Article

The scaffolding function of the RLTPR protein explains
its essential role for CD28 co-stimulation in mouse and
human T cells
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The RLTPR cytosolic protein, also known as CARMIL2, is essential for CD28 co-stimulation in mice, but its importance in
human T cells and mode of action remain elusive. Here, using affinity purification followed by mass spectrometry analysis, we
showed that RLTPR acts as a scaffold, bridging CD28 to the CARD11/CARMA1 cytosolic adaptor and to the NF-xB signaling
pathway, and identified proteins not found before within the CD28 signaling pathway. We further demonstrated that RLTPR is
essential for CD28 co-stimulation in human T cells and that its noncanonical pleckstrin-homology domain, leucine-rich repeat
domain, and proline-rich region were mandatory for that task. Although RLTPR is thought to function as an actin-uncapping
protein, this property was dispensable for CD28 co-stimulation in both mouse and human. Our findings suggest that the scaf-
folding role of RLTPR predominates during CD28 co-stimulation and underpins the similar function of RLTPR in human and
mouse T cells. Along that line, the lack of functional RLTPR molecules impeded the differentiation toward Th1 and Th17 fates
of both human and mouse CD4* T cells. RLTPR was also expressed in both human and mouse B cells. In the mouse, RLTPR did
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not play, however, any detectable role in BCR-mediated signaling and T cell-independent B cell responses.

INTRODUCTION
In the two-signal model of T cell activation, the first signal is
delivered via the TCR after recognition of antigenic peptides
bound to MHC molecules, and the second signal provided by
the CD28 co-stimulator after it binds to CD80 or CD86 on
APCs. By acting in synergy, the TCR and CD28 trigger the
association of the cytosolic adaptor CARMAT1 (also known
as CARD11) with BCL10 and MALT1 to form the CBM
complex (Thome et al., 2010; Jiang and Lin, 2012;Wang et al.,
2012). The CBM complex serves as a signaling scaffold per-
mitting the assembly of an active I-xB kinase complex that in
turn stimulates the NF-xB signaling pathway.

Using an N-ethyl-N-nitrosurea-mutagenesis screen,
we identified a mutation in the mouse Rltpr gene (denoted
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as Rltpr’™) and we demonstrated that its product is essen-
tial for co-stimulation via CD28 and as a result critical for
the development and homeostasis of regulatory T cells (T
reg cells; Liang et al., 2013). Rltpr is also known as Lrrc16¢
(Carmil2), and in mammals it has two paralogs denoted as
Lrrcl6a (Carmill) and Lrre16b (Carmil3; Liang et al., 2009).
The three members of the LRRC16 family are large (~1,400
aa) multidomain cytosolic proteins with a high degree of se-
quence similarity (Liang et al., 2009; Zwolak et al., 2013).
They comprise an N-terminal noncanonical pleckstrin ho-
mology (PH) domain, a leucine-rich repeat (LRR) domain,
a homodimerization domain (HD; as demonstrated in the
case of LRRC16A), and an extended C terminus that con-
tains a capping protein (CP) interaction (CPI) motif and a
proline-rich region (PRR; Zwolak et al., 2013; Edwards et
al., 2014). In their free form, CPs bind tightly to the barbed
end of actin filaments and block the addition of actin sub-
units. After binding to CPI motif, the affinity of CP for actin
filaments decreases. Therefore, by uncapping actin filaments,

©2016 Roncagalli et al. This article is distributed under the terms of an Attribution-Noncommercial-Share
Alike-No Mirror Sites license for the first six months after the publication date (see http://www.rupress.org
Jterms). After six months it is available under a Creative Commons License (Attribution-Noncommercial-
Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/oy-nc-sa/3.0/).

2437

920z Areniged 60 uo 1senb Aq 4pd'6.60910Z Wel/z9G+S.L/LEv/L LIS L Z/Pd-ajone/wal/Bio sseidny//:dpy woly papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20160579&domain=pdf
http://www.rupress.org/terms
http://www.rupress.org/terms
http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:
mailto:

the members of the LRRC16 family are thought to enhance
actin polymerization and play a role in endocytosis, phagocy-
tosis, and the control of cell shape and movement (Yang et al.,
2005; Fujiwara et al., 2010; Hernandez-Valladares et al., 2010;
Edwards et al., 2014). The fact that RLTPR went unnoticed
until recently is likely a result of its very low abundance (2.6
X 10° copies per T cell; Hukelmann et al., 2016).

Glass-supported planar bilayers containing mobile anti-
genic peptide—MHC complexes and CD80 molecules allow
imaging of the immunological synapse that forms at the T
cell-planar bilayer interface. Small TCR and CD28 clusters
called microclusters nucleate immediately after T' cells attach
to the planar bilayer and then, driven by a centripetal flow
of F-actin, form a central supramolecular activation complex
(cSMAC; Yokosuka and Saito, 2010). The Rltpr" mutation
affects neither the generation of TCR and CD28 microclus-
ters nor their translocation to the cSMAC in response to an-
tigen stimulation (Liang et al., 2013). RLTPR and RLTPR"™
molecules also form microclusters at the immunological
synapse in a CD80-dependent manner, and they co-migrate
with CD28 microclusters. R emarkably, the RItp”™ mutation
abrogated the ability of CD28-RLTPR microclusters to nu-
cleate the accumulation of CARMAT1 at the ¢<SMAC, sug-
gesting that RLCTPR is essential for co-stimulation via CD28
in that it couples CD28 to CARMAT.

Here, we combined affinity purification followed by
mass spectrometry (AP-MS) analysis and mouse functional
genomics to determine the mode of action of RLTPR in T
cells. Specifically, we developed mice that bear a genetic tag
allowing AP-MS analysis of the RLTPR interactome in pri-
mary T cells. We showed that CD28, RLTPR, and CARMA1
physically associate after activation, and we identified proteins
not found before within the CD28 signaling pathway. Using
CRISPR-Cas9 to edit the genome of human Jurkat leuke-
mic T cells, we demonstrated that RLTPR is also essential
for co-stimulation via human CD28 and used this model for
structure-function analysis of RLTPR.

RESULTS

Quantitative analysis of RLTPR protein expression in mouse
lymphoid and myeloid cells

To quantify the expression of the RLTPR protein, we gen-
erated a monoclonal antibody (denoted as EM-53) that
recognized residues 1147-1272 of mouse RLTPR and
cross-reacted with human RLTPR (see Materials and meth-
ods). Intracellular staining of mouse thymocyte subsets with
EM-53 showed that RLTPR was expressed at the highest
level in both CD25" double-negative (CD4 CD8") cells and
double-positive (CD4"CD8") cells and down-regulated in
CD4" and CD8" single-positive thymocytes (Fig. 1 A). CD28
showed a similar reduction of expression during the double-
positive to single-positive thymocyte transition (Fig. 1 A).
Among peripheral CD4" and CD8" T cells, both naive (CD-
44°CD62LM) and effector memory (CD44"CD62L") T cells
expressed substantial levels of RLTPR and CD28 (Fig. 1 B).
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Likewise, RLTPR and CD28 were coexpressed inT reg cells,
YO T cells, and NKT cells (not depicted).

In the B lymphoid lineage, RLTPR was expressed
in B cells (CD45R"$"CD19") and plasma cells (CD45R"
CD138"; Fig. 1 C). Given that CD28 is induced at the B
cell-plasma cell transition (Delogu et al.,2006),bone marrow
plasma cells expressed both CD28 and RLTPR (Fig. 1 C).
Mouse NK cells can be organized into a CD11b°CD27" —
CD11b"CD27" — CD11b"CD27"° maturation sequence
that is associated with a progressive acquisition of effector
functions (Chiossone et al., 2009). Expression of CD28 and
RLTPR was elevated in immature NK cells and diminished
upon NK cell maturation (Fig. 1 D). Consistent with tran-
scriptomic data available from the ImmGen project, among
conventional DCs, monocytes, monocyte-derived DCs, and
macrophages, plasmacytoid DCs (pDCs) were the only ones
to express RLTPR, which correlated with the expression
of CD28 (Fig. 1 E and not depicted). Therefore, RLTPR is
not lymphoid-lineage specific as originally thought, and in
most lymphoid (T cells, plasma cells, and NK cells) and my-
eloid (pDC) cells, its expression was coordinated with that
of CD28. However, as illustrated by B cells, RLTPR can be
also expressed in the absence of CD28.

Gene-targeted mice suitable for
proteomics analysis of RLTPR
To identify the RLTPR interactome by AP-MS, we gener-
ated a line of gene-targeted mice expressing a One-STrEP-
tag (OST) at the C terminus of endogenous RLTPR (Fig.
S1 A). Immunoblots of thymocytes from mice heterozygous
for the Rlitpr™ allele (also known as B6-Rlepr™™?: called
Rltpr®* mice here) showed that addition of the 29-aa-long
OST sequence had no effect on RLTPR expression and that
the RLCTPR-OST bait was efficiently affinity purified with
Sepharose beads coupled to Strep-Tactin (Fig. ST B). Analysis
of thymus of Rlepr®™ mice showed a normal sequence of T
cell development and the spleen of Rlitpr® mice contained
normal numbers of y8 T cells and of CD4" and CD8" T cells
(Fig. S1, C and D). Stimulation of CD4" T cells purified from
WT and Rltpr® mice with antibody to CD3 (anti-CD3) in
the presence or absence of anti-CD28 showed that RLTPR-
OST molecules had no detrimental effect on the proliferation
and production of IL-2 (Fig. S1, E and F). Therefore, thymo-
cytes and T cells of Ritpr® mice are normal.
Double-positive thymocytes—the major population of’
cells found in the thymus—contained higher levels of RLTPR.
than peripheral T cells (Fig. 1,A and B), and thymocytes were
thus used to determine the RLCTPR interactome. Thymocytes
from Rltpr® mice were lysed before or after treatment for 30,
120, 300, and 600 s with the tyrosine-phosphatase inhibitor
pervanadate, a surrogate for TCR stimulation (Roncagalli et
al.,2014), and the proteins bound to RLTPR-OST were iso-
lated using Strep-Tactin-Sepharose beads. After elution with
D-biotin (a ligand that binds to Strep-Tactin with a higher
affinity than the OST sequence does), proteins were subjected
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to liquid chromatography coupled tandem MS (LC-MS/MS)
analysis (see Materials and methods). Three independent bio-
logical experiments, each involving five different conditions
corresponding to no stimulation and to four time points
spanning 600 s after pervanadate stimulation, were analyzed
by AP-MS. Technical triplicates were run for each of the five
conditions. The reproducibility of the AP-MS process was
assessed for each condition of stimulation across biological
and technical replicates (Fig. S2).To distinguish truly interact-
ing proteins from nonspecific contaminants, control AP-MS
experiments were performed for each time point using WT
thymocytes. To determine whether a given detected protein
was specifically associated with the RLCTPR-OST bait over
the course of an experiment, we compared the distribution
of log-normalized intensities obtained for Rltpr*™ and for
WT CD4" T cells. Each comparison yielded a value specify-
ing the enrichment observed in RLTPR-OST thymocytes as
compared with WT thymocytes and a corresponding P-value
based on a Wilcoxon test (Fig. 2 A). Proteins were selected as
specific interacting partners of the considered OST bait when
P < 0.05 and the corresponding enrichment was greater than
threefold (Fig. 2 A and Table S1).

