l\' frontiers
in Oncology

ORIGINAL RESEARCH
published: 18 December 2018
doi: 10.3389/fonc.2018.00632

OPEN ACCESS

Edited by:
Boris Zhivotovsky,
Karolinska Institutet (KI), Sweden

Reviewed by:
Catherine Brenner,
Institut National de la Santé et de la
Recherche Médicale (INSERM),
France
Denise P. Carvalho,
Universidade Federal do Rio de
Janeiro, Brazil

*Correspondence:
Yunfei Gao
yunfei.gao@utoronto.ca

Specialty section:
This article was submitted to
Molecular and Cellular Oncology,
a section of the journal
Frontiers in Oncology

Received: 27 September 2018
Accepted: 04 December 2018
Published: 18 December 2018

Citation:

Xia X, Zhou W, Guo C, Fu Z, Zhu L,
Li P, Xu Y, Zheng L, Zhang H, Shan C
and Gao Y (2018) Glutaminolysis
Mediated by MALT1 Protease Activity
Facilitates PD-L1 Expression on
ABC-DLBCL Cells and Contributes to
Their Immune Evasion.

Front. Oncol. 8:632.

doi: 10.3389/fonc.2018.00632

Check for
updates

Glutaminolysis Mediated by MALT1
Protease Activity Facilitates PD-L1
Expression on ABC-DLBCL Cells and
Contributes to Their Immune Evasion

Xichun Xia, Wei Zhou, Chengbin Guo, Zhen Fu, Leqing Zhu, Peng Li, Yan Xu,
Liangyan Zheng, Hua Zhang, Changliang Shan and Yunfei Gao *

The First Af liated Hospital, Biomedical Translational Resrch Institute and Guangdong Province Key Laboratory of
Molecular Immunology and Antibody Engineering, Jinan Univsity, Guangzhou, China

Previous studies have demonstrated that programmed deatht ligand 1 (PD-L1)
expressed in an aggressive activated B-cell (ABC)/non-gerinal center B cell-like (GCB)
subtype of diffuse large B-cell lymphoma (DLBCL) is assodied with inhibition of the

tumor-associated T cell response. However, the molecular echanism underlying PD-L1
expression in ABC-DLBCL remains unclear. Here, we report #t MALT1 protease

activity is required for ABC-DLBCL cells to evade cytotoxjtof VgQOVA2 T lymphocytes by

generating substantial PD-Lf ABC-DLBCL cells. While, NFkB was dispensable for the

PD-L1 expression induced by MALT1 protease activity in AB@MLBCL cells. Furthermore,
we showed that GLS1 expression was profoundly reduced by MALL protease

activity inhibition, which resulted in insuf ciency of gltaminolysis-derived mitochondrial
bioenergetics. Activation of the PD-L1 transcription faacr STAT3, which was strongly
suppressed by glutaminolysis blockade, was rescued in a TCAtricarboxylic acid)
cycle-dependent manner by glutamate addition. Collectidy, MALT1 protease activity
coupled with glutaminolysis-derived mitochondrial bioeergetics plays an essential role
in PD-L1 expression on ABC-DLBCL cells under immunosurvéaince stress. Thus, our
research sheds light on a mechanism underlying PD-L1 exprason and highlights a
potential therapeutic target to vanquish immune evasion bABC-DLBCL cells.

Keywords: diffuse large B-cell ymphoma, MALT1 protease activ ity, glutaminolysis, PD-L1, immune evasion

INTRODUCTION

Diuse large B-cell lymphoma (DLBCL) comprises the largest gsobp of non-Hodgkin
lymphoma (NHL), accounting for 25% of all lymphoma case$)( Gene expression pro ling
has allowed subclassi cation of DLBCL into at least two distimolecular subtypes, including
germinal center B cell-like (GCB) and activated B cell-likBCADLBCL @). The ABC subtype is
aggressive, and patients with the ABC subtype have signilgahbrter overall survival (OS) than
those with the GCB subtyp&). Currently, R-CHOP (rituximab, cyclophosphamide, doxoreihi
vincristine, and prednisone) is the rst-line treatment fDLBCL patients and has contributed to an
overall improvement in patient survivad). However, many patients with DLBCL are unresponsive
to the treatment and generally have a poor prognosis, partitufzatients with the ABC subtype
(5, 6). This may be related to the antiapoptotic e ects of KB-that counteract the action of
cytotoxic chemotherapy, since N@B activity is usually high in this tumor typée’).
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Glutaminolysis Facilitates PD-L1 Expression
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GRAPHICAL ABSTRACT | Under Wg9Vd2 T lymphocytes stress, the glutaminolysis intermediate gtamate enhances mitochondrial bioenergetics, resultingy STAT3
activation and PD-L1 expression in ABC-DLBCL cells. This press is controlled by MALT1 protease activity via up-regating GLS1 expression. These results show a
novel regulatory pathway that endows ABC-DLBCL cells withmimmunosuppressive property. Hence, manipulation of thes pathways could hold enormous potential
for the development of effective immunotherapy for ABC-DLBL.

Tumor cells exploit the expression of programmed death-Pathways, transcription factors, and epigenetic factorsh B
(PD-1) ligand 1 (PD-L1) to subvert T-cell-mediated immune- PIBK/AKT and MAPK pathways are involved in controlling PD-
surveillance. In recent years, oncotherapy targeting the POL1 expression1(4). Transcription factors, including regulatory
1/PD-L1 immune-checkpoint has shown promising results in theelements responsive to IFN regulatory factor 1 (IRF1), K8-
treatment of various carcinoma types, such as melanoma) renlaypoxia-inducible factor & (HIFla), and STAT3, were found
cancer, and lung canceB) A study on B-cell NHL demonstrated to bind to the PD-L1 gene promoterlf-17). Furthermore,
that PD-L1 expression was con ned to a subset of DLBCL witlrecent reports provide a possible link between metabolic
activated B-cell features, which carries a poorer prognasis a reprogramming and PD-L1 expressiofid 19). Oversupply of
frequently recurs after conventional chemoimmunotheragy ( the glycolytic intermediate pyruvate to mitochondria enlkas
PD-L1-positive DLBCL was signi cantly associated with non-PD-L1 expression by fostering oxidative phosphorylation and
GCB type and the OS of patients with PD-L1-positive DLBCLTCA cycle activity in macrophagesd). However, our knowledge
was inferior to that of patients with PD-L1-negative DLBAL).  of PD-L1 expression regulation in DLBCL and the biological
Blockade of PD-1 can restore the anti-tumor functions oféll€  functions of the regulation is limited.
in DLBCL-derived cell linem vitro (11) TOgether, this evidence Mucosa-associated |ympho|d tissue |ymphoma translocation
suggests that GCB-DLBCL and the aggressive ABC/non-GCdene 1 (MALT1), originally identi ed in B-cell lymphoma, is
subtype of DLBCL use distinct molecular mechanisms to regulaa Cys-dependent, Arg-specic proteasg0) After antigenic
PD-L1 expression, which is preferentially used by the latber tstimulation, MALT1 forms part of the CARMA1-BCL10-
escape recognition and killing by T cells. MALT1 (CBM) complex and catalyzes protease activity

