independent biological replicates.

The vertical axis shows the number of selection intermediates with the indicated gene
expression (Cd4" Cd8a*, Cd4* Cd8a’, Cd4 Cd8a*) normalised to the maximal number of
cells detected for each gene expression pattern in separate scRNA-seq replicates. The
number of selection intermediates with each coreceptor gene expression pattern is
indicated. P-values: one-sided Kolmogorov—Smirnov test. Source data are provided as a
Source Data file.
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Supplementary Figure 8. Activation marker expression by individual selection
intermediates ordered along the maturation trajectory PC1.
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Top: The level of MRNA for the activation marker /tm2a is shown along the maturation
trajectory PC1 for individual selection intermediates classified as Cd4® Cd8a*, Cd4" Cd8a’,
and Cd4” Cd8a"in wild-type (left) and MHC class Il-deficient thymus (right).

Bottom: The frequency of cells containing mMRNA for the activation marker /tm2a detected in
subsets of selection intermediates classified as Cd4* Cd8a*, Cd4™ Cd8a’, and Cd4 Cd8a”in

wild-type (left) and MHC class ll-deficient thymus (right) is shown along the maturation
trajectory PC1.

Source data are provided as a Source Data file.
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Supplementary Figure 9. Signal strength can undermine CD4/CD8 lineage choice.

a) CD4 CD8 staining representative of OT-I-transgenic Rag2’- thymocytes expressing wild-
type Cd8a (left, n=4) or CD8.4 (right, n=5). Percentages and numbers of CD4 SP are shown.
P-values were calculated by two-sided Mann-Whitney test in GraphPad Prism software. The
gating strategy is shown in c). Source data are provided as a Source Data file.

b) CD4 CD8 staining representative of OT-I-transgenic Rag2™ lymph node T cells
expressing wild-type Cd8a (left, n=7) or CD8.4 (right, n=8). Percentages and numbers of
CDA4 T cells relative to total T cells are shown. P-values were calculated by two-sided Mann-
Whitney test in GraphPad Prism software. The gating strategy is shown in d). Source data
are provided as a Source Data file.

c) Gating strategy for thymocytes used in a).

d) Gating strategy for lymph node T cells used in b).
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Supplementary Tables

Aver. transcripts/cell Aver. reads/cell
Wild type repl. 1 1199.414 677142.7
Wild type repl. 2 2855.474 896571.1
MHC class II-/- 2843.217 839099.7

Supplementary Table 1. Number of transcripts and reads per cell

Subset Surface phenotype Rep1 Rep 2 Total
CD69 DP CD4* CD8* CD69 92 83 175
CD69* DP CD4* CD8* CD69* 90 78 168
TCR" DP CD4* CD8* TCRp* 96 79 175
CD4*CD8°  CD4* CD8" 71 36 107
CD4 SP CD4* CD8" 113 142 255
CD8 SP CD4 CD8*TCRp* 89 77 166

Supplementary Table 2. The numbers of sorted subsets analysed.

Rep1 Rep2 Total

CD69- DP 92 83 175
Cd4+ Cd8a+ sel. int. 70 77 107
Cd4+ Cd8a- sel. int. 125 57 182
Cd4- Cd8a+ sel. int. 30 45 75
CD4 SP 113 132 245
CD8 sSP 89 77 166

Supplementary Table 3. The numbers of wild-type Cd4+Cd8a+, Cd4+Cd8a and Cd4-
Cd8a+ selection intermediates analysed.

CD4SP/CD8SP
Up N/C  Down

Cd4* Cd8a~ Up 22 44 3
Cd4 Cd8a* N/C 326 9234 307
Down 1 50 14

Supplementary Table 4. Gene expression in CD4 and CD8 SP versus Cd4*Cd8a and Cd4
Cd8a* subsets of selection intermediates. Genes up or down in CD4 over CD8 SP (adj P <
0.05 in population RNA-seq) and log2 fold-change > 0.5 between Cd4*Cd8a  and Cd4 Cd8a*
subsets of selection intermediates in scRNA-seq). N/C: No change. P < 2.2e-16, Z = 10.65.
Asymptotic Linear-by-Linear Association Test. Data: Var2 (ordered) by Var1 (up < nc <
down).
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Lck promotes Zap70-dependent LAT
phosphorylation by bridging Zap70 to LAT

Wan-Lin Lo', Neel H. Shah
Arthur R. Salomon®’, John Kuriyan?® and Arthur Weiss

2, Nagib Ahsan3#, Veronika Horkova
19%

5, Ondrej Stepanek ®5,

T cell-antigen receptor (TCR) signaling requires the sequential activities of the kinases Lck and Zap70. Upon TCR stimulation,
Lck phosphorylates the TCR, thus leading to the recruitment, phosphorylation, and activation of Zap70. Lck binds and stabi-
lizes phosho-Zap70 by using its SH2 domain, and Zap70 phosphorylates the critical adaptors LAT and SLP76, which coordi-
nate downstream signaling. It is unclear whether phosphorylation of these adaptors occurs through passive diffusion or active
recruitment. We report the discovery of a conserved proline-rich motif in LAT that mediates efficient LAT phosphorylation. Lck
associates with this motif via its SH3 d in, and with phospho-Zap70 via its SH2 domain, thereby acting as a molecular bridge
that facilitates the colocalization of Zap70 and LAT. Elimination of this proline-rich motif compr TCR signaling and T cell
development. These results demonstrate the remarkable multifunctionality of Lck, wherein each of its domains has evolved to

orchestrate a distinct step in TCR signaling.

thymocyte development and mature T cell homeostasis.

TCR signaling is also critical for effective host responses to
pathogens or tumors'~. T cells interact with self-peptides bound
to major-histocompatibility-complex proteins (self-pMHC) via
their TCRs, throughout development and their lifespan, acquir-
ing survival signals and avoiding autoreactivity. Simultaneously,
T cells must be capable of responding to pathogen- or tumor-
derived antigenic peptides bound to MHC molecules (pMHC) to
mount rapid and appropriately protective responses. Although the
molecular discrimination of self-pMHC from non-self-pMHC
by the TCR plays a critical role in dictating these responses,
recent engineered T cell therapies for cancer, which rely on arti-
ficial antigen-recognition domains fused with native intracel-
lular signaling molecules, further underscore the importance of
downstream TCR-proximal signaling events in controlling the
specificity and sensitivity of T cell responses".

Because the TCR has no intrinsic enzymatic activity, the tyro-
sine kinases Lck and Zap70 initiate TCR signaling. A pool of Lck,
a Src family kinase, is active in T cells before pMHC recognition’.
The level of Lck activity after TCR stimulation is controlled by mul-
tiple mechanisms'~>"". For instance, the localization of Lck is regu-
lated by its noncovalent association with the cytoplasmic segments
of the CD4 and CD8 co-receptors. After engagement of the TCR
with pMHC, the co-receptor coengagement localizes active Lck to
the engaged TCR®. There, Lck phosphorylates the paired tyrosines
of the immunoreceptor tyrosine-based activation motifs (ITAMs)
in the invariant CD3 and {-chains of the TCR complex’. If both
tyrosines of an ITAM are phosphorylated, they form a high-affin-
ity docking site for the tandem SH2 domains of Zap70 (refs '*'").
Binding to the ITAMs partially relieves Zap70 autoinhibition. For

S ignaling through the TCR is the defining event for proper

its full activation, Zap70 must also be phosphorylated by Lck to
relieve its autoinhibition and to activate its catalytic activity, because
Zap70 cannot be activated by transautophosphorylation'>-'*.

Thus, recruitment and activation of Zap70 are absolutely reliant
on Lck catalytic activity'. Moreover, the binding of the Lck SH2
domain to phospho-Y319 in interdomain B of Zap70 may sustain
Lck localization, its open active conformation, and the catalytic
activities of both kinases, thereby providing positive feedback®'>'*.
However, despite their colocalization, the two kinases have mutu-
ally exclusive preferences for their substrates'*””. Lck cannot phos-
phorylate the substrates of Zap70, namely the adaptors LAT and
SLP76. Zap70 phosphorylates LAT and SLP76 on multiple tyro-
sines, thereby forming effective signaling complexes. LAT has four
major tyrosine-phosphorylation sites that serve as docking sites for
the SH2 domains of downstream signaling effectors. The assembly
of LAT-based signalosomes is essential to amplify TCR-induced sig-
nals that result in calcium mobilization, mitogen-activated protein-
kinase activation, and actin polymerization'®.

Although many mechanisms prevent premature and inappro-
priate LAT phosphorylation, T cells must ensure rapid and spe-
cific LAT phosphorylation after agonist-pMHC stimulation of the
TCR'®. However, the prompt and specific phosphorylation of LAT
after agonist-pMHC stimulation of the TCR presents a hurdle,
considering that LAT is not known to directly associate with the
TCR, where Zap70 is localized. Stimulated and activated Zap70 has
been suggested to be induced to dissociate and diffuse away from
the engaged TCR before the activated kinase encounters LAT".
However, such a mechanism could potentially decouple Zap70
activity from the TCR-recognition event and lead to inappropriate
downstream signaling and amplification or premature termination
of Zap70 activity via phosphatases or ubiquitin ligases**”". Thus, the

'Division of Rheumatology, Rosalind Russell and Ephraim P. Engleman Arthritis Research Center, Department of Medicine, University of California, San
Francisco, San Francisco, CA, USA. 2Departments of Molecular and Cell Biology, University of California, Berkeley, Berkeley, CA, USA. *Division of Biology
and Medicine, Alpert Medical School, Brown University, Providence, RI, USA. “Center for Cancer Research Development, Proteomics Core Facility,
Rhode Island Hospital, Providence, RI, USA. ®Institute of Molecular Genetics of the Czech Academy of Sciences, Prague, Czech Republic. °Department of
Chemistry, Brown University, Providence, RI, USA. "Department of Molecular Biology, Cell Biology, and Biochemistry, Brown University, Providence, RI,
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question is raised of how Zap70 catalytic-effector function is appro-
priately coupled to TCR recognition.

Here, we report that Lck uses each of its functional domains
to ensure that the agonist-pMHC-engaged TCR triggers efficient
signal transduction leading to LAT phosphorylation. Our model
suggests that Lck uses its SH2 domain to interact with TCR-bound
Zap70 molecules that it has phosphorylated and activated, and its
SH3 domain subsequently links Zap70 to its substrate, LAT, thus
facilitating efficient TCR signal transduction. In LAT, we identified
a proline-rich motif that is highly conserved across mammalian
species and specifically interacts with the SH3 domain of Lck and
consequently enhances LAT’s phosphorylation by Zap70. Mutation
of this proline-rich motif in LAT impeded TCR signal transduction
and resulted in a significant decrease in thymocyte development.
Our findings provide new insights into how efficient signal trans-
duction by the TCR is coupled to the recognition of a bona fide
agonist pMHC.

Results

LAT’s proline-rich region is important for TCR signaling. To
understand how Zap70’s catalytic-effector function mediates effi-
cient LAT phosphorylation in response to TCR recognition, we
compared the amino acid sequences of LAT from 42 mammals
and identified an evolutionarily conserved amino acid sequence
in the N-terminal membrane-proximal cytoplasmic segments of
mammalian LAT molecules (Fig. la, Supplementary Fig. la and
Supplementary Table 1). These sequences revealed a strikingly
high degree of conservation, especially in the distribution and
positioning of proline residues. The disproportionate presence of
proline residues in LAT was also evident after we quantified the fre-
quency of each amino acid in human LAT relative to other proteins
(Supplementary Fig. 1b-d). Notably, no structural or functional
properties of this proline-rich region of LAT have been reported in
previous studies.

To explore the potential functional importance of this conserved
sequence in LAT, we used CRISPR-Cas9 to generate mutants lack-
ing the membrane-proximal segment in the LAT genomic locus, by
using the Jurkat human T cell leukemic line, which is frequently
used for TCR signaling studies. In one such mutant line, J.dPro,
the resulting indels cause deletion of the proline-region-encoding
sequences in both alleles (Supplementary Fig. 2a,b). The deletion of
this proline-enriched segment did not interfere with the expression
of LAT protein (Supplementary Fig. 2a and Fig. 1). ].dPro exhibited
a delayed and markedly diminished cytoplasmic calcium increase in
response to anti-CD3 stimulation (Fig. 1b,c). The calcium response
was also affected, albeit much more moderately, in a heterozygous
Jurkat variant clone (hereafter denoted J.Het), which contained only
one allele of a nearly identical internal deletion of LAT (Fig. 1b,c
and Supplementary Fig. 2b). Inmunoblot analysis further revealed
TCR-signaling defects in J.dPro mutant cells (Fig. 1d). The phos-
phorylation of LAT, as assessed on either Y132 or Y191, was
markedly impaired in J.dPro cells. Presumably, as a consequence
of its recruitment to phospho-Y132 LAT, the phosphorylation of
the phospholipase PLC-y1 was likewise diminished and mark-
edly delayed, in agreement with the defective calcium responses
observed. As expected, the CD3-mediated signaling events
upstream of LAT remained intact, as evidenced by anti-CD3 stimu-
lation of the mutant J.dPro cells inducing tyrosine phosphorylation
of the Zap70 activation loop (phospho-Y493) and phosphorylation
of SLP76. These results suggest that this evolutionarily conserved
proline-enriched membrane-proximal region of LAT is critical for
productive TCR signaling through LAT.

The PIPRSP motif in LAT facilitates LAT phosphorylation. The
enrichment of prolines in the deleted segments of LAT suggested
functional importance but may be explained by two hypotheses.

NATURE IMMU
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First, perhaps through yet-unknown structural properties of LAT,
the proline-enriched segment in LAT may provide a minimal dis-
tance from the plasma membrane necessary for TCR-induced
phosphorylation of its more C-terminal tyrosines. Alternatively,
proline-enriched peptides may have important roles in intracellu-
lar signaling through their ability to interact in a sequence-specific
context, for instance with SH3 domains”. Thus, the proline-rich
region in LAT may interact with an SH3-containing protein that
facilitates the ability of LAT to interact with Zap70, to relocate to
engaged TCR complexes, or to assemble LAT clusters that might
promote LAT phosphorylation. To distinguish among these pos-
sibilities, we explored the Eukaryotic Linear Motif resource to
identify potential functional SH3-domain-binding sites in the
membrane-proximal segment of LAT*. There were three potential
proline-rich motifs in LAT predicted to interact with SH3 domains
(Fig. 2a). Using CRISPR-Cas9, we generated a LAT-deficient Jurkat
clone (J.LAT; Supplementary Fig. 2¢,d) and reconstituted these cells
with cDNAs encoding wild-type LAT or mutant LATs in which
these three proline-enriched motifs had proline-to-alanine substi-
tutions (Fig. 2a). Alanine mutations at the most evolutionarily con-
served C-terminal PIPRSP motif markedly abrogated the ability to
reconstitute a substantial calcium increase after anti-CD3 stimula-
tion (Fig. 2b,c). Cells expressing the mutant AIARSA motif exhib-
ited impaired TCR-induced phosphorylation of LAT at both Y132
and Y191 residues and diminished phosphorylation of PLC-y1,
whereas the other more N-terminal mutant motifs (AWAA or
AAYAA) did not substantially impair the tyrosine phosphorylation
of these signaling proteins (Fig. 2d). The AITARSA mutation consis-
tently impaired TCR-induced phosphorylation of LAT and PLC-y1
over a wide range of titrated CD3 stimuli (Supplementary Fig. 3a).
Interestingly, in time-course experiments, the responses of cells
expressing the AIARSA mutant motif eventually caught up to the
responses observed with wild-type LAT (Supplementary Fig. 3b).
Because these site-directed-mutagenesis experiments preserved the
length of mutant LAT, the PIPRSP motif in LAT is likely to interact
with other signaling molecules and promote LAT phosphorylation,
thus preluding the possibility that the proline-rich region might
function only as a structural spacer.

Thymic selection signals require the PIPRSP motif in LAT. To
further examine the functional importance of the PIPRSP motif in
LAT, we used a mouse model to explore whether primary mouse T
lineage cells also rely on the PIPRSP-motif-containing LAT for pre-
TCR and TCR signal transduction during thymocyte development.
During thymic development, immature thymocytes require pre-
TCR and TCR signals of appropriate strength to pass beta selection
(mediated by the pre-TCR) and positive/negative selection (medi-
ated by the mature TCR)***. LAT-deficient mice exhibit a severe
developmental block at the beta-selection stage, which results from
the inability of immature CD4-CD8~ double-negative (DN) thy-
mocytes that express the pre-TCR to transmit signals necessary for
downstream translational and transcriptional programs required
for proliferation and differentiation’>”’. Thus, LAT-deficient mice
provided a useful model to evaluate the functional ability of a
PIPRSP-motif-mutant LAT in vivo to restore LAT function during
development. We transduced CD45.2*Sca-1*c-Kit" LAT-deficient
hematopoietic stem cells with lentiviruses expressing either wild-
type LAT-P2A-mCherry or the mutant ATARSA LAT-P2A-mCherry.
The mCherry was produced through the self-cleaving P2A peptide
downstream of LAT, thus allowing us to identify cells expressing
wild-type or mutant LAT (Fig. 3a). The comparable mean fluores-
cence intensities of mCherry expression, together with the results
of our studies of this mutant in the Jurkat line (Supplementary Fig.
3), suggested that the expression of the wild-type and AIARSA LAT
was similar (Fig. 3a). After 6-8 weeks, the expression of wild-type
LAT successfully rescued the LAT-deficient thymocytes from the
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blots) for 1.5 min. Data are representative of at least four independent experiments. Lanes separating cell-lysate samples contain mobility-marker proteins.
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LAT-deficient developmental block (Fig. 3b), whereas untrans-
duced donor hematopoietic stem cells (mCherry-negative cells)
remained blocked at the DN stage (data not shown). Thymocytes
expressing wild-type LAT completed beta and positive selection,
and matured into single-positive CD4* or CD8* (CD4SP or CD8SP)
thymocytes (Fig. 3b-d and Supplementary Fig. 4a). In marked con-
trast, the expression of the mutant ATARSA LAT allowed only some
DN immature thymocytes to pass beta selection and become DP
cells, albeit inefficiently, thus resulting in relative accumulation
of DN cells. Analysis of AIARSA-expressing DN subpopulations
revealed a significant decrease in the DN4 stage and a concomi-
tant increase in the DN3 stage, thus suggesting a partial block in
the DN3-to-DN4 transition in which beta selection takes place
(Fig. 3e,f and Supplementary Fig. 4b). The lack of the proline-rich
motif in LAT also decreased positive selection, as evidenced by a sig-
nificant twofold decrease in the CD4SP thymocyte population and a
similar loss in CD24 " TCR* mature CD8SP populations (Fig. 3b-d).
During the positive-selection process, immature thymocytes upreg-
ulate expression of TCR and CD69, becoming TCR" and CD69*.
In cells expressing the ATARSA-mutant LAT, an approximate three-
fold decrease in TCRMCD69* DP cells was observed (Fig. 3g,h and
Supplementary Fig. 4c).

NATURE IMMUNOLOGY | www.nature.com/natureimmunology

When DP thymocytes were stimulated by cross-linking anti-CD3
monoclonal antibodies (mAbs), cells expressing the ATARSA LAT
mutant exhibited a markedly reduced calcium response (Fig. 4a) and
impaired induction of Erk phosphorylation (Fig. 4b). Expression
of CD5 can also be used as a proxy for TCR signal strength dur-
ing thymic development. Despite similar TCR surface expression,
CD4SP and CD8SP cells expressing the AITARSA LAT mutant had
substantially lower CD5 protein expression (Fig. 4c), thereby sup-
porting the notion that the ATARSA LAT mutant transduces weaker
downstream signals. Thus, the absence of the PIPRSP motif in LAT
led to partial developmental blocks at beta and positive selection,
presumably because of the inefficient LAT-dependent signal trans-
duction. These data establish the importance of the PIPRSP proline-
rich motif of LAT in T cell lineage development in vivo.

In peripheral lymphoid tissues, we did not observe significant
differences in the frequencies of CD4* or CD8" T cell populations
in ATARSA versus wild-type LAT-expressing bone marrow chime-
ras (Supplementary Fig. 5a). However, the expression of AIARSA
consistently resulted in lower CD5 expression in peripheral CD4*
and CD8* T cells, as was seen in thymocytes, although to a lesser
extent (Supplementary Fig. 5b). In ATARSA-LAT-expressing CD4*
and CD8* T cells, compared with the wild-type LAT-expressing T
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¢, Left bar graph, analysis of response time to reach the peak (mean +s.d.; n=12 technical replicates in five independent experiments). Experiments were
done at least five times with similar results. *P=0.0029 (exact value); **P<0.0001; NS, not significant; two-tailed Mann-Whitney test. Right bar graph,
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cells, the CD44"CD62L" memory-like population was consider-
ably enlarged (Supplementary Fig. 5c,d). The enlarged memory-
like population may be a consequence of increased peripheral
homeostatic proliferation in the AIARSA-LAT-expressing bone
marrow chimeras. Thus, the mutations in the PIPRSP motif in LAT
impaired thymic selection and led to fewer CD4SP and CD8SP cells
developed in the thymus, and may have contributed to lymphope-
nia-induced T cell proliferation in the periphery.

Lck associates with LAT in a PIPRSP-motif-dependent man-
ner. Our data demonstrate the importance of the PIPRSP motif
in LAT in TCR signal transduction. The absence of the PIPRSP
motif impaired the tyrosine phosphorylation of LAT itself and the
activity of downstream signaling pathways important for T cell
function and development. To explore the potential mechanism
underlying this phenotype, we evaluated the role of the PIPRSP
motif in mediating protein interactions with LAT. We stimulated
the TCR on Jurkat cells expressing wild-type or AIARSA LAT pro-
teins containing C-terminal Myc epitope tags, isolated LAT and its
interacting proteins by immunoprecipitation, and used mass spec-
trometry to analyze the profiles of LAT-associated proteins. Mass
spectrometry identified many proteins that were differentially

represented in wild-type and AIARSA LAT-associated interac-
tomes (Supplementary Table 2). Unexpectedly, only ten of these
proteins contained SH3 domains (Supplementary Table 3). Among
these, Lck was noteworthy because of the abundance of its pep-
tides and because it exhibited a differential capability of interact-
ing with the proline-rich PIPRSP motif (Supplementary Fig. 6a).
A previous study of the importance of the SH3 domain of Lck
in downstream TCR signaling was of particular interest®. That
study has shown that when a mutation at Trp97, which disrupts
the function of the Lck SH3 domain, is introduced into mice, the
mutation results in a significant decrease in beta selection and
positive selection in thymocytes as well as reduced tyrosine phos-
phorylation of LAT, PLC-y1, and Erk*. Consistent with our study,
the phosphorylation of Zap70 and SLP76 was unperturbed”.
These results are concordant with our findings with the ATARSA
LAT mutant. Moreover, immunoblot analysis of LAT immuno-
precipitates from TCR-stimulated cells further demonstrated
that Lck inducibly associated with wild-type LAT to a greater
degree than AIARISA-mutant LAT (Supplementary Fig. 6b).
Together, our results suggested that Lck is an SH3-containing
protein that interacts with LAT’s PIPRSP motif and may mediate
a functionally important interaction.
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Fig. 3 | Ectopic expression of LAT containing the PIPRSP-mutant motif AIARSA impairs thymocyte beta and positive selection in vivo. Flow cytometric
analysis of thymocytes from lethally irradiated bone marrow BoyJ (CD45.1%) chimeras reconstituted with CD45.2+ LAT-deficient B6 hematopoietic stem
cells transduced with lentiviruses expressing either wild-type LAT-P2A-mCherry (WT; n=4 recipients) or mutant AIARSA LAT-P2A-mCherry (AIARSA;
n=4 recipients). Recipient mice were analyzed 6-8 weeks later. a, Representative mCherry expression of thymocytes, gated on CD45.2+ cells. Numbers
indicate percentages of mCherry* cells in each gate. b, Flow cytometric analysis of CD45.2* mCherry* thymocytes. Numbers in each quadrant indicate the
percentage of cells in each. ¢, Flow cytometry analysis of CD24 versus TCR expression of CD45.2* mCherry* CD8SP thymocytes. d, Bar graphs representing
the frequencies of DN, DP, CD4SP, and CD24 " TCR* mature CD8SP thymocytes among CD45.2* mCherry* cells. Each symbol represents an individual mouse.
Bars indicate the mean +s.d. (n=4 independent animals in two independent experiments). *P=0.0286; NS, not significant; two-tailed Mann-Whitney test.
e, Flow cytometric analysis of DN1-to-DN4 cell development, on the basis of CD44 and CD25 expression, gated on CD45.2+ mCherry* DN thymocytes.

f, Frequency of DN1(CD4+CD25*), DN2 (CD44+CD25*), DN3 (CD44-CD25"), and DN4 (CD44-CD25") of CD45.2* mCherry* DN T cells in each quadrant
of e. Bars indicate the mean +s.d. (n=4 independent animals in two independent experiments). *P=0.0286; NS, not significant; two-tailed Mann-Whitney
test. g Flow cytometric analysis of DP progression through thymic positive selection, on the basis of CD69 and TCR expression, gated on CD45.2* mCherry*
DP thymocytes. h, Frequency of postselection DP3 (CD69+TCR") DP cells. Bars indicate the mean +s.d. (n=4 independent animals in two independent
experiments). *P=0.0286; two-tailed Mann-Whitney test. All data are representative of two independent experiments with similar results.

Lck bridges LAT and Zap70, thus enhancing LAT phosphory-  of the Lck SH3 domain, we hypothesized a mechanism to explain
lation. Given the concordance of our results with the AIARSA-  the role of the proline-rich PIPRSP motif in LAT for TCR signal
mutant LAT and findings from previous studies on the inactivation  transduction (Supplementary Fig. 6¢). In our model, after TCR
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with four independent animals and yielded similar results.

engagement, Lck may play multiple roles on the basis of both its
catalytic and noncatalytic biochemical activities. First, in response
to co-receptor-pMHC-TCR engagement, Lck has its well-estab-
lished function as the protein tyrosine kinase that phosphorylates
ITAM motifs in CD3 and {-chains, and consequently leads to
Zap70 recruitment. Second, it activates Zap70 by tyrosine phos-
phorylation. Third, Lck operates as a scaffold protein that stabilizes
the active form of Zap70 through the previously described interac-
tion between its SH2 domain with phospho-Y319 in Zap70, thereby
also maintaining Lck in its open active conformation. Fourth, as
described here, the SH3 domain of Lck binds the PIPRSP motif
of LAT. Thus, through the latter two functions, Lck might act as a
bridging molecule facilitating the interaction of Zap70 with LAT
and promoting LAT phosphorylation.

To test this potential bridging function of Lck, we expressed Lck,
LAT, and Zap70 in a heterologous cell system. Human embryonic
kidney 293 (HEK293) cells, which do not express Lck, Zap70, or
LAT, were used to study the mechanism of the putative interac-
tions and functional consequences, i.e., LAT phosphorylation. To
separate the dual roles of Lck, we used a kinase-inactive form of
Lck (with the K273R mutation in the catalytic domain) that can
function only as a scaffold protein (Supplementary Fig. 7a). We
also took advantage of a recently identified mutation in Zap70,
K362E, which disrupts autoinhibition and results in a weak acti-
vating effect of Zap70 catalytic activity (Supplementary Fig. 7a). To
test our hypothesis, we expressed Lck**® and Zap70***** with either
wild-type or mutant AIARSA LAT in HEK 293 cells, and exam-
ined the phosphorylation of two tyrosines on LAT: Y132 and Y191
(Supplementary Fig. 7b). We titrated the transfection ratio of Zap70
and LAT, and identified a dose range in which the weakly activated
Zap70 displayed minimal phosphorylation of LAT. In the pres-
ence of the catalytically inactive Lck®*}, the phosphorylation of
LAT Y132 and Y191 residues by Zap70***** considerably increased
(Fig. 5a). Notably, the increased phosphorylation of LAT was highly
dependent on its PIPRSP motif, because the proline-to-alanine

mutations impaired the phosphorylation of LAT (Fig. 5a). In addi-
tion to the PIPRSP motif in LAT, the binding functions of both the
SH3 and SH2 domains of catalytically inactive Lck were crucial
for enhancing the phosphorylation of LAT (Fig. 5b). Inactivating
point mutations in either the SH3 or the SH2 domain of catalyti-
cally inactive Lck diminished the phosphorylation of LAT. Thus,
LcKs SH3 domain (which binds the PIPRSP proline-rich motif of
LAT) and SH2 domain (which binds phospho-Y319 in interdomain
B of Zap70 (ref. *)) together potentially facilitate the formation of
a transient LAT-Lck-Zap70 complex. Interestingly, the catalytically
inactive Src family kinase Fyn***%, also expressed in T cells, did not
exhibit a similar enhancing effect on the phosphorylation of LAT
(Fig. 5b). Although Fyn is structurally similar to Lck, having SH3
and SH2 domains, the binding specificities of these domains dif-
fer between Fyn and Lck”. Thus, the interaction between the SH3
domain of Lck and the PIPRSP motif of LAT exhibits a degree of
specificity. These results support our hypothesis that after T cell
stimulation, LcK’s interaction with the PIPRSP motif of LAT may
facilitate Zap70’s phosphorylation of LAT.

