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Programmed cell death-1 (PD-1) is an essential inhibitory receptor in
T cells. Antibodies targeting PD-1 elicit durable clinical responses in
patients with multiple tumor indications. Nevertheless, a significant
proportion of patients do not respond to anti-PD-1 treatment, and a
better understanding of the signaling pathways downstream of PD-
1 could provide biomarkers for those whose tumors respond and
new therapeutic approaches for those whose tumors do not. We
used affinity purification mass spectrometry to uncover multiple pro-
teins associated with PD-1. Among these proteins, signaling lympho-
cytic activation molecule-associated protein (SAP) was functionally
and mechanistically analyzed for its contribution to PD-1 inhibitory
responses. Silencing of SAP augmented and overexpression blocked
PD-1 function. T cells from patients with X-linked lymphoprolifera-
tive disease (XLP), who lack functional SAP, were hyperresponsive to
PD-1 signaling, confirming its inhibitory role downstream of PD-1.
Strikingly, signaling downstream of PD-1 in purified T cell subsets did
not correlate with PD-1 surface expression but was inversely corre-
lated with intracellular SAP levels. Mechanistically, SAP opposed
PD-1 function by acting as a molecular shield of key tyrosine residues
that are targets for the tyrosine phosphatase SHP2, which mediates
PD-1 inhibitory properties. Our results identify SAP as an inhibitor of
PD-1 function and SHP2 as a potential therapeutic target in patients
with XLP.
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ight control of T cell activation is essential to maintain im-
mune homeostasis. T cell surface- expressed inhibitory re-
ceptors are key regulators that limit excessive T cell responses and
in recent years have proven to be important targets for anticancer
therapeutics. Programmed cell death-1 (PD-1) is a critical in-
hibitory receptor, and numerous in vivo and in vitro studies have
documented its inhibitory function in T cells. PD-1-knockout mice
develop autoimmune manifestations, such as glomerulonephritis
and inflammatory cardiomyopathy (1, 2), and PD-1 ligation re-
duces numerous T cell functions, including proliferation, adhesion,
and secretion of cytokines (3-5). Consistent with these observa-
tions, engagement of PD-1 also inhibits activation and expansion
of effector T cells in infectious and autoimmune models (6-8).
PD-1 is a member of the CD28 receptor extended family (9) and
is expressed on activated T and B cells, natural killer cells, mono-
cytes, dendritic cells, and melanoma cells (10-12). There are two
PD-1 ligands: PD-1 ligand 1 (PDL1; also known as “B7-H1”) (13,
14) and PD-1 ligand 2 (PDL2; also known as “B7-DC”) (15, 16).
PDLI is widely expressed in hematopoietic and nonhematopoietic
cells, whereas PDL2 is expressed mainly on antigen-presenting cells
(APCs). PD-1 has recently drawn attention because of the clinical
efficacy of blocking the PD-1 pathway in cancer immunotherapy
(17, 18). However, durable responses to anti-PD-1 interventions
are limited to a fraction of patients (19), and many develop
immune-related adverse events (20). Despite the wide utilization of
PD-1-based therapies, the molecular mechanisms underlying its
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inhibitory effects on lymphocyte function are only partially un-
derstood. Live-cell imaging revealed that during T cell activation
PD-1 is localized to the immunological synapse (21), where it ac-
cumulates with T cell-receptor (TCR) microclusters (22). Sub-
sequently, the tyrosine phosphatase SHP2 [Src homology 2 (SH2)
domain containing tyrosine phosphatase 2] is recruited to the cy-
toplasmic tail of PD-1 and is associated with the dephosphorylation
of key tyrosine residues within the CD3 complex, as well as CD28
and the proximal signaling molecules ZAP70, PI3K, AKT, C3G,
and ERK (3-5, 23, 24).

The cytoplasmic tail of PD-1 contains two tyrosine motifs, an
immunoreceptor tyrosine-based inhibitory motif (ITIM) and an
immunoreceptor tyrosine based-switch motif (ITSM) (25). Both
motifs are phosphorylated upon PD-1 engagement (24, 295).
Mutagenesis studies revealed a primary role for the ITSM in
SHP2 recruitment, as opposed to the ITIM, whose role in PD-
1 signaling and function is not clear (4). Furthermore, while most
coreceptor cytoplasmic tails are shorter than 60 aa (26), the tail
of PD-1 consists of 97 aa, suggesting it might interact with ad-
ditional, yet unknown, proteins. To uncover intracellular pro-
teins that interact with PD-1, we used the PD-1 cytoplasmic tail
as a bait to affinity purify candidate proteins in activated human
T cells, followed by identification with high-resolution MS. In
addition to SHP2, we discovered several other PD-1-interacting
partners, including the signaling lymphocytic activation molecule
(SLAM)-associated protein (SAP), also known as “SH2D1A”

Significance

Antibodies targeting PD-1 have elicited clinical responses in
multiple tumors. Nevertheless, response to anti-PD-1 interven-
tions is limited to a fraction of patients, and a comprehensive
understanding of the signaling downstream of PD-1 could provide
biomarkers for tumor response. We used affinity purification-mass
spectrometry to uncover proteins associated with PD-1 and found
that the adaptor protein SAP inhibits PD-1 functions by blocking
the enzymatic interaction between the phosphatase SHP2 and the
subset of its substrates that also bind to SAP. Signaling down-
stream of PD-1 in T cell subsets did not correlate with PD-1 ex-
pression but was inversely correlated with SAP levels. Thus, SAP is
a modulator of PD-1 function and a potential biomarker for re-
duced responses to PD-1-based interventions.