Characterization of the RLTPR interactome

A large spectrum of functional activities was found among
the 19 proteins that constitute the RLTPR interactome of
thymocytes (Fig. 2 B).They include cytosolic adaptors (CAR
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Figure 1. Quantitative analysis of RLTPR expression

--- CD25*DN in mouse T cells, B cells, NK cells, and pDCs. (A) Ex-
— DP pression of RLTPR (left) and CD28 (right) in double-nega-
- ggi §E tive CD25" thymocytes, double-positive thymocytes, and

CD4* or CD8*CD24  single-positive thymocytes, analyzed
by flow cytometry using RLTPR- or CD28-specific anti-
bodies. (B) Expression of RLTPR (left) and CD28 (right) in

. Efafi\rﬁeCmDéEM* naive and effector memory CD4* or CD8" splenic T cells,
—— Naive CD8* analyzed by flow cytometry. (C) Expression of RLTPR (left)
- - - Eff-mem CD8*

and CD28 (right) in CD45R""CD19* B cells and CD45R"
CD138* plasma cells from the bone marrow, analyzed by
flow cytometry. (D) Expression of RLTPR (left) and CD28
(right) in CD27*CD11b", CD27*CD11b*, or CD27°CD11b*

sion of RLTPR (left) and CD28 (right) in splenic pDCs, an-
alyzed by flow cytometry. pDCs were identified among
lineage-negative cells (CD5°CD161°CD197Ly-6G7) on the
basis of their CD317*CD45R*SiglecH* phenotype. Results
are representative of three experiments involving three
animals. Gray shaded curves, negative control staining
based on staining of equivalent cell types isolated from
RLTPR-deficient (left) or CD28-deficient (right) mice.

— pDC (Spleen)

MAT1, FYB [also known as ADAP], GRB2, and GRAP2 [also
known as GADS]), the transmembrane adaptor SIT1, two
guanine nucleotide exchange factors (VAV1 and DOCKS),
a GTPase-activating protein (RASAL3), two receptor protein
tyrosine phosphatases (PTPRC [also known as CD45] and
PTPREF [also known as LAR]), a cytosolic protein tyrosine
phosphatase (PTPNG6; also known as SHP1), two transmem-
brane receptors (CD28 and CD8B), the a- and B-subunits of
CP (CAPZA1, CAPZA2, and CAPZB), CNOT1, a subunit
of the CCR4-NOT complex, the DEAD-box RNA helicase
DDX3X, and the SUGT1 chaperone. CAPZA1, CAPZA2,
CAPZB, PTPRC, and SUGT1 associated to RLTPR before
activation and remained bound to it after T cell activation
(Fig. 2 C). In contrast, all the remaining proteins found in the
RLTPR interactome began interacting with RLTPR only
after thymocyte activation (Fig. 2 C).

By imaging the immunological synapse, we previously
inferred that RLTPR couples CD28 to CARMAT, but due
to the extremely low abundance of RLTPR molecules, we
failed to validate the existence of such association using con-
ventional biochemistry (Liang et al., 2013). In contrast, the
sensitivity of AP-MS analysis readily established that CD28
and CARMAT1 associate with RLTPR after thymocyte acti-
vation (Fig. 2 C). FYB can be recruited to the CBM complex
upon CD3-CD28 stimulation and VAV1 can cooperate with
CD28 to contribute to NF-«kB activation (Marinari et al.,
2002; Srivastava et al., 2010). Consistent with those findings,
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Figure 2. The RLTPR interactome of thymocytes. (A) Proteins are classified as RLTPR interactors according to their position in a volcano plot in which
the P-value is plotted against the corresponding mean fold-change for RLTPR®" versus WT samples (enrichment). Proteins that displayed enrichment
greater than threefold and P < 0.05 were selected as specific partners (shown as blue dots). The RLTPR bait is shown in red, and dashed lines represent
thresholds on P-value and enrichment to identify specific RLTPR interactors. (B) Each protein interacting with the RLTPR-OST bait before or after pervana-
date stimulation is represented as a node and is linked by an edge to the RLTPR bait. Proteins are identified by their UniProt designations—note that CARD11
corresponds to CARMA1—and are color-coded according to their function or protein family; see key (bottom) and Table S1 for additional information. (C)
Kinetics of the binding of proteins to RLTPR. Label-free quantitative analysis of the kinetics of binding of various proteins to RLTPR in thymocytes left
unstimulated (0) or stimulated for 30, 120, 300, or 600 s with pervanadate. Kinetics are displayed as fold changes of normalized intensities of association
relative to the unstimulated condition. Interacting proteins were clustered by Euclidean distance correlation on the basis of similar binding kinetics. For each
protein, binding kinetics was averaged from three independent biological replicates. *, P < 0.05; **, P < 0.01.

both FYB and VAV1 were found in the RLTPR interac-
tome of activated thymocytes (Fig. 2 B). Most of the proteins
found in the RLTPR interactome cannot be predicted on
the basis of our previous model of RLTPR function (Liang
et al., 2013). Among them stood SUGT1, the presence of
which can be rationalized in that it has been found to be
associated with several cytosolic nucleotide-binding proteins
and immune sensors containing LRR domains and is pos-
tulated to regulate their stability (Shirasu, 2009; Eastburn et
al., 2012). DOCKS, a member of the DOCK180 family of
guanine nucleotide exchange factors, is also part of the RLT
PR interactome. Several transmembrane receptors and adap-
tors expressed at the surface of T cells were also found in the
RLTPR interactome in addition to the anticipated CD28 re-
ceptor. They comprised SIT1, a transmembrane adaptor that
contains tyrosine residues that are phosphorylated after TCR
stimulation (Horejsi et al., 2004), and the receptor protein
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tyrosine phosphatases PTPRC and PTPRE Therefore, the
analysis of the RLTPR interactome in T cells demonstrated
that RLTPR links CD28 to CARMAT1 and unraveled unex-
pected RLTPR interacting partners.

T cell development and function in RLTPR-deficient mice

To further explore the role of RLTPR in T cell development
and function and determine whether the Rltpr" mutation
was functionally equivalent to a complete Rltpr deficiency,
we generated mice deprived of RLTPR by deleting se-
quences corresponding to exons 1-3 of the Rltpr gene (Fig.
S3 A). Mice homozygous for this mutation, Rlepr~’~ (also
known as B6-Rltpr™™*) were born at the expected Mende-
lian frequencies and lacked detectable RLTPR protein (Fig.
S3 B). Analysis of Rltpr~’~ mice showed that their thymus
and spleen were of normal size (Fig. 3,A and B), and without
alteration of CD4, CD8, TCRaf, and TCRYd expression

The RLTPR signalosome | Roncagalli et al.
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Figure 3. The RItpr™ mutation phenocopies a Rltpr-null mutation. (A) Cellularity of thymus and spleen of WT, Ritor”=, and Rltpr*"* mice (key:
lower right corner). (B) Quantification of T cells in the spleen of WT, Ritor™=, and Ritpr™®#"* mice. (C) Expression of RLTPR (left) and CD28 (right) in dou-
ble-positive thymocytes (DP) and splenic CD4* T cells (CD4) from WT, R/tpr’/’, and thpr“s/b“ mice, analyzed by flow cytometry (key: lower right corner).
(D). CD4* T cells from WT, Ritpr~'=, and Ritpr**"* spleens were analyzed for expression of Foxp3 and CD25. Numbers in quadrants indicate percent T reg
cells, and quantification of T reg cells is shown on the right. (E) CD4" T cells from WT, Rltpr'=, and Rltpr**/"* spleens were analyzed for expression of CD44
and CD62L. Numbers in quadrants indicate percent naive (CD44°CD62L") and effector memory (CD44"CD62L"°) CD4* T cells. Histogram on the right shows
percent effector memory CD4* T cells. (F) ATP content of negatively purified CD4* T cells from lymph nodes of WT, thpr’/’, and thpr"'”/ba‘ mice, activated
for 48 h in vitro with plate-bound anti-CD3 in the presence or absence of soluble anti-CD28 or with PMA and ionomycin (PI). ATP content was assessed
using luminescence as a measure of the extent of cell proliferation. (G) IL-2 in supernatants of purified WT, Rltpr™'=, and Rltpr®®*> CD4* T cells activated
for 48 h as in F. Data are representative of at least three independent experiments, with two to three mice per genotype (D-G; mean and SEM). **, P < 0.07;
** P <0.005; ns, nonsignificant.
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(Fig. S3, C and D; and not depicted). Developing and mature
T cells from WT and Rltpr’~ mice expressed identical levels
of CD28 at their surface, demonstrating that CD28 expression
was not influenced by the presence of RLTPR (Fig. 3 C).

T reg cell development is affected in mice deprived
of CD28 or expressing Rltpr”™** (Fig. 3 D; Liang et al.,
2013). Likewise, the spleens of Rltpr~’~ mice had approxi-
mately one third as many Foxp3" T reg cells as WT spleen
had (Fig. 3 D). Both Rltpr’*** and Rltpr™’~ mice expressed
lower percentages of CD44™CD62L"° effector memory
CD4" T cells, whereas effector memory CD8" T cells were
not affected (Fig. 3 E and not depicted). Therefore, akin to
the situation observed in thpzf””/b“S and Cd28~ mice, the
complete absence of RLTPR had a strong impact on T reg
cell and effector memory CD4" T cell development, but was
not associated with any impairment of other intrathymic and
peripheral T cell subsets.