The PIPRSP motif promotes localization of LAT to pMHC-TCR.
To explore the possibility that TCR stimulation by agonist pMHC
might trigger the relocalization of LAT to engaged TCR complexes
during antigen recognition, we took advantage of engineered Jurkat
cells that express the mouse OT-I TCR and human CD8, and either
do or do not express human Lck (J.OT-1.hCD8.Lck KO or J.OT-1.
hCD8.Lck-FLAG, respectively). The coexpression of human CD8
facilitates the interaction of mouse OT-I TCR with mouse MHCI
H-2K" (Supplementary Fig. 8a,b), with comparable affinity to that
of mouse CDS8 (ref. *°). We stimulated each of these cell lines with
H-2K* OVA MHC class I tetramers and used anti-{-chain mAbs to
immunoprecipitate proteins associated with engaged co-receptor—
TCR complexes. First, the use of the Lck-deficient line demon-
strated a requirement for Lck in inducible phosphorylation of the
C-chain and associated proteins. In cells expressing Lck, H-2K* OVA
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or AIARSA-mutant LAT, Zap70%*¢%¢, and/or Lck?”® or Fyn*?**® were performed in HEK 293 cells as indicated. Data are representative of at least three
independent experiments. a, Immunoblot analysis of LAT phosphorylated on Y132 and Y191in HEK293 cells reconstituted with wild-type or AIARSA-
mutant LAT, along with the presence of kinase-inactive Lck (K273R mutant) or control protein GFP, and weakly autoactivated Zap70 (K362E mutant).
Data are representative of three experiments. b, Immunoblot analysis of phosphorylation of LAT in HEK 293 cells reconstituted with wild-type or AIARSA-
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tetramers induced signaling, as evidenced by {-chain phosphory-
lation and the induction of interacting phosphoproteins (Fig. 6a).
We observed TCR-stimulation-induced association of Zap70 and
Lck with the {-chain immunoprecipitates (Fig. 6a). Moreover, we
detected an increase in phospho-LAT in these {-chain immunopre-
cipitates. These data are consistent with LAT relocalization to the
stimulated TCR complexes, where activated Zap70 and Lck both
are localized. With mouse OT-II CD4* T cells, we also observed
similar results (Fig. 6b). Furthermore, we used CRISPR-Cas9 to
generate LAT-deficient J.OT-LhCD8.Lck-FLAG Jurkat variants and
then reconstituted cells with either wild-type or AIARSA-mutant
LAT. After H-2K® OVA tetramer stimulation followed by {-chain
immunoprecipitation, wild-type LAT, but not ATARSA LAT, associ-
ated with the {-chain (Fig. 6¢). These results are consistent with our
working model in which the PIPRSP motif of LAT may contribute
to relocalization of LAT to engaged TCR complexes.

Discussion

Our study revealed a mechanistic explanation for how Zap70 phos-
phorylates one of its key substrates, LAT. This process is mediated
by an unanticipated scaffolding function of Lck, a kinase whose
catalytic activity is critical to many events in the initiation of TCR
signaling. In our model (Supplementary Fig. 6c), every structural
feature of Lck is specifically accommodated in TCR’s recognition
of agonist pMHC. First, the acylation sites of Lck provide mem-
brane anchorage. Second, the cysteine-rich motif within its unique
domain allows for its linkage to CD4 or CD8 co-receptors. Third,
the kinase domain promotes the phosphorylation of ITAMs and
Zap70, thus leading to the eventual catalytic activation of Zap70.
The Lck SH2 domain, which can interact with Y505 and conse-
quently promote autoinhibition, can also bind phospho-Y319 in
Zap70 and consequently maintain the open and active state of both
Zap70 and Lck during TCR signaling. The Lck SH3 domain not only
participates in its autoinhibition but, as shown here, also provides
a unique link to the proline-rich motif in LAT, thereby recruiting
activated Zap70 to LAT. Accommodating every structural feature
of an SFK in a single cellular process is rare and suggests that Lck
has uniquely evolved to serve these functions in TCR recognition
and signaling. Because Lck is associated with co-receptors, which
are involved in the recognition of pMHC, our model suggests that
Zap70 and LAT are linked to TCR recognition of pMHC through
LcK’s ability to function both as a kinase and as a bridging scaffold
that orchestrates efficient TCR signaling.

NATURE IMMUNOLOGY | www.nature.com/natureimmunology

The segment of LAT that links its transmembrane segment to
key tyrosines had no previously identified function. We found that
the evolutionarily conserved segment contained one key function-
ally important proline-rich motif, PIPRSP. Mutation of this motif
partially impeded TCR signaling and calcium responses. This
PIPRSP motif supported efficient T cell development and function,
as evidenced by bone marrow chimera studies. LAT is a major TCR
signaling hub that coordinates many signaling effectors; thus, the
role of the PIPRSP motif in facilitating LAT phosphorylation con-
tributes to a pivotal event in TCR signal transduction.

The T cell developmental and functional deficiency resulting
from the expression of proline-motif-mutant LAT was remark-
ably consistent with the results from a previously published study
showing that an inactivating SH3-domain mutant of Lck (Lck™*74)
impedes thymocyte development, as a result of partial blocks in beta
and positive selection”. Although similar numbers of peripheral T
cells were reported in Lck"*’* mice and wild-type mice, the mutant
cells were functionally impaired, as evidenced by diminished LAT
and PLCy1 phosphorylation®. These results are consistent with ours
and support our proposed interaction between Lck and LAT during
the initiation phase of TCR signal transduction. Notably, SLP76 was
normally phosphorylated in both studies and may reflect the role of
other adaptor proteins, such as CD6 (ref. *?).

Thymocytes reconstituted with ATARSA-mutant LAT exhibited
an impaired ability to transition across pre-TCR and TCR devel-
opmental checkpoints. However, T cells in the periphery exhibited
some evidence of accumulation of effector memory cells. This result
may reflect the effects of an altered repertoire being inefficiently
selected in the setting of impaired TCR signaling, which also mirror
findings from previous work on dysfunctional LAT mutants, such as
LATY"*F knock-in mice**. T cells can use LAT-independent signal-
ing pathways that promote the activation of Erk*-*, thus potentially
explaining why the ATARSA mutant in LAT had less of an effect on
the phosphorylation of Erk.

Signaling by the TCR critically depends on the integrated func-
tions of the Lck and Zap70 kinases. The Zap70 kinase uses its tan-
dem SH2 domains to be recruited to the phosphorylated ITAMs of
the stimulated TCR. Protein-interaction domains of cytoplasmic
tyrosine kinases were thought to be responsible for their substrate
specificity by conferring their colocalization to substrates. Recent
studies of Zap70 suggest that the kinase domain alone is sufficient
for substrate specificity'’. However, how activated Zap70, bound
to the TCR, efficiently interacts with its substrate, LAT, had been

© 2018 Nature America Inc., part of Springer Nature. All rights reserved



ARTICLES

a J.OT-LhCD8.Lck KO
Lck KO Lck-FLAG
OVAtetramers(min) 0 5 15 0 5 15 MW (kDa)
Zap70 (total)
Lck (total) -
LATEVIeN o A
¢ (total) W -16
- 100
o . -75
s - .
S
V) pY - 50
Z
<
-37
-25
-

NATURE IMM

b OT-Il CD4 mouse T cells
Control tetramer OVA tetramer
Stimulationtime (min) 0 5 15 0 5 15MW (kDa)
Zap70 (total)

— T
Lck (total)

——_

LAT (total) AETTE
¢ (total) M— 16

-75

Zap70 (fotal) S sw smm—" w—" s g

Lok (total) ol e e i
(AT o)

J.OT-1.hCD8.Lck-FLAG.LAT KO
LAT WT  LAT AIARSA
tetramers (min) 0 5 15 0 5 15 MW (kDa)
. — 75
Zap70 (total)

Anti-¢-chain IP

Whole cell
lysates

o

<
>

Lck (total)
LAT (total) +

i SR T,

—-— _a7

. - | | Ry
Cotal) e - 1c

LAT (fotal) e e e e

Cou) QMDD

Anti-¢-chain IP

LAT (p-Y191) [

Whole cell
lysates

Fig. 6 | TCR engagement triggers the association of LAT with TCR signaling complexes. a, Lck-deficient J.Lck cells that were reconstituted with mouse
OT-I TCR and human CD8, with or without FLAG-tagged human Lck. Cells were stimulated with H-2K® OVA tetramers (SIINFEKL) for the indicated times.
Lysates were prepared and immunoprecipitated with anti-C-chain mAbs (clone 6B10). Immunoprecipitates (IP) were analyzed by immunoblotting and
probed for Zap70, FLAG (Lck), phospho-LAT, and phosphotyrosine as indicated. Data are representative of three experiments. b, Mouse OT-11 CD4 T cells
were stained with H-2A® OVA tetramers or control tetramers on ice, and stimulated by warming at 37 °C for the indicated times. After lysis in NP-40,
lysates were immunoprecipitated with anti-(-chain mAbs and analyzed by immunoblotting as in a. Data are representative of two experiments. ¢, LAT-
deficient J.OT-1.hCD8.Lck-FLAG cells were reconstituted with wild-type or AIARSA LAT. Cells were stimulated, lysed, and immunoprecipitated with anti-{
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LAT as indicated. Data are representative of four experiments.

unclear. Recent imaging studies have suggested that activated Zap70
is inducibly released from ITAM motifs". A mobile but membrane-
associated active pool of Zap70 may diffuse to and possibly phos-
phorylate distant LAT molecules, thereby allowing multiple Zap70
molecules that transiently interact with the stimulated TCR to
amplify signaling. Although our study clearly indicates that the LAT
proline-rich motif is important for the efficient phosphorylation
of LAT by Zap70, we cannot exclude the possibility that a TCR-
independent complex of Zap70 and Lck, or Lck and LAT, might also
exist distal from the pMHC-bound TCR. However, the proposed
release of Zap70 uncouples its function from TCR recognition of
agonist pMHC and does not offer a means of protection from inac-
tivation by cellular phosphatases or ubiquitin ligases after release
from the TCR, thus raising concerns regarding how Zap70 would
remain active. Moreover, our biochemical data with pMHC-tetra-
mer stimulation suggested that LAT was recruited to the pMHC-
stimulated TCR complex, which also contained Lck and Zap70.
This result suggests that at least some LAT directly interacted with
the stimulated TCR complex. Further work will be needed to assess
the site at which Zap-70, Lck, and LAT form a functional signaling
unit, and the stability as well as the longevity of these interactions.
A recent report has also suggested that the potential interaction
between Lck and LAT may fine-tune proximal TCR signaling®.
Nonetheless, the evolutionarily conserved and functionally impor-
tant proline-rich motif in LAT that we identified provides previ-
ously unappreciated insights into how components of the initially
assembled TCR signaling machinery transduce information down-
stream via newly identified direct interactions.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available athttps://doi.
0rg/10.1038/541590-018-0131-1.

Received: 17 January 2018; Accepted: 18 April 2018;
Published online: 18 June 2018
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Methods

Mice and cell lines. The mice used in these studies were housed in the specific-
pathogen-free facilities at the University of California, San Francisco, and were
treated according to protocols that were approved by the UCSF Animal Care Ethics
and Veterinary Committees, and are in accordance with NIH guidelines. The LAT-
deficient mouse line (on a C57BL/6 background) was a gift from L. Samelson and
C. Sommers (NIH). Boy] (CD45.1) mice were obtained from Jackson Laboratories
(B6.SJL-Ptprca Pepcb/Boy]). The human leukemic Jurkat T cell line, or Jurkat
variants with LAT deficiency or knock-in mutations, were maintained in RPMI
culture medium supplemented with 5% FBS and 2mM glutamine. Cell lines

that were reconstituted with wild-type LAT or various mutant LAT constructs
were maintained in RPMI culture medium supplemented with 5% FBS, 2mM
glutamine, and 0.5 mg/ml of the aminoglycoside geneticin (G418). HEK293 cells
were obtained from the ATCC and were maintained in DMEM supplemented with
10% FBS and 2mM glutamine.

Compilation and analysis of orthologous LAT seq The lian LAT
sequences used to generate Fig. 1 and Supplementary Fig. 1 were compiled through
a series of protein—protein BLAST searches in the NCBI nonredundant protein
database, as previously described'. A total of 42 mammalian LAT sequences were
identified. Sequence logos were generated with the online tool WebLogo™'.

Generation of LAT-deficient or knock-in mutant Jurkat variants. The Jurkat
variants J.LAT (deficiency in LAT), J.dPro and ].Het (hemizygous or heterozygous
mutant LAT lacking the membrane-proximal proline-rich region in LAT) were
generated by transiently expressing Cas9, a guide sgRNA against the LAT proline-
rich region and ssODN repair template, as previously described"'. In brief, guide
sgRNAs were cloned into the pU6-(BbsI)_CBh-Cas9-T2A-BFP vector (Addgene
plasmid no. 64323) and electroporated into Jurkat T cells along with an ssODN
repair template. Single cells were sorted into 96-well plates the next day. Successful
knock-in-mutant clones were selected by screening with immunoblots probed for
anti-C-terminal LAT (Santa Cruz Biotechnology, clone no. M19, cat. no. sc-5320),
as shown in Supplementary Fig. 1. LAT-deficient clones (J.LAT) were also selected
from the screen. Genomic DNA of J.LAT, J. dPro, and J.Het cells was purified

and used as a template for genotyping. PCR products amplified from genomic
DNA of ].Pro and J.Het were TOPO cloned into pCR2.1 vectors and prepared for
sequencing. Additionally, cDNA products of ].dPro and J.Het cells were prepared,
and LAT cDNA from ].Pro or ].Het cells was amplified by PCR, TOPO cloned,
and sequenced. The oligonucleotides used in these studies were as follows: LAT
sgRNA sense, 5'-CACCGCCATCTTCCCGGCGGGATTCTG A-3'; antisense,
5'-AAACTCAGAATCCCGCCGGGAAGATGGC-3'; LAT ssODN HDR

Then the cells were lysed by direct addition of 10% NP-40 lysis buffer to a final
concentration of 1% NP-40 (containing the inhibitors 2mM NaVO,, 10mM NaF,
5mM EDTA, 2mM PMSE, 10 pg/ml aprotinin, 1 ug/ml pepstatin, and 1 pg/ml
leupeptin). The lysates were placed on ice and centrifuged at 13,000 to pellet
cell debris. The supernatants were run on NuPAGE 4-12%, 8% or 10% Bis-Tris
protein gels (Thermo Fisher) and transferred to PVDF membranes with a Trans-
Blot Turbo Transfer System (Bio-Rad). Membranes were blocked with TBS-T
buffer containing 3% BSA, then probed with primary antibodies as described,
overnight at 4°C or 2h at room temperature (25 °C). The following day, the blots
were rinsed and incubated with HRP-conjugated secondary antibodies. The blots
were detected with a chemiluminescent substrate and a Bio-Rad Chemi-Doc
imaging system. For all antibodies used, the sources and catlog numbers are listed
in the Reporting Summary.

Production of lentivirus expressing WT or ATARSA LAT. Mouse WT LAT was
cloned into the pHR backbone under the control of the EFIA promoter. The mouse
ATARSA LAT mutant was generated with a QuikChange Lightning site-directed
mutagenesis kit (Agilent 210518). A C-terminal P2A self-cleaving peptide followed
by mCherry was incorporated to assess transduction efficiency and expression
levels. The packaging vector pCMV dR8.91, envelope vector pMD 2.G, and pHR
Lck constructs were transiently cotransfected into LX-293T cells with TransIT-

LT1 reagent (Mirus Bio Mio2300). Supernatants containing virus particles were
collected 48 h after transfection, filtered, and concentrated through PEG 8000
precipitation. The virus particles were resuspended in PBS and stored at -80°C.

Bone marrow chimeras. CD45.2* B6 hematopoietic stem cells were enriched
with an EasySep Mouse Hematopoietic Progenitor Cell Enrichment Kit
(StemCell Technology n0.19856), stained for c-Kit and Sca-1, and sorted

to enrich an c-Kit*Sca-1* population on a FACSAriall flow cytometer.
Hematopoietic stem cells were resuspended at a density of 1x 10* cells

per 200 pl DMEM-F12 containing 10% FCS, 1 X nonessential amino

acids, 2mM GlutaMax, 1 mM sodium pyruvate, 0.05% gentamicin, 50 pM
2-mercaptoethanol, 50 ng/ml stem-cell factor, and 50 ng/ml thrombopoietin per
well of a 96-well round-bottom plate. After 18-24h of culture, 5 pl lentivirus
stock was added to each well. Cells were adoptively transferred 24 h later into
lethally irradiated CD45.1* Boy] mice by tail injection on day 0 (at least 1x 10*
hematopoietic stem cells per mouse). After 6-8 weeks of reconstitution, cells
were recovered from the thymus and spleen of each recipient mouse, and
analyzed on a BD Fortessa flow cytometer with FlowJo software.

I ipitation and mass spectrometry analysis. 3 10°J.LAT cells

5’-TCCTGCCTCACCAGCCCTCTCTTTCCCAGGCTCCTACGACTACCCA-
TACGATGTTCCAGATTACGCTAGCACATCCTCAGATAGGTGAGTCCGC-
CCCAGCATAGGCCTGGCCTGAGCTGACTTAGTCTCCCTCTCACCCTCTCT
TTGAAGCCAACAGTGTGGCGAGCTACGAGAACGAGGGTGCGTCTGGGA
TCCGAGGT-3'; LAT gDNA screen sense, 5’ AGGTGAGTGGGAAACTGGTG-3’
; antisense, 5'- GCCTGGGTTGTGATAGTCGT-3'; LAT ¢cDNA screen

sense, 5'- GCTCCTGCTGCTGCCCATCC-3'; and antisense, 5’
-AGTCTTAGCCGCTCCAGGAT-3’

Reconstituted LAT-deficient J.Lat cells with LAT mutants. Reconstituted LAT-
deficient (J.Lat) lines were generated by electroporation of J.Lat cells with a pEF
vector to express WT LAT and AWAA-, AAYAA-, and ATARSA-mutant LAT, and
subsequent selection with 2mM G418. Individual clones were single-cell sorted
into 96-well plates and were later assessed for comparable CD3 expression by flow
cytometry analysis and for comparable LAT expression by immunoblot analysis.

Intr: calcium Jurkat cells and LAT-mutant variants

were washed with PBS twice and loaded with 1 pM Indo-I AM calcium-indicator
dye (Thermo Fisher 11223) at 37°C for 30 min in RPMI medium. The cells were
then washed with PBS twice, and transferred into 96-well plates. Changes in the
fluorescence ratio (violet/blue) after the addition of anti-CD3 (clone OKT3; Harlan
or Tonbo Biosciences cat. no. 70-0037) or ionomycin were recorded with a Flex
Station II instrument (Molecular Probes) in SoftMax Pro software. The data were
imported into GraphPad Prism software for analysis and production of graphs.
Calcium responses in primary thymocytes from bone marrow chimera studies
were analyzed through flow cytometry. Cells were loaded with 1.5 uM Indo-1 AM
at 37°C in RPMI medium supplemented with 5% FBS for 30 min. After being
loaded with Indo-I, the cells were stained with antibodies to CD4, CD8, and
CD45.2. The cells were analyzed by flow cytometry and stimulated with 1 pg/ml
anti-CD3 (clone 145-2C11; Harlan), then cross-linked with 50 ng/ml goat anti-
Armenian hamster IgG (Jackson ImmunoResearch cat. no.127-005-099). Changes
in intracellular calcium concentrations were monitored as the ratio of Indo-I
(blue/violet) and are displayed as a function of time.

Immunoblot analysis. Jurkat and derivative cells were washed with PBS,
resuspended at 5x 10° cells/ml, and allowed to rest for 30 min at 37°C. The cells
were left unstimulated or were stimulated with anti-CD3 (clone OKT3; Harlan or
Tonbo Biosciences cat. no. 70-0037) over time, as described in each experiment.

reconstituted with WT or ATARSA LAT with the Myc tag fused to the C termini
were harvested and washed with PBS twice. The cells were resuspended in serum-
free RPMI at a concentration of 5x 107 cells/ml, then split into three samples. Then
the cells were allowed to rest at 37 °C for 15 min and were left unstimulated or were
stimulated with anti-CD3 for 2min or 10 min. The stimulation was stopped with
ice-cold PBS on ice. The cells were washed with ice-cold PBS, then resuspended

in 1ml 1% NP-40 lysis buffer containing the inhibitors 2mM NaVO,, 10 mM NaF,
5mM EDTA, 2mM PMSE, 10 pg/ml aprotinin, 1 pg/ml pepstatin, and 1 pg/ml
leupeptin. The cells were centrifuged at 13,000 g, and the supernatants were
transferred to clean tubes. Anti-myc magnetic beads (Thermo Fisher Scientific cat.
no. 88842) were washed with 1% NP-40 lysis buffer and added to each sample. The
samples were rotated at 4°C for 2h. The beads were washed five times with Tris-
NaCl buffer (20 mM Tris, pH 7.4, and 120 mM NaCl) and resuspended in 100 pl
urea elution buffer (8 M urea, 20 mM Tris, pH 7.5, and 100 mM NaCl) and rotated
for 30 min at 25 °C with frequent agitation before gentle centrifugation. The beads
were collected, and supernatant samples were transferred to clean tubes and frozen
at —20°C for mass spectrometry analysis.

Briefly, mass spectrometry analysis was performed with a fully automated
proteomic technology platform*-*". The tryptic peptides were separated with an
Agilent 1200 Series Quaternary HPLC system (Agilent Technologies) and analyzed
with a Q Exactive Plus mass spectrometer (Thermo Fisher). For peptide-spectrum
matching, MS/MS spectra were searched against a human-specific database
(UniProt; downloaded 4 August 2016) with MASCOT v. 2.4.1 (Matrix Science).

A concatenated database containing 185,156 ‘target’ and ‘decoy reversed’ sequences
was used to estimate the false discovery rate’. Peptide assignments from the
database search were filtered down to 1% false discovery rate through MOWSE
score filtering, as previously described .

Relative quantification of peptide abundance was performed via calculation
of selected ion-chromatogram peak areas. Retention-time alignment of individual
replicate analyses was performed as previously described””*". A minimum
selected-ion-chromatogram peak area equivalent to the typical spectral noise
level of 1,000 was required for all data reported for label-free quantification.
Individual selected-ion-ck am peak areas were normalized to the peak
area of the exogenously spiked peptide DRVYIHPF added before reversed-phase
elution into the mass spectrometer. The proteomic datasets have been deposited
in the ProteomeXchange Consortium via the PRIDE partner repository under
dataset identifier PXD008258. These data are available for review (username,
reviewer21222@ebi.ac.uk; password, zI1qcJ3B).
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Samples immunoprecipitated with anti-Myc-tagged LAT were also analyzed
through immunoblot analysis and probed for total LAT, Lck, or Grb2 to confirm
the mass spectrometry results.

I precipitation of p d with TCR pl Anti-{-chain
antibody (clone 6B10) was conjugated to Protein G agarose, which was then rinsed
twice with 0.2 M sodium borate, pH 9.0. The resin was then resuspended in borate
buffer, and solid dimethylpimelimidate was added to a concentration of 20 mM.
The resin was incubated for 30 min at room temperature (25 °C) with mixing and
then rinsed with 0.2 M ethanolamine, pH 8.0. The resin was then incubated with
ethanolamine for 30 min, washed twice with TBS, and stored at 4°C as a 50%
slurry. Before immunoprecipitation, the resin was rinsed with wash buffer (0.1%
NP-40 in TBS). Lck-deficient J.Lck cells were transduced to express mouse OT-1
TCR and human CD8 with or without FLAG-tagged human Lck. 1x 10 cells were
washed with PBS twice, resuspended in serum-free RPMI medium, and allowed

to rest at 37°C for 15min. The cells were stained with H-2K" OVA tetramers
(SIINFEKL) on ice for 1h, washed twice with PBS, resuspended again in serum-
free RPMI medium, and split into three samples. TCR stimulation was initiated

by incubation of samples at 37°C for 5min or 15 min; unstimulated samples
remained on ice. The cells were directly lysed with 10% NP-40 lysis buffer to a final
concentration of 1% NP-40 (containing the inhibitors 2mM NaVO,, 10 mM NaF,
5mM EDTA, 2mM PMSE, 10 pg/ml aprotinin, 1 pg/ml pepstatin, and 1 pg/ml
leupeptin). Lysates were placed on ice and centrifuged at 13,000 to pellet cell
debris. Supernatants was transferred to clean tubes, and anti-{-chain (clone 6B10)
resin (50% slurry) was added. Samples were incubated for 2h at 4 °C before the
resin was pelleted and rinsed three times with ice-cold wash buffer in a refrigerated
microfuge. Captured proteins were eluted by the addition of SDS sample buffer to
the resin and incubation for 5 min at 95°C.

HEK?293 cell-based reconstitution system. HEK293 cells were transfected

at ~60% confluency with the following constructs: pEF LAT WT or AIARSA (2 pg),
PEF Zap70**“ (0.2 pg), pEF Lck™™* (0.2 pg), and empty pcDNA-EGFP vector,

for a total of 2.4 pg DNA per well (six-well plate). Plasmids were combined in
Opti-MEM before addition of Lipofectamine 2000 (Thermo Fisher) (10 pl per 4 pug
DNA), per the manufacturer’s instructions. Plasmids were then added to cells for
4h before the addition of full medium and culturing overnight. After 24h, the cells
were harvested and rinsed, and lysed on ice.

Preparation of J.OT-1.hCD8.Lck KO cells. Lck-deficient Jurkat cells” were
sequentially transduced with hCD8B-T2A-hCD8a in a lentiviral pHR vector”
(a gift from W. Paster, Centre for Pathophysiology, Infectiology and Immunology,
Medical University of Vienna), OT-I TCRf and OT-I TCRa (amplified from OT-I
TCR transgenic-mouse DNA) in the retroviral vectors MSCV-IRES-Thy1.1 and
MSCV-IRES-GFP, respectively. Human Lck-encoding sequence (a gift from T.
Brdicka, IMG, Prague) was fused with a C-terminal FLAG sequence via PCR and
cloned into MSCV-IRES-LNGFR.

Lentiviral particles were produced by transfection of HEK293 cells with
CD8p-T2A-CD8a-pHR along with pLP1, pLP2, and pLP-VSVG packaging vectors
with Lipofectamine 2000 (Thermo Fisher). Retroviral particles were produced by

NATURE IMMUNOLOGY | www.nature.com/natureimmunology

transfection of the Phoenix-AMPHO cell line with polyethylenimine. Supernatants
were collected and filtered 48 h after transfection, and the Jurkat cells were transduced
by centrifugation (45min, 1,200g) in the presence of 5-8 pg/ml polybrene.
Transduced Jurkat cells were labeled with phycoerythrin-conjugated anti-Va
2 (clone B20.1; BD Pharmingen cat. no. 553289), APC-conjugated anti-V[5.1/5.2
(clone MR9-4, both BD Pharmigen), phycoerythrin-Cy7-conjugated anti-Thyl.1
(clone HIS51, eBioscience cat. no. 14-0900-81), and/or APC-conjugated anti-
LNGFR (clone ME20.4-1.H4, Miltenyi Biotec cat. no. 130-091-884) antibodies and
sorted with a BD Influx sorter (BD Biosciences).

