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Negative times negative equals positive, THEMIS sets the rule on thymic

selection and peripheral T cell responses

Abstract

The activity of T cells is finely controlled by a set of negative regulators of T-cell antigen
receptor (TCR)-mediated signaling. However, how those negative regulators are themselves
controlled to prevent ineffective TCR-mediated responses remain poorly understood.
Thymocyte-expressed molecule involved in selection (THEMIS) has been characterized over
a decade ago as an important player of T cell development. Although the molecular function
of THEMIS has long remained puzzling and subject to controversies, latest investigations
suggest that THEMIS stimulates TCR-mediated signaling by repressing the tyrosine
phosphatases SHP-1 and SHP-2 which exert regulatory function on T cell activation. Recent
evidences also point to a role for THEMIS in peripheral T cells beyond its role on thymic
selection. Here, we present an overview of the past research on THEMIS in the context of T
cell development and peripheral T cell function and discuss the possible implication of

THEMIS-based mechanisms on TCR-dependent and independent signaling outcomes.



Introduction

T cells operate together with B cells to coordinate the cellular and humoral arms of adaptive
immunity. The development, activation and differentiation of T cells into effector cells is
controlled by a complex array of signaling events triggered by the multi-subunit T cell antigen
receptor (TCR), which recognize antigenic peptides bound to MHC molecules (pMHC)
presented by antigen presenting cells (APCs) (Box 1). Unlike most cell surface receptors that
recognize a single ligand, individual TCRs are capable of recognizing different ligands (for
example, self-peptides and foreign peptides) with a broad range of affinities. The strength of
TCR-ligand interactions has a critical influence on the outcome of T cell responses. In the
thymus, positive and negative selection of thymocytes is engaged to optimize T cell responses
to foreign antigens and to prevent autoimmune reactions against self-antigens. Negative
selection eliminates T cells that strongly interact with self-pMHC molecules, which could
otherwise result in autoimmunity, whereas positive selection promotes the survival and
maturation of T cells with relatively low affinity for self-pMHC molecules, favoring the
development of cells with greater self-reactivity within a permissible range constrained by the
negative selection threshold [1-3]. In the periphery, stimulation of the TCR by low affinity
antigens promotes signals that favor their maintenance, whereas stimulation by higher affinity
ligands may promote full activation leading to clonal expansion and differentiation into

effector subsets.

The magnitude and the type of signaling pathways induced following antigen stimulation is
primarily set by the strength of interaction between the antigen and the TCR. They also
depend on regulatory proteins, which are not directly involved in the propagation of signaling

events but which contribute to regulate their magnitude and their localization [4]. Although



many regulators of TCR signaling have now been identified, their precise functions in
controlling in vivo TCR-mediated developmental or effector responses have rarely been
formally demonstrated. Many of these proteins show variable expression profile throughout
development and in effector subsets indicating that they contribute to adjust the sensitivity of
T cells to antigen stimulation in given immunological contexts. In the thymus for instance,
thymocyte responsiveness to self-ligand is enhanced by a set of positive regulators of TCR
signaling which are up-regulated in CD4+CD8+ double-positive [DP] thymocytes prior the
stage of positive selection [4]. In the periphery, negative regulators of TCR signaling are
enhanced in specific subsets, reducing the reactivity of immune cells to self-antigens and

preventing exacerbated inflammatory responses, which may cause pathology [4].

Thymocyte-expressed molecule involved in selection-1 (THEMIS; also referred to as
THEMISL) is a prototypical example of regulatory proteins involved in the tuning of T cell
activation. THEMIS was identified almost concomitantly by five research groups in 2009
through approaches aiming at screening for T cell phenotypes in N-ethyl-N-nitrosourea
(ENU)-induced mutant mice and by genetic or bioinformatics screening for genes specifically
expressed in thymocytes [5-9]. Each studied independently reported a comparable phenotype
in THEMIS deficient mice, characterized by a reduced maturation of DP cells into CD4+ and
CD8+ single-positive [SP] with a more severe reduction in CD4SP thymocytes and peripheral
T cells. The characterization of THEMIS also led to the identification of two related
mammalian homologues, Icb-1 (subsequently renamed THEMIS2), which is expressed in B
and myeloid cells, and THEMIS3, which is expressed only in the intestine [5, 6, 8]. Four
groups also reported the interaction of THEMIS with the Growth factor receptor-bound
protein 2 (GRB2), an adapter protein which serves as a molecular intermediate for the

recruitment of signaling proteins to transmembrane proteins and receptors [6-9]. Despite the



striking block of T cell development observed in THEMIS deficient mice and several indirect
evidences suggesting positive regulatory function of THEMIS on TCR signaling, it is only a
decade after its initial characterization and some controversies that the mechanism by which
THEMIS regulates TCR signaling began to be elucidated [10]. The difficulty for resolving the
function of THEMIS proteins have relied partly on the unusual and apparently “non-
ergonomic” mechanism by which THEMIS stimulates TCR signaling, which is based on the
inhibition of the catalytic activity of the SH2-domain containing tyrosine phosphatases SHP-
1, a protein which exerts an inhibitory function on the signaling events triggered by several T-
cell expressed receptors including the TCR. A stimulatory mechanism based on the inhibition
of inhibitory proteins may seem counterintuitive and unnecessarily "costly” energetically
speaking. Nevertheless, it possibly allows to put negative regulators of T cell activation under
control, in a flexible and precise way, maintaining those proteins available for repressing T
cell activity if rapidly needed. Here, we present an overview of the past research on THEMIS
in the context of T cell development and peripheral T cell function and propose different
interpretations to explain previous contrasting results associated to the function of this

protein.

1. Structure and molecular function of THEMIS during T cell development

THEMISL is the founding member of a metazoan protein family containing CABIT

modules

THEMIS proteins do not contain any known domains with catalytic function. Only two motifs
are present in the three members of the THEMIS protein family, a C-terminal proline-rich

sequence (PRS) composed of two proline rich motifs (PRR1 and PRR2) and a centrally



located nuclear localization signal. Among the five groups which initially characterized
THEMIS, one analyzed the amino-acid sequence of THEMIS with a program that uses
empirically determined entropy thresholds to identify potential globular domains [6]. This
analysis led to the identification of two putative tandem repeat globular domains of
approximately 260 amino-acid length that they designated cysteine-containing all-beta-in-
THEMIS (CABIT) module. These modules are predicted to rearrange in an SH3-like B-barrel
fold which contain a conserved core sequence (WXCX7-26wXLPwX3GXF with X= any
amino acid and w = any hydrophobic residue) and several conserved residues, among which a
highly conserved cysteine, predicted to form ligand-binding contact sites. Further analysis of
database identified hundreds of uncharacterized proteins in metazoan with the same globular
domain [6]. In mammals, two proteins containing a single CABIT-module were identified in
addition to the three THEMIS homologues: GAREM1 which is broadly expressed [11], and
GAREM2, which is expressed in neuronal cells [12]. GAREM1 and GAREM2 as well as
other proteins containing single-CABIT module contain also a PRS which is combined
frequently with a C-terminal SAM (sterile a-motif) domain. The signaling function of
THEMIS CABIT domains has been resolved in a recent study [13], however how they

biochemically operate and whether they exert catalytic activity remains unclear.

THEMIS CABIT domains inhibit the tyrosine-phosphatase activity of SHP-1 and SHP-2

Quantitative analysis of THEMIS interacting partners by mass spectrometry in Jurkat cells
and thymocytes identified the protein tyrosine phosphatase (PTP) Src homology region 2
domain-containing phosphatase-1 and -2 (SHP-1 and SHP-2) among the preferential binding
partners of THEMIS, with SHP-1 interaction largely predominating over SHP-2 [14]. These

phosphatases are well characterized regulators of T-cell signaling which operate downstream



of several receptors including the TCR. SHP-1 is described almost exclusively as a negative
regulator of T cell activation and differentiation. It interacts with proteins of the TCR
signaling machinery and has been proposed to operate within negative feedback loops that
contribute to negatively regulate TCR signaling upon recognition of weak and strong agonists
by the TCR [15, 16]. SHP-1 is also directly recruited to inhibitory receptors containing
immunoreceptor tyrosine-based inhibitory motifs (ITIM) and immunoreceptor tyrosine-based
switch motifs (ITSM) which are phosphorylated upon stimulation by their respective ligands
[17-20]. The presence of dually phosphorylated motifs on the cytoplasmic tail of these
receptors enables the binding in cis of the two tandem SH2 domains of SHP-1, which
contributes to stabilize SHP-1 at the membrane, in proximity of its signaling targets, and to
enhance its activity by interrupting an intramolecular association between the N-terminal SH2
domain and the PTP domain of SHP-1 [21, 22]. Several potential substrates of SHP-1 have
been identified in lymphocytes, including tyrosine residues located on the activation sites of
proteins such as the tyrosine kinases LCK and ZAP-70 [23, 24], which are required for the
initiation of TCR signaling, the adapter proteins LAT and SLP-76 [25, 26], and the guanine
nucleotide exchange factor (GEF) Rho family guanosine triphosphatases (GTPase) VAV1
[27, 28]. The role of SHP-2 on TCR signaling appears to be more complex, with both
inhibitory and activating roles being ascribed depending on the substrate and the context of its
recruitment to the membrane. Whereas SHP-2 is described as a negative regulator of TCR-
and CD28-mediated signaling events following its recruitment to inhibitory receptors such as
the programmed cell death 1 receptor (PD-1) [29-31], SHP-2 is associated to positive function
on TCR signaling when TCR signals emanate exclusively from the TCR and do not integrate

additional stimulatory inputs [32, 33].



