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SUMMARY

Deciphering how TCR signals are modulated by caimdiy receptors is of fundamental and
clinical interest. Using quantitative interactomieg define the composition and dynamics of
the PD-1 and BTLA coinhibitory signalosomes in paity effector T cells and at a T cell-
antigen presenting cell interface. We also soleeetkisting controversy regarding the role of
the SHP-1 and SHP-2 protein-tyrosine phosphatasesediating PD-1 coinhibition. PD-1
predominantly recruits SHP-2, but when absengdtuits SHP-1 and remains functional. In
contrast, BTLA predominantly recruits SHP-1 andatéower extent SHP-2. By separately
analyzing the PD-1-SHP-1 and PD-1-SHP-2 complexesshow that both dampen the TCR
and CD28 signaling pathways equally. Therefore, study illustrates how comparison of
coinhibitory receptor signaling via quantitativagractomics in primary T cells unveils their
extent of redundancy and provides a rationale fesighing combinations of blocking

antibodies in cancer immunotherapy based on untidpuodes of action.



INTRODUCTION
Although the T cell antigen receptor (TCR) occupesentral place in T cell activation, it
does not work in isolation and is tuned by costatty and coinhibitory receptors that report
on the immunogenic status of antigen presentintg ¢APC). Proper integration of TCR,
costimulatory and coinhibitory signals is essentmalperipheral tolerance induction and the
generation of effector and memory T cells. Morepwhrring the effector phase of T cell
responses, coinhibitory signals prevent overt @ssigruption. We lack, however, a systems-
level understanding of the composition and dynamafs the signaling complexes
(signalosomes) used by most T cell costimulatord aainhibitors under physiological
conditions. Deciphering how TCR signals are dynaifhyc modulated by a wealth of
costimulators and coinhibitors is thus a fundamemfaestion in immunology and of
considerable clinical interest since blocking cdiitory signals via therapeutic antibodies
(immune-checkpoint inhibitors) has become a stahdaatment in cancer immunotherapy
(Hashimoto et al., 2018). Upon chronic antigen exjpe, tumor-infiltrating effector T cells
(TIL) often upregulate several coinhibitors thatiogether dampen TCR and costimulatory
signals. The reinvigorated anti-tumor immunity féag from the coincident blockade of the
programmed cell death protein-1 (PD-1) and cytatokilymphocyte—associated protein 4
(CTLA-4) has triggered a lot of interest for comdtion therapies (Sharpe and Pauken, 2018).
However, there is an unmet need for the designamhhbination therapy trials that are
informed by an understanding of the signaling patyswsed by candidate coinhibitor pairs.
PD-1 (also called CD279 or PDCD1; Ishida et al.92)9has two known ligands
known as PD-L1 (CD274) and PD-L2 (CD273), and mdly expressed during the naive-to-
effector T cell transition to protect T cells framwerstimulation (Odorizzi et al., 2015). The
B- and T-lymphocyte attenuator (BTLA; also calleDZ72) is expressed on naive T cells and

transiently upregulated upon TCR engagement (Whtaeaal., 2003). BTLA recognizes the



herpes virus entry mediator (HVEM), a member of thenor necrosis factor receptor
superfamily and BTLA-deficient T cells show incredsantigen responsiveness (Krieg et al.,
2007; Watanabe et al., 2003). The cytoplasmic daiboth PD-1 and BTLA contains an
immunoreceptor tyrosine-based inhibition motif ()l followed by an immunoreceptor
tyrosine-based switch motif (ITSM) (Riley, 2009)pd&h tyrosine phosphorylation, these
motifs recruit cytosolic proteins that reduce Tlcelntigen sensitivity, metabolic
reprogramming and entry into cell cycle (Sharpe Badiken, 2018). So far, most studies
aiming at identifying such cytosolic proteins pewhttowards the Src homology 2 (SH2)
domain-containing protein-tyrosine phosphatase@&€) SHP-1 (also called PTPN6) and
SHP-2 (also called PTPN11) (Riley, 2009). Thoselistirelied on overexpression and thus
remained qualitative. They also failed to determvmeether SHP-1 and SHP-2, that are
structurally related and coexpressed in T cells,im@ redundant manner to mediate PD-1
coinhibition under physiological conditions, a kegue in view of a recent study suggesting
that SHP-2 is dispensable for PD-1 coinhibitiovivo (Rota et al., 2018).

Redundant molecules can compensate for the losaatf other’s by taking over and
performing the exact same function. Biological nediancy is frequently associated with pairs
of genes that derive from the same ancestral gam@vn as paralogs). Among coinhibitors,
PD-1 and BTLA are evolutionary related (Riley, 2D0@nd coexpressed on human and
mouse tumor-antigen specific CDF cells (Ahrends et al., 2017; Baitsch et al., 201
Accordingly, BTLA can likely substitute for PD-1 iconditions where immune-checkpoint
inhibitors target PD-1 anuh vitro studies support that view (Derre et al., 2010;rEade et
al., 2012). By using gene-edited mice that perrffinity purification coupled with mass
spectrometry (AP-MS) analysis, we defined the cositfpm, stoichiometry and dynamics of

the PD-1 and BTLA signalosomes in primary T ceMworeover, we solved the existing



inconsistency regarding the respective role of SHBnd SHP-2 in mediating PD-1
coinhibition.
RESULTS

The PD-1 signalosome of primary effector CD4T cells

To identify the proteins that interact with PD-1pgnmary effector T cells, we generated mice
expressing a Twin-Strep-tag (OST) for affinity pisation at the carboxyl terminus of
endogenous PD-1 proteins (P81 mice) Figure 1A). T cells with normal phenotype and
numbers were present in P3*1 mice Figure SA). Following stimulation for 3.5 days with
anti-TCR and anti-CD28 antibodies, they expressgdl$ of PD-1 comparable to their wild-
type (WT) counterparts(gure SB), and proliferated similarly upon restimulationthvanti-
TCR and anti-CD28 antibodies-ijure STC). After activation for 2, 5 and 15 min with
pervanadate Higure B), a surrogate for TCR stimulation that triggersaximal
phosphorylation of the PD-1 ITSM and ITIM motifs @fdnabe et al., 2003), P and
WT CD4" T cells showed a similar pattern of inducittigosine phosphorylationAs
expected, PD-1-OST molecules were only affinityifed from PD-£°T samplesKigure 1C,
lower panel), and showed a transient increase nositye-phosphorylation, peaking 2 min
after pervanadate stimulation and leading to thmding with tyrosine-phosphorylated

speciesfigure IC, upper panel).

To identify and quantify the proteins (the ‘prey$hat associate with PD-1-OST
molecules (the ‘bait’) over the course of pervamadaimulation, we applied our SWATH
(sequential window acquisition of all theoreticedgment ion spectra)-MS workflow (Caron
et al., 2017 an&upplemental Experimental Procedyres PD-P°" CD4" T cells that were
briefly expanded to induce high levels of PD-1 émeh treated for 2, 5, or 15 minutes with
pervanadate, or left untreated. To eliminate nagciic contaminants, control experiments

were performed using briefly expanded WT CDRB cells expressing similar levels of



untagged PD-1 molecules. For each time point, thrdependent biological replicates were
performed and the copurified proteins (the ‘intemame’) compared using SWATH-MS
(Figure 1A). As expected and consistent with immunoblot gsialFigure IC), an increase in
phosphorylation of tyrosine 225 of the PD-1 ITIMcaced after pervanadate treatment
(Figure D and E andTable S). To identify proteins with a putative role in PD-
coinhibition, we applied two orthogonal filters. @nfirst step, we identified 219 proteins that
showed a more than three-fold increase in abundanparifications from PD-2°"CD4" T
cells as compared to WT CDZ cells Figure F and Table S2). In a second filtering step,
we identified 12 interactors that changed in abundaat least two-fold following
pervanadate treatmentigure IG andTable SJ. The final list included the known PD-1
interactors SHP-1, SHP-2 and GRB2 which showed malxiassociation 2 minutes after
pervanadate treatmenkEigure H). Candidate interactors with known (DBNL, FERMTS3,
ZAP70, INPP5D/SHIP1), or unrecognized (ARHGEF1, OS8P2, NSUN2, MCM3) links

to T-cell signaling were also identifiedigure 1).

For each of the identified PD-1-prey interactions, estimated the relative quantity of
prey bound to PD-1 (a value known as the interacstoichiometry) by intensity-based
absolute quantification (iBAQ; Schwanhausser et 2011) and the estimated values were
normalized to the baitHgure 1, iIBAQ column andTable S3. Two minutes after
pervanadate treatment, SHP-2 was by far the mastdamnt PD-1 interactor occupying 13 %
of the available PD-1-OST molecules, whereas SHiRdlGRB2 reached a 9- and 15-times
lower interaction stoichiometry, respectively. Maxt the additional candidate interactors
showed interaction stoichiometries lower than GRBRBus SHP-2 was the most abundant
interactor that dynamically associated to PD-1olwlhg pervanadate stimulation in primary

CD4" T cells.

The BTLA signalosome of primary effector CD4 T cells



The PD-1 and BTLA cytoplasmic segments possess#dasiexon-intron organization that
encodes a pair of immunoreceptor tyrosine-basedsnand differ from those of the CD28,
CTLA4 and ICOS moleculesF{gure SA and Riley, 2009). To determine whether the
evolutionary relationship existing between PD-1 &WLA translates into the assembly of
similar signalosomes, mice expressing an OST atdhgoxyl terminus of endogenous BTLA

proteins (BTLAST

mice) were developed. They contained T cells withilar phenotype and
numbers as compared to WT mic¢eglure SB), and that expressed similar levels of BTLA
molecules 3 days after stimulation with anti-CD3Jl anti-CD28 antibodiesF(gure ST).
Such briefly expanded T cells proliferated simyardo their WT counterpart upon
restimulation with anti-TCR and anti-CD28 antibai¢-igure SD). Consistent with the
presence of five N-glycosylation sites in BTLA, d@tment of affinity-purified BTLA-OST
molecules with glycopeptidase F (PNGase F) congéhe native BTLA-OST band into two
bands Figure 2E). This differed from PD-1 in which PNGase F treaht converted the
native N-glycosylated PD-1-OST molecules into gkrband corresponding to the molecular
weight expected for unmodified PD-1-OST polypepi¢egure SD). The unexpected upper
band found in BTLA digest suggests that a fracobBTLA molecules undergoes additional
post-translational modifications such as palmitogla a possibility consistent with the
presence of a conserved cysteine at the junctioimeoBTLA transmembrane and cytoplasmic
segments and supported by a proteomic study afinghpblastic cell line (Colquhoun et al.,
2015).