Statistics and reproducibility. Statistical analysis was applied to technical replicates
or biologically independent mice for each experiment. All experiments described

in this study were performed at least twice, and the exact numbers of independent
experiments with similar results are indicated in the figure legends. All statistical
analyses of experiments were performed with nonparametric, two-tailed Mann-
Whitney tests. GraphPad Prism 6 Software (GraphPad Software) was used for data
analysis and representation. All bar graphs show means with overlaid scatter dots, or
error bars (indicating s.d.), to show the distribution of the data, as indicated in each
figure legend. P values for comparisons are provided as exact values or as P<0.0001.
95% confidence levels were used to determine statistically significant P values.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability. Mass spectrometry data have been deposited in the
ProteomeXchange Consortium repository via PRIDE under dataset identifier
PXD008258 (username, reviewer21222@ebi.ac.uk; password, zI1qcJ3B). The primary
data for analysis of all figures and supplementary figures are available upon request.
All data necessary to understand and access the conclusions of this study are available
in the main text, the supplementary materials, and the indicated repositories.
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Supplementary Figure 1
The proline-rich motif in the membrane-proximal segment of LAT is highly evolutionarily conserved.
a, The amino acid sequences of 42 mammalian LATs. b, The frequency of individual amino acids in human LAT or the whole human

proteome. ¢, Relative frequency of individual amino acids of human LAT normalized to the whole human proteome. d, Relative
frequency of proline residues of key adaptor or kinase proteins (normalized to the whole human proteome) in the antigen receptor
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Supplementary Figure 2
The proline-rich motif in the membrane-proximal segment of LAT promotes TCR signaling.

(a) Immunoblot analysis of screening LAT mutant Jurkat variants that lack the proline-rich region, probed with anti-C terminal LAT
antibody or anti-tubulin antibody (loading control). Numbers to the right of cropped blots indicate molecular masses (kDa). Data are
representative of at least two independent experiments. (b) Characterization of CRISPR/Cas9-induced amino acid changes of mutant
LAT in J.dPro or J.Het cells. Each line represents the amino acid sequences encoded by one allele of DNA. “-” indicates the amino acid
deletion. “n” indicates the insertion of asparagine resulted from the CRISPR/Cas9-induced nucleotide lnsertlons Wild type human LAT
sequences are shown at the top. (c) CRISPR/Cas9 generated LAT-deficient J.LAT cells, or Jurkat cells were loaded with Indo-1 AM,
stimulated with 0.5 pg/ml anti-CD3 and the changes in relative calcium-sensitive fluorescence ratios over time are shown. The center of
measure indicates mean + s.d. n = 3 technical replicates. Data are representative of two independent experiments. (d) Immunoblot
analyses of Jurkat, J.LAT cells, or LAT-deficient JCaM2 were left unstimulated or stimulated with 0.5 pg/ml anti-CD3 for 2 min.
Numbers to the right of cropped blots indicate molecular masses (kDa). Data are representative of at least three independent
experiments with similar results.
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Supplementary Figure 3
The PIPRSP motif in LAT promotes the phosphorylation of LAT and PLCy1.
Immunoblot analyses of J.LAT cells reconstituted with WT or AIARSA mutant LAT were either unstimulated or stimulated with anti-CD3
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Supplementary Figure 4

Mutant AIARSA LAT impedes thymic development.

Absolute number analysis of bone marrow chimeric studies shown in Fig. 3. (a) Bar graph showing absolute number of CD45.2"
mCherry" DN, DP, CD4SP, and CD8SP thymocytes as in Fig. 3d. (b) Absolute number analysis of CD45.2" mCherry” DN1, DN2, DN3
and DN4 cells as in Fig. 3f. (c) Absolute number analysis of post positive selection CD45.2" mCherry* DP3 cells as in Fig. 3h. (a, b, c)
Each symbol represents an individual mouse. All bar graphs indicate meants.d. n = 4 independent animals. All experiments were
repeated twice with four independent animals. *P = 0.0286; ns, not significant, two-tailed Mann-Whitney test.
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Supplementary Figure 5
Peripheral T cells ectopically expressing the mutant AIARSA LAT exhibit an increased memory-cell-like phenotype.

Flow cytometry of splenocytes from lethally irradiated bone marrow BoyJ chimeras reconstituted with CD45.2" B6 hematopoietic stem
cells transduced with lentivirus expressing WT LAT-P2A-mCherry (WT; n = 4 recipients) or mutant AIARSA LAT-P2A-mCherry
(AIARSA; n = 4 recipients), as described in Fig. 3. (a) Flow cytometric analysis of CD45.2" mCherry® splenocytes. Numbers in outlined
areas indicate percent cells in each quadrant. Bar graph depicts the frequency or the absolute number of CD4" and CD8" splenocytes
among CD45.2"mCherry” cells (meants.d.). n = 4 independent animals. ns, not significant; two-tailed Mann-Whitney test. (b) Surface
expression of TCR or CD5 in CD45.2"'mCherry” CD4" or CD8" T cells. (c and d) Flow cytometric analysis of CD62L versus CD44
expression of CD45.2" mCherry” CD4" (c) or CD8" (d) T cells. Bar graphs present the frequencies or the absolute number of naive cell



populations (CD62L™ CD44"), or memory cell populations (CD44"CD62L"° or CD44"CD62L™). Bar indicates meants.d. n = 4
independent animals. *P = 0.0286; ns, not significant, two-tailed Mann-Whitney test. (a, b, ¢, d) Data are representative of two
independent experiments.



a AIARSAWT
ratio

anti-CD3 (min) 0 2 10 Identified peptide sequences
Lek [JJM R-AANILVSDTLSCK.I
R.QLLAPGNTHGSFLIR.E
R.QLLAPGNTHGSFLIR.E
R.HYTNASDGLCTR.L
R.NLDNGGFYISPR.I
R.ILEQSGEWWK.A
R.IPYPGMTNPEVIQNLER.G
K.LLDMAAQIAEGMAFIEER.|
R.DFDQNQGEVVK.H
R.TFPGLHELVR.H

K. ANSLEPEPWFFK.N

Leck
Lck
Lck
Lck
Lek

|
]
U]
[ |
[ |
Lek [l
O
|
|
=

anti-Myc tag
LAT IP

Lck
Lck
Lck
Lek

EEECEEEEEN
ONEEEEEEEE

Ratio fold change
e )

High in Y2tz qw ¥V piigh in
wT

b

anti-Myc tag
LAT IP

Whole cell
Lysates

AIARSA

Co-receptor
CD4 or CD8

Lck acts as a tyrosine kinase:

Lck phosphorylates tyrosines
on CD3, and Y315, Y319 on
interdomain B and Y493 on
activation loop of Zap70.

Thus, Lck initiates early
TCR signal transduction.

Supplementary Figure 6

Lck acts as a scaffold protein:

Lck uses its SH3 domain to
interact with the PIPRSP motif
of LAT, and its SH2 domain to
interact with Y319 on Zap70.

Thus, Lck may facilitate Zap70’s
ability to phosphorylate LAT.

TCR stimulation induces the interaction of Lck with the LAT PIPRSP motif.

LAT deficient J.LAT cells were reconstituted with WT or AIARSA mutant LAT, fused with a Myc-tag at the C-terminus. Cells were
stimulated with 0.5 pg/ml anti-CD3 for 0, 2, or 10 min. Samples were immunoprecipitated (IP) with anti-Myc antibody and subjected to
mass spectrometry analysis. (a) Ratio fold-change in Lck peptides identified by mass spectrometry analysis was illustrated as heat map
among each sample. White block indicates peptide was not identified as the peak area was not observed. (b) Immunoblot analysis of
samples IP’d with anti-Myc or whole cell lysates for Lck (LAT PIPRSP motif dependent), Grb2 (LAT PIPRSP motif independent) or LAT.
Data are representative of two independent experiments with similar results. c, lllustration of the proposed model whereby Lck serves
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as a kinase and an adaptor protein. New data suggest Lck interacts via its SH3 domain with the LAT PIPRSP motif and also interacts
via its SH2 domain with Zap70 phospho-Y319, as well as associating via its uniqgue domain with coreceptor CD4 or CD8 cytoplasmic
segment. Arrows indicate Lck’s ability to phosphorylate CD3 or Zap70 (left) or Zap70’s ability to phosphorylate LAT (right).
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Supplementary Figure 7

lllustration of a HEK293-cell-based cellular system to examine the adaptor function of Lck and its role in enhancing the phosphorylation
of LAT by Zap70.

a, Scheme of mutant Lck, Zap70 and LAT variants that were used in experiments in Fig. 5. b, lllustration of experimental design using
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Supplementary Figure 8
The coexpression of human CD8 may assist mouse OT-I TCR in binding the mouse MHC-I H-2K".

a, CD69 upregulation assay of human CD8" OT-1 TCR" Jurkat cells cultured with OVA peptide-pulsed antigen presenting T2-K® cells
over a wide range of OVA peptide concentration. J.OT-1.hCD8.Lck-FLAG cells were retrovirally transduced to express human CD8,
whereas J.OT-1.Lck-FLAG cells did not express human CD8. Each symbol represents the mean+s.e.m. of percent of CD69" cells. n = 4
independent experiments at OVA concentration of 10, 10”7, 10® uM; n = 6 independent experiments at OVA concentration between 1
and 10° uM. Data are representative of six independent experiments. b, The flow cytometry analysis of MHC class | H-2K® OVA
tetramers staining of J.OT-1.hCD8.Lck-FLAG cells or J.OT-I.Lck-FLAG cells. The unstained sample of J.OT-1.hCD8.Lck-FLAG cells was
used as the no stained control. Experiments were repeated independently twice with similar results.
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T cells require the protein tyrosine phosphatase CD45 to detect and respond to antigen because it activates the
Src family kinase Lck, which phosphorylates the T cell antigen receptor (TCR) complex. CD45 activates Lck by
opposing the negative regulatory kinase Csk. Paradoxically, CD45 has also been implicated in suppressing TCR
signaling by dephosphorylating the same signaling motifs within the TCR complex upon which Lck acts. We
sought to reconcile these observations using chemical and genetic perturbations of the Csk/CD45 regulatory axis
incorporated with computational analyses. Specifically, we titrated the activities of Csk and CD45 and assessed
their influence on Lck activation, TCR-associated {-chain phosphorylation, and more downstream signaling
events. Acute inhibition of Csk revealed that CD45 suppressed {-chain phosphorylation and was necessary for a
regulatable pool of active Lck, thereby interconnecting the activating and suppressive roles of CD45 that tune
antigen discrimination. CD45 suppressed signaling events that were antigen independent or induced by low-affinity
antigen but not those initiated by high-affinity antigen. Together, our findings reveal that CD45 acts as a signaling
“gatekeeper,” enabling graded signaling outputs while filtering weak or spurious signaling events.

INTRODUCTION

Antigens derived from foreign pathogens or malignant cells are de-
tected by a cognate T cell using its T cell antigen receptor (TCR).
Because antigen detection is essential for a T cell response, the TCR is
critical to human adaptive immunity and current efforts to harness
T cells therapeutically. Antigen detection occurs when the TCR binds
to agonist peptide-major histocompatibility complex (MHC) (pMHC)
complexes on the surface of an antigen-presenting cell (APC).
Because it lacks intrinsic kinase activity, the TCR requires the Src
family kinase (SFK) Lck to detect and respond to antigen (I, 2). Lck
phosphorylates immunoreceptor tyrosine-based activation motifs
(ITAMs) within the TCR-associated CD3 and {-chains (denoted
as the TCR complex). Phosphorylated ITAMs recruit the Zap70
kinase where it is then also phosphorylated by Lck to activate it and
propagate signaling events that are necessary for T cell activation to
occur (3-5). Because Lck is required to initiate signals through the
TCR, its regulation is critical to T cell function. In T cells, Lck activ-
ity is controlled by the phosphatase CD45 whose action on Lck is
opposed by the inhibitory kinase Csk.
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Lck activity is regulated by modulating the conformation of its
kinase domain through the phosphorylation of critical regulatory
sites (6, 7). CD45 activates Lck by dephosphorylating a tyrosine in
its inhibitory C-terminal tail (8-10). Dephosphorylation of the inhib-
itory C-terminal tail allows Lck to adopt an active open conformation,
which is stabilized through trans-autophosphorylation of a tyrosine
in its activation loop (11). The inhibitory kinase Csk opposes CD45
and phosphorylates the C-terminal tail of Lck to stabilize the closed
autoinhibited conformation (12, 13). Loss of CD45 causes hyper-
phosphorylation of the Lck C-terminal tail and markedly reduces
the amount of active Lck. Because active Lck amounts are reduced,
T cell development is impaired when TCR signaling is required,
such as during positive selection (14-16). In contrast, loss of Csk
activity causes increased activation of Lck and results in the aberrant
survival of thymocytes lacking a functional TCR (12, 17, 18). Therefore,
Csk and CD45 comprise a regulatory axis that controls active Lck
amounts, which is important for T cell development. In mature
peripheral T cells, before TCR engagement, there is a basal pool of
active Lck (19, 20). Consistent with active Lck amounts setting a
threshold for T cell activation, T cell responses to low-affinity antigen
are potentiated by increasing active Lck abundance through inhibi-
tion of Csk (21). Memory T cells have increased amounts of active Lck,
which corresponds with their augmented response to antigen (22).
Therefore, Csk is a critical inhibitor of Lck, which reduces active Lck
amounts. The role of CD45, however, is less clear.

CD45 is a receptor-type protein tyrosine phosphatase (RT-PTP)
that is among the most abundant proteins within the T cell plasma
membrane, yet its role in regulating T cell function remains enig-
matic (23). CD45 is required for TCR signaling because it activates
Lck, which is required to phosphorylate the TCR complex. However,
CD45 has also been observed to associate with the phosphorylated
{-chain, a component of the TCR complex, and to dephosphorylate
it in vitro (24, 25). Consistent with a negative regulatory role, CD45
is excluded from the site of contact when a T cell encounters a cell
bearing antigen (26, 27). The segregation of CD45 within the T cell
plasma membrane is thought to be important for T cell activation
because when this process is disrupted, T cell activation is attenuated
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(28, 29). Altered levels of CD45 expression can also affect T cell
development within the thymus. In contrast to mice deficient for
CD45, those that express low levels of CD45 have more thymocytes
undergoing positive selection, which indicates increased sensitivity
toward self-antigens (30). In aggregate, CD45 is required for T cell
function; however, differing experimental observations suggest that
it can positively or negatively affect TCR signaling.

A potential explanation for the divergent roles attributed to CD45
is that it acts on multiple substrates. Because the importance of a
given substrate will likely depend on the experimental context,
assigning a specific role to CD45 has been challenging. We therefore
sought to reconcile the various roles attributed to CD45 by perform-
ing a series of chemical and genetic perturbations to the Csk/CD45
regulatory axis. We reasoned that such an approach would reveal
whether CD45 acts differentially on multiple substrates in T cells,
including Lck and the TCR complex. Transgenic mice and cell lines
modified using CRISPR-Cas9 were used to assess the consequences
of CD45 deficiency and Csk inhibition on TCR signaling pathways.
We report two critical and interdependent roles of CD45. CD45 is
required for graded changes in active Lck amounts and suppression
of {-chain phosphorylation in intact cells. Moreover, our findings
reveal that negative regulation of the TCR by CD45 prevents antigen-
independent or weak signals but permits sustained signaling by
high-affinity antigens. Together, these features are critical to graded
signaling responses required for antigen discrimination.

RESULTS

Antigen discrimination is sensitive to active Lck abundance
We previously reported that the T cell response to low-affinity anti-
gens is potentiated by increasing the amount of active Lck (21). Spe-
cifically, by inhibiting Csk, a negative regulator of Lck, active Lck
amounts increase and TCR signaling in response to weak stimuli
is augmented. The amount of active Lck and its recruitment to
TCR:pMHC is thought to set a threshold, which controls the extent
of signaling (31). Because antigen discrimination is a critical hall-
mark of the T cell response, we sought to better understand how
manipulation of active Lck amounts influences T cell activation. To
increase active Lck, we used a previously described analog-sensitive
allele of Csk (Csk®®) that can be inhibited using the small molecule
3-IB-PP1 (hereafter denoted as Csk inhibitor) (Fig. 1A) (32, 33). We
also assessed the effect of decreasing active Lck amounts using
a SFK inhibitor (PP2). The response of T cells to antigens of differing
affinities was assessed using the OT1 TCR transgene. The OT1
TCR binds to a peptide derived from ovalbumin (OVA), and vari-
ants of this peptide sequentially reduce the binding affinity. During
thymic selection, high-affinity peptides act as agonists, which cause
negative selection, whereas lower-affinity variants act as partial or
nonagonists (34, 35). Therefore, by assessing a panel of peptide
antigens of differing affinities, the OT1 TCR provides a readout of
TCR sensitivity.

To monitor how active Lck amounts affect antigen discrimina-
tion, we used two readouts of T cell activation: Nur77-GFP (green
fluorescent protein) and CD69 up-regulation. The Nur77-GFP
transcriptional reporter provides a readout of TCR integrated sig-
naling involving several downstream pathways and is less sensitive
to other mitogenic signals (36, 37). Csk analog-sensitive mice were
crossed to incorporate both the OT1 TCR transgene and the Nur77-
GFP reporter. CD8" T cells from these mice up-regulate Nur77-GFP
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and CD69 when cocultured with splenocytes that display the high-
affinity OVA peptide but only weakly respond to the low-affinity
G4 peptide (Fig. 1B). To assess the influence of active Lck amounts
on T cell activation, purified CD8 T cells were treated with an inter-
mediate dose of either the Csk inhibitor (3-IB-PP1) or the Lck in-
hibitor (PP2) (Fig. 1C).

Consistent with our previous findings, inhibition of Csk potenti-
ated responses to low-affinity antigens resulting in both Nur77-GFP
and CD69 up-regulation, whereas up-regulation of both Nur77-GFP
and CD69 was insensitive to Csk inhibition when cells were exposed
antigens of high affinity. Conversely, low-affinity antigens were
markedly sensitive to partial Lck inhibition by PP2 causing reduced
Nur77-GFP and CD69 up-regulation. The high-affinity OVA anti-
gen responded similarly regardless of whether PP2 was present
(Fig. 1D). These findings demonstrate, using two readouts of T cell
activation, that the capacity of the TCR to distinguish between antigens
that bind with differing affinities is markedly sensitive to changes in
active Lck amounts. Because Csk and CD45 cooperate to affect active
Lck amounts, we used Csk inhibition to study the role of CD45.

Cskinhibition can activate Lck when CD45 is absent
Important regulatory features of CD45 could be unmasked if Lck
were activated in its absence. For example, CD45-mediated de-
phosphorylation of phosphorylated ITAMs within the TCR complex
has been reported in vitro using purified proteins (24). However,
this has been challenging to observe in T cells because the loss of
CD45 impairs Lck activation. We therefore sought to uncouple Lck
activation from CD45 expression using Csk inhibition. CD45 is
normally required to activate Lck in T cells, but inhibition of Csk
can relieve negative regulation of Lck and allow for its activation
when CD45 is reduced or absent. Because loss of CD45 prevents
proper T cell development in mice, we used a more genetically
tractable system. Using Jurkat T cells, we were able to delete both
Csk and CD45 using CRISPR-Cas9 and install a Csk analog-sensitive
allele (Csk*®), which can be inhibited (fig. S1, A to E) (32, 38, 39).
These cells were then treated with an anti-TCR antibody to initiate
signaling or with the Csk™® inhibitor. To assess signaling, we moni-
tored global increases in protein tyrosine phosphorylation (Fig. 2A).
Jurkat T cells respond to the anti-TCR antibody, as revealed by a
marked increase in overall protein phosphorylation, but do not
respond to Csk inhibition because they lack the Csk*® allele. Jurkat
T cells that were made deficient in Csk that were reconstituted with
Csk*S (J.Csk™9) respond to both anti-TCR stimulation and the Csk
inhibitor. Cells expressing the Csk™® allele and are deficient for
CD45 (J.Csk*9/CD45) display attenuated signaling in response
to anti-TCR stimulation consistent with impaired Lck activation.
Despite a lack of CD45, the Csk inhibitor caused robust protein
tyrosine phosphorylation.

We next monitored phosphorylation of specific signaling effec-
tors as a readout of their activation status (Fig. 2B). When CD45
is present, TCR stimulation causes robust phosphorylation of the
{-chain, Zap70, linker of activated T cells (LAT), and extracellular
signal-regulated kinase (ERK). We also assessed Lck activation by
monitoring Lck regulatory site phosphorylation, and these were not
substantially affected by TCR stimulation. Because CD45 activates
Lck, its loss causes hyperphosphorylation of the inhibitory C-terminal
tail (Tyrsos) of Lck, which reduces active Lck amounts and can be
read out by decreased Lck autophosphorylation (Tyr**). Upon TCR
stimulation, cells deficient for CD45 display impaired phosphorylation
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Fig. 1. The amount of active Lck alters antigen discrimination by T cells. (A) Depiction of small-molecule inhibition to manipulate the amount of basally active Lck in
OT1 CD8" T cells. (B) When cocultured with splenocytes and the high-affinity OVA peptide antigen, OT1 T cells up-regulate two readouts of T cell activation: Nur77-GFP
reporter and CD69. A low-affinity peptide variant only weakly activates Nur77-GFP and CD69. (C and D) OT1 T cells were cocultured with a series of OVA peptide variants
that bind with altered affinity. Active Lck amounts were manipulated by adding intermediate doses (1 uM) of PP2 or Csk inhibitor. Error bars represent means + SEM of at

least three independent experiments. VSV, vesicular stomatitis virus peptide.

of the {-chain, Zap70, and LAT. Therefore, TCR stimulation causes
signaling when CD45 is present, and signaling is attenuated when
CD45 is absent because of reduced active Lck amounts.

We contrasted signaling that occurs upon TCR stimulation with
that initiated by acute Csk inhibition. When CD45 is present, Csk
inhibition causes increased Lck activation and a corresponding de-
crease in phosphorylation of the inhibitory C-terminal tail. Because
the amount of active Lck is increased, its substrates the {-chain and
Zap70 are phosphorylated. In contrast, in resting CD45-deficient
cells, the inhibitory C-terminal tail of Lck is hyperphosphorylated
and its activation loop is predominately unphosphorylated, indi-
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cating that it is mostly autoinhibited. Unexpectedly, Csk inhibition
causes a marked increase in Lck autophosphorylation and therefore
active Lck amounts, despite no appreciable dephosphorylation of
the inhibitory C-terminal tail. When Lck is doubly phosphorylated
on both its inhibitory C-terminal tail (Tyrsos) and its activation
loop (Tyr394), it is active (19, 24). In this way, inhibition of Csk
could allow some activation of Lck despite the loss of CD45 if
a very small pool of Lck was transiently in the open conforma-
tion due to the inefficient actions of other transmembrane or cyto-
plasmic PTPs. Consistent with this reasoning, we observed robust
phosphorylation of the {-chain and Zap70. Phosphorylation of the
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dehydrogenase.

{-chain appeared increased when Lck was activated in the absence
of CD45.

CD45 suppresses (-chain phosphorylation
To better understand the role of CD45 in Lck activation, we evalu-
ated the effects of the extent of Csk inhibition. We found that higher
doses of Csk inhibitor were required to activate Lck in CD45-deficient
cells, consistent with CD45 facilitating Lck activation (Fig. 3A and
fig. S2A). In the absence of CD45, no appreciable chansge to phos-
phorylation of the inhibitory C-terminal tail (Tyr*"®) could be
detected (Fig. 3A). However, in the absence of CD45, a small reduc-
tion in Tyr*" by other PTPs could facilitate Lck activation through
trans-autophosphorylation of the activation loop (19, 24). Consistent
with this reasoning, the extent of {-chain phosphorylation was
markedly increased (fourfold) when Lck was activated in the absence
of CD45 (Fig. 3, A and B). We also noted that in the absence of
CD45, a more abrupt change in Lck activation occurred with higher
concentrations of Csk inhibitor (fig. S2A). The extent of Lck activity
was confirmed using Lck isolated from cellular extracts (fig. S2B).
Because changes in Lck activity affect {-chain phosphorylation, and
both appear to be regulated by CD45, a computational model was
constructed to explore these complex behaviors.

Our model considers phosphorylation of regulatory sites within
Lck because these sites control its activity. To deactivate Lck, the
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C-terminal tail of Lck (Tyrsos) is phosphorylated by Csk, and CD45
reverses this modification. Dephosphorylation of Lck Tyr™ by
CD45 results in a basally active unphosphorylated state. When
trans-autophosphorylation of Tyr*** within the activation loop occurs
in the basal state (pTyr‘m), it becomes fully active. Our model considers
the doubly phosphorylated form of Lek (pTyr®®!/pTyr®®) because it
is reported to have similar activity to basally active Lck (19, 24). Thus,
in the computational model, there are four possible states for Lck:
activated, A (pTyr394, Tyrsos); basal state, B (Tyr394/Tyr505); doubly
phosphorylated, W (pTyr**/pTyr™); and inactive, I (Tyr**, pTyr™™).

A reaction network was constructed to compute changes in Lck
and {-chain phosphorylation as Csk activity is reduced (Fig. 3C).
The kinetic processes within the reaction network were described
mathematically using mass action kinetics, and the resulting dif-
ferential equations were solved (text S1). We considered different
identities for the phosphatase (denoted X) that predominately acts
on the activation loop of Lck. Using our model, we evaluated whether
our experimental findings were best recapitulated with X being
CD45 or another phosphatase. We found that our model best re-
capitulated the experimental changes in Lck autophosphorylation if
the identity of X is CD45, consistent with previous findings (Fig. 3D)
(24, 40).

We next computationally evaluated the consequences of Lck
activation on {-chain phosphorylation. Two states for {-chain

40f14

6T0Z ‘TE 1290100 U0 /Bio*Brewasualos as)/:dny woly papeojumoq



SCIENCE SIGNALING | RESEARCH ARTICLE

Fig. 3. CD45 suppresses
¢-chain phosphorylation.
(A and B) Cells were treated
with decreasing amounts
of Csk inhibitor, and protein
phosphorylation was as-
sessed after 2min by immu-
noblot, represented in (A)
and quantified in (B). Pro-
tein phosphorylation was
normalized to total protein.
Data were pooled from three
independent experiments
(n = 3). Error bars represent
the means + SEMand *P < 0.05,
**P<0.01, ***P <0.001 [two-
way analysis of variance
(ANOVA) Bonferroni multiple
comparisons test]. AU, arbi-
trary units. (C) Reaction net-
work that describes Lck in
its active (“A”), basal (“B"),
inactive (“1”), and doubly
phosphorylated state (“W");
“D"is CD45, and “C"is Csk;
“X"and “Y"are phosphatases
whose identities were ex-
plored. (D) Computational
model to assess PTP activities
affecting Lck sites. (E) Compu-
tational model to evaluate
effects of CD45 on {-chain
phosphorylation. (F) Cells
were treated with either DMSO
control (=) or Csk inhibitor
(5 uM) for 0.5 min. To assess
the extent of phosphorylation
cells were treated with Csk
inhibitor alone (+). After Lck
activation with Csk inhibitor,
PP2 (25 uM) was added to
block Lck activity, and dephos-
phorylation was assessed over
time by immunoblot. Data are
representative of two inde-
pendent experiments.

Tyr'** were designated: {o (unphosphorylated) and Cp (phos-
phorylated). Within our model, the {-chain is dephosphorylated by
phosphatase(s) that we label Y. Our calculations explored three
scenarios to evaluate whether our experimental data are consistent
with Y being: (i) CD45, (ii) another unknown phosphatase, or (iii)
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CD45 and another phosphatase, which both act on { (Fig. 3E). Our
model predicts that if CD45 is the only phosphatase that acts on the
{-chain, then active {-chain should be higher in CD45-deficient
cells at all levels of Csk activity because of the loss-negative reg-
ulation. Alternatively, if { is not a substrate for CD45, and Y is
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an unknown phosphatase, then {-chain phosphorylation is pre-
dicted to be lower in CD45-deficient cells at all levels of Csk activity
because CD45-mediated activation of Lck is lost whereas the
capacity to dephosphorylate { is unaffected. Only in the case where
CD45 and another phosphatase both act on ¢ do the computational
results mirror our experimental findings. Within this scenario, in
CD45-deficient cells, a transition occurs where { phosphorylation is
lower at high levels of Csk activity, and as Csk activity is reduced,
{ phosphorylation becomes higher. Such a transition occurs
because at high levels of Csk activity, only a small amount of Lck
is active, and therefore, {-chain phosphorylation is low and another
phosphatase is present to act on {. When Csk activity is reduced, the
amount of active Lck is increased and {-chain phosphorylation is
also increased because CD45 is absent. Therefore, our experimental
findings and computational analysis reveal that both CD45 and an
unknown phosphatase regulate {-chain phosphorylation.