T cells from Rlepr”™ and Rltpr~’~ mice were stim-
ulated with a suboptimal concentration of anti-CD3 in the
presence or absence of a fixed concentration of anti-CD28.
Analysis of the resulting T cell proliferation and cytokine
(IL-2 and IFN-y) production showed that the RCTPR de-
ficiency prevented CD28 from acting in synergy with the
TCR~-CD3 complex to the same extent as the Rltpr” mu-
tation did (Fig. 3, F and G; and not depicted). Therefore, the
Rltpr’™ mutation constitutes a functional phenocopy of a
complete RLTPR deficiency.

Essential functional role of the LRR domain

Because of the nonconservative L432P substitution iden-
tified in the LRR domain encoded by the Rlitpr’™ allele,
thymocytes and peripheral T cells of Rltpr"™/"™ mice con-
tain approximately twofold less RLTPR protein than WT
Rlitpr'”* mice (Fig. 4 A; Liang et al., 2013). Determining
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control antibody (negative control).

whether the lack of CD28 co-stimulation observed in
Rltpr®’** mice resulted from the L432P substitution itself
or—more trivially—from the diminished levels of RLT
PR protein should formally establish whether the LRR
domain of RLTPR is critical for its function. For that pur-
pose, we used the Rltpr allele to titrate the number of
functional Rltpr alleles per T cell. This resulted in a clear
gene-dosage effect since CD4" T cells from Rltpr'/™ mice
expressed approximately twofold less RLTPR protein than
WT Rltpr”” mice (Fig. 4 A).The reduced levels of RLTPR
found in CD4" T cells from Rltpr”™ mice were without
effect on CD28 expression (Fig. 4 A). Analysis of the re-
sponse of CD4" T cells from Rlitpr”" and Rlepr’”™ mice to
a suboptimal dose of anti-CD3 in the presence or absence of
anti-CD28, showed that a twofold reduction in RLTPR had
no detectable effect on proliferation and IL-2 production
(Fig. 4, B and C). Therefore, given that CD4" T cells from
Rltpr"* and Rltpr’’~ mice contained similar levels of mu-
tant and WT RLTPR molecules, respectively (Fig. 4 A), our
results demonstrate that the LRR domain of RLCTPR has an
essential functional role in CD28 co-stimulation.

RLTPR is essential for the human CD28 signaling pathway

Stimulation of the TCR expressed on the human leuke-
mic T cell line Jurkat with Raji lymphoblastoid B cells
presenting the superantigen staphylococcal enterotoxin E
(SEE) triggers IL-2 production. Blocking the interaction of
CD80 and CD86 on Raji cells with CD28 on Jurkat cells
by adding a CTLA4-Ig recombinant fusion protein prevents
SEE-triggered IL-2 production, demonstrating its depen-
dence on CD28 signaling (Tian et al., 2015). In contrast,
SEE-triggered up-regulation of CD69, an activation marker
downstream of the Ras—MAPK-ERK signaling pathway,
occurs irrespective of CD28 signaling. To examine the role
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Figure 5. RLTPR is essential for the func-
tion of CD28 in the human T cell line Jur-
kat. (A) Expression of CD3 and CD28 on RLT
PR-sufficient (WT) and -deficient (Rltpr'")
Jurkat cells. (B) RLTPR-sufficient and -deficient
Jurkat cells were stimulated with Raji cells in
presence (+) or absence (=) of SEE. For each
condition, CD69 up-regulation was measured
by FACS 24 h after stimulation. (C) RLTPR-suf-
ficient and -deficient Jurkat cells were left un-
treated (=) of stimulated (+) with anti-CD3 in
absence or presence of anti-CD28 for 2 min
at 37°C. Equivalent amounts of lysates were
analyzed by immunoblot with antibodies spe-
cific for RLTPR, ERK1/2, phospho-ERK1/2 (an-
ti-P-ERK1/2), and SLP76 (as a loading control).
(D) ELISA analysis of IL-2 production by the
specified cells 24 h after stimulation with Raji
cells and SEE. (E) Expression of RLTPR using
immunoblot of lysates from RLTPR-deficient
(Ritpr") Jurkat cells before (<) and after ret-
roinfection with an empty vector (control) or
a vector containing a cDNA coding for RLTPR.
WT Jurkat cells were analyzed in parallel, and
an anti-SLP76 was used as a loading control.
(F) IL-2 production by the cells specified in E
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of RLTPR in the human CD28 signaling pathway, we gen-
erated RLTPR-deficient Jurkat T cells using CRISPR-
Cas9 technology (see Materials and methods). The lack
of RLTPR did not affect surface expression of CD3 and
CD28 (Fig. 5 A), and after stimulation with Raji B cells
and SEE, WT and RLTPR-deficient Jurkat cells showed
comparable inducible levels of CD69 (Fig. 5 B), and of
ERK phosphorylation (Fig. 5 C). In contrast, IL-2 produc-
tion by SEE-stimulated RLCTPR-deficient Jurkat cells was
nearly abolished (Fig. 5 D).

To exclude that adventitious recombination events had
occurred in RLTPR-deficient Jurkat cells and accounted
for their CD28 signaling defect, we infected them with a
lentivirus driving the expression of RLTPR. Upon recon-
stitution, RLTPR -deficient Jurkat cells expressed levels of
RLTPR comparable to WT Jurkat cells (Fig. 5 E), and re-
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06 08 1
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gained their ability to produce IL-2 in response to SEE
stimulation (Fig. 5 F). Therefore, RLTPR is essential for the
proper function of the CD28 signaling pathway in the human
leukemic T cell line Jurkat.

RLTPR exists as a homodimer

LRRC16A, a paralog of RLTPR, contains a central HD
that mediates constitutive antiparallel association of two
LRRC16A molecules (Zwolak et al., 2013). Fusing a
full-length RLTPR protein to a YPET (yellow fluores-
cent protein for energy transfer) reporter, permitted us
to distinguish RLTPR®T and RLTPRY™T molecules in
polyacrylamide gels on the basis of their distinct molecular
weights (Fig. 6). When lysates of HEK293 cells coexpress-
ing RLTPR “*" and RLTPR """ molecules were subjected
to AP with Strep-Actin-Sepharose beads and analyzed by
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immunoblot with an anti-YPET antibody, RLTPR °*" mol-
ecules were capable of coprecipitating RLTPRY"*T mol-
ecules (Fig. 6), demonstrating that, akin to LRRC16A,
RLTPR also exists as a constitutive dimer. Considering
that the sequence corresponding to the HD found in
LRRC16A is poorly conserved in RLTPR and that res-
idues 853-905 of the putative human RLTPR HD are
dispensable for dimerization (see Wang et al. in this issue),
it remains to determine whether RLTPR dimerization
requires sequences distinct from the putative HD or even
additional protein partners.

The noncanonical PH domain and the PRR of RLTPR are

essential for CD28 co-stimulation in human Jurkat cells

Most previous studies of the function of members of the
LRRC16 protein family, including RLTPR, relied on het-
erologous cellular models and resulted in RLTPR overex-
pression. The possibility of editing the genome of Jurkat
cells with CRISPR-Cas9 permits to express RLTPR mu-
tants in a physiological context and to preserve the stoi-
chiometry of the RLTPR signaling complexes. Sequence
alignment suggested that the 158 aa found at the N ter-
minus of human RLTPR code for a noncanonical PH do-
main similar to the one identified in mouse LRRC16A
(Zwolak et al., 2013), whereas the 125 aa found at the C
terminus of RLTPR contain a PRR with canonical SH3
domain-binding motifs. After introducing a OST-coding
sequence at the C terminus of the two alleles of the Rltpr
gene found in Jurkat cells, we used the resulting Jurkat
cells, denoted as Rlepr®™, to derive lines expressing RLTPR
molecules deprived of either the noncanonical PH domain
(RLTPRP"™) or of the PRR (RLTPR""™™®; Fig. 7 A).
Truncated RLTPR”™ and RLTPRP™® molecules with
the expected molecular weight were expressed at levels
comparable to WT RLTPR molecules and were still ca-
pable of binding to CP (Fig. 7 B). Jurkat cells expressing
RLTPRPP®® molecules showed normal levels of TCR
and CD28, whereas normal levels of TCR and slightly re-
duced levels of CD28 were found on Jurkat cells expressing
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Figure 6. RLTPR exists as a homodimer. Equal amount

&QQ" of total lysates from HEK293 cells transfected with an
Q}/ empty vector (control), a vector containing a cDNA coding
for RLTPR', a vector containing a cDNA coding for RLTPR"

K & , .
& QQ~ PEor a 1:1 mixture of the two last vectors were subjected
o

to affinity purification (AP) on Strep-Tactin-Sepharose
beads, followed by elution of proteins with D-biotin, and
immunoblot analysis with either anti-RLTPR or anti-GFP.
Also shown is an immunoblot analysis of equal amount of
total lysates (TL) of the same cells probed with the same
antibodies. The anti-GFP antibody cross-reacts with YPET.
Data are representative of two experiments.

RLTPR"™ molecules (Fig. 7 C). In response to Raji-SEE,
both mutant cell lines showed normal induction of CD69
(Fig. 7 D) and ERK phosphorylation (Fig. 7 B), but failed
to produce IL-2 (Fig. 7 E).Therefore, the noncanonical PH
domain and the PRR of RLTPR are essential for CD28
co-stimulation in Jurkat cells.

The CPI motif is dispensable for CD28 co-stimulation

in Jurkat cells

RLTPR constitutively associates with CP (Fig. 2 B), via
its CPI motif and thereby decreases CP affinity for actin
filaments (Lanier et al., 2016). To test the importance of
the CPI motif for co-stimulation via CD28, we con-
structed Jurkat T cells expressing RLTPR molecules with
a defective CPI motif (denoted as RLTPR”“™ molecules;
Fig. 7 A). For that purpose, we changed into alanine a con-
tiguous stretch of 4 aa residues (RPRP) that is conserved
and found in the middle of the CPI motif at position
1024-1026 (see Fig. S4 A and Kim et al., 2012 for appro-
priate sequence alignment and numbering). Changing these
residues to alanine has been shown to result in a complete
loss of binding to CP in vitro and in fibrosarcoma cells (La-
nier et al., 2015). Congruent with those data, immunoblot
analysis of RLTPRP”" molecules isolated from Rlepr®®
Jurkat cells and probed with anti-CP showed that they have
lost their ability to bind CP as compared with WT RLTPR
molecules (Fig. 7 F). Rltpr™ Jurkat cells showed normal
levels of TCR and CD28, and normal induction of CD69
in response to Raji-SEE (not depicted). When stimulated
with Raji-SEE, Rltpr®® Jurkat cells produced levels of
IL-2 nearly identical to those produced by WT Jurkat T
cells (Fig. 7 G). Therefore, the CPI motif is dispensable for
co-stimulation via CD28 in Jurkat T cells.