Briefly expanded primary CD4T cells from BTLAST

and WT mice were lysed prior
to or after a further activation for 0.5, 2, 5 atisl min with pervanadate to trigger maximal
phosphorylation of the BTLA ITIM and ITSM motifs érieli et al., 2003Figure ). CD4"

T cells from WT and BTLA®" mice showed similar global pattern of pervanadiateced

tyrosine phosphorylationF{gure B). BTLA-OST molecules purified from BTLAST



samples were tyrosine-phosphorylated upon pervasdidsatmentKigure 2C), and AP-MS
confirmed that tyrosine 274 of the BTLA ITIM was gaphorylated upon pervanadate
treatment [figure D and 2E and able S). The coincident decrease observed in the intensit
of the non-phosphorylated ITIM peptide showed thanajority of BTLA molecules was
phosphorylatedRigure ZE andTable S).

By applying the same filtering strategy used for-BDwe identified five high-
confidence BTLA interactors (SHP-1, SHP-2, GRB2PRTC and FERMT3Figure F and
2G andTable S). They all showed maximal association with BTLA-D®&olecules between
two and five minutes after pervanadate treatmémufe H and | andTable S3. Using
IBAQ intensities and considering that SH2 domaintaming PTPase binds with a one-to-
one stoichiometry to both PD-1 and BTLA, we weréedb compare the relative abundance
of SHP-1 and SHP-2 associated to PO-h(re 1 and Table S¥ and BTLA (Figure 2 and
Table S3. Two minutes after pervanadate-treatment, congbanq@ercentages of the available
PD-1-OST (13%) and BTLA-OST (14%) molecules wersoagted to SHP-2. In marked
contrast, 69% and 1.4% of the BTLA-OST and PD-1-@®&ecules were associated to SHP-
1, respectively. Therefore, PD-1 showed a 10-falefggence for SHP-2 over SHP-1 and
BTLA a 5-fold preference for SHP-1 over SHP-2, destmting that the evolutionary related
PD-1 and BTLA receptors showed quantitative diffices in their usage of the two members
of the SH2 domain-containing PTPase family.

A model permitting PD-1 interactomics at T cell-APCinterface

To determine the composition, stoichiometry, andadgics of the PD-1 interactome that
assembles following physiological T cell-APC intettan, we used a model in which Jurkat
human leukemic T cells were stimulated with Rajmiam lymphoblastoid B cells presenting
the superantigen staphylococcal enterotoxin E (RGEE). Upon stimulation, Jurkat T cells

contained large numbers of tyrosine-phosphorylafesties figure A) and produced IL-2 in



a TCR- and CD28-dependent manner (Tian et al., R@1fkat cells expressed minute levels
of PD-1 Figure B) and were transfected with human PD-1 molecudgged with an OST at
their carboxyl terminus (Jurkat-PD*T, Figure B). Raji cells lacked PD-L1 and PD-L2 and
were transfected with human PD-L1 molecules (RBHA, Figure ). PD-L1 can interact
with CD80 incis at the surface of APCs and prevent it to bind toell expressed PD-1
(Sugiura et al., 2019). However, the levels of PDelxpression achieved on Raji-PD-L1 cells
overcame the inhibitory interactions imposed by ploel of CD80 molecules expressed on
Raji cells and permitted the remaining ‘free’ PD-irblecules to mediate PD-1 coinhibition
(Figure L and D). Note that contrary to primary T cellskdt T cells express neither PD-L1
nor PD-L2 on their surfaceFigure 3B). Therefore, the occurrence of PD-1-PD-L1
interactions in our model is only due to T cell-AlR@eractions and not to T cell-T cell or to
cis interactions between PD-1 and PD-L1/2 (Zhao et28l18). Moreover, the lack of BTLA
on Jurkat T cells prevented it to contribute todbserved phenotypé&igure B).
Jurkat-PD-£57 cells stimulated with Raji + SEE produced IL-2 amounts
comparable to those reached when Jurkat cells stenelated with Raji + SEE{gure D).
Likewise, stimulation of Jurkat cells in the preserf Raji + SEE or of Raji-PD-L1 + SEE
resulted in similar levels of IL-2 productiofigure D). In marked contrast, stimulation of
Jurkat-PD-£57 cells with Raji-PD-L1 + SEE totally ablated IL-Zgaluction Eigure D).
Interaction of Jurkat-PDET cells with Raji cells plus or minus SEE induced dbar
detectable levels of PD-1 phosphorylatigfig(ire E). Maximal PD-1 phosphorylation
required co-engagement of both the TCR and PD-1wasdreached 2 min after initiation of
T cell-APC contact Kigure E). In the sole presence of PD-1-PD-L1 engagemiebtl
phosphorylation also occurred, although with a loweensity Figure FE). Therefore, by

rigorously controlling that PD-1-PD-L1 engagemegtwred in trans, our T cell-APC-
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based model enables appropriate analysis of P@ialtisome formation at a T cell-APC
interface.

Characterization of the human PD-1 signalosome at Tell-APC interface

Raji-PD-L1 cells were preincubated in the presemcabsence of SEE and mixed together
with Jurkat-PD-2°" T cells in microcentrifuge tubes. After a quicktiéugation to promote
cell-cell contact, pellets were kept at 37 °C faurl 5 min, immediately lysed and subjected
to AP-SWATH-MS. To identify non-specific contamintan control experiments were
performed using Jurkat T cells expressing levelaradgged PD-1 molecules comparable to
Jurkat-PD-$°T T cells Figure 4). Raji cells plus or minus SEE were also usedasrol
APC. Three independent biological replicates weire for the two time points of the eight
conditions and subjected to AP-SWATH-MS. We appliegain the two-step filtering
described above and after selecting proteins spaityf interacting with the bait (fold change
larger than 6 with an FDR <0.01 in 3 biological lregtes; Table Sland S2), we selected
those interactors that significantly changed inralauince following TCR and/or PD-1-PD-L1
engagement Higure B to 4D; seeSupplemental Experimental ProcedireAcross all
conditions, 58 PD-1 interacting proteins passeddfdter criteria Figure 4 andTable S).
When Raji-PD-L1 cells were used as APC, PD-L1 wessgnt in the PD-1 interactome
regardless of TCR engagemehtglure 4), a finding congruent with its micromolar affipit
for PD-1 (Li et al., 2017). We also confirmed thegence of five PD-1 interactors (GRB2,
ARHGEF1, SHP-1, ZAP70, and SHP-2) that are the mupréhologs of the interactors we
already identified in PD-1-OST complexes purifiedni pervanadate-treated mouse CD4
cells (Table SJ. SHP-2 was by far the most abundant PD-1 interamtcupying 11 % of the
available PD-1-OST molecules 2 minutes after T-8€IC contact, whereas SHP-1 and
GRB2 reached a 57- and 61-times lower interacttortisiometry, respectivelygure 4).

SHP-2 and GRB2 were also capable of associating Ri-1 in the sole presence of PD-1-
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PD-L1 engagement, an association that was furthleareced after 2 min of TCR activation
(Figure £). Whereas, the binding of SHP-2 and GRB2 to Piedked at 2 min of T-APC
contact Figure &), a sizeable number of the low-stoichiometrynatéors recruited by PD-1
(including SHP-1) showed an increased binding 5 aftar T-APC contact (for details see
Figure S). Such late increase in complexity was not obegriollowing pervanadate
stimulation Eigure 1) or stimulation of Jurkat-PDZE" T cells with Raji + SEE, and might
thus correspond to the association of those PD1-@®lecules that are engaged at the
Jurkat-PD-$°T - Raji-PD-L1 + SEE interface with the molecularahimery responsible for
their endocytosis. Therefore, akin to the situattmserved in primary effector CD4 cells
activated with pervanadate, the PD-1 interactomseied 2 min after the onset of T-APC

interaction was quantitatively dominated by SHP-2(e S3.
T cell-origin of the components of the PD-1 signagmme that forms at T-APC interface

Following stimulation of Jurkat-PD?E" cells with Raji-PD-L1 Eigure 4), the resulting cell
pellets were lysed and subjected to AP-MS. To aelthe possibility that part of the
documented PD-1 signalosome assembled post-lysis firoteins originating from Raji-PD-
L1 cells, we used stable isotope labeling by anaicids in cell culture (SILAC) to label Raji-
PD-L1 cells with Lysine and Arginine containing kigasotopes. After incubating Jurkat-PD-
1°°T and Raji-PD-L1 cells for 2 min in the presenceS&E and lysing them, this differential
labeling approach should allow to distinguish ‘hgaeptides derived from Raji-PD-L1 cells
from unlabeled (light') peptides derived from JatkPD-P°" cells. As expected, all the
peptides corresponding to PD-1-OST molecules weotusively of Jurkat-PD-4°" origin
whereas PD-L1 peptides derived exclusively fromi-Rg-L1 cells Figure SJ. Considering
that the Raji-PD-L1 and control Raji cells usedSILAC experiments have been rendered

SHP-Z via CRISPR-Cas9 editing (see below), SHP-2 wadusikely of Jurkat-PD-957

origin and remained the most abundant PD-1 interadtigure SJ. Interestingly, SHP-1 and
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GRB2 showed a mixed origin, suggesting that dutinegl.5 h-long affinity purification some
exchange occurred between the SHP-1 and GRB2 negeotfi Jurkat-PD-4>" origin that
were bound to PD-1 at the time of lysis and incar@HP-1 and GRB2 molecules of Raji-
PD-L1 origin Figure S4. This finding is congruent with photobleachingdies showing that
although TCR-triggered signalosomes persist foruteis, some of their components such as
the ZAP-70 protein-tyrosine kinase continuouslysd@ate (dwell time o~10 s) and are
replaced by free ZAP-70 molecules present in thesoy (Bunnell et al., 2002; Taylor et al.,
2017). Therefore, SILAC labeling of Raji cells shemvthat under our experimental
conditions, the major components of the PD-1 sgg@hes that form at the T-APC interface
are comparable to those observed using unlabelgd®tis, and originate either exclusively

(SHP-2) or to a large part (SHP-1 and GRB2) fromkduPD-°" T cells.