Author contributions: M.P., AS.T., EA.P., MS,, LA-A, B.G.N,, AJ.P, B.U,, and A.M. de-
signed research; M.P., AS.T., S.S.,, S.N., M.A,, B.U., and A.M. performed research; K.E.N.,
M.A., and A.M. contributed new reagents/analytic tools; M.P., AS.T., S.N., E.A.P., K.E.N.,
M.S., B.G.N., A.J.P,, B.U., and A.M. analyzed data; and M.P. and A.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

To whom correspondence should be addressed. Email: Adam.Mor@NYUMC.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1710437115/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1710437115


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1710437115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:Adam.Mor@NYUMC.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1710437115

L T

/

1\

=y

(SH2 domain-containing protein 1A). Interestingly, SAP blocked
PD-1 inhibitory functions in T cells (such as adhesion, pro-
liferation, and cytokine secretion) through indirect inhibition of
SHP2 activity. Accordingly, interventions at the level of the PD-
1/SAP pathway might provide a novel mechanism to enhance
T cell responses and thus optimize the treatment of malignan-
cies, immunodeficiencies, and chronic infections.

Results

MS-Based Approach Identifies PD-1-Interacting Proteins. The iden-
tification of proteins associated with transmembrane receptors by
affinity purification can be challenging due to the extraction con-
ditions needed to solubilize receptors, to which the relevant
complexes are labile (27). To overcome this limitation, we utilized
GST-tagged versions of the PD-1 cytoplasmic tail (97 aa long) to
affinity purify intracellular proteins from lysates of Jurkat T cells
(Fig. 14). To differentiate between phosphotyrosine-dependent
and independent interactions, we used an unmodified (WT)
PD-1 tail, a phosphodeficient version in which the tyrosine resi-
dues were replaced by phenylalanines (Y223F and Y248F), or a
phosphomimetic version in which both tyrosine residues were
replaced by glutamic acid (Y223E and Y248E) to serve as baits for
PD-1-interacting proteins. The GST-PD-1 tails were mixed with
lysates from activated T cells, and associated proteins were iden-
tified by MS. Label-free relative quantitative analysis using spectral
counts was performed to determine the amount of each protein
that interacted with the respective GST fusion proteins. SHP2 is the
only protein reported to interact strongly with the tail of PD-1. As
expected, based on the phosphotyrosine dependence of the SHP2/
PD1 interaction, although each bait was present in similar amounts
in the various experimental conditions (Fig. 1B), it was mainly the
GST-PD-1 WT version that pulled down the highest amount of
SHP2 (Fig. 1 C and D). Since the Y223E, Y248E version of PD-
1 demonstrated inferior binding to SHP2 compared with the WT
protein, we excluded this condition from our MS analysis. Western
blot analysis confirmed that the pulled down GST—PD-1 WT was
phosphorylated after mixing with the cell lysate (Fig. S1), and the
MS analysis also confirmed that WT PD-1 was phosphorylated
(Dataset S1). Therefore, the WT version of the tail of PD-1 could
reliably serve as a proxy for the activated PD-1.

To identify PD-1 tail-specific interactions, we excluded pro-
teins that were affinity-purified by the GST protein itself (GST
control) (Fig. 1E). Proteins that were affinity-purified by GST-
PD-1 Y223F, Y248F were designated as PD-1 tyrosine-
independent candidates (182 candidates) (Fig. 1E and Dataset
S2). Proteins that were detected only by the GST-PD-1 WT baits
were regarded as potential tyrosine-specific interactors (38 can-
didates) (Fig. 1E and Dataset S3). Importantly, SHP2, the only
protein known to interact with the tail of PD-1, was affinity-
purified by all three replicates of the GST-PD-1 WT but not
by GST alone or by the GST-PD-1 Y223F, Y248F tails.

We next sought to identify additional proteins that were pref-
erentially affinity-purified by GST-PD-1 WT over GST-PD-1
Y223F, Y248F. Because the phosphorylated tyrosine residues of
PD-1 are part of the ITIM and ITSM that interact preferentially
with SH2 domains, we sorted our candidate interactors into pro-
teins containing SH2 domains (UniProt) (Fig. 1F and Table 1).
Based on the cellular expression and the function of PD-1, we
further narrowed our considerations to proteins that were anno-
tated as immune-related according to the Mouse Genome In-
formatics database, which contains annotations of the phenotypes
of knockout mice (Fig. 1F and Table 1). Accordingly, 13 PD-1-
binding proteins were identified (Table 1). SHP2 demonstrated
the highest binding selectivity toward WT baits, recapitulating
previous observations of SHP2 interaction with the ITSM of PD-1
(Fig. 1F). Interestingly, STRING analysis (28) revealed that some
of the proteins could interact indirectly with PD-1 through SHP2
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(PTPN11) (Fig. 1G). We also observed that the adaptor protein
SAP was preferentially associated with WT PD-1.

The ITIM of PD-1 Is Necessary for SHP2 Activity. While the contri-
bution of the ITSM of PD-1 to SHP2 binding and downstream
signaling is established, the role of the ITIM in PD-1 function is
less clear. Because SHP2 has two SH2 domains and could thus
potentially bind to two sequential phosphotyrosines (one tyrosine
in the PD-1 ITSM and the other tyrosine in the PD-1 ITIM), we
hypothesized that the ITIM of PD-1 might facilitate PD-1 signaling
by stabilizing SHP2 in an open conformational state (29, 30). To
test this possibility, we expressed GFP-PD-1 WT, GFP-PD-1
Y223F (ITIM mutant), or GFP-PD-1 Y248F (ITSM mutant) in
cells that were then treated with pervanadate (a diagram de-
scribing the experiment is provided in Fig. S2). Next, we combined
the phosphorylated GFP-PD-1 proteins obtained by GFP immu-
noprecipitation with lysates from cells overexpressing SHP2 and
recorded the levels of SHP2 bound to each version of PD-1 as well
as its specific enzymatic activity. As expected, SHP?2 failed to bind
to PD-1 when the ITSM was mutated (Y248F) (Fig. 24). Notably,
the mutant version of the ITIM (Y223F) inhibited SHP2 binding
only to a limited extent (Fig. 2B). However, the SHP2 phosphatase
activity assay, analyzed on the beads that were used for affinity
purification of SHP2, revealed that the ITIM and the ITSM were
both equally indispensable for the enzymatic activity (Fig. 2C).
When Jurkat T cells that expressed different versions of GFP-
tagged PD-1 were stimulated with magnetic beads coated with
anti-CD3+PDL2-Fc for 24 h, both the ITIM and the ITSM were
required for PD-1 signaling to inhibit IL-2 (Fig. 2D) and IFN-y
(Fig. 2E) secretion. Thus, we propose a two-step activation model
in which under resting conditions SHP2 is folded in an auto-
inhibited conformation (Fig. 2F, Left). Upon binding of a ligand
(such as PDL2) to PD-1, SHP2 is recruited to the phosphorylated
ITSM (Fig. 2F, Center, first step). However, the ITIM must also be
phosphorylated to unfold SHP2 to its active conformation (Fig. 2F,
Right, second step).