The success of therapies that disrupt PD-L1-mediated tumathat cleaves inhibitors of the NKB signaling pathway,
tolerance highlights the need to understand the moleculaguch as TNFAIP3/A20, BCL10 protein, CYLD, and RELB
regulation of PD-L1 expressionl). Recently, many studies (21). This indirectly activates NKB signaling. Constitutive
have focused on the mechanism underlying PD-L1 expressioNF-kB activation mediated by MALT1 protease activity
Georgiou et al. found that translocations betweRB-L1and is observed in the ABC-DLBCL subtype and is linked to
the IGH locus led to PD-L1 overexpression in DLBCL, and thisits pathogenesis. Inhibition of MALT1 protease activity
genetic alteration in thé>D-L1locus is mainly associated with or expression of a catalytically inactive form of MALT1
the non-GCB subtype of DLBCLL1®). Further studies found dramatically reduced the viability of cell lines derived rfro
that PD-L1 expression was regulated by kinase-cascaddisggna ABC-DLBCL, while cell lines derived from other B cell
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lymphoma types, such as GCB-DLBCL, Burkitts lymphomafrom all subjects. All subjects gave written informed corisen
and marginal zone lymphoma, were not a ectez). Recently, in accordance with the Declaration of Helsinki. The protocol
small molecule inhibitors of MALT1 were developed thatwas approved by the Ethics committee of Jinan University.
e ciently suppressed ABC-DLBCL in xenograft experimentsExperimental procedures have been carried out following the
and patient sample®x vivo (23). These evidences indicate standard biosecurity and the institutional safety procestur
that MALT1 protease activity is required for the survival of
ABC-DLBCL but not GCB-DLBCL. Although PD-L1 expressionCytotoxicity Assay
is regulated by NKB in cancer cells Z4), it remains an The cytotoxic potential of expandedddVvVd2 T lymphocytes
open question whether MALT1 protease activity regulatesgainst DLBCL cells was assayed using propidium iodide
PD-L1 expression and the PD-L1-mediated immune-evasion iPI, Sangon Biotech Shanghai Co., Ltd.) staining. In brief,
ABC-DLBCL. CFSE-labeled §9VA2 T lymphocytes were co-incubated with
In this study, we report that MALT1 protease activity is DLBCL cells at di erent e ector:target (E:T) ratios ofg@vd2 T
essential for PD-L1 expression in ABC-DLBCL cells undelymphocytes to DLBCL cells (0:1, 5:1, 10:1, and 20:1) &t 37
VgoVd2 T lymphocytes stress. We found that MALT1 proteasdor 6h. After cells were washed with PBS, Pl solution was
activity supported glutaminolysis by up-regulating expressio added to the co-culture and incubated with the cells for 5 min.
of the enzyme GLS1, resulting in higher glutamate productionSubsequently, the proportion of PCFSE cells was quanti ed
Subsequently, glutamate enters the TCA cycle to enhanc&€®BTAusing ow cytometry. In some experiments, DLBCL cells were
activation and PD-L1 expression. Thus, MALT1 protease agtivitpretreated with z-VRPR-fmk, BPTES or QNZ for 12h prior
supports glutaminolysis and contributes to ABC-DLBCL celito co-culture with \gOVA2 T lymphocytes. For blocking assays,

immune evasion. puri ed anti-human CD274 antibody (1éng/ml; 29E.2A3) or
isotype control antibody (16g/ml; MG2b-57; BioLegend) were

MATERIALS AND METHODS included at the time of e ector/target co-culture.

Cell Culture and Reagents Real-Time RT-PCR

The human DLBCL cell lines BJAB, U2932, OCI-Ly3 werdotal RNA was extracted with an RNA Simple Total RNA kit
obtained from DSMZ, SUDHL-4, and SUDHL-6 were (Tiangen Biotech Beijing Co., Ltd.). Synthesis of cDNA was
obtained from American Type Culture Collection (ATCC; performed with DNA-free RNA samples (Qiagen) using reverse
Manassas, VA, USA). All cell lines were cultured in RPMitranscription with abPrimeScrip¥! RT reagent kit (Takara)
1640 medium supplemented with 20% FBS and 100 U/maccording to the manufacturer's protocol. Real-time PCR was
penicillin/streptomycin (Gibco). OCI-Ly10 was purchasednfro performed using SYBR Green gPCR Master Mix (Bimake) on a
Cobioer Biosciences Co., LTD (Nanjing, China) and cultuied LC480 Lightcycler system (Roche). RNA was normalizet-to
IMDM with 20% FBS, 100 U/ml penicillin/streptomycin (Gibco) actin mRNA. The sequences of primers were as folloWgd5
and 50mM b-mercaptoethanol (Sigma-Aldrich). All cell lines 39: (forward) TTC GGT CCA GTT GCC TTCT and (reverse)
were cultured at 37C in a humidi ed atmosphere of 5% C£ GGT GAG TGG CTG TCT GTG TG for IL-6, (forward) TGG

z-VRPR-fmk (Enzo Life Sciences) was dissolved in fllH GGG AGA ACC TGA AGA and (reverse) ATG GCT TTG TAG
at a concentration of 561 throughout all experiments. MI-2, ATG CCT TTC for IL-10, (forward) GTG AGT CGG ATC GCA
BPTES, QNZ, CPI-613 (Selleck), and PMA/lono (Sigma-AldrichGCTT and (reverse) TCG GCT GCT GCA TTG TTC for Bal-
were reconstituted in DMSO ( nal DMSO concentration 0.1%) x|, (forward) CAT GTA CGT TGC TAT CCA GGC and (reverse)
and their nal concentrations were M, 2mM, 5mM, 100mM, CTC CTT AATGTC ACG CAC GAT folb-actin.
and 50/500 ng/ml, respectively.

Flow Cytometry

Generation of V g9Vvd2 T Lymphocytes To measure the proportion and di erential subsets cf/d2 T
PBMCs from fresh blood samples of healthy adult donordymphocytes, we performed surface staining with FITC-
were isolated using density gradient centrifugation wifbdi-  conjugated anti-CD3 (Tianjin Sungene Biotech Co., Ltd.),
Paque (GE Healthcare). To generatg9¥d2 T lymphocytes, PerCP-conjugated anti-TCR d2, Pacic Blue-conjugated
freshly isolated PBMCs were cultured in RPMI 1640 mediumanti-CD27 and APC-conjugated anti-CD45RA (BioLegend)
supplemented with 10% heat-inactivated FBS, 100 U/mdntibodies. To evaluate the functional markers o§Wd2 T
penicillin/streptomycin (Gibco) and 50M b-mercaptoethanol lymphocytes, cells were restimulated with 50 ng/ml PMA and
at a density of 3 X 10cells/mL in a 24-well plate. At the 500ng/ml ionomycin for 6h, permeabilized using reagents
onset of the culture, 3@M zoledronic acid (Sigma-Aldrich) from a BD Cyto x/Cytoperm Kit and stained with PE-Cy7-
and 400 U/mL IL-2 (PeproTech, Inc.) were added. Three daysonjugated anti-NKG2D, APC-conjugated anti-IFiN-(BD
later, the medium was replaced with maintenance mediunBiosciences), PE-conjugated anti-Perforin and Pacic Blue
containing 10ng/mL IL-2, and the maintenance medium was conjugated anti-Granzyme B (BioLegend) antibodies. Gugp
changed every 2-3 days. The cells were selectively expandB® Biosciences) was added for the last 4h of culture. To
after 10-14 days. This study was carried out in accordanaevaluate intracellular protein, DLBCL cells were sorted from
with the recommendations of local ethics guidelines, theid& the co-culture, xed, permeabilized using BD Phos 8w (BD
committee of Jinan University with written informed consent Biosciences) and stained with Alexa Flfioi647-conjugated
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anti-STAT3 Phospho (Tyr705) (Biolegend). To measure PB-L1 cover-slipped with a uoroshield mounting medium with DAPI

or PD-1° cells, \YOVA2 T lymphocytes were co-incubated (Abcam). Images were collected on a Leica TCS SP8 confocal
with DLBCL cells for 6 h. We then performed surface stainingmicroscopy.