The CPI motif of mouse RLTPR molecules is dispensable for

co-stimulation via CD28 and the development of T reg cells
Much of the previous efforts aiming at unraveling the
function of LRRC16 protein family focused on the CPI
motif, as its ability to decrease the affinity of CP for actin
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Figure 7. Role of the PH domain, CPl motif, and PRR region of RLTPR during CD28 co-stimulation of Jurkat cells. (A) Domain organization of
RLTPR and structure of the engineered RLTPR mutations. RLTPR comprises an N-terminal noncanonical PH domain, a LRR domain, a putative HD, and
anextended Cterminus that containsa CPl motifand a proline-rich region (PRR). (B) WT, Rltpr*, Ritpr®®",and Ritpr*®" Jurkat cells were left untreated (—)
or stimulated (+) with anti-CD3 for 2 min at 37°C. Inmunoblot analysis of equal amounts of lysates from the specified cells were subjected to affinity
purification (AP) on Strep-Tactin-Sepharose beads, followed by elution of proteins with D-biotin,and probed with anti-RLTPR and anti-CAPZ. Also shown
isimmunoblot analysis of equal amounts of total lysates (TL) of the specified cells probed with anti-RLTPR, anti-phospho-ERK1/2 (anti-P-ERK1/2), anti-
ERK1/2, and anti-SLP76 (as a loading control). (C) Expression of CD3e and CD28 on WT and Rltpr*, Ritpr®®", and Ritpr®®" Jurkat cells. Gray shaded
curves, isotype-matched control antibody (negative control). (D) RLTPR-sufficient (WT) and Ritpr*', Ritpr®®", and Ritpr*®" Jurkat cells were stimulated
with Raji cells in absence (- SEE) or presence (+ SEE) of SEE. For each condition, CD69 up-regulation was measured by FACS 24 h after stimulation.
(E) IL-2 production by WT and Ritpr™, Ritpr*", and RItpr®" Jurkat cells stimulated for 24 h with Raji cells and SEE at different concentrations. (F) Im-
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filament was considered as a cardinal attribute of such pro-
tein family. Therefore, we sought to determine whether,
as documented in human Jurkat T cells (Fig. 7, F and G),
the CPI motif of RLTPR was also dispensable in mouse
primary T cells for co-stimulation via CD28 and the de-
velopment of T reg and effector memory CD4" T cells. We
generated mice containing the very same mutation as that
affecting the CPI motif in Rltpr®® Jurkat cells (Fig. S4 A).
Mice homozygous for this mutation, Rltpr®® (also known
ad B6-Rltpr™*™ were born at the expected Mendelian
frequencies. Akin to Rltpr™/™ mice, their T cells con-
tained approximately twofold less RLTPR protein than
WT Rltpr'”* mice (Fig. S4 B), suggesting that the consti-
tutive association of RLTPR to CP increases its stability.
Rltpr#P”4Pi mice showed a normal sequence of T cell de-
velopment and their periphery was populated by normal
numbers of CD4" and CD8" T cells with a normal phe-
notype (Fig. 8, A and B; and Fig. S4, C and E). In contrast
to Rlitpr"*™ and Rltpr~’~ mice, the spleen of Rltpri®/»!
mice contained numbers of T reg cells and of CD44"
CD62L" effector memory T cells identical to those of WT
mice (Fig. 8, C and D; and Fig. S4, F and G). T cells from
Rltpr®P”4i mice were stimulated with a suboptimal dose
of anti-CD3 in the presence or absence of anti-CD28.
Analysis of the resulting T cell proliferation and IL-2 pro-
duction showed that the RLTPR"“"" molecules did not
prevent CD28 from acting in synergy with the TCR-CD3
complex (Fig. 8, E and F). Therefore, as observed in human
Jurkat T cells, the CPI motif of mouse RLTPR molecules
is dispensable for co-stimulation via CD28 and the devel-
opment of T reg and effector memory CD4" T cells.

The CPI motif of RLTPR is dispensable for RLTPR-

dependent CD28 internalization

CD28 is rapidly internalized after ligation, and we previ-
ously showed that T cells expressing RLTPR®* molecules
had more antibody-induced internalization of CD28 than T
cells expressing WT RLTPR molecules (Liang et al., 2013).
Likewise, T cells deprived of RLTPR had more antibody-in-
duced internalization of CD28 than WT'T cells (Fig. 8 G).In
contrast, T cells expressing RLTPRP“"" molecules have the
same rate of CD28 internalization as WT T cells. Therefore,
breaking the linkage between RLTPR and CPs had no de-
tectable effect on the internalization of CD28. Conversely,
mutating the LRR domain or eliminating RLTPR likely
diminished the drag through the cytosol and enhanced the
internalization of CD28.

Comparative functional analysis of RTLPR

deficiency in mouse and human

The patients reported in the companion paper by Wang et
al. (2016) harbor either a homozygous nonsense Rltpr allele
leading to no detectable RLTPR expression, or homozygous
L372R or L525Q replacements in the RLTP LRR domain
leading to low levels of protein expression as observed in
Rltpr"" mice. All those patients showed impaired Th1 and
Th17 differentiation whereas Th2 differentiation was nor-
mal. To determine whether a similar phenotype occurred in
mice, naive CD4" T cells from WT, Rltpr~’~, and R]tprdq’ i/depi
mice were analyzed in vitro for their capacity to differenti-
ate into Th1, Th2, and Th17 cells. Determination of the ab-
solute numbers of IFN-y", IL-47, and IL-17" CD4™ T cells
produced under Th1-,Th2-, and Th17-polarizing conditions,
respectively, showed that Rltpr’~ CD4" T cells gave rise to
reduced number of Th1 and Th17 cells, whereas Th2 differ-
entiation appeared to be unaffected (Fig. 9 A). Rlepré®”dr!
CDA4" T cells behaved like WT CD4" T cells in terms of Th
differentiation, a result consistent with the normal CD28 sig-
naling observed in those mice. Therefore, in both human and
mouse, the lack of functional RLTPR molecules resulted in a
failure of CD4" T cell to differentiate toward Th1 and Th17
fates, while leaving Th2 differentiation intact.

Considering that patients deprived of functional RLTPR
molecules showed a paucity of memory B cells and poor
antigen-specific antibody responses (Wang et al., 2016),
Rltpr"’** mice were immunized with the T cell-dependent
antigen TNP-KLH. The concentrations of anti-hapten anti-
bodies determined after secondary immune responses were
dramatically reduced as compared with WT mice (Fig. 9 B).
Because RLTPR is also expressed in mouse B cells (Fig. 1),
Rltpr’’** mice were also immunized with TNP-LPS, a T
cell-independent antigen to measure intrinsic responsive-
ness of B cells to antigen. Rltpr"* and WT mice showed
similar responses to TNP-LPS (Fig. 9 C). Consistent with
this last observation, cross-linking of the BCR. of Rltpr/*
B cells with graded dose of F(ab)’, anti-mouse IgM anti-
body induced their proliferation to the same extent as WT
B cells (Fig. 9 D). Likewise, compared with WT B cells,
proliferation of Rltpr’’** B cells was normal in response to
LPS or to CD40 stimulation in the presence or absence of
BCR cross-linkage (Fig. 9 D). Rltpr®®/4P' B cells also be-
haved as WT B cells. Therefore, despite the fact that RLTPR
is expressed in mouse B cells, the poor T cell-dependent B
cell responses observed in Rltpr®’** mice are likely a result
of the essential role RLTPR plays in mouse T cells.

munoblot analysis of RLTPR-deficient (R/tpr~'~) Jurkat cells before (=) and after retroinfection with an empty vector (control) or vectors containing
WT Rltpr (RLTPR) or Rltpr"® (RLTPR®P) cDNA. Equal amounts of lysates were subjected to affinity purification (AP) on Strep-Tactin-Sepharose beads,
followed by elution of proteins with D-biotin, and probed with anti-RLTPR and anti-CAPZ. Also shown is immunoblot analysis of equal amounts of
total lysates (TL) of the same cells probed with anti-RLTPR and anti-SLP76 (loading control). (G) IL-2 production by the cells specified in E 24 h after
stimulation with Raji cells and SEE at indicated concentrations. Data are representative of three independent experiments (E and G, mean and SEM

are shown; **, P < 0.01; ** P < 0.001).
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Figure 8. The mouse RLTPR CPI motif is dispensable for co-stimulation via CD28 and the development of T reg cells. (A) Cellularity of thymus and
spleen of WT, Ritpr*®/® and Ritor~'= mice (key: top right corner). (B) Quantification of T cells in the spleen of WT, RItpr "/ and Ritpr”'= mice. (C) Percent
T reg cells in WT, Ritpr™®"% and Ritor”'~ spleen. (D) Percent CD4* effector memory (CD44*CD62L°) cells in WT, Ritpr™®™® and Ritpr~ spleen. (E) ATP
content of negatively purified CD4* T cells from lymph nodes of WT, Ritpr™®" and Rltpr~'~ mice, activated for 48 h in vitro with plate-bound anti-CD3 in
the presence or absence of soluble anti-CD28 or with PMA and ionomycin (Pl), assessed as luminescence. (F) IL-2 in supernatants of purified WT, R/tp/‘””"/d”"",
and Ritpr'= CD4* T cells activated for 48 h, as in E. () Internalization of CD28 by WT, Ritpr™®" Ritpr*25% and Ritor'~ peripheral T cells after cross-linkage
for 5, 10, or 15 min. Results are presented as percent change in surface CD28 expression relative to that at time 0. Data representative of two experiments

with three mice per group (mean and SEM). **, P < 0.01; **, P < 0.005; ***, P < 0.001; ns, nonsignificant.