SAP Is Indirectly Associated with PD-1. SAP is a 128-aa protein with
a single SH2 domain that interacts with receptors of the SLAM
family, through binding to phosphorylated ITSMs (31). Coimmu-
noprecipitation experiments, in which lysates of Jurkat T cells
expressing GFP-tagged PD-1 (or GFP alone) were immunopreci-
pitated with an anti-GFP antibody, revealed that endogenous SAP
is found in the same signaling complex as PD-1 (Fig. 3 4; and A;).
In addition, overexpressed GFP-PD-1 and SAP-Cherry were
found at the same subcellular compartment, at the plasma mem-
brane of activated T cells (Fig. 3 B and C). Notably, SAP was
recruited to the plasma membrane even with TCR activation alone
(anti-CD3 stimulation), which is plausible considering that SAP is
known to interact with additional membrane proteins, including
the CD3¢ chain (31, 32). As mentioned, SAP is known to interact
with phosphorylated tyrosines present within the cytoplasmic tails
of the SLAM family receptors, where it might compete with
SHP?2 for binding (33). To test if this was also the case for PD-1,
WT or mutant versions of GFP-PD-1 were expressed and
immunoprecipitated from activated T cells. Western blot analysis
revealed that both SAP and SHP2 were associated with WT GFP-
PD-1 and with GFP-PD-1 Y223F but not with GFP-PD-1 Y248F
(Fig. 3 D~Dy;). Thus, it was the PD-1 ITSM, and not the ITIM,
that enabled interaction with both SAP and SHP2. Next, we hy-
pothesized that SAP inhibits PD-1 function by competing with
SHP?2 for binding to the PD-1 tail. To test that, we performed a
competitive binding assay in which overexpressed GFP-SAP
competed with endogenous SHP2 on binding to GST-PD-1. As
shown, SAP overexpression failed to decrease the levels of SHP2
binding to PD-1, ruling out direct competition between SHP2 and
SAP on direct binding to PD-1 (Fig. 3 E; and Ej;). In addition,
increasing concentrations of recombinant SAP did not interfere

PNAS | Published online December 27, 2017 | E469

wv
=
o
a
w
<
=
[

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental/pnas.201710437SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental/pnas.1710437115.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental/pnas.1710437115.sd02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental/pnas.1710437115.sd02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental/pnas.1710437115.sd03.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710437115/-/DCSupplemental/pnas.201710437SI.pdf?targetid=nameddest=SF2

BEEEEENAS - PN AN DPNAS

A B C D

kbDa
15
3 g 3 g ) PD: GST |
= = = = 36 ——— 3 1B: SHP2 _ *
g LT T 2
26 [N o wcCL = 3
o 2 .
223 2 o =) a 5
< bl m o 2
s & @& & — 8 8 8§ 8§ H
= o m g @ a a o« =4 4 Ind— o 05
- - - o - - = + 9 ] o o %
o % b B S 9 9 9 z
S 9 9 © O
R S 5 2 05
o 1= = S 5 £ & 5 £ B o
m m m N = N - - m [n] [n] ("] (]
u < T g = W <~ 3 =< & 2 & 2
> > > T 2 7 v B N ] ] 4] a
gz R N S % » %
- - = Y ° X @ 3 [} ] ] o
= - - 3 %o ES ' - [
e 5 £ 5
288 > & B
5 2 R
2 2 2 5 3 08
Ind I I B ° =
° b 0B & &
g 9 - m
s & &
=5 E
& b B
= 5 B
z T
3 < <
3 NN : "
& & PD-1 tails specific
E-

Interactions
(688 candidates)

GST-PD-1
Y223F
182 | v2asF
(n=3)
165

Tyrosine
independent
Tyrosine

> interactions
specific (182 candidates)
interactions

(38 candidates)

GST-PD-1
WT (n=3)
38

GST
Controls
145

GST-PD-1
Tails
385

1

GST pull down

|

Protein digestion

|

Mass spectrometry

Label-free
quantitative
analysis

GST-PD-1
Y223F, Y248F
#3

L]
SHP2 -
Proteins containing SH2
domains N\
N\
1.5+ Immune related proteins \,
\g DSTN
® Both
EFHD2 ARF3
3
3 104 GRB2
s SH2 SHP2
a domains DOCK2
- CRKL " '
3 et PD-1
. ITK N
. \
SAP \\
0.5- chbp ®
sl SAP
3
0.0 @ 15 Y
CRKL NEK7
T ] ) 1 I ]
1/8 1/4 1/2 4 2 4
Fold change (W/F)

Fig. 1. The MS-based approach identifies PD-1-interacting proteins. (A) Experimental design and schematic of the different versions of the GST-tagged
PD-1 tails that were used as baits. (B) Ponceau staining shows the size and the amount of GST-PD-1 tail fusion protein used in each affinity purification
condition. (C) Jurkat T cells were activated with pervanadate, and whole-cell lysates (WCL) were used for pull-down (PD) with the GST-tagged baits. Samples
were analyzed by immunoblotting (IB), as indicated. (D) Densitometry values of the affinity-purified SHP2 after normalization to GST expression levels. All
values are fold-change compared with the intensity of SHP2 in the GST-PD-1 WT. Data are presented as mean + SEM. The asterisk represents a significant
difference between the denoted protein and the GST control (P < 0.05, unpaired t test); n = 3. (E) Summary of the workflow and the results of pull-down MS
analysis. (F) One-sided volcano plot of the PD-1 tail-interacting proteins. SH2 domain-containing proteins are highlighted in red; proteins that are highlighted
in orange were annotated as immune-related. Proteins labeled in green met both conditions. (G) STRING interaction map of PD-1 and the candidate proteins
identified. The line thickness indicates the strength of data supporting interaction.
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Table 1. Tyrosine-dependent and independent protein
interactions of the PD-1 tail