To further evaluate suppression of {-chain phosphorylation
by CD45 experimentally, we inhibited Csk to phosphorylate the
{-chain and then inhibited Lck. We monitored Lek and {-chain
dephosphorylation and found that activation loop (Tyr***) phos-
phorylation was rapidly diminished after Lck inhibition. Despite
the loss of Lck autophosphorylation, {-chain phosphorylation was
dephosphorylated very slowly in the absence of CD45, implicating
the importance of CD45 in {-chain dephosphorylation but also
implicating another PTP (Fig. 3F).

Titration of CD45 expression unmasks opposing

regulatory roles

Having found that CD45 can affect dephosphorylation of both
Lck and , we explored a more downstream readout of TCR signal-
ing, Erk phosphorylation (Fig. 4A). We reasoned that Erk would
provide an integrated readout of the influence of CD45 on TCR
signaling. We therefore assessed the proportion of phospho-ERK-
positive cells in response to Csk inhibition. We found that in the
presence or absence of CD45, at high levels of Csk inhibition, cells
were phospho-ERK positive. However, as Csk inhibition was re-
duced, the proportion of cells that became phospho-ERK positive
drastically declined in the absence of CD45. It is apparent that more
graded activation of signaling occurs in the presence of CD45. In
contrast, in the absence of CD45, switch-like or cooperative sig-
naling occurs (Hill coefficient ny = 4.9) (Fig. 4B).

Because reducing CD45 levels influenced both Lck activation
and signaling, we sought to unmask regulatory trends by surveying
a broad range of CD45 levels. We therefore titrated CD45 ex-
pression and assessed sensitivity to Csk inhibition. We used
single-cell analysis to monitor the amount of CD45 on a cell and
its response to Csk inhibition. Specifically, CD45-deficient cells
(J.Csk*S/CD45) were reconstituted with CD45 to generate a
diverse expression profile. The proportion of phospho-ERK-
positive cells provided a readout of TCR signaling, which was
plotted as a moving average versus CD45 levels (Fig. 4C). When
CD45 was greatly diminished or absent, we again observed all-or-
none activation, where high levels of Csk inhibition caused signal-
ing and low levels did not (Fig. 4D and fig. S3, A and B). However, as
CD45 levels increased to an intermediate amount, hypersensitivity
to Csk inhibition occurred. Within this range of CD45, even small
amounts of Csk inhibition cause signaling. Last, when CD45 is very
abundant, signaling was suppressed even at the highest level of Csk
inhibition.
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Erk phosphorylation occurs rapidly, so we also evaluated a
readout of sustained signaling, CD69 up-regulation. We performed
similar single-cell analysis using CD45-deficient cells reconstituted
with variable levels of CD45. Cells were then cultured in the pres-
ence of Csk inhibitor for 16 hours, and up-regulation of CD69 was
assessed. The obtained activation profile was qualitatively similar to
that observed using phospho-ERK as a readout (Fig. 4E and fig.
$3C). Specifically, upon Csk inhibition, cells displayed a more
switch-like response in the absence of CD45, intermediate CD45
levels caused hypersensitivity, and high amounts of CD45 sup-
pressed signaling. Overall, our findings indicate that changes in
CD45 activity can cause divergent responses to Csk inhibition that
range from hypersensitivity to suppression of activation.

Mice that express a CD45 variant (LL) that results in reduced
levels of CD45 [~10 to 14% of wild-type (WT)] were anticipated to
be hyperresponsive to Csk inhibition, much as immature thymo-
cytes from the LL mice have been shown to be hyperresponsive to
TCR stimulation. We therefore crossed CD45-low (LL) mice to in-
corporate the Csk*S allele (30). Consistent with increased reactivity,
we found that CD8" T cells isolated from mice with low CD45 had
reduced TCR levels and an increased proportion of memory T cells,
which are hallmarks of chronic stimulation (fig. $4, A to C). CD8"
T cells were isolated and treated with Csk inhibitor at different
concentrations. Csk inhibition caused an increase in {-chain phos-
phorylation in mice with WT or reduced CD45 levels (fig. S4D).
However, the extent of {-chain phosphorylation in CD45-low mice
did not reach that of WT, perhaps because of chronic TCR stimu-
lation and down-regulation of the TCR in vivo. Despite a lower
extent of {-chain phosphorylation, CD45-low mice display in-
creased Zap70 activation and LAT phosphorylation, as well as
increased global protein tyrosine phosphorylation. Not seen in
CD45 null Jurkat cells, the phosphorylation of Lck Tyr*® decreased
at high levels of Csk inhibition, perhaps reflective of the action of
the low level of CD45 in these cells (Fig. 3A and fig. S4D).

CD45 bles graded signaling outputs

Because changes in CD45 expression affect sensitivity to Csk inhibi-
tion (Fig. 4D and fig. S2A), CD45 appears necessary to maintain a
basally active pool of Lck while suppressing antigen-independent
signals. To further evaluate this model, the TCR was stimulated
while Csk was inhibited. We reasoned that loss of CD45 would
narrow the range of TCR stimuli to which cells could respond. We
treated cells with differing concentrations of stimulatory anti-CD3
antibody and Csk inhibitor and assessed ERK phosphorylation
(Fig. 5A). In the presence of CD45, Csk inhibition causes an in-
cremental increase in the proportion of phospho-ERK-positive
cells. Despite this basal increase, except at the highest levels of
Csk inhibition, TCR stimulation further increases the proportion
of phospho-ERK-positive cells. In contrast, CD45-deficient cells
were markedly less responsive to TCR stimulation. At higher levels
of Csk inhibition, cells were predominately activated and therefore
could not respond to further stimuli, and when Csk inhibition
is decreased, CD45-deficient cells respond only weakly to TCR
stimulation.

To better understand ERK activation in the absence of CD45, we
constructed a computational model. We previously reported that
Ras/SOS/ERK pathway behavior in T cells can be recapitulated
computationally (41). Positive feedback mediated by SOS-catalyzed
Ras activation creates a digital response (i.e., within a given cell,
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substrate, the TCR complex. (B) The proportion of phospho-ERK positive cells was quantified as an integrated readout of TCR signaling by flow cytometry using a range of
Cskinhibition. Error bars represent the means + SEM (N = 3) and *P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA Bonferroni multiple comparisons test). (C) CD45-deficient
cells (J.Csk"*/CD45) were transfected with CD45 to generate a broad range of CD45 expression levels. Cells were then treated with Csk inhibitor and assessed by flow
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ERK is either activated or not). Using this model, we sought to
explore how changes in Lck activity and {-chain phosphorylation
that occur in the presence or absence of CD45 affect ERK activation
(Fig. 5B). We therefore incorporated the Csk/CD45 regulatory axis
into a simplified model of ERK activation. Within our model, we
considered the amount of active Lck as a proxy for TCR input or
stimulation level. We found that our experimental observations
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could be broadly recapitulated by considering a linear relationship
between the amount of phosphorylated {-chain and active SOS. The
increased sensitivity of CD45-sufficient cells can be attributed to
the role of CD45 in activating Lck. When cells are CD45 deficient,
low basally active Lck amounts propagate through the system.
These findings highlight the importance of the positive regulatory
role of CD45 upon Lck activation at high levels of Csk activity and
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Fig. 5. CD45 is necessary for regulatable activation of Lck and TCR responsiveness. (A) The amount of active Lck was perturbed through Csk inhibition of cells that
were CD45 positive (left) and CD45 negative (right) in combination with TCR stimulation using anti-CD3 cross-linking. Signaling was assessed by monitoring the propor-
tion of phospho-ERK-positive cells. Error bars represent the means + SEM of four independent experiments (N = 4). (B) A computational model was generated to evaluate

the effects of CD45 on the SOS/RAS/ERK pathway.

of its negative regulatory roles, such as {-chain dephosphorylation,
at low levels Csk activity. These roles underlie the experimental
changes in Erk activation, which occur as CD45 levels are altered
(Fig. 4D). Using the model described above, our calculations reca-
pitulate the nonmonotonic dependence of ERK activation on the
level of CD45 (text S1).

CDA45 is required for antigen affinity discrimination

High levels of CD45 suppress antigen-independent signals (Fig. 4).
We therefore sought to evaluate whether antigen-dependent signals
were affected similarly. Antigen-dependent signaling was tuned
using peptide antigens that bind the TCR with differing affinities
(Fig. 1). We used Jurkat T cells that were engineered to express the
OT1 TCR transgene and CD8 co-receptor. Jurkat OT1* CD8"
(J.OT1) cells were used to generate a CD45-deficient variant
(J.OT1/CD45) (Fig. 6A and fig. S5, A to C) (42). Similar to primary
T cells, J.OT1 cells display a graded response to APCs, displaying
altered peptide ligands (Fig. 6B). The high-affinity OVA epitope
elicited robust activation as read out by CD69 up-regulation. In
contrast, the low-affinity antigen resulted in only weak activation.
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When compared to CD45-deficient cells, however, only the highest
affinity OV A antigen was able to elicit partial activation. Even when
no peptide is present, an increased proportion of activated cells is
observed when CD45 is reduced, which is consistent with CD45
suppressing weak signals that occur in the absence of cognate anti-
gen in cells where Lck is active. Consistent with the ability of
high-affinity antigens to elicit activation, we observed surfaces coated
with immobilized high-affinity OVA pMHC or anti-TCR-facilitated
robust cell spreading when a synapse is formed with the surface (fig.
S6, A and B). In contrast, surfaces displaying lower-affinity peptide
displayed reduced spreading. The capacity of CD45-deficient cells
to form a synapse was reduced, particularly in response to lower-
affinity antigen (fig. S6, A and B).

We next reconstituted CD45-deficient cells to generate a range
of CD45 levels. Activation of single cells was monitored as a func-
tion of CD45 level in response to differing doses of the OVA peptide
(Fig. 6, Cand D, and fig. S7A). At low levels of CD45, cells were less
responsive to antigen, particularly as the antigen concentration was
reduced. At intermediate levels of CD45 expression, cells were
increasingly sensitive with substantial activation even when antigen
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was greatly reduced or absent. In contrast to Csk inhibition, we
observed that the high-affinity OVA peptide could cause robust
activation even at high levels of CD45. To expand this finding,
we assessed variants of the OVA peptide that bind with reduced
affinity (Fig. 6, E and F, and fig. S7, B and C). At high levels of
CD45, the proportion of cells that became activated declined as
antigen affinity was decreased.

DISCUSSION

T cells can distinguish between antigens of differing affinities
(35, 43, 44). Recent efforts have revealed that not only the affinity of
the TCR:pMHC interaction is critical but also its strength under
exerted force (45-49). How TCR signaling events enforce antigen
discrimination remains unclear. The kinetic proofreading model
proposes that once initiated, signaling must accumulate to a
point of commitment before dissociation of the TCR from pMHC
(50, 51). An expanded kinetic proofreading model has found re-
cruitment of active Lck and co-receptor to the TCR:pMHC to be
critical for this process (31, 49). Studies have implicated active Lck
abundance in setting a threshold for T cell activation (21, 22, 52).
We demonstrate using two readouts of T cell activation that in-
creasing active Lck amounts potentiate responses to low-affinity
antigens, and conversely, the response to these weak antigens is
attenuated when active Lck is reduced. In contrast to low-affinity
antigens, high-affinity antigens are less sensitive to changes in the
abundance of active Lck. Although we focus predominately on Lck,
T cells also have another less abundant SFK, Fyn (23, 53). Fyn is
dispensable for T cell development but is reported to contribute to
antigen recognition in the periphery (52, 54). Overall, our findings
are consistent with Csk repressing active SFK amounts to set a
threshold for T cell activation.

Because Csk-mediated inhibition of Lck is opposed by CD45, we
investigated the contributions of both regulators simultaneously
using intact cells. We found that inhibition of Csk could activate Lck
in the absence of CD45 despite no appreciable dephosphorylation of
the inhibitory C-terminal tail (Tyr>*). Because a greater extent of
Csk inhibition is required when CD45 is absent, we speculate that
another phosphatase may weakly act on this site, and when Csk
activity is abolished, Lck trans-autophosphorylation can occur in-
dependently of CD45. Phosphorylation of Lck (Tyr*?) has been
demonstrated to activate the kinase even when its inhibitory
C-terminal tail remains phosphorylated (19, 24). Activation of Lck in
this way allowed us to assess the role of CD45. Our findings indicate
that CD45 acts on multiple substrates, facilitating Lck activation
while also suppressing phosphorylation of its substrate, the {-chain.
Computational modeling of our Csk inhibition results confirm that
suppression of {-chain phosphorylation is recapitulated only if { is
a CD45 substrate. Our computational analysis also implicates an
additional phosphatase, which can dephosphorylate the {-chain
because deletion of CD45 would otherwise be predicted to cause
constitutive {-chain phosphorylation. The contribution of an addi-
tional phosphatase to suppression of TCR signaling is consistent
with roles attributed to phosphatases, including SHP1, PTPN22,
and others, thought to be important for regulating T cell reactivity
in the periphery (5, 55, 56). Here and in previous reports, when
CD45 was reduced but not absent, cells became hyperresponsive to
stimuli (30). Consistent with increased reactivity, T cells that we
isolated from mice with low levels of CD45 displayed hallmarks
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of chronic stimulation: reduced TCR and a higher proportion of
memory T cells. Together, these observations suggest that numerous
adaptations can occur in the periphery to suppress TCR signaling
when CD45 is reduced, which could affect {-chain phosphorylation.

Because CD45 acts on {, Lck, and potentially additional sub-
strates, we altered Csk and CD45 activity and assessed an integrated
readout of TCR signaling (Erk phosphorylation). Critical features
of CD45-mediated regulation emerged as follows: (i) a switch-like
response in its absence, (ii) hypersensitivity to changes in Csk
activity at reduced CD45 levels, and (iii) suppression at high levels
of CD45. These findings reveal a marked interdependence between
CD45-mediated activation of Lck and suppression of TCR sig-
naling. Our findings highlight how quantitative manipulation of
Csk and CD45 activities can achieve distinct signaling behaviors.
We also found that CD45 was required for TCR agonist-induced
signaling. Our findings were modeled computationally and reveal
that CD45 is required to suppress {-chain phosphorylation when
Csk activity is low. Specifically, when CD45 is absent, and Csk
activity is reduced to activate Lck, the loss of {-chain suppression
causes cells to signal in the absence of TCR stimuli, rendering them
unresponsive to further TCR stimuli. Therefore, CD45 is required
for inducible signaling because it provides for a regulatable pool
of basally active Lck while suppressing phosphorylation of its
substrate, the {-chain, until TCR stimuli are encountered. In vitro
analyses of CD45 have generally emphasized its negative regulatory
role ({-chain dephosphorylation). However, our findings reveal the
importance of CD45 in maintaining a regulatable pool of active Lck.
Loss of Lck regulation, for example, in CD45-deficient or CD45-low
mice and cells, affects the capacity of T cells to properly discern an-
tigen strength. In this way, the capacity of a T cell to initiate signals
that correspond to the appropriate cellular response is disrupted.
Moreover, feedback mechanisms that tune TCR signaling have
been implicated in regulating active Lck amounts. For example, Csk
resides within the cytoplasm unless it is recruited to the plasma
membrane where it can inhibit Lck. Recruitment of Csk is mediated
by phosphorylated adaptor proteins, such as PAG (57, 58). In addi-
tion, a Zap70-dependent negative regulatory loop is thought to
phosphorylate a conserved site (Tyr'®) within the SH2 domain of
Lck (59, 60). Modification of Tyr'®? disrupts the ability of CD45 to
interact with Lck and dephosphorylate its inhibitory C-terminal tail
(59). Such negative feedback mechanisms highlight the capacity of
a T cell to tune its basal pool of active Lck. It is anticipated that
tuning Lck activity is important for T cells to generate graded sig-
naling outputs that ultimately influence cellular programs (5, 61-63).

CD45 has been previously reported to suppress T cell activation
because it is excluded from the TCR as a synapse is formed between
a T cell and an APC-bearing cognate antigen. Within the synapse,
many proteins are redistributed within the plasma membrane of the
T cell. Over time, the TCR becomes concentrated at the center of
the synapse, whereas CD45 is excluded (27). Because CD45 is ex-
cluded, it has been proposed that the segregation of CD45 itself may
be sufficient to initiate TCR signaling (26). However, studies using
tethered antibodies that bind to the TCR with high affinity indicate
that exclusion of CD45 is not a strict requirement (64). Additional
studies have reported that the T cell: APC synapse also functions as
a site of sustained signaling and receptor down-regulation upon strong
stimulation (65, 66). We did not investigate whether the exclusion
of CD45 initiates TCR signaling; however, we found that high-
affinity antigens can overcome suppression that occurs at high
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levels of CD45 expression. In contrast, low-affinity antigens and
antigen-independent signaling (Csk inhibition) are suppressed by
CD45. Our findings appear consistent with the T cell: APC synapse,
facilitating sustained signaling. Specifically, we anticipate that
sustained signaling over time through a synapse could overcome
CD45-mediated suppression through exclusion of CD45 and/or the
local concentration of signaling components. This would not occur
during antigen-independent signaling (Csk inhibition).

Overall our findings reveal that CD45 acts as a signaling gate-
keeper in T cells because it enables a regulatable pool of basally
active Lck while suppressing weak or spurious TCR signaling. We
anticipate that CD45 could fulfill a similar role in other immune
cells having ITAM receptors, and by extension, other receptor-
mediated signaling pathways having RT-PTPs.

MATERIALS AND METHODS

Mice

All mice were bred and maintained on the C57BL/6 genetic back-
ground. For experiments, mice were used at between 6 and 12 weeks
of age. All animals were housed in a specific pathogen-free facility
at University of California, San Francisco (UCSF) and were treated
according to protocols that were approved by UCSF animal care ethics
and veterinary committees and are in accordance with National
Institutes of Health (NIH) guidelines. The OT1 TCR transgene was
crossed to Csk™® transgenic and Nur77-GFP reporter mice (33, 67).
The lightning allele (LL or CD45-low) was similarly crossed to mice
harboring the CskAS transgene (30). To assess cell populations,
spleen and lymph nodes were isolated from mice, and organs were
dissociated in complete medium [RPMI supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, nonessential amino acids
(Gibco), penicillin and streptomycin (Gibco), 1 mM sodium pyru-
vate, 50 uM 2-mercaptoethanol, and 10 mM Hepes]. Red blood
cells were removed using ammonium-chloride-potassium (ACK)
lysis. Cells were washed and resuspended in fluorescence-activated
cell sorting (FACS) buffer [phosphate-buffered saline (PBS) supple-
mented with 2% FBS and 2 mM EDTA] and stained using fluores-
cently labeled antibodies. Cells were analyzed using a BD Fortessa,
and quantification was carried out using FlowJo software.

Antibodies
A table of antibodies used in this study can be found in table S1.

Cell lines

Jurkat T cell lines were maintained by the Weiss laboratory and are
routinely analyzed for the expression of CD3 or TCRp and other
surface markers by flow cytometry. Cells were maintained in a
tissue culture incubator at 37°C with 5% CO, in culture medium
(RPMI supplemented with 10% FBS and 2 mM glutamine). Jurkat
variants deficient for specific proteins of interest were generated
using CRISPR-Cas9-targeted gene deletion. J.Csk*® (B2C9-26) and
J.Csk*S/CD45 (C14) were maintained in medium supplemented
with blasticidin (10 pg/ml).

CRISPR-Cas9

CD45-deficient cell lines were generated using the pX330 vector
(38) and guide RNAs targeting CD45 (59). The pX330 vector was
introduced using electroporation and cultured for ~4 days. Cells
were stained for surface CD45, and cells with low CD45 expression
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were sorted into 96-well plates using a BD FACSAria. Cells were
expanded and analyzed for CD45 expression using flow cytometry
and immunoblot to confirm CD45-deficient clones. Mutations to
PTPRC, which encodes CD45, were confirmed by sequencing. The
target site was amplified by polymerase chain reaction using ge-
nomic DNA isolated from cell lines and cloned into a Topo vector.
Cell lines that were reconstituted with Csk™® were confirmed by
immunoblot using anti-Csk and anti-Myc tag antibodies.

Electroporation

DNA constructs were introduced into Jurkat T cell lines using a
Bio-Rad Gene Pulser Xcell. Cells were washed and resuspended
with RPMI medium. Four hundred microliters of cells (15 x 10°
total cells) were added to a 0.4-cm cuvette. Typically, 10 ug of DNA
was added and cells were electroporated (260 V, 1250 uF). Immedi-
ately after electroporation, cells were recovered into prewarmed
culture medium and incubated at 37°C for 48 hours. For transient
expression of CD45, cells were electroporated with a pEF CD45RO
construct. For stable reconstitution, cells were electroporated with
DPEF Csk”® and recovered for 48 hours. Stable clones were isolated
using limiting dilution. Cells were diluted and cultured in selective
medium containing blasticidin (10 pg/ml) in 96-well plates. After
~3 weeks, clones were assessed for Csk expression using immu-
noblot and expanded further.

Immunoblotting

Jurkat T cells were rinsed with RPMI and resuspended at 5 x 10°
cells/ml and rested for 15 min at 37°C. Cells were treated with
anti-TCR antibody (C305, 0.85 ug/ml) or Csk*’ inhibitor 3-IB-PP1
(provided by the Shokat laboratory), PP2 (Tocris), or dimethyl
sulfoxide (DMSO). Cells were then lysed through addition of lysis
buffer containing a final concentration of the following: 1% NP-40,
NaVO, (2 mM), NaF (10 mM), EDTA (5 mM), phenylmethylsulfonyl
fluoride (2 mM), aprotinin (10 ug/ml), pepstatin (1 pg/ml), leupeptin
(1 ug/ml), and PP2 (25 uM). Lysates were placed on ice, and debris
were pelleted at 13,000g. Primary T cells were resuspended at 20 to
40 x 10° cells/ml and lysed using 6x SDS-polyacrylamide gel elec-
trophoresis sample buffer. DNA was pelleted in an ultracentrifuge
at 70,000 rpm. Supernatants were run on 4 to 12% NuPage or 10%
bis-tris gels and transferred to polyvinylidene difluoride membranes.
Membranes were incubated with blocking buffer [2% bovine serum
albumin tris-buffered saline with 0.1% Tween-20 (TBS-T)] and then
probed with primary antibodies overnight at 4°C. The following day,
blots were rinsed and incubated with horseradish peroxidase-
conjugated secondary antibodies (diluted 1:5000). All antibodies used
for immunoblotting were diluted 1:2000 in blocking buffer unless
otherwise stated. Blots were detected using chemiluminescent sub-
strate and a ChemiDoc (Bio-Rad) or iBright (Invitrogen) imaging
system. Phosphorylation was assessed at 2 min after acute treatment
with inhibitor or anti-TCR stimulation unless otherwise stated. Quan-
tification was performed using Image Lab or iBright analysis software.

OT1 coculture

Cells were isolated from the spleen and lymph node. CD8* OT1
T cells were purified by negative selection using biotinylated anti-
bodies and magnetic beads as previously described (68). Splenocytes
were used as APCs and were isolated from T cell-deficient mice
(Ca™" or Zap70’/’). Before culture, red blood cells removed using
ACK lysis. Splenocytes were incubated with peptide antigens for
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1 hour at 37°C. Small-molecule inhibitors (3-IB-PP1 or PP2) or
DMSO control were then added followed immediately by OT1 T cells
at a ratio of 5:1 (APC:T cell). Cells were cultured overnight at 37°C
for a total of 16 hours and placed on ice before staining for CD69
and other surface markers (CD19/B220, CD8a, TCRB, or Vo02) using
an antibody dilution of 1:200 in FACS buffer and Fc blocking anti-
body (2.4G2) at 1:1000. Up-regulation of CD69 or Nur77-GFP
was assessed by flow cytometry using a BD Fortessa and quantified
using FlowJo software. The OVA peptide (SIINFEKL), its variants
(Q4R7, T4, Q4H7, and G4), and the VSV peptide were synthesized
by GenScript.

J.OT1 coculture

J.OT1 activation assays were performed similarly to primary CD8"
OT1 T cell cocultures. J.OT1 cells (5 x 10*) were combined with T2-
Kb cells (APCs) that had been incubated with peptide antigen for
1 hour ata ratio of 3:1 (APC:J.OT1). Cells were cultured for 16 hours
and then placed on ice and stained for CD69 (1:200 in FACS buffer).
CD69 up-regulation was assessed by flow cytometry using a BD
Fortessa and quantified using FlowJo software.

Phospho-ERK staining

Cells were stimulated in RPMI and fixed by adding 4% formaldehyde
PBS (1:1) and incubating for 12 min at room temperature. Cells
were pelleted and rinsed with FACS buffer (PBS supplemented with
2% FBS and 2 mM EDTA). Cells were then placed on ice and ice-
cold 90% methanol added to permeabilize the cells for 45 min. Cells
were then rinsed three times with FACS buffer and resuspended in
staining solution (anti-phospho-ERK 1:100 in FACS buffer). Cells
were stained for either 1 hour at room temperature or overnight at
4°C. Cells were rinsed three times and stained with anti-rabbit PE
(R-phycoerythrin) antibody and anti-CD45 AF647 antibody (1:100 in
FACS buffer) for 45 min at room temperature. Cells were rinsed
two times and analyzed by flow cytometry using a BD Fortessa and
quantification performed using FlowJo software. For Csk inhibitor
dose-response curves, data were fit using agonist versus response
with variable slope in GraphPad Prism.

Single-cell analysis

FACS data were exported from FlowJo in CSV format and analyzed
with R Studio using the Zoo package. The proportion of phospho-
ERK- or CD69-positive cells was calculated as a moving average.
Graphs were generated using GraphPad Prism software.

In vitro kinase assay

Cells were washed and resuspended in RPMI. Cells were incubated
at 37°C for 10 to 15 min before treatment with inhibitors (25 or
5 uM 3-IP-PP1) for 1 min. Cells were lysed by adding concentrated
lysis buffer to a final concentration of the following: 1% NP-40,
NaVOy (2 mM), NaF (10 mM), EDTA (5 mM), and HALT protease
inhibitor cocktail (Invitrogen). Samples were vortexed briefly and
placed on ice for 10 min and then centrifuged to pellet debris. Anti-Lck
beads [25 pul per immunoprecipitation (IP)] were added and mixed
for 1.5 hours at 4°C. Beads were rinsed with ice-cold lysis buffer twice
followed by kinase buffer [50 mM Hepes (pH 7.0), 2 mM dithiothreitol,
5 mM MgCl,, 0.2 mM NaVO,, and 0.5 mM B-glycerophosphate].
Beads were resuspended in 60 pl of kinase buffer containing sub-
strate [1 ug of glutathione S-transferase (GST) CD3 {, Sino Biological]
and adenosine 5'-triphosphate added to 0.2 mM. Samples were in-
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cubated with agitation at 25°C for 5 min and placed on ice. Supernatant
containing substrate was collected. Phosphorylation status of sub-
strate (GST CD3 {) and immunoprecipitated Lck were assessed by
immunoblot.

Anti-Lck resin

Protein G Dynabeads (1 ml, Invitrogen) were washed and incubated
with 200 pg of anti-Lck (1F6) in binding buffer (sodium borate, pH 9)
for 1 hour at room temperature. Beads were rinsed and resuspended in
10 ml of binding buffer. Dimethyl pimelimidate (DMP) (50 mg)
was added and mixed for 30 min. Beads were rinsed and resuspended
in 0.1 M ethanolamine (pH 8) and incubated for 30 min. Unconjugated
antibody was released by washing with 0.1 M glycine (pH 3). Beads
were washed twice with tris-buffered saline (TBS, pH 7.4). Beads
were resuspended in 1 ml of TBS and stored at 4°C.

Microscopy

Glass surfaces were coated with either stimulatory antibody (C305)
or streptavidin (SA). Surfaces were then washed, and biotinylated
monomeric pMHC complexes were incubated with streptavidin
surfaces to immobilize them. Surfaces were then washed and used
for antigen presentation. To assess synapse formation, J.OT1 cells
were dropped onto cover glass coated with various stimulatory
reagents for 30 min at 37°C. Cells were subsequently fixed with
4% paraformaldehyde. After fixation, the cell membrane was stained
using either AF-594 anti-human-CD45 (Biolegend) or AF-594
wheat germ agglutinin (Thermo Fisher Scientific). Fixed immuno-
logical synapses formed on glass surfaces were imaged with the Nikon
Ti Microscope using total internal reflection fluorescence microscopy
at the UCSF Nikon Imaging Center. The areas of synapses were
processed and quantified using ImageJ software. The pMHC complexes
were provided by the Palmer laboratory and the NIH tetramer core.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/604/eaaw8151/DC1
Text S1. Details of the computational model.