SHP-1 can fully replace SHP-2 for PD-1 coinhibitionn Jurkat T cells

The AP-SWATH-MS experiments showed that PD-1-SHEb2\plexes are 9- and 57-times
more abundant than PD-1-SHP-1 complexes after aiv with pervanadate and APC,
respectively Figures land 4). To test whether PD-1-SHP-2 and PD-1-SHBriptexes can
both contribute to PD-1 coinhibition, clones of katrPD-°" cells deprived of SHP-1
(Jurkat-PD-$°T SHP-I), SHP-2 (Jurkat-PDFT SHP-2), or both SHP-1 and SHP-2
(Jurkat-PD-2°T SHP-TI SHP-2) were developed using CRISPR-Cas9 gene editingy Th
were validated using SHP-1 and SHP-2 specific adtds Cigure 7A) and shown to express
levels of CD3, CD28, PD-1, PD-L1, PD-L2, BTLA and&/BM similar to the parental Jurkat-
PD-1°°T (Figure B). Since clones of the Jurkat T cell line ofterowhd variation in the
levels of IL-2 they produced in response to TCRDB28 stimulation (Bray et al., 2018), we
systematically analyzed for each condition up tont@pendent clones.

Comparison of IL-2 production by Jurkat-PB8%1 and Jurkat-PD-¥" SHP-2 clones

in response to Raji + SEE showed that in the aleseh®D-1-PD-L1 engagement the lack of
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SHP-2 had no measurable effect on TCR-CD28 inddted production Figure 5, left
panel).When Jurkat-PD-4*" and Jurkat-PD¥*" SHP-Z clones were stimulated with Raji-
PD-L1 + SEE, IL-2 production was abolished regassllef the presence or absence of SHP-2.
Therefore, PD-1 was still capable of coinhibitionthe absence of SHP-2. Comparison of IL-
2 production by Jurkat-PD%%" and Jurkat-PD3>" SHP-T clones in response to Raji + SEE
showed that the lack of SHP-1 enhanced IL-2 pradaocf~igure %C, middle panel). In
contrast to SHP-2, SHP-1 has thus a unique negagdatory role irrespective of PD-1-PD-
L1 engagement and its presence reduced by apprtetymavo-fold the IL-2 produced in
response to TCR and CD28 engagement. When Jurkdf2PTSHPT clones were stimulated
with Raji-PD-L1 + SEE, PD-1 was still capable of diaing coinhibition despite the
enhanced IL-2 levels produced in absence of SHRakt importantly, in response to Raji-
PD-L1 + SEE, Jurkat-PD?F" SHP-I SHP-2 clones retained the capacity to produce IL-2, in
amounts not statistically different from those proed in response to Raji + SEEd{ure <,
right panel). Therefore, no change in PD-1 coirttohi was observed in absence of either
SHP-1 or SHP-2, but PD-1 coinhibition was totalbjaded in the absence of both SHP-1 and
SHP-2 demonstrating that expression of either PREHP-1 or PD-1-SHP-2 complexes
suffice to mediate PD-1 coinhibition in Jurkat Tllgeas measured by its impact on TCR-
CD28-induced IL-2 production. It also suggestedt thane of the additional proteins
identified in the PD-1 signalosomé&i@ures l1and 3) contribute to PD-1 coinhibition in
absence of SHP-1 and SHP-2.

We determined next whether the unabated PD-1 duirdn observed in absence of
SHP-2 Figure XC, left panel) correlated with the presence of eased numbers of PD-1-
SHP-1 complexes. Considering that SHP-2 showed rangst propensity to bind to
phosphorylated PD-1 molecules over SHP-1 (Hui et2017) and taking in account the

dynamic nature of the signalosomes assemblingasll§ (Bunnell et al., 2002; Taylor et al.,
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2017 andrigure &), we specifically used Raji-PD-L1 and control iR#lls rendered SHP-2
via CRISPR-Cas9 editing-{gures 6Aand B). In response to Raji-PD-L1 SHP+2SEE, PD-
1-OST molecules expressed in Jurkat-PB'1cells primarily interacted with SHP-2
molecules and only minute amounts of SHP1 wereldapaf interacting with them~{gure
6C), a result congruent with our AP-SWATH-MS anadygtigures land 4). PD-1-SHP-1
complexes were, however, readily detectable inate0-°" SHP-2 T cells following a 2
min contact with Raji PD-L1 SHP-2 SEE Figure &). Therefore, in absence of SHP-2,
phosphorylated PD-1 molecules are capable of r@oguincreased amounts of SHP-1
allowing them to dampen IL-2 production with a miigthe comparable to the PD-1-SHP-2
complexes that predominantly assemble under plogitdl conditionsKigure XC).

Targets of the PD-1-SHP-2 and PD-1-SHP-1 complexasT cell-APC interface

The possibility to deconstruct the PD-1 signalosafurkat-PD-2°" cells into PD-1-SHP-2
and PD-1-SHP-1 complexes allowed us to assess ahétey dephosphorylated similar
substrates when acting at a physiological T celCARterface. Representative Jurkat-PD-
1°°T SHP-T and Jurkat-PD>" SHP-Z clones were selected and stimulated with Raji or
Raji-PD-L1 cells plus or minus SEE. Jurkat-PB*1andJurkat-PD-£°" SHP-I SHP-2 cells
were processed in parallel and used as ‘positivel aegative’ controls, respectively.
Comparison of Jurkat-PD?E" cells stimulated with Raji or Raji-PD-L1 cells €5 for 5 min
showed that PD-1 engagement resulted in reducedsle tyrosine phosphorylation of CD28
and of the LAT and SLP76 adaptors, whereas no ehewag detected for ZAP-{Bigure A

to D). Following stimulation for 5 min with Raji-PD-L SEE, Jurkat-PDF" SHP-T and
Jurkat-PD-£5" SHP-2 cells showed PD-1-dependent dephosphorylation tsv@milar to
those of Jurkat-PD<F" cells Figure A to D), a finding consistent with their expression of
functional PD-1 molecules={gure %C, left and middle panel). In contrast and in limih

their lack of functional PD-1 moleculeBifure %, right panel), none of the PD-1-dependent
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dephosphorylation events documented above occimrdarkat-PD-2°" SHP-I SHP-Z cells
stimulated with Raji-PD-L1 + SEBE-{gure A to D). Therefore, both the PD-1-SHP-2 and
PD-1-SHP-1 complexes were capable of targetingTi@® and CD28 signaling pathways

when analyzed at a T cell-APC interface.

CD69 is upregulated upon interaction of Jurkat Tiscand Raji cells + SEE. It
requires TCR engagement and occurs independentGD&8 signaling (Tian et al., 2015).
Consistent with our biochemical data suggesting thea TCR signaling pathway itself is a
target for PD-1-coinhibitionHigure A to D), upregulation of CD69 was inhibited when
Jurkat-PD-$°T cells were stimulated bRaji-PD-L1 cells + SEERigure E). As expected,
CD69 induction was regained wheurkat-PD-£°" SHP-T SHP-Z cells were stimulated
with Raji-PD-L1 cells + SEE Higure E). CD69 expression requires TCR-mediated
activation of the Ras-MAK-ERK signaling pathway &mi et al., 2015). Accordingly, co-
engagement of the TCR and PD-1 pathways diminighedfrequency of Jurkat T cells
expressing phosphorylated ERK molecules as comparedgagement of the TCR alone, and
this reduction required the expression of SHP-Bl8P-2 Figure F). In support of the view
that SHP-1 exerts PD-1 independent negative effentsT cell activation Kigure XC),
baseline levels of phosphorylated ERK moleculeseviecreased in Jurkat-PB*1" SHP-I
cells and Jurkat-PD?E" SHP-I SHP-2 cells (Figure F). In conclusion, using physiological
T cell-APC interactions, we established that sdvemmponents of the TCR signaling
pathway as well as CD28 itself were sensitive tohdsphorylation by PD-1, irrespective of

its use of SHP-1 or SHP-2.
DISCUSSION

Using quantitative interactomics we defined the position, stoichiometry and

dynamics of the PD-1 and BTLA coinhibitory signaloses in primary CD4T cells. In the
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case of PD-1, we extended this analysis to PDeftkat T cells activated upon contact with
superantigen-laden PD-LIAPC. The possibility to determine by AP-MS the @arsition of
the PD-1 interactome at a physiological T cell-Ain@rface goes beyond two recent studies
that used a synthetic PD-1 cytoplasmic tail tonatfji purify interacting proteins from lysates
of Jurkat T cells (Meng et al., 2018; Peled et2018). We showed that under physiological
conditions, PD-1 coinhibition relied almost excltedy on the use of SHP-2. However, under
experimental conditions resulting in SHP-2 deficigen'SHP-1 was capable of replacing SHP-
2 and mediating PD-1 coinhibition, thereby explagnthe paradoxical finding that SHP-2 is
dispensable for PD-1 signaling vivo (Rota et al., 2018). A highly potent small-molezul
inhibitor that stabilizes SHP-2 in its auto-inhdatconformation has been recently developed
for treatment of cancers and suggested to be aapdtdlocking PD-1 coinhibition (Chen et
al., 2016). Our data, demonstrating that SHP-Iaable of mediating PD-1 coinhibition in
absence of SHP-2, suggest, however, that upomtesditwith this SHP-2-selective inhibitor,
SHP-1 will be able to take over and PD-1 coinhdmtwill remain unabated.