with BV421-conjugated anti-PD-L1 (Biolegend) or Pacic

Blue-conjugated anti-PD-1 (Biolegend) antibodies. Foz tell Mitochondria Isolation and Mitochondrial ATP Assay

survival assay, an Annexin V/PI apoptosis kit (Bimake) wadlitochondria isolation was performed using Qproteum
used. The data were analyzed using FlowJo software (Tree Staftochondria isolation kit as manufacturer' protocol (Qieg,

Inc). USA). The ATP assay kit was from Beyotime and the assay
was performed according to manufacturer's protocol. After
Western Blotting centrifugation to remove cell debris, the supernatant was ddde

Cell pellets were collected after washing with PBS. Totdp the substrate solution. The luminescence was recordexhin
cellular protein was extracted using lysis bu er (20mM Tris- llluminometer with an integration time of 10s per well.

HCI (pH 7.4), 150mM NaCl, 1mM EDTA, 1mM EGTA, . .

1% Triton X-100, 2.5mM sodium pyrophosphate, 1mMANalysis of [U- 13C]-Glucose Metabolites
b-glycerophosphate, 1mM sodium orthovanadatemgIml  and Glutamate Assay

leupeptin, 1mM phenylmethylsulfonyl uoride), and the U2932 cells were grown in [J2C]-glucose medium and were
protein concentration was determined with a BCA Kit (Pierce) treated with z-VRPR-fmk or not for 12 h. After collection, 1 mL
After boiling in SDS-PAGE loading buer, 20-40ng of of chloroform and 1 mL of methanol/kO solvent (v/vD 1:1)
protein in total cell lysates was fractionated via SDS-PAGkere successively added into a tube of cells. The suspension was
and transferred to PVDF membranes (Millipore). Blots werevortexed for 30s and incubated at@ for 2h. The mixture
blocked in 5% BSA (Sigma-Aldrich) and incubated with thewas processed using 7 cycles of ultrasonication for 2min and
appropriate antibodies. The primary antibodies anti-Bcl-10jncubated at 40 C for 2min before centrifugation at 16,
anti-RelB,  anti-p65/Phospho-p65, anti-AKT/Phospho-AKT,000g and 4C for 15 min. In total, 400mL of supernatant was
anti-ERK/Phospho-ERK, anti-STAT3/Phospho-STAT3  (Cellransferred into a glass vial containing i of internal standards
Signaling), anti-Bcl-xl (Proteintech), anti-GLS1, aWBAC1  (0.05 mg/mL 13C6-15N-L-isoleucine), and dried under a gentl
(Sangon Biotech Shanghai Co., Ltd.), and dméetin (Tianjin  nitrogen stream. The dry residues were reconstituted imB®f
Sungene Biotech Co., Ltd.) were used. Goat-anti-mousts mg/mL methoxylamine hydrochloride in anhydrous pyridine
IgG/HRP and goat-anti-rabbit IgG/HRP (Cell Signaling) The resulting mixture was vortex-mixed vigorously for 30 s and
were the secondary antibodies used. The data were acquirgttubated at 37C for 90 min. Then, 3@nL of MTBSTFA (with 1%
using a ChemiDo¢" XRC System (Bio-Rad) with enhanced BDMCS) was added to the mixture and derivatized atG%$or

chemiluminescence HRP substrate (Millipore). 60 min. Metabolomic instrumental analysis was performed on an
Agilent 7890A gas chromatography system coupled to an Agilent
Seahorse 5975C inert MSD system (Agilent Technologies Inc.). An HP-

OCR and ECAR were assessed using a Seahorse XF598s fused-silica capillary column (30m0.25mm  0.25mm;
extracellular ux analyzer (Seahorse Bioscience). DLBEIls ¢ Agilent J&W Scienti ¢, Folsom, CA) was utilized to separate
were pooled, carefully counted and plated (11 cells/well) the derivatives. Helium> 99.999%) was used as a carrier gas
in assay medium onto Seahorse cell plates coated with Cedlt a constant ow rate of 1 mL/min through the column. The
Tak (Corning, Inc.). For OCR, assay medium was supplieihjection volume was frL (splitless mode), and the solvent delay
with XF Base Medium with 1 mM pyruvate, 2 mM glutamine, time was 5.5 min. The initial oven temperature was held at €00
and 10 mM glucose (Sigma-Aldrich). Baseline OCR was de netbr 2 min, ramped to 140C at a rate of 10C/min, to 260 C at
as the OCR readings beforemM oligomycin (Seahorse a rate of 5C/min, to 320C at a rate of 10C/min, and nally
Bioscience) injection. SRC was de ned as the di erence betwe held at 320C for 8 min. The temperatures of the injector, transfer
baseline OCR and maximal OCR after carbonyl cyanide-4line, and electron impact ion source were set to 250250C,
(tri uoromethoxy) phenylhydrazone (FCCP, 0mM, Seahorse and 230C, respectively. The electron energy was 70 eV, and data
Bioscience) injection to uncouple oxidative phosphorylatioda were collected in full scan mode (m/z 50-600). At least three
electron transport. For ECAR, assay medium was supplied witbeparate injections were measured per sample, and the percent
XF Base Medium with 2mM glutamine. Glycolysis was de nedenrichment of 13C-labeled metabolites in the total metabolite
as the ECAR reached by a given cell after the addition gfool was calculated for each metabolite.
saturating amounts of glucose. Glycolytic reserve was e n  Glutamate assays were performed according to the
as the dierence in ECAR between the glucose andML manufacturer's protocols (Sigma-Aldrich).
oligomycin injections.

Statistical Analysis
Confocal Microscopy Two-tailed, unpaired or paired Studentistest was used to
Treated DLBCL cell lines were washed with RPMI 164@ompare di erences between treated and control groups using
medium without phenol red and stained with MitoTracker GraphPad Prism 6.0 software. Di erences wjitvalues< 0.05
Green (ThermoFisher) for 30 min at 3C. After washing, cells were considered statistically signi canp < 0.05; p < 0.01;
were resuspended with PBS and dropped in a glass slides,p< 0.001.
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FIGURE 1 | MALT1 protease activity is required for ABC-DLBCL cell esqee from the cytotoxicity of human \g9VvVd2 T lymphocytes. (A) The purity of \gOvVd2 T
lymphocytes expandedin vitro on day 13. (B) Differentiation subsets of \§9Vd2 T lymphocytes on day 0 and day 13. \§9Vd2 T lymphocyte subsets were subdivided
according to CD27 and CD45RA expression: naive (CD45RACD27C), CM (CD45RA CD27C), EM (CD45RA CD27 ), and TEMRA (CD45RACD27 ) (D 5).
(C) The percentage of NKG2L¥ , IFN-gC, perforin® and Granzyme E cells within the \g9Vd2 T lymphocyte population. (D) Cytotoxicity of Vg9Vd2 T lymphocytes
toward DLBCL cells at the indicated effector to target ratis (E:T) § D 5). (E) Cytotoxicity of V\g9Vd2 T lymphocytes toward DLBCL cells pretreated with vehicle o
z-VRPR-fmk (VRPR) for 12 n(D 5). Western blot to detect Bcl-10 cleavage products; Fillecdarrow, full length Bcl-10; open arrow, Bcl-10 cleavage prodct; b-actin
was used as the loading control.(F) Survival of DLBCL cells pretreated with vehicle or VRPR fo2h followed by apoptosis analysis via ow cytometry. The datare
representative of three independent experiments. Data arshown as the means  SD, “p < 0.01; "p < 0.001.