Fig. S1. Csk analog-sensitive Jurkat T cell characterization.

Fig. S2. Effects of Csk inhibition on CD45-deficient Jurkat T cells.
Fig. S3. FACS analysis of Csk inhibition.

Fig. S4. CD45-low (LL) mice have increased memory CD8" T cells and lower TCR levels.
Fig. S5.OT1 Jurkat T cells.

Fig. S6. Contact area is influenced by antigen affinity and CD45.
Fig. S7. FACS analysis of J.OT1/CD45 cells.

Table S1. Antibodies.

View/request a protocol for this paper from Bio-protocol.
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Text S1. Details of the computational model.

Lck activation

ky, D k, B ks, C
’/\B/\A/’\W
A\ T W e

K5 C K X k;, D

B,W,A
S A
Za‘\_/zp
kK Y

Schematic diagram of the reaction network used in the model (same as Fig 3C in main text).

The above is a minimal network model consisting of phosphoforms of Lck and their regulation by Csk, CD45 and
two other phosphatases X and Y. We explored various possibilities for the identities of X and Y, including
whether they were actually CD45. In this figure, A, B, | and W corresponds to Lck in its active (pY394/Y505),
basal (Y394/Y505), inactive (Y394/pY505) and doubly phosphorylated state (pY394/pY505); D is CD45 and C is
Csk. The rate constants for each reaction is shown above the arrows.

The following system of differential equations describe the biochemical network in the figure.

al

% = —kyID + k,BC

22 = kyB? — kyAX — ksAC + kDW

Z¥ = ksAC — keDW

%0 = (ko + kB + oy W)Eo — krY
Z—f = kyD - k, C

where C=Csk and D=CD45. Denoting the total Lck concentration as L=I+A+B+W, the total ITAM (Y142)
concentration as C =C0+Cp, kD = kllkz, kx=k4/k3, k(;:ks/ks and kA=ka/k7 (kgzkb/k7, kw=kw/k7), we can obtain the
steady state concentrations of various species by solving the following algebraic equations:

kpID—(L—A—1-W)=0

kcAC —DW =0

kyAX —(L—A—1-W)2=0

&Y — (kaA+ kgB + kyW)§, = 0
The solution of the system of steady state equations is:

1
A= s (P = (L+ C/kp DYy Xy/P + 2L(T + kcC/D)?)

for the active Lck, where we denote



P =2L(1+ keC/D) + (1 + C/kpD)2X

and
| (L= +kcC/D)A)C
- C+kpD
for inactive Lck.
A B
Lck pY394 Lck pY505
5 1 2.00
-_—2 175
4 -3
1.50
1.25
3 1.00
0.75
0.50
0.25 +CDA45
0.00 w— —CDA45
50 100 150 200 250 300
[CskAS] [CskAS]

Changes in Lck phosphorylation and activation. The dependence of active Lck (pTyr*®) on Csk concentration in

the presence or absence of CD45 (A; same as shown in main text, Fig 3D), and the corresponding decrease in
Lck C-terminal tail phosphorylation (B; pTyr®®).

In the above model, we consider the following cases: 1) WT case or CD45-sufficient/X-sufficient (gray line); 2)
CD45-deficient/X-deficient (red line); 3) CD45-deficient/X sufficient case (dashed green line). Total amount of
Lck is L=100 molecules. We also divided active Lck concentration by 7 to make the same scale as experimental
data. Our model recapitulates the experimental changes in Lck activity that occur in the presence or absence of
CD45. We used unknown phosphatases (X & Y) in our model to explore the contributions of poorly defined
phosphatase activities that could be attributed to CD45 or another phosphatase.

We consider the rates at which CD45 dephosphorylates Tyr*® and Tyr*® residues to be equal and ke <
0.05 (i.e. ks <0.05k6, the unknown parameters pertinent to Lck activation are incorporated in the the range of
concentrations of Csk and CD45 in the cells). Moreover, we consider the activity of Lck acting on its substrate,
the C-chain, to be in the range of 0 < kg /k, = ky/k4 < 0.5 based on results obtained by Hui and Vale, 2014.

We qualitatively recapitulate our experimental findings by using a maximum Csk level of 300 molecules
and a minimum amount (at the highest inhibitor concentration) to be 50 molecules (Fig 2A). Similarly, CD45
levels were set to 100 molecules for CD45 sufficent cells and 10 molecules in CD45-deficient cells. Importantly,
the CD45 level in CD45-deficient cells may be considered a proxy for trace amounts of CD45 (or another similar
phosphatase) or other phosphatases that weakly act on Lck. We first carried out calculations without inclusion of
the doubly phosphorylated form of Lck (W), and found a range of parameters that recapitulated the basic
experimental data. We then included W, and found that a low rate of formation of this species did not change the
qualitative behavior. This is supported also by the qualitative arguments reported in the main text regarding the
results for ¢ chain phosphorylation (next figure, below) and whether or not CD45 is the only phosphatase that acts
on (. Therefore, we have not carried out an extensive parameter search that includes varying the parameters
pertinent to W along with all others.

Within our model, we found CD45-deficient cells to have lower amounts of active Lck at all levels of Csk
inhibition because under these conditions the positive role of CD45 (Lck activation) becomes dominant. The
model also reproduces the expected observed behavior regarding the phosphorylation state of Tyr*® (panel B in
the above figure). Because the Csk and CD45 levels noted above recapitulate our experimental findings, they
were used to explore models for regulation of { chain phosphorylation. We also emphasize that the goal of our



modeling studies is not the quantitative recapitulation of data, but to obtain mechanistic insight from qualitative
trends.

¢-chain phosphorylation

Zeta pY142

[CskAS]
The influence of Csk activity on ¢ -chain phosphorylation in the presence or absence of CD45.

Our model considers the following cases (depicted in the figure above): 1) WT case (gray line); 2) CD45-
deficient and only Y acts on ¢ chain (dashed green line); 3) CD45 deficient and only CD45 acts on { chain
(dashed magenta line); 4) ¢ chain is deactivated by CD45 as well as by other undefined phosphatase Y (red line).
Total amount of Lck is L=100 molecules and ITAMs ¢= 100 molecules. ¢ chain concentration and the axis was
rescaled for comparison with experimental data. Our model assesses ¢ chain phosphorylation (Tyr**?) by Lck
where we consider three different models for the phosphatase that acts on Y142 of {. We consider the scenarios
where: CD45 is the only phosphatase that acts on ¢, or another phosphatase, Y, is the only one that acts on ¢, or
CD45 and Y both act on . As before, for CD45-sufficient and deficient cells, there are 100 and 10 molecules of
CD45, respectively. In the case wherein both CD45 and Y can deactivate the  chain, for the results shown in the
above figure, we take the ratio of the activity of CD45 (kpD) acting on ¢ and the activity of Y acting on ¢ in
CD45-sufficient cells to be 2.33.

Using our model, we found that if the only phosphatase that acts on the { chain is CD45, then active ¢
chain levels are predicted to be higher at all Csk levels for CD45-deficient cells, compared to CD45-sufficient
cells. In this case, the two negative regulatory roles for CD45 (acting on Lck and ¢) dominate. If ¢ is not a
substrate for CD45 (only Y acts on ¢), then active ¢ chain levels are predicted to be lower at all Csk levels for
CD45-deficient cells, compared to CD45-sufficient cells. This is because CD45’s positive regulatory role, which
initiates Lck activity is dominant. Only in the case where CD45 and another phosphatase both act on ¢, do the
computational results mirror the experimental finding that active ( levels are lower at high Csk levels and higher
at low Csk levels for CD45-deficient cells, compared to CD45-sufficient cells. The reason for this can be
understood as follows: at high Csk levels, there is only a small amount of active Lck, and so there is only a small
amount of active ¢. Therefore, the phosphatase, Y, is sufficient for suppressing ¢ phosphorylation. Therefore, as in
the model where ( is not a substrate for CD45, the positive regulatory role of CD45 is dominant. At low Csk
levels, as Lck activity increases, { chain phosphorylation is also increased. Therefore, both Y and CD45 are
important for negative regulation of { phosphorylation (meaning, Y is not sufficient).

ERK activation

Our experimental findings show that cells are less responsive to stimuli in the absence of CD45 (consistent with
the loss of CD45 causing a defect in TCR signaling). The decreased sensitivity to stimuli in the absence of CD45,
reflects the importance of the positive regulatory role of CD45 at high levels of Csk activity. To explore these
behaviors further, we coupled our model of Lck and ¢ chain activation (described above) with a simplified model
for ERK activation.



In T cells, Lck phosphorylates the TCR complex, which includes the { chain, resulting in the recruitment
of Zap70. Zap70 is also phosphorylated by Lck which activates it to phosphorylate the critical adapter protein
LAT on several tyrosine sites. Once phosphorylated, LAT assembles a signaling complex which includes: PLCy1,
Gads, SLP76, ITK, Vav, and a complex consisting of Grb2 and SOS. Both RasGRP and SOS activate Ras.
Previously, we have shown that, because of a positive feedback loop in SOS-catalyzed Ras activation, Ras
activation is digital; i.e., the cellular response is bimodal in Ras activity with some cells showing high Ras activity
and others not. For population-level measurements that do not resolve single cells, this results in a sharp increase
in active Ras levels above a threshold value of SOS recruited to the membrane. Because the experimental results
reported in this paper measure only population level responses, we use such a sharp function to define the

dependence of Ras activity on SOS (41).
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The proportion of phospho-ERK positive cells as a function of total Lck for different values of Csk in CD45-

sufficient (A) and CD45-deficient (B) cells. Graphs depict four different levels of Csk which corresponds to
different levels of inhibitor in our experimental results.

Active Ras engages the MAPK pathway to activate ERK. As in our past work, which was validated
experimentally, we take Ras activity to be a proxy for active ERK. In this study, because our purpose was to see
whether the upstream model for regulation of Lck and ¢ is consistent with the results for ERK activation, we
considered a linear relationship between active ¢ chains and active SOS levels. We found that this simple ansatz
recapitulates the experimental observations for ERK activation. We also used the total amount of Lck activity to
be a proxy for stimulation level. Experimentally CD45 is necessary for cells to respond to TCR stimuli. Our
calculations show that the reason that CD45-sufficient cells are more sensitive at low levels of stimuli and high
Csk levels is the positive regulatory role of CD45 in Lck activation. Lack of CD45 results in low levels of basally
active Lck, and this effect propagates through the system.
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Predictions for the influence of CD45 concentration on the proportion of phospho-ERK positive cells for
concentrations of stimulus and Csk inhibitor.
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Predictions for the influence of CD45 concentration on the proportion of phospho-ERK positive cells where we
explore only CD45 acting on the {-chain (red line); only undefined phosphatase acting on {-chain (green line);
both, CD45 and undefined phosphatase acting on ¢-chain. The total amount of Lck = 270 molecules.

Notably, our model predicts that the non-monotonic dependence of ERK activation on CD45 would not occur if
CD45 was the only phosphatase acting on ¢ or, if it did, not act on it at all (depicted above). This occurs because
If CD45 is the only phosphatase that acts on the {-chain, then active  chain levels are higher at all Csk levels for
CD45-deficient cells, compared to CD45-sufficient cells. Similar to the situation in the second figure above, the
negative regulatory roles of CD45 (acting on Lck and ) dominate over its one positive regulatory role (activating
Lck). This trend holds at all CD45 levels, not just for CD45-sufficient and deficient cells. If ¢ is not a substrate for
CD45 (only Y acts on ¢), then active ¢ chain levels are lower at all Csk levels for CD45-deficient cells, compared
to CD45-sufficient cells. This occurs because the positive regulatory role of CD45 (Lck activation) is dominant.
Only in the case where CD45 and another phosphatase act on ¢, is there a shift between the relative dominance of

the positive and negative regulatory roles of CD45 at low and high CD45 levels.
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Fig. S1. Csk analog-sensitive Jurkat T cell characterization. (A) Diagram depicting the protein
tyrosine phosphatase CD45. (B) Csk-deficient Jurkat T cells were generated using CRISPR/Cas9.
Csk/CD45 doubly deficient cells were similarly generated. Cells were reconstituted with a previously
described Csk analog-sensitive allele (Csk”%). (C) Sequence of CD45-deficient (J.Csk”*S/CD45) genomic
DNA targeted using CRISPR/Cas9. Start codon is showing in red. (D) Cells were characterized by flow
cytometry to assess surface expression of CD45 and CD3. (E) Expression of important TCR signaling
proteins were assessed by immunoblot. Data are representative of three independent experiments.
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Fig. S2. Effects of Csk inhibition on CD45-deficient Jurkat T cells. (A) Phosphorylation of specific
regulatory sites was assessed over an extended range of Csk inhibitor concentrations. Data are
representative of three independent experiments. (B) Cells were treated with control (DMSO), PP2 (25
uM), or Csk inhibitor (5 uM — denoted Csk i) for 1 minute. Lck was immunoprecipitated and an in vitro
kinase assay performed using recombinant GST CD3 ( as a substrate. To assess the extent of on-bead
autophosphorylation that occurs following immunoprecipitation a control was performed (Csk i, PP2).
For ‘Csk i, PP2 control’, cells were first treated with Csk inhibitor and IP was performed. Subsequently,
PP2 (50 uM) was added to the kinase reaction to inhibit Lck autophosphorylation (and also substrate
phosphorylation) in the 4th and 8th lanes from the left. Phosphorylation was assessed by immunoblot.
Data are representative of two independent experiments.
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reconstitution and ERK phosphorylation in response to Csk inhibition for 2 min. (B) Histogram showing
CD45 staining of J.Csk™® cells and reconstituted J.Csk*S/CD45 cells. (C) Representative FACs plots
depicting CD45 reconstitution and CD69 upregulation in response to Csk inhibition for 16 hours. Data
are representative of three independent experiments.
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splenic CD8+ T cells (left), and quantification of TCR{ staining (right). Error bars represent the means
+ SD for N=3 mice, ** denotes p < 0.01, *** denotes p < 0.001. The unpaired Student’s t test was used
to calculate p values. (D) Peripheral CD8+ T cells were isolated from the indicated mice and treated
with differing doses of Csk inhibitor for 2 minutes. Total protein tyrosine phosphorylation was assessed
by immunoblot, the molecular weights (MW) of specific proteins are denoted. Phosphorylation of
specific regulatory sites was assessed with phosphor-site specific antibodies as a readout of their
activation status. Immunoblot data are representative of three independent experiments.
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Fig. S5. OT1 Jurkat T cells. (A) Jurkat T cells which stably express the OT-1 TCR and CD8
coreceptor have been previously described. CD45-deficient Jurkat OT-1+ CD8+ cells were generated
using CRISPR/CAS9. (B) Sequence of CD45-deficient (J.OT1/CD45) genomic DNA. Start codon is
showing in red. (C) Expression of the OT-1 TCR was assessed by GFP expression and CD45 levels
assessed by surface staining. Data are representative of three independent experiments.
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Fig. S6. Contact area is influenced by antigen affinity and CD45. (A) J.OT1 and J.OT1/CD45 (CD45
deficient) cells were stimulated for 30 mins at 37 °C using surfaces coated with stimulatory anti-TCR
antibody (C305), or surfaces coated with streptavidin followed by biotinylated monomeric pMHC
(OVA, T4, Q4HT7), or streptavidin alone (SA). Cell membranes were stained with wheat germ agglutinin
(WGA). Contact areas of cells with the stimulatory surface were imaged by the TIRF microscopy. Scale
bar represents 10 uM. (B) Contact areas for each condition were quantified. Each data point represents a
unique cell. Error bars represent the means + SEM for N > 8 cells, NS denotes P > 0.05 and *** p <
0.0001. The Mann-Whitney test was used to calculate P values.
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Fig. S7. FACS analysis of J.OT1/CD45 cells. (A) Representative FACs plots depicting CD45
reconstitution and CD69 upregulation. J.OT1 cells were cultured with T2-Kb cells and serial dilutions of
OVA peptide for 16 hours. (B) Representative FACs plots depicting CD45 reconstitution and CD69
upregulation in response to coculture with OVA, Q4H7 and VSV peptides (5 nM) and T2Kb cells for 16
hours. (C) Histogram showing CD45 staining of J.OT1 cells and reconstituted J.OT1/CD45 cells. Data
are representative of three independent experiments.
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Slow phosphorylation of a tyrosine residue
in LAT optimizes T cell ligand discrimination

Wan-Lin Lo', Neel H. Shah®2'°, Sara A. Rubin®3*, Weiguo Zhang?®, Veronika Horkova®¢,
lan R. Fallahee?, Ondrej Stepanek ©¢, Leonard I. Zon3**7, John Kuriyan?® and Arthur Weiss ©®'°*

Self-non-self discrimination is central to T cell-mediated immunity. The kinetic proofreading model can explain T cell antigen
receptor (TCR) ligand discrimination; however, the rate-limiting steps have not been identified. Here, we show that tyrosine
phosphorylation of the T cell adapter protein LAT at position Y132 is a critical kinetic bottleneck for ligand discrimination. LAT
phosphorylation at Y132, mediated by the kinase ZAP-70, leads to the recruitment and activation of phospholipase C-y1(PLC-y1),
an important effector molecule for T cell activation. The slow phosphorylation of Y132, relative to other phosphosites on LAT, is
governed by a preceding glycine residue (G131) but can be accelerated by substituting this glycine with aspartate or glutamate.
Acceleration of Y132 phosphorylation increases the speed and magnitude of PLC-y1 activation and enhances T cell sensitivity to

ker stimuli, including weak ag

and self-peptides. These observations suggest that the slow phosphorylation of Y132

acts as a proofreading step to facilitate T cell ligand discrimination.

are remarkable for their high sensitivity, exquisite specificity,

and rapidity’. T cells can be activated in response to very few
foreign peptide major histocompatibility complex (pMHC) ligands
(one to ten)*”, with a small error rate (10~ to 107°)*° and rapid
response time (seconds to a few minutes)’. This rapid and highly
accurate responsiveness allows T cells to detect peptides derived
from foreign pathogens or abnormal cells early and efficiently
without reacting to self-tissues. Several factors have been proposed
to affect T cell discrimination and correlate with responsiveness,
including subtle differences in TCR-pMHC off-rates, on-rates,
affinities, and catch-bond formation. However, differences in these
factors for agonist and non-agonist ligands are not always sufficient
to explain the actual T cell error rate®’.

The remarkable selectivity of T cells may be explained by a
kinetic proofreading model**. Following ligand binding, TCR prox-
imal signaling molecules undergo a series of biochemical reactions,
such as phosphorylation, and these multiple steps create a time
delay between the input signal (pMHC recognition) and the out-
put response (T cell activation)®. If these signaling steps are rapidly
reversible following removal of the stimulus (for example, through
dephosphorylation by phosphatases), the TCR-pMHC interaction
would have to persist for a sufficient duration to initiate successful
activation. By this mechanism, small differences in TCR-pMHC
affinities or off-rates could lead to vastly different cellular out-
comes, with each signaling step functioning as a ‘proofreader’ to
allow only a bona fide activation signal to propagate downstream.
Thus far, most efforts to assess the importance of kinetic proof-
reading in TCR signaling have been restricted to biochemical or
mathematical models, and have failed to account for the role of

| cell responses, mediated by T cell antigen receptors (TCRs),

endogenous self-peptides and changes in ligand discrimination
during development™'®'!,

LAT (the linker for activation of T cells) is an important scaffold
that coordinates TCR proximal signals in a phosphorylation-depen-
dent manner following receptor stimulation'>"”. Although there
are several phosphorylation sites in LAT that have a role in signal
transduction, Y132 is the only residue in LAT that recruits phos-
pholipase C-y1 (PLC-y1) following its phosphorylation by ZAP-
70. Binding of PLC-y1 to phosphorylated Y132 (p-Y132) in LAT
leads to the Tec family kinase ITK-mediated PLC-y1 phosphory-
lation and activation'’. This activation of PLC-y1 ultimately leads
to calcium mobilization, ERK and protein kinase C (PKC) activa-
tion, and eventually cellular effector and transcriptional responses'”.
Interestingly, despite the importance of LAT p-Y132, the presence
of a glycine at position 131 in LAT makes Y132 a particularly poor
substrate for ZAP-70 because the kinase domain of ZAP-70 strongly
favors an acidic residue (aspartate or glutamate) at the —1 position
relative to substrate tyrosine residues'.

Here, we show that substitution of the glycine residue at the —1
position with aspartate or glutamate markedly increases the phos-
phorylation rate of LAT Y132 in T cells. This focused amino acid
substitution in a signaling scaffold protein is sufficient to enhance
T cell responsiveness to weak antigens or self-peptides. We dem-
onstrate that slow phosphorylation of Y132 in LAT serves as an
essential rate-limiting step in TCR signaling to enable ligand dis-
crimination. Although a glycine at position 131 in LAT is highly
conserved in tetrapods, some fish have other residues preceding the
homologous tyrosine residue, including aspartate and glutamate,
that are more optimal for phosphorylation by ZAP-70. Our results
suggest that the slow phosphorylation of LAT Y132 is an important
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regulatory mechanism that contributes to T cell ligand discrimina-
tion in most jawed vertebrates and might underlie the remarkable
selectivity of T cells.

Results

Mammalian LAT Y132 has a glycine at the —1 position, unlike
other ZAP-70 substrates. LAT and SLP-76 are two adaptors in
T cells that rely on their phosphorylation by ZAP-70 to link initial
TCR signals to many downstream cellular events required for full
T cell activation (Fig. 1a)'?. ZAP-70 has a strong preference for its
substrate tyrosine residues to be surrounded by acidic residues (that
is, aspartate and glutamate)'>'*. These acidic residues facilitate sub-
strate interaction with the ZAP-70 kinase domain, which is rich in
basic residues in the substrate-binding region".

The marked preference for aspartate and glutamate at the —1
position in ZAP-70 substrates is reflected in almost all reported
substrates of human ZAP-70, except for the Y132 residue in LAT
(Fig. 1b). Human LAT Y132 has an unusually placed, small neutral
glycine residue (G131) at the —1 position (Fig. 1b), making Y132 a
potentially poor substrate for ZAP-70. In support of this view, Y132
phosphorylation is delayed compared to that of the distal tyrosines
on LAT and is coincident with PLC-y1 phosphorylation'. This
uniquely positioned glycine preceding LAT Y132 was observed
at the homologous position in virtually all 68 mammalian species
examined (Fig. 1c). Consistent with the distinct sequence features
of the Y132 phosphosite, in vitro phosphorylation assays with the
ZAP-70 kinase domain and the cytoplasmic region of LAT showed
that LAT Y132 was phosphorylated by ZAP-70 with substantially
slowed kinetics relative to the rate of total tyrosine phosphoryla-
tion in LAT (Fig. 1d). Of note, mutation of Y127 to phenylalanine
did not affect phosphorylation of Y132 in the in vitro kinase assay,
suggesting that this nearby site of phosphorylation does not have a
priming effect.

To extend this analysis to cells, we used Csk-deficient Jurkat cells
reconstituted with a PP1 analog-sensitive Csk mutant (J.CskAS), to
rapidly activate Lck by inhibiting Csk-dependent phosphorylation of
an inhibitory tyrosine in Lck (data not shown)'®. Activated Lck could
then phosphorylate TCR ITAMs and ZAP-70, allowing ZAP-70
to initiate its kinase activities in its native cellular environment
without triggering the TCR. Such treatment showed slower tyrosine
phosphorylation of Y132 than of Y171, and the phosphorylation of
PLC-y1 exhibited similar time-dependent phosphorylation to Y132
(Supplementary Fig. 1a,b).

Scanning mutagenesis screens with LAT-derived peptides
suggested that the substitution of G131 with almost any other
amino acid should enhance Y132 phosphorylation, with aspartate
and glutamate substitutions showing the greatest enhancement
(Supplementary Fig. 1¢)". In a colorimetric in vitro kinase assay,
in which ATP consumption is coupled to NADH oxidation, the
ZAP-70 kinase domain showed negligible activity towards a wild-
type peptide encompassing Y132 (Fig. 1e,f). Replacement of the gly-
cine at the —1 position with aspartate or glutamate greatly increased
the phosphorylation efficiency of Y132 (Fig. 1e,f). Despite its slow
phosphorylation by ZAP-70, LAT Y132 is a bona fide well-estab-
lished ZAP-70 substrate, as shown in the kinase assay (Fig. 1d) and
in the experiments in which ZAP-70 deficiency but not ITK defi-
ciency eliminated Y132 phosphorylation (Supplementary Fig. 1d),
and as reported in the literature'.

Since p-Y132 in LAT is directly upstream of PLC-y1, we exam-
ined the possibility that the glycine at position 131 might have been
selected to promote a better PLC-y1 interaction with the p-Y132
site. Phosphorylated Y132 interacts with the N-terminal SH2
domain of PLC-y1 (refs. ). A peptide with glycine preceding
Y132 had similar binding affinity to the PLC-yl N-SH2 domain,
as did a peptide with aspartate preceding Y132 (Supplementary
Fig. 2a,b). A scanning mutagenesis screen for PLC-y1 N-terminal
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SH2 binding to LAT p-Y132 peptide mutants confirmed that most
substitutions at G131 do not affect SH2 binding, whereas polar
substitutions at V135 (the+3 position) in the p-Y132-containing
peptide impaired SH2 binding, consistent with the known bind-
ing motif preference for PLC-y1 N-terminal SH2 (Supplementary
Fig. 2¢)”". It is also unlikely that the G131D and G131E mutations
would change which kinase phosphorylates this site, because the
aspartate or glutamate residue at the —1 position is disfavored by
Src family kinases and Tec family kinases'>'°. Therefore, this highly
conserved glycine at the —1 position impedes the efficiency of LAT
Y132 phosphorylation by ZAP-70.

Mutation of LAT G131 to an aspartate or glutamate enhances
calcium responses. To determine how the G131 residue preceding
Y132 affects PLC-y1-dependent signal transduction (for example,
calcium responses), we substituted G131 with aspartate or gluta-
mate in T cells. LAT and its G131 variants were used to reconstitute
CRISPR-Cas9-generated LAT-deficient human Jurkat cells (J.LAT),
hereafter termed J.LAT.WT, J.LAT.G131D, and J.LAT.G131E. When
these cells were stimulated with anti-CD3 mAb (OKT3), the G131D
and G131E LAT variants markedly augmented the magnitude of
maximal calcium peaks (Fig. 2a,b). Particularly evident at lower
doses of anti-CD3, expression of G131D and G131E mutant LAT
molecules endowed cells with faster and larger calcium responses
than did wild-type LAT (Fig. 2a,c). Thus, by mutating G131 to an
aspartate or glutamate, the reconstituted J.LAT cells had increased
sensitivity and decreased response times to weak anti-CD3 stimuli.

We examined whether the elevated calcium mobilization in
J.LAT.G131D and J.LAT.GI131E cells resulted from alteration of
LAT Y132 and PLC-y1 phosphorylation. JLAT.G131D and J.LAT.
G131E cells responded to lower anti-CD3 concentrations than did
wild-type cells (Fig. 2d and Supplementary Fig. 3a). The muta-
tion at G131 did not influence the activation of Lck and ZAP-70
(Supplementary Fig. 3a,b), but LAT Y132 and PLC-y1 phosphory-
lation were greatly enhanced in G131D- and G131E-expressing
cells (Fig. 2d and Supplementary Fig. 3a,c). Notably, we sometimes
observed an enhancement in the phosphorylation of the distal tyro-
sine residues in cells expressing LAT G131D; however, this effect
was not consistently observed (Fig. 2d and Supplementary Fig. 3b).
In time-course experiments, G131D and G131E LAT also accel-
erated the phosphorylation of LAT Y132 and PLC-yl (Fig. 2e).
These results suggest that LAT G131D and G131E lowered the TCR
response threshold and amplified T cell responsiveness by promot-
ing the phosphorylation of LAT Y132 and PLC-y1.

Enhanced Y132-PLC-y1-derived signals allow T cells to respond
to low-affinity ligands. The OT-I TCR recognizes a peptide span-
ning residues 257-264 from chicken ovalbumin (OVA) presented
by the H-2K® MHC molecules. Substitutions of one or two amino
acids convert the full agonist OVA peptide into partial or weak
agonists, all termed altered peptide ligands (APLs), which provide
a sensitive and specific system to examine the capability of T cell
ligand discrimination.