Peptide
UniProt Immune SH2 spectrum
Gene ID related  domains match
SHP2 (PTPN11) Q06124 + + 35
ITK Q08881 + + 15
SAP (SH2D1A) 060880 + + 15
EFHD2 Q96C19 + - 38
ARF3 P61204 + - 21
DOCK2 Q92608 + - 13
NME2 P22392 + - 27
NEK7 Q8TDX7 + - 13
DSTN P60981 + - 17
TLN1 Q9Y490 + - 10
MYD88 Q99836 + - 17
GRB2 P62993 - + 8
CRKL P46109 - + 12

A list of the proteins found in the analysis. Peptide spectrum matches are
the total number of identified peptide sequences for the protein, including
those redundantly identified, in all the baits (excluding GST-only control).

with the affinity purification of SHP2 by GST-PD-1 (Fig. 3 F;
and Fj). To test the possibility that SAP was associated with
PD-1 indirectly via its association with SHP2, we knocked down
SHP2 in Jurkat T cells and observed that SAP completely failed to
bind to PD-1 (Fig. 3 G—G;). These findings suggest that SAP is
associated with PD-1 indirectly, possibly through a complex with
SHP2 and other adaptor proteins. Notably, the ability of SAP to
bind to FYN (34) was not necessary for its ability to inhibit
PD-1 signaling and IL-2 secretion (Fig. S3) because a mutant
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version of SAP (SAP R78A) that cannot bind to FYN could still
inhibit PD-1 function.

SHP?2 is self-inhibited by its N-terminal SH2 (N-SH2) domain,
which folds over its catalytic domain (Fig. 2F) (29, 30). SAP and
the N-SH2 domain of SHP2 perfectly aligned structurally (Fig.
S4), suggesting that SAP might interact with and inhibit the
SHP2 catalytic domain directly. To test this possibility, His-
tagged SAP and GST-tagged SHP2"™" (the catalytic domain of
SHP2) were used in coaffinity enrichment experiments, which
showed a lack of direct interaction between these proteins (Fig. 3
H; and H;;). However, these recombinant proteins were physi-
cally associated in the presence of WT T cell (control) lysate
(Fig. 3 H; and H;), suggesting that additional proteins are re-
quired to support the association.

SAP Inhibits SHP2 Activity. Because SAP is known to modulate
signaling downstream from several receptors (31, 32), we hy-
pothesized that it also might modulate signaling downstream of
PD-1. Indeed, knocking down SAP in Jurkat T cells further en-
hanced the ability of PD-1 ligation (with PDL2) to inhibit the
phosphorylation of ERK, PLCy, and ZAP70 in CD3-stimulated
T cells (Fig. 44, Left). Moreover, when SAP-deficient T cells were
treated with SHP(099, an allosteric specific inhibitor of SHP2 (35),
PD-1’s ability to inhibit the phosphorylation of ERK, PLCy, and
ZAP70 was abrogated (Fig. 44, Right and quantified in Fig. S5).
To test if SAP inhibits dephosphorylation of SHP2 substrates, we
used a modified phosphatase assay that was based on the in vitro
substrate-trapping method (Fig. 4B and Fig. S6) (36). As shown, a
decrease in the levels of the phosphorylated proteins was recorded
with increasing concentration of SHP2"™® (Fig. 4 B and C). Most
importantly, there was an enhanced reduction of total phosphorylation
in the SAP-deficient cells (Fig. 4 B and C), implying that SAP inhibits
SHP2-specific activity.

SHP2 Control

ol Fig. 2. The ITIM of PD-1 is necessary for SHP2 ac-
tivity. (A-C) 293T cells were transfected with the in-
dicated versions of GFP-tagged PD-1, followed by
pervanadate treatment and immunoprecipitation
using anti-GFP mAb-agarose (A). SHP2 levels bound
to precipitated GFP-PD-1 were quantified (B) and
subjected to phosphatase activity assay (C). Values of
pulled-down SHP2 were normalized to GFP expres-
sion levels. All values are fold-change compared with
the intensity of precipitated SHP2 in the WT PD-1
x GFP in the SHP2-expressing cells. Phosphatase activ-
ity values are fold-change compared with the activity
of immunoprecipitated SHP2 in the WT PD-1 GFP
from the SHP2-expressing cells. RU, relative units. (D
and E) Jurkat T cells were transfected with GFP
control or different versions of GFP-tagged PD-1 as
indicated, followed by stimulation with magnetic
beads coated with anti-CD3, or anti-CD3+PDL2 for an
additional 24 h. Medium was collected for IL-2 and
IFN-y measurements (ELISA). (F) The two-step acti-
vation model. SHP2 is first recruited to the ITSM (step
1), and only then does the second SH2 bind to the
ITIM (step 2), which opens the catalytic domain of
SHP2 to the fully active conformation. Data are
presented as mean + SEM. Asterisks represent sig-
nificant differences between the denoted group and
the PD-1 WT in C and D or between the denoted
group and the anti-CD3-treated cells in £ and F;
**P < 0.01, ***P < 0.001, unpaired t test; n = 3.
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Fig. 3. SAP is indirectly associated with PD-1. (A;) Pervanadate-treated Jurkat T cells were transiently transfected with GFP-tagged PD-1 or GFP alone. Whole-