DISCUSSION

We demonstrated that RLTPR acts as a scaffold, bridg-
ing CD28 to CARMAL, and as such is essential for CD28
co-stimulation in mouse T cells and in the human leukemic
T cell line Jurkat, a finding consistent with in vivo and ex
vivo analysis of T cells from patients with inherited RLTPR
deficiency (Wang et al., 2016). Mouse RLTPR is also ex-
pressed in B cells, long-lived plasma cells, NK cells, and
pDCs, and analysis of human circulating leukocytes revealed
a rather similar pattern of RLTPR expression (Wang et al.,
2016). In both species, the pattern of expression of CD28
largely correlated with that of RLTPR, suggesting that the
CD28-RLTPR functional linkage first documented in T
cells (Liang et al., 2013) extends to other types of leukocytes.
Loss of CD28 activation significantly diminishes humoral
responses (Shahinian et al., 1993; Dodson et al., 2009), a
finding originally attributed to defective T cell help. How-
ever, a recent study showed that CD28 provides signals that
enhance in a cell-autonomous manner the survival of long-
lived plasma cells in the bone marrow (Rozanski et al., 2015),
suggesting the possibility that such prosurvival signals are
conveyed via a CD28-RLTPR signaling axis. As illustrated

JEM Vol. 213, No. 11

by both mouse and human B cells, RLTPR has a broader
expression than that of CD28, pointing toward plausible
CD28-independent function. Mice deprived of functional
RLTPR molecules had normal numbers of B cells, and
cross-linking of the BCR of such B cells induced their pro-
liferation to the same extent as WT B cells. As a result, they
responded normally to aT cell-independent antigen. There-
fore, the reduced T cell-dependent B cell responses observed
in the mouse in the absence of functional RLTPR molecules
are likely caused by the essential role played by RLTPR
in T cells. This differs from humans in which BCR-medi-
ated B cell activation was affected in patients deprived of
functional RLTPR molecules (Wang et al., 2016). Consid-
ering that mouse B cells coexpress LRRC16A in addition
to RLTPR, it remains possible that the mouse BCR dif-
fers from its human counterpart in that it uses RCTPR and
LRRC16A in a redundant manner. In mouse pDC, CD28
acts as a negative regulator of type I IFN production after
TLR stimulation or viral infection (Macal et al., 2016). In
contrast, CD28 promotes activation and cytotoxicity of NK
cells (Galea-Lauri et al., 1999). Although, mice deprived of
RLTPR had normal numbers of pDC and NK cells (un-
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Figure 9. Th differentiation and B cell responses in mice deprived of functional RLTPR molecules. (A) Sorted naive CD4* T cells (2 x 10°) from
mice of the specified genotype were stimulated for 5 d with anti-CD3 and -CD28 under Th1, Th2, or Th17 differentiating conditions. After 5 d of culture,
the absolute number of IFN-y* (Th1 condition), IL-4* (Th2 condition), and IL-17* (Th17 condition) CD4" T cells was determined. Each dot corresponds to a
mouse and the mean (horizontal bar) is indicated. (B) WT and R/tpr”** mice were immunized intraperitoneally at day 0 and 14 with the T cell-dependent
antigen TNP-KLH. The concentration of TNP-specific immunoglobulins of the indicated isotypes (IgG2a, IgG2b, and 1gG1) were assessed in individual mice
before and 21 d after immunization. (C) WT and Ritpr®®"** mice were immunized with the T cell-independent antigen TNP-LPS, and the concentration of
TNP-specific IgM was assessed in individual mice before and 7 d after immunization. (D) Splenic B cells from mice of the specified genotype were stimulated
with F(ab)', goat anti-mouse IgM antibody in the presence or absence of anti-CD40 antibodly, or LPS. After 4 d of culture, B cell proliferation was evaluated.
Mean and SEM are shown. Data are representative of two independent experiments. In A-C, each dot corresponds to a mouse and the mean (horizontal bar)
is indicated. ™, P < 0.01; ™, P < 0.001; ns, nonsignificant. In D, two animals were used per genotype.

published data), it remains to be determined whether CD28 Using Jurkat leukemic T cells and mouse primary T
uses RLTPR to signal in pDC and NK cells. If applicable to cells, which constitute the cellular environment in which
humans, such information should help determine whether the RLTPR operates normally, we analyzed the functional role
pathological conditions afflicting RLTPR -deficient patients of the various structural domains identified to date in the
result from malfunction in leukocytes other than T and B cells. ~ RLTPR molecule. Deletion of the noncanonical PH domain
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CD28

Figure 10. A model illustrating the mode
of action of RLTPR in T cells. RLTPR is re-
quired for coupling CD28 to PKC-0 and CAR
MA-1, two proximal effectors of the CD28
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found in mouse LRRC16A reduced its localization at the
plasma membrane (Zwolak et al., 2013). Sequence alignment
suggests that RLTPR contains a similar noncanonical PH do-
main. However, the residues present in the LRRC16A non-
canonical PH domain and necessary for membrane binding
are not conserved in the corresponding PH domain of human
and mouse RLTPR, preventing its use for plasma membrane
localization (Lanier et al., 2016). Instead, a 27-aa-long plasma
membrane—binding motif located in close proximity to the
RLTPR CPI motif and found necessary for endocytic and
migratory functions of fibrosarcoma cells (Lanier et al., 2015).
Regardless of the exact function of the 158 aa found at the
N terminus of RLTPR, our analysis of Rltpr®" Jurkat T cells
stresses their functional importance in CD28 co-stimulation.

LRR domains are frequently involved in the formation
of protein—protein interactions. Here, we formally established
that the RLTPR LRR domain has an essential functional role
in CD28 co-stimulation. The mutation found in the LRR
of RLTPR" molecules did not prevent the formation of
CD28-RLTPR. microclusters, but blocked their colocaliza-
tion with CARMAT1 at the immune synapse (Liang et al.,
2013). When considered together with our AP-MS anal-
ysis showing that RLCTPR associates with both CD28 and
CARMAL, the aforementioned results suggest that the LRR
domain of RLTPR directly or indirectly associates with
CARMAI1 (Fig. 10). The LRR domain of LRRCI16A is
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signaling pathway. RLTPR exists as constitu-
tive dimer and contains a putative HD. The
CPI motif of RLTPR molecules is constitutively
associated with a CP, conferring actin-uncap-
ping properties to RLTPR molecules. As a re-
sult, RLTPR molecules are thought to remodel
the cortical actin cytoskeleton upon T cell
activation. Our data demonstrated, however,
that the RLTPR CPI motif is dispensable for
co-stimulation via CD28 and the development
of T reg and effector memory CD4* T cells. In
contrast, the LRR domain, the noncanonical
PH domain, and the PRR of RLTPR are each
mandatory for co-stimulation via CD28. By
disrupting the structure of the LRR domain,
the L432 mutation found in Rltpr*® mice pre-
vents the association of RLTPR with CARMA1,
thereby abrogating CD28-mediated co-stim-
ulatory signals. Whether the PRR region of
RLTPR is coupled to the PYAP motif found in
the CD28 cytoplasmic tail via the GRB2 or
GRAP2 adaptors remains to be demonstrated.
CD28 likely exerts both RLTPR-dependent and
-independent functions.
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composed of repeating units with a P-strand-turn-o-helix
structure and has a horseshoe shape with a solvent accessi-
ble concave interior surface made of parallel B-strands and a
convex exterior surface made of array of a-helices (Zwolak
et al., 2013). In the event that the LRR domain of RLTPR
shows the same structure as that of LRRC16A, the L432P
mutation identified in the mouse Rltpr™ allele and two of
the mutations identified in human RLTPR (L372R and
L525Q) are located within the LRR p-strands. The receptor
for the FSH glycoprotein hormone uses the B-strands of the
concave surface of its LRR domain to recognize FSH (Fan
and Hendrickson, 2005). Provided that RLTPR uses a similar
strategy to bind to CARMAT1, the nonconservative substitu-
tions L432P, L372R, and L525Q likely disrupt the organiza-
tion of the concave surface and prevent the association with
CARMAL. Alternatively, those mutations may indirectly im-
pact on the convex and fully exposed LRR surface. Upon
heterologous expression in a fibrosarcoma cell line, the LRR
domain of RLCTPR was found to be necessary for its colo-
calization with the vimentin intermediate filament network
(Lanier et al.,2016). However, our AP-MS analysis, conducted
inT cells, failed to recover vimentin-specific peptides.

The CD28 cytoplasmic segment contains a YMNM
motif and two proline-rich motifs (PRRP and PYAP), the
relative contribution of which to CD28 co-stimulatory
function remains debated (Okkenhaug et al., 2001; Raab et
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al., 2001; Kong et al., 2011; Pagan et al., 2012). GRB2 and
GRAP2 are capable of binding to the YMNM and PYAP
motifs found in the CD28 cytoplasmic segment (Higo et al.,
2014), and both are found in the RLTPR interactome after
T cell activation. Analysis of RLTPR-OST molecules present
in lysates of pervanadate-stimulated thymocytes showed no
detectable tyrosine phosphorylation (not depicted and Tian et
al., 2015). Therefore, provided that GRB2 and GRAP2 bind
directly to RLTPR, this should occur via their SH3 domains
and involve the C-terminal PRR region of RLTPR. The
C-terminal PRR region is essential for co-stimulation via
CD28 in Jurkat T cells (this study), and ablation of the CD28
PYAP motif mimics a RLCTPR deficiency in that it prevents
both T reg cell development (Vang et al., 2010) and survival
of long-lived plasma cells in mouse bone marrow (Rozanski
et al., 2015). Therefore, GRB2 and/or GRAP2 likely couple
the RCTPR PRR region to the CD28 PYAP motif (Fig. 10).