RESULTS

MALT1 Protease Activity Is Required for
ABC-DLBCL Cell Escape From the
Cytotoxicity of Human V. govd2 T

Lymphocytes

expanded \g9Vd2 T lymphocytes by culturing human peripheral
blood mononuclear cells (PBMCs) from healthy adults and
co-cultured them with three ABC-DLBCL cell lines (U2932,
OCI-Ly3, and OCI-Ly10) and three GCB-DLBCL cell lines
(BJAB, SUDHL-4, and SUDHL-6) vitro. Expanded \§9Vd2 T

lymphocytes typically accounted for more than 95% of the

To investigate whether ABC-DLBCL and GCB-DLBCL cellgultured PBMCs kigure 1A) and were mainly e ector memory
exert di erent immune-evasion e ects on T lymphocytes, we(EM, CD45RA CD27 ) cells, which displayed e cient cytotoxic
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activity and cytokine productionRigure 1B). Flow cytometric basal state Kigure 2D). The proportion remained nearly the
analysis conrmed that the expandedg9Vd2 T lymphocytes same when 9Y9Vd2 T lymphocytes were incubated with GCB-
expressed the innate receptor NKG2D and produced t;N- DLBCL cells, but markedly increased when they were mixel wit
the cytolytic protein perforin, and granzyme Bigure 10. As ABC-DLBCL cellsFigures 2E, . However, the PD-1 expression
expected, ABC-DLBCL cells showed fewér Populations than  remained unchanged in §9Vd2 T lymphocytes incubated with
GCB-DLBCL cells when selected bgd%/d2 T lymphocytes at GCB-DLBCL or ABC-DLBCL cells pretreated with z-VRPR-fmk
the various E/T ratios testedrigure 1D), suggesting that ABC- (Figures 2E,l. Together, these data support the idea that z-
DLBCL cells were more inclined to subvert the cytotoxicify o VRPR-fmk selectively decreases the generation of FDABC-
VgoVvVd2 T lymphocytes. To further illustrate whether MALT1 DLBCL cells in response to g@Vd2 T lymphocytes, thereby
protease activity is involved in the tolerance of ABC-DLBELx inhibiting the immunosuppressive property of ABC-DLBCL
to VgOVAd2 T lymphocytes, we pretreated DLBCL cell lines withcells.

z-VRPR-fmk, a cell-permeable and irreversible MALT1 inhihitor

z-VRPR-fmk treatment e ciently blocked the proteolyticaeiy ~NF-kB Is Dispensable for PD-L1 ©

of MALT1, as indicated by the absence of the cleavedABC-DLBCL Cells Generation Mediated by

BCL10 fragment Kigure 1B. Interestingly, all three z-VRPR- s
fmk pretreated ABC-DLBCL cell lines doubled their cell deatrﬁl/lALTl Protease Activity

in response to YOVA2 T lymphocytes Figure 1B. In stark
contrast, z-VRPR-fmk did not have a signi cant e ect on any of
the three GCB-DLBCL cell lines testdddure 1B. Moreover, z-

F-kB, a common transcription factor downstream of the CBM
complex, has been shown to regulate PD-L1 expression in tumor
cells @4, 26). Thus, we assessed whether kB-is indispensable

VRPR-fmk alone had no impact on the survival of these pLecif the PD-L1 expression on ABC-DLBCL cells mediated by

cells Figure 1. These results indicated that MALT1 proteaseac'i‘i\l‘/-il;l vﬁ)/:aostesailsﬁi i;trll\tllltyi.n\rﬁ\i/gitgodu?: ;gaégﬁ gﬁn:;ﬂsptgzge
activity has an essential role in assisting ABC-DLBCL selhpe Y g y

o on the diminished expression of NkB target genes, including
from the cytotoxicity of \goVd2 T lymphocytes. Bcl-xI protein expressionHigure 3A) and the mRNA levels of

Bcl-xl, IL-6, and IL-10 Figure 3B), in response to z-VRPR-

PD-L1 Is Involved in the MALT1 Protease fmk treatment. However, the abolished NGB transcription
Activity-mediated Immunosuppressive activity induced by z-VRPR-fmk recovered in the presence
Property of ABC-DLBCL Cells of VgOvVA2 T lymphocytes Kigures 3A,B. We excluded the

possibility that z-VRPR-fmk lost its NkB inhibition activity by
including BJAB cells as a negative control; in these cells, NF-
. . kB target genes remained constant under these conditionseSin
screened a panel of DLBCL cell lines for PD-L1 expressio he proportion of PD-LE ABC-DLBCL cells was profoundly

using ow cytometry. Surprisingly, only the OCI-Ly10 cell R ; . ! )
line showed high levels of PD-L1 expression. The Othersdecreased by 2-VRPR-fmkigure 28, NF-kB might not be

including three GCB-DLBCL cell lines (BJAB, SUDHL-4 and;rl\r/gsl\;egfl\;;@?jzp_l?[f] ?}25}2;8%1‘;06: r?ﬁ?ﬁ;a:flg g?dNe“_Eéhe
SUDHL-6) and two ACB-DLBCL cell lines (U2932 and OCI- ympnocytes.

. = N ~ in generating PD-L¥ ABC-DLBCL cells, we directly blocked
Ly3), expre.ssed. “tt.le PD LF(gure 2A). Qon5|der|ng that PD NF-kB transcription using QNZ. Distinct from z-VRPR-fmk,
L1 expression is immunologically active by suppressing th

activation of tumor-associated T cell®, (25, we checked Iagzhcgcn;tﬂegﬁgs:b;:i?](I)\valt-:\Bbtratrt:Secg)F()Ser:wgnc;j:crre\ngs}(/eizi-rl]— Belxl
the kinetics of PD-L1 expression on these DLBCL cell lined "'P ’ y

in response to Y9VA2 T lymphocytes. We observed that the ﬁ]rgtsx]l:églrs;?'z?glgg;el?nqoa:?adn;he (;I)Blglzx:nolltcee dagl(:) Cl:z;%
proportion of PD-LT° cells increased in the DLBCL cell lines 9 -'mp Y, 9

: . "of NF-kB transcription activity only slightly increased cell death
suggesting that_ YOV T lymphocyte _stress might p“’”.“’te in ABC-DLBCL cells Figure 35 and slightly decreased PD-
PD-L1 expression Higure 2B). Interestingly, the proportion c .