We reconstituted LAT-deficient OT-I*hCD8" Jurkat cells with
wild-type LAT or the G131D or G131E variants (termed J.OT-L.LAT.
WT, J.OT-LLAT.G131D, and J.OT-LLAT.G131E, respectively). Each
cell clone was stimulated with OVA APL-pulsed H-2K"-expressing
T2 cells (T2-K®)*. Cells upregulated the activation marker CD69 in
response to OVA stimulation but remained unresponsive towards
an unrelated peptide, VSV (Fig. 3a). When the cells were stimulated
with OVA or partial agonists Q4R7 or T4, G131D-LAT- and G131E-
LAT-expressing J.OT-I* cells were approximately tenfold more sen-
sitive to the peptide stimulus. Q4H7 is a very weak agonist and
activated only approximately 30% of the JOT-LLAT.WT cells, but
approximately 60% of J.OT-LLAT.G131D and 50% of J.OT-LLAT.
G131E cells were able to respond to Q4H7, as measured by CD69
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Fig. 1] Mammalian LAT has a glycine preceding Y132 that decreases the phosphorylation efficiency of Y132. a, An illustration of TCR proximal signaling
after TCR-pMHC engagement. Step 1, TCR-pMHC engagement colocalizes the co-receptor-associated Lck with the pMHC-stimulated TCR, where

Lck phosphorylates tyrosines on ITAMs of the CD3 and {-chains. Step 2, ZAP-70 is recruited and bound to doubly phosphorylated ITAMs. Step 3, Lck
phosphorylates ZAP-70, stabilizing its open conformation and activating the ZAP-70 catalytic domain. Step 4, Lck SH2 domain binds to ZAP-70 p-Y319,
stabilizing the open conformation of Lck'2, Step 5, Lck SH3 domain binds to the PIPRSP motif of LAT to facilitate the accessibility of LAT to the kinase
ZAP-70 (ref. ). Step 6, activated ZAP-70 phosphorylates tyrosine residues on LAT or SLP-76 (SLP-76 not shown). Step 7, phosphorylated LAT Y132
recruits PLC-y1, leading to ITK-mediated PLC-y1 phosphorylation and activation. Step 8, activated PLC-y1 induces calcium increase and PKC and

Ras-MAPK activation (not shown), eventually leading to T cell activation. APC, antigen-presenting cell. b, Sequence logo (top) and individual sequences
(bottom) showing the conservation of amino acids spanning the target tyrosine residues of reported ZAP-70 substrates in humans. The tyrosine

substrate of ZAP-70 is referred to as position O, whereas the preceding residue is position —1. ¢, Sequence conservation of LAT in 68 mammalian species,
depicted in the regions surrounding tyrosine residues Y127 and Y132 of LAT. The amino acid position is numbered on the basis of human LAT isoform 2.

d, Immunoblot analysis of in vitro LAT phosphorylation reactions, monitoring site-specific phosphorylation at Y132 as well as total tyrosine phosphorylation.
Purified LAT or a Y127F mutant cytoplasmic domain (5 pM) were phosphorylated by purified ZAP-70 kinase domain (1pM). The phosphorylation of Y132
on LAT was assessed using an anti-LAT p-Y132 antibody. The total phosphorylation level of LAT was assessed using an anti-p-Y antibody (clone 4G10).

A Coomassie Blue-stained membrane below shows loading levels. Data are representative of three independent experiments. e, Phosphorylation of peptides
spanning LAT Y132 with the wild-type G131 residue, the G131D mutation, or the G131E mutation, using a colorimetric assay in which ATP consumption is
enzymatically coupled to stoichiometric oxidation of NADH, with concomitant loss of NADH absorbance at 340 nm. The ZAP-70 kinase domain was used
at a concentration of TpM and peptides were at a concentration of 500 pM. A control reaction lacking substrate peptide was also carried out to measure the
background level of kinase-mediated ATP hydrolysis. At least three experiments were repeated independently with similar results. f, Background-subtracted
rates of in vitro LAT Y132 phosphorylation using the assay described in e. Bar graphs show the mean rate from at least three independent experiments for
each kinase-substrate pair at two substrate concentrations. Each symbol represents an individual result. n=3 independent results (wild type and G131D),
n=4 independent results (G131E). *P=0.0389, ****P < 0.0001; ns, not significant; one-way analysis of variance (ANOVA) analysis.

upregulation (Fig. 3a,b). Another weak OVA APL peptide, G4, did G4 peptides are noteworthy because both peptides can promote
not stimulate J.OT-LLAT.WT cells to upregulate CD69, but was able  positive selection of OT-I* T cells in fetal thymic organ cultures and,
to activate about 40% of G131D-expressing J.OT-I* T cells and 20%  as such, are considered to have an affinity in the range of positively
of G131E-expressing cells (Fig. 3a,b). The responses to Q4H7 and  selecting self-peptides™**.
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Fig. 2 | Mutation of LAT G131 to an aspartate or gl facilitates calcium resp by ing PLC-y1 signaling. a, CRISPR-Cas9-generated

LAT-deficient J.LAT cells were reconstituted with wild-type LAT or mutant LAT with G131D (top) or G131E (bottom) substitutions, as indicated. Cells
were loaded with the calcium-sensitive dye Indo-1 AM and stimulated with a range of anti-CD3 (clone OKT3) concentrations starting at 0.5 pg ml~' (left)
followed by a series of twofold dilutions (0.25 pg ml-', 0.125 pg ml-', and 0.0625 pg ml-", from left to right). The changes in relative calcium-sensitive
fluorescence ratios over time for 400's are shown (mean + s.d., n=3 technical replicates). lonomycin treatment was used as a positive control. Data are
representative of at least three experiments. b, The plot shows the mean of the maximal calcium peak at different concentrations of anti-CD3 stimuli
(mean +s.d, n=38 samples from three independent experiments). Diminishing amounts of anti-CD3 were added, starting at 1pg ml=, followed by

a series of twofold dilutions. Data were pooled from three independent experiments. **P=0.0022, *P = 0.0043; ns, not significant (P=0.1327);
two-tailed Mann-Whitney U test. ¢, Bar graphs summarize the response times to reach the peak calcium increases (mean + s.d., n=8 samples from
three independent experiments). Anti-CD3 stimulation starts at 1 ug ml~', followed by a series of twofold dilutions. Data were pooled from three
independent experiments. ***P=0.0002; ns, not significant (P=0.3095); **P=0.0031, *P (left) = 0.0123, *P (right) =0.0228, **P (right) =0.0053;
two-tailed Mann-Whitney U test. d, Immunoblot analyses of J.LAT cells that were reconstituted with wild-type LAT, G131D or G131E mutant LATs, and
were left unstimulated or were stimulated with a range of anti-CD3 doses (clone OKT3) starting at 0.5 pg ml~" with serial twofold dilutions at 37°C for
1 min. Data are representative of at least five experiments. Note that the same lysates were run on two separate gels to blot for p-Y171 and p-Y132;
hence, blots for LAT loading are provided twice. e, Immunoblot analyses of J.LAT cells that were reconstituted with wild-type LAT, or G131D or G131E
mutant LATs, and were left unstimulated or were stimulated with anti-CD3 stimulation at 1pg ml~" (clone OKT3) at 37 °C for different durations

(as indicated above the blots). Data are representative of at least five experiments. Note that the same lysates were run on two separate gels to blot

for p-Y171 and p-Y132; hence, blots for LAT loading are provided twice.

G131D- or G131E-expressing J.OT-I* cells were also weakly
activated by the naturally occurring positively selecting self-
peptide for OT-I TCR, Catnb (derived from f-catenin residues
329-336)*, whereas wild-type LAT-expressing cells were not
(Fig. 3a,b). We compared the potency of each OVA APL peptide and

1484

the self-peptide Catnb using J.OT-I* G131D and GI131E versus
wild-type LAT-expressing cells (Table 1). Peptide potencies were
quantified by calculating EC;, (half maximal responses) in the
CD69 upregulation assays and normalizing these values to the per-
centage of maximal CD69 responses®. These results suggest that
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Fig. 3| Enhanced Y132 phospt

ylation allows T cells to react with low-affinity ligands. a, LAT-deficient J.OT-.hCD8* Jurkat variants were reconstituted

with wild-type LAT, or G131D or G131E mutant LATs. Cells were stimulated with T2-K® antigen-presenting cells pulsed with OVA peptide, OVA APL peptides,
self-peptide Catnb, or VSV control peptide over a wide range of peptide concentrations. The next day, the expression of CD69 was assessed by flow
cytometry. Percentages of CD69* cells were plotted against peptide concentrations (mean +s.d., n=3 technical replicates). Data are representative of at
least five experiments. b, Bar graph depicts the mean percentages of CD69* cells after stimulation with Q4H7, G4, or Catnb peptides. Each symbol represents
the result of a technical replicate (mean +s.d., n=9 samples from three independent experiments). P**** < 0.0001, two-tailed Mann-Whitney U test.

Table 1| EC;, (pM) and ligand potency analysis of CD69 upregulation

Peptide Selecting effect on thymocytes K, by SPR EC,, 1/potency

WT G131D G131E wT G131D G131E
OVA Negative selection 54 uM 6.19 0.69 124 1 01 0.2
Q4R7 Partial 288 uM 14.92 4.23 4.27 2.7 0.6 0.7
T4 Partial/boarder 444 pM 82.67 4.89 9.34 13.8 0.7 15
Q4H7 Positive selection 847 uM 87.89 15.56 18m 345 35 45
G4 Positive selection >1000 pM 2314 39.04 97.24 588.0 19.2 60.6
Catnb Positive selection N.A. N.A. 1246 2116 N.A. 1090.4 2453.2

The table shows ECy, (pM) and ligand potency analysis of CD69 upregulation from assays as in Fig. 3. K; values, determined by surface plasmon resonance (SPR), were obtained from the literature.

N.A, not applicable. WT, wild type.

augmented LAT Y132 phosphorylation disrupted the ability of the
cells to accurately discriminate ligands with different potencies.
G131D-expressing cells exhibited a lower ligand responsiveness
threshold than did wild-type LAT-expressing cells.

CD69 upregulation is a prominent feature of T cell activation,
but its expression can also be induced by exposure to cytokines”.
Therefore, we examined TCR-induced proximal signals, including
phosphorylation of ERK and calcium flux, in response to OVA APL
or self-peptide stimulation of J.OT-I* cells expressing LAT variants.
LAT.WT-, G131D- or G131E-expressing J.OT-I* cells were first ‘bar-
coded’ by labeling them with different dilutions of CellTrace Violet.
All three variants were pooled and incubated with various peptide-
pulsed T2-K® cells at 37 °C for 5min (Fig. 4a). Stimulation with
the OVA peptide induced the phosphorylation of ERK in all three
J.LOT-I* cell variants, but stimulation with the control peptide VSV
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did not (Fig. 4b and Supplementary Fig. 4a,b). Across all OVA and
the APL peptide stimuli, a substantially larger population of G131D-
expressing J.OT-I* cells exhibited ERK phosphorylation than did
G131E-expressing J.OT-I* cells; the wild-type-expressing J.OT-I*
cells were the least responsive. Dose-response analyses of the phos-
pho-ERK induction further supported the strengthened responses
of LAT G131D- or G131E-expressing J.OT-I* cells towards full or
partial agonist stimuli (Fig. 4c). Moreover, approximately 20% of
G131D-expressing J.OT-I cells and 15% of G131E-expressing cells
acquired the ability to upregulate ERK phosphorylation following
stimulation with the self-peptide Catnb, whereas wild-type-express-
ing J.OT-I cells were unresponsive (Fig. 4c).

Next, we used OVA- or APL-loaded biotinylated pMHC mono-
mers and streptavidin to analyze antigen-specific calcium responses.
Expression of G131D or G131E LAT augmented calcium mobilization
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Fig. 4 | Substitution of G131D or G131E in LAT promotes ERK activation and calcium increase in response to weak ligand or self-peptide stimulation.
a-¢, Wild-type (WT), and G131D- (D) and G131E-expressing (E) LAT-deficient J.OT-I*hCD8* Jurkat variants were first individually labeled with CellTrace
Violet dye at different concentrations. Cells were washed and pooled together for the experiments. T2-K® cells were pulsed with OVA peptides, APL
ligands, the self-peptide Catnb, or VSV control peptide. Pooled J.OT-I*hCD8* Jurkat variants and peptide-pulsed T2-K® cells were mixed on ice, and
quickly centrifuged. Cells were then stimulated by moving them to 37°C for 5min, and then fixed with 4% PFA to terminate the stimulation. Cells were
then subjected to flow cytometry-based p-ERK analysis. Data are representative of four independent experiments. a, Representative flow cytometry
plot of J.LOT-I*hCD8* Jurkat variants barcoded with titrated amounts of CellTrace Violet dye. FSC, forward scatter. b, Representative histograms for ERK

phosphorylation responses in G131D, G131E, and wild-type LAT-expressing J.OT-I*hCD8+ Jurkat variants stimulated with T2-K® cells pulsed with 1000 pM
of each peptide as indicated. The black bar in the first panel depicts the gate used to define the p-ERK-induced population in €. Percentages of positive cells
are indicated. Ligands used for stimulation are indicated above the plots. €, Analysis of the p-ERK* population of G131D, G131E, or wild-type LAT-expressing

J.OT-I*hCD8* Jurkat variants stimulated with the indicated concentrations of peptide-pulsed T2-K® cells. Data were pooled from four independent
experiments (mean + s.d., n=4 in four independent experiments). Ligands used for stimulation are indicated above the plots. d, Wild-type, and G131D-
and G131E-expressing LAT-deficient J.OT-1*hCD8* Jurkat variants were loaded with the calcium-sensitive dye Indo-1, and labeled with 1:100 biotinylated
OVA/H-2K®, T4/H-2K® G4/H-2K®, or VSV/H-2K> monomers. Cells were then subjected to calcium mobilization assays on Flex Station Il. Indo-1 ratios
were first recorded for 30 s to determine a relative baseline calcium level, followed by streptavidin addition to trigger the TCR-induced calcium response.
lonomycin was added at 240 s as a positive control. Representative calcium traces are shown. Each stimulus is as indicated. Data are representative

of three independent experiments (mean +s.d., n=3 technical replicates). e, Bar graphs depict the statistical analysis of the fold change of the peak.
Each symbol represents a technical replicate (mean + s.d., n=_8 samples in three independent experiments). ***P=0.0002 (OVA), ***P=0.0006 (T4),
***P=0.0003 (G4), **P=0.0047 (OVA), **P=0.0020 (T4), **P=0.0070 (G4); ns, not significant; P=0.3823 (VSV, left), P=0.0830 (VSV, right);
two-tailed Mann-Whitney U test. f, Bar graphs depict the statistical analysis of the response time to reach the peak (mean +s.d., n=_8 samples in three
independent experiments). Each symbol represents a technical replicate. ***P=0.0002 (OVA), **P=0.0011 (OVA), **P=0.0054 (T4, top), **P=0.0023
(T4, bottom) **P=0.0059 (G4, top), **P=0.0076 (G4, bottom), two-tailed Mann-Whitney U test.

(Fig. 4d), enabling more rapid responses, and 1.52-fold increases in
the magnitude of the peak responses (Fig. 4e,f). Thus, a negatively
charged residue preceding Y132 in LAT enhanced the sensitivity of
T cells to full or partial agonist stimuli, and bestowed on T cells the
ability to respond, albeit weakly, to self-peptide stimulation.

Murine T cells rely on slow phosphorylation kinetics of Y136 in
LAT to allow self-non-self antigen discrimination. The muta-
tions at LAT residue 131 elicited similar functional consequences
in primary mouse T cells. Ectopic over-expression of the G135D
mutant LAT (Y136 is the murine ortholog of human Y132) in
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the presence of endogenous LAT was sufficient to endow OT-I*
CD8 and OT-II* CD4 T cells with a gain-of-function ability to
respond to low-affinity ligands (Supplementary Fig. 5). OT-I*
CD8 or OT-II* CD4 T cells transduced with a retrovirus encoding
wild-type LAT-P2A-BFP or G135D LAT-P2A-BFP were stimu-
lated with various peptide-pulsed T cell-deficient splenocytes.
In response to stimulation with G4 peptide-pulsed splenocytes,
the expression of G135D LAT enabled OT-I* CD8 T cells to
increase the expression of the key transcriptional factor IRF4 and
activation marker CD69 (Supplementary Fig. 5a), augmented the
activation of ERK phosphorylation (Supplementary Fig. 5b), and
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Fig. 5 | The G135D mutation in LAT promotes primary mouse T cells to respond to low-affinity antigen or self-peptide stimulation. a, The diagram

shows the experimental flow. Naive ERCre*.OT-I+.LAT”- CD8 T cells were isolated and lentivirally transduced to express wild-type LAT or G135D LAT

and tamoxifen-treated for 4 d to delete endogenous LAT. Mouse G135D is homologous to human G131D. The wild-type or G135D LAT was conjugated

to mCherry fluorescent protein through a self-cleaving P2A peptide. Cells with successful tamoxifen-induced deletion of endogenous LAT are GFP*
(efficiency > 90%). Cells were rested for 1d and stimulated with peptide-pulsed TCR Ca-deficient splenocytes overnight. TCR Ca-deficient splenocytes
were pulsed with TpM of OVA, T4, or G4 peptide, 10 uM of Catnb peptide, or 10 pM of VSV peptide. Cells were then analyzed for their ability to upregulate
CD69 and produce IFN-y. Numbers in all flow cytometry plots indicate the percentages of positive cells. b, Representative contour plots depict the
expression of Va2 (OT-I TCR a chain) and mCherry after cells were transduced with lentivirus expressing wild-type LAT-P2A-mCherry or G135D LAT-P2A-
mCherry. Data are representative of three experiments. ¢, Flow cytometric analysis of CD69 expression in mCherry* subpopulations of GFP+Va2+CD8*

T cells, pulsed with OVA peptide, G4 peptide, or Catnb self-peptide. d, Bar graphs represent the mean of CD69* cells in the peptide stimulation assay.
Each symbol represents one technical replicate (mean +s.d., n=9 samples in three independent experiments). **P=0.0043 (Q4R7), **P=0.0022
(Q4H7), ***P=0.0004, ****P < 0.0001 (Catnb), *P=0.0294 (VSV). ns, not significant (P=0.1359); two-tailed Mann-Whitney U test. e, Flow cytometric
analysis of IFN-y-producing ability in mCherry* subpopulations of GFP*Va2+CD8* T cells, pulsed with various peptides. f, Bar graph demonstrates

the mean of IFN-y-producing cells in the peptide-stimulation assay. Each symbol represents one technical replicate (mean +s.d., n=4 samples in two
independent experiments.) *P=0.0286; ns, not significant (P=0.8857); two-tailed Mann-Whitney U test.

promoted the mobilization of calcium (Supplementary Fig. 5¢). endogenous LAT, we used a mouse expressing a floxed Lat allele
Similar gain of function was observed in G135D LAT-expressing  in which germline Lat could be deleted by tamoxifen treatment.
OT-II* CD4 T cells when stimulated with the E336Q peptide, a  Endogenous, wild-type LAT is expressed during thymic selection
partial agonist of OVA peptide (residues 329-336) specific for in the CD8 lineage of ERCre*OT-I*Lat’- mouse. We used wild-
OT-II* TCR (Supplementary Fig. 5a,b). type or G131D-expressing lentivirus to transduce the peripheral

Our data suggest that the human G131-Y132 and the homol- ~ ERCre*OT-I*LAT"- CD8 T cells from these mice. Tamoxifen treat-
ogous mouse G135-Y136 LAT sequences may place an impor- ment was then used in vitro to delete endogenous Lat in mature
tant regulatory constraint on TCR signaling that enables ligand ~ OT-I* T cells, enabling experimental assessment of the function of
discrimination. To further test this hypothesis in the absence of the lentivirally expressed LAT mutant (Fig. 5a).
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ERCre*OT-I"Lat" CD8 T cells transduced with wild-type or
G135D-P2A-mCherry lentivirus showed similar transduction
frequencies and expression (Fig. 5b). The P2A sequence allows
the mCherry fluorescence to function as a marker for successful
transduction® and its fluorescence intensity can serve as a surro-
gate marker for protein expression without interfering with LAT
function. The mCherry* ERCre*OT-I*Lat"~ CD8 T cells regained
the ability to respond to stimulation with OVA and the partial
agonist Q4R7, as shown by the upregulation of CD69, but the
non-transduced mCherry-negative cells did not (Supplementary
Fig. 6). Expression of the G135D LAT mutant lowered the reac-
tivity threshold to allow for an increased percentage of cells to
be activated compared with that of wild-type LAT. The differ-
ence was particularly noteworthy when cells were stimulated
with low-affinity peptides, such as the G4 peptide or the natural
self-peptide Catnb (Fig. 5¢,d). A small but increased response to
the VSV peptide-pulsed antigen-presenting cells was also seen in
the LAT-G135D-expressing cells. This could reflect responses to
endogenous self-peptides that the VSV-pulsed antigen-presenting
cells also expressed. The percentages of IFN-y-producing cells in
G135D* groups also increased compared with those in the wild-
type groups (Fig. 5¢,f). Thus, an aspartate residue preceding Y136
endowed mature T cells with the ability to be activated by low-
affinity antigens and allowed at least one relevant self-peptide to
become an agonist. Our data suggest that ZAP-70-mediated phos-
phorylation of LAT Y136 in primary mouse T cells may function
as a critically important node involved in kinetic proofreading to
enforce T cell ligand discrimination.

T cell ligand discrimination is uniquely susceptible to the phos-
phorylation kinetics of LAT Y132. The kinetic proofreading model
predicts that proper ligand discrimination can be achieved by a
series of gated biochemical events. In addition to the proofreading
node involving LAT Y132 shown here, co-receptor scanning and
delivery of Lck can also influence T cell ligand discrimination™.
To experimentally compare the relative contributions of co-recep-
tor scanning and G131-Y132 of LAT in TCR signaling, we again
used the OT-I* Jurkat cells and OVA APL systems. We used OT-I*
LAT-deficient Jurkat cells that did or did not express human CD8
(hCD8), and ectopically expressed wild-type LAT or the G131D
mutant (termed J.OT-LhCD8neg. LAT.WT or J.OT-LhCD8neg.LAT.
G131D, respectively). With these cells, we performed experiments
as we did in Fig. 3. The presence of hCD8 seemed to enhance the
number of cells responding towards OVA peptide or the partial ago-
nists Q4R7, T4, or Q4H7, compared with cells lacking hCD8, but
did not alter the EC,, value of cell responses towards the low-affinity
peptide G4 or self-peptide Catnb (Supplementary Fig. 7b,c). Thus,
G131-Y132 of LAT creates an important TCR signaling bottleneck
that is distinct from the previously reported time delay generated by
co-receptor scanning®.
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To investigate whether the slow phosphorylation of Y132 in LAT
is a unique rate-limiting step to control ligand discrimination, we
explored the possibility that any of the other four individual tyro-
sine residues in LAT (that are phosphorylated more efficiently than
Y132) could similarly function as ‘artificial’ TCR signaling bottle-
necks to further improve T cell ligand discrimination. We expressed
‘GY series LAT mutants in J.OT-I*.hCD8* LAT-deficient cells
(termed J.OT-LLAT.G126Y127, J.OT-LLAT.G170Y171, J.OT-LLAT.
G190Y191, or J.OT-LLAT.G225Y226, respectively). Interestingly,
these mutants and wild-type LAT showed similar CD69 expres-
sion levels after stimulation with OVA or the partial agonists Q4R7
or T4-pulsed T2-K" cells (Supplementary Fig. 7d). The artificial
attenuation of phosphorylation at LAT tyrosines other than Y132
did not influence OT-I TCR sensitivity or specificity, although there
is probably redundancy in binding interactions with other SH2-
containing proteins at the other phosphorylation sites. Thus, T cell
ligand discrimination is preferentially controlled by the slow phos-
phorylation of LAT Y132 and probably depends on the importance
of events downstream of PLC-y1.

Divergence at the LAT Y132 phosphosite in fish lineages may
reflect temperature-sensitive signaling. The slow phosphory-
lation kinetics of Y132 can be largely attributed to a —1 glycine
residue, which cannot form critical interactions with a conserved
lysine residue (K538) in the substrate-binding site of the ZAP-70
catalytic domain'>'*. K538 and other positively charged residues in
the ZAP-70 active site are conserved across all jawed vertebrates
(Fig. 6a)"°, suggesting that the substrate-binding mode of ZAP-70
is conserved in these organisms. The glycine residue at position 131
in LAT is also highly conserved across jawed vertebrates, consistent
with a conserved regulatory role for slow LAT Y132 phosphoryla-
tion (Fig. 6b,c). Interestingly, a ‘better neighbor” preceding Y132,
such as asparagine, aspartate, or glutamate, is present in some fish
(Fig. 6b). Among the other key tyrosine residues in LAT that get
phosphorylated, there is also a relative lack of sequence conserva-
tion at the —1 positions among fish (Fig. 6d). However, throughout
jawed vertebrate evolution, the preceding sequence is dominated by
a negatively charged residue and lacking in any positively charged
residues, consistent with the features preferred by ZAP-70 for tyro-
sine phosphorylation (Fig. 6d).

Given our data on the critical role of the slow kinetics of Y132
phosphorylation for T cell ligand discrimination, we wondered
why G131 is not completely conserved in fish. Based on our data in
mammalian T cells, the other three amino acids observed at posi-
tion 131 in fish LAT sequences (aspartate, glutamate, and aspara-
gine) should speed up the phosphorylation of Y132 and enhance
calcium responses towards low concentrations of anti-CD3 stimuli
(data for G131N not shown). We therefore questioned why some
fish would tolerate faster phosphorylation of this tyrosine if it might
impair ligand discrimination.

Fig. 6 | LAT Y132 probably represents a conserved kinetic proofreading step in tetrapodal T cells. a, Sequence conservation between the human and
zebrafish ZAP-70 kinase domains. The kinase domains of human and zebrafish ZAP-70 are 65% identical. Conservation is mapped onto a model of the
human ZAP-70 kinase domain bound to a peptide surrounding LAT Y226 (ref. ). The surface of the kinase domain is colored based on which residues
are identical (blue), have physiochemical similarity (light purple), or are unconserved (purple), between the human and zebrafish sequences. The peptide
is shown in ball and stick representation, with LAT Y226 and the —1 residue (D225) is shown in red. The conserved ZAP-70 active site residue that
coordinates LAT D225, K538, is shown in dark blue. Residues in the substrate-binding region, particularly those that contact the —1 substrate residue,

are highly conserved between human and zebrafish sequences. b, Phylogenetic tree showing taxonomic relationships between various jawed vertebrate
species, highlighting species with a non-glycine residue at position 131 in LAT. Relationships are derived from the NCBI Taxonomy dataset>*. Species that
do not have a glycine residue preceding Y132 in LAT are highlighted in red. These species typically have an aspartate (D), glutamate (E), asparagine (N),
proline (P), or serine (S) residue at the —1 position as indicated in the inner circle. Note that LAT sequences were not readily identifiable in most bird
species, aside from emu (Dromaius movaehollandiae) and kiwi (Apteryx rowi), suggesting possible loss of the canonical jawed vertebrate LAT gene in most
birds. More details can be found in Supplementary Table 1. ¢, Sequence conservation of regions flanking LAT Y132 among fish and tetrapods. The positions
are numbered using human LAT isoform 2 as a reference. d, Sequence logo of amino acid conservation in the regions of LAT spanning Y171, Y191, or Y226.
The positions are numbered using human LAT isoform 2 as a reference. Sequence conservation in fish (top) or tetrapods (bottom) is shown.
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Fish have a more limited antigen receptor repertoire than do  provide certain immune fitness advantages for these fish, as their
mammals™, and are also generally cold-blooded’. We considered ~ body temperatures are probably lower than those of mammals.
the possibility that better Y132 phosphorylation kinetics might To test the effect of temperature on the ability of T cells to induce
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Fig. 7 | Cold temperature does not impair the ability of zebrafish thymocytes to trigger calcium flux in response to stimulation. a, Representative contour
plot of Ick-egfp transgene zebrafish thymocytes. Data are representative of at least three experiments. The number in the contour plot indicates the
percentage of GFP* cells. b, Representative calcium flux of Lck-eGFP* zebrafish thymocytes treated with 10 pg ml~' concanavalin A. Zebrafish thymocytes
were loaded with the calcium indicator dye Indo-1, and incubated at 25°C, 37°C, or 15°C before being used for experiments. Concanavalin A was added

at 30 s and ionomycin was added at 240 s. Data are representative of three independent experiments. ¢, Representative calcium responses of mouse
thymocytes treated with 10 pg ml~" concanavalin A. Mouse thymocytes were loaded with the calcium indicator dye Indo-1, and incubated at 37°C, 25°C,
or 15°C before they were used for experiments. Concanavalin A was added at 30 s and ionomycin was added at 240 s. Data are representative of two

independent experiments.

calcium mobilization, we compared mouse and zebrafish thymo-
cytes. Zebrafish have a naturally occurring aspartate preceding the
tyrosine residue in LAT that is homologous to human Y132 and
mouse Y136 (Fig. 6b). We used zebrafish that carry an Ick:eGFP
transgene to harvest the zebrafish thymi and identify thymocytes
(Fig. 7a). Since no monoclonal antibodies are currently avail-
able to stimulate zebrafish TCRs or CD3 (ref. **), we stimulated
zebrafish or mouse thymocytes with concanavalin A, a plant lec-
tin that depends on TCR expression to induce calcium increases
in Jurkat T cells™. Interestingly, temperature change had little
impact on concanavalin A responses of Lck-GFP* zebrafish thy-
mocytes (Fig. 7b). By contrast, mouse thymocytes, which have a
glycine preceding Y136, did not respond to concanavalin A stimu-
lation at lower temperatures (Fig. 7c and Supplementary Fig 8).
Importantly, when the cells were treated with ionomycin, zebrafish
and mouse thymocytes had similar maximal calcium responses,
although responses were delayed in mouse thymocytes incubated
at a reduced concentration (Fig. 7c).