Although most previous studies aiming at unraveling
the function of LRR C16 family proteins focused on the CPI
motif, our data using human Jurkat T cells and mouse pri-
mary T cells demonstrated that the RLTPR CPI motif was
dispensable for co-stimulation via CD28 and the develop-
ment of T reg and memory-effector CD4" T cells. It has been
suggested that CD28 plays an important role in regulating
the actin cytoskeleton (Liang et al., 2013; Tan et al., 2014,
Lanier et al., 2015). For instance, when a T cell encounters
an APC bearing its cognate peptide-MHC ligand, the LCK
protein-tyrosine kinase initiates a tyrosine phosphorylation
cascade that leads to the phosphorylation and activation of
phospholipase PLC-y1 and to the assembly of a CD28 sig-
nalosome. Ensuing CD28 signals are thought to remodel the
cortical actin at the site of active TCR signaling, enabling
LAT-bound PLC-y1 to access phosphatidylinositol-4,5 bis-
phosphate at the plasma membrane and convert it into ino-
sitol trisphosphate and diacylglycerol. Although our analysis
of human and mouse RLTPR”“"" molecules suggests that
an actin component is not required for RLCTPR-mediated
CD28 co-stimulation, the recent discovery that CapZIP,
another CPI motif-containing protein, is required for CD28
co-stimulation-dependent IL-2 production (Tian et al., 2015)
suggests that CapZIP can compensate for RELTPRP"" mole-
cules. Other, yet to be analyzed, functions of RLTPR might
depend on its actin-uncapping activity. For instance, both the
Rltpr’™ mutation and the ablation of the Wiscott-Aldrich
Syndrome Protein (WASP) do not affect the overall accumu-
lation of F-actin at the immunological synapse (Liang et al.,
2013; Lanier et al., 2015). However, the lack of WASP affected
F-actin foci that constitute a minute fraction of total synap-
tic F-actin (Lanier et al., 2015). DOCKS, a member of the
DOCK180 family of guanine nucleotide exchange factors, is
part of the RLTPR interactome. Remarkably, it is only when
they migrate through confined spaces that DOCKS8-deficient
T and NK cells develop cell shape deformation abnormalities
that impair their viability (Zhang et al., 2014). Disentangling
the actin-uncapping function of RLTPR may thus require
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testing of T cells subjected to a mechanically constrained
environment. Therefore, the structure—function analysis of
RLTPR allowed us to build a more complete model of how
RLTPR contributes to CD28 co-stimulation in both mouse
and human T cells, emphasizing its role as a scaffolding pro-
tein capable of interacting with CD28 and CARMAT1 inde-
pendent of its actin-uncapping function (Fig. 10).

In conclusion, although Rltpr"** and Rltpr~’~ mice
contain normal numbers of conventional T cells and diminished
numbers of T reg cells, they developed no blatant autoimmune
manifestations, which is consistent with RLTPR -deficient pa-
tients (Wang et al., 2016).This paradox—also raised in the case
of CARMA1-deficient mice (Vang et al., 2010)—can be ac-
counted for by the coincident defect in CD28 co-stimulation
that plagues the conventional T cells that develop in normal
numbers in Rltpr"** and Rltpr’~ mice and, in turn, leads
to a paucity of effector memory T cells. This view is consistent
with the primary function of T reg cells, which is to oppose
CD28 signaling by down-regulating CD80 and CD86 on APC
(Soskic et al., 2014). Recent developments in MS applied to
activated mouse CD8" T cells have revealed that the number of
CD28 molecules per activated mouse CD8" T cell (1.2 x 10*)
is higher than that of RLTPR (2.6 X 10%; Hukelmann et al.,
2016).Assuming that the whole pool of RLTPR is available for
engaging in interaction with CD28, at most 20% of the CD28
molecules present at the T cell surface will be associated with
RLTPR. Therefore, although RLTPR-bound CD28 mole-
cules constitute a few needles in the CD28 haystack, it is those
molecules that are functionally relevant in term of co-stimu-
lation. Owing to their minute numbers, they likely exert their
function in a rather local manner at the immune synapse, and
their functional importance may have gone unnoticed without
combining functional genomics and proteomics. Therefore,
our study illustrates how integrative biology of T cell activation
(Malissen et al., 2014) helps in delineating the dynamic rela-
tionships between signaling protagonists in the T cell interior
to provide a more complete model of CD28 co-stimulation in
human and mouse,in which RLTPR has a critical role.

MATERIALS AND METHODS

Mice

Rltpr"™ (B6-Rltpr’™) and Cd28™~ (B6.129S2-Cd28™ Mk
mice have been previously described (Shahinian et al., 1993;
Liang et al., 2013). Generation of the Rlepr™ (B6-Rltpr™™™),
Rltpr~  (B6-Rlepr™™* and  Rlepr'®  (B6-Rltpr™*™M
gene-targeted mice is described in Figs. S1, S3, and S4. Mice
were maintained in specific pathogen—free conditions.

Animal experimental guidelines

Mice were handled in accordance with national and Euro-
pean laws for laboratory animal welfare and experimentation
(EEC Council Directive 2010/63/EU, September 2010), and
all protocols were approved by the Marseille Ethical Com-
mittee for Animal Experimentation (Comité National de
Réflexion Ethique sur I'Expérimentation Animale no. 14).
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Construction of an OST-(Stop),-IRES2-mTFP1-
LoxP-frt-neo'-frt cassette

A cassette containing a One-STrEP-tag (OST) sequence
(Junttila et al., 2005), two STOP codons, an IRES2 sequence
(from pIRES2-EGFP; Takara Bio Inc.), a Kozak sequence
and a sequence coding for mTFP1, a monomeric, bright, and
photostable version of Clavularia cyan fluorescent protein (Ai
et al., 20006), was abutted to a frt-flanked cassette that con-
tains a neomycin-kanamycin resistance (neo’) gene that can
be expressed under the control of a prokaryotic (gb2) or eu-
karyotic (Pgkl) promoter.

Targeting vector for Ritpr" allele

A 12.5-kb genomic fragment containing the 3’ end of
the Rltpr gene was isolated from a BAC clone (clone no
RP23-70F13; Life Sciences) of C57BL/6] origin. Using ET
recombination (Zhang et al., 2000), an OST-(Stop),-IRES2-
mTFP1-loxP-frt-neo’-frt cassette (see previous section) was
appended in frame at the 3’ end of the coding sequence of
the Rltpr gene. An frt3-puro’-frt3-LoxP cassette was also in-
troduced in the intron located between exons 23 and 24.

Targeting vector for Ritpr~ allele

The targeting construct used for the disruption of the Rltpr
gene consists of a self-excising ACN cassette (Bunting et al.,
1999) in place of exons 1-3 of the Rltpr gene and of two
homology arms of 2.5 kb that bracket the sequence to be de-
leted. The targeting construct was abutted to a cassette coding
for the diphtheria toxin fragment A (Soriano, 1997).

Targeting vector for Rltpr"® allele

Such targeting construct was intended to change into alanine
4-aa residues (RPRP) found in the middle of the CPI motif
coded by exon 30 of the Rltpr gene. It comprised a 1,384-bp
5" homology arm and a 1,219-bp 3’ homology arm bracket-
ing the mutated target sequence in exon 30. A self-excising
ACN cassette was introduced in the intron flanking the 3’
end of exon 30 and the final targeting construct was abutted
to a cassette coding for the diphtheria toxin fragment A.

Isolation of recombinant ES cell clones

JMB8.F6 C57BL/6N ES cells (Pettitt et al., 2009) were elec-
troporated with the targeting vectors. After selection in G418
alone (Rltpr~ and Rltpr) or in G418 and puromycin
(Rltpr™), ES cell clones were screened for proper homolo-
gous recombination by Southern blot analysis. For the Rltpr™
allele, when tested on BamHI-digested genomic DNA, the
5’ single-copy probe used to identify proper recombination
events hybridized to a 7.7-kb WT fragment and to a 9.7-
kb recombinant fragment. When tested on Asp718-digested
genomic DNA, the 3 single-copy probe used to identify
proper recombination events hybridized to an 8.3-kb WT
fragment and to a 5.8-kb recombinant fragment. For the
Rltpr allele, when tested on Xbal-digested genomic DNA,
the 5’ single-copy probe used to identify proper recombi-
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nation events hybridized to a 9.0-kb WT fragment and to
a 5.1-kb recombinant fragment. When tested on Xbal-di-
gested genomic DNA, the 3’ single-copy probe used to
identify proper recombination events hybridized to a 9.0-kb
WT fragment and to a 3.3-kb recombinant fragment. For
Rltpr**' when tested on Dral-digested genomic DNA, the
5’ and 3’ single-copy probes used to identify proper recom-
bination events hybridized to a 4.9-kb WT fragment and to
an 8.6-kb recombinant fragment. A neo’-specific probe was
used to ensure that adventitious nonhomologous recombina-
tion events have not occurred in the selected Rlepr™, Rltpr,
and Rltpr*® ES clones.

Production of knock-in mice

Mutant ES cells were injected into FVB blastocysts. In the
case of the Rlepr®™ allele, excision of the frt-neo’-frt and frt3-
puro’-frt3 cassettes was achieved through genetic cross with
transgenic mice expressing the FLP recombinase under the
control of the actin promoter (Rodriguez et al., 2000). For
Rltpr®™, screening for the proper deletion of the frt-neo’-frt
cassette and for the presence of the OST-(Stop),-IRES2-
mTFP1-LoxP-frt sequence was performed by PCR using
the following pair of primers: sense 5'-GCCTTGGATCCA
AGCCTCTTCCTC-3" and antisense 5'-TGCCCGTGT
TGGTCACCAGT-3" (WT allele) or 5-GCCTGCAAA
GGGTCGCTACA-3" (Rlepr® allele). They amplified a 351-
bp band in the case of the WT Rlepr allele and a 503-bp band
in the case of the Rliepr™ allele. Note that the Rltpr® allele
is a multitask allele permitting (1) affinity purification of the
RLTPR protein, (2) conditional deletion of the Rltpr gene,
and (3) visualization of cells expressing the Rltpr gene. Affin-
ity purification was the only functionality used in this study.
We failed establishing mice homozygous for the Rlgpr® al-
lele. Analysis of the 3" untranslated of the Rltpr gene revealed
that the reverse strand codes for the 3" end of the Acd gene.
This gene encodes a protein that is involved in telomere func-
tion and its constitutive ablation resulted in lethality (Kibe
et al., 2010). Accordingly, it is likely that the introduction of
the OST-(Stop),-IRES2-mTFP1-LoxP-frt cassette in the 3’
end of the Rltpr gene adventiously affected the expression
of the Acd gene and prevented establishment of mice ho-
mozygous for the Riepr™ allele. For Rltpr, screening for the
proper deletion of the ACN cassette and for the presence of
the expected deletion of exons 1-3 was performed by PCR.
The pair of primers used were: sense 5'-ACTACGGGG
CAGGGTGGAAGTA-3" and antisense 5'-GGTGACTTT
GGCTCCTCTATTAGGGC-3" amplified a 613-bp band in
the WT allele, whereas the pairs of primers: sense 5'-ACT
ACGGGGCAGGGTGGAAGTA-3" and antisense 5'-TGA
GCTAGACCTGCCCAGACTTCCC-3" amplified a 475-
bp band in the Rlitpr allele. For Rltpr™®, screening for the
proper deletion of the ACN cassette and for the presence of
the expected mutation that is tagged by the LoxP site left
in the intron flanking the 3’ end of exon 30 was performed
by PCR using the following pair of primers: sense 5'-GTG
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CTGCTGAGGAAGCGGAA-3" and antisense 5'-GAG
GGTGGCCAGAAAGATGA-3'. It amplified a 377-bp band
in the case of the WT allele and a 462-bp band in the case
of the Rltpr* allele.