c . L1~ABC-DLBCL cell generationFgure 3F. Taken together,
of PD-LT~ ABC-DLBCL cells was generally higher than - .
. NF-kB is dispensable for the generation of PDFLABC-DLBCL
that of PD-L GCB-DLBCL cells. Treatment with z-VRPR- cells mediated by MALT1 brotease activity undeaoWd2 T
fmk signi cantly decreased the proportion of PD-E1ABC- y P v 9

DLBCL cells Figure 2B). These results revealed that MALT1 lymphocyte stress.

protease activity is essential for PD-L1 expression on ABG: L

DLBCL cells. Importantly, blocking PD-L1 with anti-PD-quwALTl Protease AC“Y'W Endowed

antibodies e ectively restored the cytotoxicity ofgovdeT ABC-DLBCL Cells With Latent

lymphocytes Figure 20). In addition, administration of anti- Mitochondrial Bioenergetics Ability

PD-L1 antibody induced no further increase in cytotoxicity A possible link was recently reported between metabolic
when combined with z-VRPR-fmk, suggesting that z-VRPRalterations and PD-L1 expressiohd 19). Hence, we proposed
fmk enhances Y9VA2 T lymphocyte cytotoxicity toward ABC- that MALT1 protease activity might be involved in regulatireic
DLBCL cells mainly by inhibiting PD-L1 expressidfigure 20.  metabolic reprogramming to support PD-EIABC-DLBCL cell
On the other hand, we found that an average oR0% of generation. To test our hypothesis, we examined the bioetierge
the expanded Y9VA2 T lymphocytes expressed PD-1 in thepro les of z-VRPR-fmk- or vehicle-treated DLBCL cells, after

To conrm that PD-L1 plays a key role in ABC-DLBCL cell
resistance to the cytotoxicity of g8VA2 T lymphocytes, we
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FIGURE 2 | PD-L1 is involved in the MALT1 protease activity-mediatedrimunosuppressive property of ABC-DLBCL cells(A) Flow cytometric analysis of DLBCL cell
lines for PD-L1. One representative experiment of three isapicted. The black curve in each histogram show staining byeci ¢ mAbs, and isotype control results are
shown in gray.(B) DLBCL cells were pretreated with vehicle or VRPR for 12 h prido exposure to CFSE-labeled \§9Vd2 T lymphocytes for 6 h. Proportions of
PD-L1C DLBCL cells within DLBCL cells were detected by ow cytometry(n D 5). (C) Cytotoxicity of W9Vd2 T lymphocytes toward ABC-DLBCL cells pretreated with
vehicle, anti-PD-L1 antibody, or anti-PD-L1 antibodyC VRPR &-PD-L1C VRPR) for 12 hit D 5). Western blot to detect Bcl-10 cleavage products;b-actin was used
as the loading control.(D) Flow cytometric analysis of \§9Vd2 T lymphocytes for PD-1 ( D 10). The black curve in each histogram show staining by spe@ mAbs,
and isotype control results are shown in gray(E) CFSE-labeled DLBCL cells were pretreated with vehicle or \FR for 12 h prior to exposure to \g9Vd2 T lymphocytes
for 6 h. Expression of PD-1 on \g9Vd2 T lymphocytes was detected by ow cytometry q D 4). (F) Proportion of PD-1€ VgoVd2 T lymphocytes from the graph in

(E) are shown (1 D 4). Data are shown as the means SD, *p < 0.01; **p < 0.001.

conrming z-VRPR-fmk e ciently blocked the proteolytic (Supplementary Figure 2A Figures 4E,f. We also measured
activity of MALT1 (Supplementary Figure 1A. We found the changes in extracellular acidi cation rate (ECAR), a tgpic
that the basal oxygen consumption rate (OCR) was slightlyeadout of cellular glycolytic activity, in these DLBCL cdlis
lower in ABC-DLBCL cells primed with z-VRPR-fmk, while administering z-VRPR-fmk Supplementary Figures 2B,C
mitochondrial spare respiratory capacity (SRC) was substinti The data were analyzed and reported as the rate of glycolysis
decreased, as revealed through the dierence between basader basal conditions and glycolytic reserve calculatethas
OCR and maximal OCR after FCCP treatmeRigures 4A,B.  di erence between the maximal glycolytic capacity and the
This absent mitochondrial SRC suggested that mitochondri@asal glycolysis, which revealed unchanged after z-VRHKR-fm
in these cells were operating close to their bioenergetiog li treatment Supplementary Figures 2D,E) All the above data
under stressful conditions, which was further con rmed byshowed that MALT1 protease activity endowed ABC-DLBCL
decreased ATP-coupled OCR and mitochondrial ATP levelsells with a latent ability for mitochondrial bioenergetdjc
(Supplementary Figure 1B However, mitochondria biogenesis which might be fully applied in response to g9vd2
was not in uenced by VRPR, which was indicated by unchanged lymphocytes.

VDAC1 protein levels and intensity of MitoTracker Green

staining Supplementary Figures 1C, For GCB-DLBCL e
cells, these were not in uenced by treatment with z-VRPR-fmIJVIALTl Protease Activity-supported

(Figures 4C, Supplementary Figures 18- Furthermore, Mitochondrial Bioenergetics Is Dependent

we found that GCB-DLBCL cells (BJAB and SUDHL-40n Glutaminolysis

cells) with activated MALT1 protease activity presentedio understand how MALT1 protease activity supports
higher basal OCR and mitochondrial SRC than the contromitochondrial bioenergetics in ABC-DLBCL cells, we analyzed
group or the z-VRPR-fmk combined with PMA/lono group the metabolic consequences in the U2932 cell line, whose
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FIGURE 3 | NF-kB is dispensable for PD-LE ABC-DLBCL cells generation mediated by MALT1 protease aatity. (A) ABC-DLBCL cells and BJAB cells were
pretreated with VRPR C) or not (-) for 12 h prior to exposure to CFSE-labeled30Vd2 T lymphocytes (E) or not for 6 h. Bcl-xl, cleavage productsfoRelB or Bcl-10
were detected in sorted DLBCL cells by western blottingb-Actin was used as the loading control. One representativexperiment of three is depicted.(B) qRT-PCR
analysis of relative IL-6, IL-10, and Bcl-xl mRNA levels in ABDLBCL cells and BJAB cells from(A). (C) ABC-DLBCL and BJAB cells were pretreated with QNZQ) or
not (-) for 12 h before being exposed to CFSE-labeledg®Vd2 T lymphocytes for 6 h. Bcl-xI was detected in sorted DLBCL cbs by western blotting.b-Actin was used
as the loading control. One representative experiment of tiee is depicted. (D) gRT-PCR analysis of relative IL-6, IL-10, and Bcl-xI mRNA leisein ABC-DLBCL cells
and BJAB cells from(C). (E) Cytotoxicity of Vg9Vd2 T lymphocytes toward ABC-DLBCL cells or BJAB cells fronfC) (n D 3). (F) Proportions of PD-LI® ABC-DLBCL
cells or BJAB cells from(C) (n D 3). Data are shown as the means SD, *p < 0.05; **p < 0.01.