In a key study, the group of Paul Love examined in details the mechanism by which THEMIS
interacts with SHP-1 and SHP-2 and identified important functions for the CABIT domains in
controlling the activity of these phosphatases [13]. Indeed, THEMIS was found to bind
directly to SHP-1 through its CABIT modules. SHP-1 could bind to truncated THEMIS
proteins encoding isolated CABIT modules but not as efficiently as with THEMIS proteins
containing the tandem repeat modules. Further analysis in this study showed that the CABIT
modules interact specifically with the phosphatase domain of SHP-1, suggesting that
THEMIS could exert modulatory function on SHP-1 phosphatase activity. In vitro analysis
with recombinant proteins showed that both THEMIS1 and THEMIS2 could inhibit the
tyrosine phosphatase activity of SHP-1. Proteins encoding only for the tandem repeat CABIT
modules were as efficient as the full-length THEMIS to inhibit the phosphatase activity of
SHP-1 while the isolated CABIT1 module could partially inhibit SHP-1 activity. THEMIS
could also inhibit the phosphatase activity of SHP-2, although not as efficiently as SHP-1, and
had no effect on other related type-1 tyrosine phosphatases such as PTPN1 and PTPN7,
indicating a specific effect of THEMIS on the phosphatases from the SHP family.
Investigation of the mechanism by which THEMIS controls SHP-1 activity indicated that
CABIT modules operate at least partly by promoting or stabilizing the oxidation of the
catalytic cysteines of SHP-1, thereby maintaining SHP-1 in an inactive form. The conserved
cysteines in the core region of THEMIS CABIT modules were not required for the inhibition
of SHP-1 phosphatase activity, confirming previous observations showing that those cysteines
are dispensable for THEMIS activity in vivo [34]. It was speculated that the CABIT module
may operate by preventing the access of the oxidized catalytic cysteine of SHP-1 and SHP-2
to reducing agents or by exposing the catalytic cysteine to oxidation by reactive oxygen
species ROS. The ability of THEMIS to block SHP-1 phosphatase activity in cell free assay

also suggests that the inhibitory effect of THEMIS cannot solely be explained by redox



regulation and that CABIT modules probably also block access of the catalytic cysteine to
phosphorylated-tyrosine ligands. Since SHP-1 is a well-characterized inhibitor of TCR
signaling [23, 24, 26, 27] and since THEMIS inhibits preferentially SHP-1 over SHP-2 [13], a
straightforward prediction from those findings is that THEMIS should operate as a stimulator
of TCR signaling. However, analysis of TCR signaling in THEMIS deficient T cells in the
past years have led to contrasting results which posit nearly opposite function of THEMIS on

T cell development.

Contrasting effects of THEMIS on TCR signaling

Despite the striking phenotype of THEMIS deficient mice and the identification of
interactions between THEMIS and TCR signaling proteins, detecting a modulatory effect of
THEMIS on TCR signaling has been particularly challenging and has led to equivocal results.
Among the five research groups that initially reported the characterization of THEMIS, four
of them failed to detect defects associated to THEMIS deficiency following TCR cross-
linking in vitro [6-9] and one observed a limited decrease of ERK phosphorylation and
calcium flux which is in contrast to the fairly important block of T cell development observed
in Themis-/- mice [5]. The positive effect of THEMIS on TCR signaling was thus initially
deducted indirectly from the phenotype of THEMIS deficient mice which show several
defects of T cell development all suggestive of reduced TCR signal intensity. For instance,
positive selection and CD4+ T cell lineage commitment, which are dependent on sustained
TCR signals, and negative selection, which required intense TCR signals were all impaired in

Themis-/- mice [5, 6, 8].



Unexpectedly, later studies identified inhibitory function for THEMIS on TCR signaling
events in thymocytes and Jurkat cells stimulated in vitro by low-affinity antigens [35, 36]. It
was shown first that the loss of THEMIS results in enhanced calcium (Ca2+) flux and
increased phosphorylation of LCK, LAT, and ERK in preselected DP thymocytes that are
stimulated by low-affinity pMHCs tetramers [35]. In that study, which was published before
CABIT modules were reported to exert inhibitory function on SHP-1 phosphatase activity,
THEMIS was speculated to function by facilitating the recruitment of SHP-1 and SHP-2 to
the transmembrane adaptor LAT where they would be brought into contact with their primary
targets. It was hypothesized here that THEMIS operates by preventing the transmission of
strong signaling events that might be inadequately triggered by low-affinity self-ligands
possibly leading to misplaced negative selection. However, arguing against this model, the
disruption of Bcl2l11, the gene encoding BIM, a pro apoptotic factor required for negative
selection [14], or the overexpression of BCL2 [8] could not optimally rescue positive
selection of Themis-/- thymocytes. In addition, analysis of TCR signaling in developing
thymocytes using the transgenic TCR signaling reporter system (Nur77-GFP) indicated
positive effect of THEMIS on TCR signaling in response to endogenous selecting ligands
[14]. Finally, and probably most importantly, the deletion of ptpn6, the gene encoding for
SHP-1, could alleviate the developmental block in Themis-/- thymocytes [13], suggesting that
the impaired maturation of SP thymocytes observed in Themis-/- results from an exacerbated
inhibitory activity of SHP-1 on TCR signaling rather than from an attenuated function of this
phosphatase. Altogether, a puzzling conclusion from those studies is that the loss of THEMIS
would result in different outcomes on TCR signaling according to the context of stimulation,
leading to exacerbated TCR signaling events when TCR signals emanate exclusively from the

TCR (situation observed in vitro upon pMHC tetramer stimulation [35], and to reduced TCR
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signal intensity when it integrates multiple regulatory inputs triggered by additional

environmental stimuli [13, 14].

THEMIS drives opposite effects on TCR signals that might serve different purposes on

selection

One potential explanation to those observations may relate to the differential contribution of
SHP-1 and SHP-2 to the regulation of TCR signaling. Although an inhibitory function on
TCR signaling has been ascribed to SHP-2 [19, 29-31], when recruited to ITIM-containing
receptors, positive effect of SHP-2 on TCR signaling have also been reported, particularly
when TCR signals emanate exclusively from the TCR [32, 37, 38]. Inactivation of SHP-2
catalytic function in Jurkat cells [33] and conditional disruption of Ptpnl1, the gene encoding
SHP-2, in T cells [32] result in impaired activation of the MAP kinases ERK1/2 following
TCR cross-linking which is associated to the inefficient maturation of thymocytes after the (3-
selection checkpoint. SHP-2 also promotes the activation of SRC Kkinases by
dephosphorylating the adaptor protein CBP/PAG, which prevents the recruitment to this
adaptor of the C-terminal Src kinase (CSK) that phosphorylate SRC kinases on inhibitory
tyrosine residues [38, 39]. The reason of this dual effect of SHP-2 on TCR signaling is
unknown but it contrasts with the univocal inhibitory function ascribed to SHP-1 on TCR
signaling. Thus, if THEMIS represses concomitantly SHP-1 and to a lesser extent SHP-2, a
prediction would be that THEMIS may exert combined effect on TCR signaling events,
promoting specific TCR signals that are repressed by SHP-1 and inhibiting ones that are
stimulated by SHP-2. Such dual effects of THEMIS on TCR signaling was reported in a
previous study from our group in thymocytes stimulated with low or high doses of anti-CD3