Our finding that SHP-2 molecules outcompete SHP-dleoules for binding to
phosphorylated PD-1 molecules under physiologicalddions is consistent with a FRET-
based analysis conducted in a cell-free reconstitusystem and demonstrating that
phosphorylated PD-1 shows a 29-fold binding selégttoward SHP-2 over SHP-1 (Hui et
al., 2017). The propensity of phosphorylated PD-dletules to bind SHP-2 over SHP-1 is
even more striking considering that SHP-1 is 12Hwlore abundant than SHP-2 in mouse
effector T cells (Hukelmann et al., 2016), a rdhat holds true in 10 distinct human T cell
populations analyzed in steady and activated s{@&eskmann et al., 2017). The fact that
SHP-1 is more abundant than SHP-2 in T cells nekdaever, to be tempered by the
observation that SHP-1 adopts a tighter auto-itddbconformation than SHP-2 which likely

decreases its actual concentration capable ofrigndi PD-1 (Goyette et al., 2017; Hui et al.,
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2017). Interestingly, BTLA uses SHP-1 and SHP-Zimore balanced manner than PD-1.
This difference in SHP-1/SHP-2 usage likely reftestibtle structural differences intrinsic to
the PD-1 and BTLA cytosolic tail. In T cells, SHPisl thought to act as a direct negative
regulator of the TCR signal-transduction network its recruitment by ZAP-70, LCK or
THEMIS1 (Choi et al., 2010; Paster et al., 2015sRét al., 1996; Stefanova et al., 2003).
Consistent with this negative regulatory role, bsence of PD-1-PDL1 engagement, TCR-
CD28-triggered IL-2 production was increased twlofoy the lack of SHP-1. Likewise,
baseline levels of phosphorylated ERK moleculesewiacreased in absence of SHP-1.
Therefore, in contrast to SHP-2, SHP-1 can in a&ldio its contribution to PD-1 coinhibition
negatively regulate TCR signals in a manner inddpenof coinhibitory receptor signaling.

Maximal PD-1 phosphorylation by LCK molecules antésequent SHP-2 recruitment
required TCR and PD-1 co-engagement (Hui et all,720rokosuka et al., 2012). PD-1
phosphorylation and SHP-2 recruitment also occurrexvever with a lower magnitude,
following PD-1-PD-L1 engagement alone. This is c¢stest with a recent study
demonstrating that upon T cell-APC encounter, tBe1FPD-L1 clusters can assemble in
absence of TCR engagement and by excluding the QD#&in tyrosine phosphatase from
the contact zone shift the local kinase-phosphdtatence in favor of PD-1 phosphorylation
(Carbone et al., 2017). Therefore, it is likelyttRd-1 not only initiates a negative-feedback
loop in response to TCR signals but also contridbtiteough its sole engagement to increase
the threshold that needs to be overcome by TCRasgo trigger T cell responses. Such
possibility might particularly afflict exhausted Cells owing to their expression of three- to
ten-fold more PD-1 than acute effector T cells (\teal., 2013) and maintain them in a state
of reduced reactivity toward exogenous antigens.

Although a recent study suggests that the CD28aliigm pathway is the primary

target of PD-1 coinhibition (Hui et al., 2017), obirochemical and functional analyses
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showed that the PD-1-SHP-2 and PD-1-SHP-1 complexg®et both the TCR and CD28
signaling pathways, a finding consistevith former studies showing that the TCR signaling
pathway can also be subjected to PD-1 coinhibifimeppard et al., 2004; Wei et al., 2013;
Yokosuka et al., 2012), and with recent data demnatnsg that PD-1 inhibited TCR-induced
cytokine production in absence CD28 costimulatidiz(ino et al., 2019). The PD-1 ability to
inhibit the initiation of both the TCR and CD28 isading pathways explains the pleiotropic
functional outcomes that result from its engageni®harpe and Pauken, 2018), and accounts
for the ability of PD-1 to suppress TIL directedaatst non-hematopoietic tumor cells that
express ligands of PD-1 but not those of CD28.

The overlap noted in the substrates targeted by f3bHP-1 and PD-1-SHP-2 suggests
that the contrasted usage of SHP-1 and SHP-2 byl RDd BTLA might be of limited
functional consequence. Accordingly, the TCR and28Dsignaling pathways of TIL
coexpressing PD-1 and BTLA (Baitsch et al., 20t2)) be concomitantly subjected to two
layers of redundant coinhibitory mechanisms. Assult, engagement of the BTLA pathway
is likely to mask the phenotypic consequences afclkbhg the PD-1 pathway, and
coadministration of PD-1 and BTLA antibodies toigats should augment the therapeutic
benefit of PD-1 blockade as illustrated ibyvivo studies in the mouse (Ahrends et al., 2017)
andin vitro studies in humans (Stecher et al., 2017). Providatier confirmation of their
palmitoylation status, a fraction of BTLA moleculesght, however, brings SHP-1 and -2 in
contiguity with substrates that are uniquely préseripid microdomains and that are out of
reach for PD-1. Note that conditions in which PDatd BTLA ligands show a non-
overlapping expression make the existence of thelRIDd BTLA paralogs necessary. In
cancer immunotherapy, combining antibodies to PBatl BTLA might thus also be of
therapeutic benefit in conditions where a tumor sniasheterogeneous in term of PD-1 and

BTLA ligand expression.
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Two recent AP-MS studies aiming at uncover proteasociating with PD-1 used
lysates of Jurkat T cells and a recombinant baitlenaf a synthetic version of the PD-1
cytoplasmic tail. In one study, SAP (SH2D1A), atpio that interacts with SLAM family
receptors, was found associated with tyrosine gimrgtated PD-1 cytoplasmic tail in one of
three biological replicates (Peled et al., 2018)exeas in the other study the FBXO38 E3
ligase associated with PD-1 baits of undefinedsiyre phosphorylation status (Meng et al.,
2018). We failed to identify both SAP and FBXO38ngsPD-1 molecules expressed at
physiological levels in intact T cells and the laafkstatistical and stoichiometric information
in the two studies relying on synthetic PD-1 cyagphic tail and Jurkat cell lysates makes a
comparison with our study difficult.

The two models we used to determine the structdréhe PD-1 coinhibitory
signalosome rely on mouse primary CDH cells that were briefly expanded and stimulated
by pervanadate and on human Jurkat T cells tha¢ aetivated by superantigen-laden PD-
L1* APC. Although they provided a convergent pictune the mechanism of PD-1
coinhibition each has unique drawbacks. Pervanduiged T cell activation is admittedly a
less physiological condition than that relying on CEI-APC contact. However, it
unexpectedly resulted in the assembly of a PD-Aadigome that was similar to that resulting
from physiological T-APC contacts in terms of itgngposition and kinetics of assembly-
disassembly with SHP-1, SHP-2 and GRB2. Along linat a previous AP-MS study of the
interactomes assembling around the SLP-76 adaptowing stimulation with anti-CD3 and
anti-CD4 antibodies or with pervanadate found a% &Werlap in their protein composition
(Roncagalli et al., 2014). The Jurkat model mighit reflect the PD1 signalosome foundTin
cells of varying differentiation stateBor instance, CDBTIL acquire a state of exhaustion
analogous to that elicited by chronic viral infecti Among them, a small cell subset

expressing PD-1 and the transcription factor TG¥Hic¢ded by cf7) can respond to anti-PD-



20

1 immunotherapy and differentiate into highly cgtat, terminally exhausted TILs that
mediate long-term tumor control (Im et al., 2016jI&d et al., 2019; Siddiqui et al., 2019).
Our present AP-MS pipeline is, however, quite dedimggnin term of T cell numbers and its
application to the PD-TCF1" subpopulation of CD8TIL that respond to anti-PD-1
treatment will require hundreds of tumor-bearing-BDST mice to isolate such TIL in
sufficient number. Therefore, the CRISPR-Cas9-btitaJurkat-PD-1-Raji-PD-L1 platform
constitutes the most tractable model yet to doctunaenAP-MS and at a T-APC interface
how PD-1 coinhibition affects TCR-CD28 signals daddisentangle the respective function
of PD-1-SHP-2 and PD-1-SHP-1 complexes.

In conclusion, our study illustrates the importamméedistinguishing protein-protein
interactions that occur using endogenous baitsessped at physiological levels and that do
not disrupt the subtle stoichiometry of intraceadlukignaling complexes (Hein et al., 2015)
from those that are possible experimentally in domas of overexpression or of disrupted
cellular architecture. It also shows that by petimgt pairwise comparison of coinhibitory
signalosomes in primary T cells, quantitative iatéomics unveils whether they elicit
redundant inhibitory signals, and helps deciding diven pair of coinhibitory receptors has

to be preferred over another during the desigroaflination of immunotherapeutic agents.
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FIGURE LEGENDS

Figure 1. Composition and dynamics of the PD-1 siglosome in primary CD4 T cells

(A) Overview of AP-MS analysis of PD-1CD4" effector T cells from WT mice (PD-1) and
gene-edited mice expressing endogenous PD-1 mektayged with a Twin-Strep-tag (PD-
1°°Y). T cells were lysed prior to or after stimulatifur 2, 5, and 10 min with pervanadate
followed by affinity purification of PD-1-OST pratecomplexes.

(B) Immunoblot analysis of equal amounts of pratefrom total lysates of PD=1CD4’
effector T cells from WT and PD°%" mice left unstimulated (0) or stimulated with
pervanadate for 2, 5, and 15 min, and probed witlbady to phosphorylated tyrosine (Anti-
p-Tyr) or anti-VAV1 (loading control). Left margimf (B) and (C), molecular size in
kilodaltons. In (B) and (C) ata are representabiv@ independent experiments.