cell lysates (WCL) were immunoprecipitated with an anti-GFP antibody (IP: GFP), and samples were analyzed by immunoblotting. (A;) Densitometry values of
data shown in A;. (B, Left) Jurkat T cells were transfected with plasmids directing the expression of the indicated fluorescent proteins, and after 24 h cells were
stimulated with anti-CD3 antibodies and recombinant PDL2, followed by live imaging. (Scale bar, 10 pm.) (Right) Line analysis shows fluorescent intensities of
SAP (red) along the diameter of the cell. (C) Percentage of cells showing SAP localization at the plasma membrane (PM) or the cytosol, in the unstimulated
(Upper) and stimulated (CD3 or CD3+PDL2) conditions. (D;) Jurkat T cells were transfected with different versions of GFP-tagged PD-1, as indicated, followed
by treatment with pervanadate; whole-cell lysates (Input) were immunoprecipitated with an anti-GFP antibody (IP: GFP), and samples were analyzed by
immunoblotting. (D; and D;;) Densitometry values of data shown in D;. (E;) 293T cells were transfected with plasmid directing expression of GFP-SAP or a
control GFP plasmid, followed by treatment with pervanadate. Lysates were pulled down with the GST-tagged PD-1, and samples were analyzed by im-
munoblotting. (E;) Densitometry values of data shown in E;. (F) increasing concentrations of recombinant SAP were added to SAP knockdown (KD) Jurkat
cells followed by affinity purification with GST-PD1 and immunoblot analysis. (F;) Densitometry values of data shown in F;. (G) SHP2-knockdown and
scrambled control Jurkat T cells were transfected with GFP-tagged PD-1, followed by treatment with pervanadate; lysates were immunoprecipitated with an
anti-GFP antibody (IP: GFP), and samples were analyzed by immunoblotting. (G;; and G;;) Densitometry values of data shown in G;. (H,) His-tagged SAP and
GST-tagged SHP2 catalytic domain were incubated in the presence or absence of Jurkat T cell lysate (Control Lysate). SAP was pulled down with nickel beads.
Samples were analyzed by immunoblot. (H;) Densitometry values data shown in H; Data are presented as mean + SEM. Asterisks represent significant
differences between the denoted condition and GFP-PD1 WT in B, between the denoted condition and the cells with cytosolic distribution of SAP in C, and
between the denoted condition and the control where only two groups are tested. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired t test; n = 3.

Because SAP inhibits PD-1 signaling (Fig. 44) but does not
interfere with SHP2 binding to PD-1 (Fig. 3 E and F), we con-
sidered two alternative mechanisms. First, SAP could bind SHP2
and directly block the SHP2 catalytic site or, alternatively, SAP
might not bind to SHP2 but rather could bind to its substrates
and thereby block the interaction between SHP2 and its enzy-
matic substrates. The latter explanation, known as the “shielding
model,” has been proposed for other signaling complexes (37). In
support of this model, we used SHP099 to block SHP2 activity
in Jurkat T cells, followed by affinity purification with His-tagged
SAP. As expected (Fig. 4D), SHP099 treatment resulted in an
increase in the levels of select tyrosine phosphorylated proteins
(detected by 4G10 antibody). The fact that these SHP2 phos-
phorylated targets were also affinity-purified by His-tagged SAP
indicates that SAP interacts physically with several SHP2 sub-
strates (Fig. 4D). To test the effect of SAP on SHP2-mediated
dephosphorylation events, we measured SHP2-mediated dephos-
phorylation of p60-SRC Y416 (Fig. 4E), SLAMF5 Y279 (Fig. 4F),
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and CD3 Y142 (Fig. 4G) phosphotyrosyl peptides by Malachite
Green assays. For these three substrates, and in the absence of
SAP, we observed conventional Michaelis-Menten kinetics. How-
ever, when we included SAP in the assay, we observed that SHP2-
mediated dephosphorylation was inhibited only when the SHP2
substrate was a known SAP interactor (CD3 and SLAMFS but
not p60-SRC) (Fig. 4 F and G). Consistent with a competitive
mechanism of inhibition, K, values increased two- to threefold
in the presence of SAP when phosphorylated SLAMFS and
CD3 peptides were used as substrates but not when p60-SRC
peptide was used, whereas V. values were unaffected for all
three phosphotyrosyl peptides. The cytoplasmic tail of CD28 was
reported to be a significant target for SHP2 downstream of PD-1
(23). To assess if SAP inhibits the dephosphorylation of the tail of
CD28, we tested recombinant CD28 Y173, the binding site of
lipid kinase PI3K, and recombinant CD28 Y190, the LCK-binding
motif (38). Although both sites were targeted by the catalytic
domain of SHP2 (Fig. 4 H and I), SAP predominantly inhibited
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SAP inhibits SHP2 activity. (A) Jurkat T cells stably transfected with shRNA for SAP (SAP KD), SHP2 (SHP2 KD), and nontargeting control (Control) were

treated for 1 h with SHP099 (10 uM) followed by stimulation with magnetic beads coated with anti-CD3 or anti-CD3+PDL2 for 5 min. At this time, the cells
were harvested and analyzed by immunoblotting, as indicated. (B) Jurkat T cells, transfected with siRNA for SAP (SAP KD) and nontargeting control (Control),
were treated with pervanadate to induce maximal phosphorylation, followed by five serial washes, lysis, and diafiltration to remove the drug and to exchange the
buffer to a phosphatase-compatible buffer. SHP2"™" (the GST-tagged SHP2 catalytic domain) was then added to the cell lysates for 1 h at the indicated con-
centrations, followed by immunoblotting with anti-phosphotyrosine antibody (antibody clone 4G10). (C) Densitometry values of all the phosphotyrosine-
containing proteins shown in B. All values are relative to the baseline condition (without SHP2P™). (D) Jurkat T cells were treated with SHP099 (10 uM),
followed by affinity purification with a his-tagged SAP or his-Fab control and immunoblot analysis with anti-phosphotyrosine antibody (4G10). (E-/) Enzymatic
activity of SHP2P™" was measured using a Malachite Green assay, with p60-SRC (E), SLAMF5 Y279 (F), CD3 Y142 (G), CD28 Y172 (H), and CD28 Y190 (/) peptides as
substrates. Substrate titrations of SHP2"™ (dark circles) at baseline (control) or in the presence of 1 uM SAP (white circles) or 10 uM SAP (crossed circles) are shown.
Curves are fitted using the Michelis-Menten equation, and derived K, values are shown. The data points represent the mean of three measurements. (J) A
diagram describing the shielding model. Data are presented as mean + SEM. Asterisks represent significant differences between the denoted group and the anti-
CD3-treated cells in A or between SAP-deficient cells and control cells in E; *P < 0.05, **P < 0.01, unpaired t test; n = 4.

dephosphorylation of CD28 Y173 over CD28 Y190. The K, values
for CD28 Y173 were similar to those of CD3 Y142 but were lower
than the values for CD28 Y190. Overall, SAP interacts with PD-
1 and SHP2 indirectly and inhibits their activity by shielding sub-
strates of SHP2 from its phosphatase activity (Fig. 4/).