antibodies [14]. The quantitative analysis of the THEMIS interactome by mass spectrometry
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reveals that in addition to GRB2, SHP-1 and to a lesser extent SHP-2, THEMIS also strongly
interacts with the RAC1 Guanine nucleotide exchange factor VAV1, which plays an
important role in T cell development and peripheral T cell functions [14, 40]. We showed that
the loss of THEMIS results in increased ERK phosphorylation when thymocytes are
stimulated under weak TCR cross-linking conditions, supporting previous results obtained in
thymocytes with low affinity ligands [35]. However, the phosphorylation of VAV1 was
strongly decreased in the absence of THEMIS independently of the strength of TCR
stimulation. This effect was correlated with a reduced production of RACI-GTP a direct
product of VAV1 and was also observed ex-vivo in post-selection thymocytes expressing a
transgenic TCR [14]. Since SHP-2 exerts a positive effect on ERK1/2 activity [32, 37, 38] and
since phosphorylated tyrosine residues on VAV are well-characterized substrates of SHP-1
[27, 28], it could be speculated that the inhibitory effect of THEMIS on ERK1/2 may result
from its ability to block SHP-2 [13], whereas its stimulating effect on VAV1 may result from
its repressing effect on SHP-1 [13]. This observation raises the question of whether this
combined effect of THEMIS on TCR signaling is relevant to its in vivo function or whether
the inhibitory effect reported for THEMIS on TCR signaling in vitro is marginal in regard of
the stimulating effect detected in vivo. Knock-in mice expressing a GEF-deficient form of
VAV1 exhibit a block in T cell development at the DP to SP transition, which is similar to the
phenotype of Themis-/- mice [40], suggesting that the stimulating effect of THEMIS on
VAV activity could by itself explain the effect of THEMIS on T cell development (Figure
1). Strong but transient activation of ERK, similar to what is seen in Themis-/- thymocytes, is
coupled with negative selection [41], suggesting that THEMIS might also be important to
equalize ERK-mediated signaling and prevent the transmission of negatively selecting stimuli
that may lead to some form of exacerbated negative selection (Figure 1). Positive selection is

proposed to operate by skewing the mature TCR repertoire to self and foreign pMHC toward
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higher affinity in order to optimize immune responses to pathogens [2]. Thus, by
concomitantly enhancing VAV activity and repressing ERK-mediated signaling, THEMIS
on one hand might enable the maturation of thymocytes capable of recognizing self-pMHC
and, on the other hand, enhance the negative selection threshold to prevent the elimination of
T cells which might be more effective against pathogens. Importantly, the inhibitory effect
that THEMIS might exert on TCR signaling by blocking SHP-2-mediated ERK1/2 activation
does not seem to account for the strong phenotype of Themis-/- mice since the deletion of
ptpnll, does not alleviate the block of T cell development observed in those mice [13].
Altogether, if THEMIS inhibits signaling events associated to negative selection by blocking
SHP-2, this might be marginal phenotypically speaking in regard of its stimulating effect on

positive selection signals which occur by blocking SHP-1 phosphatase activity.

GRB2 regulates THEMIS-mediated SHP-1 inhibition through multiples processes

The possibility that THEMIS would belong to the TCR signaling machinery was suggested
early by its interaction with GRB2, an adapter protein involved in the recruitment of signaling
proteins in proximity of many cell surface receptors, including the TCR and the BCR.
Analysis of the THEMIS interactome by mass spectrometry indicates that GRB2 is by far the
most important binding partner of THEMIS in both thymocytes [14] and peripheral T cells
[42]. Stoichiometric analysis of THEMIS interaction with GRB2 indicates that approximately
half of THEMIS proteins binds to GRB2 whereas about one tenth of GRB2 binds to THEMIS
in thymocytes [43]. THEMIS also binds to the cytosolic adapter proteins GRAP2, although
THEMIS-GRB2 complexes are ten times more abundant than THEMIS-GRAP2 complexes
[14]. GRB2 contains an SH2 domain flanked by two SH3 domains. THEMIS interacts

directly with GRB2 through its first proline rich region (PRR1) which recognizes one of
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GRB2 SH3 domain [9, 44, 45]. The reconstitution of THEMIS deficient thymocytes with
transgene or retroviral constructs expressing mutated forms of THEMIS deficient for the PRS
fail to restore normal T cell development, highlighting the crucial role for THEMIS-GRB2
interaction on THEMIS signaling function in vivo [34, 43]. The role of GRB2 on THEMIS-

mediated signaling is complex and encompasses several molecular functions.

GRB2 operates as a molecular bridge between THEMIS and SHP-1. It was proposed that
GRB2 could operate by facilitating the interaction between THEMIS and SHP-1 [36].
Mutation of key proline residues on THEMIS PRS that disrupt THEMIS-GRB2 interaction
also prevent THEMIS from interacting with SHP-1 [36]. GRB2 interacts with SHP-1 through
its N-terminal SH3 domain [36] and through its SH2 domain which recognize tyrosine
residues on the C-terminal tail of SHP-1 tail that are phosphorylated by the kinase LCK after
TCR stimulation [46]. Since the interaction between THEMIS and SHP-1 is not affected by
LCK deficiency in Jurkat cells, the N-terminal domain of GRB2 was speculated to be
important for anchoring SHP-1 to THEMIS-GRB2 complexes [36]. Although two studies
suggest that THEMIS binds preferentially to the N-terminal domain of GRB2 [9, 44], one
study reported on the contrary that THEMIS predominantly interact with its C-terminal
domain via its PRR1 [45], suggesting that THEMIS and SHP-1 could concomitantly bind to
GRB2, which would operate in this context as a bridging structure between THEMIS and
SHP-1. Arguing against this possibility, analysis of THEMIS-SHP-1 interaction in GRB2
deficient thymocytes showed that GRB2 is not required for this interaction [13]. GRB2 is also
dispensable for THEMIS to inhibit SHP-1 catalytic activity in vitro [13]. Thus, although
GRB2 might assemble concomitantly with THEMIS and SHP-1 in a tri-molecular complexes,

it does not seem to be required for THEMIS-SHP-1 interaction.
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GRB2 concentrates THEMIS in proximity of SHP-1 and its molecular target VAV1.
Another potential function of GRB2 is to promote the recruitment of THEMIS to the Linker
for Activation of T cells (LAT) [44, 45], a transmembrane adapter protein which contributes
to signal diversification in T cells by recruiting multiple signaling complexes that constitute
seeds for distinct signaling pathways. The SH2 domain of GRB2 enables its recruitment to
several tyrosine-phosphorylated ligands at the cell membrane, including LAT [47] and CD28
[48]. THEMIS proteins lacking the PRS fail to relocate to the immune synapse and to be
recruited to LAT following TCR stimulation [45]. The functional consequence of THEMIS
recruitment to LAT is unclear since it is presumably not required for THEMIS interaction
with SHP-1, which occurs in vitro through THEMIS CABIT modules in the absence of
intermediates molecules [13]. Following its recruitment to LAT, THEMIS is rapidly
phosphorylated by the tyrosine kinase LCK on two tyrosine residues (Y540 and Y541 in
human THEMIS and Y542 and Y543 in mouse THEMIS), suggesting that the recruitment of
THEMIS to LAT might be important to stimulate THEMIS-mediated signaling function
through phosphorylation-based events [45, 49]. Supporting this possibility, the reconstitution
of THEMIS deficient bone marrow cells with lentiviral particles encoding for THEMIS
proteins containing point mutations of those residues fail to restore normal T cell
development in chimeric mouse experiments [45]. However, the phosphorylation of those
residues was also shown to be important for the stabilization of THEMIS-GRB2 complexes
suggesting that the ineffectiveness of those mutants might simply be the consequence of
altered GRB2-THEMIS interaction [45]. Several substrates of SHP-1 have been
characterized. While some (such as LCK and ZAP-70) associate to the TCR and are required
early in the signaling cascades to initiate TCR signaling, others associate to LAT (such as
SLP-76 and VAV1) and operate later to seed distinct pathways leading to specific functional

outcomes. Thus, the binding to GRB2 may ensure that THEMIS is positioned more
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selectively to affect the activity of the cellular pool of SHP-1, which is proximity of some of
its molecular targets in the LAT signalosome. Accordingly, LCK and ZAP-70 are not
enriched in the THEMIS interactome as opposed to LAT, VAV1 and to a lesser extent SLP-
76 [14]. Reciprocally, THEMIS is not detected in ZAP-70 and LCK interactomes in CD4+ T
cells whereas it is identified as a binding partner of LAT and VAV in those cells [42, 50,
51]. THEMIS positively regulates VAV1 phosphorylation following TCR stimulation in
thymocytes but has no detectable effect on SLP-76 [14], suggesting that a potential function
of GRB2 could be to bring THEMIS in proximity of VAV1 to “protect” VAV1 from SHP-1-
mediated dephosphorylation. VAV1 binds to one of GRB2 SH3 domains through an
unconventional PRR region located inside the SH3 domain of VAV1, supporting the
possibility that a tri-molecular complex between THEMIS, GRB2 and VAV1 might form
around LAT [52]. Altogether, this suggests that rather than acting broadly on SHP-1 by
decreasing the level of active phosphatases at the cellular level, THEMIS might operate more
selectively by repressing the SHP-1-VAV1 signaling module associated to the regulation of
specific cellular outcomes, such as positive selection in thymocytes. This is in agreement with
recent studies discussed hereafter in this review highlighting the cooperative link between
THEMIS, SHP-1 and VAV1 in the suppressive function of Treg cells [53]. On a theological
point of view, this might explain why a mechanism that would repress SHP-1 at the signaling
level might not be equivalent to a mechanism that would simply decrease the expression level

of SHP-1.