MALT1 protease activity was profoundly blocked by z-VRPRindicated an unchanged ECAR of ABC-DLBCL cells primed
fmk (Supplementary Figure 3). We grew these cells in with z-VRPR-fmk EFigure 5A). In addition, z-VRPR-fmk did not
uniformly labeled [U23C]-glucose medium. As the results impact pyruvate derived from [USC]-glucose (n€3 forms).
showed, there was no change in the level of t@3rsotopolog However, glucose-derived TCA cycle intermediates, such as
of lactate t3Cs-lactate) derived from [UXC]-glucose, which the doubly 13C-labeled isotopolog of citrate, a-ketoglutarate,
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FIGURE 4 | MALT1 protease activity endowed ABC-DLBCL cells with latermitochondrial bioenergetics ability. Mitochondrial regsiration pro les in ABC-DLBCL cells
(A) and GCB-DLBCL cells(C) treated with vehicle or VRPR(B) Baseline OCR and mitochondrial spare respiratory capacitfSRC) of the graphs in(A) were
calculated. (D) Baseline OCR and SRC of the graphs iffC) were calculated. (E) Mitochondrial respiration pro les in GCB-DLBCL cells (BJABnd SUDHL-4 cells) that
were either left untreated or stimulated for 12 h with PMA/Ion¢P/I); zVRPR-fmk was added 12 h before stimulation where indited. (F) Baseline OCR and SRC of the
graphs in (E) were calculated. All the graphs represent as the mean SD of three independent experiments.pj < 0.05; **p < 0.01.
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succinate, fumarate, and malate @2 forms, circled green), or in combination followed by co-culture with §OVA2 T
were increasedH{gure 5A). Notably, a large fraction of these lymphocytes. The combination of both inhibitors did not
TCA metabolites (€0 forms, circled red) were not derived increase the cell death rate compared with the e ect of either
from the [U-13C]-glucose Figure 5A), suggesting that an inhibitor alone Figure 6P, which suggested that glutaminolysis
alternative source supported mitochondrial bioenergetica v mediated the immunosuppressive e ects of MALT1 protease
TCA cycling. Meanwhile, these TCA metabolitesGth forms, activity on ABC-DLBCL cells.

circled red) decreased under MALT1 protease activity infobit

conditions Figure 5A). These data suggest that glutamate\jitochondrial Bioenergetics Mediated by

from glutaminolysis likely entered the TCA cycle, which wa ; ; N at

attenuated by MALT1 protease activity inhibition. Subsedlyen S?JUtsrgé?s?g?S rf) vuvppgl):I:m?n-cr)ﬁ/;g A;gxiicsm PDY 1
we found that the Ievel_s of GLS1 proteiffigure 58) and_ ABC-DLBCL cell generation, we blocked glutaminolysis in
intracellular glutamate Rigure 5C were down-regulated in ABC-DLBCL cells using BPTES and then co-cultured them

ABC-DLBCL cells without MALT1 protease activity but up-_ . .
regulated in GCB-DLBCL cells with MALT1 protease activityWIth VGOV T lymphocytes. After sorting DLBCL cells, we

(Supplementary Figures 3B, These data indicate that MALT1 measured the changes n total and phosphorylatgd PesS, AKT,
. ) ) . RK, and STAT3 protein levels. As shown Figure 7A,

protease activity promoted glutaminolysis by enhancing GLS . o

- . ) TAT3 phosphorylation was almost completely inhibited
expression, producing substantial glutamate that enteresl t . . S

. . - . y treatment with BPTES in ABC-DLBCL cells, indicating

TCA cycle to support mitochondrial bioenergetics. Next, we s S . . .

g . : . its activation was inhibited by blocking glutaminolysis. In
determined whether enhanced mitochondrial SRC was atteibu contrast. p65. AKT and ERK phosphorvlation was not impacted
to glutaminolysis-mediated mitochondrial bioenergetic#/e » PO, phospnory P '

exposed ABC-DLBCL cells to the GLS1 inhibitor BPTES, which 996Sting that STATS is the major regulator of PD-L1. Re-
blocks alutaminolvsis by inhibiting the chemical conversiof supplementation of glutamate completely recovered the reduced
glutamigrlle o quta):"nate?fupplemer?tary Figure 30 Treatement levels of intracellular glutamate and phospho-STAT3 caused
with either BPTES or z-VRPR-fmk impaired mitochondrial SRbe BlPTES treatn:fnﬂ:(dgurgs 7?%'.”0'“‘3;“”9 that _gluta:nate

in ABC-DLBCL cells Figures 5D,8. Administration of BPTES | J'Utamate-mediated mitochondrial bioenergetics plays a
showed no additional decline in mitochondrial SRC Whenlmportant role in maintaining phospho-STAT3. To_further
combined with z-VRPR-fmk Figures 5D,8, suggesting that conrm that glutamate-mediated mitochondrial bioenerget

the enhancement e ect of MALT1 on mitochondrial SRC wasmfSllntalns _phosphc_)-S_TAT3 or glutamate, we detected the
dependent on glutaminolysis in ABC-DLBCL cells. Togetherm'tocmnOIrIaI respiration pro Ies_ of ABC-DLBCL cells after
these data established that MALT1 protease activity up-régmila glutamate re-supplementation in the presence of BPTES.

. ) . . . ABC-DLBCL cells showed a lower mitochondrial SRC in
GLS1 expression, thereby promoting gIutamlnoly3|s-med|atethe resence of BPTES. which recovered to levels as high
mitochondrial bioenergetics in ABC-DLBCL cells. P ' 9

as those observed in the original state when glutamate was
resupplied, indicating that glutamate entered the TCA cycle to

Glutaminolysis Enhanced PD-L1 © support mitochondrial bioenergetic§igures 7D,H. Moreover,

ABC-DLBCL Cell Generation to Subvert the glutamate re-supplementation did not recover the phospho-
Cytotoxicity of Human V. g9vd2 T STAT3 levels to those observed in the original state in cells
lymphocytes treated with CPI-613, which functions as a TCA cycle blocker

&Figure 7P. These data illustrate that glutaminolysis-mediated

To explore whether glutaminolysis enhanced the generation . o . . i
of PD-LIC ABC-DLBCL cells, we exposed DLBCL cells tc)mltochondnal bioenergetics helped to sustain phospho-STAT3,

BPTES and co-cultured them with g8Ved2 T lymphocytes. a PD-L1 transcription factor, which nally led to generatiaf
After treatment with BPTES, glutaminolysis was eectivelyPD_LlC ABC-DLBCL cells under g9V T lymphocyte stress.
blocked, as indicated by the decreased intracellular glatam
levels Figure 6A), while survival of these DLBCL cells wasD|SCUSSION