SAP Inhibits PD-1 Functions. Functionally, knocking down SAP in
primary human T cells using siRNA (Fig. S74) further enhanced
the ability of PD-1 ligation (with PDL2) to inhibit IL-2 secretion in
anti-CD3-stimulated T cells (Fig. 54) and, similar to its effect on
PD-1 signaling, treatment with SHP(099, resulted in abrogation of
PD-1’s ability to inhibit IL-2 secretion (Fig. S7B). By contrast,
overexpression of SAP-GFP (Fig. 5B and Fig. S7C) abrogated the
ability of PD-1 to inhibit anti-CD3—-induced IL-2 secretion (Fig.
5C), CD69 up-regulation (Fig. 5D and Fig. S7D), IFN-y release
(Fig. 5E), and T cell adhesion to fibronectin-coated wells (Fig.
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5F). Thus, SAP appears to be a negative regulator of PD-1 sig-
naling and function in T cells.

X-linked lymphoproliferative disease (XLP) is a genetic disease
in which the SH2DIA gene (which encodes SAP) is mutated,
leading to either an absent or a dysfunctional protein (34). XLP
patients are immunodeficient and commonly present with dysre-
gulated cellular responses to Epstein—Barr virus infection, which
results in excessive lymphoproliferation or hemophagocytic lym-
phohistiocytosis. To further validate the contribution of SAP to
PD-1 signaling, we isolated peripheral T cells from patients with
XLP to study the ability of anti-CD3 and +PDL2-Fc—coated beads
to modulate cytokine secretion. Compared with healthy control
T cells, PD-1 ligation in XLP cells resulted in more profound
reduction of IL-2 secretion (Fig. 5G). PD-1 ligation also had a
more pronounced inhibitory effect on cellular proliferation in
XLP cells than in cells from healthy controls (Fig. 5H), strongly
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Fig. 5. SAP inhibits PD-1 functions. (A) Freshly isolated human CD3* T cells were transfected with nontargeting control siRNA or siRNA targeting SAP. (B-D)
Freshly isolated human CD3* T cells were transfected with a plasmid directing expression of different levels of SAP-GFP (low SAP, 0.4 ung DNA per plate; high
SAP, 4 ug DNA per plate) or a control null plasmid. After 24 h, the cells were stimulated with magnetic beads coated with anti-CD3 or anti-CD3+PDL2 for an
additional 24 h. At this time, cells were tested for GFP and for CD69 expression by FACS analysis (B and D), and medium was collected for IL-2 measurements
(ELISA) (A and C). MFI, mean fluorescence intensity. (E and F) Jurkat T cells, stably transfected with shRNA targeting SAP (KD; knockdown) or a plasmid
directing expression of SAP (OE; overexpression) were stimulated as indicated, and medium was collected for IFN-y while cells were subjected to an adhesion
assay using fibronectin-coated wells. Percentage of adhesion was calculated based on input fluorescence. (G) Freshly isolated human CD3* T cells from healthy
controls or from XLP patients were stimulated with magnetic beads coated as indicated for 48 h. Medium was harvested, and IL-2 levels were measured with
ELISA. (H) Freshly isolated human CD3™ T cells from healthy controls or from XLP patients were stimulated with magnetic beads coated as indicated, and cell
proliferation was monitored using the MTS assay. Values are expressed as the increase in OD compared with day 0. (/) Freshly isolated mouse CD3™" T cells from
WT controls or from SAP-deficient mice were stimulated with magnetic beads coated as indicated for 48 h. Medium was harvested, and IL-2 levels were
measured with ELISA. (J) Freshly isolated mouse CD3* T cells from WT controls or from SAP-deficient mice were stimulated with magnetic beads coated as
indicated, and cell proliferation was monitored using the MTS assay. Values are expressed as the increase in OD compared with day 0. Data are presented as
mean + SEM; asterisks represent significant differences, between the denoted condition and the anti-CD3-treated cells in A and C—F or between the denoted
group and the anti-CD3+28-treated cells in G-J; *P < 0.05, **P < 0.01, ***P < 0.001, unpaired t test; n = 3.

suggesting that SAP is a negative regulator of PD-1 functions.
Importantly, PD-1 expression levels were maintained at equivalent
levels in XLP patients and controls (Fig. S7E). Similar to XLP
patients, T lymphocytes from SAP-deficient mice had an increased
response to PD-1 activation, as demonstrated by a further re-
duction of IL-2 secretion and cellular proliferation (Fig. 5 I and J).

SAP Expression Levels Inversely Correlate with PD-1 Signaling in
Purified T Cell Subsets. To test whether different expression lev-
els of SAP affect PD-1 function in a physiologic setting, we first
separated CD4* T cells into the following subsets (based on dif-
ferent stages of antigen experience): naive T cells (Tyarve), central
memory T cells (Tcy), effector memory T cells (Tgym), and ter-
minally differentiated T cells (Temra) (Fig. 64) (32). As expected,
PD-1 expression levels differed among these subsets (Fig. 6B and
Fig. S8 for CD8" T cells). To analyze PD-1 signaling, we measured
phosphorylation levels of tyrosine 142 of the { chain of the TCR
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complex (pCD3t), as the most proximal phosphorylation event in
the TCR signaling cascade, which is also dephosphorylated upon
PD-1 engagement (24). As expected, pCD3( levels increased upon
crosslinking with anti-CD3/28 antibodies (Fig. 6C, Left Column)
and decreased when PDLI1 was engaged concomitantly (Fig. 6C,
Right Column). Interestingly, increased PD-1 expression levels
(Fig. 6B) failed to correlate with the effects of PD-1 ligation on
TCR signaling in different T cell subsets, as measured by pCD3¢
levels (Fig. 6D). By contrast, SAP expression levels positively
correlated with antigen experience (Fig. 6E) and inversely corre-
lated with the degree of CD3(¢ dephosphorylation (Fig. 6F), sug-
gesting a role for SAP in inhibiting PD-1 function in T cell subsets.
To further support this hypothesis, SAP knockdown in Jurkat
T cells resulted in greater reduction of IL-2 levels downstream of
PD-1, as measured by intracellular staining (Fig. S9). Collectively,
these results suggest that SAP acts as a negative regulator down-
stream of PD-1 signaling.
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Discussion