GRB2 and THEMIS reciprocally protect each other from proteasome-mediated
degradation. Recent work also identified an unexpected role for GRB2 in the control of
THEMIS protein expression and stability [54]. THEMIS protein expression is increased in

thymocytes undergoing positive selection, despite the strong decrease of THEMIS mRNA
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levels in those subsets, indicative of a post-translational control of THEMIS expression at this
stage of T cell development [54]. Analysis of THEMIS in unstimulated thymocytes and in
Jurkat cells transfected with cDNA encoding for tagged versions of THEMIS and ubiquitin
showed that THEMIS is polyubiquitylated by K48 chain which operates by targeting
THEMIS to proteasome degradation (Figure 2). The amount of ubiquitinylated THEMIS
decreases after TCR cross-linking in thymocytes and peripheral CD4+ T cells, suggesting that
THEMIS could be deubiquitnylated following TCR engagement. Mass spectrometry analysis
of proteins that precipitate together with THEMIS in thymocytes led to identify several
Ubiquitin-specific proteases (USP9X, USP24, USP19, and USP15), which are characterized
for their ability to remove mono- or poly-ubiquitin chains on proteins [54]. Incubation of
thymocytes with a pan-inhibitor of deubiquitylating enzymes (DUBS) results in a rapid and
dramatic decrease in the amount of THEMIS protein, whereas the amount of other signaling
proteins is not affected. A more specific focus on the enzyme USP9X showed that it directly
interacts with THEMIS and that the CABIT1 module is important for this interaction (Figure
2). THEMIS ubiquitinylation is up-regulated in Usp9X-/- thymocytes and is associated with a
decreased expression of THEMIS proteins while THEMIS mRNA level remains unchanged.
The recruitment of USP9X to LAT promotes its phosphorylation on one of its serine residues
(S1600) and enhances its catalytic activity [55] (Figure 2). The interaction of USP9X with
LAT was decreased following TCR engagement in thymocytes that were partially deficient
for GRB2 (Grb2+/- mice), suggesting that GRB2-THEMIS complexes serve as intermediates
for the recruitment of USP9X to LAT [54]. The ubiquitinylation of THEMIS was exacerbated
in Grb2+/- thymocytes and correlated with a decreased expression of THEMIS in DP and SP
thymocytes. Altogether those data indicate that GRB2 plays an indirect role in the
stabilization of the fraction of THEMIS which is recruited to LAT following TCR

engagement and operates by enabling the phosphorylation of USP9X which leads to its

17



activation (Figure 2). This mechanism might favor the maintenance over time of THEMIS-
mediated regulatory effect on TCR signaling and may explain early findings suggesting a role
for THEMIS in sustaining TCR signals long enough to promote positive selection and
commitment of DP thymocytes to the CD4+ lineage [8]. Interestingly, a reciprocal effect of
THEMIS over GRB2 stability was identified in thymocytes. GRB2 protein expression is
reduced by almost two-fold in the absence of THEMIS which correlates with an enhanced
ubiquitinylation of GRB2 [14]. Although the mechanism by which THEMIS controls GRB2
was not characterized, this effect seems to account at least for part of the defect observed in
Themis-/- mice since the partial decrease of GRB2 protein expression in thymocytes (using
Grb2 hemi-deficient mice) to a level that is comparable to that in Themis-/- thymocytes results
in a partial decrease of positive selection and to lower VAV1 phosphorylation level [14].
Moreover, THEMIS transgenic expression, leading to its overexpression in thymocytes and
peripheral T cells, could enhance GRB2 expression in Grb2+/- thymocytes. This could
restore normal VAV1 phosphorylation level in Grb2+/- thymocytes and efficient positive
selection in Grb2+/- mice, providing further evidences of the positive effect of THEMIS on
TCR signaling during T cell development [14]. However, the modest effect of GRB2 hemi-
deficiency on T cell development in comparison to the marked defect observed in Themis-/-
mice implies that the effect of THEMIS on SHP-1 accounts for most of the defect in T cell

development observed in Themis-/- mice.

2. Functions of THEMIS in peripheral T cells

One interesting characteristic of THEMIS is that its level of expression is highly variable

according to T-cell subsets. THEMIS is expressed in pre-selection DP thymocytes and is

further increased at early stages of positive selection in DP thymocytes expressing activation

18



markers [54]. Its expression is then down-regulated as thymocytes mature to the SP stage and
is decreased by a factor of two to three in peripheral T cells as compared to that in DP
thymocytes, with two-fold higher amount in naive CD8+T cells than in naive CD4+ T cells
[54]. THEMIS is expressed at relatively low level in regulatory T cells (Tregs) as compared to
that in conventional CD4+ T cells (four-folds decrease) [56] and is highly up-regulated in Thl
cells (seven-fold increase compared to that in naive CD4+ T cells) [57]. The variable amount
of THEMIS in T-cell subsets might be important to set distinct thresholds for T-cell activation
or to amplify specific effector responses in a given immunological context. So far, little is
known about the function of THEMIS in peripheral T cells mainly because Themis-/- mice are
lymphopenic, which may introduce bias on T-cell effector responses, and might develop
compensatory mechanisms in the thymus that may altered peripheral T cell responsiveness to
TCR stimulation. Except for two studies [58, 59], investigations related to THEMIS function
in peripheral T cells were performed using mouse models presenting germline deficiencies for

THEMIS with the potential bias mentioned above.

THEMIS stimulates effector responses in CD4+ T cells

Initial studies showed that peripheral CD4+ and CD8+ T cells from Themis-/- mice fail to
proliferate efficiently and to up-regulate activation markers in response to TCR stimulation
[5]. Subsequent studies on THEMIS function in peripheral T cells were performed using rat
or mouse lines that contained spontaneous or chemically-induced mutations in the gene
encoding THEMIS leading to the complete or nearly complete loss of THEMIS protein
expression [53, 60, 61]. In both models, those mutations could recapitulate the block of T cell
development which was observed in Themis-/- mice. Total and naive CD4+ T cells isolated

from a rat Lewis line, containing a frameshift mutation in the Themis gene resulting in the
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introduction of a premature stop codon, produce higher level of IL-4, IL-10 and IL-17 in
response to TCR stimulation, suggesting inhibitory function of THEMIS on CD4+ T cell
responses [53]. However, mice that contain an 123N substitution in THEMIS protein, leading
to nearly complete loss of THEMIS expression, exhibit a reduced development of
experimental cerebral malaria (ECM) after infection with Plasmodium berghei ANKA, which
was associated with a reduced production of inflammatory cytokines including IFNy and
TNFa by CD4+ and CD8+ T cells in response to TCR stimulation [61]. These mice also fail
to efficiently control bacterial load after infection with Mycobacterium tuberculosis infection
[61]. More recent studies show that the proliferative defect of Themis-/- CD4+ T cells in
response to TCR stimulation is associated with a decreased ability of these cells to up-regulate
the expression of the insulin receptor (IR), resulting in decreased glucose uptake and aerobic
glycolysis [62]. Mechanistically, THEMIS would operate by enhancing the translocation in
the nucleus of the transcription factor NFAT which, according to published chromatin
immunoprecipitation-sequencing and RNA-sequencing data [63], promotes the transcription
of IR. Whether THEMIS acts selectively on an NFAT-dependent metabolic pathway or more
broadly on early TCR signaling events, the defect of NFAT being only the consequence of
earlier TCR proximal defects, was not investigated in that study. Mutational analysis show
that a fraction of THEMIS is translocated to the nucleus through its nuclear localization signal
[44], suggesting that THEMIS could regulate transcription factors independently of its effect
on proximal TCR signaling events. In addition, in vivo analysis in that study show that
THEMIS deficient naive CD4+ T cells are less potent to induce colitis following transfer into
Rag-deficient mice [62]. Numbers of CD4+ T cells producing IFNy and IL-17 are reduced in
the mesenteric lymph nodes of mice that had received Themis-/- CD4+ T cells, but not in the
peripheral lymph nodes, suggesting a failure of those cells to migrate into the gut rather than

to expand or differentiate into effector cells [62]. Altogether, with the consideration of
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potential caveats related to the use of germline deficient models, those studies suggest that

THEMIS is required for the development of efficient effector functions in CD4+ T cells.