(C) Immunoblot analysis of equal amounts of praeiom total lysates of cells as in (B),
subjected to affinity purification on Strep-TactBepharose beads, followed by elution of
proteins with D-biotin, and probed with antibodygbosphorylated tyrosine (Anti-p-Tyr) or
anti-PD-1 (affinity purification control).

(D) Intensity values for the non-phosphorylated gmbsphorylated forms of the peptide
containing the PD-1 ITIM motif. Values were normzail to that of the PD-1 bait (see
Supplemental Experimental ProcedQres

(E) Elution profile of the 6 different fragment ®rfrom the phosphorylated and non-
phosphorylated forms of the ITIM-containing peptiseasured at 0 min and 2 min after
pervanadate treatment.

(F) Volcano plot showing proteins significantly &fed in CD4 T cells expressing PD-1-
OST molecules as compared to control CD4cells expressing similar levels of untagged

PD-1 molecules at 2 min after pervanadate treatnheriE) and (G), the PD-1/PDCD1, SHP-

2/PTPN11, SHP-1/PTPNG6 proteins and Twin-Strep-tagtide (Streptag) are shown in red,
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and the x and y axes show the average fold chdog2HC) in protein abundance and the
statistical significance, respectively (seepplemental Experimental Procedures)

(G) Volcano plot showing proteins significantly &ted in CD4 T cells expressing PD-1-
OST molecules 2 min after pervanadate treatmecompared to untreated CD% cells.

(H) Intensity for selected interactors across tbeditions and replicates. Mean + standard
error is depicted (black) and individual values stiewn as grey dots.

() Heatmap depicting the average intensity of PDwkractors across time points (row-
normalized to the maximal value). The iBAQ colunimows the stoichiometry of interaction
of each prey with the PD-1-OST bait 2 min aftenpe@adate treatment.

Figure 2. Composition and dynamics of the BTLA sigalosome in primary CD4 T cells

(A) Overview of AP-MS analysis of BTLACD4" effector T cells isolated from WT mice
(BTLA) and gene-edited mice expressing endogendusABmolecules tagged with a Twin-
Strep-tag (BTLAR®". T cells were lysed prior to or after stimulatifam 0.5, 2, 5, and 15 min
with pervanadate followed by affinity purificatiai BTLA-OST protein complexes.

(B) Immunoblot analysis of equal amounts of praeftom total lysates of WT and BTIR"
CD4" T cells left unstimulated (0) or stimulated fob02, 5 and 15 min with pervanadate,
and probed with antibody specific for phosphorydatgosine (Anti-p-Tyr) or VAV1 (affinity
purification control). Left margin of (B) and (Chqnolecular size in kilodaltons. Data in (B)
and (C) are representative of 3 independent expgaitsn

(C) Immunoblot analysis of equal amounts of praeiom total lysates of cells as in (B),
subjected to affinity purification on Strep-TactBepharose beads, followed by elution of
proteins with D-biotin, and probed with antibodyesflic for phosphorylated tyrosine (Anti-

p-Tyr) or BTLA (affinity purification control).
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(D) Intensity values for the non-phosphorylated gmbsphorylated forms of the peptide
containing the BTLA ITIM motif. Values were normadid to that of the BTLA bait and one
value has been imputed (depicted as triangle).

(E) Elution profile of the 6 different fragment ®rfrom the phosphorylated and non-
phosphorylated form of the ITIM-containing peptideeasured at 0 min and 2 min after
pervanadate treatment.

(F) Volcano plot showing proteins significantly eted in CD4 T cells expressing BTLA-
OST molecules as compared to control CD4cells expressing similar levels of untagged
BTLA proteins at 2 min after pervanadate treatmént(F) and (G), the BTLA, SHP-
2/PTPN11, SHP-1/PTPNG6 proteins and Twin-Strep-tagtide (Streptag) are shown in red,
and the x and y axes show the average fold chdog2HC) in protein abundance and the
statistical significance, respectively.

(G) Volcano plot showing proteins significantly &fmed in CD4 T cells expressing BTLA-
OST molecules 2 min after pervanadate treatmect@pared to untreated cells.

(H) Intensity for selected interactors across tlfernt replicates. Mean + standard error is
depicted (black) and individual values are showgray dots.

() Heatmap depicting BTLA interactor intensity ass time points (row-normalized to the
maximal value). The iIBAQ column shows the stoichetry of interaction of each prey with
the BTLA bait 2 min after pervanadate treatment.

Figure 3. Outcome of PD-1-PD-L1 engagement at T ¢&\PC interface

(A) Jurkat-PD-$°T cells were stimulated with Raji cells that haveemepreincubated in
absence (-) or presence (+) of 200 ng/ml SEE, yws&tll2 min after the initiation of cell-cell
contact. Immunoblot analysis of equal amounts chigs from the specified conditions
probed with antibody to phosphorylated proteins ti#ATyr), or with phospho-tyrosine-

specific antibodies directed against SLP76 pY128P7Z0 pY493, LAT pY1l71 or VAV1
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(loading control). Left margin, molecular size ioklaltons (kDa). Data are representative of
3 independent experiments.

(B) Expression of CD3, CD28, PD-1, PD-L1, PD-L2,1BYV and HVEM at the surface of
Jurkat cells and Jurkat-PB*T cells, analyzed by flow cytometry. In (B) and (@ray
shaded curves correspond to isotype-matched canitillody (negative control), and data are
representative of 2 independent experiments.

(C) Expression of HLA-DR, PD-L1, PD-L2, CD80, CD&6d HVEM at the surface of Raji
cells and Raji-PD-L1 cells, analyzed by flow cytdme

(D) IL-2 production by Jurkat and Jurkat-P8*1 cells stimulated for 24 h with either Raiji or
Raji-PD-L1 cells in absence (0) or presence of gpecified amounts of SEE. Data are
representative of 3 independent experiments anah e SEM are shown.

(E) Jurkat-PD-25 cells stimulated at 37°C with Raji or Raji-PD-Lells preincubated in
absence (-) or presence (+) of 200 ng/ml SEE asedly2 and 5 min after the initiation of
cell-cell contact. Immunoblot analysis of equal ams of lysates from the specified
conditions subjected to affinity purification onr&t-Tactin—-Sepharose beads, and probed
with antibody to phosphorylated proteins (Anti-pelyAlso shown are loading controls
probed with anti-PD-1 antibody. Left margin, mollcusize in kilodaltons (kDa). Data are
representative of 2 independent experiments.

Figure 4. Composition and dynamics of the human PD- interactome following
physiological T cell-APC interaction

(A) Overview of AP-MS analysis of PD-1 and PD-1-O&dpressing Jurkat T cells stimulated
with Raji B cells expressing or not PD-L1 and ie firesence or absence of SEE. The various
T cell-B cell pellets were lysed after been keptamtact for 2 and 5 min followed by affinity

purification of PD-1-OST protein complexes.
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(B) Volcano plot showing proteins significantly efred in Jurkat-PD3" cells as compared
to Jurkat cells expressing similar levels of unty?D-1 proteins at 2 min after stimulation
with Raji-PD-L1 cells + SEE. In (B), (C) and (Dhet PD-1/PDCD1, PD-L1/CD274, SHP-
2/PTPN11, SHP-1/PTPNG6 proteins and Twin-Strep-tagtide (Streptag) are shown in red,
and the x and y axes show the average fold chdog2HC) in protein abundance and the
statistical significance, respectively.

(C) Volcano plot showing proteins significantly mmed in Jurkat-PD¥" cells 2 min after
stimulation with Raji-PD-L1 cells + SEE as compatedurkat-PD-2°" cells stimulated for

2 min with Raji cells +SEE.

(D) Volcano plot showing proteins significantly &fred in Jurkat-PD-3" cells 5 min after
stimulation with Raji-PD-L1 cells + SEE as compatedRaji-PD-L1 cells without SEE
stimulation.

(E) Intensity for selected interactors across tifkerént replicates. Mean * standard error is
depicted (black) and individual values are showgray dots.

(F) Heatmap depicting PD-1 interactor intensityoasrtime points (row-normalized to the
maximal value). The iBAQ column shows the stoichetry of interaction of each prey with
the PD-1 bait at 2 min after stimulation with RBp-L1 cells + SEE.

Figure 5. Either SHP-1 or SHP-2 suffices for PD-1ainhibition in Jurkat T cells

(A) Immunoblot analysis of equal amounts of prosefrom total lysates of representative
clones of WT Jurkat, Jurkat-PD-1, Jurkat-PB-1 Jurkat-PD-2°" SHPT, Jurkat-PD-2°7
SHPZ, and Jurkat-PD¥" SHPISHPZ cells probed with antibodies to SHP-1, SHP-2 or
VAV1 (loading control). Left margin, molecular size itoklaltons. Data are representative of
two independent experiments.

(B) Jurkat-PD-£°", Jurkat-PD-2°7 SHP-I, Jurkat-PD-2°" SHP-2, and Jurkat-PD¥"

SHP-I SHP-Z cells were analyzed by flow cytometry for expreasud CD3, CD28, PD-1,
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PD-L1, PD-L2, BTLA and HVEM. Gray shaded curves regpond to isotype-matched
control antibody (negative control), and data aepresentative of two independent
experiments.

(C) IL-2 production by Jurkat-PD°%", Jurkat-PD-2°" SHP-T, Jurkat-PD-2°" SHP-2, and
Jurkat-PD-£5" SHP-ISHP-2 clones stimulated with Raji cells or Raji-PD-L1llsen the
presence of 1 ng/ml SEE. Analysis of IL-2 productmas performed 24 h after stimulation.
Expression of IL-2 (ng/ml) using boxplot with theedian, boxed interquartile range, and
whiskers extending to the most extreme point uf.8x the interquartile range. Each dot
corresponds to a clone of the specified Jurkasc&lP< 0.05, ** P< 0.01, ** P < 0.001,
**** P <(0.0001 and ns, non significant; unpaired Studdrtést. Data are representative of 2
independent experiments.