Next, we tested whether G131D-expressing Jurkat cells may gain
the temperature resistance properties seen in zebrafish thymocytes.
We used biotinylated OVA H-2K* monomers followed by cross-
linking with streptavidin to stimulate J.OT-LLAT.WT or J.OT-IL
G131D cells. Notably, JJOT-LLAT.WT cells were more vulnerable
to the change in temperature than were JJOT-LLAT.G131D cells
(Fig. 8a,b). At room temperature, crosslinking of OVA H2-K® was
unable to induce calcium flux in wild-type LAT-expressing cells,
whereas the change in temperature had minimal impairment on
G131D-expressing J.OT-I* cells. Next, we used immunoblots to
examine LAT phosphorylation of JOT-LLAT.WT or J.OT-LLAT.
G131D cells stimulated with biotin-labeled OVA monomers, fol-
lowed by streptavidin crosslinking, across different temperatures.
Although wild-type LAT was phosphorylated in response to stimu-
lation at temperatures close to 37 °C, we could not detect the phos-
phorylation of Y132 at 25°C or 28 °C (Fig. 8¢). By contrast, at 25°C
stimulation, we could detect phosphorylation at LAT tyrosine resi-
dues that have aspartate at the —1 position (Y171 or G131D preced-
ing Y132), although this was much weaker than under stimulation
at 37°C (Fig. 8¢). Interestingly, we also observed an increase in basal
phosphorylation of LAT Y132 and PLC-yl Y783 in J.OT-LLAT.
G131D cells, compared with those in JOT-LLAT.WT cells (Fig. 8c).
Since we did not observe a similar increase in basal phosphoryla-
tion of Y132 in experiments that used anti-CD3 as the stimulus, the
increase in basal phosphorylation here could be due to the prelabel-
ing of cells with biotinylated OVA monomers at room temperature.
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Our sequence analyses and comparison of temperature effects on
calcium responses in mouse versus zebrafish thymocytes, or wild-
type LAT versus G131D-expressing OT-I* Jurkat cells suggest that
slow LAT Y132 phosphorylation has been selected for in most
jawed vertebrate lineages, and is almost fixed in tetrapods. Some
fish species, such as zebrafish, seem to have evolved to have faster
phosphorylation of Y132, which may be required to enable signal-
ing at the range of water temperatures in which these animals live in
the wild (Supplementary Fig 9).

Discussion

The balance of T cell sensitivity and specificity requires TCR dis-
crimination of agonist pMHC from self-MHC, which can differ
by as little as a factor of ten in their affinities for the TCR™. The
kinetic proofreading model proposes that signal accuracy can be
achieved by accepting some tolerable time delay through a series of
reversible biochemical modifications before the commitment step
that triggers a response. Here, we have shown that LAT functions
as a critical time-keeper through constraints placed by a single resi-
due, G131, which attenuates ZAP-70-mediated phosphorylation of
Y132. The phosphorylation of Y132 is required for the recruitment,
phosphorylation, and activation of PLC-y1. The activation of PLC-
v1 is critical for the subsequent calcium increase and PKC and Ras
activation, which mediate T cell cytokine production, proliferation,
and effector responses. The molecular time delay at LAT Y132 is
necessary for proper self-non-self discrimination, and our observa-
tions support the importance of slow Y132 phosphorylation in TCR
kinetic proofreading.

Mutating G131 to aspartate leads to faster phosphorylation
kinetics for Y132, but with negative consequences for ligand dis-
crimination. Y132 is unique among the LAT phosphorylation sites
in its ability to influence ligand discrimination, most likely because
it is the only phosphorylation site that directly recruits PLC-y1. The
other four phosphorylation sites in LAT all have a YXNX motif, con-
sistent with Grb2 or Gads recruitment sites'”’>". Mutation of Y171,
Y191, or Y226 has a minimal effect on T cell development and mat-
uration™. By contrast, replacement of Y132 with phenylalanine dis-
rupts thymic development™*, and also leads to TCR-independent
lymphoproliferation of T cells, suggesting that PLC-y1 signals may
maintain ‘balanced’ cell signaling to ensure an appropriate T cell
response’ ", Thus, Y132 in LAT is a potentially unique and impor-
tant bottleneck, to temporally regulate the recruitment of PLC-y1,
with help from other tyrosine residues (probably through Gads-
SLP-76 preassembly on LAT to stabilize PLC-y1 binding)'7****,
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a, LAT-deficient J.OT-1.hCD8* cells that were reconstituted with wild-type LAT or G131D mutant LAT were used for the calcium assays. Cells were labeled
with the calcium-sensitive dye Indo-1, washed, and labeled with biotinylated OVA-bound I-K®* monomers or control VSV-bound I-K® monomers at room
temperature for 30 min. Cells were then used for calcium assays and stimulated by the addition of streptavidin. Calcium traces were recorded for 400's at
37°C (left two panels) or 25°C (right two panels). Data are representative of two independent experiments (mean +s.d., n=3 technical replicates).

b, The bar graphs (left) depict the mean of the maximal calcium peak for cells at different temperatures (mean +s.d., n=12 samples from four
independent experiments) as in a. *P=0.0145, ***P=0.0007, ****P < 0.0001, two-tailed Mann-Whitney U test. Bar graphs (right) summarize the
response time to reach the peak calcium responses (mean +s.d., n=12 technical replicates). ****P < 0.0001, two-tailed Mann-Whitney U test. Wild-type
LAT-expressing J.OT-I* cells did not respond to OVA/H-2K" stimulation at 25°C, and therefore were not included for analysis (labeled as N/A). ¢, LAT-
deficient J.OT-1.hCD8* cells that were reconstituted with wild-type LAT or G131D mutant LAT were used for the experiments. Cells were labeled with
biotinylated OVA-bound I-K® monomers (1:100) at room temperature for 30 min. Cells were then aliquoted and transferred to PCR tubes, stimulated with
the addition of streptavidin, and then incubated at room temperature (25°C), 28°C, or in a PCR machine with a gradient of temperatures (30-39°C) for
10 min. The reaction was stopped by the addition of 10 x lysis buffer and used for immunoblot analysis. Blots were probed with antibodies of the indicated

specificities. Data are representative of at least four independent experiments.

Although artificial attenuation of LAT phosphorylation at individual
tyrosine residues other than Y132 did not influence signaling sen-
sitivity, we expect that combinations of —1 glycine substitutions at
LAT Y171, Y191, or Y226 might perturb T cell sensitivity.

There may be several events involved in kinetic proofread-
ing, each of which could contribute to the time delay required
for ligand discrimination®*>*, Very recently, using optogenetic
methods, two groups implicated immediate downstream events
of PLCyl activation, calcium and diacylglycerol increases, in
kinetic proofreading**’. Notably, our study has identified PLCy1
recruitment as an important contributor to kinetic proofreading
that might have actionable therapeutic implications by providing
a means for enhancing T cell responses to weaker agonists against
pathogens that elicit weak responses, or to weak agonist peptides
displayed by tumors. However, a tradeoff might be the possibil-
ity of auto-reactivity. Interestingly, the LAT G131D mutation
has a stronger effect than the G131E mutation in all of our data.
Based on a previous study'®, we speculate that a —1 aspartate
residue is the optimal shape and charge to coordinate a series of
lysine residues near the substrate-binding pocket. Extending the
acidic side chain by an extra methyl group would slightly disrupt
this geometry.

The presence of a glycine residue preceding human Y132 creates
a very poor substrate for ZAP-70 (ref. °). Although some fish have
more optimal residues preceding their homologous site in LAT, it is
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striking that almost all tetrapodal LAT molecules examined have a
glycine at this position. This could be the result of a strong selective
pressure that was more relaxed in fish. Interestingly, other tyrosine
residues of LAT have been under strong selection pressure in tetra-
pods to become good ZAP-70 substrates. G131-Y132 is the only
position that has become an evolutionarily conserved poor sub-
strate for ZAP-70 in tetrapods, which might reflect the need for
optimal ligand discrimination.

We therefore questioned why some fish have not adopted this
same strategy for ligand discrimination. One major difference
between tetrapods and fish is the maintenance of their body tem-
peratures. Mammals are warm-blooded, whereas fish are cold-
blooded, and the temperature of amphibians and reptiles can vary
greatly depending on the environment. Various enzymes, includ-
ing kinases, are sensitive to the temperature***. Thus, some fish
may require a more optimal ZAP-70 substrate to phosphorylate
their LAT Y132 homologous sequences to activate PLC-yl when
in cold water. Zebrafish T cells have a limited TCR repertoire, and
they are more cross-reactive to self-antigens than are mammalian
T cells®. This may be one strategy to compensate for their lim-
ited and self-cross-reactive TCR repertoire, but allow for protective
T cell immunity to foreign antigens™. This increased self-reactiv-
ity of zebrafish T cells may be constrained by the prominence of
regulatory T cells to prevent auto-reactivity. T and B cell-mediated
adaptive immunity evolved approximately 500 million years ago,
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with the emergence of jawed vertebrates**’. Since then, different
organisms may have adapted slight variations on this system, as
our analyses suggest for LAT phosphorylation. More comparisons
of the sequences and activities of T cell signaling molecules across
the animal kingdom are likely to reveal new mechanisms for the
control of T cell activation.
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Methods

Experimental models. Animals. The C57BL/6 mice were housed in the

specific pathogen-free facilities at the University of California, San Francisco.

The ERCre*LAT".OT-I mice were maintained at Duke University. Mice were
treated according to protocols that were approved by University of California,

San Francisco veterinary committees, or by Duke University animal care ethics
committee, and are in accordance with National Institutes of Health (NIH)
guidelines. Both male and female mice, 6-12 weeks of age, were used in the
studies. Zebrafish were maintained in accordance with Boston Children’s Hospital
Institutional Animal Care and Use Committee protocols and in line with Animal
Resources at Children’s Hospital (ARCH) guidelines. Tg(Ick:eGFP) was previously
described”. Male and female zebrafish between 2 and 4 months post-fertilization
were used in all studies.

Cell lines. The human leukemic Jurkat T cell line, Jurkat variants with LAT
deficiency, ZAP-70 deficiency, or ITK deficiency, and T2-K" cells were maintained
in RPMI culture medium supplemented (Thermo Fisher Scientific) with 5% FBS
(Omega Scientific) and 2mM glutamine (Thermo Fisher Scientific). For additional
drug selection, LAT-deficient Jurkat variants that were reconstituted with wild-
type LAT or various mutant LAT constructs were maintained in 0.5mg ml~' of the
aminoglycoside geneticin (G418, Santa Cruz Biotech), the Csk-AS Jurkat variant
was maintained in 10 pg ml~' blasticidin (Thermo Fisher Scientific).

calcium levels, followed by the addition of streptavidin (10 ug ml™, Jackson
Immunoresearch) at 30 s and this was followed by the addition of ionomycin
(Thermo Fisher Scientific) at 240 s. Data were imported into GraphPad Prism
software (version 7) for analysis and production of graphs.

Jurkat variants stimulated by concanavalin A at different temperatures. Jurkat
variants were loaded with 1 uM of the Indo-1 calcium indicator dye at 25°C for
30 min. After loading, cells were washed twice with PBS, resuspended in HBSS

at a concentration of 5x 10° cells per ml, and then transferred to a flat-bottom
96-well plate (5x 10° cells per well) to record calcium-dependent fluorescence
changes using the Flex Station II. The experiments started from a temperature of
25°C, which gradually increased throughout the experiments up to 37°C. Each
time, after the temperature of the Flex Station II reached the pre-set temperature,
the temperature was maintained for an extra few minutes before each experiment
started. Concanavalin A was dissolved in double-distilled water at 10 mg ml~!

as a stock solution, which was further diluted in PBS to prepare four working
solutions (120 pg ml™', 40 pg ml™, 12 pg ml™"). The Indo-1 fluorescence changes
were recorded for 30s to obtain the baseline calcium level, followed by the addition
of concanavalin A at 30 s, and the calcium-dependent fluorescence changes were
recorded for another 4.5 min. Data were imported into GraphPad Prism software
(version 7) for analysis and production of graphs.

calcium by flow cytometry. Mouse CD8 T cells

Intr:

Antibodies. Antibodies are listed in Reporting Summary and Suppl
Sequence alignments and analysis. Sequences of LAT orthologs from various
jawed vertebrates were identified as described previously™. Briefly, human LAT
was used as a query sequence for an initial protein-protein BLAST search using
the NCBI non-redundant protein database™". This initial search yielded mostly
mammalian sequences, as well as a few fish, amphibian, and reptile sequences

that were annotated to be LAT orthologs. These non-mammalian LAT sequences
were used as queries in subsequent BLAST searches. Putative orthologous tyrosine
phosphosites were identified in the C-terminal approximately 100 amino acids

of each LAT sequence based on two criteria: they matched the SH2 binding
motifs, and they occurred in the order seen for known human and mouse LAT
phosphosites. The sequences surrounding individual putative phosphosites across
all orthologs were manually aligned, and this local alignment was visualized using
the online tool WebLogo™.

LAT sequences of fish, birds, reptiles, and mammals. The sequences are listed in
Supplementary Table 1.
Protein expression and puri and in vitro pk
see Supplementary Note.

ylation assays. Please

Generation of ZAP-70-deficient or ITK-deficient Jurkat variants. The ZAP-70-
deficient or ITK-deficient Jurkat variants were generated using CRISPR-Cas9
technology as previously described”. In brief, guide single guide RNAs (sgRNAs)
against human ZAP70, or ITK coding regions were cloned into the pU6-(BbsI)_
CBh-Cas9-T2A-BFP vector (Addgene, plasmid 64323), and electroporated into
Jurkat T cells. The sgRNA sequences used in these studies were as follows: sgRNA
nucleotide sequences against ZAP70: pair 1, 52-CACCGCATCGAGCAGGGCA
AGCGGA-32 and 52-AAACTCCGCTTGCCCTGCTCGATGC-32; pair 2,
52-CACCGTTCGGGTGGACACTCTGGT-32 and 52-AAACACCAGAGTGTC
CACCCGAAC-32. sgRNA nucleotide sequences against ITK: pair 1, 52-CACC
GATACTTTGAAGATCGTCATG-32 and 52-AAACCATGACGATCTTCAAA
GTATC-32; pair 2, 52-CACCGAAGCGGACTTTAAAGTTCGA-32 and
52-AAACTCGAACTTTAAAGTCCGCTTC-32.

Reconstituted LAT-deficient Jurkat with LAT mutants. LAT-deficient Jurkat
cells were generated in our previous study’ and were used for reconstitution
with pEF-vectors that express wild-type LAT, G131D, or G131E mutants by
electroporation (Bio-Rad Laboratories).

Intracellular calcium measurements. Calcium mobilization was measured using
a Flex Station II (Molecular Probes) as previously described”’. More details can be
also found in the Supplementary Note. In brief, 1 X 107 Jurkat variants were washed
with PBS twice, and loaded with 1 pM Indo-1 AM calcium indicator dye (Thermo
Fisher Scientific) individually at 37°C for 30 min in 2 ml RPMI medium. 5x 10°
cells (100 pl) were washed twice again and transferred into individual wells in a
flat-bottom 96-well plate. The temperature in the Flex Station IT was set to 37°C
and each plate was incubated in the Flex Station II for 5 min before the experiment
was started. The cells were first left unstimulated for 30s to record basal levels

of fluorescence intensities, followed by the addition of anti-CD3 (clone OKT3,
Weiss Lab) at 30 s and the addition of ionomycin (Thermo Fisher Scientific) at a
later time point as specified in corresponding figure legends, or incubated with
1:100 dilution of OVA- or APL-loaded biotinylated pMHC monomers (NITH
Tetramer Core Facility) at 37 °C for 30 min in the pre-warmed Flex Station II.
Indo-1 fluorescence ratios were recorded for 30 to obtain the baseline relative

y Note.

lated by OVA- or APL-loaded biotinylated pMHC monomers. Naive OT-I*
CD8 T cells were isolated and transduced with retrovirus expressing wild-type
LAT-P2A-BFP or G135D LAT-P2A-BFP. Cells were loaded with 1 pM of the
calcium indicator dye Indo-1 and 0.02% Pluronic F-127 (Thermo Fisher Scientific)
at 37°C in RPMI medium for 30 min, washed twice with PBS, and then labeled
with 1:100 dilution of biotinylated OVA/H-2K", T4/H-2K", G4/H-2K", or VSV/H-
2K® monomers (NIH Tetramer Core Facility) at 37 °C for 30 min. Cells were
then subjected to flow cytometry-based calcium assays. Indo-1 cell-associated
fluorescence was first recorded for 30s to obtain a baseline and then monitored
after additions. Streptavidin (10 pg ml~') was added at 30 s. lonomycin was
added at 240 s.

Zebrafish thymocytes stimulated by concanavalin A at different temperatures. Ice
water immersion was used to euthanize the zebrafish before dissection of the
thymi. Thymi were dissected from 15 or 16 zebrafish bilaterally into 800 ul of
dissection solution: HBSS (no Ca**, no Mg**) with 0.2% FBS. After all of the
thymi were collected, the solution was pipetted 15-20 times and filtered, followed
by filtration through a pre-moistened 40 pm cell strainer. Next, the cells were
centrifuged at 400 g for 5min at 25°C. The cell pellet was washed with 800 pl of
dissection solution, centrifuged at 400 g for 5min, and resuspended at 2.2 10°
cells per ml in assay buffer (HBSS with Ca** and Mg?*, 20mM HEPES at pH 7.4).
Indo-1-AM (Millipore Sigma) was pre-mixed 1:1 with Pluronic F-127 (Thermo
Fisher Scientific) and added to the cell suspension at a final concentration of 1 pM
Indo-1, 0.02% Pluronic F-127, and 0.18% DMSO, and vortexed immediately. After
incubating in the dark for 30 min at 28.5°C, the cells were washed twice with assay
buffer, centrifuged at 400 g for 5min at room temperature, and then resuspended
at a final concentration between 1.6 X 10° and 3.5 10° cells per ml in assay buffer.
The cells were incubated at 15°C, 25°C, and 37 °C using Eppendorf thermomixers
(Eppendorf) for 10-15 min before running on an LSRFortessa (BD Biosciences).
Baseline calcium-dependent fluorescence was determined over a 30s interval
before the addition of stimulus: concanavalin A (final concentration

10 ug ml~!, Millipore Sigma) followed by the addition of ionomycin at 240 s to a
final concentration of 1 pM.

Mouse thymocytes stimulated with concanavalin A at different temperatures. Thymi
from C57BL/6 mice were harvested and prepared as single cell suspension in
RPML. Cells were labeled with 1 uM Indo-1 at 37 °C for 30 min, washed twice
with PBS, and then resuspended in HBSS at the concentration of 1 X107 cells

per ml. The cells were incubated at 37°C in a water bath, at room temperature,
orat 15°C in a pre-cooled benchtop centrifuge for at least 15 min before the
experiment started. The calcium-dependent Indo-1 fluorescence was recorded

on an LSRFortessa (BD Biosciences). The fluorescence was first recorded for 30s
to obtain a baseline level, and then cells were stimulated with concanavalin A at
305, followed by stimulation with ionomycin at 240 s. The concanavalin A was
purchased through the same vendor and lot number as the calcium experiments
performed with zebrafish thymocytes.

I blot analysis. I analysis was performed as previously
described”” and more details could be found in the Supplementary Note.

bl

CD69 activation assay. The ].OT-LhCD8* or ].OT-LhCD8neg series of Jurkat
derivative cells expressing wild-type LAT or G131D or G131E variants were used
in the experiments. A series of titrated concentrations of OVA or APL peptides was
incubated with T2-K® cells (2.5 10° cells per well) in flat-bottom 96-well plates at
37°C for 1h. 2.5x 10° cells of J.OT-I*hCD8* or J.OT-I*hCD8neg series of Jurkat
derivative cells were added into each well of the 96-well plate that contained the
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peptide-pulsed T2-K" cells. The plates were incubated at 37°C for around 16 h.
For mouse OT-I* CD8 or OT-II* CD4 cells, cells were prepared and transduced
to express wild-type or G135D LAT. Splenocytes from TCR Ca-deficient mice
were used as antigen-presenting cells. 5X 10° cells per well of TCR Ca-deficient
splenocytes were pulsed with titrated concentrations of OVA or APL peptides,
and cultured with 5x 10° cells of the transduced mouse T cells at 37 °C for
around 16 h. Upregulation of CD69 was analyzed on an LSRFortessa (BD
Biosciences) the next day.

Phospho-ERK activation assay. T2-K cells (2.5 x 10° cells per well) were pulsed
with titrated concentrations of OVA or APL peptides in U-bottom 96-well

plates and incubated at 37°C for 1h. Individual clones of Jurkat derivative cells
were barcoded by labeling each clone with differently titrated concentrations of
CellTrace Violet (Thermo Fisher Scientific). Jurkat derivative cells expressing wild-
type LAT were labeled with 2.5 pM CellTrace Violet in PBS at 37°C for 20 min in
the dark, whereas G131D- or G131E-expressing cells were labeled with 0.1 pM or
0.5 pM of CellTrace Violet, respectively. Complete medium was then added to the
cells for another 5min of incubation at 37°C, and cells were washed with ice-cold
PBS, resuspended in PBS to a concentration of 2.5 X 10° cells per ml, and kept on
ice. 2.5%x 10° cells of the barcoded Jurkat derivatives were added into each well

that contained the peptide-pulsed T2-K" cells. During the whole process the plates
remained on ice. Cells were mixed well, and the plate was quickly centrifuged at
2,200 r.p.m. at 4°C for 30s. The plate was then moved to a 37 °C water bath for
5min to start the stimulation. The stimulation was stopped by the direct addition
of 4% formaldehyde (final concentration of 2%). The plate was incubated at 25°C
for 30 min for formaldehyde fixation. Cells were washed once with FACS buffer
(2% FBS, 1 mM EDTA in PBS buffer), and permeabilized in 90% ice-cold methanol
overnight at 4°C. Cells were washed once with FACS buffer, rested in FACS

buffer at 25°C for 30 min, and stained with anti-phospho-ERK (Cell Signaling
Technology) for LSRFortessa analysis (BD Biosciences). For mouse T cells
stimulated with OVA or APL-pulsed Ca-deficient splenocytes, the procedures were
similar to the experiments in Jurkat derivative cells, except that TCR Ca-deficient
splenocytes were used as antigen-presenting cells.

IRF4 upregulation assay. Mouse OT-I* CD8 or OT-II* CD4 cells were prepared
and transduced to express wild-type or G135D LAT. Cells were rested for 1

d before being used in the experiments. Splenocytes from Ca-deficient mice
(2.5%10° cells per well) were mixed with titrated concentrations of OVA or APL
peptides and mouse T cells, and incubated at 37 °C for approximately 16 h at 37°C.
Cells were washed once with FACS buffer (2% FBS, 1 mM EDTA in PBS buffer),
stained for CD4 or CD8, washed in FACS buffer, and then fixed and permeabilized
in eBioscience Transcription Factor Staining Buffer (Thermo Fisher Scientific).
Cells were stained with anti-IRF4 (BioLegend) and analyzed by LSRFortessa

(BD Biosciences).

IFN-y secretion assay. Mouse OT-I* CD8 or OT-II* CD4 cells were prepared and
transduced to express wild-type or G135D LAT. A 48-well plate was coated with
a 1:100 dilution of OVA- or APL-loaded biotinylated monomers the day before.
Cells were washed and rested for 1 d in complete media without IL-2 before being
used in the experiments. Cells were stimulated overnight at 37°C and harvested
for IFN-y secretion analysis using an IFN-y secretion assay (Miltenyi Biotec) and
assessed by LSRFortessa (BD Biosciences).

Production of lentivirus or retrovirus expressing wild-type or G135D LAT.
Murine wild-type Lat was cloned into the pHR backbone under the expression
of the Efla promoter. The murine G135D-LAT mutant was generated using a
QuickChange Lightning site-directed mutagenesis kit (Agilent Technologies).

A C-terminal P2A self-cleaving peptide followed by mCherry was incorporated
to assess transduction efficiency and expression levels. Packaging vector pPCMV
dR8.91, envelope vector pMD 2.G, and pHR. WT-LAT.P2A.mCherry or pHR.
G135D-LAT.P2A.mCherry constructs were transiently co-transfected into LX-
293T cells using TransIT-LT1 reagent (Mirus Bio). Supernatants containing virus
particles were collected 48 h after transfection, filtered, and concentrated by PEG
8000 precipitation. The virus particles were resuspended in PBS and stored at
—80°C. For retrovirus-transduced experiments, murine WT-LAT or G135D-LAT
were cloned into the pMSCV vectors individually, along with a C-terminal P2A
self-cleaving peptide followed by BFP to help determine transduction efficiency
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and monitor expression level. The Phoenix-Eco packaging cell line was transfected
using Lipofectamine 2000 (Thermo Fisher Scientific). 48 h after transfection, the
supernatants were harvested for experimental use. The viral supernatants were
prepared freshly for each experiment.

Retroviral transduction of mouse peripheral CD8 or CD4 T cells. Naive mouse
CD8 or CD4 T cells were isolated using biotinylated antibody cocktails (a mixture
of anti-CD4 or anti-CD8, together with anti-CD19, anti-B220, anti-CD11b, anti-
CDlIc, anti-DX5, anti-TER119, and anti-CD24) and magnetic bead-mediated
negative selection (anti-biotin Miltenyi iBeads, Miltenyi Biotec). The retroviral
supernatants (prepared freshly for every experiment) were first mixed with
Lipofectamine (final concentration of 8 pg ml™') and IL-2 (final concentration of
50 U ml™"), and incubated at 25°C for 20-30 min. In a 24-well plate, 1 x 10° T cells
were incubated with 1 ml retroviral supernatants, lipofectamine, and IL-2 per well.
The plate was wrapped in saran wrap and centrifuged at 460 ¢ for 1h at 25°C.

The plate was then moved to a 37°C incubator. BFP expression was monitored by
LSRFortessa (BD Biosciences) and can be seen 24 h after transduction.

Tamoxifen treatment and lentiviral transduction of mouse peripheral CD8*

T cells. CD8* T cells from spleens of ERCre*OT-I*LAT’~ mice were prepared,

and naive CD44°CD62L"Vo2* CD8* cells were sorted using a FACSAria IT (BD
Biosciences). Naive CD8* T cells were cultured in a 24-well plate with 5 pg m1~!
plate-bound anti-CD3 (clone 2C11, Weiss Lab) and 5 pg ml~' soluble anti-CD28
(clone 37.51, Weiss Lab) overnight at 37°C. A non-tissue culture-treated 24-well
plate was coated with 3 pug RetroNectin (Takara Bio) in 250 pl PBS per well at
25°C for 2h, blocked with 2% BSA at 25°C for 30 min, and then bound with
concentrated lentivirus particles by centrifuging at 460 g for 1h at 25°C and washed
with PBS. The next day, activated CD8* T cells were added to the RetroNectin-
coated, lentivirus-bound plates and centrifuged at 460 g for 5min at 25°C, and
incubated at 37°C overnight in the presence of mouse IL-2 (10ng ml') and 50 nM
4-hydroxytamoxifen (Millipore Sigma) for 4 d. Tamoxifen-mediated deletion of
endogenous LAT can be monitored by the expression of GFP, and the transduction
efficiency can be monitored by the expression of mCherry. Cells were rested in the
complete medium without IL-2 a day before being used in experiments.