THEMIS is required for the homeostatic maintenance of CD8+ T cells

More recent studies investigate the role of THEMIS in peripheral T cells using a conditional
knockout (cKO) mouse model which enables the deletion of Themis gene at late stages of T
cell development, in SP thymocytes, resulting in the nearly complete loss of THEMIS
expression in peripheral T cells [58, 59]. THEMIS deficiency in those mice result in a 50%
decrease of CD8+ T cell numbers at the periphery, whereas the numbers of CD4+ T cells
were not affected, suggestive of a role for THEMIS in peripheral CD8+ T cell maintenance.
Experiments showed that THEMIS is required for lymphopenia induced proliferation (LIP)
and for the acquisition of an activated phenotype resulting from LIP following transfer of
CD8+ T cells from into Rag deficient host [58]. THEMIS also stimulates the expansion and
the effector responses of OT-1 CD8+ T cells following infection with Listeria monocytogenes
[58]. The maintenance of CD8+ T cells and LIP require the integration of signals triggered on
one hand by the TCR, upon weak stimulation delivered through self-pMHC interactions, and
on the other hand by specific cytokine receptors involved in CD8+ T cell homeostasis [64].
Stimulation of THEMIS deficient CD8+ T cells expressing the OT-1 TCR with peptides of
different affinities ranges showed no significant effect of THEMIS deficiency on T cell
responses, such as proliferation, production of TNFa and apoptosis, and on TCR signaling
events such the phosphorylation of ERK, suggesting modest regulatory function of THEMIS
on TCR signals when those emanate exclusively from the TCR in the absence of co-
modulatory signals [58]. In a subsequent study, authors show that the proliferation of OT1+

CD8+ T cells was also reduced in the absence of THEMIS, when these cells were transferred
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into B2m-deficient host lacking pMHC-I complexes, indicating potential stimulatory function
of THEMIS on cytokine-driven homeostatic maintenance of peripheral CD8+ T cells [59].
Further analysis performed in that study show that THEMIS is required to stimulate the
proliferation of naive OT1+ CD8+ T cells cultured in vitro with IL-2 or IL-15, two cytokines
which have important function in the maintenance of CD8+ T cells [65]. Interestingly, Themis
cKO CD8+ T cells showed normal response to IL-7, another cytokine important for
peripheral CD8+ T cell maintenance, indicating that THEMIS operates selectively on a subset
of receptors from the common cytokine receptor y-chain (yc) family [58]. The loss of
THEMIS was associated with an impaired metabolic readjustment in response to these
cytokines, characterized by a slower glycolytic rate and a moderately reduced serine
biosynthesis [59]. Analysis of proximal signaling events triggered by IL-2 and IL-15
stimulation showed that THEMIS positively regulates the phosphorylation of the kinases
JAK1 and JAK3 and of the transcription factor STAT5 [59]. Finally, these signaling defects
as well the defects in CD8+ T cell homeostasis and proliferative responses could be alleviated
when Ptpn6 and Themis gene were both disrupted in peripheral T cells in conditional knock-
out mouse models [58, 59], confirming the repressive effect of THEMIS on SHP-1-mediated
signaling previously reported in thymocytes and indicating further that this mechanism could

possibly be engage in other T-cell subsets through TCR-independent signaling processes.

THEMIS cooperates with VAV1 to promote optimal suppressive function in Treg cells

Following the initial characterization of THEMIS, one study on the Brown-Norway (BN) rat

line identified a spontaneous frameshift mutation in the gene encoding Themis, leading to the

complete loss of THEMIS expression, which was associated with the spontaneous

development of an inflammatory bowel disease (IBD) [60]. The secretion of IL-17 and IL-10
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by THEMIS-deficient CD4+ T cells was exacerbated in response to TCR stimulation. Further
analysis showed that THEMIS was required to promote optimal Treg suppressive function
and that the prevalence of the disease could be reduced following transfer of wild-type Treg
into the mutated rat lines [60]. In a following up study, authors showed that the same mutation
transferred on the rat Lewis (LEW) background could neither impair Treg suppressive
functions nor induce pathological manifestations, suggestive of an epistatic phenomenon
occurring in the BN genetic background [53]. However, THEMIS-deficient CD4+ T cells
from the LEW genetic background produced exacerbated amount of IL-17 and IL-10 in
response to TCR stimulation [53], indicating that intrinsic defect associated to conventional
CD4+ T cells could not alone explain the development of the disease. Because BN rats harbor
a peculiar VAV1 variant (VAV1-W63) with reduced adaptor function and signaling
capacities [66] and because THEMIS was shown to positively regulates VAV1 activity in
thymocytes [14, 44], authors hypothesized that the effect of THEMIS deficiency on BN Treg
function could result from a cumulative impairment of the TCR signaling due to combined
association of THEMIS deficiency with the presence of the VAV1-W63 variant. Accordingly,
the introgression in the BN rat line of a 117-Kb interval bearing the LEW VAV1 variant
could protect from IBD development and restore normal Treg suppressive function [60].
Although the precise influence of VAV1 in this epistasis phenomenon remains to be validated
through gene-targeting approaches, this study suggests that the combination of genetic or
epigenetic variants affecting concomitantly THEMIS and VAV1 expression could regulate
the susceptibility to immune-based disorders. This might be physiologically relevant since
VAV1 mRNA expression levels are highly variable in PBMCs from multiple sclerosis
patients and healthy donors depending on VAV1 haplotypes [67]. The relatively low
expression level of THEMIS in Treg cells as compared to conventional CD4+ T cells might

contribute to the reduced responsiveness of those cells to TCR stimulation [56, 68].
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Accordingly, the enforced expression of THEMIS in Treg cells through transgenic expression
exacerbates their suppressive function in response to TCR engagement [56]. Thus, although
THEMIS seems to stimulate Treg responses in VAV1 insufficient context, its expression in
those cells is maintained at relatively low level possibly to reduce the responsiveness of those

cells which are intrinsically highly self-reactive.

Does THEMIS regulate T cells through TCR-independent mechanism?

Although THEMIS interactome analysis by mass spectrometry indicates that THEMIS
interacts mainly with proteins involved in TCR signaling [14], several observations suggest
that THEMIS might not be operating exclusively downstream of the TCR and that additional
stimulations might be required to promote THEMIS-dependent effect on TCR signaling in
vivo. The loss of THEMIS has relatively little impact on TCR signaling in thymocytes and
peripheral T cells when cells are stimulated promptly after purification with anti-CD3
antibodies [6-9, 58]. The stimulation of peripheral CD8+ T cells with IL-2 or IL-15 also leads
to reduced JAK-mediated signaling in the absence of THEMIS [59]. Finally, the discordancy
between the effects of THEMIS on TCR signaling observed in vitro following TCR cross-
linking with pMHC tetramers [35, 36] and in vivo in the context of T cell development also
support the possibility that THEMIS might operate independently of the TCR through
additional receptors which may contribute to regulate TCR signal and selection processes.
One striking observation is that THEMIS enhances the phosphorylation of ZAP-70 following
thymocyte stimulation with concanavalin A, a reagent which engages multiple cell-surface
molecules in addition to the TCR, but has no detectable effect on ZAP-70 phosphorylation
following TCR cross-linking alone [13]. It was speculated that concanavalin A could elicit

the production of reactive oxygen species (ROS), which is poorly induced by TCR cross-
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linking in thymocytes [69], and which enables THEMIS to block SHP-1 phosphatase activity
by promoting/stabilizing its cysteine active site in an oxidized state [13]. Accordingly,
THEMIS was shown to enhance ZAP-70 and LCK phosphorylation following TCR cross-
linking when cells were cultured in conditions that elicit ROS production [13]. However, the
effects reported for THEMIS on LCK and ZAP-70 phosphorylation remained modest which
calls for additional explanations to the defect of TCR signaling observed in THEMIS
deficient thymocytes in response to concanavaline A [13]. It was proposed that SHP-1
operates downstream of the TCR in negative feedbacks loops which are engaged upon TCR
recognition of weak affinity ligands [15]. Those feedback loops involve the kinase LCK
which recruits phosphorylated SHP-1 through its SH2 domains upon weak agonists
stimulation [15]. Upon recognition of strong agonist ligands by the TCR, LCK undergoes
serine phosphorylation at position 59 that prevent the recruitment of SHP1 and subsequent
TCR desensitization [15]. However, more recent analysis of knock-in mice in which the
serine 59 was replaced by an alanine, revealed no detectable role of this feedback loop on T
cell development and on the up-regulation of activation markers following TCR stimulation
with agonists of different affinity ranges [36]. More generally, analysis based on SHP-1
deficient mice suggest that SHP-1 has a relatively mild impact on T cell responses in vitro
upon TCR cross-linking [70-72]. This correlates with recent mass spectrometry results which
fail to detect any robust interaction of SHP-1 with TCR signaling proteins following TCR
stimulation with anti-CD3 antibodies [42]. However, the loss of SHP-1 leads to exacerbated T
cell responses in vivo following immunization with self and foreign antigens [70, 72-75]. This
suggests that SHP-1 might function more effectively in feedback loops triggered by inhibitory
receptors [17, 19, 76-78], which might enrich SHP-1 in proximity of TCR signaling
complexes (Figure 3). Alternatively, SHP-1 might function in regulatory loops triggered by

cytokine receptors, independently of the TCR [70, 72]. A consequence of such mechanisms
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could be that although THEMIS inhibits SHP-1 predominantly over SHP-2, the functional
consequence of inhibiting SHP-2 might predominate over that of inhibiting SHP-1 in the
absence of co-inhibitory receptor stimulation (Figure 3). ITIM- and ITSM-containing
receptors that recruit SHP-1 and SHP-2 are expressed during T cell development particularly
at the stage of positive selection [79-81], suggesting that THEMIS might stimulate positive
selection by blocking inhibitory signals transmitted by those receptors on TCR signaling. Of
note, it was suggested recently that the bZIP factor of Human T-cell leukemia virus type 1
(HTLV-1) could interact with THEMIS and prevent the co-localization of THEMIS with PD-
1in T cells [82]. Mechanisms that repress PD-1 binding to its ligand PD-L1 [83] or that block
TIM-3-mediated signaling [84] have been previously described, supporting the idea that those
receptors are themselves submitted to a tight control of their activity. The possibility that
THEMIS would operate as a natural repressor of ITIM-containing receptors could be of
potential interest in the clinical field given the recent development of strategies based on the

inhibition of these receptors in cancer immunotherapy.
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Box1 — The main steps of TCR signaling