Figure 6. SHP-1 can replace SHP-2 for PD-1 coinhitbon in Jurkat T cells

(A) Immunoblot analysis of equal amounts of prosefrom total lysates of Raji (WT), Raji
PD-L1, Raji SHP-2 and Raji PD-L1 SHP-2cells probed with antibodies to SHP-1 (right
panel), SHP-2 (left panel) or VAVlloading control). Right margin, molecular size in
kilodaltons. Data are representative of 2 indepenhdeperiments.

(B) Raji, Raji PD-L1, Raji SHP-2 and Raji PD-L1 SHP-2cells were analyzed by flow
cytometry for expression of HLA-DR, PD-L1, PD-L2D80, CD86 and HVEM. Gray shaded
curves correspond to isotype-matched control adtib(hegative control), and data are
representative of two independent experiments.

(C) Jurkat-PD-2°" and Jurkat-PD-1°" SHP-2 cells were stimulated with Raji SHP-2ells

or Raji PD-L1 SHP-2cells that have been preincubated in absence gfesence (+) of SEE
and lysed 2 min after the initial contact. Immuradbdnalysis of equal amounts (90%) of
lysates from the specified conditions subjectedffmity purification (AP) on Strep-Tactin-

Sepharose beads, followed by elution of proteirth Wbiotin, and probed with antibody to
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anti-SHP-1, anti-SHP-2, and phosphorylated prote(@sti-p-Tyr). Also shown is
immunoblot analysis of equal amounts (10%) of tdyahtes of the specified cells probed
with anti-PD-1 antibody (loading control). Left ngam, molecular size in kilodaltons (kDa).
Data are representative of 2 independent expersnent

Figure 7. Signaling pathways affected by PD-1 engament at T cell-APC interface in
presence of SHP-1 and SHP-2, either SHP-1 or SHP-&, neither SHP-1 and SHP-2
Jurkat-PD-£°7, Jurkat-PD-2°" SHP-T, Jurkat-PD-2°T SHP-2, and Jurkat-PD**" SHP-T
SHP-Z cells were stimulated with Raji cells or Raji-PD-Lcells that were preincubated in
absence () or presence (+) of 200 ng/ml SEE. Em®ws T cell-B cell combinations were
lysed after been kept in contact for 2 and 5 mi&7atC.

(A) Immunoblot analysis of equal amounts of pragefrom total lysates of Jurkat-PIXT
cells expressing or deprived of SHP-1, probed wghospho-tyrosine-specific antibodies
directed against SLP-76 pY128, ZAP-70 pY493 and LAY171, and with anti-ZAP-70
antibody (loading control). Data in (A) to (D) amepresentative of 2 independent
experiments.

(B) Immunoblot analysis of equal amounts of praieirom total lysates of Jurkat-PIT
cells expressing or deprived of SHP-2, probed 48)n

(C) Immunoblot analysis of equal amounts of prateiom total lysates of Jurkat-PIXT
cells expressing or deprived of both SHP-1 and 2Hprobed as in (A).

(D) CD28 was immunoprecipitated from equal amouwftproteins from total lysates of the
specified Jurkat cells and analysed in immunobotbed with antibody to phosphorylated
proteins (Anti-p-Tyr) and with anti-CD28 antibodpdding control).

(E) Jurkat-PD-2°T and Jurkat-PD3>T SHP-ISHP-Z cells were stimulated with either Raji
cells or Raji-PD-L1 cells that were preincubatedabsence (0) or presence of the specified

amounts of SEE. For each condition, CD69 up-reguiavas measured by FACS 24 h after



30

stimulation. Data are representative of 2 indepeh@gperiments and mean and SEM are
shown. MFI: mean fluorescence intensity.

(F) Jurkat-PD-2°7, Jurkat-PD-2°" SHP-T, Jurkat-PD-£°" SHP-2, and Jurkat-PD"
SHP-ISHP-Z cells were stimulated as in (E) and ERK phosphtinflawas measured by
FACS 5 min after contact of the specified T andeisc Numbers indicate the percentage of

phospho-ERK cells. Data are representative of 2 independgueraxents.
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STAR*METHODS

. KEY RESOURCES TABLE

. CONTACT FOR REAGENT AND RESOURCE SHARING

Further informations and requests for resourcesreagents should be directed to and will be
fulfilled by the Lead Contact, Bernard Malissenr(@dm@ciml.univ-mrs.fr).

. EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice

Mice were maintained in specific pathogen-free dimas and used at 8 tol2 week of age.
Both sexes were used in all the reported expersneBeneration of the PDRY' (B6-
Pdcdi™CP" and BTLACST (B6-Btla™™?“P"Y mice is described below.

Animal experimental guidelines

Mice were handled in accordance with national amdofgean laws for laboratory animal
welfare and experimentation (EEC Council Direct@@10/63/EU, September 2010), and
protocols approved by the Marseille Ethical Comeettor Animal Experimentation.

Human cell lines

The Jurkat human leukemic T cell line and the Rajiphoblastoid B cell line were provided

by A. Weiss (University of California San Francis€®A) and originated from American
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Type Culture Collection. Jurkat and Raji cells waraintained in DMEM medium
supplemented with 10% fetal bovine serum, 100 UbhlPenicilin and 100pg/mL
Streptomycin.

. METHOD DETAILS

Pdcd1°°" and Btla®®" targeting vectors

A double-stranded DNA repair template (targetingteg with 5 and 3' homology arms of
885 bp and 1000 bp, respectively, was assembleditaghePdcdlgene that codes for PD-1
molecules. It included a Twin-Strep-tag-coding see (Junttila et al., 2005) inserted at the
end of the last exon (exon 5) of tRdcd1lgene and a self-excising ACN cassette (Roncagalli
et al., 2014) that was introduced at the beginointgpe 3 UTR sequence. The final targeting
vector was abutted to a cassette coding for thetladgpia toxin fragment A (Soriano, 1997). A
similar strategy was used for preparin@#a°>" targeting vector. The protospacer adjacent
motif (PAM) present in each targeting vector wastagyed via a silent mutation to prevent
CRISPR-Cas9 cleavage.

Isolation of recombinant embryonic stem (ES) celllones

sgRNA-specifying  oligonucleotide  sequences Pd¢d®>" ES cells : 5-
CACCGCTGAAGAATCTGGTCAAAG-3 and 5-AAACCTTTGACCAGATCTTCAGC-

3 and Btla®®" ES cells : 5-CACCGTTAAACCTGCCACTGAGCC-3' and 5'-
AAACGGCTCAGTGGCAGGTTTAAC-3’) were chosen to miningzhe likelihood of off-
target sequence using publicly available tool (httpspor.tefor.net). Upon annealing, each
pair of sgRNA-specifying oligonucleotides generat@drhangs for ligation into the Bbsl site
of plasmid pX330 (pSpCas9; Addgene, plasmid ID 4323M8.F6 C57BL/6N ES cells
(Pettitt et al., 2009) were electroporated withy2pof Pdcd>" or Btla®®" targeting vector
and 2.5ug of the matched pX330-sgRNA plasmid. After setattin G418, ES cell clones

were screened for proper homologous recombinatio®duthern blot or PCR analysis. A
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ned specific probe was used to ensure that advergitimon-homologous recombination
events had not occurred in the selected ES clones.

Production of knock-in mice

Mutant ES cells were injected into BalbC/N blasgisy In the case of tHedcd°" allele,
following germ-line transmission, screening for peo deletion of the ACN cassette and for
the presence of the sequence coding for the OSTpersrmed by PCR using the following
pair of primers: sense 5-CATTGTCTTCACTGAAGGGC-3'nda antisense 5'-
ATGTGCTGGAATTGGTGCAG-3'. This pair of primers amipd a 456 bp band and a 275
bp band in the case of tiRelcd>" allele and of the wild-typ@dcdiallele, respectively. In
the case of theBtla®®" allele, the following pair of PCR primers was ussgnse 5'-
TTGAACCATTGTGTTATTGG-3' and antisense 5-GCACAGAGTEBTTAATTGAAA-3..
This pair of primers amplified a 389 bp band an208 bp band in the case of tBda”>"
allele and of the wild-typ8tla allele, respectively.

Flow cytometry of mouse T and B cells

Stained cells from spleen and lymph nodes wereyaedl using an LSRIl system (BD
Biosciences), and data were analyzed with a Divavaoce (BD Biosciences). Cell viability
was evaluated using SYTOX Blue (Life Technologi@d)e list of antibodies used for flow
cytometry of mouse T and B cells can be found enKky Resource Table.

Mouse CD4 T cell proliferation

Purified CD4 T cells were stimulated with plate-bound anti-CQ35-2C11; Exbio) and
soluble anti-CD28 (37-51; Exbio) antibodies. Af&8 h of culture, T cell proliferation was
assessed with CellTiter-Glo® Luminescent (Promeghg resulting luminescence, which is
proportional to the ATP content of the culture, wasasured with a Victor 2 luminometer

(Wallac, Perkin Elmer Life Science).

Mouse CD4 T cell isolation and short-term expansion prior toAP-MS analysis
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CD4" T cells were purified from pooled lymph nodes apteens with Dynabeads Untouched
Mouse CD4 T Cell Kits (Life Technologies); cepurity was > 95%. CD4T cells purified
from PD-1°T mice were expanded with plate-bouamti-CD3 (145-2C11, fig/ml) and anti-
CD28 (37-51; Jug/ml) antibodies both frorkExbio Praha. Cultures were supplemented with
IL-2 (5-10 U/ml) 48 h after their initiation, CD4T cellswere harvested 72h after culture
initiation, splitted and grown overnight in the geace of IL-2 alone prior to AP-MS analysis.
Wild-type CD4 T cells were subjected to the same expansion @ubtnd used as controls
in AP-MS experiments. CO4T cells purified from BTLA®" mice were expanded with plate-
boundanti-CD3 (145-2C11, qug/ml) and soluble anti-CD28 (37-51; \lg/ml) antibodies.
CD4" T cellswere harvested, 48 h after culture initiation, tsgdi and grown for 24 h in the
presence of IL-2 alone prior to AP-MS analysis. dAtifpe CD4 T cells were subjected to the
same expansion protocol and used as controls iMSRxperiments.