Quantification and statistical analysis. Statistical analysis was applied to technical
replicates, or biologically independent mice for each experiment. All experiments
described in this study have been performed at least twice, and the exact numbers
of independent experiments with similar results are indicated in the figure legends.
All statistical analyses of experiments were performed using non-parametric, two-
tailed Mann-Whitney U tests. GraphPad Prism 6 Software (GraphPad Software)
was used for data analysis and representation. All bar graphs show means with
overlaid scatter dots, or error bars (indicating s.d.), to show the distribution of the
data, as indicated in each figure legend. P values for comparisons are provided

as exact values or as P<0.0001. 95% confident intervals were used to determine
statistically significant P values.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Further information and requests for resources and reagents should be directed to,
and will be fulfilled by, the corresponding author.
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Supplementary Fgure 1
ZAP-70-mediated phosphorylation of LAT Y132 is a slow signal event.

a. J.CskAS Jurkat cells were treated with the PP1 analog, 3-iodo-benzyl-PP1, for various periods (sec) of time. Lysates were subjected
to immunoblot analysis of p-Y171, p-Y132 of LAT or p-Y783 of PLC-y1. Total LAT is used as a loading control. Note the same lysates
were run on two separate gels to blotfor p-Y171 and p-Y132.

b. The relevant bands in each immunoblot were quantified by Image Lab. The signal intensity was nomalized to the 0 sec time poi nt
first and then further normalized as the fraction of maximal responses. The experiments were performed seven times. The brackets
representthe standard deviation (mean+s.d;n = 7).

c. Representative bar graphs of phosphorylation of Y132 by ZAP-70. Data are derived from a high-throughput phosphorylation screen
using the ZAP-70 kinase domain and a peptide library spanning LAT residues 120-139, in a Y127F background, as reported in
previously (Shah et al., 2016). This subset of the data from the full screen shows the impact of every amino acid substitution at residues
131 (-1 position) and 135 (+3 position) on the ability of ZAP-70 to phosphorylate Y132. Data are shown on a logio-scale relative to the
parent (“wild-type”) sequence (glycine at 131 and valine at 135). A positive value indicates enhancement of phosphorylation relative to
the parentsequence, a value close to zero indicates no impact on phosphorylation efficiency, and a negative value indicates that the
substitution reduced the efficiency of phosphorylation. The screen shows that most -1 substitutions enhance phosphorylation by ZAP-
70, relative to a -1 glycine, and that ZAP-70 strongly prefers to phosphorylate substrates with a +3 hydrophobic residue. The average
effect of mutations at Y132 are shown by a red dotted horizontal line to demonstrate the magnitude of the most negatively-perturbing
substitutions (i.e. the signal floor of the assay). This high-throughputscreen was done once.

d. CRISPR-Cas9 was used to generate ZAP-70-deficient Jurkat cells (J.Zap70.KO) or ITK-deficient Jurkat cells (J.ltk.KO). Cells were
stimulated with anti-TCR mAb (C305) at 37°C for a time course of 1, 2, or 5 min. Lysates were then subjected to immunoblot analysis
as indicated. Data are representative of four independentexperiments.
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Supplementary Fgure 2
G131-p-Y132 exhibits comparable binding affinityto the PLC-y1 N-SH2 domain as does a peptide with aspartate preceding p-Y132.

a. Graphs showing the raw data and binding isotherms from isothemal titration calorimetry for representative measurements of LAT p-
Y132 peptides binding to the PLC-yl N-terminal SH2 domain. The calorimeter cell contained the SH2 domain at a concentration of 3
1M, and the peptide (30 uM) was delivered in 16 injections. Peptide sequences are given above the graphs.

b. Bar graph showing the mean binding affinites from three independent experiments as in (a). Each symbol represents one
independentexperimental result. ns, notsignificant; two-tailed Mann-Whitneytest. The center values presented the mean.

c. Data derived from a high-throughput binding screen using the PLC-yl N-teminal SH2 domain and a phospho-peptide library
containing all single point mutations in LAT residues 120-139, in a Y127F background and with a phosphorylated Y132 residue. This
subset of the data from the full screen shows the impact of every amino acid substitution at residues 131 (-1 position) and 135 (+3
position) on the ability of the PLC-y1 N-termminal SH2 domain to bind to p-Y132. Data are shown on a logio-scale relative to the parent
(“wild-type”) sequence. A positive value indicates enhancement in binding relative to the parent sequence, a value close to zero
indicates no impact on binding affinity, and a negative value indicates that the substitution reduced the binding affinity. The average
effect of mutations at Y132 is shown by a red dotted horizontal line to demonstrate the magnitude of the most negatively-perturbing
substitutions (i.e. the signal floor of the assay). The screen shows that binding to the PLC-y1 N-terminal SH2 domain is largely
unaffected by the identity of the -1 residue, whereas it has a strong preference for hydrophobic residues at the +3 position, as described
previously(Songyang et al., 1995). This high-throughputscreen was done once.
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Supplementary Fgure 3
G131D or E does notimpactactivation of ZAP-70 and Lck.

a. Immunoblot analysis of J.LAT.WT, J.LAT.G131D, or J.LAT.G131E cells stimulated with a range of titrated anti-CD3 for one minute at
37°C. Lysates were prepared and run on 12% NuPage Bis-Tris protein gels, and subjected to immunoblot analysis with various anti-pY
or anti-total protein as indicated. Data are representative of at leastsixindependentexperiments.

b. Bar graphs depicting the fold change of phospho-tyrosines of specific proteins (as indicated) of J.LAT.WT, J.LAT.G131D, or
J.LAT.G131E cells following stimulation with titrated concentrations of anti-CD3. Each symbol represents the analysis ofone
experiment. The lines above the bar graphs representthe significance of standard deviations (mean; n = 6 for Lck p-Y394, ZAP-70 p-
Y319, LAT p-Y191, LAT p-Y226; n =7 for ZAP-70 Y493; n = 8 for LAT p-Y171; n =4 for { p-Y142). ns = not significant. For Lck p-Y394,
WT vs D from left to right: P =0.2751; P = 0.9989; P = 0.9923; P = 0.9933; P > 0.9999; WT vs E from leftto right: P >0.9999; P =
0.9847;P =0.9565; P =0.9933; P >0.9999; P = 0.9987; For { p-Y412, WT vs D from left to right: P > 0.9999; P = 0.9378; P =0.9988;
P =0.9996;P = 0.9932;WT vs E from left to right: P > 0.9999; P = 0.9119; P > 0.9999; P > 0.9999; P > 0.9999; For ZAP-70 p-Y319,
WT vs D from left to right: P > 0.9999; P = 0.9958; P = 0.7575; P = 0.6990; P = 0.1022; WT vs E from left to right: P =0.5233; P =
0.5144;P = 0.4558; P = 0.3149; P = 0.9968; For ZAP-70 p-Y493, WT vs D from leftto right: P > 0.9999; P = 0.9180; P = 0.4685;P =
0.3701;P =0.9789; WT vs E from leftto right: P = 0.8176;P >0.9999; P = 0.9429;P =0.7203; P > 0.9999; For LAT p-Y171, WT vs D



from left to right: P = 0.2263; P > 0.9999; P = 0.9997; P =0.9986; P = 0.7571;WT vs E from left to right: P =0.9852; P = 0.9801;P >
0.9999; P =0.9994; P = 0.9983; For LAT p-Y191, WT vs D, from left to right: P = 0.9995;P = 0.6763; P = 0.9994; P = 0.9999; P >
0.9999; WT vs E, from left to right: P = 0.9998; P = 0.9996; P > 0.9999; P = 0.9998; P = 0.9998; For LAT p-Y226, WT vs D, from left to
right: P> 0.9999; P = 0.9984; P >0.9999; P >0.9999; P = 0.9869; WT vs E, from left to right: P = 0.3200; P = 0.9887; P = 0.9985; P >
0.9999; P >0.9999. One-way ANOVA test.

c. Bar graphs depicting the fold change of LAT p-Y132 or PLC-y1 p-Y783 of J.LAT.WT, J.LAT.G131D, or J.LAT.G131E cells following
stimulation with titrated concentrations of anti-CD3. The relevant bands in each immunoblotwere quantified by Image Lab. The signal
intensityof LAT p-Y132 or PLC-y1 p-Y783 was normalized to the total protein (LAT or PLC-y1) first and then normalized to the 0 sec
time pointof J.LAT.WT cells’ response. The experiments were performed atleastsixtimes. Each symbol represents the analysis ofone
experiment. The lines above the bar graphs representthe significance ofthe standard deviations (mean;n =10 for LAT p-Y132; n=7
for PLC-y1 p-Y783). For LAT p-Y132 statistical analysis: **P = 0.0098 (WT vs D at 0.06 pg/ml); *P = 0.0305 (WT vs D at 0.13 pg/ml); *P
=0.0121 (WT vs D at0.25 pg/ml);*P =0.0359 (WT vs D at 0.5 ug/ml); **P = 0.0036 (WT vs E at 0.06 ug/ml); *P = 0.0420 (WT vs E at
0.13 pg/ml);**P = 0.0022 (WT vs E at 0.5 pg/ml); ns = not significant: P> 0.9999 (WT vs D at0 pg/ml); P=0.8161 (WT vs E at0
png/ml); P =0.2517 (WT vs E at 0.06 pg/ml). For PLC-y1 p-Y783 statistical analysis: **P =0.00206 (WT vs D at 0.13 pg/ml); ***P =
0.0005 (WT vs D at 0.25 pg/ml); *P = 0.0305 (WT vs D at 0.5 ug/ml); *P = 0.0483 (WT vs E at 0.25 pg/ml); ***P = 0.0026 (WT vs E at
0.5 pg/ml); ns = not significant: P> 0.9999 (WT vs D at0 ug/ml); P >0.9999 (WT vs E at 0 pg/ml); P =0.2593 (WT vs D at0.06 ug/ml);
P> 0.9999 (WT vs E at 0.06 pg/ml); P =0.2843 (WT vs E at 0.13 pg/ml); One-way ANOVA test.
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Supplementary Fgure 4
The expression of G131D or E promotes the activation of ERK in response to weak OVA APL stimulation

a. Representative contour plot of ERK phosphorylation of G131D (left population), G131E (middle population), or WT LAT (right
population) expressing J.OT-I"hCD8" Jurkatvariants as in Fig. 4a,b. Ligands used for stimulation are indicated above the plots.

b. Bar graphs depicting the percent of p-ERK" cells as shown in Fig. 4b,c. The percent of p-ERK" cells at peptide concentration at 1000
pM represents the gated population in Fg. 4b. Each symbol represents one experiment (n = 4). Data are compiled from four
independent experiments. The statistical analysis for cells stimulated with OVA peptide: ***P = 0.0001 (WT vs E at 100 pM); ***P =
0.0002 (WT vs E at 1000 pM); ****P = <0.0001. For cells stimulated with Q4R7 peptide: *P = 0.0159; **P = 0.0019; ****P = <0.0001; ns,
not significant P = 0.0838. For cells stimulated with T4 peptide: *P = 0.0298; ***P = 0.001; ***P = <0.0001; ns, not significant P =
0.1385. For cells stimulated with Q4H7 peptide: ***P = 0.0009; ***P = <0.0001; ns, not significant P = 0.4285 (WT vs D at 1 pM); P =
0.8305 (WT vs E at 1 pM); P = 0.4731 (WT vs E at 10 pM); P = 0.6343 (WT vs E at 100 pM); P = 0.2393 (WT vs E at 1000 pM); For
cells stimulated with G4: **P = 0.0035 (WT vs D at 10 pM); **P = 0.0048 (WT vs D at 100 pM); **P =0.0030 (WT vs D at 1000 pM); *P
=0.0192 (WT vs E at 10 pM); *P = 0.0358 (WT vs E at 1000 pM); ns, not significant: P = 0.9978 (WT vs D at1 pM); P = 0.2937 (WT vs
E at 1 pM); P = 0.3008 (WT vs E at 100 pM). For cells stimulated with Catnb peptide: ***P = <0.0001; ns, not significant P = 0.9967
(WT vs Dat1pM); P>0.9999 (WT vs E at 1 pM); P = 0.6354 (WT vs E at 10 pM). For cells stimulated with VSV peptide: ns, not
significant: P > 0.9999 (WT vs D at 1 pM); P = 0.8635 (WT vs D at 10 pM); P = 0.9991 (WT vs D at 100 pM); P > 0.9999 (WT vs D al
1000 pM); P = 0.9658 (WT vs E at 1 pM); P > 0.9999 (WT vs E at 10 pM); P = 0.9998 (WT vs E at 100 pM); P = 0.9688 (WT vs E at
1000 pM); One-way ANOVA test.



OT-I* CD8 OT-II* CD4
WT G135D wr G135D WT G135D WT G135D
o

SESrErs
£
4

OVA N . OVA

—

g
il
s

. -
G4 f\ E336Q ry S
LA
" = A ~MA A 1A
10°010° 10* 10° 10°010° 10° 10°
IRF4 FITC CD69 BV786 IRF4 FITC ——————> CD69 BV786
b c
.  OT-IFCD8 s OT-II CD4 OVAH-2K®  OVAH-2K®  T4/H-2K® G4H2K  VSVH-2K
:\a“’j 28 - (1:100) (1:200)
£ o < -LATWT
@ < 60 5(SA  lony
LR a = LAT.G135D ' Jf f ;ﬁ
9 o S 2 4 | M ﬂ
S 40 5 8 i f f f
£ 20 i 20 3 2 ]\ f ( { | /
i i =4 ' o P~ [
OVA T4 G4 Camb VSV 1:50 1:100 1:200 1:400 1:100 1 | Vs L S e—
OVA/I-A® CLIP/-A® 0100 200 300

time (sec)

Supplementary Fgure 5
Substitution of G135D in LAT enables the activation of T cells by low affinity antigen in a gain-of-function manner.

a. Naive OT-I" CD8 T cells (left panels) were isolated and transduced with retrovirus expressing wild-type LAT-P2A-BFP or G135D
LAT-P2A-BFP. Cells were rested for one day before they were subjected to stimulation with various peptides -pulsed TCR Ca-deficient
splenocytes over a range of peptide concentrations (10 pM, 3 uM, 1 uM, 0.3 uM, 0.1 uM, 0 uM for OVA or G4 peptide; 10 uM, 1 uM, 0
uM for VSV peptide). Or, naive OT-II' CD4 T cells were used for experiments. OT-II' CD4 T cells were stimulated with agonist OVA- or
partial agonist E336Q-pulsed splenocytes overnight (10 uM, 3 uM, 1 uM, 0.1 uM, O uM for OVA or E336Q peptide; 10 uM, 1 uM, O uM
for CLIP peptide). Representative histograms are shown. Peptides used for stimulation are indicated at the le ft. The expression of IRF4
or CD69 was analyzed. Data are representative of three independentexperiments.

b. Statistical analysis of p-ERK activation for OT-I" CD8 T cells (left) or OT-II" CD4 T cells (right) as experiments done in (a). TCR Ca-
deficient splenocytes were pulsed with 1 uM of OVA, T4, or G4 peptide, 10 uM of Catnb peptide or 10 uM of VSV peptide. Each symbol
represents an independent replicate (mean * s.d). **P = 0.0043 (OVA); **P = 0.0022 (T4, G4, Catnb); ns: not significant P = 0.3095.
Mann-Whitney test. Statistical analysis of p-ERK induction of OT-II" T cells was shown on right. Each symbol represents an
independent replicate (n=6 samples from two independent experiments). **P = 0.0022; ns: not significant P > 0.9999. Two-tailed Mann-
Whitney test.

c. Cells were prepared as in (a) to retrovirally express wild-type LAT-P2A-BFP or G135D LAT-P2A-BFP, loaded with the calcium-
sensitive dye Indo-I, and incubated with 1:100 or 1:200 biotinylated OVAH-2K®, or 1:100 T4/H-2K°, G4/H-2K°, or VSVI/H-2K"
monomers. Cells were then moved to 37°C and subjected to flow cytometry-based calcium assays. Cells were first recorded for 30 sec
to obtain a baseline calcium level. Streptavidin (SA) was added at the 30th sec. lonomycin (lono) was added at the 240th sec.
Representative calcium traces are shown. Monomers used for stimulation are indicated above the calcium plots. Data are
representative of two independentexperiments.
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Supplementary Figure 6

Peripheral T cells ectopically expressing the mutant G135D LAT exhibit a lower responsive threshold while stimulated with weak
ligands or self-peptides.

Flow cytometric analysis of CD69 upregulation and mCherry expression in GFP*Va2'CD8" T cells after stimulation with different
peptide-pulsed splenocytes (as indicated on top of the contour plots) as in Fig. 5. The GFP* mCherry-negative population did not
express the transduced LAT and, thus, did not respond to peptide stimulation. Data are representative of three experiments.
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Supplementary Fgure 7



T cellligand discrimination is preferentiallyregulated at LAT Y132.

a. CD8-negative or positive LAT-deficient J.OT-I" Jurkat variants were reconstituted with wild-type LAT or G131D LAT (J.0T-
I".hCD8neg.LAT.WT, J.OT-I".hCD8neg.LAT.G131D, J.OT-I".hCD8".LAT.WT, or J.OT-I".hCD8" .LAT.G131D). Cells were stimulated with
T2-K" antigen-presenting cells pulsed with OVA peptide, OVA APL peptides, self-peptide Catnb, or VSV control peptide over a wide
range of peptide concentrations as in Fig. 3. The percentage of cells that are CD69 " is plotted against peptide concentration (mean +
s.d; n = 3 technical replicates). Data are representative of three experiments.

b. Statistical analysis of CD69 upregulation as in (a) with the stimulation of 10 nM of each peptide (mean; n = 3 technical replicates).
Data are representative of three experiments.

c. LogEC50 analysis of CD69 induction assays as in (a).

d. LAT-deficient J.OT-I" hCD8" Jurkat variants were reconstituted with wild-type LAT or D126G-Y127, D170G-Y171, E190G-Y191, or
D225G-Y226 LAT. Cells were subjected to CD69 induction assays as in (a). The percentage of cells that are CD69" is plotted against
peptide concentration (mean +s.d; n = 3 technical replicates). Data are representative of two experiments.
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Supplementary Fgure 8
Temperature effect on mouse thymocyte calcium responses.

Con A-induced calcium responses in 5 x 10° mouse thymocytes per well in a 96 well plate. The cells were loaded with the calcium-
sensitive dye Indo-l at room temperature, washed and rested, and then used to record calcium responses using a Flex Station Il. Indo-1
loaded cells were first analyzed for 30 sec to obtain the baseline ratio of bound to unbound calcium, and then stimulated with various
concentrations of Con A (as color-coded; treatment was added at the 30th sec) for 5 min at various temperatures. Representative
calcium traces are shown. Data are representative of two independentexperiments.
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Supplementary Fgure 9
Schematic summarydepicting the role of LAT residue 131 in controlling T cell signaling.

The top panel builds upon structural and biochemical analyses of ZAP-70 substrate recognition, which revealed that G131 in human
LAT attenuates the rate of Y132 phosphorylation relative to that of other tyrosine phosphorylation events on LAT. The bottom panel
depicts the implication for T cell ligand selectivity of the naturally slow Y132 phosphorylation found in mammalian T cells relative to
more efficient Y132 phosphorylation in G131D/E mutant T cells and some fish T cells. The G131D mutation facilitates Y132
phosphorylation but also promotes self-reactivity. Mammals use G131 to attenuate Y132 phosphorylation for better ligand
discrimination. Our results raise the possibility that some fish may utilize different LAT phosphorylation kinetics than most jawed

vertebrates to alter the T cell activation threshold and achieve immune -fitness advantages in their environments for better T cell ligand
discrimination.
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INSIGHTS | PERSPECTIVES

The Z pulsed-power facility used for calibrating

essential for comparing the different labora-
tory measurements, all the more so because
the samples are probed over different tem-
peratures and time scales by the different
high-pressure methods. Fratanduono et al’s
pressure-volume measurements using both
pulsed-power and laser-driven compression
show that the two technologies, which can
differ by an order of magnitude or more in
sample dimensions and compression time,
are in good agreement with each other (3).
They also find general accord with diamond-
cell reports but are able to provide improve-
ments for the necessarily extrapolated cali-
brations of past experiments.

It is both reassuring and impressive that
measurements made over time scales span-
ning 12 orders of magnitude, from 10* s for
laser-driven compression to 10* s or more
for static high-pressure experiments, are
in such good agreement with each other.
Calibration allows completely indepen-
dent experiments to be compared and even
combined, not only validating but also
substantially enhancing results because
each method has its advantages and draw-
backs. Short duration in the dynamic mea-
surements invites nonequilibrium effects,
whereas small samples and large stress gra-
dients in the static experiments challenge
reproducibility and quantification.

One of the key reasons that robust calibra-
tion is essential is that these experiments
provide tests of first-principles quantum me-
chanical calculations of material properties.
To be clear, theory and experiment are closely
symbiotic, with the laboratory work being
guided by quantum calculations, which also
help in the interpretation and application of
the experimental results. At the same time,
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pi has a di of 37m.
experiments provide important validation
for theory, and discrepancies between theory
and experiment help guide improvements
in both. Working at extreme conditions, the
community is moving toward more reliable
predictions of material properties and phase
stability at ambient conditions, advancing
technology as well as fundamental under-
standing. The work also helps us to better
understand planets, the platforms on which
life can establish itself and evolve.
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A LoCK at the
T cell dock

Topology of T cell receptor-
antigen binding constrains
T cell activation

By Veronika Horkova and Ondrej Stepanek

he stimulation of T cells with foreign

or self-antigens plays a central role

in the adaptive immune responses to

infection and cancer but also in auto-

immunity. T cells use a sophisticated

molecular machinery to recognize
and respond to cognate antigens. On page
1056 of this issue, Zareie et al. (I) examine
the productive and unproductive engage-
ment of the T cell receptor (TCR) with an-
tigens by focusing on binding orientation.
The polarity of the interaction affects re-
cruitment of key signaling molecules to the
TCR. This topology thus constrains T cell
immune responses.

Most immune receptors are encoded in
the germline DNA. Evolution fine-tuned
them to recognize germline-encoded endog-
enous ligands (such as cytokines, secreted
immunoregulatory proteins) or conserved
exogenous ligands (such as bacterial prod-
ucts). By contrast, genes encoding the TCR
and B cell receptor (BCR) are rearranged
in each lymphocyte independently. Clonal
selection of lymphocytes during maturation
and in the immune response mimics the
evolutionary adaptations on a scale of an
individual organism.

‘Whereas the BCR recognizes the antigen
directly, a canonical TCR recognizes an an-
tigenic peptide fragment presented by the
major histocompatibility complex (MHC) on
the surface of a host cell. Therefore, the TCR
ligand consists of a germline-encoded com-
ponent (MHC) and a highly variable antigen
(peptide). This bivalent character stirred de-
bate about whether peptide-MHC (pMHC)
recognition is determined by inherent prop-
erties of the germline-encoded segments of
the TCR or by the selection processes dur-
ing T cell development (2). There is a clear
germline bias of the TCR repertoire toward
MHC recognition that is manifested by a
relatively high percentage of self-pMHC-
specific TCRs in the preselection repertoire
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(3, 4). Yet the majority of developing
T cells do not recognize self-pMHC,
indicating a role for T cell selection
in shaping the self-MHC-restricted
TCR repertoire.

Engagement between a TCR and a
cognate pMHC triggers TCR signal-
ing that instructs cell fate decisions.
During T cell development in the
thymus, self-antigens evoke strong,
weak, or negligible TCR signals that
lead to T cell death (negative selec-
tion), survival (positive selection), or
death “by neglect,” respectively. In
mature T cells, strong TCR signaling
stimulates proliferation and effector
immune responses. TCR signaling is
initiated by tyrosine phosphoryla-
tion of the TCR complex by the intra-
cellular enzyme LCK (lymphocyte-
specific protein tyrosine Kkinase).
However, the mechanism of how an-
tigen binding induces the intracellu-
lar signaling steps is still unresolved.
Although not essential for TCR ac-
tivation, invariant co-receptors CD4
and CD8 facilitate TCR signaling by
binding to MHC class II (MHCII)
and class I (MHCI), respectively. The
co-receptors deliver LCK to the TCR
complex to enhance positive (5) and
negative selection (6) of immature T
cells and TCR sensitivity in mature T
cells (7). The sequestration of LCK by
co-receptors shapes the self-MHC-re-
stricted T cell repertoire by prevent-
ing maturation of T cells specific for
MHCI/II-independent antigens (8).

Various TCRs associated with
their cognate pMHC ligands exhibit
similar, but not identical, binding
orientation (9). High-affinity TCR-
PMHCI interactions with deviated
(10) or even reversed docking sym-
metries (17) do not trigger TCR sig-
naling. Zareie et al. explored the phenom-
enon of unproductive antigen engagement
by comparing three murine TCRs that in-
teract with an MHCI-restricted influenza
antigen (H-2D"-NP356) in the canonical ori-
entation and two TCRs that bind the same
antigen in the reversed docking polarity
(see the figure). T cells that recognized the
reverse orientation did not respond to influ-
enza infection in mice. Only canonical anti-
gen docking recruited CD8 to the proximity
of the TCR signaling motifs. Whereas CD8-
LCK interaction activated a conventional
TCR, it prevented the activation of a TCR
recognizing the antigen with reversed dock-
ing polarity. The authors concluded that
CD8 sequestered LCK and made it inacces-
sible for TCR-pMHCI pairs with reversed
docking polarity.
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The polarity of T cell receptor (TCR) binding to its cognate peptide
ligand [presented by the major histocompatibility complex (MHC)]
dictates whether lymphocyte-specific protein tyrosine kinase (LCK)
phosphorylates the TCR and initiates signaling. Absence of CD8 alters LCK
availability and results in weak signaling regardless of docking polarity.
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The major finding of this study is that it
provides an explanation for productive ver-
sus unproductive TCR-pMHCI interactions
by the engagement of CD8-LCK. Overall,
CD8-LCK not only increases TCR sensitiv-
ity and skews the T cell repertoire toward
PMHCI/II recognition (8) but also restricts
the orientation of productive TCR-pMHCI
docking (1I). Two productive TCR-pMHCII
interactions with reversed docking orienta-
tion have been described in humans (12),
suggesting that the mechanism proposed
by Zareie et al. might not apply to CD4
co-receptor-mediated signaling. However,
too few TCR-pMHCI/II pairs with reversed
docking polarity have been characterized so
far to make any general conclusions.

A previous study characterized three
productive and one unproductive human
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TCR-pMHCI interaction with con-
ventional docking geometries (13).
The most pronounced difference
was that only the productive TCR-
PMHCI pairs formed catch bonds,
which are stabilized by mechanical
force. Catch-bond formation also
predicted signaling in two pMHCII-
restricted TCRs  (Z3). Recruited
CD8-LCK stabilizes the TCR-pMHCI
interaction, which enables subopti-
mal antigens to form catch bonds
(14). Zareie et al. observed that ca-
nonical productive TCR-pMHCI
interactions formed catch bonds,
whereas unproductive interactions
with reversed docking polarity did
not. Although TCRs with canonical
and reversed docking polarity ex-
hibited comparable time of antigen
binding at 10-pN force, their differ-
ential ability to form catch bonds
could be important. The catch bond
might not just prolong antigen en-
gagement but might also trigger
conformational changes that pro-
mote TCR activation (15). However,
Zareie et al. observed that the exclu-
sion of CD8 resulted in comparable
responses of the canonical and re-
versed docking polarity TCRs with-
out affecting their differential abil-
ity to form catch bonds.

The connections between the roles
of co-receptors and LCK in initiating
TCR signaling, promoting catch-
bond formation, and constraining
the productive TCR-pMHCI/II ori-
entation are key emerging ques-
tions. Although there is no clear
physiological role for unproductive
TCR binding, such interactions are
informative about TCR signaling it-
self. Understanding of mechanistic
details of TCR activation are instru-
mental for rationalizing the design of anti-
genic receptors for immunotherapy.
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