not inuenced before exposure to §8VAR2 T lymphocytes

(Supplementary Figure 4. Compared with that of GCB-DLBCL PD-L1 expression is exploited by various tumor cells, including
cells, PD-L¥ cell generation was signicantly depressedgastric cancer, hepatocellular carcinoma, renal cell carcinom
(Figure6B) and ABC-DLBCL cell death was promoted esophageal cancer, pancreatic cancer, and ovarian cancer cell
(Figure 6C) by BPTES exposure. BPTES administration did noto subvert T-cell-mediated immunosurveillancg7). Recently,
further improve the cytotoxicity of YOVA2 T lymphocytes evidences have shown that PD-L1 is also predominately
combined with anti-PD-L1 antibodies Fgures 6D,B, expressed in the aggressive ABC/non-GCB subtype of DLBCL
suggesting that the attenuation e ect of BPTES on immune{13 28). However, the molecular mechanism by which PD-L1
suppressive function was mediated by PD-L1 expression iexpression is regulated in ABC-DLBCL remains unknown.
ABC-DLBCL cells. To determine the extent to which theln this study, we report for the rst time that MALT1
anti-cytotoxicity e ects of MALT1 protease activity in ABC- protease activity coupled to glutaminolysis contributes
DLBCL cells are glutaminolysis-dependent, we pretreatetb PD-L1 expression on ABC-DLBCL cells, leading to
ABC-DLBCL cells with z-VRPR-fmk and BPTES separatelimmunosuppression against g@vVd2 T lymphocytes. This
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FIGURE 5 | MALT1 protease activity-supported mitochondrial bioenagetics is dependent on glutaminolysis(A) 13C isotopomer analysis of uniformly labeled glucose
(U1306—glucose) in U2932 cells treated with z-VRPR-fmk or not for Zh. The isotopolog distributions were determined by GC-MSThe incorporation of13C atoms
from 13C4-Glc into pyruvate, lactate, citrate, a-ketoglutarate (&G), succinate, fumarate, and malate are denoted as @n, where n is the number of!3C atoms. (B)

Western blot to detect GLS1 in ABC-DLBCL cells pretreated wh vehicle, VRPR or MI-2 for 12 hb-Actin blotting served as the loading control. One represetative
(Continued)
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FIGURE 5 | experiment of three is depicted.(C) Relative glutamate levels in ABC-DLBCL cells frorfB). (D) Pro les of mitochondrial respiration in ABC-DLBCL cells
pretreated with vehicle, VRPR, BPTES, or VRREBPTES for 12 h. OCR was assayed after consecutive injectiorsf Oligo (1mM), FCCP (0.5mM), rotenone (1ImM), and
antimycin (ImM). (E) OCR of the graphs in(D) were calculated. All the graphs represent as the mean SD of three independent experiments.pj < 0.05; **p < 0.01.

FIGURE 6 | Glutaminolysis enhanced PD-L¥ ABC-DLBCL cell generation to subvert the cytotoxicity of honan VgoVd2 T lymphocytes. (A) Relative glutamate levels
in DLBCL cells pretreated with vehicle or BPTES for 12 {B) DLBCL cells were pretreated with vehicle or BPTES for 12 h befe being exposed to CFSE-labeled
VgoVd2 T lymphocytes for 6 h. Proportions of PD-LE DLBCL cells were detected (0 D 5). (C) Cytotoxicity of \g9Vd2 T lymphocytes toward DLBCL cells from

(B) (n D 5). (D) Relative glutamate levels in DLBCL cells pretreated with taecle, anti-PD-L1 antibody, or anti-PD-L1 antibodyC BPTES @-PD-L1CB) for 12 h.

(E) Cytotoxicity of \g9Vd2 T lymphocytes toward ABC-DLBCL cells fromD) (n D 5). (F) Cytotoxicity of \g9Vd2 T lymphocytes toward ABC-DLBCL cells pretreated
with vehicle, z-VRPR-fmk, BPTES, or z-VRPR-fmi& BPTES for 12h ( D 5). Data are shown as the means SD, *p < 0.05; **p < 0.01; ***p < 0.001.

study reveals a novel mechanism of PD-L1 regulation anévasion ability was signi cantly attenuated by inhibitioof
indicates that glutaminolysis restriction may support novelMALT1 protease activity. The proportion of PD-E1ABC-
immunotherapy approaches for ABC-DLBCL. DLBCL cells was obviously reduced undgy¥/d2 T lymphocyte
VgoVd2 T lymphocytes are involved in tumor-immune stress prior to inactivation of MALT1 protease activity, while
surveillance, notably against carcinomas and hematologibat of PD-LL GBC-DLBCL cells was much less reduced. In
malignanciesZ9). In contrast withab T lymphocytes, Y9VA2 T addition, PD-LI blockage reduced the immune evasion fuorcti
lymphocytes mediate potent antitumor eects in a HLA- of ABC-DLBCL cells, but no further attenuation was seen by
unrestricted manner 30). In addition, they can be expanded inhibiting MALT1 protease activity. These data revealed Biat
routinely in vitro. More importantly, the expression of the L1 expression on ABC-DLBCL cells causes immune evasion that
ligand PD-L1 on tumor cells hampers the functional antitumoris mediated by MALT1 protease activity. More interestingly, we
response of YOVA2 T lymphocytes §1). These factors suggest noticed that the DLBCL cell lines used in our study are PD-L1
that VgOVA2 T lymphocytes are a convenient and reasonableegative, except for the OCI-Ly10 cell line. Only when exposed
choice for studying immune evasion mediated by the PD-1/PDto Vg9Vd2 T lymphocytes did these DLBCL cells express PD-
L1 axisin vitro. GCB-DLBCL and ABC-DLBCL show distinct L1. PD-L1 up-regulation on tumor cells might be a consequence
PD-L1 expression, and thus, rst, we examined the immuneof pro-in ammatory cytokines produced by tumor in ltrating
evasion ability of ABC-DLBCL and GCB-DLBCL cells againsimmune cells. For example, IFY-produced by in ammatory
VgOVA2 T lymphocytes. We observed that ABC-DLBCL cellgells acts as a potent PD-L1 up-regulataf)( Another study
were more inclined to subvert the cytotoxicity ofg9Vd2 T  noted that PD-L1 expressed on tumor cells is immunologically
lymphocytes than GCB-DLBCL cells. However, this immuneactive in suppressing tumor-associated T cell activatip (
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FIGURE 7 | Mitochondrial bioenergetics mediated by glutaminolysisigpports STAT3 activation.(A) ABC-DLBCL cells and BJAB cells were treated with BPTESX) or
not () for 12 h before being exposed to CFSE-labeled §9Vd2 T lymphocytes for 6 h. Western blot to detect changes in thenidicated proteins in sorted DLBCL cells.
(B) Relative glutamate levels of U2932 and OCI-Ly3 cells treatedith vehicle, BPTES or BPTESC Glutamate (Glu) for 12 h. One representative experiment diree is
depicted. (C) U2932 and OCI-Ly3 cells from(B) were exposed to CFSE-labeled Y9Vd2 T lymphocytes for 6 h. Changes of p-STAT3 levels were deteet in sorted
U2932 and OCI-Ly3 cells by ow cytometry, and the MFI of p-STAT3vas calculated 6 D 3). Mitochondrial respiration pro les in U2932(D) and OCI-Ly3 cells(E) from
(B) (h D 3). (F) U2932 and OCI-Ly3 cells were treated with vehicle, CPI-613 or BI-613CGlutamate (Glu) for 12 h prior to exposure to CFSE-labeledgd@Vd2 T
lymphocytes for 6 h. Changes of p-STAT3 levels were detecteth sorted U2932 and OCI-Ly3 cells by ow cytometry, and the MFI 6p-STAT3 was calculated § D 3).
Data are shown as the means SD, *p < 0.05; **p < 0.01.