Generation of an anti-RLTPR monoclonal antibody

BALB/c¢ mice were immunized with a glutathione S-transfer-
ase (GST) fusion protein encompassing aa 1147-1397 of mouse
RLTPR. A monoclonal antibody denoted as EM-53 (IgGl,
K) and recognizing GST-RLTPR"*” but not GST was se-
lected. Immunoblot analysis of lysates from T' cells isolated from
WT mice showed that the antibody recognized a single pro-
tein species of ~150-kD—the molecular weight expected for
RLTPR—that was lacking in RCTPR -deficient T cells (Fig. S2
B). Mouse B cells coexpress RLTPR and LRRC16A, a protein
coded by a paralog of the Rltpr gene family. Intracellular staining
of B cells from RLTPR -sufficient and -deficient mice showed
that the EM-53 mAb did not recognize LRRC16A (Fig. 1 C).
Therefore, the EM-53 mADb specifically recognized mouse
RITPR molecules. Using RETPR-sufficient and -deficient
human Jurkat T cells, EM-53 was found to cross-react with
human RITPR (Fig. 5 C). EM-53 also reacted with RLTPR %™
molecules (Fig. 7 A), suggesting that its epitope is located within
the amino acid sequence corresponding to residues 1147-1272.

Flow cytometry

Stained cells were analyzed using a LSRII system and FAC
SDiva 8.1 software (BD). Cell viability was evaluated using
SYTOX Blue (Life Technologies) or Aqua Dead (Molecu-
lar Probes). The following antibodies were used: anti-CD3
(145-2C11), anti-CD4 (RMA-5), anti-CD5 (53-7.3), an-
ti-CD8 (53-6.7), anti-CD11b (MI1/70), anti-CD28 (37.51),
anti-CD44 (IM7), anti-CD45R (RA3-6B2), anti-CD62L
(MEL-14), anti-CD138 (281-2), anti-Ly-6G (1AS8), and
anti-TCRf (H57-597), all purchased from BD; anti-CD24
(M1/69), anti-CD25 (PC61.5), anti-CD27 (LG3A10), an-
ti-CD19 (6D5), anti-CD161 (PK136), anti-SiglecH (551), all
obtained from BioLegend; and anti-CD317 (927), anti-Foxp3
(FJK-16s), and anti-TCRS (GL-3), all purchased from eBio-
science. A CellTiter-Glo Luminescent Cell Viability Assay
(Promega) was used for assessing T cell proliferation. It is
based on quantification of the ATP present in the medium
and is directly proportional to the number of living cells in
the well. After the specified time of culture, 100 pl of Cell-
Titer-Glo reagent (Promega) was added directly to each well.
The resulting luminescence, proportional to the ATP con-
tent of the culture, was measured using a Victor2 luminome-
ter (Wallac; Perkin Elmer Life Science). IL-2 production was
measured using Cytometric Bead Array (BD). Jurkat T cells
were analyzed using anti-CD3 (UCHT1), anti-CD28 (L293),
and anti-CD69 (L78) purchased from BD.

Thymocyte stimulation and lysis

Thymocytes (100 % 10° from Rltpr™* and WT mice were left
unstimulated or stimulated at 37°C with pervanadate for 30,
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120, 300, and 600 s. Pervanadate stock solution was made by
mixing 7.6 volumes of water with 1.9 volumes of hydrogen
peroxide (10 mM final concentration), and with 0.5 volume
of sodium orthovanadate (100 pM final concentration), and
left for 15 min at 20°C before addition to thymocytes. Stim-
ulation was stopped by the addition of lysis buffer (50 mM
Tris, 1% Nonidet P-40, 2 mM EDTA) supplemented with
protease and phosphatase inhibitors. After 10 min of incuba-
tion on ice, cell lysates were centrifuged at 20,000 g for 5 min
at 4°C. Postnuclear lysates were used for affinity purification
or immunoblot analysis.

Affinity purification of protein complexes

Equal amount of postnuclear lysates were incubated with pre-
washed Strep-Tactin Sepharose beads (IBA GmbH) for 1.5 h
at 4°C on a rotary wheel. Beads were then washed five times
with 1 ml of lysis buffer in the absence of detergent and of
protease and phosphatase inhibitors. Proteins were eluted from
the Strep-Tactin Sepharose beads with 2.5 mM D-biotin.

MS analysis

Protein extracts were loaded on NuPAGE 4-12% bis-Tris
acrylamide gels (Life Technologies) to stack proteins in a sin-
gle band that was stained with Imperial Blue (Thermo Fisher
Scientific) and cut from the gel. Gels pieces were submitted
to an in-gel trypsin digestion (Shevchenko et al., 1996) with
slight modifications. In brief, gel pieces were washed and de-
stained using 100 mM NH,;HCOj;. Destained gel pieces were
shrunk with 100 mM ammonium bicarbonate in 50% ace-
tonitrile and dried at room temperature. Protein spots were
then rehydrated using 10 mM DTT in 25 mM ammonium
bicarbonate, pH 8.0, for 45 min at 56°C. This solution was
replaced by 55 mM iodoacetamide in 25 mM ammonium
bicarbonate, pH 8.0, and the gel pieces were incubated for 30
min at room temperature in the dark. They were then washed
twice in 25 mM ammonium bicarbonate and finally shrunk
by incubation for 5 min with 25 mM ammonium bicarbon-
ate in 50% acetonitrile. The resulting alkylated gel pieces were
dried at room temperature. The dried gel pieces were reswol-
len by incubation in 25 mM ammonium bicarbonate, pH 8.0,
supplemented with trypsin (12.5 ng/ml; Promega) for 1 h at
4°C and then incubated overnight at 37°C. Peptides were
harvested by collecting the initial digestion solution and car-
rying out two extractions; first in 5% formic acid, and then in
5% formic acid 60% acetonitrile. Pooled extracts were dried
down in a centrifugal vacuum system. Samples were recon-
stituted with 0.1% trifluoroacetic acid in 4% acetonitrile and
analyzed by liquid chromatography (LC)-tandem MS (MS/
MS) in an LTQ-Orbitrap-Velos (Thermo Electron) online
with a nanoLC Ultimate 3000 chromatography system (Di-
onex). Peptides were separated on a Dionex Acclaim PepMap
RSLC C18 column. First, peptides were concentrated and
purified on a precolumn (C18 PepMap100; Dionex; 2 cm
X 100 pm LD, 100 A pore size, 5 um particle size) in solvent
A (0.1% formic acid in 2% acetonitrile). Next, peptides were
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separated on a reverse phase column (C18 PepMap100; Di-
onex; 15 cm X 75 um 1D, 100 A pore size, 2 um particle size)
at 300 nl/min flow rate. After column equilibration using 4%
of solvent B (20% water, 80% acetonitrile, and 0.1% formic
acid), peptides were eluted from the analytical column by a
two steps linear gradient (4—20% acetonitrile/H,O; 0.1% for-
mic acid for 90 min, and 20—45—45% acetonitrile/H,O; 0.1%
formic acid for 30 min).

For peptide ionization in the nanospray source, spray
voltage was set at 1.4 kV and the capillary temperature at
275°C. The Orbitrap Velos was set up in data-dependent
mode to switch consistently between MS and MS/MS. MS
spectra were acquired with the Orbitrap in the range of m/z
400-1700 at a FWHM resolution of 30,000 measured at 400
m/z. For internal mass calibration, the 445.120025 ions were
used as lock mass. The 10 abundant precursor ions were se-
lected, and collision-induced dissociation fragmentation was
performed in the ion trap on the 10 most intense precursor
ions measured to have maximum sensitivity and yield a max-
imum amount of MS/MS data. The signal threshold for an
MS/MS event was set to 500 counts. Charge state screening
was enabled to exclude precursors with 0 and 1 charge states.
Dynamic exclusion was enabled with a repeat count of 1, ex-
clusion list size 500 and exclusion duration of 30 s.

Protein identification and quantification

Relative intensity-based label-free quantification (LFQ) was
processed using the MaxLFQ algorithm (Cox et al., 2014)
from the freely available MaxQuant computational proteom-
ics platform, version 1.5.2.8 (Cox and Mann, 2008). The ac-
quired raw LC Orbitrap MS data were first processed using
the integrated Andromeda search engine (Cox et al., 2011).
Spectra were searched against a SwissProt mouse database
(version 2014.07). This database was supplemented with a
set of 245 frequently observed contaminants. The follow-
ing search parameters were used: (1) trypsin allowing cleav-
age before proline; (2) two missed cleavages were allowed,;
(3) monoisotopic precursor tolerance of 20 ppm in the first
search used for recalibration, followed by 4.5 ppm for the
main search and 0.5 D for fragment ions from MS/MS; (4)
cysteine carbamidomethylation (+57.02146) as a fixed mod-
ification and methionine oxidation (+15.99491) and N-ter-
minal acetylation (+42.0106) as variable modifications; (5)
a maximum of five modifications per peptide allowed; and
(6) minimum peptide length was 7 aa and a maximum mass
of 4,600 D. The match between runs option was enabled to
transfer identifications across different LC-MS/MS replicates
based on their masses and retention time within a match time
window of 0.7 min and using an alignment time window of
20 min. The quantification was performed using a minimum
ratio count of 1 (unique + razor) and the second peptide
option to allow identification of two cofragmented coeluting
peptides with similar masses. The false discovery rate (FDR)
at the peptide level and protein level were set to 1% and de-
termined by searching a reverse database. For protein group-
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ing, all proteins that cannot be distinguished based on their
identified peptides were assembled into a single entry accord-
ing to the MaxQuant rules. The statistical analysis was done
with Perseus program (version 1.5.1.6) from the MaxQuant
environment. The LFQ normalized intensities were uploaded
from the proteinGroups.txt file. First, proteins marked as con-
taminant, reverse hits, and only identified by site were dis-
carded. Quantifiable proteins were defined as those detected
in at least 100% of samples in at least one condition. Protein
LFQ intensities were base 2 logarithmized to obtain a normal
distribution. Missing values were replaced using data imputa-
tion by randomly selecting from a normal distribution cen-
tered on the lower edge of the intensity values that simulates
signals of low abundant proteins using default parameters (a
downshift of 1.8 standard deviation and a width of 0.3 of
the original distribution). In this way, imputation of missing
values in the controls allows statistical comparison of protein
abundances that are present only in the immunoprecipita-
tion samples. To determine whether a given detected protein
was specifically associated with the bait, we compared the
distributions of normalized log intensities between WT and
RLTPR T backgrounds by computing the P-value from a
nonparametric Wilcoxon test along with the fold-change.
Proteins were selected as specific partners of the bait when
both P < 0.05 and the corresponding enrichment was greater
than threefold. The proteomics data, including search results,
have been deposited in the PRIDE repository of the Prote-
omeXchange Consortium under accession no. PXD003870.