Stimulation and lysis of short-term expanded mouseCD4" T cells prior to AP-MS
analysis

Short-term expanded CDA cells (100 x 1f) from either PD-2°" or BTLA®®T mice and
from wild-type micewere kept at 37°C for 5 min and either left unsieted or stimulated
with pervanadate (Roncagalli et al., 2014) forgpecified timesStimulation was stopped by
the addition of a twice-concentrated lysis buffBE 0@ mM Tris, pH 7.5, 270 mM NaCl, 1 mM
EDTA, 20% glycerol, 0.4% n-dodecphmaltoside) supplemented with protease and
phosphatase inhibitors. After 10 min of incubatmm ice, cell lysates were centrifuged at
14,000 rpm for 5 min at 4°C. Postnuclear lysatesewken used for affinity purification as
described below.

Sensitivity of PD-1 and BTLA molecule to glycopeptiase F

To determine the sensitivity of PD-1 and BTLA malkcto glycopeptidase F (PNGase F; EC

3.2.2.18), a glycoaminidase that cleaves the linktwben asparagine and N-
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acetylglucosamine, PD-1-OST and BTLA-OST molecwese affinity purified from CD4T
cells from PD-?°" and BTLA®®" mice using Sepharose beads coupled to Strep-Tadtey
were then treated with 1 unit of PNGase F (New &mgjIBiolabs), reduced, and analyzed on
an SDS polyacrylamide gel.

Transfection of Jurkat and Raiji cells

A syntheticcDNA coding for wild-type human PD-1 molecules (prut Q15116) with or
without a Twin-Strep-tag at their carboxyl-terminuas cloned into vector pEF6/MyC-HisA
(Thermo Fisher Scientific; Cat. n° V96220). Jurkatls were transfected with an Amaxa
apparatus, and sorted to express homogeneous @&veB-1 at their surface. A synthetic
cDNA coding for wild-type human PD-L1 molecules {phot Q9NZQ7) was cloned into
vector pEF6/MyC-HisA. Raji B cells were transfecteidh an Amaxa apparatus, and sorted
to express homogeneous levels of PD-L1 at thefaser

Flow cytometry of Jurkat and Raji cells

The list of antibodies used to analyze Jurkat aajl ¢ells by flow cytometry can be found in
the Key Resource Table.

Small-scale Jurkat T cell stimulation

Jurkat T cells (17) were stimulated by co-culture with Raji cells5 10) presenting the
superantigen SEE (Toxin Technology), which bindsbtath the TCR and MHC class Il
molecules. IL-2 production was measured by ELISA&IR Systems), whereas CD69
induction and ERK1/2 phosphorylation were measbretlow cytometry.

Large-scale Jurkat T cell stimulation for AP-MS andysis

Raji B cells (or their transfected or edited var&rwere incubated at 37 °C for 30 min with
200 ng/mL SEE, washed and resuspended at a coabentof 200 x 1&mL. Jurkat T cells
(or their transfected or edited variants) wereritisted into microcentrifuge tubes (20 x°10

in a volume of 0.1 ml). Jurkat T cells and Raji &ls were then kept at 37° C for 10 min. 0.1



42

ml of Raji cell suspension was added to the miantbdege tubes and rapidly mixed together
with Jurkat T cells. To promote cell-cell contanticrocentrifuge tubes were immediately
centrifuged at 400 g for 30 sat room temperature, and then kept at 37 °C fospgezified
time without resuspending the cell pellet. Undepsth conditions, analysis of ERK
phosphorylation by flow cytometry showed that uB@®% ofJurkat T cells were activated
via their TCR Figure 7F). The cell pellet was lysed by addition of 0.2 ofl twice-
concentrated lysis buffer (100 mM Tris, pH 7.5, 2i@®1 NaCl, 1 mM EDTA, 20% glycerol,
0.4% n-dodecyp-maltoside) supplemented with protease (Sigma)@rmasphatase (Roche)
inhibitors and processed for AP-MS as describedvbel

SILAC labeling of Raji cells

For SILAC labeling, the RajiSHP2- and Raji PDL1+ FEH cells were cultured in arginine-
and lysine-free RPMI 1640 media (Thermoscientiapplied with 10% (vol/vol) dialyzed
FBS (Thermoscientific), and L3Cs, '°N,J-lysine, and L-f3Cs, °Nj-arginine
(Thermoscientific). Prior to be used for Jurkat dll stimulation, the Raji cells were grown
for at least eight passages to ensure full isotopaporation.

Stimulation of Jurkat T cells with SILAC-labeled Raji cells and sample preparation for
AP-MS

Large scale stimulation of Jurkat T cell with SILA&beled Raji cells and sample preparation
for AP-MS were conducted as described above foremxgnts involving unlabeled Raji
cells.

Biochemical analysis of Jurkat T cells

Immunoblot analysis was performed as described ¢Rgali et al., 2014). The list of
antibodies used for biochemical analysis of Juddals can be found in the Key Resource
Table.

CRISPR-Cas9-based genome editing of Jurkat T and Ra cells
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We developed a fast-track approach that permitsttoduce a single or multiple biallelic null
mutations in large numbers of independent cloneslwkat T cells. Briefly, sgRNA-

specifying oligonucleotide sequences were chosemitomize the likelihood of off-target

cleavage based on publicly available on-line tqblsps://www.dna20.com/produgtsThe
following pairs of sgRNA-specifying oligonucleotid®quences have been usethn6: 5'-
cac@acctgatcccccaccctge -3’ and Baacgcagggtgggggatcagg8’ (it targets exon 3 that is
shared between the differeAtpn6transcripts);Ptpnll: 5'- cacggtttcatggacatctctct -3’ and
5’- aaacagagagatgtccatgaaa®’ (it targets exon 4 that is shared betweerdifferentPtpnl1l
transcripts). The oligonucleotide guides contaioadc and aacc overhangs for cloning into
Bbsl sites of plasmid pX330 (pSpCas9; Addgene plasmid 4R230) or pX458
(pSpCas9(BB)-2A-GFP; Addgene plasmid ID 48138 a G-C base pair (italics) was added
at the 5’ end of the guide sequence for T7 trapgon. To obtain in a single round of
electroporation large numbers of independent Jurkeell clones with bi-allelic inactivation
of Ptpn6or Ptpnll we devised a gene trapping strategy in whichamyein resistance gene
(NeoR)-containing cassette - called ‘bi-allelic Kgpe 1 cassette’ - is inserted in frame in
exon 3 Ptpn6 or 4 Ptpnl) to lead to an early interruption of their opemadiag frame.
Owing to the high cutting efficiency of CRISPR-Cag®ost of the Jurkat T cells that grow
following selection in the presence of 2 mg/ml ngom had the intended bi-allelic
inactivation. The bi-allelic KO type 1 cassette esdor a BamHI restriction site, a Gly-Ser-
Gly-flanked ‘self cleaving’ P2A peptide, a Met (g)acodon, a translatablexP511 sequence,
a neomycine resistance gene, a stop coddoxRb11 sequence, a synthetic intron, a polyA
sequence and a Notl restriction site. Double-sedn®NA repair templates (‘targeting
vector’) containing the ‘bi-allelic KO type 1 casi® as well as additional homologous
sequence immediately upstream and downstream (‘loagyn@rms’) of the exonic sequence

to be targeted were assembled. The size of themheftright homology arms of the targeting



44

vector used foPtpn6and Ptpnllinactivationwas 500 bp. A silent mutation was introduced
in each targeting vector to destroy the correspundiAM sequence. Jurkat T cells were
nucleofected using the Cell Line Nucleofector® Kiprogram 1-010 for Nucleofector Il with
2.5 g of linearized targeting vector, andug of pX330-sgRNA or pX335-sgRNA plasmid.
Cells were allowed to recover for 48 h and subptteG418 selection (2 mg/ml). After 72 h
of selection, cells were cloned by limiting dilutiaand each resulting clone screened for
proper gene editing using PCR and genomic DNA sagjng. Importantly, thdoxP511-
flanked NeoR cassette used in the first round atioed can be readily deleted via
electroporation of StemMACS Cre Recombinase mRNAIlt@dyi Biotec), allowing to
proceed to iterative cycles of biallelic editionings NeoR cassettes flanked byxP site
variants. Using this fast-track iterative editiorogess, Jurkat T cells deprived of PTPN11
were derived via a first round of edition and supsmtly used to derive Jurkat T cells
deprived of both PTPN6 and PTPN11. Raji B cellsrided of PTPN11 were derived as
described for Jurkat T cells.

Affinity purification of protein complexes

Equal amount of post-nuclear lysates were incubaidd prewashed Strep-Tactin Sepharose
beads (IBA GmbH) for 1.5 h at 4 °C on a rotary whBeads were then washed 5 times with
1 ml of lysis buffer in the absence of detergerd ah protease and phosphatase inhibitors.
Proteins were eluted from the Strep-Tactin Sepleatosads with 2.5 mM D-biotin, a
competitive ligand that binds to Strep-Tactin wathhigher affinity than the OST sequence.
For removal of D-biotin, samples were precipitabgdaddition of trichloroacetic acid (100%)
to 25% (v/v) and incubation on ice for 1 h. Proseivere pelleted by centrifugation at 13,000
rpm for 15 min at 4 °C. Protein pellets were themshed 3 times with 200 pL ice-cold
acetone. Washed protein pellets were dried by vactentrifugation at 45 °C for 5 min and

then resuspended in 25 pL 6 M urea, 50 mMMJNEIO;. Samples were diluted to 0.5 M urea
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with 50 mM NHHCO; before cysteine reduction (5 mM TCEP, 30 min at°@j and
alkylation (10 mM iodoacetamide, 30 min at 37 °Cthe dark). Proteins were digested
overnight at 37 °C by addition of 1 pg trypsin (25 Promega, sequence-grade, V5113).
Trifluoroacetic acid (50%) was added to 1% (v/v)stop the reaction, and peptides were
purified using C18 microspin columns (3-3@, Nest Group) and resuspended in 15 pL
Buffer A (acetonitrile 2%, formic acid 0.1%) comaig iRT peptides for retention-time
alignment (Biognosys) (Escher et al., 2012).