Accordingly, the emergence of PDEDLBCL cells was likely found that MALT1 protease activity is essential for PD<LABC-
induced by certain pro-in ammatory cytokines secreted byDLBCL generation under the immune pressure ojo¥d2 T
VgoVvVd2 T lymphocytes in our experimental system. Overall, wéymphocytes.
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Furthermore, we detected the scale of PB-Yg9VA2T by loading of pyruvate or glutamate into mitochondria(
lymphocyte generation, which accounted for an average2ti% 41). In our study, glutamate (180) derived from glutamine
of the lymphocytes on day 13 duringn vitro culture. Our  signi cantly decreased while glucose-derived pyruvateC@hn
observations of the pattern of PD-1 expression bgoVd2 T  and lactate (i€3) were not inuenced by MALT1 protease
lymphocytes are consistent with those of other repof®®).( activity inhibition. This suggested that glutaminolysis imidpe
Following antigenic stimulation, §9Vd2 T lymphocytes express the target of MALT1 protease activity. Furthermore, importgmnt
high levels of PD-1409, 32, 33). Consequently, the proportion many metabolites (60) of the TCA cycle are derived from
of PD-1° Vg9Vvd2 T lymphocytes signi cantly increased in glutaminolysis. The levels of these metabolites were rethye
the presence of ABC-DLBCL cells regardless of whether théyJALT1 protease activity inhibition, which was the reason for
were pretreated with or without z-VRPR-fmk. Apart from that, the increased percentage of glucose-derived metabolit€2)m
cytokines, including IL-2, IL-6, IL-7, IL-15, IL-21, IFH; and in the TCA cycle. Critically, these new observations may hl
TNF-a, are also thought to induce PD-1 expression in activatethetter understand the metabolic characteristics of ABC-DLB
T lymphocytes 84, 35. ABC-DLBCL cells ordinarily produce cells and provide a basis for developing therapeutic approaches
some of these cytokine8§, 37), which might be another reason aimed at modulating cell proliferation and apoptosig?).
for the increased generation of PB-Vg9Vd2 T lymphocytes. Because of the function of MALT1 protease activity in glutamate
Persuasively, we found that IL-6 mRNA levels were identicgiroduction, we observed that MALT1 protease activity positively
in ABC-DLBCL cells pretreated with either z-VRPR-fmk orregulated GLS1 expression. Therefore, MALT1 protease gctivit
vehicle, and these levels increased after exposurag@/82 T  endows ABC-DLBCL cells with high mitochondrial bioeneigst
lymphocytes. This hints that IL-6 may be one of the inducers o&bility, which is mediated by glutaminolysis.
PD-1 expression on §9Vd2 T lymphocytes in our experimental Subsequently, our data show that glutamate derived from
system. Altogether, inducible PD-L1 and PD-1 provide fatatea glutaminolysis supports mitochondrial bioenergetics and
conditions for ABC-DLBCL cells to exert immune-suppressiveenhances PD-L1 expression in ABC-DLBCL cells in response to
activity. Inhibition of MALT1 protease activity potentially Vg9Vd2 T lymphocytes. This is distinct from CAD macrophages,
provides an approach for reversing increases in the proportiom which PD-L1 expression is mechanistically linked to
of PD-LI® ABC-DLBCL cells, thereby weakening their immune-pyruvate-mediated mitochondrial bioenergeticsd), PD-L1 is
evasion property, although it does not in uence the PB-1 modulated by the PI3K/AKT and MAPK pathways or several
VgOVA2 T lymphocyte number. Therefore, MALT1 proteasetranscription factors, including HIF-1, NkB, and STAT3
activity inhibition depressed the immunosuppressive propefty o(14-17). Among these factors, STAT3 is the only essential
ABC-DLBCL cells by attenuating the probability of PD-L1/AD- mediator that was inhibited by glutaminolysis blockade under
interaction. VgOVA2 T lymphocyte stress. This suggested that glutamate

MALT1 protease activity plays an essential role in activatiomlerived from glutaminolysis plays an essential role in STAT3
of NF-kB, which functions as a transcription factor of PD- activation. At least two possibilities can explain how glutéeana
L1 in tumor cells 24). We originally speculated that NKB  activates STAT3. First, glutamate itself may directly atéiv
is indispensable for the ability of MALT1 protease activity toSTAT3 without metabolic processingt3). However, our data
mediate PD-L¥ ABC-DLBCL cell generation. Unexpectedly, inargue against this possibility because addition of glutamate
the absence of NKB transcription activity, the proportion of did not promote STAT3 activation under TCA cycle blockade.
PD-L1I® ABC-DLBCL cells was obviously decreased via MALT Therefore, the second possibility is more likely: glutamate
protease activity inhibition under §9Vd2 T lymphocyte stress. acted as an intracellular metabolite that entered the TCAecycl
This suggested that another pathway, parallel to W~and for mitochondrial bioenergetics, thereby supporting STAT3
supporting PD-L1 expression, might be destroyed by MALTIactivation. In addition, replacement of glutamate recovered
protease activity inhibition. The lack of NEB transcription mitochondrial SRC, which further supports this hypothesis.
activity reduction might be caused by activation of the silimg Glutaminolysis is thought to be the main source of
adaptor MYD88, which is another prominent NEB signaling energy production in tumor cells, which show elevated
pathway activator in ABC-DLBCL cellS& 39. In addition, levels of enzymes involved in glutamine/glutamate oxidation
direct blockade of NFkB transcription activity by QNZ slightly compared with those in normal cells44). This metabolic
inhibited the generation of PD-I9 ABC-DLBCL cells in abnormality maintains afunctional TCA cycle for respiratiand
response to YOVA2 T lymphocytes, which further indicated compensates for increased demands of biosynthetic precursors
that NFkB is dispensable for the PD-E1ABC-DLBCL cell In addition, glutaminolysis also plays an important role in
generation mediated by MALT1 protease activity. regulating redox balance, apoptosis and autophagy in cancer

Recent studies have shown a possible link between metabotiells. Here, we discovered a novel biological function of
alteration and PD-L1 expressionl§ 19). Accordingly, we glutaminolysis that involves immune evasion, indicatifatt
proposed that MALT1 protease activity might regulate celblocking glutaminolysis might bene timmunotherapy for ABC
metabolic reprogramming to support PD-EIABC-DLBCL cell DLBCL. GLS is the initial enzyme in glutaminolysis and caiggyz
generation. Following this assumption, we observed that MALT the conversion of glutamine to glutamate, and it is the most
protease activity inhibition led to low levels of mitochomalr extensively studied drug target in the glutaminolysis pathway
SRC in ABC-DLBCL cells. Mitochondrial SRC has a positivén our study, GLS inhibition decreased PD-L1 expression unde
correlation with mitochondrial bioenergetics, which isggported  immune pressure, which attenuated the immunosuppressive
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property of tumor cells. This suggests that GLS inhibition has~=UNDING

the dual functions of inhibiting tumor cell growth and immn

evasion. Therefore, characterizing new speci c inhibiforsGLS ~ This work was supported by the National Natural Science

should become a eld of intense research. Foundation of China (grant 31470872 to YG), Guangzhou
In summary, as shown itGraphical Abstract our ndings Science Technology and Innovation Commission (grant

provide evidence that MALT1 protease activity, known t0201604020162 to YG) and the 111 Project (grant B16021 to

play an important role in NFkB activation and pathogenesis YG). This work was also supported by The Program from the

of ABC-DLBCL, promotes glutaminolysis by up-regulatingScience and Technology Department of Guangdong Province of
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ABC-DLBCL cells. The glutaminolysis intermediate glutéena Program of Guangzhou (Grant 201807010003).
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