CRISPR-Cas9-based genome editing of Jurkat T cells

sgRINA-specifying oligonucleotide sequences were chosen to
minimize the likelihood of off-target cleavage based on publicly
available on-line tools (https://www.dna20.com/products). The
following pairs of sgRINA-specifying oligonucleotide sequences
have been used: Rltpr-,boundary of 5" deletion,5'-CACCGGTT
TCCCGCCGGAGCTCGT-3" and 5'-AAACACGAGCTCC
GGCGGGAAACC-3'; Rltpr-,boundary of 3" deletion, 5'-CAC
CGCCCTAGGTCACCTTTGAGC-3" and 5-AAACGCT
CAAAGGTGACCTAGGGC-3'; Rlpr?": boundary of 5’
deletion: 5'-CACCGGGAGATGCCGTCGGGGGTC-3'
and  5'-AAACGACCCCCGACGGCATCTCCC-3"  and
boundary of 3’ deletion: 5'-CACCGCCCCTATCCCCTCCC
CAGG-3" and 5’AAACCCTGGGGAGGGGATAGGGGC-
3', Rltpr™™: boundary of 5’ deletion: 5'-CACCGGGGGCC
AACAGGATGGTCC-3" and 5'-AAACGGACCATCCTGT
TGGCCCCC-3' and boundary of 3" deletion: 5'-CACCGAG
AGGAGAGGATCAGGGAT-3" and 5-AAACATCCCT
GATCCTCTCCTCTC-3; Rlpr™: 5-CACCGAGAGG
AGAGGATCAGGGAT-3"  and 5-AAACATCCCTGAT
CCTCTCCTCTC-3". The guide oligos contained overhangs
for ligation into BbsI sites of plasmids pX330 and pX335 and
a G-C base pair (italics) was added at the 5" end of the guide
sequence for T7 transcription. The annealed oligonucleotides
were cloned into plasmid pX330 (pSpCas9; Addgene plasmid
ID 42230) or into plasmid pX335 (hSpCas9n D10A; Addgene
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https://www.dna20.com/products

plasmid ID 42335). Double-stranded DNA repair templates
(targeting vector) containing the desired edited sequence, as
well as additional homologous sequence immediately upstream
and downstream (homology arms) of the edited sequence, were
assembled. The size of the left and right homology arms of the
targeting vector was 500 bp.To prevent CRISPR-Cas9 cleavage
of the targeting vectors, a silent mutation destroying the PAM
sequence that is present in the genomic DNA was introduced
into them. Finally,a LoxP-flanked NeoR cassette was introduced
in the intron that flanked the exon subjected to edition. Jurkat,
Clone E6-1 cells were nucleofected using the Cell Line
Nucleofector kit V program 1-010 for Nucleofector II with 2.5
pg of linearized targeting vector, and 10 pg pX330-sgRNA or
pX335-sgRNA plasmid. Cells were allowed to recover for 48 h,
and then subjected to G418 selection (2 mg/ml). Cells growing
in G418 were then cloned by limiting dilution and screened for
proper gene editing using PCR and genomic DNA sequencing.
Transient expression of a Cre recombinase in correctly
recombined Jurkat T cell clones allowed for the removal of the
floxed Neo™ cassette. Therefore, in addition to the intended
mutation, each mutated allele contains a LoxP site in the 5" or
3’ intron flanking the exon harboring the intended mutation.
Clones with monoallelic mutation were defined as having PCR
amplification of both the WT and mutated bands. Clones with
biallelic mutation were defined as having PCR amplification of
the mutated band and absence of the WT band. If a biallelic
mutation was not obtained after a single round of nucleofection,
clones lacking insertion-deletion (indel) in the untouched allele
were subjected first to transient Cre expression to remove the
Neo®™ cassette present in the properly targeted allele, and then to
a second round of nucleofection using the same targeting vector
and pX330-sgRINA plasmid.

Jurkat T cell stimulation

The human leukemic T cell line Jurkat and Raji lympho-
blastoid B cell line were provided by A. Weiss (University of
California, San Francisco, San Francisco, CA). Jurkat T cells
(10°) were stimulated by co-culture with Raji cells (0.5 X
10°) presenting the superantigen SEE (Toxin Technology),
which binds to both the TCR and MHC class IT molecules.
IL-2 production by Jurkat cells 24 h after stimulation with
Raji and SEE was measured by ELISA (R&D Systems).

Lentiviral infection of Jurkat T cells

cDNA coding for WT and mutant forms of RLTPR were
cloned into the CD550A-1 lentiviral vector and RLTPR -de-
ficient Jurkat cells retroinfected with a LentiStarter kit 2.0
(System Biosciences). Infected Jurkat cells were cloned and
selected for expressing levels of CD3, CD28, and RLTPR
comparable to WT Jurkat cells.

Biochemistry

Immunoblot analysis was performed as previously described
(Roncagalli et al., 2014). Antibodies to ERK1-2 (9102), phos-
pho-T202/Y204-ERK1/2 (9106), anti-GFP (2555), and SLP76
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(4958) were obtained from Cell Signaling Technology, and the
anti-CAPZA-1 (AB6016) was purchased from Millipore.

Expression in HEK293 cells

cDNA coding for RLTPR %" and RLTPR Y*:" were inserted
into pMx-IRES-EFGP (Mingueneau et al., 2009) and trans-
fected into HEK293 using Lipofectamine 2000 (Thermo
Fisher Scientific). After 48 h, cells were lysed and equiva-
lent amount of proteins were incubated with Strep-Tactin
Sepharose beads for 1.5 h at 4°C on a rotary wheel. Beads
were then washed and protein complexes were eluted with
2.5 mM D-biotin and analyzed by immunoblot as specified.

In vitro Th differentiation of CD4* T cells

Sorted naive CD4" T cells (2 X 10°) were stimulated for 5 d
with plate-bound anti-CD3 (3 pg/ml) and soluble anti-CD28
(1 pg/ml) under Th1 (10 pg/ml anti—IL-4 antibodies, 5 U/ml
IL-2, and 10 ng/ml IL-12), Th2 (10 pg/ml anti-IFN-y anti-
bodies, 50 ng/ml IL-4,and 5 U/ml IL-2) or Th17 (10 pg/ml
anti—IFN-y antibodies, 5 pg/ml anti—-IL-4 antibodies, 50 ng/
ml IL-6, 1 ng/ml TGF-f, and 5 ng/ml IL-23) differentiating
conditions. Cultures were split on day 3 and re-fed with Th
differentiation cocktail. After 5 d of culture, cells were further
incubated for 4 h in the presence of PMA (5 ng/ml), ionomy-
cin (250 ng/ml), and monensin (Golgistop; BD). Cells were
stained for extracellular markers and then permeabilized with
a Cytofix/Cytoperm kit (BD). Intracellular cytokines were
detected using anti IFN-y (XMG1.2), anti-IL-4 (11B11), and
anti—IL-17 (559502) antibodies.

B cell responses

To evaluate T cell-independent B cell responses, mice of the
specified genotype (four per group) were immunized with 20
pg of TNP-LPS (Biosearch Technologies) in 100 ul of PBS.
Mice were bled before and 7 d after immunization. To eval-
uate T cell-dependent B cell responses, mice of the specified
genotype (four per group) were immunized intraperitoneally
with 100 pg of TNP-KLH (Biosearch Technologies) emul-
sified in complete Freund adjuvant at day 0 and 14. Mice
were bled before and 21 d after immunization. Serum an-
tibodies specific for TNP were measured at the specified
time points using plates coated with TNP-BSA (10 pg/ml).
Plates incubated with serial sample dilutions were developed
with isotype-specific antibodies (SBA Clonotyping System/
HRP; Southern Biotech), and the concentration of bound
antibodies was determined using IgM, IgG2a, IgG2b, and
IgG1 isotype standards.

Proliferative responses of splenic B cells

B cells were purified from the spleen using a Dynabeads
Untouched B cells kit (Thermo Fisher Scientific) and cul-
tured (10° cells in 100 pl of medium). B cells were stimulated
with graded doses of F(ab)’, goat anti-mouse IgM anti-
body (Jackson ImmunoResearch Laboratories), anti-CD40
(FGK45.5; 1 pg/ml) antibody, or LPS (1 pg/ml). After 4 d
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of culture, B cell proliferation was evaluated by addition of
100 wl of CellTiter-Glo reagent (Promega).

CD28 internalization assay

Cells were incubated for 30 min on ice with anti-CD28 (1
pg/ml; 553294; BD), followed by incubation for another 30
min on ice with biotinylated goat antibody to hamster immu-
noglobulin G (2 pg/ml; 107-066-142; Jackson ImmunoRe-
search Laboratories). Cells were then washed and warmed
to 37°C for 5, 10, or 15 min to allow internalization, and
then treated with 0.1% NalN3 on ice. Cells were stained with
phycoerythrin-conjugated streptavidin, washed, and ana-
lyzed by flow cytometry.

Online supplemental material

Fig. S1 shows the generation and validation of knock-in
mice expressing endogenous RLTPR proteins tagged with a
One-STrEP-tag (OST) sequence. Fig. S2 assesses the biolog-
ical and technical variability across samples. Fig. S3 shows the
generation and validation of RLTPR-deficient mice. Fig. S4
shows the generation and validation of Rltpr® mice. Table
S1 (available as an Excel file) shows the list of proteins associ-
ated with RLTPR in resting thymocytes and in thymocytes
stimulated with pervanadate for 30, 120, 300, and 600 s.
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