T cells express a clonotypic multi-subunit antigen receptor (TCR) which is composed of a
heterodimer of o and P chain, forming the recognition subunit, that is non-covalently
associated with multiple signal transducing subunits, including CD3y, CD36 and CD3¢ and,
in most cases, a CD3{ chain. The recognition of cognate pMHC by the TCR induces
conformational changes in the CD3e subunit which enable the recruitment of the SRC family
kinase member LCK which phosphorylates immunoreceptor tyrosine-based activation motifs
(ITAMs) of the CD3y chain, CD3d chain, CD3¢ chains and the {-chains. Phosphorylated
ITAMs serve as docking site for the kinase ZAP70 (C-chain associated protein kinase of 70
kDa), which is activated following its phosphorylation by LCK. Activated ZAP70
phosphorylates four key tyrosine residues on linker for activation of T cells (LAT), which
recruits several signaling complexes that seed distinct signaling pathways. Those proteins
include the growth factor receptor-bound protein 2 (GRB2), which recruit several proteins
such as THEMIS, VAV1, SHIP1 and the Ras-GTP exchange factor SOS1, the GRB2-related
adaptor protein GADS and the adaptor protein SLP76 (SH2 domain-containing leukocyte
protein of 76 kDa), which enables the recruitment of adhesion- and degranulation-promoting
adaptor protein (ADAP), interleukin-2-inducible T cell kinase (ITK), NCK1 and VAV1 and
the phospholipase Cyl (PLCyl). Those complexes trigger several signaling pathways among
which the best characterized are the Ca2+ flux which lead to the translocation of the
transcription factor NFAT in the nucleus, the mitogen-activated protein kinase (MAPK)
kinase which lead to the activation of transcription factors such as AP-1 and the nuclear
factor-kB (NF-«B) signaling pathways which induce the activation and the translocation in

the nucleus of transcription factors such as c-REL and RELA.

Figure 1. THEMIS interactome and function in the context of TCR signaling.
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Upon TCR stimulation, THEMIS is recruited to LAT in proximity of VAV1 via the adapter
protein GRB2. THEMIS promotes VAV activation and the positive selection of thymocytes
by repressing the phosphatase activity of SHP-1. THEMIS also promotes the activation of
LCK and ZAP-70 by repressing SHP-1, but may have a reduced influence on the activity of
those proteins as compared to that for VAV1 due to increased remoteness. THEMIS
concomitantly inhibits ERK1/2 activity by repressing SHP-2. This might skew the mature
TCR repertoire toward greater self-reactivity and favor the development of optimized immune
responses to pathogens. Signaling proteins which are most predominately enriched in
THEMIS interactome in thymocytes are represented in blue. Phosphorylation events that are

regulated by THEMIS are represented in red.

Figure 2. GRB2 prevents proteasome-mediated degradation of THEMIS by promoting
USP9X activity. The recruitment of USP9X to LAT through GRB2 and THEMIS leads to the
phosphorylation of an activating serine residue on USP9X. USP9X stabilizes THEMIS

expression upon TCR stimulation by removing K48-bound ubiquitin chains on THEMIS.

Figure 3. The effect of THEMIS on TCR signaling is determined by the relative amounts
of SHP-1 and SHP-2 that are recruited to TCR signaling complexes. A) THEMIS
represses SHP-1 more strongly than SHP-2 yet, upon TCR stimulation alone (representative
of TCR cross-linking in vitro), the positive effects of SHP-2 on TCR signaling predominates
over SHP-1-mediated inhibitory effects. This might result in combined THEMIS-dependent
outcomes on TCR signaling. B) The amount of SHP-1 that is recruited in proximity of TCR
signaling complexes is increased following stimulation of co-inhibitory receptors. In the

context of those receptors, SHP-2 operates as a negative regulator of TCR signaling. THEMIS

28



might enhance TCR signaling by repressing the fraction of SHP-1 and SHP-2 recruited by

those receptors.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and negative selection of the T
cell repertoire: what thymocytes see (and don't see). Nature Reviews Immunology
2014;14(6):377-91.

Mandl JN, Monteiro JP, Vrisekoop N, Germain RN. T cell-positive selection uses self-
ligand binding strength to optimize repertoire recognition of foreign antigens.
Immunity 2013;38(2):263-74.

Persaud SP, Parker CR, Lo WL, Weber KS, Allen PM. Intrinsic CD4(+) T cell
sensitivity and response to a pathogen are set and sustained by avidity for thymic and
peripheral complexes of self peptide and MHC. Nature immunology 2014;15(3):266-
74.

Gaud G, Lesourne R, Love PE. Regulatory mechanisms in T cell receptor signalling.
Nature reviews Immunology 2018;18(8):485-97.

Fu G, Vallee S, Rybakin V, McGuire MV, Ampudia J, Brockmeyer C, et al. Themis
controls thymocyte selection through regulation of T cell antigen receptor-mediated
signaling. Nature immunology 2009;10(8):848-56.

Johnson AL, Aravind L, Shulzhenko N, Morgun A, Choi SY, Crockford TL, et al.
Themis is a member of a new metazoan gene family and is required for the completion
of thymocyte positive selection. Nature immunology 2009;10(8):831-9.

Kakugawa K, Yasuda T, Miura I, Kobayashi A, Fukiage H, Satoh R, et al. A novel
gene essential for the development of single positive thymocytes. Molecular and
cellular biology 2009;29(18):5128-35.

Lesourne R, Uehara S, Lee J, Song KD, Li L, Pinkhasov J, et al. Themis, a T cell-
specific protein important for late thymocyte development. Nature immunology
2009;10(8):840-7.

Patrick MS, Oda H, Hayakawa K, Sato Y, Eshima K, Kirikae T, et al. Gasp, a Grb2-
associating protein, is critical for positive selection of thymocytes. Proceedings of the
National Academy of Sciences of the United States of America 2009;106(38):16345-
50.

Choi S, Cornall R, Lesourne R, Love PE. THEMIS: Two Models, Different
Thresholds. Trends in immunology 2017;38(9):622-32.

Tashiro K, Tsunematsu T, Okubo H, Ohta T, Sano E, Yamauchi E, et al. GAREM, a
Novel Adaptor Protein for Growth Factor Receptor-bound Protein 2, Contributes to
Cellular Transformation through the Activation of Extracellular Signal-regulated
Kinase Signaling. Journal of Biological Chemistry 2009;284(30):20206-14.

Taniguchi T, Tanaka S, Ishii A, Watanabe M, Fujitani N, Sugeo A, et al. A Brain-
specific Grb2-associated Regulator of Extracellular Signal-regulated Kinase
(Erk)/Mitogen-activated Protein Kinase (MAPK) (GAREM) Subtype, GAREMZ2,
Contributes to Neurite Outgrowth of Neuroblastoma Cells by Regulating Erk
Signaling. Journal of Biological Chemistry 2013;288(41):29934-42.

29



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Choi S, Warzecha C, Zvezdova E, Lee J, Argenty J, Lesourne R, et al. THEMIS
enhances TCR signaling and enables positive selection by selective inhibition of the
phosphatase SHP-1. Nature immunology 2017.

Zvezdova E, Mikolajczak J, Garreau A, Marcellin M, Rigal L, Lee J, et al. Themisl
enhances T cell receptor signaling during thymocyte development by promoting Vav1l
activity and Grb2 stability. Science signaling 2016;9(428):ra51.

Stefanova I, Hemmer B, Vergelli M, Martin R, Biddison WE, Germain RN. TCR
ligand discrimination is enforced by competing ERK positive and SHP-1 negative
feedback pathways. Nature immunology 2003;4(3):248-54.

Hebeisen M, Baitsch L, Presotto D, Baumgaertner P, Romero P, Michielin O, et al.
SHP-1 phosphatase activity counteracts increased T cell receptor affinity. The Journal
of clinical investigation 2013;123(3):1044-56.

Watanabe N, Gavrieli M, Sedy JR, Yang J, Fallarino F, Loftin SK, et al. BTLA is a
lymphocyte inhibitory receptor with similarities to CTLA-4 and PD-1. Nature
immunology 2003;4(7):670-9.