In an attempt to uncover PD-1-interacting partners, we discovered
that SAP indirectly inhibits PD-1 function by shielding tyrosine
residues from SHP2 activity. Furthermore, while we confirmed
previous observations that the PD-1 ITIM and ITSM are both
required for maximal SHP2 binding to PD-1, we found that the
ITIM is critically required for SHP2 phosphatase activity as well.
Collectively, through a series of biochemical investigations and
immune-based assays, we have identified SAP as an inhibitor of
PD-1 function, and these insights into PD-1 biology might inform
future therapeutic strategies targeting the PD-1/SHP2 axis.

Although some of the signaling pathways downstream of PD-1
have been described, many are still poorly understood. Whether
the cytoplasmic tail of PD-1 interacts with other downstream ef-
fectors is still a matter of debate. SHP2 is recruited to the PD-
1 cytoplasmic tail by binding to the phosphorylated PD-1 ITSM
following ligand binding and subsequent clustering with the TCR
complex (22). However, the role of other phosphatases such as
SHP1 and the contribution of the ITIM of PD-1 to downstream
signaling are not clear. While Chemnitz et al. (4) reported that
PD-1 inhibitory effects were preserved when the ITIM (Y223F),
but not the ITSM (Y248F), was mutated, others have suggested
that the ITIM is needed for downstream signaling of this pathway
(12, 23). In addition, it is not clear what binds to the ITIM, or
possibly to the long distal portion of the tail of PD-1.

In this work, we utilized an affinity purification-based approach,
using the GST-tagged PD-1 cytoplasmic tail as a bait, coupled with
MS analysis, to identify intracellular binders. Focusing on tyrosine-
specific interactors, we used relative label-free quantitative analysis

Peled et al.

to discover candidates that preferentially interacted with the PD-1
WT and not with the phosphodeficient version. Because ITIMs or
ITSMs usually recruit adaptor proteins that have SH2 domains, we
focused our attention on proteins that were enriched in the PD-1
WT affinity purification and also contained at least one SH2 do-
main (www.uniprot.org). Further limiting our consideration to
immune-related proteins narrowed our list to only three candidates:
SHP2, ITK, and SAP (Table 1). Interestingly, SHP1 was not
affinity-purified by any of the C-terminal tails. While SHP2 is a
known binding partner of PD-1, SAP has never been demonstrated
to interact with this receptor. As SAP is known to interact with the
ITSMs of the SLAM family receptors, other investigators attempted,
although unsuccessfully, to record an association between PD-1 and
SAP using 293T cells (4). In our hands, overexpression of SAP
impaired the PD-1 inhibitory function by obstructing SHP2 phos-
phatase activity. This was related to a shielding effect of SAP,
whereby SAP protects substrates of SHP2 from its phosphatase
activity. The formation of an inhibitory complex that includes SAP,
and perhaps additional proteins, to modulate SHP2 activity through
an alternative mechanism cannot be excluded.

Several groups have shown that, similar to SAP, other SH2
domains can protect phosphorylated tyrosines from dephos-
phorylation. Rotin et al. (39) reported that SH2 domains pre-
vented tyrosine dephosphorylation in the context of EGFR.
Veillette and coworkers (40) showed that the SH2 domain of LCK
protected its C-terminal tail from dephosphorylation. Wills et al.
(41) demonstrated a similar protection mediated by the adaptor
protein ShcD, and Jadwin (42) presented a method of screening
SH2 binding partners based on SH2 protection. However, these
papers provide limited physiological relevance. It was recently
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found that CD28 is a critical target for PD-1-induced de-
phosphorylation (23). Our finding that SAP protects CD28 from
dephosphorylation by SHP2 further supports the important role of
SAP in PD-1 signaling and provides an additional layer of evidence
that many SHP2 sites that overlap with SAP binding may actually
be shielded from PD-1 signaling, leaving those not shielded by SAP
as major functional targets. There are two functional phosphosites
in the tail of CD28. The first motif contains the HSDY(p)MNM
sequence (CD28 Y173). This motif undergoes tyrosine phosphor-
ylation following the engagement of CD28 and serves as a binding
site for the SH2 domain of p85, the regulatory subunit of PI3K.
The methionine residue at the +3 position confers specificity for
p85 binding, while the asparagine at the +2 position confers ad-
ditional specificity for the SH2 domain of GRB2 and GADS. A
second, more distal motif containing YQPY(p)APP (CD28 Y190)
serves as a potential docking site for other effector molecules such
as filamin-A, LCK, and FYN. We found that SAP preferen-
tially shields the first motif, and this might result from the serine
at —2 position of CD28 Y173, which is considered part of the
binding motif of SAP (43). Whether SAP shields the substrates of
additional phosphatases, such as CD45, should be explored.

Immunodeficiency and lymphoproliferative disease coexist in
XLP patients (34). Similarly, SHP2 is implicated in opposite
signaling pathways, as it is involved in mediating lymphoprolif-
eration, being an inducer of the RAS pathway (44), as well as an
inhibitor of lymphoproliferation and other lymphocyte functions
as a mediator of the PD-1 pathway. Hence, the function of SAP
as an inhibitor of SHP2 can explain the pathophysiology of XLP
and also points toward SHP2 inhibitors as a possible therapy.
Further studies should investigate if SAP shielding is an impor-
tant determinant of what is observed in vivo and also if it is an
important determinant of the XLP phenotype.