The peptides were analyzed on an Orbitrap Fusiomdsu mass spectrometer (Thermo
Scientific, San Jose, CA) connected to an Easy-h2@0 (Thermo Scientific, San Jose, CA)
HPLC system. Between 1 ul and 4 ul of peptide smwivas separated by nano-flow liquid
chromatography using a 120 min gradient from 52&@buffer B in buffer A (Buffer A: 2 %
acetonitrile, 98 % bD, 0.1 % formic acid; Buffer B: 80 % acetonitri2) % HO, 0.1 %
formic acid) on an Acclaim PepMap RSLC 75 pm x 25miumn packed with C18 particles
(2 um, 100 A) (Thermo Scientific, San Jose, CA)e Pleptides were ionized using a stainless
steel nano-bore emitter (#ES542; Thermo Scientifiging 2000 V. The data independent
acquisition (DIA) method consisted of a precursmansfollowed by product ion scans using
40 windows between 400 m/z and 1000 m/z. The psecwwcan was an Orbitrap full MS scan
(120,000 resolution, 2 x YAGC target, 100 ms maximum injection, 350-1500,miofile
mode). The product ion scans were performed usingd@pole isolation and HCD
activation using 27% HCD Collision Energy. The ndgp was used at 30,000 resolution
using a scan range between 200 and 1800 and s#tarigF Lens at 40%. The AGC Target
was set to 5 x Paand 50 ms maximum injection time.

Data-dependent mass spectrometry

To acquire mass spectra for building a spectrahtipfor SWATH data analysis, the mass

spectrometer was operated in data-dependent aoguisnode. The mass spectrometer
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performed first a full MS scaf(il20,000 resolution, 2 x 2AGC target, 100 ms maximum
injection, 350-1500 m/z, profile mode), followed lojata-dependent acquisition of MS2
spectra using a duty cycle of 3 s for the mostnis¢eprecursors using a 30 s dynamic
exclusion time and the following HCD scan settin88;000 resolution, 8 x 1AGC target,
50 ms maximum injection, profile modtetensity threshold of 5 x £0charge states from 2 to
5, isolation window of 1.2 m/z using the quadrupsk@ation, fragmentation with 27% HCD
Collision Energy.

SWATH assay library generation

The raw data was analyzed using MaxQuant versioi2.8. against a FASTA file containing
20,386 reviewed human or 16,985 mouse protein segggdownloaded on August 13, 2018

from www.uniprot.org and iRT peptides and enzyme sequences. Carbareitdgihhwas

defined as a fixed modification, and Oxidation (&)d Phosphorylation (STY) as variable
modifications. Standard MaxQuant settings for Qdpitwere used (e.g. peptide tolerance 20
ppm for first search and 4.5 for main search). dtal{ three searches were performed
involving 24 (mouse PD<F" series), 10 (mouse BTLR series), 16 (human P31 series)
and 12 (human SILAC-labeled PI<T series) injections of unfractionated peptides ey
resulted in the identification of 11,473, 3,285,929, and 13,842 peptides, respectively. The
four searches were imported into Spectronaut PyB@gnosys, Schlieren) to build three
spectral libraries with the following settings: PSIWDR Cut off of 0.01, fragment m/z
between 200 and 1,800, peptides with at least 3i@mcids, fragment ions with a relative
intensity of at least 5, precursors with at leafagments. Moreover, an iRT calibration was
performed with a minimum root mean square errdd.8fand segmented regression. For the
SILAC experiment b-ions were excluded and assaythenother channels were created in
silico using the “label” workflow. The four spedtidraries contained coordinates for 1,310

protein groups and 9,269 proteotypic peptides (moRB-°"), 469 protein groups and
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2,279 proteotypic peptides (mouse BTY3A), 1730 protein groups and 12,077 proteotypic
peptides (human PD?%"), and 1,840 protein groups, and 11,346 proteotyejitides (human
SILAC labeled PD-2%Y).

SWATH-MS targeted data extraction

Quantitative data were extracted from the acquB®dATH-MS maps using Spectronaut
Pulsar Professional+ (Biognosys, Schlieren) (versinl.0.15038.23.25164 and version
12.0.20491.13.20682 for SILAC experiment) and statidsettings (they include a dynamic
MS1 and MS2 mass tolerance strategy, a dynamic RTCExtraction Window with a non-
linear iRT calibration strategy, and identificatias performed using a precursor and protein
Q value cutoff of 0.01). The quantified intensitfes each fragment were extracted from 24
(mouse PD-2°"), 30 (mouse BTLAR®"), 48 (human PD%"), and 9 (human SILAC-labeled
PD-1°°) SWATH-MS injections and the fragment intensitieere exported for further
statistical analysis to R. Only quantities for frants that have been detected at least two
times in a given condition were selected. Furtiisaring was performed with mapDIA where
a standard deviation factor of 2 and a minimal elatron of 0.25 were used to filter for
reliable fragments. To avoid regulated phosphodeptito be removed in this step, the
phosphopeptides were assigned to their individuatem identifier. In the SILAC-labeled
samples different protein identifiers for the twffefent channels were used.

Filtering strategy for the identification of the PD-1 and BTLA high-confidence
interactomes

The quantitative values for proteins and pepticesxported by mapDIA (Teo et al., 2015)
were imported into R and any missing values wenguiied with a value corresponding to the
0.01 quantile intensity value for that protein @ppde across all measurements. In a first
step, the proteins that significantly interact witie bait were identified by calculating their

differential expression in conditions expressing thwin-Strep-tagged bait (PD-1-OST or
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BTLA-OST) as compared to conditions expressing shee levels of the corresponding
untagged proteins (PD-1 and BTLA). A paired andadpcibility optimized test strategy was
used from the R/Bioconductor package PECA (SuomiEn, 2017). Proteins that showed a
more than 3-fold (mouse CD4ells) or 6-fold (human Jurkat cells) higher abamck in the
samples containing the bait versus control samahes an adjusted FDR of less than 0.01
across the 3 biological replicates of an experimerdndition were considered as interactors.
Moreover, such interactors were further filteredtie basis of their presence in at least two
independent conditions and those present in thetasonant repository for affinity
purification (the CRAPome ; (Mellacheruvu et alQ13)) were eliminated. In total, 11
proteins were removed because of their presenckhenCRAPome: EEF1A1l, GAPDH,
HSP90AB1, HSPA5, HSPAS, KRT33B, TUBA1A, TUBAL1B, TBB3 TUBA4A, TUBB4B.
Furthermore, any keratins, myosins, and tubulinsewmt considered as interactors as they
correspond to highly abundant proteins that frefjyeappear as AP-MS contaminants. As a
result, 243 (mouse PORYY), 12 (mouse BTLAR®Y, and 642 (human PD?Y") interactors
were significantly enriched according to thoseetidt. In a second step, we identified the
interactors that change in abundance between tfferafit conditions and these are
considered “dynamic” interactors. To identify dynanmteractors, we normalized the protein
guantities to the signal of the bait for each ctiadi and then tested with a paired and
reproducibility optimized test statistic (see abowehich proteins changed in abundance
between the non-stimulated (0 min time point, viyide Raji, or no SEE) and the stimulated
(time points > 0 min, PD-L"1 Raji cells, SEE-incubated PD-LIRaji cells) conditions.
Proteins for which the signal changed on averageast 2-fold (FDR < 0.05) across the
biological replicates were considered dynamic ateors. Accordingly, 12 (mouse PB%T),

5 (mouse BTLAR®Y, and 58 (human PD°%") dynamic interactors were identified in our

study.



49

Data analysis of SILAC-labeled AP-MS samples

The intensity values for each protein from the mi#pBoftware were used. To calculate the
ratio, the intensity for the protein in the lightasnel was divided by the intensity in the heavy
channel. Channels where no peak was detected & lB.6e02 was assigned which
corresponded to the 1% lowest value detected.

. QUANTIFICATION AND STATISTICAL ANALYSIS

In all experiments, data are presented as meanvk Bliess stated otherwise. Statistical tests
were selected based on appropriate assumptiongegiect to data distribution and variance
characteristics. The number of biological replisad@d mice is defined in the figure legends.
The statistical analysis used for the identificatmf the PD-1 and BTLA high-confidence
interactors is developed in the paragraph ‘Filgstrategy for the identification of the PD-1
and BTLA high-confidence interactomes’.

. DATA AND SOFTWARE AVAILABILITY

The MS data which were used to generate the SWAdEdtsal library, the SWATH raw files
and the quantitative results from the SWATH-MS gsial reported in this paper have been
deposited in the PRIDE proteomics data repositdyps$://www.ebi.ac.uk/pride/archive/)
under accession numbers: PXD010862 (PD-1 mouse)DORB863 (BTLA mouse),

PXD010864 (PD-1 Jurkat), and PXD013531 (SILAC-labePD-1 Jurkat).

Table S1. Protein and peptide abundance dataAbsolute label free quantification
estimates. Absolute abundances were estimated tr@n8AQ approach implemented in the
aLFQ package (Rosenberger et al., 2014). Sagplemental Experimental Procedures for

details Related to Figures 1, 2 and 4.
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Table S2: List of proteins that interacted with thebait and that passed the two applied
filters. Interactors are significantly enriched in the skspvith the bait as opposed to control
samples. Dynamic interactors significantly changeirtrelative abundance as compared to
the bait after stimulation. S&eupplemental Experimental Procedures for det&idated to

Figures 1, 2 and 4.

Table S3: IBAQ valuesRelated to Figures 1, 2 and 4.

Table S4: SILAC-based analysis of the Jurkat- or Rgcell origin of the quantitatively
major components of the PD-1 signalosome&seeSupplemental Experimental Procedures

for details Related to Figures 4 and S4.
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