Lebbink RJ, de Ruiter T, Verbrugge A, Bril WS, Meyaard L. The mouse homologue
of the leukocyte-associated Ig-like receptor-1 is an inhibitory receptor that recruits Src
homology region 2-containing protein tyrosine phosphatase (SHP)-2, but not SHP-1.
Journal of Immunology 2004;172(9):5535-43.

Celis-Gutierrez J, Blattmann P, Zhai Y, Jarmuzynski N, Ruminski K, Gregoire C, et
al. Quantitative Interactomics in Primary T Cells Provides a Rationale for
Concomitant PD-1 and BTLA Coinhibitor Blockade in Cancer Immunotherapy. Cell
reports 2019;27(11):3315-30 e7.

Rhee 1, Veillette A. Protein tyrosine phosphatases in lymphocyte activation and
autoimmunity. Nature immunology 2012;13(5):439-47.

Bruhns P, Marchetti P, Fridman WH, Vivier E, Daeron M. Differential roles of N- and
C-terminal immunoreceptor tyrosine-based inhibition motifs during inhibition of cell
activation by killer cell inhibitory receptors. Journal of Immunology
1999;162(6):3168-75.

Yang J, Liu LJ, He DD, Song X, Liang XS, Zhao ZZJ, et al. Crystal structure of
human protein-tyrosine phosphatase SHP-1. Journal of Biological Chemistry
2003;278(8):6516-20.

Plas DR, Johnson R, Pingel JT, Matthews RJ, Dalton M, Roy G, et al. Direct
regulation of ZAP-70 by SHP-1 in T cell antigen receptor signaling. Science
1996;272(5265):1173-6.

Chiang GG, Sefton BM. Specific dephosphorylation of the Lck tyrosine protein kinase
at Tyr-394 by the SHP-1 protein-tyrosine phosphatase. Journal of Biological
Chemistry 2001;276(25):23173-8.

Matalon O, Fried S, Ben-Shmuel A, Pauker MH, Joseph N, Keizer D, et al.
Dephosphorylation of the adaptor LAT and phospholipase C-gamma by SHP-1
inhibits natural killer cell cytotoxicity. Science signaling 2016;9(429).

Binstadt BA, Billadeau DD, Jevremovic D, Williams BL, Fang N, Yi TL, et al. SLP-
76 is a direct substrate of SHP-1 recruited to killer cell inhibitory receptors. Journal of
Biological Chemistry 1998;273(42):27518-23.

Stebbins CC, Watzl C, Billadeau DD, Leibson PJ, Burshtyn DN, Long EO. Vavl
dephosphorylation by the tyrosine phosphatase SHP-1 as a mechanism for inhibition
of cellular cytotoxicity. Molecular and cellular biology 2003;23(17):6291-9.

Mesecke S, Urlaub D, Busch H, Eils R, Watzl C. Integration of Activating and
Inhibitory Receptor Signaling by Regulated Phosphorylation of Vavl in Immune
Cells. Science signaling 2011;4(175).

30



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane A, Azuma M,
Saito T. Programmed cell death 1 forms negative costimulatory microclusters that
directly inhibit T cell receptor signaling by recruiting phosphatase SHP2. The Journal
of experimental medicine 2012;209(6):1201-17.

Li J, Jie HB, Lei Y, Gildener-Leapman N, Trivedi S, Green T, et al. PD-1/SHP-2
inhibits Tc1/Thl phenotypic responses and the activation of T cells in the tumor
microenvironment. Cancer research 2015;75(3):508-18.

Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, et al. T cell costimulatory
receptor CD28 is a primary target for PD-1-mediated inhibition. Science 2017.
Nguyen TV, Ke Y, Zhang EE, Feng GS. Conditional deletion of Shp2 tyrosine
phosphatase in thymocytes suppresses both pre-TCR and TCR signals. J Immunol
2006;177(9):5990-6.

Frearson JA, Alexander DR. The phosphotyrosine phosphatase SHP-2 participates in a
multimeric signaling complex and regulates T cell receptor (TCR) coupling to the
Ras/Mitogen-activated protein kinase (MAPK) pathway in Jurkat T cells. Journal of
Experimental Medicine 1998;187(9):1417-26.

Zvezdova E, Lee J, El-Khoury D, Barr V, Akpan I, Samelson L, et al. In vivo
functional mapping of the conserved protein domains within murine Themisl.
Immunol Cell Biol 2014;92(8):721-8.

Fu G, Casas J, Rigaud S, Rybakin V, Lambolez F, Brzostek J, et al. Themis sets the
signal threshold for positive and negative selection in T-cell development. Nature
2013;504(7480):441-5.

Paster W, Bruger AM, Katsch K, Gregoire C, Roncagalli R, Fu G, et al. A
THEMIS:SHP1 complex promotes T-cell survival. The EMBO journal
2015;34(3):393-409.

Frearson JA, Alexander DR. The phosphotyrosine phosphatase SHP-2 participates in a
multimeric signaling complex and regulates T cell receptor (TCR) coupling to the
Ras/mitogen-activated protein kinase (MAPK) pathway in Jurkat T cells. The Journal
of experimental medicine 1998;187(9):1417-26.

Zhang SQ, Yang WT, Kontaridis MI, Bivona TG, Wen GY, Araki T, et al. Shp2
regulates Src family kinase activity and Ras/Erk activation by controlling Csk
recruitment. Mol Cell 2004;13(3):341-55.

Kawabuchi M, Satomi Y, Takao T, Shimonishi Y, Nada S, Nagai K, et al.
Transmembrane phosphoprotein Cbp regulates the activities of Src-family tyrosine
kinases. Nature 2000;404(6781):999-1003.

Saveliev A, Vanes L, Ksionda O, Rapley J, Smerdon SJ, Rittinger K, et al. Function of
the nucleotide exchange activity of vavl in T cell development and activation. Science
signaling 2009;2(101):ra83.

Mariathasan S, Zakarian A, Bouchard D, Michie AM, Zuniga-Pflucker JC, Ohashi PS.
Duration and strength of extracellular signal-regulated kinase signals are altered
during positive versus negative thymocyte selection. Journal of Immunology
2001;167(9):4966-73.

Voisinne G, Kersse K, Chaoui K, Lu L, Chaix J, Zhang L, et al. Quantitative
interactomics in primary T cells unveils TCR signal diversification extent and
dynamics. Nature immunology 2019;20(11):1530-41.

Okada T, Nitta T, Kaji K, Takashima A, Oda H, Tamehiro N, et al. Differential
Function of Themis CABIT Domains during T Cell Development. PloS one
2014;9(2).

31



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Lesourne R, Zvezdova E, Song KD, El-Khoury D, Uehara S, Barr VA, et al.
Interchangeability of themisl and themis2 in thymocyte development reveals two
related proteins with conserved molecular function. J Immunol 2012;189(3):1154-61.
Paster W, Brockmeyer C, Fu G, Simister PC, de Wet B, Martinez-Riano A, et al.
GRB2-mediated recruitment of THEMIS to LAT s essential for thymocyte
development. J Immunol 2013;190(7):3749-56.

Minoo P, Zadeh MM, Rottapel R, Lebrun JJ, Ali S. A novel SHP-1/Grb2-dependent
mechanism of negative regulation of cytokine-receptor signaling: contribution of
SHP-1C-terminal tyrosines in cytokine signaling. Blood 2004;103(4):1398-407.

Zhang WG, Sloan-Lancaster J, Kitchen J, Trible RP, Samelson LE. LAT: The ZAP-70
tyrosine Kkinase substrate that links T cell receptor to cellular activation. Cell
1998;92(1):83-92.

Schneider H, Cai YC, Prasad KVS, Shoelson SE, Rudd CE. T-Cell Antigen Cd28
Binds to the Grb-2/Sos Complex, Regulators of P21(Ras). European journal of
immunology 1995;25(4):1044-50.

Brockmeyer C, Paster W, Pepper D, Tan CP, Trudgian DC, McGowan S, et al. T cell
receptor (TCR)-induced tyrosine phosphorylation dynamics identifies THEMIS as a
new TCR signalosome component. The Journal of biological chemistry
2011;286(9):7535-47.

Roncagalli R, Hauri S, Fiore F, Liang YM, Chen Z, Sansoni A, et al. Quantitative
proteomics analysis of signalosome dynamics in primary T cells identifies the surface
receptor CD6 as a Lat adaptor-independent TCR signaling hub. Nature immunology
2014;15(4):384-+.

Gaud G, Roncagalli R, Chaoui K, Bernard I, Familiades J, Colacios C, et al. The
costimulatory molecule CD226 signals through VAV1 to amplify TCR signals and
promote IL-17 production by CD4(+) T cells. Science signaling 2018;11(538).
Nishida M, Nagata K, Hachimori Y, Horiuchi M, Ogura K, Mandiyan V, et al. Novel
recognition mode between Vav and Grb2 SH3 domains. Embo Journal
2001;20(12):2995-3007.