The physiological role of SAP in dampening PD-1 responses is
less clear, but it is likely to play a role in chronically activated and
autoimmune T cells that express high levels of PD-1 but are not
inhibited. Indeed, we show here that an increase in SAP expres-
sion in antigen-experienced T cell subsets correlated with reduced
PD-1 signaling. As PD-1 was shown to have a unique role in
germinal centers (45), it would be of interest to study PD-1 and
SAP biochemistry and kinetics in additional subsets of lympho-
cytes, such as regulatory T cells and T follicular helper cells.

SHP?2 interacts with the ITSM of PD-1, but the contribution of
the ITIM to this system is not clear. We observed a partial re-
duction in SHP2 binding to PD-1 when the ITIM was mutated.
In addition, it is established that SHP2 contains two SH2 do-
mains and that it is fully active when both sites are occupied
simultaneously by two adjacent phosphotyrosines (29, 30). In
agreement with this model, we found that the enzymatic activity
of SHP2 was reduced when either the ITIM or the ITSM was
mutated, implying that the ITIM is required for optimal binding
of SHP2 to PD-1, SHP2 enzymatic activity, and overall PD-1
function. Recent work by Hui et al. (23) has demonstrated that
both the ITIM (Y223) and ITSM (Y248) of PD-1 are involved in
SHP2 recruitment. However, while we confirm this work by
showing that the ITIM is hardly required for SHP2 recruitment,
we observe that a mutation in the ITIM alone completely abol-
ishes SHP2 activity and PD-1 function, and that this discrepancy
can be explained by the two-step activation model in which the
first step involves recruitment to the ITSM without activation
(because of the autoinhibited conformation of SHP2), and
SHP2 becomes active only when there is binding of the second
SH2 to the ITIM (second step) (Fig. 2F).

In the past decade, cancer immunotherapy has become an
important arm of cancer treatment, and inhibition of the PD-1
pathway is one of the main avenues of this arm. Biomarkers for
anti-PD-1 responders are actively pursued, and our finding im-
plies that interpatient differences in SAP levels, as previously
observed in lupus (46), might be relevant to the anti-PD-1 re-
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sponse. In addition, PD-1 ligands are being considered for the
treatment of autoimmune diseases (8), and new and potent
SHP2 inhibitors were demonstrated to be effective in preclinical
studies in tumor models (35). Thus, the newly discovered binding
partners of the PD-1 cytoplasmic tail presented in this study hold
great potential as therapeutic targets.

Materials and Methods

Additional information regarding the materials and methods is provided in S/
Materials and Methods.

Transfection and Stimulation. Constructs were introduced into the cells by
nucleofection (Lonza) with an efficiency of 50-70%. Cells were stimulated at
a 1:3 ratio with magnetic beads (3 x 10° beads per well) (Invitrogen) con-
jugated with anti-CD3 (UCHT1) (R&D) and IgG1 (R&D) or with anti-CD3 and
PDL2-IgG1 (R&D).

Recombinant Proteins. Recombinant peptides were synthesized by GenScript.

DNA Constructs. pMSCV-PD-1-YFP was a gift from James Allison (MD
Anderson Cancer Center, Houston, TX). pMSCV-SHP2-flag and pMSCV-null
were previously described (47).

Generating Stable Knockdown Jurkat T Cells. SAP was stably knocked down in
Jurkat T cells by RNAi using Mission shRNA plasmids (Sigma).

siRNA for Knockdown in Primary Human T-Cells. SMARTpool ON-TARGETplus
SH2D1A (SAP), SHP2, and nontargeting control siRNA (Dharmacon) were
used according to the manufacturer’s instruction.

Cytokine Analysis. Human and mouse IL-2 and IFN-y ELISA kits (BioLegend)
were used according to the manufacturer’s protocols.

Cell Proliferation Assay. The cell proliferation assay was performed using
tetrazolium compound-based CellTiter 96 AQueous One Solution Cell Pro-
liferation (MTS) assay (Promega).

Immunoprecipitation and Affinity Enrichment. Cell lysates were mixed with
anti-GFP monoclonal antibody coupled to agarose beads to enrich GFP-
tagged proteins according to the manufacturer’s protocols. Pull-down
lysates were separated by Tris-glycine PAGE, transferred to nitrocellulose
filters, and visualized as described (3). Bacterial expression vectors were used
to transform competent BL21 Escherichia coli cells. Recombinant protein
immobilization on glutathione Sepharose beads (Thermo Scientific), binding
assays, and analyses of bound proteins were conducted as described (48).

Phosphatase Activity. To determine kinetic parameters, a fixed amount of
purified GST-WT SHP2 catalytic domain was incubated with variable con-
centrations of substrates (GenScript) in PTP assay buffer (Phosphatase Assay
Kit; Upstate 17-313). Phosphatase release was quantified by adding Mala-
chite Green (Malachite Green Phosphatase Detection Kit; R&D DY996).

Flow Cytometry. T cells were studied using a FACSCalibur system (BD) and an
LSR II flow cytometer (BD) and were analyzed using FlowJo software.

Static Adhesion Assay. Static T cell adhesion to fibronectin-coated plates was
performed as reported (49).

LC-MS/MS. The samples were digested in gel and analyzed on LC-MS as in ref.
50 with modifications as described in S/ Materials and Methods. The MS/MS
spectra were searched against the UniProt Human reference proteome data-
base (downloaded 2016 25 February) (51), with WT and phosphor-impaired
GST-PD1 sequences inserted into the database, using SEQUEST within Pro-
teome Discoverer. Database queries to sort for SH2-containing proteins and
immune-related proteins are described in detail in S/ Materials and Methods.

XLP Patients and Healthy Controls. The study was approved by the Institu-
tional Review Boards at The Children’s Hospital of Philadelphia and New
York University School of Medicine. The patients and healthy human con-
trols provided informed consent for immunologic studies.

Mice. WT C57/BI6 male mice or SAP-knockout mice (B6.12956-Sh2d1a"™'P</J;
The Jackson Laboratory were used) at 6-12 wk of age. Animal studies were
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approved by the New York University Institutional Animal Care and Use
Committee.

Statistics. Values are reported as mean + SEM. Statistical analyses were
performed using Student’s t test and ANOVA analysis. All statistical analyses
were performed using GraphPad Prism (version 6.0).
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