Pedros C, Gaud G, Bernard I, Kassem S, Chabod M, Lagrange D, et al. An Epistatic
Interaction between Themisl and Vavl Modulates Regulatory T Cell Function and
Inflammatory Bowel Disease Development. J Immunol 2015;195(4):1608-16.

Garreau A, Blaize G, Argenty J, Rouquie N, Tourdes A, Wood SA, et al. Grb2-
Mediated Recruitment of USP9X to LAT Enhances Themis Stability following
Thymic Selection. J Immunol 2017;199(8):2758-66.

Naik E, Dixit VM. Usp9X Is Required for Lymphocyte Activation and Homeostasis
through Its Control of ZAP70 Ubiquitination and PKCbeta Kinase Activity. J
Immunol 2016;196(8):3438-51.

Duguet F, Locard-Paulet M, Marcellin M, Chaoui K, Bernard I, Andreoletti O, et al.
Proteomic analysis of regulatory T cells reveals the importance of Themisl in the
control of their suppressive function. Molecular & cellular proteomics : MCP 2017.
Howden AJM, Hukelmann JL, Brenes A, Spinelli L, Sinclair LV, Lamond Al, et al.
Quantitative analysis of T cell proteomes and environmental sensors during T cell
differentiation. Nature immunology 2019;20(11):1542-+.

Brzostek J, Gautam N, Zhao X, Chen EW, Mehta M, Tung DWH, et al. T cell receptor
and cytokine signal integration in CD8(+) T cells is mediated by the protein Themis.
Nature immunology 2020;21(2):186-+.

LiuY, Cong Y, Niu Y, Yuan Y, Tan F, Lai Q, et al. Themis is indispensable for IL-2
and IL-15 signaling in T cells. Science signaling 2022;Vol 15(1Issue 721).

32



[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Chabod M, Pedros C, Lamouroux L, Colacios C, Bernard I, Lagrange D, et al. A
spontaneous mutation of the rat Themis gene leads to impaired function of regulatory
T cells linked to inflammatory bowel disease. PLoS genetics 2012;8(1):e1002461.
Torre S, Faucher SP, Fodil N, Bongfen SE, Berghout J, Schwartzentruber JA, et al.
THEMIS Is Required for Pathogenesis of Cerebral Malaria and Protection against
Pulmonary Tuberculosis. Infection and immunity 2015;83(2):759-68.

Prasad M, Brzostek J, Gautam N, Balyan R, Rybakin V, Gascoigne NRJ. Themis
regulates metabolic signaling and effector functions in CD4(+) T cells by controlling
NFAT nuclear translocation. Cell Mol Immunol 2020.

Martinez GJ, Pereira RM, Aijo T, Kim EY, Marangoni F, Pipkin ME, et al. The
Transcription Factor NFAT Promotes Exhaustion of Activated CD8(+) T Cells.
Immunity 2015;42(2):265-78.

Surh CD, Sprent J. Homeostasis of Naive and Memory T Cells. Immunity
2008;29(6):848-62.

Rochman Y, Spolski R, Leonard WJ. New insights into the regulation of T cells by
gamma(c) family cytokines. Nature Reviews Immunology 2009;9(7):480-90.

Colacios C, Casemayou A, Dejean AS, Gaits-lacovoni F, Pedros C, Bernard I, et al.
The p.Arg63Trp polymorphism controls Vavl functions and Foxp3 regulatory T cell
development. The Journal of experimental medicine 2011;208(11):2183-91.

Jagodic M, Colacios C, Nohra R, Dejean AS, Beyeen AD, Khademi M, et al. A role
for VAV1 in experimental autoimmune encephalomyelitis and multiple sclerosis.
Science translational medicine 2009;1(10):10ra21.

Yan DP, Farache J, Mathis D, Benoist C. Imbalanced signal transduction in regulatory
T cells expressing the transcription factor FoxP3. Proceedings of the National
Academy of Sciences of the United States of America 2015;112(48):14942-7.

Pani G, Colavitti R, Borrello S, Galeotti T. Endogenous oxygen radicals modulate
protein tyrosine phosphorylation and JNK-1 activation in lectin-stimulated
thymocytes. Biochem J 2000;347:173-81.

Johnson DJ, Pao LI, Dhanji S, Murakami K, Ohashi PS, Neel BG. Shpl regulates T
cell homeostasis by limiting IL-4 signals. Journal of Experimental Medicine
2013;210(7):1419-31.

Mercadante ER, Lorenz UM. T Cells Deficient in the Tyrosine Phosphatase SHP-1
Resist Suppression by Regulatory T Cells. Journal of Immunology 2017;199(1):129-
37.

Kamata T, Yamashita M, Kimura M, Murata K, Inami M, Shimizu C, et al. src
homology 2 domain-containing tyrosine phosphatase SHP-1 controls the development
of allergic airway inflammation. Journal of Clinical Investigation 2003;111(1):109-19.
Mauldin IS, Tung KS, Lorenz UM. The tyrosine phosphatase SHP-1 dampens murine
Th17 development. Blood 2012;119(19):4419-29.

Deng CS, Minguela A, Hussain RZ, Lovett-Racke AE, Radu C, Ward ES, et al.
Expression of the tyrosine phosphatase Src homology 2 domain-containing protein
tyrosine phosphatase 1 determines T cell activation threshold and severity of
experimental  autoimmune  encephalomyelitis.  Journal of  Immunology
2002;168(9):4511-8.

Stromnes IM, Fowler C, Casamina CC, Georgopolos CM, McAfee MS, Schmitt TM,
et al. Abrogation of Src Homology Region 2 Domain-Containing Phosphatase 1 in
Tumor-Specific T Cells Improves Efficacy of Adoptive Immunotherapy by Enhancing
the Effector Function and Accumulation of Short-Lived Effector T Cells In Vivo.
Journal of Immunology 2012;189(4):1812-25.

33



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and SHP-2 associate
with immunoreceptor tyrosine-based switch motif of programmed death 1 upon
primary human T cell stimulation, but only receptor ligation prevents T cell activation.
J Immunol 2004;173(2):945-54.

Lebbink RJ, de Ruiter T, Verbrugge A, Bril WS, Meyaard L. The mouse homologue
of the leukocyte-associated Ig-like receptor-1 is an inhibitory receptor that recruits Src
homology region 2-containing protein tyrosine phosphatase (SHP)-2, but not SHP-1. J
Immunol 2004;172(9):5535-43.

Sathish JG, Walters J, Luo JC, Johnson KG, LeRoy FG, Brennan P, et al. CD22 is a
functional ligand for SH2 domain-containing protein-tyrosine phosphatase-1 in
primary T cells. Journal of Biological Chemistry 2004;279(46):47783-91.

Han P, Goularte OD, Rufner K, Wilkinson B, Kaye J. An inhibitory Ig superfamily
protein expressed by lymphocytes and APCs is also an early marker of thymocyte
positive selection. J Immunol 2004;172(10):5931-9.

Keir ME, Latchman YE, Freeman GJ, Sharpe AH. Programmed death-1 (PD-1):PD-
ligand 1 interactions inhibit TCR-mediated positive selection of thymocytes. J
Immunol 2005;175(11):7372-9.

Verhagen J, Genolet R, Britton GJ, Stevenson BJ, Sabatos-Peyton CA, Dyson J, et al.
CTLA-4 controls the thymic development of both conventional and regulatory T cells
through modulation of the TCR repertoire. Proceedings of the National Academy of
Sciences of the United States of America 2013;110(3):E221-E30.

Kinosada H, Yasunaga JI, Shimura K, Miyazato P, Onishi C, lyoda T, et al. HTLV-1
bZIP Factor Enhances T-Cell Proliferation by Impeding the Suppressive Signaling of
Co-inhibitory Receptors. PLoS Pathog 2017;13(1):e1006120.

Sugiura D, Maruhashi T, Okazaki I, Shimizu K, Maeda TK, Takemoto T, et al.
Restriction of PD-1 function by cis-PD-L1/CD80 interactions is required for optimal T
cell responses. Science 2019;364(6440):558-+.

Rangachari M, Zhu C, Sakuishi K, Xiao S, Karman J, Chen A, et al. Bat3 promotes T
cell responses and autoimmunity by repressing Tim-3-mediated cell death and
exhaustion. Nature medicine 2012;18(9):1394-+.

34



Prevents the elimination of thymocytes with Promotes the positive selection of
greater self-reactivity? thymocytes

Figure 1




LAT

THEMIS

CABIT1 CABIT2

Proteasome

Figure 2




A. TCR stimulation alone

B. TCR + co-inhibitory receptors stimulation __

(in vitro)

(in vivo)
Co-inhibitory receptors

THEMIS

-
GADS Q_

THEMIS exerts combined effects on TCR signaling

THEMIS

THEMIS enhances TCR signaling

Figure 3





